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[2023 Grant-funded research]
Professor Dr. Masatsugu TOYOTA

“Long-range, Rapid Ca*" Signal Transduction in Plants”

Recently, a spate of discoveries highlighting the amazing capabilities of plants has attracted a great deal of attention. A
study that has attracted worldwide attention regarding the discovery of the "astonishing cleverness" of plants has also been
selected from this fiscal year's grant-funded researches promoted by our foundation. We decided to present the study in
this "newsletter". Learn the secrets on the role of calcium in these wonderful plants, and enjoy the observation of the plant
kingdom.

1. Discover the secrets of plants!

In forests and fields, trees and flowers rustle in the wind, gently and unperturbed
giving us a sense of refreshment and peace.

On the other hand, it is painful to see vegetables and trees in kitchen gardens and

public parks attacked by insects. But, don’t plants feel anything when they are attacked?

(Cosmos, flower in autum)

Recently, the group led by Prof. Toyota discovered that, when plants are bitten by an
insect, "calcium signals, triggered from the wound site, propagate at high-speed throughout the plants' body to allow them to sense
attacks from insects". In particular, Prof. Toyota was the first to capture real time images of calcium signals traveling at high-speed
through the plant's body; a major accomplishment that took the world by storm". His study demonstrated that, similarly to what happens
in humans and other animals, transmission of biological information in plants also occurs via calcium signaling. Still more surprisingly,
the study showed that calcium signals propagating in undamaged leaves promote the synthesis and storage of insect repellent substances,
such as jasmonate, which allow plants to mount a preemptive defense against future attacks.

This wonderful discovery may lay the foundation for substantial contributions from across the academic world, such as the
development of safe food production technology without the use of agrochemicals (e.g., pesticides), or the development of evolutionary
theories focusing on the similarities between animals and plants?. This fiscal year's grant-funded research will provide more basic and
detailed information about the "generation and high-speed propagation mechanisms of calcium signals in plants". In this "newsletter",
we will introduce, in an accessible manner, and based on a Prof. Toyota's commentary??), which prompted this research, "how calcium
signals propagate through plants' body and the discovery of plants' cleverness".

2. Observation of calcium signals propagation in plants

Calcium signaling (hereinafter abbreviated as Ca signaling) plays an important role in transmitting biological
information inside our bodies. A well-known example of this is its role in muscle contraction.
When your brain sends the command “"move your arm!", calcium in muscle cells of your
arm transmits this information via a neural signal generated by motor neurons, causing the

whole muscle to stretch and contract. Prof. Toyota, who has studied Ca signaling in humans

and plants for many years and has a broad experience in Ca signaling imaging, successfully

(Arabidopsis thaliana)

captured images of Ca signals propagating through plants with a novel real-time imaging
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system. His study demonstrated that, similarly to what happens in humans and other animals, biological information in plants
is transmitted via Ca signaling. For starters, we will briefly introduce a method for observing propagation of Ca signals in
plants.

(@) RISzt it R gei wibinSteasEIntetd|  An engineered protein called GCaMP, which fluoresces green upon binding to

calcium ions (Ca2*), was used to detect Ca signals traveling through the plant's body. The plant used in the experiment was an
Arabidopsis thaliana, a member of the mustard (Brassicaceae) family, which also includes cultivated species such as cabbage.
Before starting the experiment, the arabidopsis was genetically modified to stimulate internal production of the fluorescent
protein GCaMP using recombinant DNA technology. Because of this, calcium ions in the plant cells increased and, upon
binding to GCaMP, produced fluorescence in vivo (i.e., emitted directly from the plant's body). The fluorescence images can
be examined using a fluorescence microscope to determine the movement of calcium ions within the plant's body. Then we
will demonstrate this with an example.

NS e ES s IR oaagutol|  Figure 1 shows how Ca signals propagate throughout the whole body of a
healthy Arabidopsis thaliana (Fig. 1a), when the right leaf (indicated by a dashed line in Fig. 1b) is pinched with tweezers.
When a leaf is injured with tweezers, the calcium ion concentration at the wound site immediately increases, producing a bright
fluorescence. These fluorescence signals pass through leaf veins (indicated by white arrows) and propagate gradually to distal
undamaged leaves (indicated by red arrows) to inform the plant's body that a "leaf has been injured". This transmission of
biological information determined by changes in calcium ion concentration is called calcium (Ca) signaling.

@ (b) © (d)
Fig.l  Calcium signals emitted from the wound site when an arabidopsis leaf is pinched with tweezers
(The times shown in the figure indicate the time elapsed from the moment the leaf was pinched with tweezers)

DRETOTR e e B (O R R e R R vt BT Elitd|  The following points were made clear from this and other

similar experimental observations.
© Cassignaling was also observed in an experiment with arabidopsis leaves damaged by larvae of the cabbage white.

In other words, arabidopsis can sense damage by insects throughout its whole body via Ca signaling.

© Propagation of Ca signals in plants can be observed regardless of whether leaf injury is caused by organisms,
such as larvae, or is mechanically induced by pinching with tweezers. In short, leaf injury activates Ca signaling
in plants.

© Even more surprising is the fact that Ca signals propagating to undamaged leaves induce instant biosynthesis and
storage of insect repellent substances such as jasmonate.

© In other words, the plant's ability to sense damage by insects throughout its whole body via Ca signaling allows

undamaged leaves to protect themselves from future attacks by storing substances which repel insects.

© Since, unlike humans, plants do not possess nerves, Ca signals propagate through the sieve tube (see glossary at the
end), whose main function is to provide water and nutrients to the plant.

3. Glutamate in plant leaves activates calcium signaling




Although commonly known as a flavor enhancer in food products, glutamate is also the principal excitatory
neurotransmitter in the human brain. Glutamate receptors (see glossary at the end) are proteins found in the nervous
system, which, upon activation by glutamate, allow calcium ions to flow into neuronal cells to convey information to
nerves.

In Arabidopsis, which contains 20 glutamate receptors, the glutamate released from the wound site of insect-damaged
leaves is thought to trigger Ca signaling via the activation of glutamate receptors on cells membrane which allow calcium
ions to flow into the plant's cells.

This means that glutamate, via activation of glutamate receptors, should trigger Ca signaling even when applied
exogenously to undamaged leaves. Therefore, as shown in Fig.2, when a glutamate solution was applied to one leaf of the
arabidopsis (indicated by the red arrow), our assumption was confirmed and propagation of Ca signals was observed

Os 40s 80s 120s

. =
Ca%*concentration &

low

Fig.2 Triggering of calcium signaling when one leaf'is fed with a glutamate solution (indicated by a red arrow)?

throughout the whole plant's body, as shown by the white arrows. Moreover, Ca signals propagating to leaves induce
biosynthesis and storage of insect repellent substances such as jasmonate. This suggests that safe and high-quality food
production without the use of pesticides may be possible if agrochemicals that trigger glutamate receptors activity are

developed?.

4. Activation mechanisms of calcium signaling

Cross-section of leaf

Resistance increases  — — — =

G

In order to exploit the benefits of Ca signaling in plants,

its mechanisms have been investigated in detail.

In plain words, when a plant is damaged by an insect:

L)\/ X

@D glutamate is released from the cells and tissues of the
L

damaged leaves. @This glutamate triggers activation of
glutamate I’eceptors in the sieve tube and parenChyma CEIIS, — Ca2+ signal - gltamiate O sieve tube O vessel (O parenchyma cells in
and @ Ca?* ions flow into the plant's cells. @ The Ca

signals generated by the damaged leaves propagate rapidly, Fig.3 Generation mechanism of Ca?* signal

contact with vessels 4 gltamiate receptors

through plant's parts such as the sieve tube, to distal leaves

which ® synthesize and store jasmonate to protect
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themselves from future attacks by insects.

5. Potential applications of the research findings

Plants do not seem to sense anything while rustling quietly in the wind, but in fact, they can sense attacks from insects
all over their body via Ca signaling. In some respect, the biosynthesis and storage of jasmonate triggered by Ca signals can be

likened to a "plant-specific intelligent defense system' which repels insect attacks.

Moreover, it also became clear that, even when plants were not attacked or damaged by insects, external application of
glutamate to leaves is enough to activate this plant-specific system. This suggests that, if amino acid-based agrochemicals
capable of triggering glutamate receptors activity in plants can be developed, it would be possible to produce safe and high-
quality food without harming both animals and humans and avoid the use of massive amounts of pesticides.

In recent years, a massive outbreak of locusts in the African desert led to grain losses and severe famine. With global
warming, locusts migrated to the north, and the great famine has spread to the deserts of India. Maybe the day is not far off
when these global challenges will be resolved without the massive use of pesticides.

[References] 1) Toyota,M. et al..; Science,361,1112(2018), 2)Toyota M. ; Seibutsu-butsuri , 62,56-57(2022), 3)Toyota M. : Kagaku to
Seibutsu, 58,(2)70-72(2020)

Introduction of Researcher

Professor Dr. Masatsugu TOYOTA
Graduate school of science, Saitama University, Saitama Japan

Honorary Fellow, University of Wisconsin-Madison

[Glossary]

[Sieve tube] A plant organ responsible for the transport of nutrients made during photosynthesis to leaves oltaminate

[Glutamate receptors] There are various types of glutamate receptors, but here we will focus on gt = g i :' - P
ionotropic glutamate receptors (i.e., receptors that function by directly opening ion channels). y N v /‘

The binding of glutamate to glutamate receptors located in the cell membrane (indicated by red ’

triangles in illustration ) triggers the opening of selective channels which allow only Ca?* cations é ol

. . . . . .. L Gltaminate receptor
(in the illustration, Na**cations are shown) to flow into the cells, resulting in a high intracellular Ca?* P

ion concentrate(This illustration of glutamate receptors is from TEKIBO youtube channel's high school study video "Biology Lesson 7" - signal transduction and

receptors-)

Closing remarks / Notice

If we want to live in harmony with nature, we cannot turn our gaze away from the array of discoveries that shed light
on the astonishing capabilities of plants, including those that clarified the mechanisms by which they communicate with
other plants.

Meanwhile, amazing secrets are revealed in the animal kingdom which also includes humans. In the next "newsletter"
we will present a study titled "Involvement of Ca?* signaling in the mechanisms of lifespan regulation” from this fiscal

year's selected researches. Don't miss it.

Shiraishi Foundation of Science Development

Amagasaki, Hyogo 660-0085 Japan TEL.+81-6-6417-3130
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HARERRS Memagess (WFZeBhak)
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(532) Takashi Ogi

AIg - W o (RS0 IRERFR A CEER TRAAT 7R - Bz

(3£32) Graduate School of Advanced Science and Engineering,

Hiroshima University « Professor

1. BT —~

(Fn30) RERANVD LETEM LICEELFEERMALT O/ LREREL & ik
etk BICRE9 5050

(¥3) Research on Increasing Specific Surface Area and Improving Water
Resistance Properties of Polysaccharide Composite Particles Utilizing
Calcium Carbonate

2. HEROERN
(Fn3x)

ARFZETIL, SRR TR SNTREE I VY T 2 ) ki & W - EEREIC L D LB~y F
PRL T2 3T, D FLEAEE O FERMEAT &R 1 s O MR DI KENE M _E O JFERAZRT . 1i)iAE 7=
AT < EWRMEAEERE D RN 2 5266 L 7=, DIZ>WCiL, 77 X~ FIB-SEM % W\ 7= £ 4LE 7 F ki1
DOWIHBEE LD . KW E T, RBI VT LT R HEOMALNZENTWE Z &, £ LT, )
HIEMALEZ AL TWAZEEZHLNE Lz, iIZOWTIE, ZILUERY F ki + O KYED 1) oA
MUV T IAF L ERNRITUEA L EDORBRIC LB E (v Ry 7 AET V) Tholz,
Hix, BB LIEZIER—T7 AT FUATAICHE ((30mV) LTEY, MY (pH7) TEHELT
WAV F— A BRI B EH TR EHES Z L NEIES L, T OIS BITIRIE T VT DIRED
Mz 5 Z L 2B 6 L,

(3£30)

In this study, our laboratory used a spray-drying method with calcium carbonate nanoparticles to
create porous pectin particles. This research focused on: i) a detailed analysis of the porous structure
and elucidation of the particle formation mechanism, ii) understanding the principles behind improved
water resistance, and iii) evaluating the liquid-phase protein adsorption/desorption performance. For
1), through cross-sectional observations of the porous pectin particles using plasma FIB-SEM, we
discovered that the particles contained pores originating from the calcium carbonate nanoparticles,
which were open to the inside of the particles and interconnected. For ii), the improvement in water
resistance of the porous pectin particles was found to be due to cross-linking between calcium ions and
carboxylate anions of pectin (known as the egg-box effect). For iii), the developed porous pectin paricles,
which carries a negative charge (-30 mV), demonstrated the capability to adsorb positively charged
lysozyme (at pH 7) through electrostatic interactions. The result revealed that the saturated adsorption
capacity increases with the increasing of calcium carbonate concentration.
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(323C) Development of 3D bioprinting inks to promote bone regeneration

2. HROEYN
(Fn=e)

BRIEX, BIEE., BHRER EORBOIMER ST IEARERICEVAEL, £ 0HE, BEDAE
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(330

Bone defects are caused by a variety of factors, including bone tumors, diseases such as osteoporosis, and trauma,
and in many cases significantly reduce a patient's quality of life. For this reason, the development of more effective
treatments continues to be sought. The ultimate goal of this study was to demonstrate the usefulness of 3D
bioprinted structures that promote bone regeneration by printing and implanting them into bone defects, and to
develop ink materials for this purpose. Specifically, the usefulness of a bioink containing collagen and apatite
nanoparticles was demonstrated. In addition, a chitosan derivative ink gelatinized by the enzymatic reaction of
horseradish peroxidase was investigated and its potential as an ink material for this purpose, including its
cytocompatibility and biocompatibility, was demonstrated.
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Shinji Sakai, Shota Yamamoto, Ryo Hirami, Mitsuyuki Hidaka, Kelum Chamara Manoj Lakmal Elvitigala,
Enzymatically Gellable Chitosan Inks with Enhanced Printability by Chitosan Nanofibers for 3D Printing of
Wound Dressings, European Polymer Journal, 210, 112960.(2024)
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Creation of injectable hydrogels with self-repairing properties via calcium ion cross-linking

Injectable hydrogels were developed by synthesizing and mixing hydrazide-modified
polyglutamic acid and aldehyde groups introduced to chondroitin sulfate or hyaluronic acid by
oxidation. Double crosslinks were formed by acylhydrazone bonds between the hydrazide and
aldehyde groups, and ionic bonds between the carboxyl or sulfate groups by the addition of calcium
ions. The hydrogel showed a short gelation time and increased mechanical strength due to the double
crosslinks formed. It was also shown that the hydrogel exhibited self-repairing properties due to the
reversibility of acylhydrazone bonds and ionic bonds and that the rate of apatite formation in a
simulated body fluid was accelerated by increasing the number of calcium ions added. The hydrogel
showed excellent biomineralization and bioadhesiveness to bone tissue and is therefore expected to be
used as a bone cell scaffold or bone filler in bone tissue engineering.
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HSU Yu-I, pH-Responsive Poly(y-glutamic acid) Hydrogels by Enzymatic Cross-Linking for Drug
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HSU Yu-I, WEI Meng, and UYAMA Hiroshi, pH-Responsive Poly(y-glutamic acid) Hydrogels by
Enzymatic Cross-Linking for Drug Delivery Application, 9th Asian Biomaterials Congress 2023,
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of poly(g-glutamic acid)/ hyaluronic acid/hydroxyapatite hydrogels with self-healing ability, 9th
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1. g7 —~
(Fos0) WMOEEBEL AL DU LY T FIVORE - [IEEE

(323) Molecular mechanisms of long-distance calcium signal in plants.

2. BIROEN

(Fn30)

FEMICRTEI T, Los L, FRMEME (BWE) 2HnT, %Eb\ HMOLD &0 (= <
2=l —vay) ELTNDIERMLNTWD, BlxIE, MR RBICEDBEELZ IR, FOFY

(Green Leaf Volatile; GLV) & FEII D EWVWE NI S, 20 GLV 2% A& L < Ol
W, EHELEINTORWNCH 200 LT RRICHT o GitEL2 R85, LL, #lWH GLV %
BT oM. ThbbME I o= —2a &2 ) T AX A A THRYE LIz @E IR,

AWFFETIX, IS « B A A — U v FTERAEBEHEINC, RICHE SN Gt S
BB EEN L, RENT LR T VAT LEMABEDOEDL LT, 77 7 TROEMTHL v A X
FRF GLV A L, MIEANO CazigfE ([Caztl.) 2k (Cazti 7)) ZF3A - B8 S DB %
AL LTz, vaA XFRAFE, BEEZT YL En D 2 FEO GLV [(2)-3-~F&F—n,
(E) 2-~FF— ML, Cazy /S ABIOREMEIEZGI /I L, Ca2/Ex Y 7T /UK

[CHEHEINEZHFET DL EHLNI L, 610, HERL—F—EMEZ AV -filaL -~ To

A A=V U T AT TR HIXR AL & ETID AR EZAT 5 LD GLV ZHEONEITELY iATr Z
EDB BN T2,

(F£30)
Plants lack an olfactory sensation; nevertheless, they utilize volatile substances (odorants) for
interplant communication. For example, when plants are attacked by insects, they emit an odorant
called green leaf volatiles (GLVs) into the atmosphere, prompting neighboring plants to enhance their
herbivory resistance, despite not being directly targeted. However, there are no reports that
visualized the moment when plants sense GLVs, i.e., interplant communication, in real-time.
In this study, we visualized the moment when the mustard plant, Arabidopsis thaliana, senses GLVs,
inducing and transmitting changes in cytosolic Ca2* concentration (Ca?+ signals) by combining
wide-field and high-sensitivity imaging/electrophysiological techniques with a pump system that
collects and sprays odorants released from insect-damaged plants. We found that Arabidopsis senses
two types of GLVs [(Z)-3-Hexenal, (E)-2-Hexenal] released from insect-damaged plants, causing Ca2+
signals and membrane potential changes that induce CaZ2+/electrical signal-dependent insect defense
responses. Furthermore, cellular-level imaging using confocal laser scanning fluorescence microscopy
revealed that plants take up GLVs into the leaf interior through gas-exchange pores, known as
stomata.
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FEMNTHEA BT K > THY IAATE R SBTIROK) 30% % R MEWE & L TIRIMI I LTl v | £ O litiiE
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RWDNZHE D BT, FEROEROLEI)H A CTHEILENFHEE I NS (Arimura et al., Nature 2000;
Takabayashi, Plant Cell Physiol. 2022; Matsui and Engelberth, Plant Cell Physiol. 2022), Z ®OE\W\)
BaN LT OERGZ I 2 2 2 =7 — 3 o LT, 1983 FEICR R SINEE SN
TLU% (Baldwin and Schultz, Science 1983), %< OMEHIZ L - THFSE SN T& 7=,
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T, HEO[Cazt] B @ N DOREI L E LTI A D ZENTE D,

AMFFEIL, IE DILE « @A A — 2 VBRI RIS

(Toyota et al., Science 2018; Hagihara et al., Nat. Commun.
2022), HICHiEINITES LR ESN5BWEZREIRL, RE
DFDR T VAT MEMBbEGbELZET (K1), vrAXF AT
753‘/@1/\%%7&@2%[] L. Ca2+i5J:U‘?§/§v‘/7ﬂ‘/l/%%\é$ ° ’fﬁ%&é“&é D L (EJL‘?
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(Catv 7 Fv) BIOER Y 7T NVERAE - sIESE D2 ENHLMNIT/R -7 (Aratani et al., Nat.
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[:{RY = Y
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Ca?*
Elucidation of the lifespan mechanism involving Ca?* signaling

“ 7 ( CN)
CN

C. CN
SKN-1

The elucidation of aging and lifespan regulation mechanisms is expected to contribute not only to the
understanding of the pathogenic mechanisms of age-related diseases such as cancer and metabolic diseases, but also
to the extension of healthy lifespan through the prevention and delay of such diseases. Research on lifespan
regulation began with the discovery of lifespan genes in Caenorhabditis elegans, followed by the discovery that
yeast sirtuins are involved in lifespan extension by calorie restriction, which has greatly advanced our understanding
of the universal mechanisms of lifespan regulation in organisms. | focused on the mechanism of lifespan extension
because the cellular lifespan of a yeast strain in which calcium-dependent phosphatase "calcineurin” (CN) was
disrupted was significantly prolonged. Although autophagy was not involved in the extended lifespan of the CN
disruptant strain, a functional link to mitochondria was suggested. | further analyzed the multicellular model,
Caenorhabditis elegans, as a model. The CN-deficient C. elegans strain also showed lifespan extension, and the
oxidative stress response transcription factor SKN-1 played an important role.
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( 3 XX ) Development of versatile limestone-mixed cement for a
carbon-neutral society
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(FE30)

In this study, the effect of triisopropanolamine (TTPA) on the development of initial strength, the
stability of long-term strength and the behavior of hydration products of ordinary Portland cement
(OPC) containing limestone powder (LSP) were investigated. The addition of TIPA to OPC containing
LSP increased the amount of hydrate at 7 days and improved compressive strength as the hydration
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products filled voids. In addition, the reaction of ferrite (CsAF) and CaCOs at early stage were

significantly accelerated by adding of TTPA. And the formation of hemicarbonate and monocarbonate
in OPC-LSP system was promoted by addition of TIPA.
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(M) Visible Light Conversion of LEDs Light by Vaterite Compacts
2. HEOEK

REEANL T BITIZINATFA N, TZIHA FBLOAT A b0 3 OORKBEENRETL, BRAEDHFF
BEHLTWS. $PTLAT T4 MNIRRBIUVRROBREZFLTEY, ZoXT3A FOBMO | DICiE
EEEHD. LL, 8RLEAT 74 MAFEGSEZF LEAIIHRESATHRY. £IT, AT 74 hOK
BHEEETY, ThET (v 7a— b T3 LICLOMMEARIIEDI T ENTER. EbiL, 8FFA bD
RERCEZX, MFOWUEHFB LU CHEAODBNRRZZZLTHLMNMILIE. 22T, A7 74 FeEY
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Calcium carbonate has three crystal forms: calcite, aragonite, and vaterite, which have different
particle morphologies. Vaterite has spherical and plate-like crystals, and one of the characteristics of
vaterite is its structural color. One of the characteristics of vaterite is its structural color. However,
there have been no reports of synthesized vaterite showing structural color. Therefore, we controlled
the vaterite particle size and dip-coated the vaterite to produce structural color. Furthermore, it was
clarified that the color of the structural color differs depending on the vaterite particle size, thickness,
particle alignment, and distance. In order to expand the use of vaterite for building materials and
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agricultural sheets, a vaterite compact was produced by uniaxial pressing. There have been no
reports of color changes in this pressed vaterite by exposure to transmitted light. In this study,

we investigated the relationship between the vaterite particle size and shape, the thickness of the
pressed vaterite, the type of light source, and the translucency of the vaterite pellets.
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BREE T CIRMILT DBEOSSHE . JRIZ L > THE L DRI LV U MTHEZE, B X ORBIETh O
C-S-H 7NV OMEEZENE ST L2 b D TH D, Honfmi e LTI FD 4 5THS ; ) RH @B
B CROGIREE OB A o v, SUSEEITREI OB KEE N4 Y =TT L T, () ArE RH LT
CTOKEALT NV T L OEFERENZHIAN T T 2BENBE S vic, W) KRBTV U ADLIILE
RH T Calcite 73, & RH TlZ Aragonite, Vaterite OHTH & FEFREIREE D VL T LAONHA R BT (v)
C-S-H 7V O REEIZEIZ 45 %RH LLEDOWRE TOREL, WL 0 AOFMIZHES V) r— hOES
NEE S T,

(#:32) Cementitious structures in thier service-life fix COz in the air, which has long been known as
carbonation. This is due to the calcium hydrates contained within the structure. Understanding the
COz uptake of cementitious structures is a challenge in the cement field, and thus, understanding of
carbonation mechanism is necessary. This study analyzes the reaction rate of carbonation of calcium
hydrate, the calcium carbonate polymorphs produced by the reaction, and the structural changes in
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the C-S-H gel under different relative humidity (RH) carbonation. The following four findings were
obtained: (i) An increase in the reaction rate was observed at higher RH, and the reaction rate was
bilinearly correlated with the water content of the sample. (ii) A rapid decrease in the dissolution rate
of calcium hydroxide below a given RH was observed. (iii) Polymorphism of calcium carbonate was
observed with calcite at high RH, and aragonite & vaterite and amorphous calcium carbonate
precipitation at low RH. (iv) Carbonation of C-S-H gel occurred only at 45% RH or above, where
calcium decalcification in C-S-H and silicate polymerization were observed.

3. FERE

IREAACEOE, A 2 MELIRN O 7 A B L3 o SkF) (C-S-H 7 v) oKL Vs w7 ZEED T
N BOKFIAY COz & BUG L CREEA NV D MEARRT 5 Z EICRERT 5, 3L L > TE
NENDIN T LK E CO2 EDINA D= AL LB L2 2 A, 722 RH BREE T COMGNHE
FEIZOWT, EITHT DRI NS T LADEZTAZONT A P ARTALTWRWN T &350 o7z,
Mz T, C-S-HIZEHL iMooy o AoyEfiE (decalcification) D&ZIZFHEED LT 7 AL A Y —
D3EfiE(decomposition) L, ZiLE EHIZT U —FREEL TN W) ZEMORIBILAT v 7 &
e, RH NEISIZRITTREIZOWTOATHFEN Ve E 2 LB a— L7z, YLENS, RH N REE
BRI G2 DRI LT, B THRARZ 3 SDBENOERTHZ L EPROAL T —< & LT,
MARIRDOE A MERIEZ . 23 %025 95% RH BREE TR CO2IREICB W TRIBERLSE T, RIGDOR
R b2 BUfS Uiz, FiEe Uik, B\ERBOIT 21T 2 & CLMILRFBOBETE R (OF D 2RO REE{ L
FE) ZFHE L. BN OEKE & OB Z iR Uiz, F72. REBLSUSIZ L » TER LT REE LY T L
2O E LT, X#REHTXRDIZ X DAL OS5 21T 572, C-S-H OfFEZ{LIZBE L ik, 7
— U A HRAN R KON 2981 MAS NMR % VW CNER D 25 F-FE ke o ek iz X A 28 b 2 e L
77

4. WFRRE

SO E LTI TD 4>Th D,

@) RH 23EWEREE CRSHE QIR L Hiv, SR ITFREIOEKRE L SA U =T ITHBE L T,
RH & 2RO RGSHEE ORNIZIEOMEN & 5 Z & IXBEEMZE TS STz, HEO v 7 LK
TR AT T 5 RICBNTHZ ORI T 5 Z & A TR LTz,

(i) ATE RH LLF TOKERL Vo 7 D OVRIEE DN AR T+ 2SN BR Sz, 2, KRk
\CE o THTH L2 IREE D VS 0 AR E I Vo 7 B OJE D IREIRZ TR T 5 2 S ICERT 5, fER &
U CTHIFLISIR DKBRAL 1 Vo T ASDORFEDI D | WFEMER LT B2 b b,

(i) RN 7 ADOZIEIEE RH T Calcite 23, K RH TiX Aragonite, Vaterite O H & I 50 R %
TN LOPTHHBA R T, Fo, K RH CIHIERE DRI N 7 AOFT b HELE ST, B
WCRZEIRZT GESEIREE V> v LX° Vaterite) 23 RH BREE F CIXIAME & FATHZH YIRS Z & T
LIRS D Z & AURE ST,

Gv) C-S-H 7'V DR bIZTIC 45 %RH UL EDWRETORAEL ., C-S-HHFDH L 7 ADBIKIZEE S >
V/or— NOEEDEEINTZ, C-S-H Z/VORELOFEIE L S CalSi EI/VEIZIREE I V> 7 XD
R TR ICIBD T 5 2 & DR E T,

PLEDRREIT, A2 FMELIRICE D CO DETEA D =X LD H TV | SOSIEE & & D R E%
fEEE DS XHBEE TR AFTD &V ) IR ZIRAE L TV D, Ez, IRBIL L7 D v AKFI D kA
FICBE LT, T AR NS T AEZBICOWTOHMAZEONT-Z LR ELEZ OND,

5. EBRARBREKR (B - RXBERRY)
¥Rz L

6. FEREZBLTELP-oEZL, &BLEZLRY

FEROERCEL Y LA CW 2 im X LT e &) T —~ & LT, B A ME{LIEDREEIL E VWD T —
IELRRE TR A TS HT, BOOHMAEZRELLIATD2ZENTECIhomBoTnET, &
PR bicBE L Tideskn b a7 U — NNOERRIE RS I & W 5 BUR CTRER e BEEFZE23 & 0 £33, 4lal
D LIRS BRIZIER LTV AT FEIC > THEH SN L H IR o727 —~Th
D, ZOEWT, BOOMHEPH LWDEAZGIVBEW TN HA R URNOAETHZ &3 e T
BRI T L7z,

MEEBLTRELEI EFZIKICOIEY 30, ETIRREEOHE NGO OTE, 7—% OO
72 EDOFERIRMFIEA XN M REDIIEFT N HD Y £ L2, R4S %IE UMFZE=E CE i (2
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FTLTERDT, ZNHDORNEHA THW I LIZETHRIZRV E L7, £72. HX DA L T
WS HIT, REDETFN—2 3 & ESHERF L T, EFS W R ERERZ & 5 RIS
NEWV S TREMBY TR b RE SR TE L LU TV ET,

FAL RIS ) 6 OMFTEBI IR, DFZEICHE > TREIZ R D P INE DA, 36 KO PC B DO
ANCETIECWEEEE L, ZUBIEBETDOTA T T 2R LS EDICHTZY , £ H x DEFREN
FIZHEE VRO FRELZANED D DITENLFE Lic, ZORZME) TEUEILE L EFET,
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1. HF5ET—~
(Fn30) #EAHTE CaO-P20s-TiO2 A MIEME A Z A Dl 2 Bh LAl
(3£3C) Evaluation of cell behavior of CaO-P205-TiOz bioactive glasses
prepared by liquid phase method

2. MFROERN

(Fn30) kDA T AGMIETH DEMARE L L, BENSOBATINT =270 XA TH DK
MiEZ AT, BEKEEDT T AOEMEZIT 72, ZHETOFRICT, TiO: ZiEHT2 2 TH T A
MHEBEZHIEL, ZOBRMEEBLFAEAGETH L EEZHLMNMI LTINS, M THREIT- 7= Kk
FERND, MEEEXR O TAERME L LTRETHIZEEHLMNI L, 22 CFXUEHY
VEREE I VT T NRHT T AT MR ETE N L, ERIEET 7 2 oEgRElb s BIEEE LTy Ry
T LIZHEH Uiz, ABFZE TIZHRAREEIZ T Ca0-P205s-MgO 52 57 A & AERL L MIARIESHEE & /5 12k B
BIE T ORI EEZRE LT, Mg OBANIZX > CHlaEEsEREs W L3 2@Emn oz —7, mEZ
A F R HITHIREE A A PR LT\ e, B FRBELIE LR, T7 A0 DEH Lo g1 4
NEEERBEEEG T ORB A RET L L2 LN LT,

(#30) Bioactive glass was prepared by the liquid phase method. This method is a simple and low
energy process compared to the melt quenching method. In our previous work, the glass network
structure can be controlled by utilizing TiO2 amount, and its dissolution behavior can also be
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adjusted. In addition, titanium-containing glasses showed no cytotoxicity, which indicates that the
glass is safely used as a biomaterial. Hence, we focused on magnesium ion to improve bioactivity of
liquid phase prepared calcium phosphate glasses. In this work, CaO-P205-MgO glasses were
prepared by the liquid phase method and their cell proliferation ability was investigated, as well as
the expression levels of osteogenesis related genes. The Mg2* ions released from glasses were
enhanced the cell proliferation ability. However, excessive ions from the glasses may inhibit cell
proliferation. The results of the gene expression study showed that inorganic ions released from the
glass promoted the expression of osteogenesis related genes.

3. MFERE

WA ASA AR E LT ARBERE 2 KR SREBNVICHIEI 3~ 2 A 4T X 77 4 THELOAIH N
BINTWD, AWFZETIR, B A 4 OMATEEEEEEEICER L, A A a8 O ki 72 il
WA, WAEIC TR LT Y VBRI T 7 AZBET A58 21T o 7o, RO EMIE & i L, K
FIEIXEER « WEICTH T ADOERPAETHDH Z D, BENO>BETRX VX —RT rEATH
5o ZHIVE TIHFAIEIZ TA 3 — MEEK D Ca0-P205-TiO2 AW 7 ADIERIC KB L TE Y . TiO2 D&
ANEOHEIIEN, U Ui & F 2 o b EIREED I S L. T 7 A O i AR m L35 2
EEOI LTz, MATER L= H 7 A%, EEEREZ T35 Mg2t, Zn2t 1 4 G A B O AU
H#, PLEMEDONG) 7 EODTFH L ERBITEAFGETH Y . ERIGEET 7 ADOFH 225 miie b3 1
T 5,

FTUHOIT, T ADAEEMELE L TCOLEMEHERT 5700, MBI 21T > 72, CaO-
P205-TiO2 2 H 7 A (Ti / P b KREWIEE, TiO: DEHENZL) % W TIERL U 7= fh 5% M 2
L. b MEREHIND Saos-2 2 1~9 A MG L7z, control [£4 7 A& MA TV ZRWEHA FV 2, 45
A LKA MBI HMlasE 7 L, 53 1 H H® control TOMIIEAZIEAEL L, £ T X
DOAfRE OEIG Z R LT,

WIZH T AR ELO EREEEIL 20V, HRARIEIZ T Ca0-P20s-MgO 2 A 7 A ERL L=, bk L7=Hily
BIFOVEREAM & FIER O 712 T, Al AERERER Mg/ Mg+Ca LE KEWIFE, MgO OEHENZ )
ZE L=, Mz T 4 BEEE%. real-time PCR & AW CHEKMEE®EE - THD ALP (T
T4 A7 7 X —F), 0CN (FAF A H A ) OREEZHE L. Ca0-P:05MgO %H T 2 (71
4 xMg, x DEDRKZWVIEE, MgO OEHENEZ\) OFFERIEEIEZ M L7z, bFBER 1%
Z T EE M CRE 8 U 7= e (control+) ZJEHEL L, &4 T 2D TR EEZFH Lz,

4. WRERE
Fig. 1 (ZH0 BB R ME M O s B A R4, AkE L=k E—
control #& L T\W5%, Ti/P=0~0.78 TiX, WFho ¥ A g e
LIRA » MIZEBWTS control & [RIFRE OIS AR LT i
727 Ti/ P =0.84 TlXZOMOHT T ALEEL, 3 HAMD
RN D72 lp o T, 2T TiO: & H EDOHIMIC X
0 7T AL ANERS BN L, 4 2 A A4 05
DLIEZECERT S EEZOND, —FH, WThOH T A
IZBWT B RFRRGEIC A MBI LT TnWbd 2 &

o
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T
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7.-

Ratio of cell counts relative to
1 day of control

B
b, IR L TR LT, MR A AT 5 s 8
G LTE, Lo TCa0-P205TiO2 2 H 7 AT ALK £t 2 ’
LLCEETHY . Bia RIS AL 25 HTHBME LT lole e e o
HUTHLEEZ LN, 0 02 04 06 08 10
Fig. 2 [CHiasirEiRRBR O R 2~ 3, Ak I L5 Ti/ P ratio

control Z#% L T\ %, £:4% 9 A HEEA O Mg/Mg+Ca=0.18 Fig. 1 AQBAPE i8R

~0.62 TlX. control LV LA NEAEIZEZ L o T o, BT ADMIE L BEELRERNH D H T
ZDOMEREICERT 5 &, MgO &A&OHEIMIMEW P-O-Mg fia 0 &b L Tk Y, P-O-Mg i
GV CERBEONIKI R E FHE ALEOMAEZ R T S5 ERH 5, TD7=H 25Mg ~ 756Mg T
D HIRLIEGERE L, T 7 2 DALFRITANEOIR TIZ L0 Mg2t7p E DA 4 R <EEH L, Ml
DIEVEALZARE L 72 Z L ICERT 2 B2 oD, Lo TH T AEEN~D Mgz DE NI, 7T AD
ke b2 BIE T ECEEREK b 2 LEH LN L, —J, Mg/ Mg+Ca=1.0 ClIftho 77
AL HE L, MR RE B LW, BT ANLIEHEN D A 4 &I @I A TEAE
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THENWOWMEDRHDZ LD, Mg/ Mg+Ca = 1.0 TldiH bl e

Rl7p A A2 O L > THIIRBGEARE SN TN &5 ' -y

ZHid, §1L [ om]

Fig. 31Z control+Zx ¥ 5 HIE K BER s DB &L Z 345 i

9, ALPIZEEAOWIH, OCN 1T HE L OB EIERE 2 % LT i

KT LIEETTHY ., VU TAROAEZITR LN ) gyo,;fJ,+ﬂ_+\

STz Emb, WFhOA T ACBENTHHLHER T+ 385 |77 \

N % 7= control+ & FIFREDBIE T REEZ /R L T, = g | \

2uiM¥* L DB GET 2B, Cazikimie & [, . e\
L - BIRACDIE, V) S BEA A o T R B % & ¢ ¥

%ﬁﬁ%®%ﬁ%ﬁh?é:kﬁﬁ%éhfbé:&# P e s i —E——

0 0.2 04 06 08 10
Mg / (Mg+Ca) ratio
Fig. 2 A FERE SR

.5, . no significant difference
14 n.s. n.s.

alpod . il

5. HT7ADLIEH U A 4 12 L0 BB R
FORBEENEML TS EEZBND,

VL EOFERNDS | AFZEIZ TERLL 7= F81E CaO-P20s 16
R T AN, BRI L TEERMEITh D Z LTz,
WO D WA A OBIRIC L > THEE R E Dk 7ok

Bxprassion

IR EIRILFTIEC 5 2 L nb . AREEINIEIEY 7 %
DRHE LTHETHS Z LN FBRENT, 2s os f [ ML Beontol
53 COM
;E% il i 025::9
g 04 | 050Mg
E g2t B75Mg
=100Mg

0.0

ALP ocN
Fig. 3 5% 4 W H TR T 28n T3 BLE L

5. SBERER (F& - RIXHERRLY)
-HAET IS xﬁ%x 2023 FEES (MEARER, MR)IIREE)
<G4I FE T I A MBAES B I — (RRAY—RE, AT L&V Y — FHEEE)
- AARE T I v 7 A BB 36 EIkFE T AR Y T A (MBS, RS L= R
11th International Symposium on Inorganic Phosphate Materials International Workshop on
Forward-Looking Materials (QEA¥FE., 4 X U 7T)
2023 R AARY T R v 7 A RESCEEINIT RS (DEIRR, 4B THEKRY)

6. m%%ﬁbf%bwot;k\%ﬁbt_&&&

BN EDO T HBIC LY, BB TORRITTHEER, BEEITH ZENTE T, tRFOHA
ﬁ%iék?4xﬁy/a/%#é% ﬂ%<%@ HY O BHNOER S E O, ka7 il
Bokalieol, A2 U TICTHRESNTZERFSICBWT, ABEEREITo, #iEEZHW
TWND T EDT 4 ATy v a VFIEFICHMETHY . 2L OEEMRBN T LT, £V
—J&, FEEFEEICEN LW EE LT, MM TUTOIL TV D EREmRDIFIRICOWTHES T &N

X, FERERoT,
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1. T —~
(Fo0) WM OFRERGNED VS Ay 7 BT AR

(¥30) Studies on calcium signaling for disease resistance in plants

2. WHEOER

(Fn30)
T REDOT 2 B E&RA A4 (V)% L S -8 TR EmENm 32 2 ERHE ST
W5, AT Cazti@ithA A v F ¥ AT N & I VIR FR (GLRA HIGE A HIE L T 0T
TR EAGRZ LT, £ D THEOA 2 H 5, 7 /X &RA A4 Y OILNPRZ J > THEL
NHE XN D 2 FHD GLR &5 1%, CRISPR-Cas9 v AT AlZL > TRE I “HEROHWWIKE
EH L7z, GFP ! Ca2t A At U —ERBLS Tl A2 v r A X T XA FOHEIZ X BIRY RIS
W UT2RRIC384ET D Ca2t v 7 v ) TAX A KAk L, & OERBEM 23 5, Ca2t/GLR O
EAGE S dud, CazzFIVEM L, AR O iRE A LS 2 K 5 AR BURE S AT A
DEAFIZDRNDTEA D, AWFFEZE L T, AMRIZ S BRI & 8 UUME SR EY) A PEIRTH O 4 B $5
LTW5o,

(FE30)
Recently, it has been reported that disease resistance is improved in plants co-treated with amino acid
(X) and metal ion (Y). Here, we hypothesized that the Ca2*-permeable ionotropic glutamate receptors
“GLRs” regulate this response; and we are trying to elucidate its molecular mechanism. We
successfully deleted two GLR genes which is upregulated by co-treated; and produced double mutant
plantlets using CRISPR-Cas9 system. We plan to analyze its phenotype by visualizing Ca2* signaling
generated when amino acid X and metal ion Y are added simultaneously on leaves of Arabidopsis
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thaliana expressing a GFP-based Ca2* biosensor in real time. If the involvement of Ca*/GLR is proven,
it will lead to the development of novel organic agricultural systems that utilize Ca2* and improve the
inherent immune function of plants. Through this research, we aim to establish a pesticide-free crop
production system that is friendly to both the human body and the environment.

3. AR

GLR (Glutamate receptor-like) |& = 7 Hi)<C> X Hid), TR 72 & O EERWYINAFIET DA 4 F
YRV T, TI /K RAAL Y (ATD), V> RS KA A > (LBD), BEE#E KA1 (TMD), v
RETVERMERAA L (CTD) D 45D RAA VERFELTND, ZOREND, BEZ B < HESCHEZ
W R AL L DERNEFS T NVH I UBRKTENEA A F v 2b GGluR) OFEFr /L EZ SN TND,
IGIuR 21T -7 2 /-3-E R X -5-AF)L-4-A VXV — L7 a4 (AMPA) B A = gl
N-AF)L-D-7 ZAXF X i (NMDA) Bl 3FEENH Y . 2 HIXFEOEEZ L TW\Wb, £OH T,
GLR I LB D iGluR O&Efs+ EMHIFTH Y, Ca2ti B+ 5 mi TR NMDA B D52 FRIZUT > &
ShTW5

D=1 ;<7“;<7L I 20 FEEE O GLR Bz FRTFELTEB Y. £0 95 Ho 11 FEITEDIR O < 72885
THBET D Z LT, AEMERESHE T 03 EOLFEEO ARSI E 2 FF> 2 L83y 0> T
%o AR TIEZDOHRTHRIEICERMNEELS R 282082\ GLR2.8 (At2G29110) & GLR2.9

(At2G29100) ([ZHEH L7z, JEATAFZEICRB W T, 20 2 f@8EHO GLR & O ¥ —ZRIK glr2.8%° glr2.9
T, 7B EEREA AV ERA S L X2 Col-0 &l L CHli#E & b ICMRETEN 9 2N
» L7, GLR2. 8 2: GLR2.9 (I3 v A XF X F D ZFREARIAE L, B FEREYG->TND, 20
7o, ZORERESEE G TWV DO TITRWMNEHERIL, &4 OB —ERILTITAWVIZHEREZ VG S Z
L Wﬁ“ﬁ%#&?ﬁﬁb%ﬁ“‘m:@ﬁ?@w LD TIERWINEB 2 7=, 2T, AL TIX glr2.8/gir2.9 D &
TR VEHTH 2 AL L, glr2.8lr2.9 D " EERKTIZIX BLONY o425 = & T, Cazt
OFENMMET L, BEEICmHRES B35 L RE AL T,

X &Y DOMMMEZ L o> TRANDFEIND 2HHD GLR B FEARBLIZV B A X %x“f@:ﬁzﬁﬁ
%7 7 Lt TCRISPR-Cas9 ¥ A7 A ZHWTEH L7z, RA7eBlE glr2.8 Hi—ZHARIC
GLR2.9 OALEICAE R Z AN (LAT glr2.8GLR2.9 L1 5). glr2 9 H—ERIKIZ1T GLR2.8 ONL#E | ’/ﬁ
BaAnDd (LIF glr29GLR2.8 L45) Z LT, 234 —DIED Y & glr2.8/glr2.9 D B FiK%
TEHT DR TED EEZT,

CRISPR-Cas9 > A7 A TIEH L7z glr2.8/glr2.9 D7k “EE RIS LT X BLIOY &b
L72IEDNT, AN S TES T TEERFIMEZBIZ LT,

4. WrEEE

AW TIX glr2.8/glr2.9 O _EERMKZIEH T 5 <<, CRISPR-Cas9 ¥ A7 AD~X27 % —DNA
[pKI1.IR| % LTz, ZNENDOBEIETD 2FB DXV 12, Cas9 iikm4 b PAM flsl % & te
g (14 F) RNA % 2 OTOER- L7, Zo&x, PAMES] (NGG) 76 3HILATONMEIZER N AD
728, OB Y R HIREERE YA N2 ED D 2 & T, [HIBREESE T DNA 2Rl =2 RN A5 7=
LMD Z L ANEREIC AR B,
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) L CERKEEREN O ERLERETA LD — T T AR LT- & 2 A, 1 /KR, 2 ik
KR, 10 HIERI D glr28GLR2.9 & 1 HIFHE A, 2 thik

KD glr2 IGLR2.8 WEBNTZ, T HIZT L—AT 7 b ol
R LTRIEa RURMELND -0, BIGT 2T 2 &1 T
Ll E2bND, 2%, 77u"r 7Y TN R

(GV3101) =L 7 bR L — g rikz VOB lR
L. Floral dip {EIC &LV glr2.8 £721% glr2.9 DH—ZFIK
I ST,

YEH U7z glr2.8/glr2.9 D "B FRALZ MS (L7 V757« A
7 —7) BEHUCERRE L, 14 B OMWEWIR % 80 S RBAMEE
WCRVA A=V T HAT o]0, VA XFT AT OFE—HEDKE
Wz Y I TH D HELFE - REDOREL ENPIRN HALEIC
XBLOY 2l 4 5 HikE2 v,

ZOFER, THIL TWea 3 b b Ca?t v 7 v d
WENDTNHERTE T, 4%, BEMEOHEREZEE,
FO%RTOE—H—FEZDHETHA LU T EBW
720, ftho GLR #is 42 &te 3 —HARKZEH L2V 3252 &, MAEHORBREOIFICET -
A%

Tima afiee dropping Dnin]

high

Ca® level

low

323 min 1141 min

5. SMBEERER (& - mXHEERLY)

A ZTEWTZBNT T, 7 AV IO 4 ZAary o M<T 4 VY VI CEEBEFESRELRRT 52 L7
TZ 7., (Ami Nakano, Hiroki Asakawa, Mahu Watanabe, Masatsugu Toyota, (2023), Plant Cell
Dynamics X, Madison)

6. MEXBELTELNoZZL, @B LEZLRLE

A2 E L CH]H T CRISPR-Cas9 v AT A& o7l TOJREL - FIES, A A=V U 7I2BIT
% ERROREMIR DO ICTRE ORE 1L ESL D L 2%, £, ERZEORREZE LT, Moys
DI L YEFE Tl TR D78 CEE 2 I OV B 5 T,

72




AARRRES FEREHREE (BEBIRR)

20244 2H  27H
HA R AR
HeER Ba 5l B

. S TET N S - -

WHEERA - (Fa30 5l B =

(#32) Reiri Hikihara g
FTE « 4 (Fa30) SEMBERFZRFER: B~ Y A2 MR - - ERiEREE 2 B4 ‘ .

(3£3) Ritsumeikan University Graduate School of Gastronomy Management
Second year of a Master’s program
REHE XA - (30 #ih i
(330) Ritsuko Masuyama
FriE - Bk (30 SR TR B3P A v MR - 202
(#:32) Ritsumeikan University Graduate School of Gastronomy Management

Professor

1. BT —~
(Fn3x) v e Y OREREHEEOHE RN
(¥30) Study of interaction mechanism between regulation of calcium metabolism and phosphorus
metabolism

2. FROEN

FNENT, T ORI EOERREY OB E LT, U AR IROERHE A 23 S
TS, U OmEELRIL, AERNO L 7 DRI ET 5720 ARNOBEREMERHZIZREET O
AN LEY L OERNT  ANEEIT D, AWFFETIE, ERNICBT 2EIER DL T HE Y D
TEEMERHEO L A2 o72oic, £90 U AREAPEET 285 HHBZ~ T 22N THL LT L
LU DEFEERLEEBOLELZTT, L) REAR TR, U AEEET I L2 T SEF M &AL
L 72144 C FGF23 2353 L TV 2 2 & AR S 7z, D ETid U RER TRICIT Y AT S
DEIITHEI SN DN ERRD IO, BEY MIREZITV, LT b U AEE M NS HTEREOZ
fbZ@BlgE Uiz, i) AREER TR, BEZHEAD L, BNOOEBIZLY I T b - U AEF N
HEI SN D Z Enbrot,

As the usage situation of dietary additives has grown, overdose of phosphorus intake is thereby
becoming a major concern in current food environment. The quantity of phosphorus intake influences
the bioavailability of calcium in the body, therefore, the balance between calcium and phosphorus in
the diet is a critical issue to maintain calcium and bone homeostasis appropriately. In the present
study, calcium and phosphorus homeostasis were assessed in mice under the condition that plasma
phosphorus was declined. As a results, phosphorus homeostasis was controlled by FGF23 on a priority
bases in mice exhibits hypophosphatemia. In addition, whether dietary phosphate restriction affects
phosphorus homeostasis under the situation of the impaired phosphorus metabolism, calcium,
phosphorus, and bone homeostasis were revealed in mice hypophosphatemia. In this study, it was
suggested that phosphorus homeostasis was maintained by bone resorption when dietary intake of
phosphorus was restricted in mice exhibiting the impaired phosphorus metabolism.
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The mechanism of shear thickening was clarified from data on particle behavior and internal structure in
concentrated slurries using Discrete Element Method (DEM). When shear thickening occurs, the contact state of the
particles transitions from a contact with a weak contact force to a collision with a strong contact force, because
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the effect of particle inertia is larger than that of the fluid viscosity. The increase in slurry viscosity is considered to
be due to the contact state shifting to a collision with a strong contact force, and particles moving against the flow of
the fluid. Many particle properties affect shear thickening, such as particle diameter and particle shape. The
transition of the contact state at the onset of shear thickening is not considered to change significantly with changes
in particle properties. Therefore, the findings of the particle behavior obtained in this study are very useful. In
addition, the viscosity increase of shear thickening was found to follow Stokes number with the mean volume
diameter as a variable. These results can provide important directions for determining control conditions for
processing that use slurries.
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Stomata on the epidermis of plant leaves are openings composed of a pair of guard cells, which optimize
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stomatal opening in response to various environmental stimuli such as drought stress and light,
thereby allowing plants to adapt to changes in the surrounding environment. It has been reported that
cytosolic Ca2* functions as an important signaling factor in guard cell signaling that controls stomatal
movement, but the detailed signaling mechanism is unknown. In this study, we report the results of
our analysis on GCM, a membrane protein of unknown function, which is one of the candidate factors
for Ca2* transporters isolated by our laboratory using a model plant Arabidopsis thaliana.

Analysis of the tissue expression patterns revealed that GCM is preferentially expressed in
guard cells. Stomatal phenotype analysis of GCM-gene deletion mutants suggests that GCM 1is
involved in an unknown signal transduction that limits excessive stomatal opening. However, Ca2*
imaging and patch clamp analysis did not provide the direct evidence supporting that GCM is involved
in regulation of cytosolic Ca2* concentration in guard cells.
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Recent studies have revealed that calcite (CaCOs) dissolution cannot be explained solely by Ca2* and
COs2 adsorption and desorption. To investigate this, it is necessary to observe changes in pH/Ca2+
concentration in the vicinity of the surface. Our research succeeded in simultaneously separating pH
and Ca2?* concentrations and visualizing them in two dimensions by microscopic observation using
fluorescent reagents. The actual observation of calcite dissolution using this technique showed that
the obtained temporal variation of the Ca2* concentration distribution can be described by a diffusion
equation using dissolution rates and diffusion coefficients equivalent to those reported previously.
The pH and Ca2+ concentration just above the surface change with time, suggesting that Ca2+ and
COs32 do not dissolve at a ratio of 1:1, but rather that some of the COs2 dissolves as HCOs'.
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(3£30) Molecular dynamics simulation of the properties of fatty acid films
containing water molecules on calcite surfaces
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In this study, on calcite surfaces treated with stearic acid, we performed longer simulations than ab
initio calculations using classical molecular dynamics simulations for relatively long period to
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elucidate at the nano-level the presence and stability of stearic acid on calcite surfaces treated with
stearic acid. Physical parameters such as energy and structural stability as well as their structural
changes at room temperature for several types of film structures were examined. Simulations were
also performed on the structures combining surface-treated calcium carbonate and liquid to compare
the effects of the presence of surrounding water molecules on the stability of the film and the
viscosity, which are important factors in the application of calcium carbonate for industrial
applications. As a result, we evaluated the structural stability and state of the stearic acid film on the
calcite surface as well as the viscous behavior of water molecules, and demonstrated the rationale for
these results.
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Plants perceive volatile organic compounds (VOCs) released by mechanically-
or herbivore-damaged neighboring plants and induce various defense

responses. Such interplant communication protects plants from environ-
mental threats. However, the spatiotemporal dynamics of VOC sensory
transduction in plants remain largely unknown. Using a wide-field real-time
imaging method, we visualize an increase in cytosolic Ca®* concentration
([Ca*1eyy) in Arabidopsis leaves following exposure to VOCs emitted by injured
plants. We identify two green leaf volatiles (GLVs), (2)-3-hexenal (Z-3-HAL) and
(E)-2-hexenal (E-2-HAL), which increase [Ca*].,. in Arabidopsis. These volatiles
trigger the expression of biotic and abiotic stress-responsive genes in a Ca*'-
dependent manner. Tissue-specific high-resolution Ca*" imaging and stomatal
mutant analysis reveal that [Ca*], increases instantly in guard cells and
subsequently in mesophyll cells upon Z-3-HAL exposure. These results suggest
that GLVs in the atmosphere are rapidly taken up by the inner tissues via
stomata, leading to [Ca*'].y, increases and subsequent defense responses in

Arabidopsis leaves.

Plants emit an array of volatile organic compounds (VOCs), including
green leaf volatiles (GLVs), terpenoids, and amino acid derivatives, in
response to wounding and herbivore attack”. These VOCs exert mul-
tiple protective effects, such as directly repelling herbivores and
attracting natural enemies of the hervibores®. Neighboring intact
plants perceive these VOCs as danger cues to trigger defense
responses® or prime themselves to respond to upcoming stresses in a
timely manner’. Therefore, these VOCs serve as interplant airborne
signals. Such interplant interaction mediated by volatile cues is known
as plant-plant communication or plant eavesdropping'. VOC percep-
tion in plants was first reported in the early 1980s. Two individual
groups demonstrated that Sitka willow (Salix sitchensis) and poplar
(Populus x euramericana) trees exhibited increased antiherbivore
properties when grown near damaged plants®’. Such VOC-mediated
interplant signaling has been reported in more than 30 plant species,
including lima bean®, tobacco'®, tomato", sagebrush®, and Arabidopsis®”.

GLVs, comprising six-carbon (C6) compounds, including alcohols,
aldehydes, and esters, are among the most rapidly and abundantly
produced VOCs in the plant kingdom, being generated within seconds
after wounding™. Upon mechanical damage, GLV biosynthesis is
immediately initiated by a lipoxygenase (LOX)-mediated dioxygenase
reaction on fatty acids to yield fatty acid/lipid hydroperoxides. These
derivatives are cleaved to form (2)-3-hexenal (Z-3-HAL), a C6 volatile
aldehyde, by hydroperoxide lyase (HPL), a key enzyme for GLV
formation'. Arabidopsis accession Col-0 exhibits low GLV production
because of a 10-bp deletion in HPL”. Z-3-HAL can be isomerized to (E)-
2-hexenal (E-2-HAL) by an isomerase!*". Alternatively, Z-3-HAL is
quickly reduced to the Cé6 alcohol (2)-3-hexenol (Z-3-HOL), which can
be further converted to (2)-3-hexenyl acetate (Z-3-HAC) by an acetyl
transferase. GLVs elicit a wide range of defense signals in plants. GLV
exposure in plants induces the accumulation of the stress-related
phytohormone jasmonic acid (JA)” and expression of JA-dependent
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defense genes™ or plants prime themselves for rapid response to
subsequent herbivory damage”. GLVs also trigger the induction of
abiotic stress-related defense genes, including heat- and oxidative
stress-responsive genes’. Indeed, treating Arabidopsis with GLVs
induces enhanced heat stress tolerance?.

Plant VOC-dependent defense responses are initiated following
VOC entry into inner tissues?. Exogenous VOC uptake by plants is
facilitated during the light period, in which stomata are opened and
CO, exchange is enhanced®. Furthermore, changes in the uptake rate
of aldehydes and ketones can be coupled with those of stomatal
conductance?, suggesting that stomata play a critical role in VOC
perception. In tobacco, TOPLESS-like protein, a transcriptional cor-
epressor for JA signaling, was revealed to interact with the sesqui-
terpene B-caryophyllene®. Upon binding to B-caryophyllene, the
TOPLESS-like protein-mediated transcriptional suppression of
defense-related genes is inhibited, thereby accelerating defense gene
expression”. However, the molecular mechanisms underlying the
perception of VOCs, especially GLVs, are poorly understood.

Cytosolic Ca** plays crucial roles in a wide array of plant stress
responses®*. Downstream signaling activation systems via cytosolic
calcium ion concentration ([Ca®'].,) increases have been extensively
studied, including the identification of critical components linking
stress perception to the formation of Ca* signals, as well as the
mechanism of Ca®" signal implementation®. Using an electro-
physiological technique and a Ca*-sensitive fluorescent dye, mem-
brane potential depolarization and [Ca**].,. increases after exposure to
several GLVs were observed in tomato leaves™. In addition, [Ca*]cy
increases were detected in detached Arabidopsis leaves upon VOC
exposure using a Ca*"-sensitive luminescent protein®’. These findings
suggest that Ca*' signaling is involved in an early process leading to
downstream defense responses. However, little is known about the
spatiotemporal dynamics of GLV sensory transduction because of
technical limitations in real-time monitoring of GLV-induced Ca** sig-
nals in intact living plants.

In this study, we observed that a plant-wide Ca®* signature rapidly
occurs in response to exposure to VOCs released by damaged plants
using transgenic Arabidopsis expressing a green fluorescent protein-
based Ca*" biosensor and a wide-field real-time fluorescence micro-
scope. We found that Z-3-HAL and E-2-HAL elicited rapid increases in
[Ca*]ey: in Arabidopsis leaves, in which defense responses were acti-
vated. Tissue-specific high-resolution Ca** imaging and stomatal
mutant analysis also clarified the spatiotemporal dynamics of VOC
sensing and signal transduction networks in plants.

Results

VOCs released from plants trigger [Ca**].y. increases in
Arabidopsis

Using transgenic Arabidopsis expressing the Ca?* biosensor GCaMP3?,
we observed [Ca®'].,: changes in intact plants following exposure to
VOCs emitted by damaged plants in real time. We used Arabidopsis
accession No-0 and tomato as emitter plants because they emit various
VOCs, including GLVs, in response to wounding??>*, First, we mon-
itored [Ca*'].y, increases in Arabidopsis (receiver) following exposure
to VOCs emitted from Arabidopsis plants (source of VOCs) fed on by
the common cutworm (Spodoptera litura; Fig. 1a, b and Supplementary
Movie 1). This Ca®* signal was rapidly transmitted to all parts of the
plant within 20 min (Fig. 1b, c). Similar results were obtained when
receiver Arabidopsis was exposed to VOCs released by tomato leaves
(source of VOCs) consumed by S. litura (Fig. 1b, ¢ and Supplementary
Movie 2). Further, upon placing either homogenized Arabidopsis or
tomato leaves (Source of VOCs) near receiver Arabidopsis (Fig. 2a),
[Ca*].y. increases were observed in several leaves (Fig. 2b, Supple-
mentary Movies 3 and 4). In a time-course analysis of [Ca*'].,, changes
in leaf 1 (L1), we found that VOCs emitted by homogenized tomato
leaves caused larger signal changes than those emitted by Arabidopsis

(Fig. 2c, d). These results suggest that VOCs emitted by damaged
Arabidopsis and tomato plants caused [Ca**]., changes in neighboring
intact Arabidopsis plants.

Z-3-HAL and E-2-HAL induce [Ca*'].y. increases in Arabidopsis
To identify the VOCs responsible for triggering [Ca*].,. changes in
Arabidopsis, we examined five GLVs [Z-3-HAL, E-2-HAL, n-hexanal
(n-HAL), Z-3-HOL, and Z-3-HAC], three terpenes (a-pinene, 3-pinene,
and B-caryophyllene), and methyl jasmonate (MeJA) because they have
been reported to induce defense responses in receiver plants>*’. We
measured time-course changes in [Ca*'].y in three regions, i.e., “tip,”
“base,” and the midpoint between them (“mid”), in L1 of Arabidopsis
after each VOC solution was placed in close proximity (Fig. 3a). Of
these, Z-3-HAL immediately increased [Ca*'].y. at the tip within 30s
(Fig. 3b, c and Supplementary Movie 5). Subsequently, the signal was
propagated to the mid and base regions within 1 and 2 min, respec-
tively, and it persisted for over 15 min. Although exposing Arabidopsis
to £-2-HAL also caused a [Ca*']., increase, the increase was weaker and
slower than that induced by Z-3-HAL (Fig. 3b-d and Supplementary
Movie 6). By measuring the velocities of Z-3-HAL- and E-2-HAL-induced
Ca* transmission, we revealed that the signal transmission induced by
Z-3-HAL (0.24-0.30 mmy/s; N =10) was faster than that induced by E-2-
HAL (0.01-0.02 mm/s; N=10; Fig. 3e). In contrast, no [Ca*].y increa-
ses were observed in leaves exposed to other VOCs (Fig. 3f). These
results indicate that Z-3-HAL and E-2-HAL are key triggers of rapid
[Ca™].y: increases in Arabidopsis. Based on these observations, we
focused on Z-3-HAL and £-2-HAL in subsequent analyses.

To confirm that GLVs induce [Ca®*].y. increases upon exposure to
VOCs emitted by homogenized leaves (Fig. 2), we monitored [Ca®]cy
changes in leaves following exposure to VOCs emitted by homo-
genized Arabidopsis that harbors inactive HPL and emits little GLVSs*.
VOCs emitted by homogenized Arabidopsis carrying Col-O-derived
HPL (hpl1 mutant) did not induce Ca*" signals in receiver leaves (Sup-
plementary Fig. 1). Using gas chromatography-mass spectrometry (GC-
MS) and MonoTrap RGPS TD, which is a high-quality adsorbent, we
further analyzed the VOC components rapidly produced by homo-
genized tomato and Arabidopsis leaves. Tomato leaves emitted sig-
nificantly higher amounts of Z-3-HAL and E-2-HAL than wild-type (WT)
Arabidopsis leaves upon homogenization (Supplementary Fig. 2).
Moreover, the levels of these compounds emitted by homogenized
hpll leaves were remarkably low (<25% of that emitted by WT leaves;
Supplementary Fig. 2), consistent with the results of Ca* signature
levels. Altogether, these results suggest that interplant airborne sig-
naling that induces [Ca*'].,; changes is dependent on HPL-mediated
GLV formation in Arabidopsis.

Z-3-HAL and E-2-HAL elicit electrical signals and defense gene
expression

Because changes in the membrane potential upon GLV exposure were
observed in tomato leaves?’, we simultaneously recorded the changes
in [Ca®"].y. and the leaf surface potential upon C6 aldehyde exposure in
Arabidopsis. Z-3-HAL and E-2-HAL exposure in Arabidopsis leaves
resulted in rapid changes in the leaf surface potential, which is spa-
tiotemporally coupled with changes in [Ca*].y. (Fig. 4a-d). Interest-
ingly, detailed analysis of the timing of the initial detectable signal
changes revealed that the surface potential change significantly pre-
ceded the onset of the Ca”" signal in the plant GLV sensory transduc-
tion system (Fig. 4e).

We next examined the accumulation of defense-related gene
transcripts after Z-3-HAL and E-2-HAL exposure. Expression of the heat
and oxidative stress response marker genes HSP90.1 and ZATI2
increased in leaves after 30 and 60 min of Z-3-HAL or E-2-HAL exposure
(Fig. 4f). Similarly, JA-related genes, such as OPR3 and JAZ7, were
upregulated by these C6 aldehydes (Fig. 4f). Furthermore, we used a
pharmacological approach to assess the role of GLV-induced [Ca*].y
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Fig. 1| Exposure to VOCs emitted by leaves consumed by the herbivore S. litura
induces [Ca*'].y increases in receiver Arabidopsis leaves. a The experimental
setup for Ca*" imaging in Arabidopsis (receiver) upon exposure to VOCs
emitted by leaves consumed by S. litura larvae is schematically illustrated.
Prior to the experiment, the receiver Arabidopsis in a plastic dish was accli-
mated by directing airflow from an empty plastic bottle for 10 min, allowing
its adaptation to the experimental conditions. Subsequently, receiver Ara-
bidopsis was exposed to VOCs emitted from a plastic bottle containing S.
litura larvae and either Arabidopsis or tomato leaves (source of VOCs) by
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connecting the bottle and manipulating the valve. The black arrows indicate
the direction of airflow. b Changes in [Caz*]cyt (yellow arrowheads) in Ara-
bidopsis expressing GCaMP3 in response to VOCs released from Arabidopsis
(upper) and tomato (Solanum lycopersicum cv. Minicarol) leaves (below)
consumed by S. litura larvae. White dashed lines indicate the position of the
tip of the tube from where the airflow emerges. Scale bar, 5mm.

¢ Quantification of [Caz*]cy( signatures in leaf 1 (L1). Error bars, mean +
standard error (SE). N=4 and 5 biologically independent samples for A.
thaliana and S. lycopersicum, respectively.
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Fig. 2 | Exposure to VOCs emitted by homogenized leaves induces [Ca*'].y,
increases in receiver Arabidopsis leaves. a The experimental setup for Ca?" ima-
ging in Arabidopsis (receiver) upon exposure to VOCs from homogenized Arabi-
dopsis or tomato leaves (source of VOCs) is schematically illustrated. In total, 10 g of
Arabidopsis leaves or 5 g of tomato leaves was homogenized with liquid nitrogen
using a mortar and pestle. The resulting homogenized tissues were immediately
transferred to 1.5-mL plastic tubes. Subsequently, Ca?* imaging was initiated by
placing the tubes in close proximity to receiver Arabidopsis. b Changes in [Ca*']cy
(yellow arrowheads) in Arabidopsis expressing GCaMP3 after exposure to VOCs

emitted by homogenized Arabidopsis (upper) and tomato (Solanum lycopersicum
cv. Micro-Tom) leaves (lower). Scale bar, 5 mm. ¢ Quantification of [Caz‘]Cyt sig-
natures in L1. Error bars, mean + SE. N=5 and 3 biologically independent samples
for A. thaliana and S. lycopersicum, respectively. d Comparison of the maximal
[Ca®'].,. changes detected in receiver Arabidopsis upon exposure to VOCs emitted
by homogenized Arabidopsis (A.t) or tomato (S.[) leaves. An asterisk denotes sta-
tistically significant differences based on two-tailed Student’s ¢-test (*, P<0.05).
Error bars, mean + SE. N=>5 and 3 biologically independent samples for A. thaliana
and S. lycopersicum, respectively.
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increases in triggering transcript accumulation. Pretreating Arabi-
dopsis seedlings with a Ca?* channel blocker (LaCls) or calcium chelator
(EGTA) prevented both [Ca*']., increases and marker gene expression
(Supplementary Fig. 3). Furthermore, we conducted the washout assay
to evaluate the reversibility of the Ca®* signals in Arabidopsis, allowing
the assessment of any potential negative effects of these pharmaco-
logical reagents on plant cell viability. After an additional incubation

Fig. 3 | Z-3-HAL and E-2-HAL trigger [Ca**].,. increases in Arabidopsis. a Diagram
presenting an Arabidopsis leaf and the regions of interest (ROIs) used to analyze
[Caz*]Cyt changes and velocities (V; and V,). Ten microliters of each chemical solu-
tion were applied to a plastic tube placed 5 mm from the tip region of Arabidopsis
leaf 1 (L1). [Caz*]Cyt changes at each point (tip, mid, and base) were analyzed over
time. b Time-course changes in [Caz*]cy[ (yellow arrowheads) in the L1 of Arabi-
dopsis after applying Z-3-HAL (upper) and E-2-HAL (lower) at a distance of 5 mm
from the tip of L1. The chemical solution was applied into a plastic tube, indicated
by an orange dashed line (0 s). Dashed white, red, and blue circles indicate the
position of the tip, mid, and base regions, respectively. Scale bar, 2.5 mm.

¢ Quantification of the [Caz*]cy[ signature in the tip, mid, and base regions induced
by Z-3-HAL (left) and E-2-HAL (right). Error bars, mean + SE. N=10 biologically
independent samples. d Comparison of the maximal [Ca*'].,, changes detected in
each ROI upon exposure to Z-3-HAL and E-2-HAL. Error bars, mean + SE. N=10
biologically independent samples. An asterisk denotes statistically significant dif-
ferences based on two-tailed Student’s ¢ test (*, P< 0.05). e Velocities (mm/s) of the
Ca*" signals transmitted between the tip and mid regions (V;) and between the mid
and base regions (V,) induced by Z-3-HAL and E-2-HAL were analyzed. Error bars,
mean + SE. N =10 biologically independent samples. An asterisk denotes statisti-
cally significant differences based on two-tailed Student’s ¢ test (*, P<0.05).

f Screening of VOCs that elicit [Ca®"].,. increases in Arabidopsis. [Ca>'].y. signatures
in the tip region of L1 after 400 s of volatile solution treatment were analyzed. Error
bars, mean + SE. N=10 biologically independent samples.

period of 24 h with a liquid medium lacking LaCl; and EGTA, we
observed approximately 65-95% recovery of the Ca* signal at 500 s
compared with that in Mock-pretreated Arabidopsis (Supplementary
Fig. 3a, ¢). Therefore, the GLV response in plants pretreated with the
reagents is reversible, pharmacologically suggesting that these che-
micals can block Ca* signals without drastically affecting the plant
cells themselves. Altogether, these results indicate that [Ca®l.y
increases are required for the induction of transcriptional changes
related to defense responses in plants.

Z-3-HAL induces local Ca** signals in a concentration-dependent
manner
To gain further insights into the physiological properties of C6 alde-
hydes as signaling molecules, we examined the concentration depen-
dency of [Ca*].. increases induced by Z-3-HAL. Upon exposure to
lower Z-3-HAL concentrations, concentration-dependent decreases of
[Ca*]y: responses were observed (Fig. 5a, b, and Supplementary
Fig. 4). We quantified the amount of Z-3-HAL released from Z-3-HAL
solution under this experimental condition. Z-3-HAL was adsorbed by
adsorbents placed at a distance of 5 mm from the 0.03 M solution. Z-3-
HAL adsorption reached saturation within 1min (Supplementary
Fig. 5), and 3.85 nmol Z-3-HAL was adsorbed over 30 s. Considering the
volume of the adsorbents (58 pL), it can be estimated that the local
concentration of Z-3-HAL at a distance of Smm from the 0.03M
solution was 0.07 mM. Based on this finding, L1 in receiver Arabidopsis
was exposed to approximately 6.42-385 nmol (0.1-6.7 mM) Z-3-HAL
over 30 s following exposure to 0.05-3.0 M Z-3-HAL solutions (Fig. 5a).
As Ca*" has been proposed to act as a long-distance signal tra-
veling to systemic undamaged parts to activate defense responses at a
whole-plant level in other stress responses®*, we investigated whether
Z-3-HAL triggers long-distance intracellular Ca*' signal propagation. L1
was spatially isolated from other parts of the plant (Fig. 5c), ensuring
that only L1 was exposed to Z-3-HAL. Exposure of L1 to Z-3-HAL caused
a local [Ca®]., increase; however, Ca®* signal propagation to distal
unstimulated parts (L3) was not observed (Fig. 5d-f and Supplemen-
tary Movie 7). These results indicate that Z-3-HAL elicits [Ca®']y
increases locally following direct exposure but not long-distance Ca**
signals traveling toward systemic leaves.

GLVs are rapidly perceived by guard and mesophyll cells
We generated Arabidopsis expressing GCaMP3 driven by tissue-specific
promoters, such as GCI, RBCSIA, SULTR2:2, and ATMLI, to selectively
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express GCaMP3 in guard®, mesophyll”, vasculature®, and epidermal
cells®, respectively. These transgenic lines enable the visualization of
[Ca*].,, changes specifically occurring in each tissue, thereby aiding in
the understanding of the spatiotemporal patterns of GLV-induced
responses. Upon Z-3-HAL exposure, [Ca*].,, increased rapidly in the tip
region of pGC1:GCaMP3 and pRBCSIA:GCaMP3 leaves within 40s,
whereas it increased gradually in pSULTR22:GCaMP3 and

PATMLI::GCaMP3 leaves (Fig. 6 and Supplementary Movies 8-11).
Quantitative analysis of the timing of signal increases revealed that
[Ca™]ey first increased in pGC1::GCaMP3 and pRBCSIA::GCaMP3 within
1min (Fig. 6f, g). Interestingly, pSULTR2:2:GCaMP3 and pATMLI:G-
CaMP3 responded slowly to Z-3-HAL (Fig. 6f, g).

To better understand GLV propagation pathways, we observed
[Ca*]cy: changes at the cellular level using an upright confocal laser
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Fig. 4 | Z-3-HAL and E-2-HAL trigger the leaf surface potential changes and
defense-related gene expression in Arabidopsis. a, b Simultaneous recording of
changes in the leaf surface potential and [Ca*'].,. (yellow arrowheads) in the tip
region of L1 after the application of Z-3-HAL (a) and £-2-HAL (b) solutions 5 mm
from the tip of L1. The chemical solution was applied in a plastic tube indicated by a
white dashed line (0 s). The white arrow indicates the recording electrode. Scale
bar, 2.5 mm. ¢, d Quantification of the leaf surface potential and [Ca*']y signatures
induced by Z-3-HAL (c) and E-2-HAL (d). An enlarged graph is presented on the
right. Error bars, mean + SE. N =10 biologically independent samples.

e Comparison of the time points at which the change in the leaf surface potential

and Ca*" signal was detected. The change in signal used to measure velocity was
defined as an increase or a decrease to above 2 standard deviation (SD) of the pre-
stimulation levels. An asterisk denotes a significant difference based on two-tailed
Student’s t-test (*, P< 0.05). Error bars, mean + SE. N =10 replicates per line.

f Transcript levels of HSP90.1, ZAT12, OPR3, and JAZ7 in L1 of Arabidopsis at 30 and
60 min after treatment with Z-3-HAL, E-2-HAL, or DMSO (Mock). ACT8 was used as
an internal reference for standardization. Error bars, mean + SE. N=5. Different
letters denote significant differences based on one-way ANOVA followed by
Bonferroni’s post hoc test (P<0.05).

scanning microscope (Fig. 7a-c). A rapid [Ca*].,, increase was first
observed in guard cells (pGC1:GCaMP3) within 1min of Z-3-HAL
exposure (Fig. 7d, g, h, and Supplementary Movie 12). An increase in
[Ca*]cy Was detected earlier in mesophyll cells (pRBCS1A::GCaMP3)
than in epidermal cells (pATML1::GCaMP3) (Fig. 7e-h and Supple-
mentary Movies 13-14). These observations were consistent with
the results obtained using Arabidopsis expressing GCaMP3 driven by
the 35S promoter (Supplementary Fig. 6 and Movie 15). Based on these
findings, we hypothesized that plant GLV sensory transduction could
be initiated by GLV flux into inner tissues via stomata, resulting in
subsequent defense signaling activation.

Stomata play a critical role in rapid Z-3-HAL perception

To examine the function of stomata in rapid GLV sensory transduction,
we used the phytohormone abscisic acid (ABA) to induce stomatal
closure®, as well as stomatal mutants exhibiting abnormal stomatal
movement phenotypes* ™. Pretreatment of Arabidopsis WT leaves
with ABA resulted in stomatal closure (Supplementary Fig. 7), and the
Z-3-HAL-induced increase in [Ca*'].,. was delayed compared with that
in leaves pretreated with a stomatal opening buffer solution (Mock,
Fig. 8). Loss-of-function mutants of SLOW ANION CHANNEL-
ASSOCIATED 1 (slacl) and OPEN STOMATA 1 (ostl) exhibit impaired
stomatal closure in the presence of ABA*"*? (Supplementary Fig. 7). Z-3-
HAL-induced [Ca*].. signatures in ABA-treated slacI-2 and ostI-3
mutants expressing GCaMP3 driven by the 35S promoter were similar
to those in Mock-treated leaves (Fig. 8). Moreover, a critical role of
stomata in rapid Z-3-HAL-induced electrical signaling was confirmed
via the time-course analysis of leaf surface potential changes using
ABA-pretreated leaves (Supplementary Fig. 8). These results support
our hypothesis that GLV uptake from the atmosphere into tissues via
stomata is the main pathway of rapid GLV sensory transduction in
plants, which in turn activates plant defense responses.

Discussion

We visualized Ca®" signal transduction in intact Arabidopsis plants
exposed to VOCs emitted by mechanically- and herbivore-damaged
plants (Figs. 1 and 2) and found that Z-3-HAL and E-2-HAL function as
airborne signaling molecules triggering [Ca*].,. increases, electrical
signals, and transcriptional changes in Arabidopsis leaves (Figs. 3, 4).
Since VOC components other than these two C6 aldehydes were unable
to elicit [Ca>*].y changes in Arabidopsis (Fig. 3f), the aldehyde moiety in
their structures appeared necessary for activating [Ca™].based
defense signaling. F-2-HAL containing an «,f-unsaturated carbonyl
moiety is a reactive electrophile species that causes cell damage
because of its ability to form adducts with nucleophiles*. Z-3-HAL,
which has a f,y-unsaturated carbonyl group, exerts physiological
effects on various organisms"*°. Surprisingly, n-HAL and Z-3-HAC failed
to trigger [Ca*'].,. increases (Fig. 3f), whereas Ca* response to Z-3-HAC
exposure was previously reported in tomatoes”. These findings sug-
gest that plants possess species-specific sophisticated VOC recognition
systems in addition to a mechanism capable of recognizing structural
differences among GLV components (such as specialized receptor
proteins)**. Indeed, some volatile-specific receptors in plants have
been isolated, including those for ethylene* and B-caryophyllene®.

In addition to the volatile-specific perception system, VOC uptake
pathways involving metabolic processes have been proposed to act as
other primary pathways for downstream VOC signaling activation®.
Z-3-HOL accumulated in tomato cells is glycosylated, leading to
enhanced resistance against S. litura via the insecticidal effects®.
However, considering that neither Z-3-HOL nor B-caryophyllene trig-
gered [Ca’*].,. changes (Fig. 3f), plants might be equipped with spe-
cialized VOC perception systems that activate downstream signaling
independently at different levels (for example, Ca*" signals, transcrip-
tional changes, and metabolism).

The C6 aldehyde group can prime/induce plant defense respon-
ses to abiotic stresses™. For example, heat and photooxidative stresses
elicit enhanced E-2-HAL production in Arabidopsis, tomatoes™**, and
tobacco®. GLV-exposed Arabidopsis seedlings exhibit enhanced heat
tolerance?. In this study, oxidative stress- and heat-responsive genes
were upregulated upon GLV exposure in a Ca**-dependent manner
(Fig. 4f and Supplementary Fig. 3b). Although the detailed molecular
mechanism underlying stress-related signaling activation upon GLV
exposure remains unclear, [Caz*]cy[ increases could mediate both
stress-responsive gene expression®~° and immediate GLV formation
via Ca® binding to the PLAT domain in LOX, a key enzyme for GLV
biosynthesis™. Different experimental approaches, such as tran-
scriptome analysis, could provide new insights into the mechanism
underlying enhanced stress tolerance through GLV-induced Ca*
signals.

The local concentration of Z-3-HAL at a distance of 5 mm from the
3.0 M solution, which consistently induced stable [Ca*'].y. increases,
was estimated at 6.7 mM (Supplementary Fig. 5). Similarly, 381 nmol Z-
3-HAL was detected within 10 min of exposure to 0.5 g homogenized
Arabidopsis leaf tissues (Supplementary Fig. 2), indicating that receiver
Arabidopsis is exposed to approximately 6.6 mM Z-3-HAL in 30s.
Although the homogenization of Arabidopsis leaf tissues might be
unrealistic in nature, these estimations indicate that the concentration
of Z-3-HAL solution corresponds to that emitted by plants and that the
experimental conditions used in this study are relevant to the potential
exposure or emission of Z-3-HAL in a natural context.

Plants possess the ability to efficiently absorb a wide range of
surrounding atmospheric VOCs and accumulate them into their tis-
sues. For example, tomato can absorb a significant amount of atmo-
spheric methacrolein, with estimates ranging from 33% to 41% of the
total methacrolein content present in the air’>. The minimum amount
of Z-3-HAL required to induce detectable Ca* signals was 0.1M
(Fig. 5a). Considering that approximately 12.8 nmol Z-3-HAL was
adsorbed by the adsorbents within 30 s of exposure to 0.1 M Z-3-HAL,
Arabidopsis accumulates approximately 4.2 nmol Z-3-HAL at 33% of the
VOC-adsorbing capacity of the adsorbent. Based on the previous
calculation®, a single injury (7.5 pg, 0.05 mm?) produces 12.9 and 2.9
pmol Z-3-HAL in tomatoes and Arabidopsis, respectively (for detail, see
Supplementary Fig. 2 and Methods). If these estimations are accurate,
the Z-3-HAL emitted following a single injury is unlikely to induce
detectable Ca* signals. To induce the release of 12.8 nmol Z-3-HAL (the
accumulation of 4.2 nmol Z-3-HAL in Arabidopsis leaves) and Ca** sig-
nals under our experimental conditions, approximately 148.8 (992.3
mm?) and 662.1 (4409.0 mm?* mg of leaves need to be injured in
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Fig. 5| Z-3-HAL-induced Ca* signature occurs locally and in a concentration-
dependent manner. a Concentration dependency of the effects of Z-3-HAL
activity on the [Ca*].,, signature after exposure. Error bars, mean + SE. N =10
biologically independent samples, except for 0.1M (N=8) and 0.5M (N=9).

b Comparison of the maximal [Ca*].y. changes detected in receiver Arabidopsis
upon exposure to each concentration of Z-3-HAL. Error bars, mean =+ SE. N=10
biologically independent samples, except for 0.1M (N=8) and 0.5M (N=9).
Different letters denote significant differences based on one-way ANOVA fol-
lowed by Tukey’s honestly significant difference post hoc test (P<0.05).

¢ Diagram presenting Arabidopsis and the ROIs used to analyze [Ca*'].,: changes.

L1 was spatially segregated using a square dish. ROI1 and ROI2 were set at local
(L1) and systemic (L3) regions, respectively. d The time-course changes in [Caz*]cyt
(yellow arrowheads) in L1 and L3 leaves after exposing L1 to Z-3-HAL. The dashed
outline indicates the position of the square dish. Scale bar, 5 mm. e Quantification
of [Ca*].y, signatures in L1 (ROI1L) and L3 (ROI2). Error bars, mean +SE. N=6
biologically independent samples. f Comparison of the maximal [Ca*'].y changes
detected in L1 (ROI1) and L3 (ROI2) of receiver Arabidopsis upon exposure to
3.0 M Z-3-HAL. Error bars, mean + SE. N = 6 biologically independent samples. An
asterisk denotes statistically significant differences based on two-tailed Student’s
t test (*, P<0.05).

tomatoes and Arabidopsis, respectively. This size of agricultural
damage might be realistic in nature®.

Although it is unlikely that plants are continuously exposed to
high GLV concentrations (e.g., 3.0M Z-3-HAL) under natural

conditions, it should be noted that GLVs do not easily diffuse because
of their high molecular weight, which may lead to high local GLV
concentrations around damaged plants**. Considering these find-
ings, the possibility that plant cells and tissues are temporarily exposed
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Fig. 6 | [Ca*].y. increases in guard, mesophyll, and vasculature cells, and sub-
sequently in epidermal cells upon Z-3-HAL exposure. a-d Snapshots of Ca*
changes (yellow arrowheads) in L1 of Arabidopsis expressing GCaMP3 driven by the
tissue-specific promoters GCl (a), RBCSIA (b), SULTR2;2 (c), and ATMLI (d) after Z-3-
HAL exposure. Scale bar, 2.5 mm. e Quantification of [Caz*]Cyt signatures in the tip,
mid, and base regions. Error bars, mean + SE. N= 6 biologically independent samples
for pRBCSIA and pSULTR2;2, N =8 for pGCl and N =7 for pATMLL. f Enlarged graph
displaying the onset of [Ca*'].,, increases within 160s in the tip region of each

transgenic line. g Comparison of the time points at which the increase in the initial
Ca* signal was detected in the tip region of L1 of pGC1:GCaMP3 (G), pRBCSIA::G-
CaMP3 (R), pSULTR2:2::GCaMP3 (S), and pATMLI::GCaMP3 (A), following Z-3-HAL
exposure. The increase in signal used to calculate velocity was defined as an increase
to above 2 SD of the pre-stimulation levels. Error bars, mean + SE. N = 6 biologically
independent samples for pRBCS1A and pSULTR2;2, N=8 for pGCl and N=7 for
pATMLL. Different letters denote statistically significant differences based on one-way
ANOVA followed by Tukey’s honestly significant difference post hoc test (P<0.05).
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a-c Localization of the GCaMP3 signal for pGC1::GCaMP3 in guard cells (a), for
PRBCSIA:GCaMP3 in mesophyll cells (b), and for pATML1::GCaMP3 in epidermal
cells (c). The merged GFP signal and bright field images were presented as an
overlay. d-f Snapshots of Ca** changes (yellow arrowheads) of [Ca*].y. levels in L1
of pGC1::GCaMP3 (d), pRBCSIA::GCaMP3 (e), and pATML1::GCaMP3 (f) after expo-
sure to Z-3-HAL. Scale bar, 50 pm. g Quantification of the [Ca*'].,, levels in the L1 of
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h Comparison of the time points at which the increase in the Ca* signal was
detected in pGC1::GCaMP3 (G), pRBCSIA::GCaMP3 (R), and pATML1::GCaMP3 (A)
following Z-3-HAL exposure. The increase in signal used to calculate velocity was
defined as an increase to above 2 SD of the pre-stimulation levels. Error bars,
mean + SE. N=5 biologically independent samples. Different letters denote statis-
tically significant differences based on one-way ANOVA followed by Tukey’s hon-
estly significant difference post hoc test (P<0.05).

to high GLV concentrations under specific circumstances (e.g., when
receiver plants are in close proximity to disrupted plants capable of
emitting numerous GLVs, including Vigna radiata and Momordica
charantia®, in response to herbivory in nature) cannot be dismissed. In
fact, we detected Ca*" signals in response to VOCs released from plants
consumed by herbivores (Fig. 1). To further clarify this phenomenon, it
would be beneficial to employ advanced technologies, such as the real-
time detection of atmospheric VOC concentrations, and precisely
determine the VOC adsorption capacity and efficiency of plants”.
Using real-time Ca?* imaging combined with pharmacological and
genetic approaches, we proposed a model for the spatiotemporal
propagation pathways of VOCs in plants (Fig. 9) where stomata play a
critical role in perceiving VOC cues. Some studies support our idea of
the importance of stomata for VOC uptake, especially for the
absorption of atmospheric gases such as CO,, and air pollutants®-%,

For example, VOC uptake by plant tissues is efficiently facilitated when
stomata are opened®. Aldehyde compounds can also be absorbed into
the leaf interior via stomata®. Conversely, the delayed Ca* signals in
epidermal cells could be explained by the presence of the cuticle,
which functions as a permeability barrier. This idea is supported by a
previous finding that O; deposition in cuticles was negligibly small*’.
Taken together, it is possible that stomata serve as a plant gateway
mediating rapid VOC entry into interspaces in tissues.

Two glutamate receptor-like genes (GLRs) that are localized in
phloem and xylem contact cells in the vasculature are activated in
response to wounds, resulting in the propagation of Ca*" and electrical
signals from the wound site to distant organs®°. Although Z-3-HAL-
induced [Ca™].,. increases were detected in the vasculature tissue
(Fig. 6¢, €), no Ca* signal propagation toward systemic leaves was
observed (Fig. 5d). Given that the amplitude and propagation rate of
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Fig. 8| Stomatal opening plays a crucial role in [Ca*]., increases upon Z-3-HAL
exposure. a Pretreatment with ABA (20 uM) delayed [Ca*'].y. increases (yellow

arrowheads) induced by exposure to Z-3-HAL in WT leaves but not the leaves of the
slac1-2 and ostI-3 mutants expressing GCaMP3 driven by the 35S promoter. Scale
bar, 2.5 mm. b Quantification of Z-3-HAL-induced [Caz*]cy[ signatures in the whole
region of the detached leaf. Error bars, mean + SE. N = 6 biologically independent
samples for WT (Mock) and WT (ABA), N=7 for slacl-2 (Mock), slac1-2 (ABA) and

Mock ABA

ost1-3 (ABA), and N =8 for ostI-3 (Mock). ¢ Comparison of the maximal [Caz*]cy[
changes detected in the detached leaves of WT (W), slacI-2 (S), and ost1-3 (O). Error
bars, mean + SE. N= 6 biologically independent samples for WT (Mock) and WT
(ABA), N=7 for slacI-2 (Mock), slac1-2 (ABA) and ost1-3 (ABA), and N =8 for ostI-3
(Mock). Different letters denote statistically significant differences based on one-
way ANOVA followed by Tukey’s honestly significant difference post hoc

test (P<0.05).

the wound-triggered systemic signals depend on the type and intensity
of the stimuli®, and the necessity of damaging the main vein of the
leaf®’, GLVs might not activate the key elements required for long-
distance signal transmission, such as GLRs, or the local response might
not reach the threshold required to allow the Ca*"/electrical signals to
move out of the local leaf. Interestingly, changes in the leaf surface
potential preceded changes in [Ca*'].,, upon GLV exposure (Fig. 4e), as
systemic electrical signals preceded Ca** signals upon wounding®>®*.
Membrane depolarization could be induced by the activation of ion
channels, such as ClI™-permeable, ROS-sensitive, or ligand-gated chan-
nels, followed by [Ca*'].,. increases via Ca** influx and efflux through
plasma- and endo-membranes, respectively®>*,

The wide-field real-time imaging approach used in this study
provided physiological insights with significantly higher resolution
using intact Arabidopsis, revealing the details of Ca® signals in
response to GLVs in a more comprehensive manner. This methodology
allowed the assessment of spatial and temporal aspects of GLV per-
ception pathways at the cellular level. Additionally, by integrating real-
time imaging with other techniques, we achieved a deeper under-
standing of the comprehensive orchestration of GLV responses,

including Ca®" signals and other signaling mechanisms such as elec-
trical signals. This approach can be further extended to investigate
VOC signaling networks across plant taxa using mutants that are
defective in the putative elements of VOC responses. Furthermore, this
Ca”" imaging method can serve as a robust tool for investigating the
molecular basis of airborne plant signaling, both within (e.g., Arabi-
dopsis to Arabidopsis) and between species (e.g., tomato to Arabi-
dopsis) (Figs. 1 and 2).

Methods

Plant material and growth condition

The seeds of Arabidopsis thaliana (accessions Col-0, No-O and hplI
mutant in the Ler-0 background®*) were surface-sterilized and sown on
sterile Murashige and Skoog (MS) agar medium [1x MS salts, 1% (w/v)
sucrose, 0.01% (w/v) myoinositol, 0.05% (w/v) MES, and 0.5% (w/v)
gellan gum; pH 5.7 adjusted with 1 N KOH]. After incubation in the dark
at 4 °C for 2 days, the plates were placed horizontally at 22°C in a
growth chamber under continuous light (90-100 pmol/m?%s) for
approximately 2 weeks before use. After 2 weeks, Arabidopsis leaves
were numbered from oldest to youngest®’. Two-week-old Arabidopsis
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Fig. 9 | Volatile C6 aldehyde sensory transduction system in Arabidopsis.

Volatile C6 aldehydes, such as Z-3-HAL and E-2-HAL, in the atmosphere are initially
perceived by guard cells, which leads to [Ca®].y increases. C6 aldehydes can enter
the interspace of leaf tissues via stomata, leading to the subsequent activation of

Stomate

defense responses in mesophyll and vasculature cells. [Ca*'].,, increases are
delayed in epidermal cells because of the presence of physical barriers, such as
cuticles.

(accession No-0 and Ler-0) plants were transferred to soil and grown at
22 °C in a growth chamber under short-day conditions (8-h light/16-h
dark photoperiod, 90-100 pmol/m?/s) for approximately 2 months
before use. Two-week-old (accession Col-0) plants were used for Ca?*
imaging. Two-month-old plants (accession No-0 and Ler-0) were used
for preparation of homogenized leaf tissues and leaves that were
subjected to feeding by S. litura. Surface-sterilized tomato (Solanum
lycopersicum cv. Micro-Tom) seeds were incubated overnight at 4 °C
and sown on MS agar medium. Two-week-old plants were transferred
to soil and grown at 25°C in a growth chamber under long-day con-
ditions (14-h light/10-h dark photoperiod, 90-100 pmol/m?/s) for
approximately 2 months before use. Tomato (Solanum lycopersicum
cv. Minicarol) seedlings potted in soil were purchased from a home
improvement store located in Saitama, Japan. These seedlings were
cultivated in a temperature-controlled room under long-day condi-
tions (14-h light/10-h dark photoperiod, 90-180 pmol/m?/s) at
25-29 °C for more than 12 days and then used to prepare leaves that
were consumed by S. litura.

Insects

Eggs of S. litura (Fabricius) (Lepidoptera: Noctuidae) were purchased
from Sumika Technoservice Co. Ltd. (https://www.chemtex.co.jp). The
insects were reared on a homemade artificial diet in the laboratory at
25°C. Fifth-instar S. litura larvae were used for Ca** imaging.

DNA cloning and transformation

For the GCaMP3 constructs used for tissue-specific expression, geno-
mic sequences of the 5" end of the open-reading frames of GCI (1716
bp, Atlg22690), RBCSIA (1976 bp, Atlg67090), SULTR2;2 (2001 bp,

At1g77990), and ATML1 (3378 bp, At4g21750) were amplified via
polymerase chain reaction (PCR) targeting restriction enzyme sites
from Arabidopsis genomic DNA and used as the promoter sequences.
These fragments were digested and inserted into the corresponding
sites of the pAN19 vector containing the GCaMP3 and nopaline syn-
thase terminator (NOSt) sequence, resulting in construction of the
vectors pGCI1::GCaMP3 NOSt, pRBCSIA::GCaMP3 NOSt, pSULTR2,2::G-
CaMP3 NOSt, and pATML1::GCaMP3 NOSt. The entire cassettes of
GCaMP3 sequences driven by tissue-specific promoters were isolated
via Notl digestion and cloned into the Notl site of the plant binary
vector pBIN42. All binary vectors were transformed into the Agro-
bacterium tumefaciens strain GV3101 via electroporation. Arabidopsis
plants were transformed using the floral dip method®. To establish
Arabidopsis mutants expressing GCaMP3, the entire cassette of
p35s:GCaMP3 NOSt”" was transformed into the slacl-2 and ostl-3
mutants. The primers used for cloning are detailed in Supplementary
Table 1.

Real-time [Ca®"].y imaging

Real-time [Ca*]. imaging of the entire plants was performed as
described previously®. For Ca®* imaging at the cellular level,
GCaMP3 signals were acquired using an upright confocal laser scan-
ning microscope (AIR, Nikon). GCaMP3 was excited using a 488-nm
laser/488-nm dichroic mirror, and fluorescent signals were detected at
510-560 nm using the GaAsP detector of the microscope. NIS-
Elements imaging software was used to analyze GCaMP3 signals over
time at several regions of interest (ROI). To calculate fractional fluor-
escence changes (AF/F), the following equation was used: AF/F = (F—Fo)
/Fo, where Fo denotes the average baseline fluorescence determined by
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the average of F over the first 10 frames of the recording before
treatment.

Volatile treatment

B-Pinene and n-HAL were purchased from Wako Pure Chemical
Industries, Ltd. a-pinene and B-caryophyllene were obtained from
Tokyo Chemical Industry Co., Ltd. MeJA, E-2-HAL, Z-3-HOL, and Z-3-
HAC were purchased from Sigma-Aldrich Co. LLC. Z-3-HAL was
obtained from Nihon Zeon Co., Ltd. Each chemical was dissolved in
dimethyl sulfoxide (DMSO) to make a stock solution of 3.0 M. To
examine the concentration dependency of the responses, Z-3-HAL was
dissolved in DMSO at concentrations of 0.05, 0.1, 0.25, 0.5, 0.75, and
1.0 M. A 0.2-mL plastic tube cut with a scissor at a height of 5 mm was
placed 5 mm from the tip region of L1, and then 10 pl of each volatile
solution was applied.

To selectively treat L1 with Z-3-HAL, a hole was created on the side
of a square plastic dish with a cutter, and L1 was spatially segregated
from other parts of the plant by inserting it into the hole, as described
in Fig. 5c. Then, the hole was filled with 0.2% agarose gel, and Ca**
imaging was performed.

For treatment with VOCs emitted by homogenized plants,
approximately 10 and 5g of the aboveground parts of 2-month-old
Arabidopsis and tomato, respectively, were excised with a scissor and
homogenized with a pestle in a mortar. Disrupted leaf tissues were
immediately transferred to 1.5-mL plastic tubes and placed in close
proximity to receiver Arabidopsis expressing GCaMP3. Subsequently,
the MS agar plate was closed with a clear plastic cover to increase the
volatile concentration, and then Ca* imaging was performed.

To facilitate exposure to VOCs emitted from leaves consumed by
S. litura, we established an experimental setup consisting of two plastic
bottles, flow meters (NFM-V-P-A-1, TEKHNE Corp.), and air pump (HD-
603, FEDOUR), as shown in Fig. 1a. Briefly, approximately 7 g of the
aboveground parts of 2-month-old Arabidopsis and tomato plants was
excised with scissors. The severed leaves and 50-75 fifth instar . litura
larvae were placed inside a plastic bottle (approximately 215 cm?®). The
bottle was sealed with parafilm to prevent VOC leakage and incubated
for 30 min. Prior to the experiment, air was pumped into an empty
plastic bottle at a rate of approximately 450 mL/min and was directed
toward receiver Arabidopsis for 10 min through a cotton-filled tip. This
step was crucial for facilitating the adaptation of plants to the
experimental conditions. Following adaptation, exposure to VOCs
emitted by leaves consumed by S. litura as well as Ca*" imaging was
initiated by connecting the bottle and switching the valve. The air was
pumped into the bottle at a rate of approximately 200 mL/min.

Recording of surface potential

Surface potential changes were measured as described previously with
minor modifications®. Ag/AgCI recording electrodes with a diameter
of 0.2 mm were prepared via chloridation with hypochlorous acid and
fixed to electrode holders. The recording electrodes were fixed to the
tip region of L1 of Arabidopsis plants with the application of 5-pL
droplets of 10 mM KCI. The handmade Ag/AgCl wire with a diameter of
0.5 mm was used as a reference electrode and inserted into the agar
growth medium. For measuring surface potential changes, an opera-
tional amplifier (Axopatch 200A, Axon Instruments), headstage
amplifier (CV-201A headstage, Axon Instruments), digitizer (Digidata
1322A, Axon Instruments), and electrophysiology data acquisition
software (Clampex 9.2, Axon Instruments) were used. Simultaneous
measurements were performed using the SMZ25 microscope in a
Faraday cage. Surface potential changes were sampled at 5kHz. To
compare the timing of the initial signal change with Ca* increases,
each data point was subsequently extracted at a reduced frequency of
0.5 Hz. For calculating the surface potential changes (AV), the follow-
ing equation was used: AV=V-V,, where V denotes the potential dif-
ference (PD) between the recording and the reference electrodes at a

certain time and V, denotes the averaged baseline PD determined by
the mean of V over the first 10 frames of the recording before
treatment.

ABA treatment

L1 of Arabidopsis plants was harvested from 2-week-old plants, floated
in stomatal opening buffer solution (5 mM MES and 50 mM KCI; pH 6.1
adjusted with 1N KOH) abaxial side down, and incubated under light
(90-100 pmol/m? /s) for 2 h to open the stomata. Subsequently, ABA
(20 pM) (Sigma-Aldrich) was added to the solution to induce stomatal
closure. After 2 h of treatment, leaves were used for the subsequent
experiments. For Ca® imaging and surface potential recording,
detached leaves were transferred to MS agar medium and treated with
3.0 M Z-3-HAL as previously described. For stomatal aperture mea-
surement, epidermal strips were prepared by peeling away the epi-
dermal cell layer using a clear Scotch tape as described previously®’.
The adaxial leaf surface was fixed with cover glass, and stomata were
observed under an upright confocal laser scanning microscope (AIR,
Nikon). The stomatal aperture was measured using NIS-Elements
imaging software (Nikon).

Pharmacological treatment

LaCl3-7H,0 (Wako) and EGTA (Dojindo Laboratories) were dissolved in
liquid MS medium at a final concentration of 50 mM. Eight-day-old
Arabidopsis seedlings were transferred into a Petri dish filled with
liquid MS medium containing either 50 mM LaCl; or EGTA and incu-
bated for 16 h prior to experiments. For the washout assay, Arabidopsis
seedlings that had been treated with 50 mM LaCl; or EGTA were
uprooted from MS medium and washed 5 times with liquid MS med-
ium devoid of these inhibitors to remove any residual inhibitors.
Subsequently, the seedlings were transferred to an inhibitor-free MS
agar plate and incubated for 24 h before conducting Ca** imaging.

Total RNA isolation, cDNA synthesis, and quantitative PCR

To extract total RNA, L1 and aboveground parts were harvested from 2-
week-old Arabidopsis plants and 8-day-old Arabidopsis seedlings,
respectively (Fig. 4f and Supplementary Fig. 3b). The harvested tissues
were immediately frozen using liquid nitrogen. Total RNA was
extracted from flash-frozen leaf tissue using the Plant Total RNA Mini
Kit (FAVORGEN) following the manufacturer’s instructions. The sam-
ples were further treated with RNase-free DNase | to remove any
residual genomic DNA using the RNase-Free DNase Set (QIAGEN)
according to the manufacturer’s instructions. First-strand cDNA was
then synthesized from the total RNA (500 ng) in a 10-pL reaction (50 ng
of total RNA/pL) with PrimeScript™ RT Master Mix (Perfect Real-Time)
for RT-PCR (Takara). In a 96-well optical PCR plate (ABgene), cDNA
proportional to 10 ng of starting total RNA was combined with 100 nM
of each primer (Supplementary Table 1) and 7.5 pL of 2x Brilliant III
Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies) to a
final volume of 15 pL. Using Arabidopsis ACT8 as an internal reference
for standardization, qPCR was performed using the CFX96 Touch
Deep Well Real-Time PCR System as well as CFX Maestro Software (Bio-
Rad) with the following cycling parameters: 95 °C for 3 min; 40 cycles
of 95 °C for 5 s and 60 °C for 10 s; and 1 cycle of dissociation from 65 °C
to 95 °C with 0.5°C increments. The expression of the marker genes
was quantified using the quantification cycle [Cq].

Volatile analysis

VOCs emitted from homogenized leaves were identified and quanti-
fied as described previously with some modifications®®. Briefly, the
aboveground parts of Arabidopsis (No-O and Ler-O accession) and
tomato (Solanum lycopersicum cv. Micro-Tom) plants were excised
with a razor blade and weighed. Five hundred milligrams of tissues
were immediately placed into a mortar and homogenized using a
pestle and liquid nitrogen. Then, these tissues were transferred to a
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grass vial (22 ml, Perkin EImer). A MonoTrap cartridge (silica monolith
matrix coated with octadecyl silyl group and activated carbon, RGPS
TD, GL Sciences) was suspended in the headspace of the glass vial,
allowing it to adsorb VOCs for 10 min. To quantify the volatilization of
Z-3-HAL from DMSO solution, the MonoTrap cartridge was placed
5mm from a 0.2-mL plastic tube containing 10 pL of 0.03 M Z-3-HAL
solution in DMSO, and VOC adsorption was performed for 0.5,1, 2 and
5 min (Supplementary Fig. 5). Volatiles collected by the cartridge were
analyzed by a GC-MS system (GCMS QP2030, Shimadzu) equipped
with a thermal desorption system (TQ8040-NX, Shimadzu). Volatiles
were desorbed at 250 °C for 10 min with He gas flow (70 mL/min) and
concentrated onto a trap set at —25 °C. Volatiles were desorbed again at
250°C for 2min and fractionated with a DB-WAX capillary column
(30 m x 0.25 mm, 0.25 um film thickness, Agilent). The GC oven pro-
gramwas maintained at an initial temperature of 40 °C (held for 5 min),
followed by a ramp of 5.0 °C/min to a final temperature of 200 °C (held
for 2 min). The electron ionization mode with an ionization voltage of
70 eV was used, and the m/z was recorded from 40 to 400. To identify
each compound, we used the retention indices and MS profiles of the
corresponding authentic specimens. To construct calibration curves
for Z-3-HAL and E-2-HAL, a given amount of authentic compounds
(generous gift from Zeon Co., and purchased from Fujifilm Wako Pure
Chemicals, respectively) was directly injected onto the MonoTrap
cartridge and analyzed as previously described.

To estimate Z-3-HAL production from a single injury, we followed
a previously described method*. This estimation was based on the
detection of Z-3-HAL that elicits [Ca**].,. increases in Arabidopsis fol-
lowing leaf homogenization as described in Supplementary Fig. 2. The
total amounts of Z-3-HAL produced by homogenized Arabidopsis and
tomato leaves were quantified as 380.9 and 1718.7 nmol/gFW,
respectively. These values represent the maximum capacity of Z-3-HAL
synthesis by the leaves. Based on previous research®, the average
weight of a leaf was defined as 150 ug/mm?. Considering the estimated
area of a single injury to be 0.05 mm? as previously described*, we
calculated that a single wound would result in the production of
approximately 2.9 and 12.9 pmol of Z-3-HAL for Arabidopsis and
tomatoes, respectively.

Statistical analysis

We performed Student’s ¢ test for pairwise analysis and one-way ana-
lysis of variance followed by Bonferroni’s or Tukey’s post hoc tests
using GraphPad Prism (GraphPad Software, Inc.) to compare multiple
samples. Statistical significance was indicated by P< 0.05. All data are
presented as the mean + SE.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request. Source data are pro-
vided with this paper.
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Regulatory mechanism of cold-inducible diapause in
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Abstract

Temperature is a critical environmental cue that controls the development and lifespan of many
animal species; however, mechanisms underlying low-temperature adaptation are poorly understood.
Here, we describe cold-inducible diapause (CID), another type of diapause induced by low
temperatures in Caenorhabditis elegans. A premature stop codon in heat shock factor 1 (hsf-1)
triggers entry into CID at 9 °C, whereas wild-type animals enter CID at 4 °C. Furthermore, both wild-
type and hsf-1(sy441) mutant animals undergoing CID can survive for weeks, and resume growth at
20 °C. Using epistasis analysis, we demonstrate that neural signalling pathways, namely tyraminergic
and neuromedin U signalling, regulate entry into CID of the hsf-1 mutant. Overexpression of anti-
ageing genes, such as hsf-1, XBP1/xbp-1, FOXO/daf-16, Nrf2/skn-1, and TFEB/hlh-30, also inhibits CID
entry of the hsf-1 mutant. Based on these findings, we hypothesise that regulators of the hsf-1 mutant
CID may impact longevity, and successfully isolate 16 long-lived mutants among 49 non-CID mutants
via genetic screening. Furthermore, we demonstrate that the nonsense mutation of MED23/sur-2
prevents CID entry of the hsf-1(sy441) mutant and extends lifespan. Thus, CID is a powerful model to
investigate neural networks involving cold acclimation and to explore new ageing mechanisms.

© 2024. The Author(s).
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