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Studies on the mechanisms of the elicitor-responsive photon emission
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FEHRT AR EEDL ETEETH S8, ek
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RN % VT &7 (Iyozumi er &/, 2005)s 4 F
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ZERUEEHT, $1~15 45 B JLI#g, #FL7.

Table 1. Effects of the variety of culture medium on the proliferation and browning of callus. Suspension-cultured rice
cells (13 g, fresh weight) were suspended in 100 ml of each medium in 300 ml volume of Erlenmeyer flask. Cells
were cultured with rotary shaker at 120 rpm, 25 C. After 10 days the cells were weighed and checked. 1/2 UM:
half concentrations of all salts of UM medium, 1/2 MS: half concentrations of all salts of MS medium.

Culture concentration of Proliferation of callus  Browning of

medium  2,4-D (mg/l) (times/10D) callus
UM 2 1.0 ++
1/2 UM 1 1.5 +
1/2 MS 1 2.3 +
Modified N6 1 2.0 —
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Fig.1. Biotic elicitor-responsible photon emissions from rice cells. 2.5 g of suspension-cultured rice ceils were
suspended in 3.5 ml of cultured medium and incubated for two hrs. At O hour, each concentration of elicitors, A:
(GIcNACc)s, B: Xylanase, was treated to the samples. Biophoton emissions were counted with a photon counter.
Values represented the average obtained from triplicate experiments.
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Fig.2. Abiotic elicitor- responsible photon emissions from rice cells. 2.5 g of suspension-cultured rice cells were
suspended in 3.44ml of cultured medium and incubated for two hours. At O hour, each concentration of eficitors, A:
K2HPO4, B: CuCl2 was treated to the samples. Biophoton emissions were counted with a photon counter. Values
represented the average obtained from triplicate experiments.
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Fig.3. Spectral compositions of the

maximum photon emission induced by 290 L

each elicitor from rice cells. o

Suspension-cultured rice cells were 2

incubated with 5 uM N S0t

-acetylchitohexaose, 100mg/|

xylanase, 5 mM KzHPO4 or 1 mM 0

CuClz, Comparisons were made at the
point of maximum emission. Values
represented the average obtained from
triplicate experiments.
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Fig.4. The method for calculating the degree 50 + elicitol
of enhancement of elicitor-responsible e
photon emission by plant activators, The & 40 DMF
degree of enhancement was calculated § + elicitol
as: (& - b) / {c - d). (a) Max photon count 3 30
of plant activator + elicitor treatment. (X} = plant
Time of (a). {b) photon count of plant 3 20 activato
activator treatment at time of X. (¢) Max
photon count of DMF + elicitor 107 DMFE
treatment. (Y) Time of (c). (d) photon
count of DMF treatment at time of Y. 0

Time (hr)
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Table 2. Effects of the variety of culture medium and
the concentration of elicitors on the degree of
enhancement of elicitar-responsible photon
emission. Suspension-cultured rice cells (2.5 g)
were suspended in 3.44 mi of cultured medium and
incubated with plant activator, 200 uM ASM and
200 uM CRP for two hrs. After that, each
concentration (0.05, 0.1, 0.5, 1 uM) of
N-acetylchitiohexaose was treated to the samples.
Concentrations of were. Biophoton emissions were
counted with a photon counter. Degree of
enhancement was calculated according to the
method described in Material and Method of -4,
Values represented the average obtained from
triplicate experiments.

Culture Concentration of Degree of Enhancement

medium  elicitor (uM)

ASM CRP

1/2 M$ 0.05 5.4 32
0.1 37 26

05 38 36

1 17 20

Modified 0.05 27 27
NG 0.1 1.1 1.2
05 08 1.2

1 0.6 1.2
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Fig.5. Effects of duration of plant activatar treatment before elicitation on the priming of elicitor-responsible photo
emission. Suspension-cultured rice cells (2.5 g) were suspended in 4.43 ml of cultured medium and incubated wit

200 uM ASM (solid line) or only solvent (dotied line). After 0, 2. 4, B hrs, 1 uM

-acetylchitohexaose elicitor we

treated to the samples. Biophoton emissions were counted with a photon counter (MSPCII). Values represented th

average obtained from triplicate experiments.
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uy FOMIETS S,
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TV, Wbl YoBFF ARk SRERL
RN I LTHBET B EV L > THEENZLDT
Hbs VTN ORERIAERED 20 FIERL, &
JiE TS5 TTRIFEL
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EEOMM DT IAF Y 2 v —LIl25g(EH)D
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ELTASM %200 4 MOBETRBLAT%1To 7

70 .
Ea DMF with
60 (GleNAc),
ASM with
N 50 (GleNAG);
o
3 40 _ DMF with
§ (GleNAc),
S 30 ASM with
a T (GIeNAe),
© 20 "
= DMF with
10 (GlsNAG),
0 . ) , . _ ASMuwith
GleNA
-2 0 2 4 8 10 (GleNAe);
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Fig. 6. Effects of N-acetylchitooligosaccharide polymers on elicitor-responsible photon emission from rice cells and
its priming of induced by a plant activator. Suspension-cultured rice cells (2.5 g) were suspended in 3.34 mt of
cultured medium and incubated with 200 uM ASM (solid line) or 1% DMF+0.02% Tween 20 (dotted line) for
two hours. At O hour, each elicitor was treated 1o the gamples. All V-acetylchitooligosaccharides were adjusted
to the concentration of 1 u M. Biophoton emisgions were counted with a photon counter (CCSPC I). Values
represented the average obtained from triplicate experiments.
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Table 3. Comparative enhancement of the maximum photon emissions induced by elicitors. Enhancement was
calculated as described in Materials and Methods in Fig.4. Values represent the mean and standard deviation o

triplicate experiments.

Elicitor Concentration Enhancement
N-acetylchitohexaose t0uM 1.0+0.0
1uM 2.3%0.8
0.1 uM 59+1.2
xylanase 100meg/1 1.3+£0.1
10mg/I 36%1.0
1mg/I 5.1£0.7
K2HPO4 5mM 1.0+0.1
1mM 3.8x0.4
0.2mM 54+11
CuClz 1mM 0.3+0.0
0.1mM 3.3+0.3
0.01mM 2.3£05

RAMBEKITIE LT, @B vy — &R
ZhH, ASMZEATIL IV THENED LN (Fig
7DF)a

2. FEYHTVIA—ICEBI IV A —REERE

ASM LB TS54 3> TR

D YEKEZ ) T ARIBITBWT L, ASM DR
BiliymE—-7LdrmEn, 79143 0798
PR LT, bmM OEREMETIIH 2 ¥~ 7 Ol
FHEA 2BHET 57 (Fig 8 A-C).

afbel (D T ASM OFIAE LY, ImMAED
HO2EFEBOEEFKHEET) Oy —IbBFEEIET o7
(Fig. 8 D-F)o T/z, (LA (1) oBEEHOT) v ¥ —
ISESEDET b ASM LIEIC L Y ¥iE & I 7ze 0.01mM
& OlmM OLBBEETIZ, ASMBTEIZX 2751 3
VIR NEETH o 77 BILE IDImM & LI L 72 A
AEEEMIIE, EBRTHRICMOTY) VY BT
RonzWEESRE s,

ASM 2L 22 & ¥ —IRE OB % Table 3
VRLZZH, EDTY L —IilBwTbn) ¥ ¥ — Dk
BEMEIICHMERE &G . TR0l s M6
EFRF 200 M) VEBEAKEZHI) Y ADPEDIBY
WEABEE R L. ASMABILEKOT) L & — B85
FNFHEREE, WTHOIY Sy — T MILBESE
BEIIEESL 25D, WBREOEXBELE L0
IERRERL I ORI K e o 7

55 & ERMFENEOBHEELIY &
S—RBERKXDT714IVTHR

1A CHEEAEZFHET 5 SEEOEREFEY

BERAWT D)8 EB 0774 IV IR EY
e L7 ASM, 7u~X4 v — )b (PBZ), CRP E U
FUT ¥ AE VB (MeJA) 1, 200 u M DEET, A+
WBWC, BMEFENEREO—DL LTHREShTY
% (Midoh and Twata, 1996) PBZI DERE #igMs ¢ 5
(Iyozumi et 4/, 2005). T 7=, F 7V =)L (TDL) ii,
A4 FEWFIC 200 ¢ M CTEBLE LB, FEHHIE
BT % TDL OFHREEREIX, W BBICHT a0E
RERBL)LZBETHL NI RER). h
LDZENL, ZOSHEEOEMEFENELZ AL
LELT.

5118 MHROTGE

1. 1 R@EERRE

A4 AIEFEMIEL, Ime/l 24D 2 5 00ZE N6 fiAE 1
T, 10 HERcEAER L. ot
%, lmg/l 24D 2 &% 1/2MS Kai ¢ 7 K MBS L 25
R L2 T XTOERICHAV ML, FEEICRE
EZLARLE Yy FofMEEBLTTo72,

2. WEEREZHEDE

ASM, PBZ, CRP, TDL R U MeJA %* R ERILEF
HYE L LTV, ASM, PBZ, CRP, TDL {2l
AETEID, MeJAWRY V< bFEIRL Y AF L,
EThENE, 2% Tween2) &4 DMF {2 20mM D B
THEMBL, 100 FBEEOREHRE Uk, BERMRIZIE
TART20 ¢ M OBEETHIEL 72,
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Fig.9. The enhancement of elicitor-induced photon emissions from plant defense activator-pretreated rice cells. Plant
defense activators, ASM:acibenzoiar-S-methyl, CRP: carpropamid, PBZ: probenazole, MeJA: methyi jasmonate and
TDL: tiadinil, were treated at the concentrations of 200 uM in 1 % DMF containing 0.02 % Tween 20.
N-acetylchitohexaose, Xylanase, K2HPO4 and CuClz were adjusted to the concentrations of 0.1 u M, 30 mg/I, 500
uM and 50 uM, respectively. Degree of enhancement was calculated according to the method described in

Material and Method in Fig.4.

344ml K IR FEY EARFHE 0.06ml & AN, 2BF
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Fig.10. Time course of hydrogen peroxide accumulation in the medium and elicitor-responsive photon emission from
suspension-cultured rice cells induced by A-acetylchitohexaose. Suspension-cultured rice cells (1 g) were
suspended in 2 ml of modified N6 medium and treated with 5 pM N -acetylchitohexaose. Biophotons were counted
with a photon counter. The concentration of hydrogen peroxide in the medium was estimated by measuring the
chemiluminescence of luminal using a photon imaging analyzer. The values for photon emission are means *
standard deviations of triplicate experiments. The values of hydrogen peroxide are the means = standard deviations

of six experiments.
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Fig. 11. Photon emissions from rice cells induced by exogenously applied superoxige. Culture medium (3 ml) with
suspension-cultured rice cells (2 g) or culture medium without cells was treated with 0.5 mM xanthine ana 0.05

U/ml xanthine oxidase at O hr. Values represent the average of triplicate experiments.

500

400

300 f

[}
[=2
o

Counls/sec/cm®

medium + c&ll
+ 300 pM hydrogen peroxide

medium
+ 300 pM hydrogen peroxide

= medium * cell
+ 100 pM hydrogen peroxide

medium
+ 100 uM hydrogen peroxide

medium+ water

-1 0 1 2 3 4

Time after treatment (hr)

Fig.12. Biophoton emissions from rice cells induced by Hz202 treatments. Culture medium (2 mi) with
suspension-cultured rice cells (1 g) or cuiture medium without cells was treated with 300 M or 100 ¢ Ha02 at
0 hr. Values represent the average of triplicate experiments.
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Fig.13. Effects of inhibitors, Tiron (A), SHAM (BR) and DPI (C) on the photon emissions of rice cells induced with
N-acetylchitohexaose. Suspension-cultured rice cells were incubated with 1 uM A-acetylchitohexaose. Inhibitors
were added to the cuiture medium 10 min before the elicitor treatment. The concentrations of inhibitors were 0.1,
0.5mM (Tiron), 0.5, 1mM (SHAM) , 20, 50, 100 u M (DPI). Vaiues represent the average of triplicate experiments.
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Fig.14. Effects of reactive oxygen species (ROS) inhibitors on photon emissions from suspension-cultured rice cel
induced by N-acetylchitohexaose. Suspension-cultured rice cells (1 g) were suspended in 2 ml of modified N
medium. A RQS inhibitor (either 2000 U/ml catalase or 200 U/ml SOD) were added to the culture medium 10 m
before addition of the elicitor (5 UM A-acetylchitohexaose). Biophotons were counted with a photon counter. Value
are means = standard deviations for triplicate experiments.

Table 4. Effect of reactive oxygen species-qguenching enzymes in the medium on the generation of hydrogen peroxide
and emission of photons from suspension-cuitured rice cells induced by A/-acetylchitohexaose elicitor
Suspension-cultured rice cells (1 g) were suspended in 2 ml of modified N6 medium. The ROS inhibitors, 200(
U/ml catalase or 200 U/mi SOD were added to the culture medium respectively 10 minutes before addition o
the elicitor (5 UM N-acetylchitohexaose). Relative values were counted at 2 hours after elicitor treatment. +: witl
elicitor, -; without elicitor or withaut enzymes. One hundred percent of relative value in H20z concentration wa:
equal to 1.07 uM. Values represent the mean for triplicate experiments.
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Fig.15. Photon emissions from rice cells induced by
PA. Suspension-cultured rice cells were
incubated with 40 yuM PA (dashed line), 2 uM
N-acetyichitohexaose (unbroken line), or water
(dotted line) at 0 h r . Values represent the -1 0 1 2 3 4 5
average of triplicate experiments. Time after elicitor treatment (hr)
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Fig.16. The method for calculating . 30 gonire
the inhibition percentage of E
photon emission. Inhibition 520 | N-acetylchitohexaose
percentage was calculated as: (b) = — orPA
=+ (a) X 100. (a) Elevated photon 8
counts by A-acetylchitohexaose 10 inhibitor +
or PA. (b) Decreased photon = = = N-acetylchitohexaose
counts by inhibitor. 0 A . . e or PA
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Time after elicitor treatment (hr)
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Table 5. Effects of inhibitors on the biophoton emission of rice cells with (A) A-acetylchitohexaose, or (B) PA.
Suspension-cultured rice cells were incubated with 1 u M N-acetylchitohexaose or 100 uM PA. Inhibitors were
added to the culture medium 10 min before the elicitor treatment. The concentrations of inhibitors were 0.5, 0.1
mM (Tiron), 1, 0.5 mM (SHAM}, 0.1, 0.05, 0.02 mM (DPI), 0.01, 0.005, 0.0025 mM (K-252a), 5, 1, 0.5 mM
(LaCls), and 5, 1, 0.2 mM (EGTA). Inhibition percentages were calculated as in Figure 15. Values represent the

average of triplicate experiments.

concentration

A inhibition site inhibitor (miD) inhibition (%)
N-acetylchitohexaose ROS Tiron 0.5 100.0 0.0
0.1 655 +4.3
POX SHAM 1 1000 +0.0
0.5 64.4 £1.2
NADPH oxidase ~ DPI 0.1 824 85
0.05 67.9  *41
0.02 413 +139
Protein K-252a 0.01 491 7.5
phospholylation 0.005 89 +7.0
0.0025 14  x156
Ca®* channel LaCl, 5 1000 +0.0
1 98.3 7.8
0.5 56.1 +14.9
ca® EGTA 5 100.0 £0.0
1 792 x50
0.2 11.0 +107
B inhibition site inhibitor °°MSETANONinibition (%)
(mM)
PA ROS Tiron 05 100.0 *0.0
POX SHAM 1 100.0 *0.0
NADPH oxidase  DPI 0.1 796 +88
Protein o804 0.01 577 £137
phospholylation
Ca? channel LaCl, 1 100.0 + 0.0
ca* EGTA 5 100.0 +0.0
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& 7 5 Kikayama et al., 1997) ISR MR IC X
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100y MOPAWK L - THESNDENAF 7+ MU
SHIHT % ROS, & v X7 HY VBRIL, AV TLLT
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MEFOEERIE, 6BEFF L2008 ITZFEL
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EIE IUS2—RERREICH TS PA
DERE

FFoA) Ty MB LI AEEMEBT
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EHE S5 (Yamaguchi et al., 2003)o FMERYICALIBL
7o PAEA AEBMILICROS AR ZHEL, >
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2005)s PA X ROS & RRICELBIMISED Y 7 F VinE
BDEH VALYV Yy —E LTEL EEI LN D,
FZT, PAOHBANTOERME & ZDEONENLR
PA#SEA, )& —BEREKMIRITTHEIZONT
HERT L 720
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Fig.17. Effects of inhibition of protein biosynthesis on rice biophoton emissions. Suspension-cultured rice cells were
incubated with 5 p M of the elicitor M-acetylchitohexaose or water (control) at O hr, The CHX (50 u M) inhibitor of
protein biosynthesis was added to the cuiture medium 10 min before the elicitor treatment. PA (200 u M) was
added 2 hr aiter the elicitor treatment. Values represent the average of triplicale experiments
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Fig.18. Spectral compositions of the maximum photon emission induced by /-acetylchitohexaose or PA from rice cells,
Suspension-cultured rice cells were incubated with 5 uMN -acetylchitohexaose or 200 M PA. Comparisons were

made at the point of maximum emission.
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Summary

Biophotons are ultraweak light emissions that
accompany biochemical reactions in 2 living body.
The level or property of emissions changes during
the different stages of biological development, and the
emissions increase rapidly under stress conditions.
Further, the emissions increase when microbes
infect plants or when plant cells are treated with
elicitors. Elevation of biophoton emission by elicitors
(elicitor-responsive photon emission) is thought to be
associated with the induction of disease protection.
Elicitor-responsive photon emission is elevated rapidly
and strongly when disease resistance Is induced by
treatment with plant activators. This result shows that
elicitor-responsive photon emission 1s also primed as
same as disease response is did when disease resistance
are induced in the cells. In principle, photon emissions
are produced when molecules in an electronically
excited state decay to a stable ground state. However,
the basic mechanisms underlying the association
between biochemical reactions and biophoton emissions
and the characteristics of the exited or luminescent
molecules have not been elucidated. Therefore, the aim
of this study is to understand these issues.

1 The kind of elicitors and the pattern of elicitor-
responsive-photon emission

In order to stably induce biophoton emissions,
suspension-cultured rice (Oryza sativa L.) cells were
used. Elicitor-responsive photon emissions from rice cells
induced with 2 biotic (V-acetylchitohexaose, xylanase)
and 2 abiotic (dipotassium hydrogen phosphate, copper
chloride) elicitors were characterized. Photon emission
induced by each elicitor had its own characteristic
pattern, although the changes in both the intensity
and the time course differed depending on the type of
elicitor and dose used. The results of spectral analysis
demonstrated that the biophoton emission induced
by these elicitors had similar ratios of spectrum
intensities. This indicates that these emissions are

derived from homogeneous reactions. When rice cells

were pretreated with plant activators, the degree of
enhancement of elicitor-responsive photon emissions
increased with the decrease in the concentration of the
elicitor used; however, the degree of enhancement of
elicitor-responsive photon emissions induced by each
plant activator differed. A priming effect was observed
for every combination of elicitor and plant activator.
Therefore, this phenomenon is thought to be common to
a certain extent for elicitors.
2 Correlation between ROS generation and elicitor

responsive-photon emission

We performed biochemical analyses of elicitor-
responsive photon emissions. Elicitor-responsive photon
emissions are not produced in the absence of air;
therefore, it is believed that chemical reactions such as
oxidation are correlated with photon emission. Since
the generation of superoxide is an early reaction in
the disease-response pathway in plants, we examined
whether this elicitor-responsive photon emission was
correlated with the generation of reactive oxygen
species (ROS). It was reported that the hydroxyl radical
was produced when rice cells were treated with N-acet
ylchitooligosaccharide. Therefore, superoxide, hydrogen
peroxide, and the hydroxyl radical were generated in
this experimental system. The strengths of the elicitor-
responsive photon emissions from the cells accorded
with the amount of hydrogen peroxide in the cell-
cultured medium during the time course. Although
exogenously applied ROS (superoxide and hydrogen
peroxide) could induce photon emissions, ROS application
to rice cells produced stronger biophoton emissions.
Photon emissions induced by N-acetylchitohexaose
were suppressed when cells were pretreated with
the following ROS-generating inhibitors: pyrocatechol-
3,5-disulfonic acid disodium salt (Tiron), diphenylene
iodonium (DPI), and salicylhydroxamic acid (SHAM).
Inhibitors do not ensure the complete inhibition of
certain chemical reactions or the initiation of another

reaction by the inhibition of one reaction. These results
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suggest that ROS generation is correlated with elicitor-

responsive photon emissions; however, this correlation

cannot be confirmed based solely on inhibitor reactions.

3 Correlation between the signal transduction pathway
of disease resistance and elicitor responsive-photon
emission

The relation between elicitor-responsive photon
emnissions and the signal transduction of disease response
were analyzed pharmacologically. The phospholipid
signaling pathway in rice cells was induced when the
cells were treated with M-acetylchitooligosaccharide.
In rice cells treated with NM-acetylchitooligosaccharide,
phosphatidic acid (PA) was produced by phospholipases,
and PA serves as a secondary messenger for the
ROS generation system. Exogenously applied PA
increased biophoton emissions. Moreover, when rice
cells in which the elicitor-responsive photon emissions
were inhibited by the protein synthesis inhibitor
were treated with PA, the biophoton emissions were
elevated again. The protein phosphorylation (K252a)
and the Ca2+ signaling inhibitors, namely, ethylene
glycolbis { f -aminoethylether}NNVN ~ NV “tetraacetic
acid (EGTA) and LaCl3, caused a partial decrease or
complete inhibition of photon emissions. These results
showed that the photon emissions from rice cells
elicited by N-acetylchitooligosaccharide were generated
through PA, an intermediate in phospholipid signaling;
further, it is regulated by Ca2+ signaling and protein
phosphorylation.

Since the biophoton emissions can be detected
nondestructively and in real time, it is an extremely
useful tool identify the conditions of organisms.
However, detailed research on disease response is
required and has been initiated. In addition, since the
priming of the elicitor-responsive photon emissions by
plant activators is a common phenomenon observed for
all activators, a novel screening method of new plant
activators using this phenomenon was devised. This
method of identification of novel plant activators would
be beneficial since many chemicals can be screened in

shorter time as compared to conventional methods,
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