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Research progress on plant calcium signaling indicators

LU Wenyan, LIU Jinzhi, SHEN Yugqi, QI Guoning, LIU Shenkui, REN Huimin

( College of Forestry and Biotechnology/State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University,
Hangzhou 311300, Zhejiang, China)

Abstract: Calcium ion (Ca’") is the important second messenger that plays a crucial role in plant growth and
development and stress response. In recent years, with the continuous progress of biochemistry and molecular
biology technology, the application of calcium signaling indicators in plant research has made remarkable
progress. This paper reviewed the recent developments on calcium signal indicators in plant applications,
including the classification of calcium indicators, the principles of calcium signal detection and their
development in plant applications. The application of calcium signal indicators provide an effective means to
visualize and observe the dynamic changes of calcium ion in plant cells, converting calcium concentrations in
plant cells into fluorescent signals. With the development of indicators, gradual transition changing from the
earliest chemical fluorescent indicators to genetically encoded calcium indicators, calcium signals can be
observed more accurate, real-time and biologically friendly in plant cells, and have a more in-depth
understanding of the means of stress at the molecular level when the plant responds to external stimuli, and
became an important physiological indicator at the molecular level of the study of plant stress. Meanwhile, the

challenges and future development directions of calcium signaling indicators in plant research were discussed,
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pointing out the specificity of plant calcium signaling research with the challenges of incubating calcium
indicators in plant cells, with a view to providing references and insights to further promote research in this
field. [Ch, 1 tab. 73 ref.]

Key words: Ca®’; calcium signaling indicators; plant; growth and development; stress response

5 (Ca) [l RAEZIEY AN R R ZNESERRRZ —. BT (Ca™) N AP 4
R EIEEICE” |, AMUS SRR AN ST, 0 EAE R A, ERMEa RS
FOCHBMIER M, MAMGAE - LEAE 0 I 355 5% A5 b R R 3G MEH .

YA B, BB ES Ca® MRS RE TR, E O A0 M PN S AR AR AL RN, X E Ca ik
FEARAL TR A S SRR S S P B M5 S B R B RS R AR | E54R T ANAS YR B, AW 4 i A7 2
WU MBS Ca” VR TR AN R ARy, AR s 40 25 A5 T 1Y) Ca® 38 1H 23K Ca™ iz 21 i
P B A A 5 B P A A ST G o X R Ca MR BRI I T SRS T R A = R A AT, R A A A0
i R E UL — A SR B IRGE T Ca™ W R B R — B, H UL TR R R AN . AR
BN LRSS0, SRBARK. HE M. ZBIEMS At B PIAC Y, M Ca™ i a%
T Je PRIV — 2 7 Tl B T R 5 38

BEAES AT PR LRI PTG A RS S VAR AT RS . A AN TP S £ B R A A SR A
HET 2 MIER . KIS AR, SANMRE | ZoRifk . o W . Py 5 o 55 1 40 i 45 #4 5%
PEEARAL S, WA “ESEE” o X T RN CHSEE” , AT A b CatREAIE
BAK. EREARET, M Ca¥ WRIE ([Ca”l.,) £1°0 100~200 nmol- L™, FEZFISMFHIMAS, 456
B RO RS, DURORAERFIEI Ca M shZS- -, A Ca® L MifE AR 1
PREER, BRT RIS <5127, Mash Ca i v F AN B i b i) Ca B JE A AN, X 28515 5 =
M FEZRIE . Ca™ NI BIMNIE S5, BJS EA Ras G4, FBRRMLT Ca® W, AEdFlu it st
o [13-15]

ARk, WA B (5 T R B AR R & R, W5 505 S e AR AR AE ) h 24~ BB A% ST B AS R PR B AR 4k
SIERES(E 52K, %R Z 2% COLDI (CHILLING TOLERANCE DIVERGENCE ! %% %
#% OSCALl (hyperosmolality-induced [Ca®']; increase channel)!'”’, GIPC &5 fig £k 5% & (glycosyl inositol
phosphorylceramide)!'™ . i 2 1k & ¥ 3% & CARD1 (CANNOT RESPOND TO DMBQ D" L) }z i 48 1k &
(H,0,) iY/E~Z %% HPCA1 (HYDROGEN PEROXIDE-INDUCED Ca* INCREASES1),

FESEE 45 R Ca® Tl IE 2 1 M Wan Bz 2R R of . R Ca® fb2# 248 /s 7R Ca™ 94 7 2 T
BEAE S UEAT AT ARARAG I 2 4535 SV E . A SCRGIL A TR S5 S0P 78 i i rp Ca¥ b2 o L8 /R 7 Al
Ca® BONHER R, WL T RS (55 DA X 50 AR R E5 15 S-SRt

1 EWEETRMEAR LR E

RINGERP e LRI T Ca® TR S i Ziv: . BlJs, M/ZAESERMN R T Ca® HA X 5
FHAh 4 8 B FME T o X — & B AT Ca® 7 40 M 9 B9 /E 7= A T B R B % B0 1970 45
CHEUNG™ % T 458 % (calmodulin, CaM). 1976 4F NEHER il SAKMANN®! ¥ X 7£ %5 i Rana spp. il
YA il sk B ZWEAHBK (acetylcholine, Ach) T A FLIEE 25 F-HI G, AN 28 TR Bl R X — FH i il
Hy@ s AR e T B, 2)5, TSIENPJFER T8 1 AME2E96t Ca¥ 4T Quin-2, JFJa T 890
WL A P Ca™ Wk AR . #2340 2 AR k2 648 /R 7] Fura-2 S8OGHREN AL T 1989 4R & 194
3 Ak 5 48 7 7 Fluo 55 Rhod 7 81 A Wi & &, fifi Ak 2% 2% S 46 7 700 4 4G 0 6 R 328 7 ol 28 7290,
1962 4, K& BR/K £1 5% Y6 5 11 (aequorin) X il N Ca? ik E HL AT HE /R E Y, JERE T IF A T Yellow
Cameleon 5 [, ANCAT LT AR ff A 0 B3 Dk B8 i Rl B Lt Ca® Wk BE A2 Ak, 30 AT ARSI 28 e i s o r
B[R] 40 i 48 1Y) Ca® e i B0 2001 4F, Sk 428 68 1 (green fluorescent protein, GFP) iU 1Mij >k A9
GCaMP (GFP-Calmodulin-M13 Peptide) 28 (109 HH BRI PY Ca® Rl B ARAS 2 1 — 20 % e B2,
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2.1 WERHAIETRA

55 1AL HR R FIALHE Quin-1. Quin-2. Quin-3 % 8 Ff, H i Quin-2 Xt Ca™ HLA 5 i 1 3: Al
P, BEARGF AR A Ca®'s (H2H T Quin-2 M A I KA, ez, W AESIE
e A R A A T,

% 2 AL 8 /8 F A Fura-1. Fura-2. Fura-3. Indo-1%% 6 Fl, H:tp DA Fura-2 A1 Indo-1 MR TE
MY NEZ . ZHERAITES Ca 4G5, RIHGHAR IR RGN AL, PIHCR AU T ARk
HATIAE . Y4 Fura-2 5 Ca® KRB KA UWEERT, 7F 340 nm Ab B3 & 5650 BE BRI G N 3 4%, 1 7E 380
nm Ab AR DGR EE N 2 R 10 f%5 . L, 340 nm/380 nm Y 2¢O 0 B AR A B VE A Hb S B R 42 40 i
Ca® W JZ 721k . Indo-1 7 350 nm ¥R S5, & S50 th i B9 A5 I 9 485 nm #% AR A Y 410 nm. 410
nm/480 nm [ 2G5 E H(E S Ca* W BIE . 59 HEFE/R 5 (Calcium Green) A HE, X Ff HE #8487 5|
2 A M PN A 7 R B R A L 3 A AR A e RN, S AT AT A 5 Quin-2 AL, 56 2 APk
FRAR TG B e PR N2 i BEAR A e Tt , AR 17 I 25 A U NS AR XTI S Ca® T e 1R 25 1
s, AR . SRR NIRRT . SRR AR . R8RS 20 R RN A0 P SR R
R AR SIS R, Wik, 2k A mrERME. SR, X Eeds R 7E 5 Le S A 4 i i Je ik
SEa KA, I HAR S XIS B AT A, AERPE S50 N d A Indo-1 W ARG Ui &
YA BT Ca®, R WM A R . Ao R R A IS & & Funaria hydrometrica [ 22 /K4
JaBS . B3N Papaver rhoeas £8P, HAG, H32E AAT Bioquest 8T T & 1 Fura-8 B IS 7~ 71| H
A=A EMELL, RIEOREE T X Ca® ALY S5 R T, LIRS & S K AR L1 B0y ) B3l , AT LA
I W 530 nm Ak & SR EE TS 354 F1 415 nm AR R L, SEWTSRASE ST SeOOER L, [RIET
AT LA AR XS BB P FE A RT3 A A (LED) ik, 158 WAy A S B i de 2 e Y

55 3 fRUIEFE /R4 45 Rhod-1. Rhod-2. Fluo-1, Fluo-2 I Fluo-3 % 5 R il K 5757 . Hr Fluo-
3RIAE, YN AR, HOR AR AL T AT WX, e REMR I R 506 nm, e Kk 5T
KM 526 nm, ARGESR T 1. 2 ARESDOGHE /R T8 MG S E A A 3 A& 26 H T AT 2
LA A BY AR M S2RE R R Y K Zea mays BIARBR AN [Ca® oy, I, AHECT W BEBOKf# 1Y Fura-
2 KA S i AT R RE A 0, Fluo-3 i fiik 4, HREMES, 456 Ca¥'fa, N mERAT
35~40 £5, HET, Fluo-3 B4 Z W H TAEHYA LU E iy Ca il ™, WotH ML RAERME S
Fluo-3 MIZEG R, (G IR 4t Ca shB T HAL B FTRERY . 5 Indo-1 45855 2 RSB /R FIA
[FfJE, Fluo-3 ARELARRMIE BB AN, #5754 N BE N DL BR RS 7E ML/ 24f% o A Fluo-3 Hl Fura
Red MRG0, A8 BBOGT 20 5 A8 1 f0B8 mT DA E0OUL A I H8 A W) A= BUIRZS R 20022 Chenopodium
rubrum MRAS LV i B ML Ca* 7K B E 22 R Ak, AER R R IEAR 5 0 A Do A K A
IR ERAH A Y . TERRTT AR AR AR 171 2K Fluo-3 MG IR, ARG (37 °C) A F| T 45 HURIR e
AAEKT, I H i IR X AR 08 200 B 5 i B /N

SR 3 RIH R R Z AT C AR L, (B S Z MR 4t Ca® F5 /s M AH LA BA BOR Y
. TEBFSEMRAE Gossypium hirsutum SF4ER K F L FRI, AHE T2 A ifS Ca® 4878 7] Yellow Cameleon
3.6 (YC3.6), Fluo-3 BGCUTAR I 10 8, T8z F8 /AL LA MY Ca> 431 A5 B AR XS R Ui If AN
R Y MRS ECHTGE, BR T Fluo-3 LIS, Fluo-4 dL 25 HBIEE 3 o ttemAl. g nim LB &
£ (AM) BEIECA B FHE R RN B E IR il b, BT EEAGYY, B—Fh g . sl Joaip st
BRI o TS R FFEAS [N Zo0 G2 v i in 2830 BE RN IR AS ] . ZE VDAL Pyrus pyrifolia AER 8 H 75 22
25 C n#% 15 min, £ ARG ST Arabidopsis thaliana #3 T W1 75 7F 4 °C T iN#k 30 min, 11 76 3¢ 2R Malus
pumila F R A FUA T INEE 37 °C 30 min™*,

2.2 EE4REG Ca*' 517

HHl, &RPCHRACE) 2 HTENARMRE . ARILZMEFE T Ca sk, I

it Ca”" 5 75 4% (genetically encoded calcium indicator, GECI) #£47 Ca® sl 2% Wl & — M iy Pk i & 2,
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XL GECI £ 45 aequorin, #:F GFP ) Ca* #8%F . FET AW & LR EE R4 (bioluminescence resonance
energy transfer, BRET) [t 485 7 771 &5 161

221 KFEKEEG 1R N Y RIS R Ca® BIEAF aequorin, —FE A £ &K
1% K BE Aequorea victoria W) & H ¥, aequorin B ¥ B & (coelenterazine). Mt %l 3k /K £F 2% 56 & H
(apoaequorin) FI%ES, (0,) WA . 24 aequorin Fl Ca® 455 )5 , JEA HE SWEMRLIR, B EWE
Ab A 1= RE P2 W) (coelenteramide), [F] BB H — S ALK (CO,) Ak 6% (465 nm) 8, R4 aequorin &
B X — 45, AT DLSERS WE I Ca® vk BE . 1991 4F , KNIGHT 58" i ik 7E 5% SL A W) b i A FE 4]
aequorin, Jf Hill i iz AME T il . BRI E RSP 5 8528k, 1995 45, JOHNSON
S50 R aequorin £ 1 [ M BT RIS AA, R T O B AE AR RS R B AT B N ISR . RS
FIIH] aequorin & FAUESS Ca> 7E A 1E A AR5 7 AR HT LA S 20 R S 1835 PR A7 i3 | A 805 i B v
FERIB, 2000 4F, H44548 7R 71 aequorin F [ [ 457 A ZH ZURAH M2 AY | i 2ok I F 40 P I A4 PN 2 1k 58
¥ BB AR M0 ) 4 E A M2 A [Ca®™ oy, H878 TR T AR EREL (5 T A B 2 B 2001 4, @
il aequorin 7E5% HE K AR R4 AN M ZH SV Z (0] 22 AR B, R T A RIZH 2100 Ca” 1o iR
H AT W] 50 22 559, 2008 4F, TRACY 25 F| Fil aequorin % i % 4k £ 16 B i 7% M 3% S 1
[Ca® oy, FUE IR S BT A9

FIH aequorin & [l E AW A LSS5 5 BA — @ L. B, RS T S sifhF ; Hik,
aequorin AR ZHMNI, ATEAIMIN X % ALBBEE s 5 =, MEHATEMECE; &5, HEATE
SIS I RV € (L85 B 75 5 A0 B . Pk, aequorin £ I RETE AN SN AR A IE # 1 4 K &k
B 7] B A B B TR A AR 32 9 O AR A N AR R b R E TS A S A I ST gk R B0 SR
aequorin A F 7 HRARFAL, 75 EE0A H 28T AN P [R50 A Rk B a] LUK A 56 A b =K F-
PRIt S AR LK Ca MR BE AN A GRS M, Tk i 23 R AR A A JR 7 T T SR AR AR AIL 22 502 1Y
AWk JEHFH YR T aequorin BURHINI, AT A SE PR BEFR AL T SEhl 1),

TEFCHT DTS, BRI P BT ) (ER) S IE RS Ca™ VR B B AR AR ARG i il v, Ca® US4

W& 1 aequorin A/58R 2 7E B AV BB Bl RS B W T Ca™ b B e B2 i) T HL 1),
2.2.2 Yellow Cameleon (YC) % & & YC AT IOCIIREREEH (FRET) Wi~ EH .. XFEAM
& 2/ GFP A1k, B {6 2¢ 6% [ (cyan fluorescent protein, CFP) Fll 85 {4 %¢ Y% 2 [ (yellow fluorescent
protein, YFP), X 2 M8 {GH & Ca™ 45 & 8 (85 4 4 11 A I8 2 (456 Ik M13 iS5 7E— 2 . Ca®'Fll
YC W85 E A 45 A FEEE R IS4k, fii CFP il YFP #%3, Jf-ffi CFP I YFP Z [A] () FRET 3
58, I IC 5% FRET BERTE] Y 2848 A0 T E =0 B Ca? 1y 381,

1999 4F, EWHRIE T YC IERY AN A, BIME A YC2.1 PPl I O LA Y [Ca® ]y
ZJa, i X cameleon 2 I AYIE AR #E, JH circularly permuted (cp) YFP (cpCitrine Y cpVenus) H A%
YFP & 1, FEALX pKa, CI LSOOG (AU U970 FF YC A B f b, R I0A YC3.1,
YC4.6 FNFFEHE, [H2IX8E YC HFX Ca® BRI EART YC3.6, KIS H IR YC #lH h YC3.61°,
CL4A A YC3.6 Wil Ca™ SR fL T FE 48, anAS: I 00 e 3 136 (A AR 3 AN [] IX 3l A A 75 & Jm I
[Ca* ey MIBIASARAL | AR AERM A L SR 2R BRI AR A% ) Ca® 825 17 4mt-YC3.6 Hl NLS-YC3.6 it
AT DABIFSE [A]— 4l e 2 b AR T AN A% Ca® 3l 14 A AR T 170,

AFEAYF YC3.6 MRBE WA A, AFEBEXAEYR Ca®' s 2 mA BE 2. wllmIrh
i UBQI10 J5 3l F % [t 35S )i 8 F B 1& & 7E K F8 Oryza sativa TH 33K YC3.6, 1 H UBQI10 ¥ 4 B T
YC3.6 TERE ZRH AP G —K ik ),

AT B 35 DALt A R A XS AN ) 4 i P ) Ca> 8 A 7K 9 R R [R] . Cameleon D3cpv X P TPE 2R
B CaM AR ALK SNSRI EE FE YC3.6 I8 -A T WA ) N £ kAR Y Ca® 3l 25 1,

223 GCaMP & &%& G GCaMP & —Fi T Wi ML Py Ca® ¥k B2 YOG A 15 0%, i JE ) TR K
CaM. MI13 ik F1 2 HEF1) i £ 538 75 45 £, 9¢ 6 25 [ (circularly permutated enhanced GFP, cpEGFP) 45 & 1M
& U0 cpEGFP it N i i 4% 588 1 25 (4, 7¢ . 25 11 EGFP (enhanced GFP) 2f 149~238 {i & FL AR 41 i, C i
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i EGFP %5 1~144 (i & FEFR A Y, 1M 7S Ik GGTGGS #¥; cpEGFP (1) N 3 5 C %A% . cpEGFP [ N i £l
C i3 9145 M13 kAl CaM #E— %4, B GCaMP P, 7EMREIRA T, GCaMP 1 cpEGFP %k i1 55 7¢
JA55; MERBREST, WA Ca¥4i &% caM, fliH 5 MI3 k454, T3 cpEGFP 19 OL1F 5 1
58 o L WS I cpEGFP W2 GAF S 284k, AT LLSERS S il Py Ca* VR FE 1 38284k . GCaMP 1Eh—Fiifg
W Ca® IS T B, B REE . SR Rifg . S8 U s n 03, P ik R DR A Y e AN R 0 B A A= )
RGN Z N SR, e R AR XS R i e 8 R A KT AT REXT A A AR AN RS, T ELAE L
FEAE ST AT REAZ 295 S WS RS R M2 . HAT, GCaMP ZEARY) h g i E 2 IR IT o 32,
{3 o T X PR R AR T 28, RO ] T HABE SO G AR Y, iR ",k Bk LA
FLE SR R Y I B SR A T A, Ik 1.

F1 BESETHELR
Table 1 Comparison of calcium signal indicators
% i S o
Quin-2 1980  339/492 HCa 4 AR TR KA, Wl I P o] KB TT mFe sl , DOtuR RN
A Fua. Indo 1985 369/478 '%‘(iaz*éﬁ/ﬁ)‘ﬁt’t%&t%ﬂ‘ﬁi‘é{é%iﬁ, AR AU , A BB 1Y LU (R
AT TR AL

Fluo, Rhod 1989  506/526 -SCa"%& G INAERK KT L THm
£ JIk apoaequorin Fli#fi /K P & 644 coelenterazine JE Mk #: & 6B A E &Ik, 5
Aequorin 1962 —/465 Ca G 405 2 1B
Cameleon fi CFP, YFP. CaM Il M13 @& i, CaM 5 Ca 45 & IEME &Y,
i M13 55 CaM 45 & YR FIPERG 3, #EI(E CFP R YFP A KR IEO0
GCaMP i CaM, MI13 #ll cpGFP &5 4 M i, CaM 5 Ca*& B E AW, f
GCaMP 2001 489/509  \113 15 caM L5 IO EAIPERER . S3H cpGFP 10801 S H)TR

GG RA] Cameleon 1997 425/535

3 w5 EZE

JTZRBSEE L TEMIEN T Ca® RA YR NI E R AN (56, S5 REMEWRIER AT
o BESMRITTXEIESBE . MIRG S, Ca g 1 WRY T Ca™ B At = msh Ji2%, H
XA S5 BT 2l Ca’ (5 58 A HOrHEE P MY P RS E SR E AR W A R, 53
PGP XSS AN B T B Y BN B E RIS HME. FAT, X EY SR
YIhie R BB (5 S 7 IR IR B T — WY T, (R AN 2 R LK R 2 s2 A T 4 e 2
PYRAFAEARTN, U, 5 TE gt A 0 W i e S AR (AR el S AR AR, NI E Ca (-5 )™ 22 S AL i i i
WA BE IR L 32K R IR AT R DE SO S B T B ol TR A AT A RE AR A
XA HEA T A POETR R I B SRR S S A R OB BE 22, NI, WHR BT XY 4 &
MBI EZ R R R R TS E & A RPN E . SUeFm, MR RS (5 S A BOoR A F
Wik, RO ANFIBIFTERE FAE, X R K B 22 AN [R) Bk o ) 805 45 ARG B HC 231 e g i 9 5 Ay B S
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