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Research progress on plant calcium signaling indicators

LU Wenyan, LIU Jinzhi, SHEN Yuqi, 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) (e R MW A BN ZME SIS REZ —. BET (Ca™) #fsh “fP At
WRREEICE” |, AMUS SIS, RS EE, ERMEmE RS E
SCHBAINE M, AN (55 7R A 4 i 1] 390 35 PR v )R A SR AR

YR G e B, T S Ca¥ W S WRET TR, SETMTOR AN A R AE AL RO, X R Ca® Yk
JEAE P AR 5 Sl A (5 S B B S S B R E RSB . BSIR AES I OO, A A A0 s 2
VR P A R M B Ca” ViR B TH s A R RR LY, T s A AR ) Ca” i IE S5l Ca” "2 3 i
DA B A B 2 T AT (S S e . X b Ca® Mk BEIBRINE b T SBRINE T W AR = A R s 1 A ) 4 i
Hise g LA —Fi s SR IR R IR Ca¥ W I R T —FIE S, B LT RO T4 . R
B, EMAE AL, SREBAK . MBI, ZBERSE MRS IIAHE S, MR Ca> i
I Jo B — 2 7 el 7 B B R 5 38

BEAE S AT B S PR b M IS A0 PR S B AT SE R RS o A A b 45 £ B N 25 A S AT
HET 2 B . REFUESLILESSATE, SAMEE | 2ok . mragi . W, po o o 25 0 40 i 45 #4 5%
WEEAEAG S, WEEAER “E5EE” o M TR “E5EE” |, MY A h CatRIEH I
BAL, ERBARET, M CaVWRIE ([Ca”l.y) Z1°0 100~200 nmol- L™, FEZFISMFHIB, 456
SIS HGE PR O A H S, LUHORZERFIE N Ca WIZhZ AT, A Ca® KA i 1 FH At 7e 401y
PR BR TP “EEEE” , MuAh Ca? il ad i TANM AR LAY Ca i ik AL, XU R (E S A
M EZORIE . Ca” INTR B INIE S5 5, BJE )NG4, BRIRMITT Ca™ VR, 2R FEM T 1 45 5%
jL‘( [13—15]O

WA, BEERE SR AR RE R, 98005 5 SR T 2 e8I R [R5 A8 1k
SIER (S S 2, 35 IR B2 2% COLDI (CHILLING TOLERANCE DIVERGENCE D)UY 1% &%
#% OSCALl (hyperosmolality-induced [Ca®']; increase channel)!'”, GIPC 5 fi§ #h %% & (glycosyl inositol
phosphorylceramide)™ | i 251k & ¥ 5% & CARDI (CANNOT RESPOND TO DMBQ )" DA K i3 & 4k &
(H,0,) /&% #% HPCA1 (HYDROGEN PEROXIDE-INDUCED Ca*' INCREASES1)2",

FESE S 4R Ca? B TE 2R [ S s SRz 2R T rh . R Ca®' b# 58 am AN Ca® 9 7 2 1
FEAE S UEAT AT ARSI 2 4536 S F . A SCRGIL A TS (5 S5 R Ca? L 2E a8 e /R 7 Al
Ca” PENARE I, AL T RIS (55 DL X 43 A TR A5 (5 5 SR ik e 5

1 AMEETRMEAR LR

RINGERPV i AL T Ca® a5 TG s 2. Bli)E, AR RN LI T Ca HA X j)
FHAME RS FHEM. X — &ML AR Ca® 76 40 N B9 VE FH = 248 T B R g %8R P51 1970 4,
CHEUNG™ &3 T 5538 % (calmodulin, CaM), 1976 4F NEHER HI SAKMANN®! ¥ Yk 7 7 ik Rana spp. L
4t - ic S 2 Z BEAR A (acetylcholine, Ach) 36 A4 B E B FHLIAE, AT = A T B BlHEE AR X — FH i
HzmmAd2ET H, 20, TSIENPY A T 1 AME2a2dt Ca BR%r Quin-2, FFa T B AZE 1 %%
WL B Ca* M BRI, 425, 2R 2 k27 5648 78 ) Fura-2 FEGHRENFI T 1989 4F I K 1 45
3R A2 2 48 75 5 Fluo 55 Rhod R F1 A W & g, fiff Ak 2% 2 56 48 7 700 04 4G T B2 R 388 7 Bl 28 7%
1962 4%, & BL/KHEZE 6 H (aequorin) XJ g P Ca® ¥ i ELA #5 /R AE Y, JFFEF L & T Yellow
Cameleon F [, AN{UAT LATE A B dthor I B v B 3 el ) BRI Ca® Wik 2R Ak, 3 AT ARSI 28 i 5 or
B[R] 40 I 48 1Y) Ca® e i B0 2001 4F, &4 2¢ 625 1 (green fluorescent protein, GFP) Bi i 1M K (1Y
GCaMP (GFP-Calmodulin-M13 Peptide) Z&'GH A HH B LN Ca® K H RIS 2 13— 20 A Jie B2,
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55 1 AP EHE R 4L 4E Quin-1. Quin-2, Quin-3 % 8 ff, M Quin-2 Xt Ca HA7 45 1y 3£ il
P, REARF A I N RS Ca™ (B2 T Quin-2 MR G K, Jefe ks, WIS A0 E
R A e T A L A

% 2 04k F 8 68 /87 A Fura-1. Fura-2. Fura-3. Indo-1%% 6 Fl, H.Hp DA Fura-2 A1 Indo-1 WACERALE
MYh R Z . I RHITES Ca¥ 45 G fa, ARAHOGEAR R RGN IS, PRIHR IR T 23k
AT . Y4 Fura-2 5 Ca™ KB KRG AW EERT, 7F 340 nm Ab 13 & 2650 BE BRI G I 3 A%, Ti7E 380
nm AbAYIOR DGR EE N2 TR 10 5. Rk, 340 nm/380 nm A9 2 G50 B LV (B RE B 1 Af b S Bl 420 41 it
Ca® e JEB Mk . Indo-1 7E 350 nm UK 5, A S 6 ph 7 25 25 9 485 nm B8 AR A ZS AT HY 410 nm. 410
nm/480 nm [ 5 E HE S Ca® W IE . 5 R FE 7R 7 (Calcium Green) AHEL, 33X F H %45 7R 51
32 YU PG 7 TR BE K AT A3 A AR AL SE M TN, i B A BN RS 5 Quin-2 AL, 5 2 AP
675 0 A0 B I B TSGR BE A I T, A S0k b T I A BB NS A R B Ca I 152 22 1 5%
Moy, AUFHIRGRIMR L . OGBS . AXER REUE . DGR RN A8 s DL R 4 R R AN A N SO EE s )
SAABSIEENZR, WL, 2ok A E S ER T, SR, X EFE /R I 7E B e AR 4 i v Tk 58
LK, I HA RS B I G B AR T S, ZERRYE 254 T (] Indo-1 AT LAyl s AT
YIS Ca®*, QR AR AR . Sl R R AP S (55 8% Funaria hydrometrica i 221K 40
JIBS . BE3E N Papaver rhoeas A6 ¥y, HAET, 32 AAT Bioquest 58T & 1) Fura-8 HL{E RIFE 7 57 2
AW ERLL, FIRORER T X Ca® MR R ATy, SR A S K AR £L 03 Iy ) B85l W] LA
f W 530 nm AbAY A& ISR EE TR 354 1 415 nm ARRYEURSREE L, SRS /A8 OO A, Rl
AT DLiE 3 5 HA AN L R I3RS TS (LED) Wk, -5 UL & S g ik a2 e BY

55 3 {0 EHE /R 4245 Rhod-1, Rhod-2. Fluo-1. Fluo-2 Fll Fluo-3 % 5 Fh il K5 /R 7. H Fluo-
3RIEAE, YN AR, HECOR R TRl WEIX, e ROk I 506 nm, e K AR5
K 526 nm, ARGEAR T 1. 2 AUSZOGHE SR T 5 AN TS R A 4R A A& 2GR TP AT 20
LA 1 B8 FE M S KGR R Y K Zea mays BIURBR ALY [Ca® oy, I, AHEST W] BEBOK 1Y Fura-
2 R e Al e vE e s, Fluo-3 i fiik+f, HREME S, 456 Ca'ln, OtmERA T
35~40 1%, HET, Fluo-3 ©.48) 1z N FAEM AL 5 P i Ca ™, WOtHMILREDMES
Fluo-3 MIZ5 A, (SRR 4l Ca* shaS M T AL B FTREYY . 5 Indo-1 45855 2 fRIOLHE /R FIA
[FAY A2, Fluo-3 NEELARRIEIE B EHE A LM, W 76 20 HLRE N 9% g i AE M b 24 % . A Fluo-3 1 Fura
Red WIR AW, 1 B3B3 208 42 1 5085 o7 LA B 0L M A It AS [R) A= BR8N 2001 22 Chenopodium
rubrum MRASHI LV P F B BT Ca* 7K B 22 7 IeAh, JERy R BT 5 0F F Tol o Ak 4K i)
PR PRI . FEFRST AR 41 A 171 2K Fluo-3 MY RGN, ISR (37 °C) B A F T 45 HUSRIR e i
AACK, I H = MR X A6 04 200 B T P 5 e, B /N

A 3RO R R Z AT AR R, (RS Z 5 MR 4t Ca® ' 5 7RI AR LA 2 AR Yy
BB . TEBFSEMRIE Gossypium hirsutum SF AR K B i F20T, BT 2 S Ca®'#8 7R 7 Yellow Cameleon
3.6 (YC3.6), Fluo-3 MOGUTRRIRI 40/, B IZIE/RFERAEA N Ca® 531 915 BARXT R UL A
HERA Y RIS BT RIA , BR T Fluo-3 LIAb, Fluo-4 124 HAYE 3 IO /R &8 w0 LmEH 4
5 (AM) BRIEUA B TR AR s B E R it b, BATREEEE Y, R—FhR M . sl . Joaip stk
MR 7R o A8 7S FIAEAS [R) N800 2 v i in 286 B s () ERAN [A] o AEVPBY Pyrus pyrifolia £ 58 Hhifs %
25 °C fin#k 15 min, 7E 3L IF Arabidopsis thaliana ¥ & W 5576 4 °C F 2% 30 min, 1 76 3% 2 Malus
pumila F R JFAE TR IEE 37 °C Nz 30 min*1,
2.2 EEHR Ca*' 577

HAT, &RPCHR R L Z N TR FIRES . AFRALURERE T Ca shS2 ik, 71
K Zm A% Ca’'$8 7~ %% (genetically encoded calcium indicator, GECI) #E4T Ca® 2fi 25 Wi il J& — Fh &5 d vk 0 & 2



542 B 1 L SEHE A RIS R SR R R TS ok 205

X8 GECI £ aequorin, T GFP ) Ca> %5 . FET AW A R ER ¥4 (bioluminescence resonance
energy transfer, BRET) f{J$8 7557 &5 1401

221 KRFFAEEG H1AFERE WY R AR RS R Ca® BIEEF aequorin, —FME H £ &K
1% JK B} Aequorea victoria /) F H “7. aequorin i i I & (coelenterazine), M 4l 3& /K £ 2% o & H
(apoaequorin) FI%E T (0,) KM A i, 4 aequorin Fl Ca®' 45 G )5, JFA ME SWEMERIR, B RERGA
A = RE =) (coelenteramide), [RIABE L H — S ALKk (CO,) A 5% (465 nm) Y, R4 aequorin &
B X — 4, AT DLSEES WE I Ca® vk BE . 1991 4F , KNIGHT 5™ i\ IR fE i SE N A W) b i A d 4
aequorin, Jf H il iZE AMWE T H A . BIR M EFEIFE Y5 EMEEZE{L . 1995 45, JOHNSON
SECOFIFH aequorin £ [ 1] M STURT SRR, RIN HT AT IR (S S AR 00 B AR R SR . RS
FIHT aequorin 25 F1HIESE Ca> 7E 48 3E A AT 5 5 5 b AR T LA K 4 B 870 9815 e A0 5 | ke 1) 05 58 B vh i)
FEHIB, 2000 4F, #4548 7R 71 aequorin £ 1 [0 455 1 (Y ZH LRI AR MO 2SR, 388 3o I 400 e o A PN M 98
¥ BB ANER MO I S E ARG [Ca® oy, fE78 T IR TR ERES (5 5 A R 2 B 2001 4F, @5
K aequorin 7EF% FE K bk R 40 i AN R ZHURAR M Z (0] (9 22 AR R, R T AL ANZH 2100 Ca® 15 iR
HLA W09 A 07 22 5 B9, 2008 4F, TRACY 45 B | ] aequorin & B 54 1k 41 76 0l j I+ AR 815 5 19
[Ca oy FUSE IR S BERY

FIH aequorin & U E AW A IS (5 5 HA —E . B, T IEASITHMME 3%, Hik,
aequorin 25 FAARNZAINB, NSRRI EEEESE; =, ZEAAHERAOE; &5, ZEATE
S IS I REMESA 2 (155 B F5 5 ML AL . Pk, aequorin 2R A REZEANSE A A IE 5 1 AR Kk
B ) B A7 A A B (] A AR I, 3% 9 S B A N R AR R M A T B A5 S A IR S E R 150, SR,
aequorin FYHE T/~ HAR TR, 75 EEBCA 2T H 1 R I RN A BE 38 B AT LG I 9 56+ & St i K
PR R I XE LUK Ca® ik BE R KA, o e 3 R UG 5 & ST i i B4R AR ML R B 1Y
AWk JEE YR T aequorin USRI, A3k R T P At 1 JLa 49,

TEFGHT TS D, EEXTAE N BT (ER) B N2 Ca MR B2 S A AL RS Il 2 v, Ca® fUd e

W& SCEE I aequorin ATFR 2 7E B AV FE B0 B PORS 57 T Ca A 3 Ay s 3 1) T 1),
2.2.2 Yellow Cameleon (YC) %X X& &  YC JERToOCIIRAEE%L S (FRET) WHE/REH .. XMEAM
& 20 GFPZ- 4Kk, BRI 4,9¢ Y6 25 1 (cyan fluorescent protein, CFP) Al % {4,2% Y¢: 25 [ (yellow fluorescent
protein, YFP), iX 2 NS {AK3H £ Ca®' 45 & 8 H 85 I8 4 1 AT M 2 456 Ik M13 i 42 7E — 2 . Ca®' il
YC M5 E [ 45 A FEEE R R Z 451k, fifi CFP Al YFP #%30, Jf-ffi CFP il YFP Z A f) FRET 3%
58 o LIl sk FRET P E] 9 b 23R8 e il 5 Ca® () sh &80,

1999 4F, P UHRIE T YC FERIY R AL, B YC2. 1 0 F0U R T O LA R 1Y [Ca® ]y, s
ZJ5, X} cameleon £ 1 ) A2 E, H circularly permuted (cp) YFP (cpCitrine 5¥ cpVenus) J# At 2
YFP &, FEEXT pKa, CI LA SOGIE (AR 170 78 YC A Hrd fp, A8 18H YC3.1,
YC4.6 BIBTFERIE , [HI2ik8E YC H X Ca® RN EAR T YC3.6, HILZJEH I YC i YC3.61,
CLZA R YC3.6 W Ca* Zh AR I WF T H3E ,  AnAS 480 R I 17 A MR AN [) DX A A 2 4 Jm i T
[Ca® oy MIBHASAZAL . AR R AEBHE LA SR 2R M ORI A A% ) Ca® 85 17 4mt-YC3.6 I NLS-YC3.6
AT DABIFSE [A]— 4 M Zbr R A e A% Ca®* sl 124 A B 70,

AE Y YC3.6 IRIXE AL A, AR Ca¥ g i A BEER . WFEITh
) UBQI0 J&i 8l T % [t 35S Ji 8l F i & 7E K 6 Oryza sativa 1 335 YC3.6, 1 H UBQI10 ¥ 4 B T
YC3.6 fER ZRH P g —3RIk ),

AT B F DR g A R X5 AN () 4 Bt 7 PN 1) Ca 8 Ak /KT 19 R AR [A] . Cameleon D3cpv X 4 T MEZE
iR CaM 128 ALK SE B ANAURS, DRICEE FE YC3.6 SEIE & FH T Wa il A My 4 itk kA4 ;N Ca® B 245 1),

223 GCaMP &% G GCaMP & —FHI T WMLy Ca® Wk B2 B 96 8 AL AT, ad B DY TR
CaM, MI13 K FIERIE HEF1 1) 38 5 780 4% 2,2 S 25 (circularly permutated enhanced GFP, cpEGFP) 4% & 1
A U0 cpEGFP Y N Yiii H 18 5if B 4 £5,75¢ 5 55 11 EGFP (enhanced GFP) 25 149~238 v & FeR 4H 1%, C i
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Hi EGFP % 1~144 [ & FEBR M, 11075 Ik GGTGGS ¥ cpEGFP 1) N i 5 C Sl % . cpEGFP [ N i £l
C 3485145 M13 KA CaM #E— 25 %4, B GCaMP P, ZE(REIRA T, GCaMP 18 cpEGFP k& H1 55 5¢
Hf55; MEMMRET, BN Ca¥4; 4% caM, i 5 MI13 ik4s A, F3 cpEGFP B2 615 518
58 o L WSO cpEGFP M9 G5 5284k, AT LASERT S M Y Ca> Wk BE () 31 8484k . GCaMP 1 —Fi i
W Ca™ W T B, B R, S . S PR s 03, P dok B PR A Y e AN [R] 2 B A A=
RGN Z . SR, e 1 AR RS, aok v Y SRR AT AT BEXT A B A AN RS, T HLAE — Lk
R ST AT REAZ 2 S RS R ARSI . H AT, GCaMP ZEAR Y i I FH 2 DAL I8 32
(L3 3 T SRR AR 2, O A AT 1T T AR E SO A ARy, AR IEE ) " X R JLA
PO A5 SR A RO S e T S, Ik 1

F1 BESETRHIEER
Table I Comparison of calcium signal indicators
% am o SIS o
Quin-2 1980  339/492 HCa" &SGR TG KA, Wl IR KR TT m s, St RSN
et Fum. Indo 1985 369/478 %’(iaz'éﬁﬁfﬁﬁﬂﬁi{ﬁ%%ﬁ‘ﬁﬁ%i%ﬁ, S AR AR , A BB 1 LU R
A B TR AL

Fluo. Rhod 1989  506/526 SCa™ %58 a AL KRALTEL(F 51
Z ik apoaequorin Al Hi 7K P & JG44K coelenterazine JE i /K B K G A E &K, 5
Aequorin 1962 —/465 Ca 54 5 o
EEAEEETN Camcloon 1007 425/535 Cm%mECW\WW\@MﬂMB@%ﬁﬁ,QM%C?%%%&E%%,
ffi M13 5 CaM &5 & R MItERG %, #EIM{H CFP MR YFP A K IEK IO
GCaMP i CaM., MI13 1 cpGFP &5 & Ml i, CaM 5 Ca™&5 A IE AW, f
GCaMP 2001 489/509  \jy3 15 CaM S5 A ORISR, S5 cpGFP HUTEIL(5 1435

3 w5 EZE

JZMBHEE R TEMIEN] T Ca® RA YR NI ILE E A AN (G, S5 R AR R AT i
o BES MR EFEBBE | WIRG S Ca™ g )R T Ca B AMmtE Fz M3 )%, H
XAME S5 BT 2l Ca® 5 58 AL BUR L P AW BB (5 SR B AR E AW R, #R533h)
BRSPS SR A T B P N R B RS H M E. HAr, KXY S5
Yilhia T RES(5 S IR A T —E R T, (R HE AN 2 R LK RS2 A 1 £ 8 2
PSRAFAEARTN, P, 85 TE g A 0 W i e S A (R e AL IR, NI E Ca {55 )™ 22 A& i i e
HY A EEEIN | AR T R AR AT R WSS B S A T B ol TR A M AT A RE YRR A
XA EA T A ORI B AR S S S R BORBE &2, NI, R B XA 40 &
MBI A5 AR R R R TS5 = BA RPN E . S OLRI, 00 AR RS 15 S A B AR 5 A
B, RO TFIFTE R P, o AR SR W] W A v B A5 45 AGH K A3 Tid B O W B R
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