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Pholade 

Pholas dactylus Linnaeus, 1758 

Bioluminescence 

Pline l’Ancien (23-79 )  Naturalis Historiae 

.Livre IX [6] (XXXIII.)  « On range dans la même classe les peignes 

 de mer, qui se cachent, eux aussi, pendant les grands froids et 

 pendant les grandes chaleurs, et les ongles [pholades] qui brillent  

la nuit comme du feu, dans la bouche même de ceux qui les mangent. » 

Bioluminescence : an old story!! 

« Dans la nuit les méduses flottent  et changent de position …quand elles réalisent qu’une  

main s’approche elles changent de couleur et se contractent » Plinius, G. S. Naturalis Historia  Liber IX, §146 (77) 

 

http://fr.wikipedia.org/wiki/Fichier:Plinyelder.jpg


Bioluminescence : widespread in oceans with multiple roles 
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Calcium : an old story too !! 

Fertilization-induced calcium wave in a starfish oocyte. 

Confocal images taken at five-second intervals of a fertilization-induced 

calcium wave in a Pisaster ochraceus starfish oocyte that was 

microinjected with 10,000 MW Calcium Green™-1 dextran (Cat. No. 

C3713). The image was contributed by Stephen A. Stricker, University of 

New Mexico. 



Adaptives responses 

Light 

Cold shock 

Osmotic shocks 

Wounding 

etc… 

Pathogens 

Hormones 

Pathogens  
Symbionts 
Drought 
Salts…. 

Ca2+ 

Calcium: a second messenger in plant signalling 



Parameters:  Shape  
    Duration  
    Amplitude  
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    Compartmentation 

0.4 µM 
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0.4 µM 
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Concept of calcium fingerprint 



Hetherington A.M. and C. Brownlee    

  Ann. Rev. Plant. Biol. (2004) 

 55: 401-427 

= TPC1 

How calcium concentration is regulated in cells? 

osca 



Calcium sensors 

25 CIPKS 

+  targets ? 

34 CDPKs 10 CBLs  7 CaMs          50 CMLs 
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Specific  responses 

ΔCa2+ 

Environmental stimuli 

Decoding  the calcium message 



EF Hand. Digital image. Biochemistry 492a. Web. 9 Mar. 2011. 

<http://www.biochem.arizona.edu/classes/bioc462/462a/NOTES/ENZYMES/enzyme_regulation.htm

l>. 

The E-F hand : a crucial motif required in  calciproteins to 

decode changes in calcium concentration 

http://www.biochem.arizona.edu/classes/bioc462/462a/NOTES/ENZYMES/enzyme_regulation.html
http://www.biochem.arizona.edu/classes/bioc462/462a/NOTES/ENZYMES/enzyme_regulation.html


http://aetherforce.com/how-fluorescent-light-works/ 

How to measure/monitor calcium changes in cells 

 Chemical fluorescent indicators 

Non ratiometric:  - Fluo 4 

Ratiometric:  - Fura 2 (Excitation)   
        - Indo 1 (Emission)  

  Genetically Engineered Calcium Indicators (GECIs): GFP-based proteins 

Cameleon 

Camgaroo 

cpYFP-Pericam Adapted from : Rudolf R et al. (2003) Nature Cell Biol 4: 579  

1 - Exploiting fluorescence 

Photoproteins : aequorin 

2 - Exploiting luminescence  

Photoproteins :G5A 

Tou Cheu Xiong 
Mireille Chabaud 
Fernanda De Carvalho 
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Non ratiometric chemical probes:  Fluo-3 
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Free calcium 

Ca2+ 

Bound calcium 

Emission : 510 nm 
Exc. Exc. 

Ratio: 340/380 

Ratiometric chemical probes : Fura-2 

Changes in Fura-2 excitation spectra  

in calcium solutions from 0 to 39,8µM 

µM free Ca2+ 



Sondes Ca
2+

 - Mg
2+

Sonde 1 exc 2 exc 1 em 2 em Kd (nM)

Fura-2 340 380 510 145

Bis-Fura-2 340 380 510 370

Fura-red 420 480 660 140

Quin-2 350 495 60

Mag-Fura-2 340 380 490 25 000

BTC 400 480 540 7 000

Indo-1 350 405 485 230

Mag Indo-1 350 405 485 35 000

Texas-

red/Calcium

green

488 568 535 615

370

Fluo-3 488 525 390

Rhod-2 540 570 570

Calcium

green-1 488 530

190

Calcium

orange 530 575

185

Calcium

green-5N 488 530

14 000

Oregon green

488 488 520

170

Mag-Fura-2 340 380 490 25 000

Mag-Fura-5 330 340 385 28 000

Mag-green 475 530 1 mM

Mag-Fura red 480 660 2 mM

UV Visible

  

Important parameters: 

 

 1) Affinity (Kds) 

 2) Excitation (UV-visible) 

 3) Emission (UV-visible) 

 4) Dynamics 

 5) Specificity (Ca2+ – Mg2+ ) 

First generation of fluorescent calcium probes 



An extended choice of fluorescent calcium probes 

From: 

Non-ratiometric indicators extending the  
 range of Ca2+ concentrations measurement  

Ratiometric indicators extending the  
 range of Ca2+ concentrations measurement  



Exc 442 

CFP YFP 

Exc 442 

Em. 480 

Em. 530 

FRET 

CaM 

Ca2+ 

M13 

Genetically encoded calcium probe: cameleon 



Aequorea victoria 

Aequorin: a bioluminescent calcium probe  

Luminescence described for the first time  

in 1775 by Forskal 



Purification of aequorin from jellyfish 

O. Shimomura   

Nobel  prize in Chemistry 2008 

 

Purification from 10000 

Jellyfish in 1961 



Kendall J.M. and Badminton M. 1998. 

TIBTECH 16: 216-224 

Aequorin: 189 AA, 22 kDa 

 

Coelentarazine: 423 Da 

Structure of apo-aequorin 
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Calcium monitoring  with aequorin 



Prendergast F.G. 2000. Nature 405: 291-293 

Chemical reactions underlying bioluminescence 



http://probes.invitrogen.com/media/pis/mp02944.pdf 

Set of available coelenterazines to modulate aequorin sensitivity  



See also: Allen et al. 1977 : Aequorin luminescence: Relation of light emission to calcium concentration -  

A calcium-independent component. Science 195:996-998 

From: Brini et al.1995. Transfected aequorin in the measurement of cytosolic ca concentration 

J. Biol. Chem 270: 17 9896-9903 

Calibration 

1. Prepare :  

• Ca2+ buffers with EGTA or 

HEDTA 

• Lysates of cell expressing 

aequorin 

2. Reconstitute aequorin with 

coelentarazine 

3. Dilute (1:10) cell lysates in Ca2+ 

buffers 

4. Measure emitted light with a 

luminometer 



K R = The calcium association constant = 7.106 M -1 

 

K TR = [T]/[R] = 118 

 

L0 = count.s-1  L max=Total counts 

This method postulates that Ca2+ binding has two 

possible states and light is emitted only when all the 

sites are in R state : 

From light to calcium concentration 

Allen method (Allen et al. 1977. Science, 195: 996-998) 

Knight empirical method (Knight et al. 1977. The Plant Cell, 8: 489-503) : 

K= count.s-1 at each time / total counts of the whole experiment 

R + Ca2+  R.Ca 

T 

Kn 

KTR 



•PROS: 

• Excellent dynamics (0.1 - 100 µM      10 000 x) 

• Excellent signal-to-noise ratio 

•  Absence of chemiluminescent proteins in living cells 

• Very low [Ca2+] buffering capacity 

• Possibility of organelle targeting 

• Stability increases upon reconstitution 

• Expression of 104-105 molecules/cell 

•Possibility to monitor calcium changes over long periods 

•No cell toxicity 

•CONS: 

• Low light emission : 1 photon/mol.  

  (fluorescent probes: 104 photons/mol. )  

• Requires transformation or injection  

• Requires a specific equipment (luminometer  - High sensitivity 

camera) 

Advantages and disadvantages of aequorin 



Dynamic range of calcium probes 



Pros Cons 

Fluorescent proteins 

- Possibility of organelle targeting 

- Measurement at the level of a single cell 

 

-Low dynamics (2-7) 

- Requirement of specific equipment (FRET) 

- Calcium buffering and /or CaM competition 

- pH sensitivity  

- Possibility of bleaching 

Chemical fluorescent probes  

-Good dynamics (40 for Fluo3) 

-Detection at the level of a single cell 

- Pb of permeability (injection) 

-Pb of compartmentation, leakage, stability (bleaching) 

-Buffering effects and toxicity with AM conjugates 

(release of formaldehyde and acetic acid) 

-Quantification only with ratiometric probes 

-Availability of permeant probes (AM conjugates) 

- Strong fluorescent signal 

Pros and cons of calcium probes 

Luminescent probes (aequorin) 

-Single cell measurement still difficult 

- Light detection equipment required (luminometer) 

- Low energy photonsimaging requires high 

sensitivity cameras 

- No need of excitation wavelength 

- Very high dynamics (up to 10,000) 

- Possibility of organelle targeting 

- Measurement at the whole tissu or organ level 

- No toxicity,  no buffering, no pH sensitivity 

- Calcium monitoring over long periods 

 

 



Applications 



Aequorin probe, a widely used tool in plant field 

Biological Procedures Online (2002) 4: 1 



 
 
Localisation    Targeting strategy   

Tissue targeting 
Root epidermis    « Enhancer trapped GAL4 »  

Root endoderm    « Enhancer trapped GAL4 »  

Root pericycle    « Enhancer trapped GAL4 » 

Stomata guard cells   KST1 promoter 

Pollen     G10 promoter 

Compartment targeting 

Cytosol*     CaMV 35S promoter  

Chloroplast*    Small subunit of RuBisCo  

ER      chitinase containing HDEL motif 

  

Nucleus (nucleoplasm)   nucleoplasmin fusion  

Tonoplast      H+-Ppase fusion 

Cell Wall (apoplaste)   targeting signal of  chitinase  

Mitochondria    N-term 90AA Beta –ATPase fusion 

 

*Plasmids from Molecular Probes [ Web site (http://www.probes.com)]. 

Specific tissue and compartment targeting of aequorin in plants 



Kiegle et al. (2000) Plant J., 23, 267-278 

Cortex  

Elong. zone epidermis 

endodermis 

epidermis 

pericycle 

Tissue targeting of aequorin using GAL4 transactivation strategy 

1. Selection of « enhancer trap » lines (GFP) 

2. Selection of strong phenotypes (mYFP) 

3. Measuring luminescence in specific lines 



Kiegle et al. (2000) Plant J., 23, 267-278 

NaCl 

Ca2+ responses to osmotic shocks in various tissues 



Kiegle et al. (2000) Plant J., 23, 267-278 

Ca2+ responses to a cold shock in various tissues 



Tic40 – inner envelope of chloroplasts : 130 AA of Tic 40 

 

OEP7 – outer envelope of chloroplasts : FL OE protein 7  

 

NTRC – chloroplast stroma : 85 AA NADPH-TRX reductase C 

 

AKDE1- mitochondrial matrix : 66 AA of oxoglutarate deshydrogenase 

 

CPK17 – plasma membrane : 58 AA of CPK17 

 

CPK17G2A – cytosol 

 

NLS – nucleus : NLS of SV40 

 

NES – cytosol :  NES  from Heat Stable Kinase inhibitor 

Aequorin can be specifically targeted in 

various plant compartments 

Mehlmer et al. J.  Exp.Bot. 2012: 63 (4): 1751–1761 



Construct structure of YFP-Aequorin (YA) 



Bar = 20µm 

YFP :  ex = 514nm, em = 525-546 nm 

Chl :  ex = 514nm, em = 657-726 nm 

   

X YA fusion alone 

Cytosol and nucleus targeting of aequorin  

in Brassica rapa protoplasts using YA construct 

Mehlmer et al. J.  Exp.Bot. 2012: 63 (4): 1751–1761 

Cytosolic and nuclear calcium  
monitoring 



CPK17G2A – cytosol (Benetka et al., 2008)  

Mehlmer et al. J.  Exp.Bot. 2012: 63 (4): 1751–1761 

Bar = 20µm 

YFP :  ex = 514nm, em = 525-546 nm 

Chl :  ex = 514nm, em = 657-726 nm 

   

Cytosol targeting of aequorin in Brassica rapa protoplasts 

using the CPK17G2A-NES-YA construct  



Localization of YA fusion proteins in various chloroplastic 

compartments in Brassica rapa protoplasts 

Mehlmer et al. J.  Exp.Bot. 2012: 63 (4): 1751–1761 

OEP7 – outer envelope of chloroplasts 

(Schleiff et al., 2001) FL OE protein 7  

Tic40 – inner envelope of chloroplasts (Chou 

et al., 2003) 130 AA of Tic 40 

YFP : ex = 514nm em = 525-546 nm 

Chl: ex = 514nm em = 657-726 nm 

   

Bar =20µm 

NTRC – chloroplast stroma (Perez-Ruiz et al., 

2009) 85 AA NADPH-TRX reductase C 



Calcium responses to cold shock in various 

cell compartments 

Mehlmer et al. J.  Exp.Bot. 2012: 63 (4): 1751–1761 

 



Cold-shock 

1µM flg22 

Light to dark 

 transition 

500mM sorbitol 

Targeted aequorin to stroma with signal peptide from  

RBCS (ribulose-1-5-biphosphate carboxylase) 

Comparison of cytosolic and chloroplastic calcium responses 

Cytosolic calcium 

Chloroplastic calcium 



Cytosolic and nuclear  

calcium signalling in plants 

Objectives of the group: 

 

To understand how calcium signatures and compartmentation can 

control response specificity to biotic and abiotic stimuli in plants 



Tools available in the group 



 

 aequorin 
Tobacco cells  (BY-2) 

Vacuole 

RE 

Ca2+ 
cyt 

Noyau 

Ca2+
nuc 

Aequorea victoriae 

Aequorin tobacco BY-2 cell lines 

Immunodetection of nuclear aequorin 
(Secondary Ab Texas red labelled) 



0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (min)
[
C

a
2

+
]
c
y

t
 (

µ
M

)

Cryptogein 1 µM

OGs 50 µg.mL
-1

 cells
Control

Cytosol 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 5 10 15 20 25 30 35 40 45 50 55 60

Temps (min)

[C
a

2
+
]n

u
c 

(µ
M

)

Cryptogein 100nM 

Laminarine 1mg/ml Ogs 100µg/ml 

Nucleus 

Elicitors-induced cytosolic and nuclear calcium  

transients in BY-2 tobacco cells 



30 µm 

30 µm 

30 µm 

4 µm 30 nm 

BY-2 tobacco cells Protoplasts Iodixanol gradient 

0% 

30% 

36% 

10% 

25% 

 purified nuclei Confocal microscopy 

DiOC6 labelling of ER 
TEM 

Nucleoplasm 

Scanning microscopy 

Dioc6  ER 

Xiong TC et al. (2004)  Plant J. 40 : 12-21 

Nuclei preparation from tobacco BY-2 cells 
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Mechanical 

Stimulus 20° 

Injection of Ice-cold  

buffer 

Mechanical stimulus 

Acidic buffer 20°C 

Acidic buffer 20°C 

pH 7.5 pH5.3 

pH of external medium controls  nuclear calcium  

responses to T° and mechanical shocks 



Inner membrane 

Nuclear pore complex 

Nucleoplasm 

Outer membrane 

Ca2+ 

Buffer 

Ca2+ 

Xiong et al. (2004) Plant J. 40: 12-21 

Briere et al. (2006) Cell Calcium 39: 293-303 

Mechanical shock 

Temperature 

Δ[Ca2+]nuc 

Nuclear calcium homeostasis 



Aequorin imaging  

at the organ or whole plant level 



Campbel et al. 1996 Cell calcium 19(3),211-216 

Cold shock (0°C) induced calcium transients  

on tobacco leaves 

Plants: N. plumbaginifolia 

Calcium probe : Aequorin 

Stimulus : Cold shock 

Monitoring: Intensified CCD 

(Photek 216) 

Integration time: 10 s 



Knight H. et Knight M. (2000) J. Exp. Bot., 51, 1679-1685 

Plants: seedlings of  Arabidopsis thaliana 

Calcium probe : Aequorin 

Stimulus : Cold shock 17° 6° 

Monitoring: Intensified CCD camera (Photek) 

Integration time: 60 s 

Cold shock- induced calcium variation 

on whole seedlings of A. thaliana 



Chitosan-induced nuclear calcium responses 

in A. thaliana roots expressing Nuc-Aequorin 

Monitoring: Olympus system LV200 with EmCCD Andor camera  

Lens:10X 

Stimulus:Chitosan: 0.5mg.ml-1  

Integration: 5 s 



Oligogalacturonides-induced cytosolic calcium responses  

in A. thaliana seedlings expressing Cyt-Aequorin 

Monitoring: EmCCD Hamamatsu camera 

Lens:  macro 

Stimulus: OGs:1mg.ml-1 

Integration: 5 s 



Phytosphingosine-induced nuclear calcium  

responses in A. thaliana seedlings 

Monitoring: EmCCD 

Hamamatsu camera 

Lens:  macro 

Stimulus: PHS: 25µM 

Integration: 5 s 

Time  
integration Kymograph 



Monitoring: ScienceWares system with EmCCD Andor camera in photon-counting mode 

Lens:  40x 

Stimulus: Chitosan:0.5 mg.ml-1 

Chitosan-induced nuclear calcium responses 

in A. thaliana hair roots 
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