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CaM, a ubiquitous intracellular calcium sensor, plays an 
important role in plant responses to various biotic and abiotic 
stresses, by modulating the activity of a variety of downstream target 
proteins. It has been also considered as the key signaling connection 
in thermotolerance; however, its signal pathway is little known by 
now.1 Therefore, many unknown target proteins need our detailed 
and continuous work to find to enrich our knowledge about heat 
resistance. According to our analyses, 4 types of protein might be 
used as candidates in the research.

Transcription Factors (TFs)
TFs can bind to specific DNA sequences of other proteins to 

control related genes to turn on or off in the genome. According to 
the structure of their DNA-binding domain, they have been divided 
into several families. Among them, bZIP, WRKY, AP2/ERF, and 
MYB ones were reported to be involved in plant responses to biotic 
and abiotic stresses. According to high-density Arabidopsis protein 
microarrays a large number of TFs were believed to interact with 
CaM,2 though the binding of CaM to nuclear factors has been shown 
to affect their DNA-binding characteristics.3 Consistent with these 
findings, the direct interaction of a divergent CaM isoform and the 
transcription factor, MYB2, enhances salt tolerance in Arabidopsis.4 
So, we infer that there should be direct or indirect interaction between 
CaM and some TFs in the heat signal pathway.

Protein Kinases
Protein kinases can phosphorylate other proteins by chemically 

adding the phosphate group from ATP. This modification will rapidly 

change the function of their target proteins, and, thus, mediate the 
signal transduction. So far, many protein kinases have been reported 
to play important roles in various biotic and abiotic stress responses. 
For example, mitogen-activated protein kinases (MAPKs), calcium-
dependent protein kinases (CDPKs), and receptor-like kinases 
(RLKs) were reported to be involved in drought, high salinity, and 
low temperature signaling. Some of them containing CaM-binding 
sequence also reply to high temperature stimulation, whereas 
only 2 CaM-binding protein phosphatases, CBK3 and PP7, were 
reported as the CaM downstream components of the HS signaling 
transduction.5,6 So it is reasonable to consider that more ones are 
activated and interact to induce thermotolerance according to their 
binding to CaM.

Cyclic Nucleotide-Gated Ion Channel (CNGCs)
CNGCs are nonselective cation channels in plasma 

membrane that function in response to the binding of cyclic 
nucleotides. They have been found to play important roles in 
signal transduction. In Arabidopsis, CNGC gene family has 20 
members, which have both distinct and collaborative biological 
activities in different defense responses. Ca2+ entry has been 
shown to be essential to the specific heat activation of original 
signaling element. Several CNGCs were believed to control land 
plant thermal sensing and acquired thermotolerance through 
mediating Ca2+ influx. Indeed, 3 heat-activated Ca2+-permeable 
channels, CNGC2, CNGC6, and CNGC16, were recently 
found to be involved in HS responses.7-9 What’s more, the 
CNGC proteins contain a CaM-binding site and can interact 
with CaM,10 thus, their relationship in heat shock pathway is 
one ongoing subject in our group.

Cytoskeleton
The cytoskeleton, an indispensable component of the cell 

structure, is made up of proteins which assemble themselves 
into actin filaments, intermediate filaments, and microtubules. 
Their important functions are to help the cell with support, 
shape, and movement. Though there is little report about 
the involvement of the cytoskeleton in abiotic stress,11 but it’s 
well-known that the change of stomatal conductance is a very 
important measure for plants to adapt abiotic stress, and the 
stomatal movement depends on the cytoskeleton. Recently, 
cytoskeleton was reported to response to high temperature 
according to cell reconstruction.12 Also, it many components 
contain the CaM-binding domain. So we deduce that the 
interaction between CaM and cytoskeleton might be a potential 
key subject for plant adaptation to heat stress.

Apart from upon these proteins, there are still some 
important issues awaiting further studies such as metabolic 
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nitric oxide (nO) and hydrogen peroxide (H2O2) are 2 
key elements in heat shock (HS) signaling pathway. Our 
experiments indicate the existence of a cross talk among H2O2, 
nO, Ca2+ channels, and the activation of calmodulin (CaM) to 
stimulate the DnA-binding activity of HS transcription factors 
as well as the accumulation of HS proteins so as to confer 
thermotolerance. CaM can bind to target proteins to alter 
their function, acting as part of a calcium signal transduction 
pathway. However, only a few of its target proteins had been 
reported by now. Herein we are discussing them and conclude 
that in order to obtain a more profound understanding of CaM 
signaling, further research will be needed in the future.
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enzymes, regulatory factors, etc. We expect the emergence of 
some novel findings at this aspect in the future.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

This work is supported by the National Science Foundation 
of China (31370301).

 References
1. Wang L, Guo Y, Jia L, Chu H, Zhou S, Chen K, 

Wu D, Zhao L. Hydrogen peroxide acts upstream of 
nitric oxide in the heat shock pathway in Arabidopsis 
seedlings. Plant Physiol 2014; 164:2184-96; 
h t t p : / /d x .do i .o r g /10 .110 4 /pp.113 . 2 293 69 ; 
PMID:24510762

2. Popescu SC, Popescu GV, Bachan S, Zhang Z, 
Seay M, Gerstein M, Snyder M, Dinesh-Kumar 
SP. Differential binding of calmodulin-related 
proteins to their targets revealed through high-
density Arabidopsis protein microarrays. Proc Natl 
Acad Sci U S A 2007; 104:4730-5; http://dx.doi.
org/10.1073/pnas.0611615104; PMID:17360592

3. Onions J, Hermann S, Grundström T. A novel type 
of calmodulin interaction in the inhibition of basic 
helix-loop-helix transcription factors. Biochemistry 
2000; 39:4366-74; http://dx.doi.org/10.1021/
bi992533u; PMID:10757985

4. Yoo JH, Park CY, Kim JC, Heo WD, Cheong MS, 
Park HC, Kim MC, Moon BC, Choi MS, Kang YH, 
et al. Direct interaction of a divergent CaM isoform 
and the transcription factor, MYB2, enhances 
salt tolerance in arabidopsis. J Biol Chem 2005; 
280:3697-706; http://dx.doi.org/10.1074/jbc.
M408237200; PMID:15569682

5. Liu HT, Gao F, Li GL, Han JL, Liu DL, Sun DY, 
Zhou RG. The calmodulin-binding protein kinase 
3 is part of heat-shock signal transduction in 
Arabidopsis thaliana. Plant J 2008; 55:760-73; http://
dx.doi.org/10.1111/j.1365-313X.2008.03544.x; 
PMID:18466301

6. Liu HT, Li GL, Chang H, Sun DY, Zhou RG, Li 
B. Calmodulin-binding protein phosphatase PP7 
is involved in thermotolerance in Arabidopsis. 
Plant Cell Environ 2007; 30:156-64; http://
dx.doi.org/10.1111/j.1365-3040.2006.01613.x; 
PMID:17238907

7. Gao F, Han X, Wu J, Zheng S, Shang Z, Sun D, 
Zhou R, Li B. A heat-activated calcium-permeable 
channel--Arabidopsis cyclic nucleotide-gated ion 
channel 6--is involved in heat shock responses. Plant 
J 2012; 70:1056-69; http://dx.doi.org/10.1111/
j.1365-313X.2012.04969.x; PMID:22372427

8. Köhler C, Neuhaus G. Characterisation of 
calmodulin binding to cyclic nucleotide-gated ion 
channels from Arabidopsis thaliana. FEBS Lett 
2000; 471:133-6; http://dx.doi.org/10.1016/S0014-
5793(00)01383-1; PMID:10767408

9. Tunc-Ozdemir M, Tang C, Ishka MR, Brown 
E, Groves NR, Myers CT, Rato C, Poulsen LR, 
McDowell S, Miller G, et al. A cyclic nucleotide-
gated channel (CNGC16) in pollen is critical for 
stress tolerance in pollen reproductive development. 
Plant Physiol 2013; 161:1010-20; http://dx.doi.
org/10.1104/pp.112.206888; PMID:23370720

10. Finka A, Cuendet AFH, Maathuis FJM, Saidi Y, 
Goloubinoff P. Plasma membrane cyclic nucleotide 
gated calcium channels control land plant thermal 
sensing and acquired thermotolerance. Plant Cell 
2012; 24:3333-48; http://dx.doi.org/10.1105/
tpc.112.095844; PMID:22904147

11. Wang C, Zhang L, Yuan M, Ge Y, Liu Y, Fan J, 
Ruan Y, Cui Z, Tong S, Zhang S. The microfilament 
cytoskeleton plays a vital role in salt and osmotic 
stress tolerance in Arabidopsis. Plant Biol (Stuttg) 
2010; 12:70-8; http://dx.doi.org/10.1111/j.1438-
8677.2009.00201.x; PMID:20653889

12. Xu C, Liu Z, Zhang L, Zhao C, Yuan S, Zhang F. 
Organization of actin cytoskeleton during meiosis I 
in a wheat thermo-sensitive genic male sterile line. 
Protoplasma 2013; 250:415-22; http://dx.doi.
org/10.1007/s00709-012-0386-6; PMID:22350736


