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In the context of the current global warming, an increase in the 
global temperature and in the frequency and severity of heat 
waves is expected to affect crops productivity and distribution.1-4 
Land plants constantly encounter wide daily and seasonal ther-
mal variations and the agricultural yields are tightly correlated to 
their effective tolerance to thermal stress.5,6 To face this environ-
mental challenge and develop new strategies, it is crucial to fully 
understand the mechanisms by which mild variations in ambient 
temperature are accurately perceived, leading to a timely activa-
tion of the heat shock proteins (HSPs) and the establishment of 
an optimal thermotolerance. Temperature sensing in plants and 
other organisms has been the subject of numerous studies.5-7 For 
many years, the activation of HSPs following a sharp tempera-
ture increase was thought to be regulated by denatured cytosolic 
proteins, that upon sequestering Hsp70 and Hsp90, would de-
repress heat shock transcription factors (HSFs), thereby inducing 
the upregulation of heat shock genes.8-10 Yet, the overexpression 
of HSPs, so called the heat shock response (HSR), can be acti-
vated under mild physiological conditions that are unlikely to 
cause any protein denaturation in the cell.11-13 Although multiple 
HSR triggering mechanisms may co-exist,6,14-16 recent evidences 
in bacteria, algae, plants and mammalian cells point at the 

Understanding how plants sense and respond to heat stress is central to improve crop tolerance and productivity. Recent 
findings in Physcomitrella patens demonstrated that the controlled passage of calcium ions across the plasma membrane 
regulates the heat shock response (HSR). To investigate the effect of membrane lipid composition on the plant HSR, 
we acclimated P. patens to a slightly elevated yet physiological growth temperature and analysed the signature of 
calcium influx under a mild heat shock. Compared to tissues grown at 22°C, tissues grown at 32°C had significantly 
higher overall membrane lipid saturation level and, when submitted to a short heat shock at 35°C, displayed a noticeably 
reduced calcium influx and a consequent reduced heat shock gene expression. These results show that temperature 
differences, rather than the absolute temperature, determine the extent of the plant HSR and indicate that membrane 
lipid composition regulates the calcium-dependent heat-signaling pathway.
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plasma membrane as being the most sensitive, earliest upstream 
responder to a mild temperature elevation.17-20

Cellular membranes are extremely sensitive to diverse envi-
ronmental stimuli.21 The existence of membrane-associated 
thermosensors was repeatedly suggested but the exact nature of 
sensor components is still unknown. We recently showed that 
specific calcium channels in the moss P. patens plasma membrane 
regulate the heat signaling pathway. These channels regulate the 
onset of the acquired thermotolerance in the plant by controlling 
the intensity of the HSR via a preceding Ca2+ influx.20 Here, we 
report the effect of modulation of membrane lipid composition 
on the moss plant heat-induced calcium signature and HSR.

Membrane Fatty Acid Composition Change  
in Mosses Pre-adapted to Different Temperatures

Acclimation to different growth temperatures was shown to 
affect the intensity of the HSR.20 When organisms are exposed 
to mildly elevated temperatures, specific rearrangements of the 
membrane fatty acid composition occur to protect vital mem-
brane-related processes, such as lipid saturation, preventing 
membrane disruption during heat-induced hyperfluidization.22 
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fatty acids ratio (DBI/sat).24 The DBI/sat significantly decreased 
as growth temperature increased (Fig. 3), indicating that at the 
higher temperatures, membranes are enriched with more satu-
rated FAs. This effect is likely to reduce the non-bilayer propen-
sity25 and increase the rigidity of the moss membranes thereby 
optimizing the dynamics of membrane associated processes dur-
ing a heat-shock.26 Our findings are consistent with previous 
reports in Arabidopsis thaliana, where similar changes in individ-
ual FA species were observed when the growth temperature was 
shifted above 30°C.27 This suggests that the mechanisms leading 
to the remodelling of membrane lipids during temperature accli-
mation are conserved across land plants.

Heat-induced Ca2+ Influx is Influenced  
by the Growth Temperature

We have shown earlier that the extent of the HSR is tightly con-
trolled by the intensity of a preceding heat-induced Ca2+ influx 
across the plasma membrane.20 To test whether plant membrane 
composition has an effect on the heat-induced Ca2+ entry, we 
monitored the fluctuations of Ca2+ concentrations during an 
abrupt temperature upshift in tissues grown at various tempera-
tures (Fig. 2A). The UBI-AEQ moss line that constitutively 
expresses Aequoria victoria apoaequorin reporter,20 was grown 
either at 22, 30 or 32°C for ten days and then heat-treated at 
35°C. Monitoring the relative cytoplasmic calcium concentra-
tion during the first minutes of temperature increase, showed 
that the amplitude of the heat-induced calcium influx in tissues 
pre-adapted at 30°C and 32°C was reduced compared to 22°C 
(Fig. 2A). In 32°C-grown tissues, the maximal Ca2+ amplitude, 
observed at the 15th minute of the temperature shift up to 35°C, 
was 30% lower than in tissues grown at 22°C challenged with 
the same heat-shock temperature (Figs. 2A and 3). This lower 
calcium transient correlated well with the consequent milder 
activation of the Hsp17.3B promoter observed in HSP-GUS 
line28 grown at the same temperatures and submitted to 1 h heat 
shock at 35°C (Fig. 2B). This indicates that exposure to a given 
elevated temperature (here 35°C) does not exclusively determine 
the intensity of Ca2+ entry, nor the subsequent activation of heat 
shock genes. Rather, the growth temperature plays an impor-
tant role, likely by modulating the membrane composition and 
membrane physical state, which in turn influences the dynamics 
of the membrane-associated heat sensor. These findings are in 
line with earlier reports that membrane fluidizers, such as benzyl 
alcohol, cause a HSR at non-inducing temperatures in plants and 
bacteria.11,12,28 Thus, in Escherichia coli19 and Synechocystis29 pre-
adaptation to different growth temperatures modulated the sub-
sequent heat-induced expression levels of major classes of HSPs 
and affected thermotolerance.

Materials and Methods

Plant material and growth conditions. Physcomitrella patens 
(Gransden wild type) was grown on moss solid minimal medium 
overlaid with a cellophane disk as in Saidi et al.28 and maintained 
in a temperature-controlled chamber at indicated temperatures 

To investigate the effect of such rearrangements in the membrane 
composition on the heat-sensing and signaling pathway, we first 
measured the level of lipid unsaturation in membranes of P. pat-
ens grown at 22°C or 32°C for ten days.

The total fatty acids (FA) were extracted and the abundance of 
the different species was estimated (Fig. 1). Membrane composi-
tion in tissues grown at 32°C showed a clear remodelling of mem-
brane FAs in response to elevated growth temperature. In plants 
acclimated to higher growth temperature, we observed a general 
decrease in polyunsaturated FAs (PUFA), in particular within 
the C16 and C18 FAs. The most pronounced change occurred 
in 16:3 and α-Linolenic acid, 18:3 n-3, whose amounts were 
respectively decreased by 86% and by half at 32°C, as compared 
to plants grown at 22°C (Fig. 1). Conversely, the proportion of 
diunsaturated FAs, 18:2 and 16:2, and also the monounsaturated 
oleic acid (18:1) displayed an interesting opposite response and 
their levels almost doubled in plants grown at 32°C, as compared 
to plants grown at 22°C (Fig. 1). Similarly, the saturated palmitic 
acid, 16:0, displayed a 60% increase after ten days at 32°C. In the 
C20 FA series we were able to detect only polyunsaturated spe-
cies. Although the trienoic acid, 20:3 n-6, decreased as growth 
temperature increased, like C16 and C18 analogs, the most abun-
dant C20 FA, arachidonic acid (20:4 n-6, as well as 20:5 n-3), 
showed opposite changes (Fig. 1). The level of 20:4 significantly 
increased by 45% at 32°C compared to 22°C. These long-chain 
polyunsaturated FAs are abundant in P. patens and other algae, 
compared to higher plants.23 Their exact role during plant accli-
mation to higher temperatures is not known. The observation 
that C16, C18 and C20 FAs displayed distinct patterns, suggests 
that individual classes of FA have specific roles in maintaining 
optimal membrane functions. The overall membrane unsatura-
tion level was expressed using the double bond index/saturated 

Figure 1. Membrane lipid composition is modulated by the growth 
temperature. Percentage of saturated versus unsaturated fatty acids in 
P. patens membranes measured from tissues grown for ten days at 22°C 
or 32°C. Fatty acids were quantified by GC-MS and values are expressed 
as percentage of total weight and expressed as means ± S.D. (n = 4). 
Significant changes (p < 0.05) were marked by *.
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transients, reconstitution of aequorin was performed in vivo by 
incubating UBI-AEQ protonemal tissues, in darkness, for one 
hour in standard moss liquid medium supplemented with 3 μM 
coelenterazine followed by brief three times washing. The heat 
shock of UBI-AEQ tissues was performed in liquid minimal 
medium (containing 2 mM CaCl

2
) using SCREENMATES 96 

well microtiter plates (Thermo Fisher Scientific, Hudson, NH), 
directly in the 1420 VICTOR light luminometer (PerkinElmer, 
Waltham, MA). The temperature in the medium was continu-
ously recorded using YF-160 type-K thermocouple (Eppendorf, 
Hamburg, Germany). Luminescence counts (CPS) were inte-
grated every 3 s and, at the end of each monitoring, a discharg-
ing solution (0.1 M CaCl

2
, 10% ethanol, 2% Nonidet P40) was 

and durations. HSP-GUS and UBI-AEQ lines were previously 
described in Saidi et al.28 and Saidi et al.20 respectively. To per-
form heat shocks, protonemal tissues were transferred to liq-
uid minimal medium using Costar multiwell plates (Corning 
Incorporated, Corning, NY) as detailed in Saidi et al.20

Fatty acid analysis. Moss tissues were grown under different 
temperatures using a solid minimal medium lacking ammonium 
tartrate. This will reduce the proportion of thylakoid mem-
branes in the samples by reducing the density of chloroplast-
enriched cells (chloronemata) and increasing the proportions 
of caulonemata, containing fewer chloroplasts. Total FAs were 
extracted as in Folch et al.30 with the following modifications: 
Grounded P. patens tissues were heated in 2 mL isopropanol for 
5 min at 85°C. After temperature cooled down, 2 mL methanol 
(containing 0.001% butylated hydroxytoluene as antioxidant) 
and 8 mL chloroform were added. The mixture was left at room 
temperature for one hour with regular vortexing. Afterwards, 
3 mL 0.2 M KCl was added to allow phase separation to occur 
[final composition of chloroform:alcohol:water (2:1:0.75, v/v)]. 
After vigorous vortexing, the sample was centrifuged at 600 g 
for 10 min. The lower chloroform phase was evaporated and 
the residue was resolubilized in chloroform:methanol (2:1, 
v/v). The extracted lipids were transmethylated in 1 ml 5% 
acetyl chloride in methanol, at 80°C for 2 h and the resulting 
fatty acid methyl esters were extracted with hexane. The total 
fatty acid composition was determined by a gas chromatogra-
phy-mass spectrometry (GC-MS) system (GCMS-QP2010, 
Shimadzu) equipped with a BPX-70 capillary column (10 m x 
0.1 mm ID, 0.2 μm film thickness) maintained at 150°C for 2 
min, programmed at 6°C/min to 215°C, then at 20°C/min to 
235°C and maintained isothermally for 2 min. Identification 
and calibration of peaks was made by comparison with authen-
tic standards and confirmed with NIST (National Institute of 
Standards and Technology, Gaithersburg, MD) MS library 
spectra.

In vivo reconstitution of aequorin and Ca2+-dependent 
luminescence measurements. In order to monitor calcium 

Figure 2. Effect of growth temperature on heat-induced calcium influx. (A) UBI-AEQ moss tissues were grown at 22, 30 or 32°C for ten days and the 
cytosolic calcium concentrations was measured during a heat shock at 35°C. Luminescence counts were integrated every 3 s. Displayed traces are 
representative of three replicates. (B) Hsp17.3B promoter activation reflected by specific GUS activity in HSP-GUS tissues grown at 22°C, 30°C or 32°C 
for ten days and heat shocked 1 h at 35°C. The values shown were measured after 8 h recovery at 22°C and correspond to means of three independent 
experiments. The standard deviations are shown.

Figure 3. Correlation of the unsaturation level of membrane FAs, 
maximal Ca2+ influx and the extent of HSR in tissues grown at 22 or 
32°C. Sequential events occurring before, during and after 1 h heat 
shock at 35°C in tissues acclimated at indicated temperatures. Values of 
22°C-grown tissues from Figures 1 and 2 were normalized to 100%. DBI/
sat: Double Bond Index/saturated fatty acids ratio measured before the 
application of the HS. Ca2+: values of maximal cytosolic calcium con-
centration at the 15th minute of the HS. HSR: GUS specific activities from 
HSP-GUS line reflecting the extent of the HSR 8 h following the HS.
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expression (Fig. 3). The sequential events described in here add 
to a growing body of evidence that sets the plasma membrane 
as one of the main cellular component of sensing thermal stress. 
In conclusion, our working hypothesis for future research is 
a scheme whereby a mild temperature upshift transiently 
increases the fluidity of the plant cell plasma membranes, that 
transiently opens specific Ca2+ channels, yet to be identified. 
Crossing Ca2+ ions bind to calmodulin-binding domains that 
activate a specific calmodulin- and kinase-dependent signaling 
pathway, that activates heat-shock factors, which upregulate 
HSP expression. This improves plant acquired thermotoler-
ance32 (Sup. Fig. 1).

Acknowledgements

We are grateful to the technical help of Maude Muriset. This 
research was financed by Grant 3100A0-109290 from the Swiss 
National Science Foundation and by the Hungarian National 
Scientific Research Foundation (OTKA NK 68379 and OTKA 
NN 76716).

Note

Supplementary materials can be found at:
http://www.landesbioscience.com/journals/psb/article/13163

added to measure remaining active aequorin in the sample. The 
concentration of cytosolic calcium was determined by calculat-
ing the pCa using the equation described in Plieth.31 Displayed 
traces are representative of three replicates.

GUS assays. GUS specific activities were determined using 2 
mM of the MUG substrate, as in Saidi et al.20 GUS activity was 
expressed in nmol of hydrolyzed 4-Methylumbelliferone (MU) 
produced per minute per milligram of total soluble proteins. 
GUS activities were measured eight hours after the heat shocks. 
The GUS activity values are means of three independent experi-
ments and standard deviations are shown. Soluble protein con-
centrations were determined by the Bradford method (Bio-Rad, 
Hercules, CA) according to the to manufacturer’s instructions.

Conclusions

The analysis of the membrane lipid composition in the moss P. 
patens adapted to slightly elevated growth temperatures showed 
a significant decrease in the level of unsaturation of membrane 
FAs, an increase in the membrane rigidity that explains the 
lower heat-induced Ca2+-influx. This attenuated calcium signa-
ture in turn correlates with an attenuated outcome of the heat 
shock signaling pathway, as revealed by the reduced HSP-gene 
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