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Abstract Heliotropium thermophilum can survive at a soil

temperature of 65 �C in natural and laboratory conditions,

but the mechanism of survival at high soil temperatures is

not completely known. The objective of this study was to

determine whether changes in abscisic acid (ABA),

osmolytes and heat shock factors (HSFs) levels have an

effective role in the development of thermotolerance in H.

thermophilum at high temperatures. Soil temperature at

which the thermophilic plant could live was gradually

increased in laboratory conditions and the effects of four

different temperatures (20 ± 5 �C: low, 40 ± 5 �C: mild,

60 ± 5 �C: medium, 80 ± 5 �C: extreme heat) were

observed for 15 days. The results showed that the content

of thiobarbituric acid reactive substances (TBARS) did not

significantly change in extreme heat, whereas the leaf

water potential and stomatal conductivity decreased. ABA

biosynthesis, accumulation of osmolyte compounds

including proline and total soluble sugars, and the

expression levels of heat shock transcription factor

A4A (HSFA4A), heat shock transcription factor

A3 (HSFA3), and heat shock factor (HSF4) genes signifi-

cantly increased with increase of soil temperature from

20 ± 5 �C to 80 ± 5 �C. In conclusion, we observed that

H. thermophilum is an extreme thermophile. This plant can

adjust osmotic activity to effectively take water through the

osmolytes accumulation, reducing water loss by ABA-

mediated stomatal closing and survive at high soil

temperatures by stimulating the increased transcription

level of HSFs.
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Introduction

The increase in overall temperature of the earth caused by

global warming negatively affect plant growth and pro-

ductivity (Bita and Gerats 2013). Plants show physical

changes in their habitats under high temperature stress

resulting in reduced performance of plant cell functions

including enzyme activity, membrane fluidity, formation of

protein complexes, chlorophyll synthesis, photosynthesis,

respiration, and redox status (Li et al. 2013). The response

of plants to high temperatures depends on the degree and

duration of heat stress. Plants can adapt in various ways to

deal with high temperatures including avoidance and tol-

erance. Avoidance mechanisms include changes in leaf

orientation, transpirational cooling, leaf rolling, early

maturation, and membrane lipid composition (Fitter and

Hay 2002). Tolerance mechanisms consist of cellular

mechanisms involving ion carriers, proteins, osmoprotec-

tants, antioxidants, signal cascades, and transcriptional

control (Hasanuzzaman et al. 2013).

One of the most common responses in many plant

species exposed to different abiotic stresses is the accu-

mulation of stress hormone abscisic acid (ABA), which

regulates various physiological processes (Ciura and Kruk

2018), which is also responsible for accumulation of pro-

tective proteins (late embryogenesis abundant proteins,

dehydrins, heat shock proteins (HSPs)), osmoprotectants,

stimulation of antioxidant capacity, and protection of
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turgor (Islam et al. 2018). Plants respond to adverse con-

ditions in developmental, physiological, and biochemical

ways, which require modulation of expression of stress-

responsive genes regulated by a network of transcription

factors (TFs), including HSFs, which play important roles

in response towards different abiotic stresses in plants by

regulating the expression of stress-responsive genes such as

heat shock proteins (HSPs) (Meng et al. 2016). In our

unpublished RNASeq data for Heliotropium thermophilum,

the expression levels of HEAT SHOCK TRANSCRIPTION

FACTOR A4A (HSFA4A), HEAT SHOCK TRANSCRIP-

TION FACTOR A3 (HSFA3), and HEAT SHOCK FACTOR

4 (HSF4) were elevated in high soil temperature conditions

(65 �C) compared to the low soil temperature conditions

(25 �C). ABA-induced accumulation of HSPs and associ-

ated heat tolerance in some plants species has been

reported (Campbell et al. 2001; Li et al. 2014). However, it

is yet to be ascertained whether heat tolerance in H. ther-

mophilum in extreme heat (80 ± 5 �C) is due to regulation

of HSFA4A, HSFA, and HSF4 genes. It is also known that

increased synthesis of compatible osmolytes (proline,

glycine betaine soluble sugars, polyols etc.) may adjust the

cellular osmotic potential, allowing the recapture of soil

water and maintenance of water potential in plant tissues

under high temperature (Iba 2002). Since various abiotic

stress factors involving heat stress result in different effects

on osmolytes accumulation, a better understanding of the

relationship between abiotic stress and osmolytes accu-

mulation in plants could be obtained under controlled

conditions by the application of these stress factors.

Plants with various tolerance mechanisms are more

successful in surviving stress conditions. Indeed, ther-

mophilic plants can grow more easily at high temperatures,

and protect themselves against sudden temperature chan-

ges. Although, the number of plants that can grow above

45 �C is limited, there are several known examples in the

literature. Thermal Agrostis scabra is a predominant grass

species in geothermal areas which can grow at soil tem-

peratures up to 45–50 �C (Tercek et al. 2003). In addition,

thermophilic Cyclosorus interruptus and Kunzea robusta

were found to grow in soil where temperatures reached

68 �C, while Campylopus pyriformis grows in soil at an

average temperature of 72 �C (Lange 2014; Smale and

Fitzgerald 2015). Heliotropium thermophilum, a ther-

mophilic flowering plant endemic to Turkey, can grow in

natural geothermal areas where soil temperatures range

between 55 �C and 65 �C (Tan et al. 2008). Our research

group reported that this plant was able to adapt at high

temperature (60 �C) under laboratory conditions as well,

and it does not seem to be stressed at 60 �C in natural or

laboratory conditions (Oztürk et al. 2020). In the present

study, H. thermophilum was exposed to 80 ± 5 �C soil

temperature for the first time under laboratory conditions.

Heliotropium thermophilum is able to survive extreme

temperatures which marks it out as an important plant

species to study the mechanisms responsible for survival

under high soil temperatures. To the best of our knowledge

there is no study reported about this mechanism in the

literature. The goal was to determine whether changes in

ABA, osmolytes and HSFs levels have an effective role in

the development of thermotolerance in H. thermophilum.

For this purpose, it was hypothesized that (1) H. ther-

mophilum may be extremely thermophilic plant which

could survive at extreme soil temperature (80 ± 5 �C), (2)
the extreme thermophile, H. thermophilum could evoke

osmotic adjustment, (3) H. thermophilum could highly

stimulate the increased transcription level of HSFs and

ABA biosynthesis under extreme soil temperatures.

Materials and methods

Plant material, growth conditions, and heat

treatments

Heliotropium thermophilum, is an endemic plant, whose

seeds were collected from the Buharkent geothermal area

in Aydın Province in Turkey, where the soil temperature is

55–65 �C. The seeds were exposed to cold shock at 4 �C
for 2 days on moistened filter paper in a petri dish before

germination. The seeds were sown in containers containing

soil from the natural environment. The plants were grown

in a heating unit under laboratory conditions (23 ± 2 �C,
50% humidity, light intensity 400 lmol m-2 s-1, 16 h

light/8 h dark period) in a walk-in growth chamber (Digi-

Tech PG42). The temperature of the soil was kept at

20 ± 5 �C for maximum germination of seeds in habitat

(Tan et al. 2008) and all plants were grown at this tem-

perature for 15 days for acclimatization. Then the plants

were divided into four temperature groups: 20 ± 5 �C
(low), 40 ± 5 �C (mild), 60 ± 5 �C (medium), and

80 ± 5 �C (extreme). Temperature was increased stepwise,

20 �C every 15 days to 40, 60, and finally 80 �C. The

temperature of the soil was periodically monitored by a

digital thermometer at a depth of 5 cm. After the soil

temperature reached to 80 ± 5 �C, the plants were kept in

a growth chamber for 15 days for each temperature. The

establishment of experimental groups and scheme of

applications has been shown in Fig. 1c. All plants were

regularly watered every day and harvested after 75 days.

The leaves of the plants were used for following analysis.
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Determination of thiobarbituric acid reactive

substances (TBARS) content

The level of lipid peroxidation was measured in terms of

thiobarbituric acid-reactive substances (TBARS) contents

as described by Heath and Packer (1968). Leaf samples

(0.1 g) were homogenized in 10 mL of 0.1% tri-

chloroacetic acid (TCA) by a homogenizer (TissueLyser

LT, Qiagen). The homogenate was centrifuged at 15,000

xg for 5 min. 0.5 mL of thiobarbituric acid prepared in

4 mL of 20% TCA was added to 1 mL of the supernatant.

The mixture was heated at 95 �C for 30 min and then

quickly cooled in an ice bath. After 10 min centrifugation

at 10,000 xg, the absorbance of the supernatant was

recorded at 532 nm. The value for non-specific absorption

at 600 nm was substracted. The TBARS content was cal-

culated using its absorption coefficient of

155 mmol-1 cm-1.

Determination of leaf water potential

Leaf water potential was measured using the water poten-

tial system (Psypro P2-132 Water Potential System)

according to Savage and Cass (1984).

Determination of ABA content

100 mg of fresh leaf samples were lyophilized for 3 h.

Lyophilized samples were extracted in MilliQ water

(Water/tissue ratio 50:1, v/w) at 4 �C for 16 h. Quantitative

ABA analyses were performed with Phytodetek ABA

ELISA kit. ( ±) cis–trans ABA (Sigma, St. Louis) was

used as a standard.

Determination of stomatal conductivity

Stomatal conductivity values (gs) were taken by dynamic

diffusion porometer (AP4 Delta T, UK). The calibration of

the instrument was performed with a standard calibration

plate according to the manufacturer’s instructions (Cohen

et al. 1987).

Determination of osmolyte contents

For proline content, dried samples (0.2 g) were taken and

filtered after homogenization with 10 mL of 3% sulfosal-

icylic acid. The filtrate was centrifuged at 4000 xg for

5 min.1 mL of supernatant was taken and 1 mL of acetic

acid and 1 mL of ninhydrin were added. The samples were

then placed in tubes at 100 �C for 1 h in a water bath. 3 mL

of toluene was added to the cooled samples and vortexed.

Then absorbance was read on a spectrophotometer at

520 nm (Bates et al. 1973).

For glycine betaine content, the extract prepared with

finely ground dry plant material (0.1 g) is mechanically

shaken with 20 mL of deionized water for 48 h at 25 �C.
The samples filtrated was diluted 1:1 with 2 N sulfuric

acid. Then, potassium iodide-iodine reagent (0.2 mL) was

added and centrifuged at 10,000 xg for 15 min. The

supernatant (1 mL) was dissolved in 9 mL 1,2-dichloro

ethane and the absorbance was measured at 365 nm

(Greive and Grattan 1983).

Fig. 1 The heating unit (a), Plants grown in the heating unit (b),
Establishment of experimental groups and scheme of applications.

Plant photographs were used to schematize the experimental setup (c),

Heliotropium thermophilum growing in soil at 20 ± 5 �C,
40 ± 5 �C, 60 ± 5 �C and 80 ± 5 �C (d)
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For total soluble sugar content, after the dry leaf sample

(0.2 g) was homogenized with 5 mL of 70% ethanol, the

homogenate was boiled at 80 �C for 3 min then centrifuged

at 10,000 xg for 5 min. 900 lL of distilled water was added

to 100 lL of the supernatant. This mixture was added to

1 mL of 5% phenol and 5 mL of 96% sulfuric acid and

their absorbance were measured at 490 nm (Dubois et al.

1956).

Gene expression analysis

Total RNA isolation was performed using Total RNA

Isolation Kit (Quiagen RNeasy Plant Mini Kit (Cat. No:

74904). For the cDNA synthesis, Applied Capacity cDNA

Reverse Transcription Kit (cat. no: 4368814, Applied

Biosystems) was used. The resulting cDNAs were used in

Real Time PCR assays to determine transcript level. For

analysis, 5 9 HOT FIREPol Eva Green qPCR Supermix

(08–36-00,008, Solis Biodyne) and CFX Connect Real

Time PCR System (BioRad) were used. RT-PCR process

steps were modified by Solis BioDyne instructions: 95 �C
for 12 min, 45 cycles of 95 �C for 15 s, 60 �C for 30 s, and

72 �C for 30 s, and a melt curve was held in 0.5 �C
increments from 60 �C to 95 �C. Actin 7 gene was used as

the reference gene for H. thermophilum. Data were nor-

malized according to reference gene expression level and

expressed as relative gene expression. Primers belong to

HSFA4A, HSF4 and HSFA3 genes are listed in Table 1,

which were designed using NCBI (The National Center for

Biotechnology Information) database.

Statistical analysis

Statistical analyses were carried out with one-way ANOVA

variance analysis tests (Duncan Multiple Comparison Test)

using Statistical Package for Social Sciences (SPSS).

P\ 0.05 was considered statistically significant.

For qRT-PCR analysis, the relative gene expression

level was analyzed using Bio-Rad CFX Manager 3.1.

Expression levels were tested with SPSS software. Anal-

ysis of variance mean values were performed with one-way

ANOVA (P B 0.05).

Results

TBARS content

TBARS content in the plants grown at 80 ± 5 �C was 1.2,

1.3 and 1.3-times higher than 20 ± 5 �C, 40 ± 5 �C and

60 ± 5 �C temperature groups, respectively. On the other

hand, membrane damage in plants growing in soil at

40 ± 5 �C and 60 ± 5 �C was lower compared to plants at

20 ± 5 �C and 80 ± 5 �C (Fig. 2a).

Leaf water potential

Leaf water potential of the plants at 80 ± 5 �C was 1.1, 1.4

and 1.1-times lower than 20 ± 5 �C, 40 ± 5 �C and

60 ± 5 �C temperature groups, respectively. The highest

leaf water potential was measured in plants subjected to

40 ± 5 �C compared to the 20 ± 5 �C, 60 ± 5 �C and

80 ± 5 �C temperature groups. Moreover, there was no

statistically significant difference between the plants

belonging to 20 ± 5 �C and 60 ± 5 �C groups (Fig. 2b).

ABA content

ABA content increased with rising soil temperatures from

20 ± 5 �C to 80 ± 5 �C. The highest increase in the ABA

content was observed at the 80 ± 5 �C group. As com-

pared to 20 ± 5 �C, 40 ± 5 �C and 60 ± 5 �C, there were
1.6-times, 1.4-times and 1.1-times increases in ABA con-

tent in plants growing in soil at 80 ± 5 �C, respectively
(Fig. 3a).

Table.1 Sequences of primers used in qRT PCR

Primers Sequences of primers

ACT 7 ACT 7-F: TACGAGCAGGAGCTTGACAC

ACT 7-R: CCGATCATGGAAGGCTGGAA

HSFA4A: HEAT SHOCK TRANSCRIPTION FACTOR A4A HSFA4A-F: TTCACCGACGCAAGCCAATA

HSFA4A-R: TTATGCCTCTCAAGCTCCGC

HSF4: HEAT SHOCK FACTOR 4 HSF4-F: GCTTCGTTCGCCAGCTTAAC

HSF4-R: TTCGGCGGCCTATTTTCGTA

HSFA3: HEAT SHOCK TRANSCRIPTION FACTOR A3 HSFA3-F: CCTCCTAATAGTACGCCGCC

HSFA3-R: CAAGGGGAGAGGCCATTGTT
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Stomatal conductivity

Stomatal conductivity was highest in plants grown at

40 ± 5 �C. In addition, there was no statistically signifi-

cant difference between 20 ± 5 �C and 60 ± 5 �C plant

groups. Stomatal conductivity was also lowest in plants

grown at 80 ± 5 �C (Fig. 3b).

Osmolyte content

The proline and total soluble sugar contents increased with

rising soil temperature compared with the 20 ± 5 �C soil

temperature. Highest increases in contents of prolin (1.9-

times) and total soluble sugars (1.7-times) were determined

in plants grown at 80 ± 5 �C compared to plants growing

in soil at 20 ± 5 �C.The glycine betaine levels were not

significantly affected from 20 ± 5 �C to 60 ± 5 �C, and
increased in the plants grown at at 80 ± 5 �C. In addition,

there was highest production of all osmolyte compounds in

plants grown at 80 ± 5 �C (Fig. 4).

Expression of HSFA4A, HSFA3, and HSF4 genes

The expression levels of HSFA4A and HSFA3 in H. ther-

mophilum at 40 ± 5 �C, 60 ± 5 �C and 80 ± 5 �C were

higher compared to H. thermophilum grown at 20 ± 5 �C.

Fig. 2 Changes of TBARS content (a), leaf water potential (b) in the

leaves of Heliotropium thermophilum growing in soil at 20 ± 5 �C,
40 ± 5 �C, 60 ± 5 �C and 80 ± 5 �C. Vertical bars represent

standard deviations of the means of three replicates. Different letters

denote significant differences among all treatments at P\ 0.05
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Moreover, highest increases in the levels of HSFA4A (4.7-

times) and HSFA3 genes (4.0-times) were observed in

plants grown at 80 ± 5 �C compared to plants growing in

soil at 20 ± 5 �C (Fig. 5 AB). The expression level of the

HSF4 gene showed an increase in expression levels of

plants at 40 ± 5 �C, 60 ± 5 �C and 80 ± 5 �C compared

to plants at 20 ± 5 �C. This increase in HSF4 gene

expression was highest in plants at 40 ± 5 �C and there

was no significant difference in HSF4 gene expression

between plants grown at 60 ± 5 �C and 80 ± 5 �C
(Fig. 5c).

Discussion

With the rise of global warming over the last century, the

effects of high temperature on physiology, growth, and

development of plant need to be better understood in order

to maintain agricultural productivity. Therefore, studies on

understanding the mechanisms present in thermophilic

plants against high temperature conditions are considered

important for growing temperature-tolerant plants. Plants

are generally exposed to many different stress factors such

as fungal, bacterial infections, grazing, drought,

Fig. 3 Changes of ABA content (a) stomatal conductivity (b) in the

leaves of Heliotropium thermophilum growing in soil at 20 ± 5 �C,
40 ± 5 �C, 60 ± 5 �C and 80 ± 5 �C. Vertical bars represent

standard deviations of the means of three replicates. Different letters

denote significant differences among all treatments at P\ 0.05
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temperature changes and salt etc. in their natural habitats.

Therefore, studies conducted under controlled laboratory

conditions are essential to better understand the thermo-

tolerance mechanisms. It has been reported that H.

thermophilum adapted to soil temperatures of 60 ± 5 �C
under laboratory conditions (Oztürk et al. 2020). But how

this plant develops tolerance mechanism for survival at

extremely high soil temperature (80 ± 5 �C) is not

Fig. 4 Alterations in organic osmolyte levels, proline (a), total

soluble sugar (b), glycine betaine (c) contents in the leaves of

Heliotropium thermophilum growing in soil at 20 ± 5 �C,

40 ± 5 �C, 60 ± 5 �C and 80 ± 5 �C. Vertical bars represent

standard deviations of the means of three replicates. Different letters

denote significant differences among all treatments at P\ 0.05
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yet clear. In the present study, role of ABA, osmolytes and

HSFs in thermotolerance to extremely high temperature

was investigated for the first time.

Plants under high temperature stress can undergo mor-

phological changes such as leaf senescence and chlorophyll

degradation (Allakhverdiev et al. 2008). In our study, there

Fig. 5 Alterations in the transcript level of HSFs, HSFA4A (a),
HSFA3 (b), HSF4 (c) in the leaves of Heliotropium ther-
mophilum growing in soil at 20 ± 5 �C, 40 ± 5 �C, 60 ± 5 �C and

80 ± 5 �C. Vertical bars represent standard deviations of the means

of three replicates. Different letters denote significant differences

among all treatments at P\ 0.05
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were no such symptoms (such as senescence, color loss in

leaves) in H. thermophilum during exposure to extreme

heat, but plant growth was observed as reduced (Fig. 1). It

has been reported that although obvious visual symptoms

were observed in heat-tolerant plants above 35 �C (Xu

et al. 2013; Rossi et al. 2017), these symptoms were not

observed in H. thermophilum at 60 ± 5 �C and 80 ± 5 �C.
Another parameter, TBARS level is one of the most

common markers of cellular oxidative damage, due to lipid

peroxidation (Savicka and Škute 2010). In the present

study, TBARS level (8.36 nmol g-1 fw) in leaves of plant

at 80 ± 5 �C was 1.20-times higher compared to plants at

20 ± 5 �C. Previous report in the literature stated that lipid

peroxidation (24.03 lmol g-1 fw) in Gossypium hirsutum

L. exposed to 45 �C for 2 h was 1.14-times higher com-

pared to the control plants at 30 �C (Gür et al. 2010).

Heliotropium thermophilum however, can survive in rela-

tively higher heat stress conditions (80 ± 5 �C). Here we

can also say that our result supported the observed mor-

phological changes of plants in present study.

The stress hormone ABA plays a key role in plant

defense responses and provides tolerance to abiotic stress

conditions (Wang et al. 2017). Heat stress induces a rapid

increase in endogenous ABA content, which promotes

water balance and strengthens heat tolerance by regulating

stomatal closure (Hsieh et al. 2013). The stomata plays a

very important role in reducing water loss in plants under

various environmental stresses (Osakabe et al. 2014).

According to our observations, with increase in soil tem-

perature from 20 ± 5 �C to 80 ± 5 �C, ABA level

increased and stomatal conductivity decreased for H.

thermophilum, and these two observations may be related.

The accumulation of compatible osmolytes (proline,

glycine betaine, soluble sugars, sugar alcohols, and tertiary

and quaternary ammonium compounds) in plants is also

one of the well-known defense mechanisms in tolerance to

high temperature stress (Sairam and Tyagi 2004; Wahid

2007). In our study, proline and total soluble sugar accu-

mulation significantly increased in the plants grown at

40 ± 5 �C, 60 ± 5 �C, and 80 ± 5 �C soil temperature. It

has been stated that osmotic regulation is achieved by the

accumulation of osmolyte compounds in plants exposed to

high temperatures (Sakamoto and Murata 2000). Proline,

glycine betaine, and total soluble sugars protect plants from

high temperatures by maintaining osmotic homeostasis,

buffering cellular redox potential, maintaining membrane

stability, or maintaining cell water balance (Farooq et al.

2008). Our observations have shown that the elevated

levels of these osmolytes (proline, glycine betaine, and

total soluble sugars) can play a role in sustaining water

status and maintaining turgor in H. thermophilum grown

under high temperature.

Plant transcription factors (TFs), play essential roles in

enhancing the stress tolerance of plants including pro-

tection from high temperature (Perez-Rodriguez et al.

2010). Plant heat shock factors (HSFs) are among the

most important TFs of high heat response in signaling.

Many studies have reported on the central roles of HSFs

in various abiotic stresses, including high temperature

stress (Scharf et al. 2012). In our study, the expression

levels of HSFA4A and HSFA3 genes significantly

increased with increasing temperature from 20 ± 5 �C to

80 ± 5� C. On the other hand, the expression level of

the HSF4 gene was not a statistically significant differ-

ence between plants grown at 60 ± 5 �C and 80 ± 5 �C.
Although, some studies have shown that some HSFs play

a critical role in thermotolerance, others have proved

them to play a less critical role (HSP101, HSA32,

HSFA1, HSFA3) and to have little effect on the ther-

motolerance of knockout variants (Larkindale and Vier-

ling 2008; Schramm et al. 2008; Yoshida et al. 2011).

Liu and Charng (2013) have showed that in the absence

of the HSFA1 transcription factor, a minimal but sig-

nificant acquired level of thermotolerance may be

achieved in Arabidopsis mutants after acclimation, pos-

sibly due to the induction of a small number of genes

regulated by other transcription factors such as bZIP28.

As mentioned in above results, it was determined that

there is a similarity among the changes in HSFs, osmolyte

compounds and ABA under high temperatures. The role of

abscisic acid, osmolytes and heat shock factors in high

temperature thermotolerance of H. thermophilum has been

investigated in the present study for the first time.

Conclusions

Our results showed that even though heat stress damages

such as senescence and pigment loss in leaves was not

observed in plants grown at 20 ± 5 �C, 40 ± 5 �C,
60 ± 5 �C and 80 ± 5 �C, plant growth and development

was reduced under high temperatures (60 ± 5 �C and

80 ± 5 �C). Heliotropium thermophilum displays optimal

growth at 40 ± 5 �C. Besides, water loss caused by tran-

spiration was prevented by stomatal closing by increased

ABA in plants grown under high soil temperatures.

Moreover, H. thermophilum have high osmotic adjustment

through the accumulation of total soluble sugar, glycine

betaine, and especially proline in leaf tissues and can sur-

vive in high soil temperatures by promoting the heat tol-

erance mechanism involving induction of

increased transcription level of HSFs. Our observations

suggests that H. thermophilum may be extremely ther-

mophilic plant that could survive at extreme soil

Physiol Mol Biol Plants (April 2021) 27(4):861–871 869

123



temperature (80 ± 5 �C) inducing various mecha-

nisms discussed in our study.
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