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Abstract Acquired thermotolerance in plants refers to the

ability to cope with lethal high temperatures following

acclimatization at sublethal high temperatures. Acquired

thermotolerance reflects an actual thermotolerance mech-

anism naturally occurring in plants and has been exten-

sively used in thermotolerant line identification. In recent

years, great progress has been achieved in the elucidation

of biochemical, physiological, and molecular mechanisms

of thermotolerance acquisition by using genomic approa-

ches, including microarray analysis and mutation, knock-

out, and overexpression of related genes. Heat shock

proteins (HSPs), such as Hsp101, BOBBER1, and Hsa32,

have been shown to be important for inducement and

maintenance of acquired thermotolerance. Downstream

target genes and upstream regulation factors of HsfA2,

including Hsa32, Apx2, small ubiquitin-like modifier pro-

teins, FK506-binding proteins ROF1 (FKBP62) and ROF2

(FKBP65), and heat shock transcription factor binding

protein, have been revealed to be involved in thermotol-

erance acquisition regulation. Moreover, the role of

abscisic acid, ethylene, hydrogen peroxide, and salicylic

acid in acquired thermotolerance has been demonstrated by

molecular evidence from Arabidopsis mutants and trans-

genic lines. Most importantly, different molecular mecha-

nisms of thermotolerance acquisition have been shown to

underlie various acclimatization methods. Establishment of

an experimental system similar to natural conditions is

important for further exploration of natural thermotoler-

ance mechanisms.
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Abbreviations

HS Heat shock

HSP Heat shock protein

HSF Heat shock transcription factor

SUMO Small ubiquitin-like modifier protein

ROF1 (FKBP62) FK506-binding proteins

ROF2 (FKBP65) FK506-binding proteins

HSBP HSF binding protein

IP3 Inositol 1,4,5-trisphosphate

Introduction

Thermotolerance refers to the ability of an organism to

cope with excessively high temperatures. Like other

organisms, plants have both an inherent ability to survive

high temperatures (basal thermotolerance) and the ability

to acquire thermotolerance. Acquired thermotolerance may

be induced by either exposure to short but sublethal high

temperatures (de Klerk and Pumisutapon 2008; Pumisuta-

pon et al. 2012) or by a gradual temperature increase to

lethally high levels, as would be experienced under natural

conditions (Larkindale and Vierling 2008). In natural

environments, in fact, plants not only experience regular

and gradual daily temperature range fluctuations, but

also become acclimated by gradual increases to high
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temperatures that would otherwise be lethal. Acquired

thermotolerance may therefore reflect the natural mecha-

nism that contributes to thermotolerance in plants. In

accord with this idea, plants grown under laboratory con-

ditions only showed differences in thermotolerance after

acclimatization treatments, with the diversity revealed by

the acclimatization treatment mirroring actual field per-

formance under high temperature conditions (Howarth

et al. 1997; Srikanthbabu et al.2002). The acquired ther-

motolerance assay has been used to identify thermosensi-

tive and thermotolerant genotypes of groundnut, pea,

wheat, sunflower, pearl millet, sorghum, and sunflower

(Srikanthbabu et al.2002; Howarth et al. 1997; Kumar et al.

1999). In addition, the acquired thermotolerance assay has

been employed to evaluate the roles of certain stress genes

in thermotolerance (Li et al. 2003). For instance, a trans-

genic plant overexpressing HsfA1b exhibited a higher basal

thermotolerance than the non-acclimated wild type (Li

et al. 2003). Because this superiority was lost following

heat acclimatization, however, the higher basal tolerance to

high temperature possessed by the transgenic plant does

not necessarily provide conclusive evidence for the role of

HsfA1b in thermotolerance under natural conditions.

In recent years, genomic approaches, such as mutation,

knockout, and overexpression of target genes, have facili-

tated research into the molecular mechanisms of acquired

thermotolerance (Dafny-Yelin et al. 2008; Perez et al.

2009; Liu et al. 2009b; Meiri et al. 2010). This review aims

to summarize the progress in acquired thermotolerance

research in plants in the past decades. It begins with a

discussion of the influence of plant materials and accli-

matization methods on thermotolerance acquisition, and

then focuses on physiological responses and molecular

mechanisms involved in thermotolerance acquisition in

plants.

Factors involved in acquired thermotolerance

development

Effect of growth stage of plant materials on acquired

thermotolerance development

Thermotolerance phenotypes vary depending on the growth

stage at which plants are assayed (Larkindale et al. 2005;

Clarke et al. 2004; Hong et al. 2003; Abernethy et al. 1989;

Harrington and Alm 1988). A study on Arabidopsis

mutants suggested that the UV-sensitive mutants uvh6 and

uvh3 showed defects in acquired thermotolerance during

seed germination or after 2.5-day growth in the dark. ABA

biosynthesis and ABA signaling mutants, such as aba1,

aba2, aba3, abi1, and abi2, showed defects in acquired

thermotolerance only after 4 days or more of growth

(Larkindale et al. 2005). In four Arabidopsis mutants (hot1-

1, hot2-1, hot3-1, and hot4-1) defective for acquired ther-

motolerance, the hot1-1 mutants exhibited defects after 2.5,

7, or 10 days of growth, while the acquired thermotoler-

ance defects in the hot2-1 mutants were apparent after 2.5

or 10 days of growth. In contrast, 2.5-day-old hot3-1 and

hot4-1 showed thermotolerance equivalent to approxi-

mately 30 or 60 % of wild type, respectively, whereas

10-day-old hot3-1 and hot4-1 behaved like the wild type,

indicating that different genes contribute to thermotoler-

ance acquisition at different stages of the plant life cycle

(Hong et al. 2003). Interestingly, a study on thermotoler-

ance acquisition during early germination of wheat seed

showed that the protective effect of acclimatization prior to

heat stress did not occur without initial application of

9–12 h of imbibition. Following 9 or more hours of imbi-

bition, thermotolerance was acquired after subsequent 38

and 40 �C pretreatments, suggesting that imbibition time is

important even though the mechanism is presently

unknown (Abernethy et al. 1989). Further investigation is

required to determine the relationship between acquired

thermotolerance and growth period.

Effect of acclimatization method on acquired

thermotolerance development

Different acclimatization temperatures, acclimatization

duration, or recovery periods between acclimatization and

heat stress have been found to result in varied thermotol-

erance development (Larkindale and Vierling 2008;

Howarth et al. 1997; Kumar et al. 1999; Harrington and

Alm 1988; Senthil-Kumar et al. 2003) (Table 1). Howarth

et al. (1997) reported that acclimatization at 43 or 45 �C

induced more thermotolerance in sorghum and pearl millet

seedlings than at 40 �C (Howarth et al. 1997). Acclimati-

zation at 43 �C for 1 h induced maximum thermotolerance

in pearl millet. When acclimatization time exceeded 4 h,

acquired thermotolerance gradually decreased. After accli-

matization at 43 �C for 12 h, thermotolerance of pearl

millet was similar to that of the non-acclimated control,

demonstrating the dependence of acquired thermotolerance

on acclimatization duration (Howarth et al. 1997). Tobacco

cells and soybean seedlings that were allowed recovery time

between acclimatization treatment and heat stress showed

greater thermotolerance than those subjected to immediate

heat stress following acclimatization. The longer the

recovery period, the greater the acquired thermotolerance,

suggesting that special physiological changes related to

thermotolerance induction might occur during the recovery

period (Harrington and Alm 1988; Lin et al. 1984) Indeed, a

large proportion of heat shock proteins (HSPs) have been
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found to be synthesized during the recovery period, which

may impart thermoprotection to plants to subsequent heat

stress (Harrington and Alm 1988; Lin et al. 1984).

Recently, Larkindale and Vierling (2008) compared the

effect of two different heat acclimatization treatments on

thermotolerance development in Arabidopsis, i.e., a grad-

ual increase to 45 �C (G acclimatization, 22–45 �C over

6 h) and a stepped heat pretreatment (S acclimatization,

90 min at 38 �C plus 120 min at 22 �C before 45 �C).

They found that G and S acclimatization treatments

allowed much longer plant survival upon exposure to

45 �C than no acclimatization (D, direct treatment without

acclimatization). G acclimatization induced greater ther-

motolerance than S acclimatization. Compared with S or D

treatments, plants subjected to G acclimatization showed

larger number of altered transcripts as well as more tran-

scripts with greater fold-changes and higher absolute

expression levels, which may have contributed to the

increased heat tolerance in G-acclimated plants (Table 1).

These results are the first evidence for different molecular

mechanisms underlying different acclimatization methods.

Further study on transcripts important for acquired

thermotolerance may contribute to the elucidation of

thermotolerance acquisition mechanisms.

Crosstalk between acquired thermotolerance and other

stress tolerance

In nature, plants frequently encounter several environ-

mental stresses, such as salt, drought, high temperature,

and cold, simultaneously. Cross-tolerance has been

observed in plants, whereby a response to one stress also

helps to protect the plant from another coincident or sub-

sequent environmental stress (Sabehat et al. 1998). Wen

et al. (2005) reported that salt adaptation induced thermo-

tolerance in the halophyte Artemisia anethifolia L. by

increasing thermotolerance of the PSII apparatus, including

PSII reaction centers, oxygen-evolving complexes, and the

light-harvesting complex. Such cross-tolerance has been

also observed in moss, where acquired thermotolerance

was induced by gradual dehydration (Meyer and Santarius

1998). This is not always the case, however. For example,

water stress was not observed to induce thermotolerance in

cotton seedlings (Burke and O’Mahony 2001). The

Table 1 Effect of acclimatization methods on acquired thermotolerance development

Factors Plant species Treatment Effects References

Acclimation

temperature

Sorghum or Acclimation at 40 �C for 2 h Little induced

thermotolerance

Howarth et al. (1997)

Pearl millet Acclimation at 43 or 45 �C for 2 h More induced

thermotolerance

Acclimation time Pearl millet Acclimation at 43 �C for 1 h Maximum thermotolerance Howarth et al. (1997)

Acclimation at 43 �C for [4 h Reduced thermotolerance

Acclimation at 43 �C for [12 h Similar to no acclimation

Recovery period Soybean 40 �C (15 min) ? 45 �C (2 h) 17 % seedlings longer than

10 cm

Lin et al. (1984)

40 �C (30 min) ? recovery (28 �C for

4 h) ? 45 �C (2 h)

64 % seedlings longer than

10 cm

Cultured tobacco

cells

38 �C (2H) ? 54 �C (14 min) 28 % of control fresh

weight

Harrington and Alm

(1988)

38 �C (2H) ? recovery (24 �C for

4 h) ? 54 �C (14 min)

48 % of control fresh

weight

38 �C (2H) ? recovery (24 �C for

8 h) ? 54 �C (14 min)

89 % of control fresh

weight

Acclimation

method

Arabidopsis 45 �C treatment Lowest survival rate and

viability

Larkindale and Vierling

(2008)

38 �C (90 min) ? 22 �C

(120 min) ? 45 �C

Moderate survival rate and

viability

Gradual increase from 22 to 45 �C over 6 h Highest survival rate and

viability

Sunflower 30 �C (control) Minimum recovery growth Kumar et al. (1999)

35 or 40 or 45 �C 4 h ? 54 �C Moderate recovery growth

35 �C 1 h ? 40 �C 1 h ? 45 �C

2 h ? 54 �C

Maximum recovery growth
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mechanisms of crosstalk between acquired thermotolerance

and other stress tolerance require further research.

Physiological responses involved in acquired

thermotolerance

High temperature has been found to induce accumulation

of reactive oxygen species (ROS), including 1O2, H2O2,

O2
-, and �OH (Vallelian-Bindschedler et al. 1998), which

causes oxidative stress in plants and consequent protein

denaturation, condensation (Salvucci et al. 2001), enzyme

inactivation, membrane damage, lipid peroxidation (Liu

and Huang 2000), and inhibition of photosynthesis, respi-

ration, and plant growth (Jiang and Huang 2001). Accli-

matization treatments might alleviate heat stress damage by

reducing ROS accumulation (Larkindale et al. 2005) and

electrolyte leakage (Howarth et al. 1997) and by increasing

antioxidant enzyme activity (Yuan et al. 2011), protein

synthesis (Kumar et al. 1999), chlorophyll stability (Burke

1998), and cell viability (Senthil-Kumar et al. 2003).

Analysis of Arabidopsis mutants defective in acquired

thermotolerance provided direct genetic evidence that

protection of membrane integrity and recovery of protein

activity/synthesis are required for acquisition of thermo-

tolerance (Hong et al. 2003). Unlike wild-type plants, hot2-

1 mutants with higher electrolyte leakage levels under

control conditions were not protected by acclimatization

treatment, indicating the importance of membrane proper-

ties in acquired thermotolerance (Hong et al. 2003). Luc

(firefly luciferase) is a very thermolabile protein, the

reactivation of which reflects ability to reactivate damaged

proteins in plants (Lee and Vierling 2000). The phenotypes

of Arabidopsis wild type and hot1-1 and hot3-1 mutants

correlated with Luc activity recovery levels, proving that

recovery of protein activity/synthesis was required for

thermotolerance acquisition (Hong et al. 2003).

Over the past decade, several thermotolerance line

identification methods have been established, including a

temperature induction response technique (TIR) based on

survival percentage evaluation (Clarke et al.2004; Senthil-

Kumar et al. 2003), a hypocotyl elongation assay (Kaplan

et al. 2004; Nishizawa et al. 2006), a cell viability assay

based on 2,3,5-triphenyl tetrazolium chloride reduction

(Song et al. 2012; Yildiz and Terzi 2008), a chlorophyll

accumulation assay (Camejo et al. 2005; Dash and Moh-

anty 2001), a membrane permeability assay (Song et al.

2008), a malondialdehyde content assay (Song et al. 2006),

and a chlorophyll fluorescence analysis based on chloro-

phyll fluorescence parameters such as the maximum

quantum yield and photochemical quenching (qN) (Ducr-

uet et al. 2007; Tsai and Hsu 2009).

Molecular responses involved in acquired

thermotolerance

Transcript changes involved in acquired

thermotolerance

Microarray and cluster analyses have revealed groups of

genes that are upregulated or downregulated during ther-

motolerance acquisition. Upregulated genes include those

encoding HSPs (Hsp101, organelle Hsp100/ClpB proteins,

Hsp70 s, and small HSPs), regulatory proteins that control

signal transduction and gene expression (including protein

kinase, protein phosphatase, and transcription factors

HsfA3, HsfA7a, NF-X1 DREB2A, DREB2B, DREB2C,

and DREB2H), various stress-related proteins (such as late

embryogenesis abundant proteins and cold-regulated pro-

tein COR6.6), and genes associated with oxidative stress,

photosynthesis, and programmed cell death. Eight upreg-

ulated genes important in acquired thermotolerance were

identified by phenotypic analysis of T-DNA insertion

mutants. These genes encode cytosolic ascorbate peroxi-

dase (APX2, At3g09640), transcription factors HsfA7a

(At3g51910), NF-X1 (At1g10170), ProOx, SGT1a

(At4g23570), Hsp110 (At1g79920), choline kinase

(At1g74320), and thaumatin (At4g36010) (Larkindale and

Vierling 2008; Lim et al. 2006; Epple et al. 2003; Beere

2004). Genes downregulated exclusively in acclimated

plants include those encoding cytochrome P450 s, genes

associated with disease resistance (including genes

encoding classical pathogenesis response proteins PR1 and

PR5) and cell detoxification (mainly genes encoding glu-

tathione S-transferases), and auxin-regulated genes (Lar-

kindale and Vierling 2008; Lim et al. 2006). There were

more transcripts that decreased in abundance than

increased, suggesting that suppression of transcription is

critical for thermotolerance (Larkindale and Vierling

2008).

Genome analysis has shown that different acclimatiza-

tion methods give rise to different transcript profiles and

degrees of thermotolerance. G acclimatization induced the

greatest heat tolerance as well as the largest number of

altered transcripts in comparison with S acclimatization

and direct heating with no acclimatization (Larkindale and

Vierling 2008). Enhanced survival of G-acclimated plants

can be attributed to four general factors: greater expression

of heat stress-induced transcripts (including many of

the classical HSP/ molecular chaperone genes), higher

expression of transcripts unique to thermotolerant plants,

increases in transcripts unique to the specific heat treatment

(gradual heating), and more effective repression of many

transcripts potentially damaging or presumably not needed

during stress (Larkindale and Vierling 2008).
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Translationally controlled tumor protein (TCTP) is an

important component of the target of rapamycin signaling

pathway, a major regulator of cell growth in animals and

fungi. Knowledge of the molecular function of TCTP in

plants is still limited, however. Recently, BoTCTP from

cabbage was found to be induced by high temperature.

Silencing of BoTCTP by RNA interference resulted in

reduced vegetative growth rate and impaired tolerance to

high temperature, suggesting the involvement of the BoT-

CTP gene in response to heat stress (Cao et al. 2010).

Phospholipase D (PLD) is a key enzyme involved in mem-

brane phospholipid catabolism during plant growth, devel-

opment, and stress responses. Recently, a novel PLD gene,

CbPLD, was cloned and characterized from Chorispora

bungeana (Yang et al. 2012). The transcripts of CbPLD were

induced and greatly increased in abundance under heat

stress, indicating that CbPLD may play an important role in

response to high temperature in C. bungeana. The functions

and mechanisms of TCTP and CbPLD in plant thermotol-

erance acquisition remain to be investigated.

Heat shock proteins involved in acquired

thermotolerance

Heat-shock proteins (HSPs) are a group of evolutionarily

conserved polypeptides, which are induced in all

organisms in response to environmental stresses and dur-

ing various developmental processes (Dafny-Yelin et al.

2008). HSPs produced in plants in response to tempera-

tures above optimum function as molecular chaperones to

prevent aggregation of denatured proteins, to assist in

folding of nascent polypeptides, to aid in refolding of

denatured proteins, or to resolubilize aggregated denatured

proteins (Wang et al. 2004; Parsell et al. 1994). In plants,

HSPs can be classified into five groups on the basis of

molecular mass: the small HSP (sHsp) family (Wang et al.

2004), the chaperonins (GroEL and Hsp60), the Hsp70

(DnaK) family, the Hsp90 family, and the Hsp100 (Clp)

family.

Hsp100 proteins (also known as Clp [caseinolytic pro-

tease proteins]), which are divided into class 1, including

ClpA and ClpB, and class 2, such as ClpX and ClpY

(HslU), are essential for acquired thermotolerance in

plants. Deletion of Hsp104 led to loss of acquired ther-

motolerance (Sanchez and Lindquist 1990). Antisense

inhibition of Lehsp100/ClpB and HSP101 resulted in

decreased thermotolerance acquisition (Yang et al. 2006;

Queitsch et al. 2000). Loss-of-function mutation of Hsp101

(Hong and Vierling 2000; Nieto-Sotelo et al. 1999) elim-

inated thermotolerance acquisition at several different

growth stages, proving that Hsp101 expression is essential

for acquired thermotolerance (Fig. 1).

Fig. 1 Overview of signaling pathways and factors involved in

acquired thermotolerance. This figure shows signaling components

involved in heat stress response and protective factors leading to

acquired thermotolerance that are described in the text. Black arrows

indicate connections with experimental evidence, and hollow arrows
with swallow tails indicate negative regulation relationships. Hollow
arrows with even tails and question marks represent as-yet-uniden-

tified factors in corresponding signal transduction pathways
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In contrast, Arabidopsis mutants defective in abscisic

acid, salicylic acid, ethylene, and oxidative burst signaling

all accumulated wild-type levels of Hsp101 and class I and

II sHsps in spite of thermotolerance acquisition defects

(Larkindale et al. 2005). Exogenous application of these

signaling agents enhanced plant thermotolerance without

an accompanying accumulation of HSPs (Larkindale and

Knight 2002), implying that thermotolerance acquisition

does not correlate with HSP accumulation. Consistent with

these observations, accumulation of Hsp58, Hsp60, Hsp46,

Hsp40, and Hsp14 induced by mild heat pretreatments

during the initial hours of imbibition conferred no acquired

thermotolerance in wheat seed (Abernethy et al. 1989).

Similarly, Hsp101 and Hsp17.6 induced by water stress did

not contribute to thermotolerance in cotton seedling coty-

ledons (Burke and O’Mahony 2001). Flower tissues with

accumulated sHSPs appeared to be susceptible to heat

stress (Dafny-Yelin et al. 2005). HSPs are developmentally

as well as environmentally regulated (Dafny-Yelin et al.

2008). The developmentally regulated HSPs might be not

metabolically available to assist in enhancing thermotol-

erance (Burke and O’Mahony 2001), possibly explaining

the diverse functions of HSPs. The underlying expression,

regulation, and action mechanism of HSPs at different

developmental and physiological state requires further

investigation.

Hsp90 is the most abundant constitutively expressed

HSP in eukaryotic cells, and is involved in developmental

processes related to maturation and folding of several

protein kinases and nuclear steroid hormone receptors

(Ludwig-Müller et al. 2000). In the Arabidopsis TU8

mutant, reduced levels of Hsp90 were found to be

responsible for deficiency in thermotolerance acquisition

following acclimatization treatment (Ludwig-Müller et al.

2000) (Fig. 1). Conversely, application of monocillin I

(MON), an Hsp90 inhibitor derived from the rhizosphere

fungus Paraphaeosphaeria quadriseptata, was found to

enhance expression of Hsp101 and Hsp70 and promote

heat tolerance in Arabidopsis seedlings (McLellan et al.

2007). Co-cultivation of P. quadriseptata with Arabidopsis

consistently leads to enhanced heat tolerance in Arabid-

opsis, suggesting that Hsp90 inhibition contributes to

thermotolerance induction (McLellan et al. 2007). Addi-

tional work is necessary to verify the function of Hsp90 in

heat stress response and to explain the contradictory

results.

Hsp70 gene families comprise four major subgroups,

localized respectively to cytosol, endoplasmic reticulum,

plastids, and mitochondria. The cytosolic Hsp70 gene has

been shown to contribute to thermotolerance acquisition

(Lee and Schoffl 1996) (Fig. 1). Plastid stroma Hsp70 s

may play a role in photosystem thermotolerance acquisi-

tion (Su and Li 2008). A T-DNA insertion knockout

mutation of Hsp70 led to reduced chlorophyll accumula-

tion, suggesting that plastid stroma Hsp70 s may play a

role in photosystem protection during heat shock and/or

recovery (Su and Li 2008).

sHSPs are divided into six different classes, which are

located in cytoplasm, nucleus, endoplasmic reticulum,

mitochondria, or plastids, respectively (Siddique et al.

2008). sHSPs are produced in response to heat, cold,

drought, or salinity (Burke and O’Mahony 2001; Dafny-

Yelin et al. 2008) and during various developmental pro-

cesses, such as embryogenesis, germination, and fruit

development (Medina-Escobar et al. 1998; Dafny-Yelin

et al. 2008). sHSPs might function as molecular chaperones

in vitro and in vivo, probably preventing irreversible pro-

tein aggregation and maintaining denatured proteins in a

folding-competent state under heat-stress conditions

(Basha et al. 2006; Ahrman et al. 2007). The sHSP genes

hsp18.1, hsp17.4, and hsp17.6A have been demonstrated to

be involved in thermotolerance acquisition (Dafny-Yelin

et al. 2008) (Fig. 1). BOBBER1, an sHSP expressed in

most tissues throughout plant development and required for

partitioning and patterning of the apical domain of embryo,

leaves, flowers, and inflorescence meristems (Schmid et al.

2005), is involved in both basal and acquired thermotol-

erance (Perez et al. 2009) (Fig. 1).

Rarely explored is the question of how long a previously

acquired thermotolerance may be sustained, which is

important for immobile plants that frequently face unpre-

dictable temperature fluctuations and other stresses.

Recently, Hsa32, a highly conserved 32-kDa Hsp present in

land plants but absent in most other organisms, has been

found to be essential for sustained acquired thermotoler-

ance although it does not affect growth and development

under normal conditions (Charng et al. 2006). Hsa32 is

essential for tolerance against severe heat challenges after

acclimatization treatment followed by a long recovery,

which is apparent from the fast decay of thermotolerance

observed in the absence of this protein (Charng et al. 2006).

Hsa32 might be required not for induction but rather for

maintenance of acquired thermotolerance (Charng et al.

2006; Kaplan et al. 2004) (Fig. 1). Interestingly, decreased

thermotolerance after long recovery in the Hsa32 mutant

hsa32-1 is reversible. A second acclimatization treatment

after recovery but before severe heat stress protected

hsa32-1 plants from being killed, suggesting that the sub-

sequent thermotolerance acquisition does not require

Hsa32 and seems to overcome the thermotolerance defect

of the mutant. It is possible that Hsa32 is not essential for

thermotolerance when other HSPs are also present at a

sufficient level to compensate for its absence (Charng et al.

2006). Detailed and systematic study of Hsa32 transcrip-

tomic, proteomic, and metabolomic profiles may provide

insights into the action of this protein.
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Thermotolerance acquisition depends not only upon

synthesis of HSPs but also upon their selective cellular

localization (Lin et al. 1984). In soybean seedlings, accli-

matization at 40 �C for 3 h followed by a chase at 28 �C

led to HSP synthesis, which then accumulated and pro-

vided thermal protection during a subsequent 45 �C treat-

ment. At the same time, some HSPs were observed to

selectively localize in cellular organelles during 40 �C

acclimatization and to relocalize rapidly (completed within

15 min) during a second 45 �C heat stress after a 28 �C

incubation, suggesting that selective localization of HSPs

during HS (heat shock) is important for thermotolerance

development (Lin et al. 1984).

Heat shock transcription factors involved in acquired

thermotolerance

Heat stress transcription factors (HSFs) are the central

regulators responsible for the expression of heat-responsive

genes, sHSPs, and additional molecular chaperones (Kotak

et al. 2004, 2007). Most current information on plant HSF

function is derived from tomato and Arabidopsis. In

tomato, HsfA1a, HsfA2, and HsfB1 form a regulatory

network that is responsible for the expression of HS

responsive genes (Perez et al. 2009). Arabidopsis thaliana

contains 21 Hsf homologs that can be sorted into classes A,

B, and C (Kotak et al. 2004, 2007; Charng et al. 2007). In

this model plant, 21 Hsfs form a complex HSF network in

which AtHsfA2 plays a dominant role in acquired ther-

motolerance regulation through transcriptional regulation

of certain heat-induced genes during recovery after accli-

matization (Charng et al. 2006, 2007; Schramm et al. 2006;

Nishizawa et al. 2006; Ogawa et al. 2007) (Fig. 1).

HsfA2 knockout mutants displayed reduced acquired

thermotolerance while HsfA2-overexpressing transgenic

plants exhibited increased acquired thermotolerance, indi-

cating that HsfA2 is required for acquired thermotolerance

(Li et al. 2005) (Fig. 1). Disruption of HsfA2 lowered

transcript and protein expression levels of sHSP genes

during recovery, including Hsp18.1-CI, Hsp25.3-P, and

Hsa32, which are essential for maintenance of acquired

thermotolerance during recovery periods (Charng et al.

2007). In addition, Apx2, which encodes ascorbate perox-

idase, a cytosolic hydrogen peroxide (H2O2) scavenging

enzyme, was significantly induced by overexpression of

HsfA2 and greatly suppressed by T-DNA insertion muta-

tion of HsfA2 during recovery (Li et al. 2005; Charng et al.

2007). These results provide direct genetic evidence for the

function of HsfA2 in acquired thermotolerance by sHSP

and Apx2 expression regulation.

Recently, several protein regulators, such as small

ubiquitin-like modifier (SUMO), ROF1 (FKBP62), ROF2

(FKBP65), and AtHSBP, have been found to be involved in

the regulation of HsfA2 in acquired thermotolerance (Mi-

ura and Hasegawa 2010; Meiri et al. 2010; Hsu et al. 2010)

(Fig. 1).

SUMO proteins are expressed throughout the eukaryotic

kingdom. In plants, SUMOylation is involved in stress

responses, pathogen defense, abscisic acid signaling, floral

induction, and gene regulation (Miura et al. 2007, 2009; Jin

et al. 2008; Miura and Hasegawa 2010). A recent study

showed that SUMO1 overexpression led to a decrease in

HsfA2 transcriptional activation. With regard to pheno-

type, seedlings overexpressing AtSUMO1 resembled

AtHsfA2 knockout seedlings, suggesting negative modifi-

cation of AtHsfA2 by AtSUMO1 (Miura and Hasegawa

2010). AtHsfA2 is a major transcription factor of sHSPs

(Schramm et al. 2006), which play an important role in

thermotolerance acquisition (Charng et al. 2006; Larkin-

dale and Huang 2004; von Koskull-Doring et al. 2007).

Seedlings overexpressing AtSUMO1 exhibited lower lev-

els of sHSP compared with wild-type plants, demonstrating

that AtSUMO1 interferes with sHSP expression. Although

the mechanism by which AtSUMO1 regulates AtHsfA2 is

not clear, this interference is possibly due, at least in part,

to modification of AtHsfA2. SUMOylation of AtHsfA2

might be involved in thermotolerance acquisition by sHSP

expression regulation (Cohen-Peer et al. 2010) (Fig. 1).

FK506-binding proteins (FKBPs) belong to the large

peptidyl-prolyl cis–trans isomerase (PPIase) family char-

acterized by its enzymatic activity, namely, the peptidyl–

prolyl cis–trans isomerization of polypeptide bonds (Galat

2003). Two Arabidopsis FKBPs, ROF1 (FKBP62) and

ROF2 (FKBP65), share 85 % sequence identity and similar

domain structures (Aviezer-Hagai et al. 2007). ROF1

(FKBP62) was recently shown to be involved in long term

acquired thermotolerance through its interaction with

Hsp90.1 and modulation of the heat shock transcription

factor HsfA2 (Meiri and Breiman 2009). ROF2 participates

in long term acquired thermotolerance in a different man-

ner than ROF1, i.e., ROF1 contributes to HsfA2 tran-

scription activity (Meiri and Breiman 2009), while ROF2,

in the presence of ROF1, completely suppresses this

activity. To explain this phenomenon, Meiri et al. (2010)

have proposed a model in which ROF2 is transcribed by

HsfA2 and participates in acquired thermotolerance via its

interaction with ROF1 and negative regulation of HsfA2 by

a feedback mechanism. Under normal growth conditions,

ROF1 interacts with Hsp90.1 in the cytoplasm. During heat

stress, various proteins are synthesized, including sHSPs,

HsfA2, and ROF2. HsfA2 interacts with Hsp90.1 and is

responsible for translocation of the ROF1-Hsp90.1-HsfA2

complex to the nucleus (Meiri et al. 2010; Yokotani et al.

2008). During the recovery period, this complex maintains

sHSP expression levels and ROF2 concentrations. After a

recovery period of about 6 h, ROF2 interacts with ROF1 in
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the nucleus and this heterodimer, together with Hsp90.1,

abrogates the transcriptional activity of HsfA2 (Meiri et al.

2010; Yokotani et al. 2008). Therefore, despite the antag-

onistic effect between ROF1 and ROF2, these proteins may

cooperate to modulate HsfA2 transcriptional activity and

further affect sHSP accumulation during the recovery

period, thus ultimately regulating acquired thermotolerance

development (Fig. 1).

AtHSBP, an Arabidopsis HSF binding protein, is heat

inducible and ubiquitously expressed in all tissues. Under

normal conditions, it is primarily expressed in the cyto-

plasm, but translocates to the nucleus in response to ther-

mal stress (Liu et al. 2006a). Recent studies indicate that

AtHSBP participates in acquired thermotolerance as a

negative regulator (Fig. 1). More specifically, AtHSBP

knockout mutation, overexpression, and protoplast two-

hybrid assays showed that AtHSBP might interact with

HSFs, such as AtHsfA1a, AtHsfA1b, and AtHsfA2, and

negatively affect AtHSF DNA-binding capacity to even-

tually decrease AtHsp101, AtHsp70, AtsHsp18.2, and

AtsHsp17.4 expression during HS recovery (Nishizawa

et al. 2006; Hsu et al. 2010).

These results provide a summary of recent progress on

HSF regulatory mechanisms, focusing on downstream

target genes and upstream regulation factors, in thermo-

tolerance acquisition. Interestingly, HSF-interacting pro-

teins mentioned above, such as SUMO, ROF1 (FKBP62),

ROF2 (FKBP65), and AtHSBP, all act as negative regu-

lators for HsfA2 transcriptional activity. Further investi-

gation of positive regulators of HSFs will aid in integral

clarification of HSF modulation mechanisms in acquired

thermotolerance.

While class A HSFs are associated directly with heat

stress responses, class B HSFs seem to have diverse roles

in plants. CphsfB1, an HSF cloned from papaya, was found

to be induced by heat stress in leaves while showing con-

stitutive expression in radicles, suggesting that CphsfB1

plays different roles, i.e., a heat-stress-dependent response

and a non-dependent response, in the two different plant

tissues. In papaya, CphsfB1 may act together with class-A

HSFs to regulate heat stress response (Tarora et al. 2010).

Growth inhibition is generally observed when plants are

stressed. Several HSFs, including AtHsfA3, AtHsfA2, and

OsHsfA2e, have been reported to confer a dwarf phenotype

(Ogawa et al. 2007; Yokotani et al. 2008). However, the

underlying mechanisms are still far from elucidation.

Recently, a study on BhHsf1, an HSF gene cloned from the

resurrection plant Boea hygrometrica, showed that over-

expression of BhHsf1 induced thermotolerance in plants by

upregulation of stress-related genes, including AtAPX2,

AtGolS1, AtMKP6.25, and various Hsps, such as Hsp22.0-

ER, Hsp18.1-CI, Hsp17.6B-CI, Hsp17.6C-CI, Hsp25.3-P,

Hsp26.5-P, Hsp70, and Hsp70T-2. Simultaneously,

overexpression of BhHsf1 downregulated expression of

genes related to DNA replication and mitotic cell cycle,

which led to cell proliferation, cell expansion, and even-

tually growth retardation (Zhu et al. 2009). These results

imply that HSFs may help integrate the processes of

growth retardation and stress tolerance.

Signal transduction involved in acquired

thermotolerance

A wide range of signaling molecules, such as abscisic acid

(ABA), ethylene, H2O2, and salicylic acid (SA), are

involved in high temperature sensing and signaling. Evi-

dence for their involvement includes the protective effects of

exogenous SA, ethylene precursor 1-aminocyclopropane-1-

carboxylic acid, H2O2, and ABA application (Larkindale

and Knight 2002; Rai et al. 2011) and increases in endoge-

nous SA, ethylene, H2O2, and ABA concentration during

heating or recovery periods (Ludwig-Müller et al. 2000;

Larkindale and Huang 2005). An investigation of 45 Ara-

bidopsis mutant phenotypes provided molecular evidence

for the importance of such signaling pathways in acquired

thermotolerance. ABA was most likely to be involved in

processes associated with acquired thermotolerance,

whereas SA and active oxygen species were critical for

events during both basal and acquired thermotolerance

(Fig. 1). Ethylene and genes related to antioxidant metabo-

lism were more likely to be critical in basal heat tolerance,

with less of a role in processes required for acquired ther-

motolerance (Larkindale et al. 2005). The role of calcium in

thermotolerance acquisition during or after recovery has

been confirmed (Larkindale and Knight 2002) (Fig. 1).

Phosphatidylinositol 4,5-bisphosphate phospholipase C

(PIP2-PLC) is a lipid-associated enzyme that employs PIP2

to produce inositol 1,4,5-trisphosphate (IP3) and diacyl-

glycerol. These two messenger substances play crucial

roles in amplifying extracellular stimuli and mediating

various physiological processes caused by different abiotic

stresses (Zhao et al. 2004). Results obtained in an earlier

study indicated that free SA and PIP2-PLC were involved

in thermotolerance acquisition (Fig. 1). PIP2-PLC stimu-

lation was preceded by an increase in free SA content and

followed by an increase in IP3 production, indicating that

PIP2-PLC was involved in the SA-mediated signal path-

way that leads to thermotolerance acquisition (Liu et al.

2006a) (Fig. 1). Another study on the roles of free SA,

ABA, and PIP2-PLC in thermotolerance development

confirmed the role of free SA as an upstream element in the

stimulation of PIP2-PLC in heat acclimatization-induced

thermo tolerance (Liu et al. 2006b). This study also dem-

onstrated that the response of PIP2-PLC to heat acclima-

tization was preceded by a peak in ABA, implying that
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PIP2-PLC mediated free SA and ABA induced thermo-

tolerance. Moreover, ABA elevation corresponding to heat

acclimatization preceded a free SA peak (Liu et al. 2006b)

(Fig. 1).

Work with pea leaves has revealed the role of conju-

gated salicylic acid (SA 2-O-ß-D-glucose, or SAG) in

acquired thermotolerance. Liu et al. (2006b) demonstrated

that free SA involved in acquired thermotolerance might be

derived from the conversion of SAG to free SA. Addi-

tionally, direct application of SAG induced thermotoler-

ance in plants, indicating a possible role for SAG in

thermotolerance acquisition. Further analysis with isotope

labeling and western blotting by the same research group

confirmed that SAG indeed participates in thermotolerance

acquisition regulation and might act as a signal molecule in

the same manner as free SA (Liu et al. 2006b, 2009b). The

translation between free SA and SAG and its function in

thermotolerance acquisition regulation, however, require

further research.

Plasma membrane H?-ATPase (PM H?-ATPase), an

important functional protein located on the plasma mem-

brane (PM), establishes a proton electrochemical gradient

across the PM and the tonoplast and is also involved in

stomatal opening, cell elongation, and intracellular pH

regulation (Kuhlbrandt 2004). Studies with pea leaves

suggest that PM H?-ATPase might be involved in the

development of SA-induced thermotolerance. Heat accli-

matization might first induce a peak in endogenous SA, and

then free SA may function as an upstream element to

trigger peaks in PM H?-ATPase transcript levels and

enzyme protein amounts (Liu et al. 2009a). The stimulation

of PM H?-ATPase can then induce the amplification of

signals, such as Ca2? (Kinoshita et al. 1995) and HSP (Fan

et al. 2000; Liu et al. 2001), to maintain PM integrity and

finally induce thermotolerance (Fig. 1). Further investiga-

tion on signal cross-talk should accelerate our under-

standing of signal transduction networks involved in

thermotolerance acquisition.

Conclusion

Acquired thermotolerance reflects an actual thermotoler-

ance mechanism naturally occurring in plants. A growing

number of researchers are beginning to focus on acquired

thermotolerance instead of basal thermotolerance (Clarke

et al. 2004; Larkindale and Vierling 2008; Dafny-Yelin

et al. 2008; Perez et al. 2009). Evidence exists that different

heat acclimatization methods lead to different thermotol-

erance development and transcript alteration, implying

divergent molecular mechanisms underlying various

acclimatization methods (Larkindale and Vierling 2008).

Establishment of an experimental system similar to natural

conditions is thus important for further exploration into

thermotolerance acquisition.

Although great progress has been achieved in the elu-

cidation of physiological and molecular mechanisms

underling thermotolerance acquisition, there are still many

important topics to be addressed by future research,

including the identity of HSP cellular targets and the reason

why thermosensitive Arabidopsis mutants accumulate

wild-type levels of Hsp101 and small HSPs. Several HSF-

interacting proteins that negatively regulate HSF tran-

scriptional activity have recently been revealed. The

question still remains as to whether there are active regu-

lation factors involved in HSF regulation. In addition, an

understanding of the signal pathways in thermotolerance

acquisition is currently lacking, and how the signals

interact with each other remains unclear. Finally, elucida-

tion of the establishment of signal network involved in

acquired thermotolerance remains a subject for further

exploration. A better understanding of all these processes is

essential for an overall and detailed understanding of nat-

ural thermotolerance acquisition mechanisms at the whole

plant level.
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