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Preface

The sedentary nature of plants constantly exposes them to extreme climatic changes
in various geographic regions. Their ability to overcome these adverse conditions,
grow, and thrive is a result of evolutionary changes in various morphological and
physiological mechanisms that enable plants to survive extremely stressful
conditions.

The importance of plants in human survival cannot be overstated, not only in
terms of an important source of food, but also for its critical therapeutic value. Since
the dawn of time, the use of plants for therapeutic purpose has been recorded in all
major cultures.

Heat-shock proteins (HSP) are stress proteins known to provide cytoprotection
and play important roles in protein folding/unfolding and modulate cellular immune
responses. HSP are found in all plant species and are associated to plant biotic
stresses and are often referred to as stress defense proteins. In addition, HSP serve
a critical role in the plant’s response against key crop phytopathogens around the
world.

Heat-Shock Proteins and Plants provides the most up-to-date and concise
reviews and progress on the role of heat-shock proteins in plant biology, structure,
and function and is subdivided into chapters focused on Small Plant HSP (Part 1),
Larger Plant HSP (Part II), and HSP for Therapeutic Gain (Part III). This book is
written by eminent leaders and experts from around the world and is an important
reference book and a must-read for undergraduate, postgraduate students, and
researchers in the fields of agriculture, botany, crop research, plant genetics and
biochemistry, biotechnology, drug development and pharmaceutical sciences.

Dammam, Saudi Arabia Alexzander A.A. Asea
Boston, MA, USA Stuart K. Calderwood
Houston, TX, USA Punit Kaur

Atlanta, GA, USA
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Small Plant Heat Shock Proteins (HSP)



Chapter 1
Small Heat Shock Proteins: Roles

in Development, Desiccation Tolerance
and Seed Longevity

Harmeet Kaur, Bhanu Prakash Petla, and Manoj Majee

Abstract Small heat shock proteins are one of the five classes of heat shock pro-
teins, a family named after their expression in response to heat shock. Despite their
name some members of this family have been shown to express during a gamut of
non-stress conditions in a variety of plant species. Small HSPs have been known to
accumulate during plant developmental stages like pollen development, seed matu-
ration stages, early seed germination and also in storage organs. Interestingly, aging
induced accumulation of small HSPs has also been observed in a few species. The
spatial and temporal accumulation pattern of small HSPs also correlates well with
other seed abundant proteins like late embryogenesis abundant (LEA) proteins.
Regulation of these developmental stages responsive and non-stress induced small
HSPs is also distinct from the heat stress regulated transcript induction in terms of
involvement of some novel and exclusive transcription activators like ABI3 and
HsfA9. Small HSPs are known to function as molecular chaperone and thus their
role in plant development especially during seed development has been discussed in
the light of their functional implication during these stages.

Keywords Pollen ¢ Seed development « Chaperone * LEA protein * Glassy matrix
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GUS  B-glucuronidase

HSE  heat shock element

HSF  heat shock transcription factor
HSP  heat shock proteins

LEA late embryogenesis abundant
ROS reactive oxygen species

1.1 Introduction

Small heat shock proteins (HSPs) are the major class of heat shock protein repertoire
during heat stress in plants. This class typically contains a highly conserved ~90
amino acid long alpha crystalline domain (ACD) at the c-terminal end (Waters et al.
1996). This class comprises of heat shock proteins ranging between 15 and 42 kDa in
monomeric molecular weight, although they exist as large oligomeric assemblies of
2-48 subunits (Vierling 1997; Waters et al. 1996; Basha et al. 2012). These proteins
are encoded by six nuclear gene families in plants making them the most complex
class of HSPs in plants. These families vary on the basis of sequence similarity among
member genes and their respective intracellular localization. Two cytosol localized
(CI and CII) and rest organelle localized (e.g. Endoplasmic reticulum, chloroplast,
mitochondrial) small heat shock protein families have been identified in plants (Waters
et al. 1996). Small HSPs act by binding to cellular proteins during stress conditions
and prevent their aggregation or misfolding. Although they are not themselves
involved in folding they assist by maintaining the target proteins in a conformation
which can be readily refolded once the constraining factors cease to exist (Lee et al.
1995, 1997). Earlier, small HSPs were thought to express almost exclusively in veg-
etative tissues only under heat stress, but studies have demonstrated the role of these
proteins in diverse stresses like cold, dehydration, salinity and oxidative stress (Waters
et al. 1996; Wang et al. 2004, 2005). A plethora of studies both in animal and plant
systems provide evidence for the physiological role of Heat shock proteins in general
and small HSPs in particular during developmental processes (Waters et al. 1996).

Small HSPs are functional molecular chaperones and protect the substrate pro-
teins against thermal aggregation or denaturation (Lee et al. 1995, 1997). These
proteins are highly capable of binding substrate proteins with non-native conforma-
tions. This binding possibly involves hydrophobic interactions and does not require
ATP thus making them ATP independent chaperones. Although they are not directly
involved in refolding reactions and only facilitate refolding by ATP dependent chap-
erones (Ehrnsperger et al. 1997; Lee et al. 1997; Lee and Vierling 2000).

1.2 Small HSPs and Their Role in Development

Small heat shock proteins (sHSPs) are ubiquitously produced by all organisms
including plants in response to increased temperature and certain other stresses to
protect organisms from stress induced damage or to repair damage caused by stress
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Fig. 1.1 Role of small HSPs during plant development processes

(Lindquist and Craig 1988; Vierling 1997). Recent studies have demonstrated the
function of small HSPs during development in plants which range from pollen
development, seed development and germination to their accumulation in storage
organs as well (Fig. 1.1). These developmental processes related roles of small HSP
family are discussed here in greater detail.

1.2.1 Role of Small HSPs in Pollen Development

Small HSPs have been shown to play important role during various developmental
stages in the plant. Class II small HSPs have also been shown to be expressed in
meiotic microsporocytes in lily (Bouchard 1990) and in developing maize anthers
(Bouchard and Walden 1990; Dietrich et al. 1991). The transcript of one such gene
HSP18 was found to accumulate during meiosis phase of pollen development in lily
and maize (Bouchard 1990; Bouchard and Walden 1990). This mRNA accumula-
tion was observed in absence of high temperature and was independent of the heat
stress mediated induction of small HSP mRNAs. The role of sHSPs in developmen-
tal stages was also observed as the higher expression of HSP18 in yeast
(Saccharomyces cerevisiae) during late prophase of meiosis (Kurtz et al. 1986).
Studies on plants, yeast and Drosophila meiotic stages linked accumulation of HSPs
sheds light on the development related roles in meiotic cells (Winter and Sinibaldi
1991). Later studies done in tobacco by Zarsky et al. (1995) clearly demonstrated
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the transcriptional activation of a small HSP gene, NtHSP18P in the course of initia-
tion of embryogenesis in pollen. NtHSPI18P mRNA was shown to be induced at
normal non heat stress temperatures just before anthesis, which is marked by a
dehydration phase during pollen development. A decade later Volkov et al. (2005)
analysed the differential accumulation of small HSPs during pollen development
and heat stress in tobacco. They identified eleven cytosolic small HSP coding
cDNAs which were not expressed under normal temperatures but exclusively dur-
ing pollen development. The protein products of these genes were also shown to be
expressed throughout pollen developmental stages in a coordinated manner during
early and late stages of pollen development.

1.2.2 Role of Small HSPs in Seed Development

Small HSP family of proteins are not only synthesised in response to stress condi-
tions but also have a developmental response in organs like seeds. First reports of
the presence of small HSP transcripts in seeds came from the work in Pisum sati-
vum (DeRocher and Vierling 1994, 1995) where these transcripts were present in
the embryonic axes and cotyledons of pea seeds and declined rapidly within a few
hours of germination. Helm and Abernethy (1990) studied the HSP levels in wheat
embryos and dry seed and described the presence of transcripts as well as proteins
from several classes of HSPs in addition to the small HSPs. Vierling and Sun (1989)
also identified few class I cytosolic mRNAs in pea seeds and similar observation
was made in tomato fruits during ripening (Fray et al. 1990).

Cytoplasmic classes of small heat shock protein have been shown to accumulate
at slightly elevated temperatures in pea and alfalfa indicating their role in heat stress
adaptation (DeRocher et al. 1991; Hernandez and Vierling 1993). However,
Hernandez and Vierling (1993) studied the accumulation of class I cytoplasmic
small HSPs in various legumes viz. P. sativum, G. max, V. unguiculata, P. acutifo-
lius, M. sativa and A. constricta, both under stress and in different plant organs.
Their results showed the expression of small HSPs even in plants grown in field or
green house under optimal growth conditions. They also showed that in addition to
temperature stress, small HSPs normally express during certain developmental
stages like in flower and seed development. Interestingly, these HSPs were absent in
young pods but started accumulating at 29DAP and were also found in dry seeds
and this expression is deemed important for their reproductive success.

1.2.3 Role of Small HSPs During Seed Germination

Studies demonstrate that developmentally induced small HSP (HSP17.6 and
HSP17.9) mRNAs in sunflower seeds disappeared soon during imbibition but the
proteins were interestingly present at elevated levels even 3 days post imbibition
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(Cocaetal. 1994). Although the major seed storage proteins degrade uptil 3DPI, the
HSP17.6 and HSP17.9 protein products disappear afterwards. The persistence and
organellar localization of these proteins hints at their involvement in seed reserve
mobilization as discussed by Coca et al. (1994). In pea, small HSPs continue to exist
in the cotyledons and axes for a number of days during imbibition and early germi-
nation before coming to a decline (DeRocher and Vierling 1994). Interestingly, bar-
ley HSP26 protein which is localized to plastid is found to accumulate in early
germination stage which might have been translated from the HSP26 mRNA pres-
ent in the early embryo (Kruse et al. 1993). Wheat chloroplastic HSP26 has also
been shown to have high transcript during seed germination which was also con-
firmed by promoter: GUS construct expression. GUS expression driven by TaHSP26
promoter was high during first 24 h after seed germination and declined later high-
lighting its role in early seed germination phase (Chauhan et al. 2012).

1.2.4 Role of Small HSPs in Storage Organs

Small HSPs have not only been shown to be involved in meiosis, microsporogen-
sis, seed development, seed germination and somatic embryogenesis, they have
also been demonstrated to accumulate in vegetative organs not experiencing heat
stress e.g. In desiccation tolerant plant Craterostigma plantagineum, polypeptides
crossreactive to small HSP antibodies were detected in roots and lower shoot parts
and similar observations were also made for mulberry where small HSP accumu-
lates in response to seasonal cold acclimation in the endoplasmic reticulum
enriched fractions of cortical parenchyma cells (Alamillo et al. 1995; Ukaji et al.
1999). Interestingly, small HSPs have been detected in bulbs and tubers of a vari-
ety of species like Allium, Amaryllis, Crocus, Hyacinthus, Narcissus, Tulipa and
potatoes and also in twigs of Acer and Sambucus and tendrils of liana, Aristolochia.
The expression in twigs and tendrils coincides with the dormant period in winter
and fades out in spring. Potato tubers and Aristolochia tendrils were shown to
have high proteins content which was located in the central vacuoles of storage
parenchyma cells. A possible functional correlation was investigated between the
accumulation of storage proteins and small HSPs and studies on transgenic
tobacco plants demonstrated that in embryos of these plants which lack protein
bodies and accumulation of storage proteins, small HSPs were also absent
(Lubaretz and Niedin 2002). Interestingly, this association among the storage pro-
teins and accumulation of small HSPs at the same stage also reflects in mature
seeds where both these protein families are known to coexist and their expression
has also found to be in sync (Almoguera and Jordano 1992; Coca et al. 1994)
which is discussed in more detail later in this chapter. Thus, the existence of small
HSPs in storage organs of perennial plants appears to have a correlation with the
presence of other storage proteins (Lubaretz and Niedin 2002).
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1.3 Molecular Regulation of Small HSP Accumulation
During Development

Heat stress leads to a rapid increase in HSP gene transcription most of them
being the small HSPs and the mRNA levels reach 20,000 copies in a cell (Schoffl
and Key 1982). Heat shock elements (HSE) are the cis acting elements present in
the 5’ upstream regions of the heat shock responsive genes and are known to
confer heat shock induced expression of these genes. These HSE provide binding
sites for heat shock transcription factors thus regulating the heat stress induced
transcription activation (Goldenberg et al. 1988; Parker and Topol 1984; Wu
1984a, b). This heat stress responsive role of small HSP family proteins was
complemented by the developmental stage specific expression of certain mem-
bers of this family as transcripts for some small HSPs have been detected in
wheat, sunflower and pea grown in the absence of heat stress (Helm and
Abernethy 1990; Almoguera and Jordano 1992; Coca et al. 1994; DeRocher and
Vierling 1994; Carranco et al. 1997).

Developmental and heat stress regulated expression of small HSPs might be
overlapping but should be distinctly controlled as not all small HSP classes/mem-
bers are developmentally expressed. In order to decipher these complex regulatory
mechanisms, promoters and 5 upstream regions were studied from small HSP
genes expressed in response to both heat stress and development. Promoter studies
with promoter: GUS reporter constructs made with two such genes from soybean
and sunflower (GmHSP17.3B and HaHSP17.7G4) demonstrated their expression
during zygotic embryogenesis (Prindl et al. 1995; Prindl and Schoffl 1996; Coca
et al. 1996; Carranco et al. 1999). Subsequent studies on HaHSP17.4G4 promoter
transgenic lines revealed the involvement of two discrete regulatory mechanisms,
an HSE/HSF dependent mechanism and another HSE independent mechanism
suggested to be regulated by developmental stage specific novel transcription acti-
vators (Almoguera et al. 1998). Experiments with different mutations within the
HSE core element did not affect the tissue specific expression pattern of the GUS
reporter gene during early seed maturation however the binding between this
mutated HSE and the HSF transcription factor was highly compromised. Thus the
seed maturation stage responsive transcription by HaHSP17.4G4 promoter was
determined to be HSE independent (Almoguera et al. 1998). One such example for
the developmental regulation of small HSP family genes in animals comes from
larval development in Drosophila where the promoters of HSP23 and HSP27 genes
are regulated by ecdysterone receptors. These ecdysterone receptors have DNA
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binding domain and are activated by addition of ecdysterone hormone. This type of
activation is independent of HS induced HSE mediated activation of HSPs (Luo
et al. 1991). Similar evidence comes from the study of Arabidopsis seed mutants,
abal and five abi loci mutants, (Wehmeyer et al. 1996) in which abi3 mutants had
lower accumulation of small HSPs and the abi3 null mutants were found to be
desiccation intolerant. Although studies with other abi mutants showed the pres-
ence of wild type levels of small HSPs; but other desiccation intolerant Arabidopsis
mutants abi3-6, fus3-3, lecl-2 and line 24 did have severely reduced levels of
HSP17.4 (major small HSP present in Arabidopsis seeds). Therefore it can be con-
cluded that small HSPs may not be solely responsible for providing desiccation
tolerance but are definitely necessary for seed desiccation tolerance (Wehmeyer
et al. 1996; Wehmeyer and Vieling 2000). Apart from HSF, some other transcrip-
tional activators are also speculated to be involved in seed developmental regula-
tion of small HSPs.

In Arabidopsis, ABI3 has been implicated as one such activator of HSP17.4
during seed development. Wehmeyer and Vierling (2000) showed the levels of
HSP17.4 to be untraceable in the abi3-6 knockout mutant. Promoter: GUS con-
structs transformed in abi3-6 mutant background also demonstrated a very faint
GUS staining in seeds which reveals very low transcriptional activation in the
absence of ABI3 activator. However, in other seed transcription factor mutants
lecl-2, and fus3-3, noticeable levels of HSP17.4 was present and when the same
construct was transformed in these backgrounds, the seeds had better GUS stain-
ing in comparison to abi3-6 mutant. Interestingly, the heat stressed embryos from
these HSP17.4:GUS transformed in mutant backgrounds stained evenly and
throughout for GUS thus clearly indicating the independent regulation of small
HSPs during stress and development (Wehmeyer and Vieling 2000). In addition to
this ABI3 has been shown to regulate the developmental expression of HsfA9
which is a heat shock transcription factor with unique expression in later seed
development stages (Kotak et al. 2007). Experiments reveal the negligible accu-
mulation of HsfA9 mRNA and protein alongwith other seed specific small HSPs
(HSP17.4-CI, HSP17.7-CII) in ABI3 knockout mutant lines which was overcome
by ABI3 overexpression in transgenic plants. ABI3 was also shown to activate the
HsfA9 promoter while, HSfA9 could activate the promoters of few small HSP
genes thus clearly establishing HsfA9 as a specialized member of the heat shock
transcription factor family regulating developmental expression of small HSPs
during seed maturation (Kotak et al. 2007) (Fig. 1.2).
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Fig. 1.2 Proposed model for developmental regulation of small HSPs in plants. HsfA9 is centrally
positioned as it has been shown to be developmentally regulated by ABI3, a seed specific transcrip-
tion factor and also is co-regulated by other transcription factors HsfA4a and DREB2. HsfA9,
DREB?2 and HsfA4a play important role both individually as well as in co-ordination for the regu-
lation of downstream small HSP genes. Phytohormones, ABA and Auxin are also implicated for
this developmental regulation of HSfA9 positively and negatively respectively

1.4 Concerted Expression of Small HSPs with Other Seed
Storage Proteins

Seed development is a complex process which involves the accumulation of various
macromolecules like carbohydrates, lipids, mRNAs and proteins in the seeds. All
these components play important roles in preparing the seed for surviving desiccation
and finally to complete germination successfully. Small HSP mRNAs are often
expressed with some other seed specific protein mRNAs like LEA (Late Embryogenesis
Abundant) proteins. Studies identified a small HSP (HaHSP17.6) and two LEA pro-
tein (D-113 and Emb-1) like mRNAs from sunflower seeds. These mRNAs were
found to have similar expression profiles and the highest expression was noticed in
mid maturation stage of embryos and dry seeds which was independent of the stress.
Coordinated transcript accrual of small HSP with LEA proteins indicates the presence
of shared transcription regulatory elements in their upstream regions (Almoguera and
Jordano 1992). Interestingly enough in yeast a previously known small HSP (HSP12)
was reclassified as a LEA protein. This study demonstrated that HSP12 accumulates
in yeast cells during nutrient limited stationary phase when yeast cells are preparing
for sporulation which is akin to seed maturation stage in plants when LEA protein
synthesis takes place. Detailed amino acid sequence homologies and the hydropathy
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plots also put forth another evidence for the reclassification (Mtwisha et al. 1998). Pea
mitochondrial proteins, LEAM and HSP22 are also an example of the concerted
expression of these two groups of proteins during seed development, desiccation tol-
erance and germination (Bardel et al. 2002; Macherel et al. 2007). Beech seeds stored
for 1-8 years at —10 °C revealed the presence of dehydrin and dehydrin like proteins
in addition to the LEA proteins and small HSP of 22 kDa. Dehydrins were found to
express in both cotyledons and embryonic axes of dry stored seeds. In addition to
dehydrins, small HSPs which might be induced by the oxidative stress and ROS gen-
eration during long term storage of beech seeds might function by decreasing the
intracellular ROS and are positively correlated with germinability of stored beech
seeds (Arrigo 1998; Kalemba and Pukacka 2008).

1.5 Small HSPs: Key Players in Acquisition of Seed
Desiccation Tolerance

Small HSPs form a remarkable group of proteins and function in varied cellular
processes. In addition to their obvious role in heat shock (although not all small
HSPs have a heat induced expression) they are also synthesized during somatic
embryogenesis, microsporogenesis, pollen formation and seed maturation
(Bouchard 1990; Bouchard and Walden 1990; Zarsky et al. 1995; Vierling 1997;
Coca et al. 1994; DeRocher and Vierling 1994). Small HSPs are known to function
as molecular chaperones and their expression across abiotic stresses and various
physiological stages makes them ideal candidates to counteract cellular damage
caused by these conditions. Certain small HSPs have been shown to be induced in
water stress and the expression of small HSPs during final stages of seed develop-
ment and maturation highlights their importance in acquisition of desiccation toler-
ance (Almoguera et al. 1993; Coca et al. 1994; DeRocher and Vierling et al. 1994).
Small HSP expression in pollen, in seed desiccation stages and in storage organs
argue for their underlying unified role during quiescent stages of plant development
marked with a decrease in water content and suppression of metabolism. All these
stages are characterised by development of desiccation tolerance and are associated
with accumulation of oligosaccharides, osmolytes and unique proteins like the late
embryogenesis proteins (LEAs) and heat shock proteins (HSPs) (Hoekstra et al.
2001). Studies have suggested that during such desiccation events the cells form a
glassy matrix consisting of soluble sugars which immobilize macromolecules offer-
ing protection to membranes and proteins (Leopold et al. 1994; Crowe et al. 1997;
Bernal-Lugo and Leopold 1998; Buitink et al. 1998). Small HSPs are also hypoth-
esized to play a role in glassy matrix formation coincident with their presence in late
embryo maturation (Wehmeyer and Vieling 2000; Kalemba and Pukacka 2008). As
a mechanism of action small HSPs are known to hold proteins under denaturing
conditions and prevent their irreversible aggregation in addition to assisting in pro-
tein folding and helping with intracellular transport (Waters et al. 1996; Lee et al.
1997; Hendrick and Hartl 1995; Haslbeck et al. 2005).
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1.6 Small HSPs Maintain Seed Viability During Aging

Recent studies have suggested the role of small HSPs in providing seed vigor and
germinability under stress conditions. Transgenic plants overexpressing small HSPs
have been reported to display improved stress tolerance such as thermotolerance
(Perez et al. 2009; Sanmiya et al. 2004; Zhou et al. 2012), osmotic stress tolerance
(Sun et al. 2001), chilling tolerance (Guo et al. 2007), and seed longevity (Prieto-
Dapena et al. 2006; Kaur et al. 2015). In contrast, transgenic plants with reduced
small HSP levels were less tolerant to thermal shock (Charng et al. 2006) and are
susceptible to pathogens (Maimbo et al. 2007).

Studies on Nelumbo nucifera have revealed astonishing seed viability of more
than 1300 years (Shen-Miller et al. 1995) which was attributed to the presence of
several thermostable proteins including heat shock proteins (Shen-Miller et al.
2013). Ectopic expression of NnHSP17.5 in Arabidopsis resulted in increased seed
vigor under artificial aging conditions, where transgenic seeds showed remarkable
germination. Interestingly, ectopic expression of NnHSPI7.5 in Arabidopsis
resulted in increased SOD (superoxide dismutase) activity, a ROS scavenging
enzyme, under artificial aging conditions, suggesting that small HSPs might play
important roles in germination vigor by limiting free radical induced cellular dam-
age (Zhou et al. 2012).

The presence of increased small HSP protein levels during initial stages of ger-
mination (3—4 DPI), indicates the role of small HSPs in rehydration and early seed
establishment contributing to seed vigor (Wehmeyer et al. 1996; Sun et al. 2001;
Zhou et al. 2012; Kaur et al. 2015; Koo et al. 2015). Abundance of small HSPs in
dry seeds, during storage and germination was reported in pea (DeRocher and
Vierling 1995), sunflower (Coca et al. 1994), Arabidopsis (Wehmeyer et al. 1996;
Sun et al. 2001, 2002), Nelumbo (Zhou et al. 2012) and rice (Kaur et al. 2015) sup-
porting the suggested function of small HSPs in seed vigor and viability.

Artificial aging reduces seed vigour by damaging proteins via carbonylation and
reducing translation efficiency by damaging several components of protein transla-
tion machinery (Rajjou et al. 2008). Interestingly, HSPs were proven to play a pro-
tective role during protein carbonylation (Cabiscol et al. 2002) and in translation
(Basha et al. 2004) thereby providing seed vigor and better germinability after
aging. Beech (Fagus sylvatica L.) seeds which were aged at —10°C for 8 years
showed increase in the levels of 22 kDa small HSP as a factor of time (Kalemba and
Pukacka 2008). This accumulation of small HSPs during natural or artificial seed
aging suggests protective roles of small HSPs during long term seed storage. A
proteomic analysis of 6 day CDT (Controlled deterioration treatment) rice seeds
identified small HSP18.2 to be induced after treatment. Arabidopsis seeds with seed
specific overexpression of rice small HSP, OsHSP18.2 displayed improved seed
viability under CDT. The remarkable germination in OsHSP18.2 overexpressing
lines correlated well with the reduced ROS levels in transgenic seeds as compared
to the control (Kaur et al. 2015).
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1.7 Small HSPs Impart Vigor and Better Germinability
to Seeds Under Stress

Recent studies have demonstrated that constitutive overexpression of small HSPs
not only improves germination under aging but also improves germination under
stress conditions. Zou et al. (2012) have demonstrated that overexpression of
OsHSP17.0 and OsHSP23.7 in rice resulted in improved seed vigor and seeds were
able to germinate better under stress conditions. Transgenic rice seeds showed
remarkable difference in the germination percentage under osmotic stress and salt
stress showing reduced accumulation of MDA and electrolyte leakage, increased
root/shoot length and increased proline content compared to wildtype seedlings.
Increase in the germination vigor in rice seeds expressing OsHSPI17.0 and
OsHSP23.7 was attributed to reduction in membrane damage and increase in the
protective molecules such as proline. Wheat chloroplastic small HSP26 when
ectopically expressed in Arabidopsis resulted in increased seed vigor. Transgenic
Arabidopsis seeds expressing TaHSP26 were able to germinate and reach maturity
even under continuous heat stress of 35 °C. Antisense plants showed reduced heat
tolerance even to non-lethal heat stress providing a very strong evidence for the role
of small HSPs in providing vigor to the seeds under stress conditions (Chauhan
et al. 2012).

Ectopic expression of LimHSP16.45 from David Lily (Lilium davidii) in
Arabidopsis resulted in increased seed germination vigor under stress conditions.
Over expression lines were able to germinate under heat stress showing germination
upto 90 %, whereas wild type showed germination rates less than 60 %. LimHSP16.45
overexpression in Arabidopsis also resulted in better germination in salt stress con-
ditions showing 90-100 % germination, while wildtype showed only 70-80 % ger-
mination rate. Under oxidative stress overexpression lines showed better root growth
in terms of root length whereas wildtype seedlings showed reduced root length.
Improved seed vigor in the overexpression lines was associated with the increase in
the levels of SOD and Catalase activities in transgenic seeds which might be sup-
ported by the chaperone activity of small HSPs (Mu et al. 2013). This shows that
small HSP play a significant role in maintaining cell viability under stress condi-
tions thereby improving seed vigor and viability. Increase in seed vigor and their
ability to germinate under various stress conditions was demonstrated with the het-
erologous expression of OsHSP18.2 in Arabidopsis. Transgenic Arabidopsis seeds
showed improved germination under heat, dehydration and salt stress compared to
controls. Strong evidence suggest that OsHSP18.2 is an aging responsive protein
and plays a very important role in maintaining seed vigor and longevity. It also plays
a crucial role in seedling emergence by protecting proteins from structural damage
and restricting ROS accumulation (Kaur et al. 2015).

In tobacco light is one of the important factors that help in breaking seed dor-
mancy. Light dependency of tobacco seeds was alleviated when NtHSPI8.2,
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NtHSP18.3 and NtHSP17.6 small HSPs, were overexpressed. A similar light inde-
pendent germination was also observed when seeds were subjected to heat stress
prior to germination (Koo et al. 2015). These evidences suggest the small HSPs
might also be involved in breaking dormancy through mechanisms still not known.

1.8 Conclusion

The small HSP class of heat shock proteins has been very well characterized for their
heat shock related roles; however, their interesting accumulation patterns during vari-
ous stages of development in plants e.g. pollen and seed development and seed germi-
nation has led to intriguing investigations into their diverse roles and functional
capabilities. These developmental stages share a unifying underlying physiological
state of desiccation or loss of cellular water (during pollen and seed development) or
rehydration (during seed germination). Hence, the associated accumulation of small
HSPs during these stages may possibly prepare these plant organs to face the immi-
nent loss of water. Moreover, the chaperone function of small HSPs might also con-
tribute by preventing the irreversible denaturation of important cellular proteins during
water deficit conditions as encountered in these stages of plant life cycle. Small HSPs
have also been implicated in the formation of glassy matrix in the cells during late
seed maturation stages along with other important seed specific proteins like LEA
proteins. Thus, the small HSPs are a unique class of heat shock proteins which are
equally important for their roles in protection towards heat stress or other environmen-
tal stresses and in plant development and various key stages of plant life cycle.
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Chapter 2
Plant Small Heat Shock Proteins and Its
Interactions with Biotic Stress

Valeria Stefania Lopes-Caitar, Suellen Mika Hishinuma Silva,
and Francismar Correa Marcelino-Guimaraes

Abstract Small heat shock proteins were first identified during heat shock stress,
but currently have been often associated to plant biotic stresses. Considered stress
defense proteins, HSP20s functions are especially related to interact with unfolded
model substrate proteins, in ATP-independent manner, and keep them in a folding-
competent state for subsequent refolding. These proteins have been reported to
serve a role in plant-response against the most important crop phytopathogens in the
world, such as nematodes and fungi. Their activation role during biotic stress is not
completely elucidated, but some researches have demonstrated that in some occur-
rences of plant response to biotic stresses, there is a crosstalk between the abiotic
stress responses. Some genetic evidence has revealed that the chaperones play a
critical role in plant immunity. One hypothesis is the chaperone activity can provide
the stability and accumulation of R proteins, and thus for the entire defense signal-
ing cascade coordination. However, the researches about this issue still need to bet-
ter elucidate HSP20 pathways and function in plant biotic stress.
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Abbreviations

ACD conserved a-crystallin domain

Avr gene avirulence gene

bp base pairs

ESTs expressed sequence tags ETI effector-triggered immunity
GUS p-glucuronidase

HMM hidden markov model

HSE heat shock element

HSFs heat transcription factors

HSP heat shock protein

MAMPs microbe-associated molecular patterns

NB-ARC- LRR nucleotide binding site-leucine-rich regions
NB-LRR nucleotide binding domain and leucine-rich repeat
NIL-R resistance near-isogenic lines

NIL-S susceptible near-isogenic lines

PAMPs pathogen associated molecular patterns

PCR polymerase chain reaction

PRRs plant pattern-recognition receptors

PTI Physical association of pattern-triggered immunity
QTL Quantitative trait locus

RdRp RNA-dependent RNA polymerase

R genes resistance genes

RLKSs receptor-like kinases

RLPs receptor-like proteins

ROS reactive oxygen species

RT-gPCR reverse transcription quantitative polymerase chain reaction
SCN soybean cyst nematode

sHSPs small heat shock proteins

SSR simple sequence repeats

Y2H yeast two-hybrid

2.1 Introduction

In the course of evolution, organisms have developed strategies to overcome the
different types of abiotic and biotic stress, including a network of proteins to protect
cells (Shanker and Venkateswarlu 2011; Richter et al. 2010). An important group of
these stress responsive proteins is composed by chaperones, or heat shock proteins
(HSP), and their presence has been demonstrated in all living organisms (Tkacova
and Angelovi¢ova 2012). HSPs comprise several families classified according to
their molecular weight: HSP100, HSP90, HSP70/DnaK and HSP60/GroE and
HSP20 or small heat shock proteins (sHSPs), representing sizes of 15-42 kDa
(Waters 2013).
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During their lifetime, due to their sessile nature, plants are continually exposed
to adverse effects but may supplant them through the evolution of various morpho-
logical and physiological mechanisms that enable them to survive stress (Al-Whaibi
2011). In higher plants, HSP20 are encoded by nuclear multigenic families and have
undergone great functional diversification (Waters et al. 1996). Plants usually con-
tain around 20 HSP20, or more, but this number can be four times lower in animal
organisms (Waters et al. 1996; Franck et al. 2004).

Furthermore, it is noteworthy that no HSP20 proteins located in plant organelles
have homologs in animals, fungi, or even in green algae (Waters et al. 2008); these
the HSP20 appear to be localized only in the cytoplasm/nucleus while plants have
several subfamilies, which are distributed in different cellular compartments. In
Arabidopsis, 19 genes encoding HSP20 were classified into 12 subfamilies, accord-
ing their cellular localization and phylogeny (Scharf et al. 2001), while 36 Hsp20
were identified in Populus trichocarpa (Waters et al. 2008), 23 in Oryza sativa
(Sarkar et al. 2009), 51 in Glycine max (Lopes-Caitar et al. 2013), 35 in Capsicum
annuum L., 27 in Triticum aestivum and 13 in Hordeum vulagre (Pandey et al.
2014).

HSP20 are often the most abundant plant stress responsive class among the heat
shock proteins group (Heckathorn et al. 1999). They also have been largely studied
in human health and diseases (Bakthisaran et al. 2015). The primary structures of
HSP20s are characterized by a conserved a-crystallin domain (ACD) from 80 to
100 amino acids at the C-terminal region (Cashikar et al. 2005). This domain is
divided into two consensus regions designated I and II, separated by a hydrophobic
region of variable size. The consensus region I (~27 amino acids) N-terminal con-
stitutes conserved sequence Pro-X;;-Gly-Val-Leu; and the consensus region II
(~29 amino acids) C-terminal, has the conserved sequence Pro-X,/Val/Leu/Ile-
Val/Leu/Ile. ACD is preceded by an N-terminal variable size region and consider-
able diversity in their sequence (Cashikar et al. 2005; Waters et al. 2008). Within
HSP20-ACD domain there is a typical secondary structure formed, usually with the
formation 6-8 f-sheet configuration. The f settings are numbered along the amino
acids chain in the amino-caboxiterminal sense, being found within the ACD, usu-
ally the $2 chains 9 (Siddique et al. 2008) (Fig. 2.1).

Each class of HSPs has a characteristic function upon specific spectrum (broad
or narrow) of substrate proteins in assisting their folding, refolding, oligomeric
assembly, translocation, and/or degradation (Hartl et al. 2011). The HSP20 are
known to act as ATP-independent molecular chaperones that bind to the newly syn-
thesized proteins and denatured proteins to prevent them from forming irreversible
aggregations, under stress conditions, also can be called “holdase” (Zhang et al.
2015b). However, they have been classified within the group of molecular chaper-
ones for the ability to recognize and bind to denatured proteins or inappropriate
folding and thus prevent improper interactions that lead to irreversible aggregate
formation, precipitation, and degradation thereof by proteases (Sun et al. 2002).

The HSP20s are ubiquitin that form large oligomeric hetero-complexes ranging
in size 200-800 kDa and have also been found to suppress protein aggregation in an
ATP-independent manner, stabilize stress-damaged cell membranes, tag denatured
proteins aggregates, or avoid inappropriate folding, to further action of proteases in
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Fig. 2.1 Structural organization of a typical sHSP protein. The picture shows the X-ray structure
of a Triticum aestivum sHSP dimer (protein data bank in Europe: 1GME) and primary structure
(protein data bank PDBsum: 1GME) of the protein that are constituted by C-terminal region,
N-terminal region and a a-crystallin domain (ACD) containing the conserved regions I (CRI) and
II (CRII) and the $6-loop (Modified from Bondino et al. 2012)

both, prokaryotic and eukaryotic cells (Fu 2014). The main HSP20s activity is to
interact, while still possible, with unfolded model substrate proteins. HSP20 keeps
another protein in a folding-competent shape for subsequent refolding, by ATP-
dependent chaperones as HSP70s and HSP100s, or labels them and allows the pro-
teinases action, if necessary (Al-Whaibi 2011; Fu 2014).

In this chapter, we will discuss how plant small heat shock proteins are related to
response against biotic stress and how the knowledge about its function and involve-
ment in response to different types of stress can be explored as an important tool in
agricultural sciences.

2.2 Plant HSP Family

The plant heat shock proteins have several functions related to stress response and
it can be verified by each subclass. The HSP100 family usually located in the cyto-
sol, mitochondria and chloroplast, exhibit weight around 97-114 kDa (Singla et al.
1998; Park and Seo 2015). This protein family has been detected in various plant
species, such as in Glycine max, where the HSP103 kDa protein was present in
soybean cell subjected to heat stress. Similarly, the presence of the protein HSP100
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and 110 was detected in Nicotiana tabacum under heat stress (Barnett et al. 1980).
Besides these species, already was noted the HSP100 protein in Gossypium hirsu-
tum, Gossypium hirsutum, Opuntia ficus indiea, Prosopis chilensis, Saccharum.
Officinarum, Secale cereate, Triticum aestivum, T. aestivum, T. durum, Vigna radi-
ate and Zea mays (Singla et al. 1998).

In the model plant Arabidopsis thaliana, the family HSP90 includes 7 members:
AtHsp90-1 to AtHsp90-4 genes, which constitute the cytoplasmic subfamily,
AtHsp90-5, AtHsp90-6, and AtHsp90-7 genes, which are predicted to be within the
plastidial, mitochondrial, and endoplasmic reticulum compartments, respectively
(Krishna, 2001). Therefore, HSP90 are located in several cellular compartments,
such as cytosol, mitochondria, chloroplast, nucleus and endoplasmic reticulum
(Park and Seo 2015). Additionally, HSP90 can be found in Chlamydomonas rein-
hardtii and Oryza sativa species (Chen et al. 2006).

Regarding HSP70, A. thaliana genome contains 12 subfamilies, with five belong-
ing to cytosol compartment (Hsc70-1, Hsc70-2, Hsc70-3, Hsp70 and Hsp70b),
three belonging to endoplasmic reticulum lumen (BiP-1, BiP-2 and BiP-3), two
belonging to mitochondrion matrix (mtHsc70-1 and mtHsc70-2), and two belong-
ing to plastid stroma (cpHsc70-1 and cpHsc70-2) (Sung et al. 2001). The HSP70
family was also detected in other plants species, such as Capsicum annuum L.,
Cucurbita maxima, Cucumis sativus, Nicotiana tabacum, Gossypium hirsutum,
Populus trichocarpa, Solanum lycopersicum, Pisum sativum, Pisum sativum,
Theobroma cacao, Hevea brasiliensis, Spinacia oleracea, and Oryza sativa (Guo
et al. 2014).

A phylogenetic analysis of HSP60 gene family from Populus trichocarpa, A.
thaliana and Oryza sativa, suggested that these plant species contend approximately
28, 18 and 20 HSP60, respectively, categorized into four subfamilies Zhang et al.
(2015a). This group is cytosol-localized Cpn60 (18 genes), mitochondrion-localized
Hsp60 (3 genes), and chloroplast-localized Cpn60-a (4 genes) and Cpn60-b (3
genes) (Zhang et al. 2015a). Additionally, the HSP60 family was also identified in
several other plant species, such as Glycine max, Medicago truncatula,
Physcomitrella patens, Ricinus communis, Solanum tuberosum, Sorghum bicolor,
Triticum aestivum, Vitis vinifera and Zea mays (Ratheesh Kumar et al. 2012).

Like other proteins, HSP20 was found in several plant species, such as
Arabidopsis thaliana, Petunia hybrid, Pisum sativium, Triticum aestivum, Zea
mays, Chenopodium rubrum, Glycine max, Daucus carota, Helianthus annuus,
Lycopericoscon esculentum, Medicago sativa, Ipomea nil and Lilium longijlorum
(Waters 1995).

The genome-wide analysis of the HSP20 protein family was performed with at
least 6 species: Oryza sativa, G. max, T. aestivum, Hordeum vulgare L., Capsicum
annuum and Arabidopsis. (Guo et al. 2015; Lopes-Caitar et al. 2013; Pandey et al.
2015; Sarkar et al. 2009; Scharf et al. 2001).

Pandey et al. (2015) reported in their studies HSP20 genes in wheat (TaHSP20)
and barley (HvHSP20). Using Hidden Markov Model (HMM) and Blast algorithm,
the authors identified 27 newly TaHSP20 candidate genes in wheat and 13
HvHSP20 in barley. Interestingly, the HSP20 protein predicted were located in both
mitochondria and the nucleus, however, a large number of TaHSP20 and HVHSP20
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protein was classified into mitochondria subfamilies (MT-sHSPs). Pandey et al.
(2015)) also generated a phylogenetic tree of HSP20 revealing that HSP 16.9 from
different plant species such as rice, barley, sorghum, and brachypodium show highly
conserved protein sequence, moreover the HSP26 from Tritricum durum, Triticum
monococum, Oryza sativa, and Brachypodium ssp. illustrated evolutionary related-
ness close.

Similarly, the genome-wide analysis of the HSP20 gene family member was car-
ried out in pepper specie. Through HMM analysis, 35 sequences were annotated as
being pepper HSP20 genes. Among these, 8 genes are predict localized in cytosol,
1 gene (cytosol, mitochondrial), 1 gene (cytosol, extracellular), 5 gene (cytosol,
nucleus), 1 gene (cytosol, peroxisomal), 1 gene (cytosol, extracellular, endoplasmic
reticulum), 2 gene (cytosol, mitochondrial, chloroplast), 2 gene (cytosol, nucleus,
golgi), 1 gene (mitochondrial), 1 gene (mitochondrial, chloroplast), 3 gene (chloro-
plast), 1 gene (chloroplast, nucleus), 1 gene (chloroplast, extracellular) and 7 gene
(secretory pathway) (Guo et al. 2015).

Guo et al. (2015) analyzed the evolutionary relationship of the HSP20 gene fami-
lies in pepper, tomato, Arabidopsis, rice, and maize. Interestingly, the HSP20 mem-
bers from the five species were more closely to those in the same class in different
species than to other in the same species. The author also addresses that three species
of dicotyledon, forming 11 pairs orthologs (pepper/tomato) and 1 pair ortholog (pep-
per/Arabidopsis) were identified, suggesting that the ancestral genes of Hsp20 family
might have existed before differentiation of Arabidopsis, tomato and pepper species.

The Arabidopsis genome revealed 19 genes encoding HSP20, grouped into 6
classes; class CI (Atl17.6B-CI, At17.8-CI, Atl7.6A-CI, Atl18.1-CI, At17.4-CI and
At17.6C-CI), class CII (At17.7-CII and At17.6-CII), class CIII (Atl17.4-CIII), class
Mitochondrial (At23.6-M and At23.5-M), class plastids (At25.3-P) and class endo-
plasmic reticulum (At22.0-ER). The other six sHSPs (At14.2-P(r), At15.4-CI(r),
Atl15.7-CI(r), Atl18.5-CI(r), At21.7-CI(r) and At26.5-P(r)) are more distantly
related, but also appear to be members of this protein family (Scharf et al. 2001).

The genome-wide analysis of HSP20 in rice performed by Sarkar et al. (2009)),
demonstrated the organelle localization of rice HSP20 gene family. Thus, the 23
HSP20 of rice was identified, consisting of 14 subfamilies distributed to several
compartments cellular, such as 16 nucleo-cytoplasmic (9 subfamilies), 3
mitochondrial (2 subfamilies), 2 endoplasmic reticulum, 1 plastidial and 1 peroxi-
somal having one subfamily each.

The analysis of the HSP20 gene family in soybean revealed 51 gene models as
potential GmHSP20 candidates. Based on the phylogenetic tree constructed, these
genes are divided into 13 subfamilies, these being, 37 nucleo-cytoplasmic (8 sub-
families and 3 orphan genes), 3 mitochondrial (2 subfamilies), 4 endoplasmic retic-
ulum, 5 plastidial and 2 peroxisomal having 1 subfamily each (Lopes-Caitar et al.
2013). The large number of GmHSP20 proteins classified in the cytoplasmic sub-
families indicates that the cytoplasm may be the primary site of HSP20s’ action. It
is in the cytoplasm where proteins assembling reside after synthesis by the transla-
tion process. Thus, it is likely that this concentration of HSP20 in cytoplasmic sub-
families is related to its function to prevent these proteins from performing improper
folding or inappropriate interactions forming aggregates.
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In this study, Lopes-Caitar et al. (2013) also performed some sequence and phy-
logenetic analysis and it was identified that those GmHSP20 responsible to heat
stress showed a minimum sequence identity of 17.39 % and a maximum of 98.05
%, particularly evident in the region C terminus, including the a-crystalline domain
region. The evolutionary relationship in plant HSP20 subfamilies was evidenced
when members from different species can be grouped at the same subfamily, instead
of grouping by plant species (Fig. 2.2).
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Fig. 2.2 Phylogenetic evidence of evolutionary relationship in plant HSP20 subfamilies. HSP20
genes from different plant species (At Arabidopsis thaliana, the Oryza sativa, Vv Vitis vinifera, Ta
Triticum aestivum, Ps pea, Le Solanum lycopersicum, Zm Zea mays, Lp Lycopersicon peruvia-
num, Cd Cynodon dactylon, So Saccharum officinarum, Sb Sorghum bicolor, Hv Hordeum vul-
gare) are grouped in subfamilies, according their subcellular localization. Subfamilies are described
by nucleus/cytoplasmic CVI, CVII, CVIII, CIX and CX; ER (endoplasmic reticulum); P (plastids/
chloroplasts); Px (peroxisome); MI and MII (mitochondria) (Lopes-Caitar et al. 2013)
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This evidence indicates that there is a synteny between soybean, rice, Arabidopsis
and other species containing HSP20s. The HSP20 genes probably had a common
ancestor that gave rise to different subfamilies before diversification among these
species, and this was conserved during evolution (Ouyang et al. 2009).

2.3 General Role of HSP20 in Plant Defense Mechanism
Against Biotic Stresses

HSP20 are commonly associated with abiotic stress (Wang et al. 2004; Efeoglu
2009), but they have been frequently described in response to biotic stresses. Some
HSPs have been reported to play important roles in the immune response in animals
and their presence in the circulation serves as a warning mechanism to the host
(Evans et al. 2015; Diihring et al. 2015). As well as other organisms, plants are chal-
lenged by a variety of fungi, bacteria, or viral infections. They respond to pathogens
using elaborate networks of genetic interactions (Mandadi and Scholthof 2013), and
recently, evidence has revealed that the chaperones play a critical role in plant
immunity (Park and Seo 2015; Shirasu 2009).

The current knowledge about the plant innate immune system proposes two-
branched defense responses, pathogen (microbe)-associated molecular patterns
(PAMPs/MAMPs)-triggered immunity (PTI), or basal resistance, and effector-
triggered immunity (ETI), or race-specific resistance. PAMPs, which are initiated
by the direct recognition pathogen through plant pattern-recognition receptors
(PRRs), constitute the first mode of defense against pathogen infection (Dodds and
Rathjen 2010). PRRs are plasma membrane proteins, most are characterized as
receptor-like kinases (RLKSs) or receptor-like proteins (RLPs), which recognizes
relatively conserved molecules within a class of essential proteins for microbe fit-
ness or survival, such as flagellin (Vidhyasekaran 2014). The other branch provides
a remarkable level of disease resistance, which is activated directly or indirectly by
pathogen-specific protein recognition encoded by an avirulence gene (Avr gene), or
elicitor/effector (resistance gene-by-gene). The detection involves genes encoding
resistance proteins (R genes) (Van Ooijen et al. 2010). Most R genes are intracel-
lular proteins, characterized as nucleotide binding domain and leucine-rich repeat
(NB-LRR)-containing protein family. After Avr protein recognition by R genes, the
defense response is activated and requires the interaction of several auxiliary pro-
teins, as those involved in ROS generation, kinases and heat shock proteins (Van
Ooijen et al. 2010; Buchanan et al. 2000). The chaperone activity during biotic
stress has been shown to be important for the stability and accumulation of R pro-
teins, and thus for all defense signaling cascade coordination (Septiningsih et al.
2013; Boter et al. 2007).

The activation of plant HSP20 under heat stress is directly related to Ca?* con-
centration in the cell. High Ca?* concentration activates calmodulins and/or MAP
kinases and followed by HSFs phosphorylation (Heat Transcription Factors), which
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are able to recognize certain cis elements present in the heat shock genes promoter
sequence, inducing its expression (Swindell et al. 2007). How plant HSP20 activa-
tion occurs during biotic stress is something still not clear. However, many studies
have demonstrated that gene expression patterns in response to different stresses
(Table 2.1), even when activated by different stresses, are regulated at any time by

an overlapping of signals (Fraire-Veldzquez et al. 2011; Singh 2002).

Table 2.1 Summary of different studies of plant sHSP under biotic stress conditions

Phatogen Species Plant Gene Reference
Bacteria Ralstonia Nicotiana NtHspl17 Maimbo et al.
solanacearum tabacum (2007)
Xanthomonas Orange Hspl5.5 Garofalo et al.
axonopodis pv. (2009)
citri
Xanthomonas Pepper Hspl6
campestris pv.
vesicatoria
Pseudomonas Arabidopsis HSP17, HSP17.611, Bricchi et al.
syringae thaliana HSP17.6A-CI, (2012)
HSP17.6, HSP21,
HSP23.6-MITO
Fungi Magnaporthe Rice Hsp17.4-CI, Sarkar et al.
grisea Hsp18.0-CI, (2009)
Hsp16.9A-CI,
Hsp18.0-CII,
Hsp22.3-CVI,
Hsp16.6-CVIII,
Hspl18.8- CX,
Hsp17.8-CXI
Fusarium Tomato I-2 Van Ooijen
oxysporum et al. (2010)
Rhizoctonia Arabidopsis HSP17.4 and Foley et al.
solani thaliana HSP17.6A (2013)
Rhizopus Solanum HSP17.6 Pan et al.
nigricans Ehrenb | lycopersicum (2013a)
Venturia Malus domestica | HSP21 Hiisselmann
inaequalis (2014)
Blumeria Hordeum Hsp16.9 and Hsp17.5. | Ahmed et al.
graminis f. sp. vulgare (2015)
hordei
Phytophthora Solanum HSP17.8 Yogendra et al.
infestans tuberosum (2015)

(continued)
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Table 2.1 (continued)
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Phatogen Species Plant Gene Reference
Nematodes | Meloidogyne Sunflower HaHsp17.7G4, Escobar et al.
incognita HaHsp18.6, HaHsp17. | (2003)
6
Meloidogyne Soybean GmHspl7.6-L Fuganti et al.
Jjavanica (2004, 2010)
Meloidogyne Sunflower Hahsp17.6G1 (G1), Barcala et al.
incognita Hahsp18.6G2 (G2), (2008)
Hahsp17.7G4 (G4)
Heterodera Soybean GmHsp14g06910, Kandoth et al.
glycines GmHsp10g32000, (2011)
GmHsp08g07340,
GmHsp04g05720,
GmHsp17g08020,
GmHsp16g29750,
GmHspl11g14950
Meloidogyne Soybean GmHsp22.4, Lopes-Caitar
Jjavanica GmHsp17.9B, etal. (2013)
GmHspl7.9A,
GmHspl17.4,
GmHsp22.4,
GmHspl7.6B
Rotylenchulus Gossypium HSP20 Lietal.
reniformis hirsutum (2015b)
Virus Turnip vein- Arabidopsis HSP17.6A, HSP17.4 | Whitham et al.
clearing thaliana (2003)
tobamovirus
(TVCV), Oilseed
rape tobamovirus
(ORMYV), Potato
virus X potexvirus
(PVX),
Cucumber mosaic
CUCUMOVITUS
(CMV), Turnip
mosaic potyvirus
(TuMV)
SYNV (Sonchus Solanum HSP18, HSP20 Senthil (2005)
yellow net virus), | tuberosum
NSV (Impatiens
necrotic spot
virus)
Rice stripe virus Rice OsHSP20 Lietal.
(RSV) Nicotiana NbHSP20 (20152)

benthamiana




2 Plant Small HSP and Biotic Stress 29

2.4 Plant HSP20 in Immune Response During Bacteria
Infection

In nature, plant-bacteria interaction, in most cases, have no influence in plant growth
or development; some of them may be beneficial, especially considering crop yield
increase, as occurs between soybean and Rhizobia bacteria (Dudeja and Giri 2014).
However, bacteria pathogenic for plants is also responsible for devastating losses in
agriculture. There are around 100 phytopathogenic bacteria species already
described (Stavrinides 2009). Recently, a list was published of the top 10 phyto-
pathogenic bacteria in a rank order (Bull et al. 2014; Mansfield et al. 2012).

The gram-negative plant pathogenic bacteria, Xanthomonas spp, have caused
important agricultural losses. In Taiwanaise cabbage crops, Xanthomonas campes-
tris pv. campestris is the disease responsible of black rot in crucifers (Li et al. 2014);
in Uganda, Xanthomonas Wilt of Banana is the cause of around 50 % yield losses
and is becoming a threat the food security of about 70 million people owing to its
impact on an important staple crop (Vurro et al. 2010).

To exploit plant nutrients, phytopathogenic bacteria have evolved sophisticated
infection strategies. Some of most important phytopathogenic bacteria, as
Pseudomonas syringae, Ralstonia solanacearum and Xanthomonas spp., are able to
cause diseases in plants through a type III secretion system (Maejima et al. 2014).

As in most plant-pathogen interaction, plant response against bacteria can occur
by pathogen-associated molecular patterns (PAMPs), as a basal defense response
(Thomma et al. 2011). However, throughout evolution bacteria have overcame this
basal level of recognition by evolving effectors to suppress basal resistance; some
plants genotypes could also evolve and aquire a resistance response. In effector-
triggered immunity (ETI), the pathogen effector protein can be recognized by R
genes (resistance gene) and present a fast and effective defense response against the
infection (Dodds and Rathjen 2010).

Although, there are not many studies describing the association between plant-
HSP20 during bacterial infection, some reports are demonstrating that it is an
important issue to be elucidated.

Maimbo et al. (2007) studied the compatible and incompatible interactions of
Nicotiana tabacum plants with pathogenic strains and non-pathogenic bacterium
Ralstonia solanacearum, for induction of hypersensitive response. Through the
technique of PCR differential display, it was possible to isolate and functionally
characterize genes related to tobacco interaction with R. solanacearum. Among the
fragments differentially regulated in inoculated tobacco leaves, sequences similar
were found in Medicago truncatula Hsp20, Cucumis melo and a hypothetical pro-
tein from Arabidopsis. In tobacco, this isolated fragment shows a corresponding
sequence to the gene encoding the protein NtHSP17 with proven response to induc-
tion by heat stress. The results obtained by real-time PCR in tobacco, immediately
after the silencing of this gene followed by pathogen inoculation, demonstrated that
the expression of some defense related genes, such as ethylene-response element-
binding protein and genes related to pathogenesis PR1 (pathogen-related) and PR4,
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were compromised. The silencing of the NtHsp17 gene, coding for an NtHSP20,
also resulted in increased virulence of R. solanacearum, including non-pathogenic
strain. These results suggest that HSP20 may have an important role in the immune
response of tobacco plants when attacked by R. solanacearum.

Similar results were found by Garofalo et al. (2009), who analyzed the expres-
sion of Hsp20 proteins in orange and pepper plants during compatible and incom-
patible interactions with the bacterial pathogens Xanthomonas axonopodis pv. citri
and Xanthomonas campestris pv. vesicatoria, respectively. Hsp20 expression pro-
files in different situations were related to the time after inoculation treatment and
the compatibility interaction, suggesting that these proteins are related to basal
defense response in plants.

Bricchi et al. (2012) performed Arabidopsis expression analysis by microarray
technology during Pseudomonas syringae infection. The results showed that six
small heat shock proteins were down-regulated (HSP17, HSP17.611, HSP17.6A-CI,
HSP17.6, HSP21, HSP23.6-MITO). According to Pavlova et al. (2009), the down-
regulation of HSPs during a biotic stress is quite rare, although gene expression of
HSP20s was verified as down-regulated by SA in Arabidopsis.

2.5 HSP20 Activity in Plant Response Against Fungi

Around 10 % of the 100,000 known fungal species are able to colonize plants, and
a fraction of these are able to cause disease (Epton 1989). Recently, a list of the top
10 phytopathogenic fungi and oomycete class were published (Kamoun et al. 2015;
Dean et al. 2012). There are several ways that fungi infect its hosts, depending on
their lifestyle. In general, the fungi attack is initiated by spore germination on plant
surface, followed by short tube formation which differs in appressorium structure
and plant-cell penetration with the primary hyphae (Mendgen and Hahn 2002). As
in all pathogen attack, plants can present different behaviors during fungi infection,
going from susceptibility to resistance.

Some plant-HSP20 has been also associated with defense response against fungi.
Sarkar et al. (2009) performed Hsp20 gene family characterization in rice and its
expression profile under stress conditions and developmental stages. An opposite
pattern of expression was observed for different family members. Four rice Hsp20
genes were induced after 4 days under Magnaporthe grisea infection (Hsp17.4-CI,
Hsp18.0-CI, Hsp16.9A-CI, Hsp18.0-CII), while another four genes, all belonging
to mitochondrial subfamily, were repressed (Hsp22.3-CVI, Hspl6.6-CVIII,
Hsp18.8- CX and Hsp17.8-CXI).

Van Ooijen et al. (2010) described a specific interaction between HSP20 and the
tomato (Solanum lycopersicum) R protein I-2 that confers resistance to Fusarium
oxysporum. They demonstrated that the resistance against Fusarium oxysporum
mediated by hypersensitivity response is strongly reduced when a specific class of
Hsp20 genes is silenced in tobacco. In this case, Hsp20 proteins interact specifically
with proteins encoded by gene [-2 from tomato, triggering the hypersensitive



2 Plant Small HSP and Biotic Stress 31

response. This is the unique report showing the physical interaction between a
HSP20 and an R gene type NB-ARC-LRR (nucleotide binding site-leucine-rich
regions) demonstrating its evident involvement in plant immunity.

Foley et al. (2013) performed a global gene expression analyses in Arabidopsis
at 7 days post infection by two different isolates of Rhizoctonia solani. This patho-
gen is an important soil-borne necrotrophic fungal, with a wide host range and little
effective resistance in crops (Wang et al. 2014). Arabidopsis is resistant to R. solani
AGS8, but susceptible to R. solani AG2-1. HSP20s seem to be associated with resis-
tance phenotype, and the class of HSPs showed the most striking response to AGS,
with five out of the seven HSPs induced greater than tenfold by AG8, but no HSP
genes were expressed to a higher degree in AG2-1 infected tissue. After quantitative
RT-PCR experiments were performed to validate the response of HSP17.4 and
HSP17.6A, which had the highest fold induction among HSP genes following AG8
infestation, both genes were silenced and overexpressed to check their function dur-
ing the response to R. solani infection. The silent mutants showed a response against
AG8 or AG2-1 similar to wild type. The overexpressed mutants for HSP 17.4 and
17.6A were not affected in their resistance or susceptibility to R. solani AG8 or
AG?2-1, respectively. The authors concluded that, even though this gene family pre-
sented the largest transcriptional difference between AG2-1 and AGS8 infected
tissue, it seems that individual HSP20s do not have a direct role in the plant’s
response to R. solani. However, considering the large number of HSP20s induced
specifically by AG8, HSP20s may be part of the effect rather than the cause of the
plant’s resistance to R. solani.

In a Solanum Lycopersicum (tomato) proteomic profile analysis during Rhizopus
nigricans infection, Pan et al. (2013b) identified, among others, a HSP20 related to
this interaction. Rhizopus nigricans Ehrenb is a major necrotrophic pathogenic fun-
gus that causes serious decay on fruit during development and postharvest storage
(Pan et al. 2013a). In this study, the translation of HSP17.6 was reduced in the R.
nigricans infected tissue, a trend validated by the steady state level of its transcript.
The authors considered these molecular regulations as a host defense mechanism
against R. nigricans. A similar result was reported in the thesis written by
Hiisselmann (2014); this study performed the Malus domestica Borkh proteomic
analysis during the infection by fungus Venturia inaequalis. The results showed one
apple HSP21 was identified and found to be absent or degraded in the stressed
proteome.

Ahmed et al. (2015) were able to demonstrate two barley HSP20s being targeted
by pathogen effectors. The authors described, by yeast two-hybrid assay, the inter-
action between two Blumeria graminis f. sp. hordei [Bgh] secrete effector proteins
with Hordeum vulgare small heat shock proteins, Hsp16.9 and Hsp17.5. They found
that two barley powdery mildew effector candidates, CSEP0105 and CSEP0162,
contributed to Bgh infection success, and also two HSP20 were identified as host
targets for these two CSEPs. Notably, Hsp16.9 showed in vitro chaperone activity,
which was specifically suppressed by CSEP0105. The data showed that barley
Hspl16.9 and Hspl7.5 have high amino acid sequence similarity with the tomato
HSP20 previously described by Maimbo et al. (2007), relating to R. solanacearum



32 V.S. Lopes-Caitar et al.

infection. These data suggest that CSEP0105 promotes virulence by interfering
with the chaperone activity of a barley small heat shock protein essential for defense
and stress responses.

Yogendra et al. (2015) provided compelling evidence on the functionality of
StWRKY1 transcription factor, in a compatible interaction of Solanum tuberosum
—Phytophthora infestans. Based on potato metabolic profiling and reverse genetics,
they validated the transcriptional activation of StWRKY' following P. infestans
invasion. The data allowed identifying resistance-related metabolites belonging to
the phenylpropanoid pathway and their biosynthetic genes regulated by WRKY1.
Moreover, the results suggest a transcriptional activation of WRKY 1 by StHSP17.8
only in the resistant potato genotype. The results showed a simultaneous induction
a small heat shock protein and WRKY'I during the fungi infection. The presence of
a heat shock element in the resistant genotype WRKY 1 promoter region is related
with this simultaneous induction. In addition, the regulation of WRKY1 by the
HSP17.8 was confirmed by LUC transient expression assay. These results suggest
that this interaction with HSP20 in the resistant genotype is responsible for high
transcriptional activity of WRKY 1, probably by the chaperone activity in keep the
stability and accumulation of this protein during the stress condition.

2.6 Plant HSP20 Associated to Nematodes Attack

Different from other organisms, so far no direct interaction is considered beneficial
between plants and any nematode species (Usta 2013). Among the top 10 plant-
parasitic nematodes in molecular plant pathology, root-knot nematodes (Meloidogyne
spp.); cyst nematodes (Heterodera and Globodera spp.); and root lesion nematodes
(Pratylenchus spp.) are the most harmful species for agriculture (Jones et al. 2013).
Some plant-HSP20 has also been associated with defense response against nem-
atode. Fuganti et al. (2004), working with microsatellite markers, identified a QTL
linked to Meloidogyne javanica infection in a segregating population for resistance
in soybean. The QTL mapped (SOYHSP 176) in soybean F linkage group (chromo-
some 13) between SSR molecular markers Satt114 and Satt423, in the promoter
region of Glymal3G176000.1. A differential expression profile of this gene was
demonstrated in resistant and susceptible genotypes under M. javanica infection
(Fuganti et al. 2010). The authors showed the soybean GmHps17.6-L gene induc-
tion on resistant genotypes (PI595099), but no changes in gene expression levels on
susceptible genotype (BRS133). These data indicate that this protein may have an
important role on complex soybean resistance response against phytonematodes.
Kandoth et al. (2011)) studied the soybean resistance mechanisms against the
nematode Heterodera glycines, and compared the gene expression profiles of syn-
cytia in two soybean lines, differentiated only by the presence of Rhgl gene, a
resistance gene first described in Peking for resistance to soybean cyst nematode
(SCN) (Caldwell et al. 1960). Among the 1447 differentially expressed genes found
between both lines, resistant near-isogenic lines (NIL-R) and susceptible near-
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isogenic lines (NIL-S), 4 genes corresponded to HSP20 proteins; and other enzymes
that lead to reactive oxygen species increased levels. These results indicate that a
complex network of molecular events occur during Rhgl mediated resistance, lead-
ing to a defense response against a soybean root pathogen and the possibility that
the Hsp20 plays an important role in resistance.

Other studies also carried out on soybeans, have suggested that the cis elements
positioning of heat shock response in the Hsp gene promoters is directly related to
its activation during biotic stress. Escobar et al. (2003) studied the influence of posi-
tion HSE (Heat Shock Element) changes in the sunflower gene HaHsp17.7G4 pro-
moter region under its expression in the giant cells formed after infection with
Meloidogyne incognita in transgenic tobacco plants. The results obtained by the
authors demonstrated that HaHsp17.7 responds to infection by the nematode and
that the presence of a single element HSE is sufficient for induction, since it occurs
until — 83 base pairs (bp) from the site initiation of transcription. When the HSE
element is positioned at distances greater than — 83 bp from the transcription start
site, the Hsp20 gene ceases to be induced in response to nematode infection.

Subsequently, the comparative analysis of HaHspl7.7 promoter sequence
(- 83 bp G4) and two other sunflower Hsp20 genes, which also respond to infection
by nematodes, HaHsp18.6 (G2 contains two HSE a proximal —49 bp) and HaHsp17.
6 (G1 contains an HSE, furthest — 108 bp), in Arabidopsis plants transformed by the
floral deep technique, corroborated the data obtained by Escobar et al. (2003). In
this experiment, Barcala et al. (2008) confirmed the importance of the single core
element HSE presence, distant to — 83 bp of the transcription start site. These ana-
lyzes used a vector with GUS gene marker, under regulation of different promoter
configurations by HSE elements position and number. In addition, in G1 mutant, the
distance between the HSE and TATAbox were much larger than in first HSE in G2
or G4 (compared to 49 bp 12 bp 21 bp in G2 and G4). CAATbox elements have also
been predicted and found between the matrix HSE of G2 promoter (CAAT box
position — 177 bp and — 72 bp) and G4 (CAATbox position — 141 bp). In contrast,
the CAATbox been identified in the promoter positioned — 67 bp, before the HSE
element.

The results showed that the G2 promoter was activated after nematode infection
in transgenic tobacco plants, while G1 was not induced upon the same stress condi-
tion. Furthermore, it seems the G4 promoter responds only to root-knot nematodes,
because it was not activated in plants infected by cyst nematode (Barcala et al.
2008). The data indicate primarily that the HSE elements arrangement in promoter
region, and thus far it’s setting in association with other elements, such as TATAbox
and CAATbox, is an important influence on Hsp20 genes response under biotic
stress. Moreover, this configuration appears to have influence on these genes’
expression in different pathogens species.

Lopes-Caitar et al. (2013) performed the genome-wide analysis of the Hsp20
gene family in soybean and gene its expression analysis under abiotic and biotic
stresses. The results indicated six soybean Hsp20 genes had some significant expres-
sion profile changes during nematode infection. GmHsp22.4, GmHsp17.9B,
GmHsp17.9A and GmHsp17.4 genes were induced by M. javanica in the suscepti-
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ble genotype and have been already described by Kandoth et al. (2011) as induced
under cyst nematode infection. Two soybean Hsp20 genes, GmHsp22.4 and
GmHsp17.6B, showed a divergent expression pattern between the examined resis-
tant and susceptible genotypes under M. javanica infection. Furthermore, the pro-
moter analysis showed that Hsp20 genes responsive to biotic stress follows the same
cis element arrangement, especially for HSE, that have been described for other
plant species under nematode infection.

Li et al. (2015b) performed a RNA-seq with three different Gossypium hirsutum
phenotypes under 3, 9 and 12 days post Rotylenchulus reniformis infection. In this
study, the results indicated a total of 52 HSP20 genes showed significant expression
profile changes. Susceptible (DP90 & SG747) and hypersensitive (LONREN-1)
genotypes showed the largest number of repressed Hsp20 pathway; 23 and 41 genes,
respectively.

2.7 HSP20 May Protect Plant Cells During Viral Infection

The virus infectious cycle depends largely on the nature of their genetic material,
which most often in plants are polo-positive viral RNA. Upon viral particle entry in
the plant cell, the RNA genome is translated and the coating removed; both pro-
cesses are highly coordinated. It seems a link among viral protein synthesis, some
of these proteins assembly and the host factor to form a replication complex. After
the virus moves to the neighboring cells, the infection is quickly spread throughout
the plant (Pallas and Garcia 2011). A complete review of the top 10 plant viruses in
molecular plant pathology and of economic importance was published recently
(Scholthof et al. 2011; Rybicki 2015), while Mandadi and Scholthof (2013) pre-
sented the current state of knowledge of plant-virus interactions.

There are several studies that have described an association of plant HSP70 and
HSP90 during infection by viruses (Jiang et al. 2014; Mine et al. 2012; Chen et al.
2008), and just few reports of plant small heat shock proteins involved in viral
response. However, for the science community, it is clear that plant small heat shock
proteins (HSP20s) have a fundamental role in protecting cells during viral infection,
but their biological function remains unknown (Piotrowska et al. 2010).

Whitham et al. (2003) performed an expression profile analysis, by microarray
technology, using Arabidopsis, under five different virus infection, turnip vein-
clearing tobamovirus (TVCV), oilseed rape tobamovirus (ORMV), potato virus X
potexvirus (PVX), cucumber mosaic cucumovirus (CMV), and turnip mosaic poty-
virus (TuMV), at 1, 2, 4, and 5 days after inoculation (DAI). Two small heat shock
proteins, HSP17.6A, and HSP17.4, were coordinately induced in response to two
tobamoviruses, ORMYV and TVCYV, at 1 DAL Both, genes were also lately induced
in Arabidopsis during the infection by CMV, PVX and TuMV. The authors sug-
gested that the coordinated induction of HSPs, plant defense proteins, suggests that
might be a common mechanism that controls their expression in response to viral
infection.
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Similiarly, Senthil (2005) studied how SYNV (Sonchus yellow net virus) e INSV
(Impatiens necrotic spot virus) could affect the Solanum tuberosum transcriptional
profile. Applying the model plant Nicotiana benthamiana, they inoculated the virus
in two different experiments and performed and hererologous microarray with
potato expressed sequence tags (ESTs). Interestingly, a higher expression fold was
identified for two small heat shock proteins, HSP 18 and HSP 20, at 4 dpi., with a
decrease in expression at 5 d.p.i. during INSV infection. However, these genes were
not induced by SYNV infection. According to the authors, the expression induction
of the HSP20, during virus attack, is related to general plant response to stress.

Li et al. (2015a) investigated the interactions between plant HSP20 and Rice
stripe virus (RSV) protein, RdRp, by yeast two-hybrid (Y2H). They found that the
expression and sub-cellular localization of a host small heat shock protein was sig-
nificantly affected by RSV infection. RSC is the causal agent of chlorotic stripes or
mottling and necrotic streaks in the newly expanded leaves and growth is stunted; it
is a devastating viral disease of rice in East Asia. Also Li et al. (2015a) showed the
HSP20 features changes in the host that is a consequence of its interaction with the
viral RdRp, a large protein that presents multiple functional motifs and domains.
Apparently, the N-terminus (amino acid residues 1-296) of the RdRp was crucial
for the interaction between the HSP20s and viral RdRp and responsible for the
alteration of the sub-cellular localization and distribution pattern of HSP20s in pro-
toplasts of rice and epidermal cells of Nicotiana benthamiana. This may suggest
that interactions between HSP20 and the viral RdRp play an important role in viral
replication. These findings are the first report that a plant virus or a viral protein
alters the expression pattern or sub-cellular distribution of HSP20 and may be there-
fore a step forward in understanding a virus that causes a seriously damaging dis-
ease of one of the most important crop plants in the world.

2.8 Conclusion

Plant small heat shock proteins are currently associated with abiotic stress responses;
however, it is clear they are involved in the response to most important phytopatho-
gens, especially for fungi. Currently, it is still not clear how these special defense
proteins act during plant biotic stresses, but all of the evidence suggests that HSP20s
can be a promising target to plant breeding issues. In addition, this chapter is an
incentive to update the researches related to plant-HSP20 and better elucidate their
functions under biotic stress.
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Chapter 3
Small Heat Shock Proteins, a Key Player
in Grass Plant Thermotolerance

Kehua Wang, Xunzhong Zhang, and Erik H. Ervin

Abstract Small heat shock proteins (sSHSPs) are by far the most complex group of
HSPs that function to protect practically all cellular compartments in plants under
stress due to their unusual abundance and diversity. Recent advances in proteomics,
genomics, and other cellular and molecular techniques have facilitated the identifi-
cation and characterization of sHSPs in higher plants, especially grass plants from
the family of Poaceae that are economically important as crops and grasslands. Here
we introduce the structure and function of plant sHSPs, and then summarize recent
research progress on the role of sHSPs in grass tolerance to heat stress.
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3.1 Introduction

Heat shock proteins (HSPs) are a group of proteins that were first described in rela-
tion to heat shock in Drosophila cells over a half century ago (Ritossa 1962). They
are now known to also be induced under many other stresses including drought,
salinity, cold, UV light, and oxidation (Cho and Choi 2009; He et al. 2015; Liu et al.
2010; Rizhsky et al. 2002). Heat-shock proteins occur under non-stressful condi-
tions as well, simply playing a role as a “monitor” for old proteins in cells (Haslbeck
etal. 2015). HSPs are thought to be important in thermo-tolerance due to the follow-
ing observations: (1) coincident and universal induction in response to temperature
stress in all investigated organisms, and (2) fast and intensive biosynthesis (Wahid
et al. 2007).

In higher plants heat stress redirects protein synthesis and results in a nearly
exclusive synthesis of stress proteins, particularly heat shock proteins (Schulze
et al. 2005). This increase in expression is transcriptionally regulated. The dramatic
up-regulation of the HSPs is a key part of the heat shock response and is regulated
primarily by heat shock factor (HSF) (Pirkkala et al. 2001; Wu 1995). HSPs have
been assigned to 11 multi-protein families across different organisms based on a
new eukaryotic/Escherichia coli nomenclature system, including HSP100/ClpB,
HSP90/HtpG, HSP70/DnaK, HSP60/GroEL, HSP40/CbpA and small HSP (sHSP)
proteins (Bharti and Nover 2002; Kotak et al. 2007; Wang et al. 2004). Among
them, sHSPs are particularly interesting due to their high abundance and being the
only ATP-independent HSPs among the 11 molecular chaperone families
(Santhanagopalan et al. 2015). Our review will mainly focus on the current progress
of plant sHSP research, particularly in grass species.

3.2 Definition of sHSPS

Small heat shock proteins (SHSPs) are one of the most ubiquitous HSP subgroups,
whose molecular weights were originally recognized to be from 17 to 28 kDa and
are now expanded from ~12 to 42 kDa (Santhanagopalan et al. 2015; Vierling 1991).
Small heat shock proteins were first discovered as proteins that were up-regulated
after a heat shock treatment together with several other HSPs, including HSP70s
and HSP40s over 40 years ago (Tissiere et al. 1974). Several years later the first
observations of sHSP synthesis in higher plants were reported for soybean (Glycine
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max) and tobacco (Nicotiana tabacum) tissue culture cells (Barnett et al. 1980).
Soon afterwards sHSPs were reported in heat shocked maize (Zea mays) seedlings,
by Baszczynski et al. (1982). Although not all prokaryotes, but nearly all eukaryotic
organisms have two or more genes encoding sHSP. For example, there are two in
yeast, 10 in humans, and over 19 genes in Arabidopsis thaliana. Even more have
been reported in other higher plant species, such as the grasses (Kappe et al. 2003;
Kriehuber et al. 2010; Ouyang et al. 2009; Pandey et al. 2015; Santhanagopalan
et al. 2015). In wheat (Triticum aestivum), there are 50 known/predicted sHSP
genes; rice (Oryza sativa) has been reported to have 23 (Waters et al. 2008) or 39
genes of sHSP (Ouyang et al. 2009).

The majority of sHSPs in plants are induced by heat stress and some are devel-
opmentally expressed, demonstrating their crucial role in the heat stress response of
plants (Sun et al. 2002; Waters 2013). The most abundant plant sHSPs induced are
class I cytoplasm sHSPs that can account for over 1 % of total leaf or root water
soluble protein (Hsieh et al. 1992). Other sHSPs, such as the chloroplast-located
sHSPs can amount to only about 0.02 % of total leaf protein (Chen et al. 1990).
Studies using most recently developed quantitative proteomic techniques combined
with electron cryo-tomography found sHsp concentration increasing from 0.06 pM
in non-stimulated cells of Leptospira interrogans to 30 pM (500-fold) in heat-
stressed cells (Beck et al. 2009). In plants, not only the protein of sHSPs were found
to be numerous, but the corresponding mRNAs were also produced at very high
levels during heat stress (nearly >20,000 copies per cell) (Santhanagopalan et al.
2015).

Higher plant sHSPs have evolved independently of animal and bacterial homo-
logs and comprise multiple paralogous sHSPs in different cell compartments,
including the nucleus, endoplasmic reticulum, peroxisomes, mitochondria, and
chloroplasts (van Montfort et al. 2002; Waters et al. 1996). The cytosolic sHSPs of
angiosperms are further grouped into five or more families (11 or 13 families) that
originated hundreds of millions of years ago and show evidence of continued diver-
sification (Lopes-Caitar et al. 2013; Ouyang et al. 2009; Pandey et al. 2015; Siddique
et al. 2003, 2008; Waters et al. 2008; Waters and Vierling 1999b). Further, the
chloroplast-localized sHSPs evolved when land-plants developed, through gene
duplication from cytosolic SHSPs (Chen and Vierling 1991; Waters and Vierling
1999a). The chloroplast sHSP subfamily may need to be further expanded to two
subfamilies as it was done for the mitochondria sHSP subfamily based on compara-
tive analysis (Waters et al. 2008) (Fig. 3.1). The relationship of different families of
plant sHSPs is illustrated for selected sHSPs from Arabidopsis and some grass
plants from the Poaceae family (Fig. 3.2). The evolution of diverse land plant sHSPs
has been generally thought to be driven by plants’ sessile nature as they are inca-
pable of escaping environmental stresses that are potentially counteracted by the
function of sHSPs (Eisenhardt 2013; Waters 2013). The abundance and diversity of
plant sHSPs has made their function and evolution of more interest (Bondino et al.
2012).
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Fig. 3.1 Phylogenetic analysis of chloroplast sHSPs of monocots (grass species) with dicots
(Arabidopsis, Glycine max, and Glycine soja). The tree was derived by Neighbor- joining method
with MEGA 5 from alignment of amino acid sequences of chloroplast sHSPs/hypothetic chloro-
plast sHSPs using ClustalW (Tamura et al. 2011; Thompson et al. 2002)
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Class |

Fig. 3.2 Phylogenetic relationship of sHSPs of different grass species with Arabidopsis, Glycine
max, and Glycine soja. The tree was derived by Neighbor- joining method with MEGA 5 from
alignment of amino acid sequences of sHSPs/predicted sHSPs using Clustal W (Tamura et al. 2011;
Thompson et al. 2002)
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3.3 Structure, Function and Regulation of SHSP

The common characteristic of all SHSPs is the presence of three functionally impor-
tant regions, a conserved a-crystallin domain of 90-100 amino acids (Dejong et al.
1993, 1998; Waters et al. 1996), an evolutionarily divergent N-terminal region and a
short flexible C-terminal region (Carver and Lindner 1998; Carver et al. 1997; Cheng
et al. 2008; Kim et al. 1998; van Montfort et al. 2002) (Fig. 3.3a). The a-crystallin
domain is the most representative motif of sSHSPs, but multiple sequence alignments
of sHSPs of different organisms revealed very few consensus residues. Only the A-x-
x-x-n-G-v-L motif at the end of the a-crystallin domain is conserved, and it is also
the most significant indicator of the domain (Haslbeck et al. 2015; Lentze et al. 2003;
Studer et al. 2002) (Fig. 3.3a). The length and structure of the a-crystallin domain,
rather than the sequence, are well conserved with an average of 94 amino acids form-
ing a compact -sheet sandwich (Kriehuber et al. 2010). The N-terminal part preced-
ing the a-crystallin domain is highly variable and even more poorly conserved
compared to the a-crystallin domain. And the C-terminal is a short extension follow-
ing the a-crystallin domain (Sun and MacRae 2005). For example, the entire exten-
sion is only 14-21 (average 15) amino acids in Ta16.9 and other plant class I proteins.
A majority of all sHSPs contains a notably conserved I/V/L-x-I/V/L motif (IxI motif)
in the C-terminal extension (de Jong et al. 1998) (Fig. 3.3a, b).

The a-crystallin domain is necessary for assembling the basic building block of
dimer formation, but the a-crystallin domain by itself is not sufficient for the forma-
tion of the higher-order structures or oligomers (Bagneris et al. 2009; Baranova
etal. 2011; Clark 2016; Clark et al. 2011; Ghosh et al. 2006; Hilton et al. 2013a; Shi

Fig. 3.3 (a) Domain organization of sHsps. N-terminal domain (NTR) (blue), a-crystallin domain
(ACD) (red), C-terminal extension (CTR) (green). The motifs common to all sHsps are indicated.
(b) Monomer structure of wheat HSP16.9. The domains are color coded according to the domain
organization shown in (a). (¢) The crystal structure of wheat HSP16.9 reported by van Montfort
etal. (2001). (PDB ID: IGME). Wheat HSP16.9 is a homo-dodecameric protein consisting of two
disk-like layers. The three HSP16.9 dimers in the upper disk are colored in green, blue and red,
respectively. The lower disk is colored in gray
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Fig. 3.4 The hierarchy of the human aB-crystallin 24-meric assembly (Braun et al. 2011) (PDB:
2YGD). (a) The dimer assembled through the interactions between the 5 -strands located within
the ACDs of the adjacent monomers. (b) The sub-assembly of a hexamer formed by inter-dimer
interactions through the binding of C-terminal IXI motifs to the hydrophobic groove of the adja-
cent monomer (inset). (¢) 24-mer assembled from hexameric blocks through contacts within
N-terminal regions (Haslbeck et al. 2015)

etal. 2013; Weeks et al. 2014). Both the N-terminal and C-terminal flanking regions
facilitate the oligomer formation. The N-terminal arms are major substrate binding
domains, and contacts within N-terminal regions are important for the higher order
oligomers (Fu et al. 2005; McDonald et al. 2012; Mani et al. 2015; McHaourab
et al. 2011; Santhanagopalan et al. 2015; Takeda et al. 2011; Tiroli and Ramos
2007). In addition, IxI motif in the C-terminal extension makes an important contact
linking sHSP dimers into higher order oligomers (Haslbeck et al. 2015). Other than
that, the C-terminal extension can also adopt different angles in relation to the
a-crystallin domain, which facilitates the assembly of oligomers with different
geometries (Hanazono et al. 2013; van Montfort et al. 2001). In summary, the three
parts contribute to the oligomer assembly process in a hierarchical way (Fig. 3.4,
adopted from Haslbeck et al. 2015).

The ability to assemble into large oligomers of 12—40 subunits (Hanazono et al.
2013; Kim et al. 1998; van Montfort et al. 2001) is the key to the function of many
sHSPs, and also the most striking feature; although a few sHSPs are present as small
oligomers of 2—4 subunits (Basha et al. 2013; Garrido et al. 2012; Kokke et al. 1998)
(Fig. 3.3b, ¢). The canonic sHSPs function as a buffer system to bind unfolding
proteins, forming stable complexes upon stress and to protect them from irreversible
aggregation (Fig. 3.5, adopted from Santhanagopalan et al. 2015). In vitro experi-
ments revealed that the non-native protein trapped in sHSP/substrate complexes
remain folding-competent (Buchner et al. 1998; Lee et al. 1997) for subsequent
refolding in cooperation with ATP-dependent chaperones, such as HSP70s and
HSP100s (Cashikar et al. 2005; Goloubinoff et al. 1999; Mogk et al. 2003; Veinger
et al. 1998) (Fig. 3.4).
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Fig. 3.5 Mechanism of the chaperone function of sHSPs. Under heat stress sHSPs bind non-
native/partially unfolded proteins in an energy-independent way and keep them in a folding-
competent state in sHSPs/substrate complexes. Subsequently, the substrates are refolded by
downstream ATP-dependent chaperone systems, such as HSP70/40, and HSP100 (Santhanagopalan
et al. 2015)

The current model for sHSP chaperone activity was defined based on studies of
plant class I sHSPs of wheat Tal6.9 and pea (Pisum sativum) homologous protein
Ps18.1. Both Tal6.9 and Ps18.1 are dodecamers in solution at room temperature,
and most likely other plant class I sHSPs as well, such as tobacco, and the perennial
grass, sugarcane (Saccharum spp.) (Basha et al. 2010; Tiroli-Cepeda and Ramos
2010; Tiroli and Ramos 2007; Yoon et al. 2005). It has been suggested that sHSP
oligomers act as reservoirs of the active dimeric units of the chaperone (Hilton et al.
2013b; Stengel et al. 2010; van Montfort et al. 2001). Generally, there are four
different regulatory stimuli (1) the presence of unfolded or partially folded sub-
strates; (2) changes in the environmental temperature or stresses; (3) phosphoryla-
tion or more general post- translational modifications and, (4) the formation of
hetero-oligomers, which affect the association/dissociation equilibrium of sHSPs
and lead to their activation (Haslbeck et al. 2015). Stress can activate the sHSPs by
shifting the equilibrium to the dimeric form, which can then bind partially unfolded/
misfolded proteins. This activation mechanism appears to be largely dependent on
the ratio of sHSP to substrate and the Hsp70/Hsp40 system alone is effective in
refolding the substrate proteins only if sHSPs are present at proper or excess con-
centrations, where soluble and well defined sHSP/substrate complexes form. At excess
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levels of the substrate protein, sHSPs become incorporated into aggregates of the
substrate protein. For the refolding of substrates from these aggregate-like SHSP/
substrate complexes, a mechanism involving Hsp70/Hsp40 and members of the
Hspl100 family is necessary (Haslbeck et al. 2005; Lee and Vierling 2000; Mogk
et al. 2003; Patel et al. 2014). This process requires neither binding nor hydrolysis
of ATP, indicating that the energy required for the sHSPs to perform any conforma-
tional changes necessary for their function comes from the ambient environment
(McHaourab et al. 2009). This is different from the mechanism of transferring
energy used by the majority of the molecular chaperones, and reveals that the sHSPs
populate a relatively shallow free-energy surface (Papoian 2008; Zheng et al. 2012).
Recently a super-transformer model illustrating both the dynamic structures of
sHSPs and the variable sHSP-substrate interactions was proposed. In this model,
each sHSP monomer, like a transformer, is able to adapt to different conformations,
and easily assembles into various transformable and dynamic oligomers (super-
transformer) (Fu 2015). In summary, sHSPs are an excellent illustration of the idea
that protein dynamics are able to regulate and control protein function. This mecha-
nism seems to be conserved from bacteria to the eukaryotes.

In summary, research on function and regulation of sHSPs has been advanced
considerably during the past ten to 15 years along with successful resolution of the
representative eukaryotic SHSP crystal structure of wheat Hsp16.9 (Tal6.9) and
Schizosaccharomyces pombe Hsp16.0. However, more high resolution, and espe-
cially complete full length sHSP structures are needed, particularly for higher plants
with independently evolved sHSPs from metazoan and bacterial homologs. In addi-
tion, exactly how sHSPs function and what they protect remains undetermined.

3.4 The Grass Family and the Mechanisms for Heat
Tolerance

The grass family Poaceae, which is comprised of more 10,000 species, is the single
most important plant family in agriculture. It includes annual species cultivated as
major grain crops, such as maize, rice, wheat, barley (Hordeum vulgare), and oat
(Avena sativa), along with other cereals accounting for a major portion of food con-
sumed worldwide, and perennial species cultivated as forage grasses for livestock,
turfgrasses for lawns, parks, sports fields, and golf courses, and cash crop for bioen-
ergy, sugar production. In addition, it also surpasses all other flowering plant fami-
lies in ecological importance as grasses cover >20 % of the earth’s land surface and
often dominate temperate and tropical habitats (Gaut 2002).

Grasses are classified into two categories (warm-season and cool-season) based
on the ranges of temperature and precipitation at which they are adapted. Cool-
season and warm-season grasses have distinctive photosynthetic pathways, known
as C3 and C4, respectively. Cool-season or C3 grass species have an optimum
growth temperature in the range from 18-24 °C while C4 or warm-season grass
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species grow the best between 30 and 35 °C (Turgeon 2011). High temperature is
particularly detrimental to cool-season grass species, particularly in transition zone
and semi-tropical climate regions. Temperature rises of 5 °C or more above optimal
can cause alteration of metabolism or even damages to plant function and develop-
ment, resulting in growth reductions and yield loss (Kotak et al. 2007; Schulze et al.
2005; Wahid et al. 2007). The predicted 2—5 °C higher global temperature due to
global warming in the twenty-first century, and heat waves as the early warning
signs of global warming happening globally, are one of the most serious challenges
facing agriculture worldwide (Porter 2005). Better understanding the mechanism of
grass species thermo-tolerance and improving grass species tolerance to high tem-
perature becomes a more urgent topic for the academies globally.

Similar to other land plants, grasses may survive heat stress through heat-
avoidance or heat-tolerance mechanisms (Fry and Huang 2004; Schulze et al. 2005;
Wahid et al. 2007). Heat avoidance is the ability of plants to maintain internal tem-
peratures below lethal stress levels; plant tolerance to high temperature may be
achieved through various mechanisms, including changes at the molecular, cellular,
biochemical, physiological, and whole-plant levels (Bita and Gerats 2013; Kotak
et al. 2007). Heat stress redirects protein synthesis in higher plants, including deg-
radation of proteins, inhibition of protein accumulation, and induction of certain
groups of protein synthesis, particularly heat shock proteins (Krishna 2004;
Monjardino et al. 2005; Schulze et al. 2005; Vierling 1991). Small HSPs are of
particular importance as they are among the most dominant proteins induced in
higher plants upon heat stress (Sun et al. 2002).

3.5 Identification and Characterization of SHSPS Associated
with Heat Tolerance in Grasses

The involvement and role of sHSPs in thermo-tolerance has been mainly studied in
various annual grasses cultivated as grain crops, including wheat, rye (Secale
cereale), barley, and oat belonging to the Pooideae subfamily (all C3 grass species),
and maize, and sorghum (Sorghum bicolor) belonging to the Panicoideae subfamily
(many are C4 grass species). For perennial grass species, the function and role of
sHSPs in thermo-tolerance has been only examined in a few, mainly cool season
grasses, such as creeping bentgrass (Agrostis stolonifera), fescues (Festuca spp.),
and perennial ryegrass (Lolium perenne). Several studies have been done on sugar-
cane, a warm-season perennial grass. Here we treat it as an annual grass since it is
cultivated as an annual crop. Below we will give a more detailed review on how
these sHSPs are regulated in the adaptive and tolerant mechanisms of annual crops,
perennial forage and turfgrasses, and other grass plants under heat stress.
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3.5.1 SHSPS Identified in Annual Species Cultivated as Grain
Crops

In the early 1980s, expression of an 18 kDa sHSP was first observed in a study
examining gene expression of 5-d plumules of corn by heat shock (Baszczynski
et al. 1982). A year later, the same group reported similar findings in vitro by isolat-
ing and expressing the corn mRNA in both the rabbit reticulocyte and the wheat
germ systems (Baszczynski et al. 1983). Since then, more sHSPs have been identi-
fied by various studies on different annual grass plants using one-dimensional pro-
tein electrophoresis and other methods (Cooper and Ho 1983; Craig 1985; Krishnan
et al. 1989; Necchi et al. 1987). For example, Necchi et al. (1987) observed induc-
tions of several low molecular HSPs (14-17 kDa) along with other HSPs in five
cereal species (common wheat, drurum wheat (7. durum), barley, rye, and triticale
(x Triticosecale)) responding to heat shock at 40 °C for four to 12 h. A subsequent
study reported that distinct levels of acquired thermo-tolerance between wheat vari-
eties were associated with significant quantitative differences in the synthesis of
multiple HSPs, particularly sHSPs (Krishnan et al. 1989). In addition, in response
to heat shock, maize seedlings have four more mitochondrial LMW-HSPs expressed
compared to seedlings of wheat and rye, which was suggested to be the possible
reason for higher heat tolerance in maize than in wheat and rye (Korotaeva et al.
2001).

Since the 1990s, genes of sHSPs from some crop species, such as maize, barley,
and rice began to be cloned and their characteristics and function were further ana-
lyzed (Boston et al. 1996; Chen and Vierling 1991; Dietrich et al. 1991; Frappier
et al. 1998; Goping et al. 1991; Lee et al. 2000; Ham et al. 2013; Klein et al. 2014;
Marmiroli et al. 1993; Yeh et al. 1995). For example, a rice class I 16.9-kDa HSP
gene, pTS1, was cloned and it was shown that the recombinant rice 16.9-kDa sHSP
can provide thermo-protection in vitro. Moreover, the 16.9-kDa sHSP, obtained
after a cleavage of the recombinant portion of the glutathione S-transferase (GST)
protein, was also shown to form a protein complex of approximately 310 kDa under
native conditions as the native class I sHSPs from heat-shocked rice seedlings can,
indicating that the formation of the oligomers are also important for in vitro thermo-
protection. Also in rice, an Oshsp26 gene, encoding a chloroplast-localized sHSP,
was isolated. The Oshsp26 gene was expressed following heat stress, and also fol-
lowing oxidative stress even in the absence of heat stress, suggesting an important
role in protecting the chloroplast against damage caused by oxidative stress as well
as by heat stress (Lee et al. 2000). One of the most important breakthroughs of sHSP
research is the resolution of the crystallographic structure of a wheat class I cyto-
solic sHSP, TaHsp16.9-CI (wHSP16.9, PDB Id: 1IGME) (van Montfort et al. 2001).
Years later, the same group further studied the chaperone activity of wheat
TaHsp16.9-CI, along with the related wheat protein TaHsp17.8-ClII, a class II plant
cytosolic sHSP. The data indicate that sHSPs show substrate specificity and suggest
that N-terminal residues contribute to substrate interactions, which may reflect the
evolutionary distinction between the two classes, class I and class II (Basha et al.
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2004). Similarly, the recombinant proteins of two sugarcane cytosolic class I sHSPs,
SsHsp17.2 and SsHsp17.9, were used to characterize their function under high tem-
perature in vitro. Data showed that the stability and their chaperone activity of the
two sHSPs were not equivalent, indicating a substrate specificity involved in differ-
ent sites at the N-terminus. In addition, high temperature affected the oligomeric
state of the two sHSPs, resulting in enhanced chaperone activity by dissociating
dodecamers to dimers (Cagliari et al. 2005; Tiroli-Cepeda and Ramos 2010; Tiroli
and Ramos 2007). Based on the available structure data and other results, the stan-
dard model of how sHSPs function was proposed (see part 4.3 for details) (Haslbeck
et al. 2005; Lee and Vierling 2000; Mogk et al. 2003).

More recently advances in “omics” technologies have provided new opportuni-
ties for the identification and characterization of heat-responsive proteins including
sHSPs (Lee et al. 2007; Majoul et al. 2004; Skylas et al. 2001; Wang et al. 2015).
Using classical two-dimensional gel electrophoresis (2-DE) coupled with mass
spectrometry (MS), Thouraya et al. (2004) detected up-regulation of 5 sHSPs in a
study analyzing the effect of heat stress on wheat grain proteome. Lee et al. (2007)
identified 48 proteins in a study investigating rice leaf proteome in response to heat
stress, including seven newly induced or highly up-regulated sHSPs, with one of the
sHSPs being further confirmed by western blot as a mitochondrial sHSP.

Other than the studies that simply observed/identified sHSPs under heat stress,
studies also found positive correlation between sHSPs expression and plant thermo-
tolerance. Skylas et al. (2001)) observed a sHSP16.9 showing an increase in protein
abundance in mature wheat grain of a heat tolerant wheat cultivar. The authors
determined this protein as a possible marker protein for heat tolerance. Similarly, in
a study of sHSPs in rice cultivars of different heat stress tolerance, Chen et al. (2014)
found five sHSPs were up-regulated, with all being significantly higher in the heat-
tolerant rice cultivar “Co39” than those in the heat-sensitive cultivar “Azucena”.
The results indicated that the expression levels of these five sHSPs were positively
related to the ability of rice plants to tolerate heat stress. Further, the assembled
large hetero-oligomeric complex by some of these five SHSPs was thought to be a
key step for rice to tolerate heat stress.

In maize, the chloroplastic sHSP26 was found to be able to interact strongly with
specific chloroplast proteins and to stabilize their abundance under heat stress,
including ATP synthase subunit beta, chlorophyll a/b binding protein, oxygen-
evolving enhancer protein 1 and photosystem I reaction center subunit IV, which
improve chloroplast performance and in turn enhance plant thermo-tolerance (Hu
et al. 2015b). Sule et al. (2004) were able to distinguish six isoforms of a 16.9 kDa
sHSP in one single spot of a gel in a proteomic study of barley heat response by
using an electrospray ionization-quadrupole linear ion trap (Q-TRAP) spectrometer
combined with nano-HPLC. Interestingly, different isoforms of the same sHSP
seems to play different roles in heat tolerance because they were present in a differ-
ent pattern in the heat tolerant and sensitive cultivars. An in-depth analysis of those
proteins and their isoforms is warranted in order to better understand their specific
role in relation to plant heat-tolerance and susceptibility.
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Genome-wide or transcriptome-wide data analysis proves to be a powerful way
to identify genes, including sHSPs. Guan et al. (2004) characterized the genomic
structures of two chromosomes in rice and identified nine cytosolic class I small
heat shock protein genes, namely Oshspl6.9A, Oshspl16.9B, Oshspl16.9C,
Oshsp16.9D, Oshsp17.9B, Oshspl17.3, Oshspl7.7, Oshspl7.9A and Oshsp18.0,
which were further confirmed by 2-DE combined with MS. This work showed that
all sHSP-CI genes except Oshsp17.9B were induced dramatically after heat shock
for 2 h. A later comparative analysis of the sHSPs in three angiosperm genomes
(Arabidopsis thaliana, Populus strichocarpa, Oryza sativa) identified a total of 23
rice sHSPs, including eight cytosolic class I, two for class II and mitochondria, one
each for class II1, IV, V, peroxisome, chloroplast, and endoplasmic reticulum (ER),
and five “orphan” ones without close homologues in dicots (Waters et al. 2008).
Similarly, Sarkar et al. (2009) identified 23 rice sHSPs through database search and
phylogenetic analysis. However, they were categorized slightly differently as 16
cytoplasmic/nuclear, one plastid one peroxisomal, two ER, and three mitochondrial
genes. Three of the 16 nuclear/cytoplasmic sHSP genes were found only in mono-
cots. In addition, expression analysis based on microarray and RT-PCR showed that
19 sHSP genes were up-regulated by high temperature stress, and two of them,
Hspl16.6-CVIII and Hspl7.9B-CIX were monocot specific. Interestingly, another
study (Ouyang et al. 2009) on comprehensive sequence and expression profile anal-
ysis of the Hsp20 gene family in rice reported finding a total of 39 OsHsp20 genes,
with the majority of the genes up-regulated at temperatures of 35 and 42 °C. In
wheat, other than the previously described 14 sHSPs, another 27 new candidate
HSP20 family genes were identified; and 13 in barley were identified as well. The
expression analysis indicated an up-regulation of all the transcripts under heat stress
condition except TaCBM38894 candidate (Pandey et al. 2015). Further data from
experiments instead of digital analysis will be necessary to show the detailed role of
each individual sHSP, and also to clarify the exact number of sHSPs in rice, and
probably other grass plants.

In addition to identifying the SHSPs in the common annual crop grass species, a
few studies have further tested the role of sHSPs in thermo-tolerance using trans-
genic method, which is also an effective strategy of breeding heat-tolerant annual
crop and perennial grasses. For example, overexpression of both a rice chloroplast
sHSP (Oshsp26) gene and a cytosolic class I sHSP (Os16.9) conferred better toler-
ance to heat stress in Escherichia coli, and the chloroplast sHSP (Oshsp26) gene
also conferred better tolerance to oxidative stress in E. coli (Lee et al. 2000; Yeh
et al. 1997, 2002). Overexpression of the rice chloroplast-localized OsHSP26 gene
enhanced tolerance against oxidative and heat stresses as well in tall fescue (Festuca
arundinacea) (Kim et al. 2012). A later study of overexpression of rice sHSP17.7
found both the transformed E. coli and the transgenic rice plants had better toler-
ance to heat and UV-B stresses (Murakami et al. 2004). In addition to rice SHSPs,
constitutive expression of SHSP genes from wheat and maize also improved plant
heat resistance. Chauhan et al. (2012) found wheat chloroplastic sHSP (HSP26) was
highly inducible by heat stress. Transgenic Arabidopsis plants were substantially
tolerant under continuous high temperature regimen than wild-type plants.
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Correspondingly, antisense Arabidopsis plants showed negligible tolerance even for
non-lethal heat shock (Chauhan et al. 2012). Similarly, overexpression of a maize
cytosolic class I small heat shock protein ZmHSP16.9 enhanced tolerance of tobacco
plants to heat and oxidative stress (Sun et al. 2012).

3.6 SHSPS Identified in Perennial Species Cultivated
as Forage or Turf Grasses

Because it is more of a problem for cool-season grasses than warm-season ones,
most heat stress related researches have been done on cool-season grass species,
especially the major species used for golf courses, such as creeping bentgrass. In
this species, a LMW-HSP (HSP25) was reported to be genetically involved in heat
tolerance (Luthe et al. 2000; Park et al. 1996, 1997). The researchers found the heat-
tolerant variants synthesized two to three additional sHSPs (25 kDa) than the heat-
sensitive variants. A subsequent study from this group showed that heat sensitivity
was associated with reduced capacity of the susceptible bentgrass variants to accu-
mulate a chloroplastic sHSP (ApHsp26.2) under heat stress, which is due to a point
mutation that generated a premature stop codon (Fig. 3.4) (Wang and Luthe 2003).
In order to better understand the roles of HSPs in heat tolerance of perennial grass
species, rough bentgrass (Agrostis scabra) identified in Yellowstone National Park,
USA, has been investigated in comparison with creeping bentgrass. Rough bent-
grass is a unique C3 perennial grass species growing actively in hot soils associated
with geothermal activity, which may have evolved with different heat resistant strat-
egies (Stout and Al-Niemi 2002; Tercek et al. 2003). Heat-induced changes in one-
dimensional protein profiles of rough bentgrass were compared to those of creeping
bentgrass “L-93” (heat tolerant cultivar) and “Penncross” (heat sensitive cultivar).
In the shoots, expression of three sHPS and a 66 kDa HSP were induced or enhanced
at 35-45 °C in “L-93” and rough bentgrass, but only at 40-45 °C in “Penncross”.
The results indicated the better heat tolerance of “L-93” and rough bentgrass may
be related to an earlier induction of the related sHSPs as well as maintenance of
them under elevated temperature (Xu et al. 2011). The findings were further con-
firmed by several studies at the gene level (Tian et al. 2009; Xu et al. 2011). Tian
et al. (2009) identified a heat-responsive gene of HSP20-like chaperone in rough
bentgrass using a suppression subtractive hybridization (SSH) library. The HSP20-
like chaperone is highly homologous to an HSP20-like chaperone from clover
(Medicago truncatula) that contains the p23 domain. P23 is one of the co-chaperones
of HSP90 and stabilizes the HSP90 hetero-complex (Cha et al. 2009). The data here
suggested that the p23 sHSP along with HSP90 could be important for heat toler-
ance in perennial grasses. In another study, the expression levels of a HSP70 gene
and a sHSP (HSP16) gene were compared between heat-sensitive creeping bent-
grass and thermo-tolerant rough bentgrass (Xu et al. 2011). The expression of
HSP16 was highly induced in both species at 45 °C after 24 h, and the abundance
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Fig. 3.6 Two-dimensional gel electrophoresis of total leaf protein from heat-shocked (37 °C for
12 h) SB (tolerant variant) (SBH), heat-shocked NSB (sensitive variant) (NSBH), control SB
(SBC), and control NSB (NSBC). Black arrows, CP-sHSPs isoforms present in both SB and NSB.
White arrows, CP-sHSP isoforms present only in SB (Wang and Luthe 2003)

was more substantial in the thermal species; whereas HSP70 gene was constitu-
tively expressed at optimum temperature with only slight up-regulation at elevated
temperatures in both species. Most likely the HSP16 plays a more important role in
thermo-tolerance in the two perennial grasses than HSP70 does (Xu et al. 2011)
(Fig. 3.6).

It is well known that heat acclimation can enhance plant resistance to more
severe heat stress later on, and it has also been found to induce HSPs in various plant
species (Kotak et al. 2007; Vierling 1991). A study examining the effects of heat
acclimation and sudden heat stress on protein changes in creeping bentgrass
“Penncross” found that both heat treatments led to the accumulation of HSPs, but
heat acclimation induced more HSPs than sudden heat, including a 23 kDa
sHSP. These new HSPs during heat acclimation might be associated with the
enhanced thermo-tolerance of creeping bentgrass after heat acclimation, but direct
correlation of these two factors is yet to be determined (He et al. 2005).

Both cytokinins and N have been also reported to enhance plant performance
under high temperature, including creeping bentgrass (Liu and Huang 2002; Liu
etal. 2002; Wang et al. 2012, 2013). Veerasamy et al. (2007) further investigated the
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Fig. 3.7 Blue native PAGE (Polyacrylamide gel electrophoresis) and immunoblots of sHSPs in
creeping bentgrass under heat stress (28/38 °C, d/n) for 1 day. (a) Native one-dimensional electro-
phoresis gel and immunoblots of sHSPs; (b) Two-dimensional electrophoresis gel and immunob-
lots of sHSPs. Equal amounts of shoot total protein (300 pg) from creeping bentgrass under
optimum temperature (1) and high temperature (2) were loaded in each lane

effects of exogenous applied zeatin riboside (ZR), a synthetic cytokinin, on protein
metabolism associated with heat tolerance in creeping bentgrass “Penncross”. The
up-regulated expression levels of a few HSPs, including a 32 kDa sHSP were more
prominent in ZR-treated plants than in the control plants under heat stress. The
results suggest that some HSPs including the sHSP are among the primary targets in
cytokinin regulation of heat tolerance in cool-season perennial grass species. In a
study on the role of HSPs in heat stress tolerance of creeping bentgrass at different
N levels, Wang et al. (2014) found all the investigated HSPs (HSP101, HSP90,
HSP70, and sHSPs) were up-regulated by heat stress, and their expression patterns
indicated cooperation between different HSPs and their roles in bentgrass thermo-
tolerance. Interestingly, the amount of sHSP kept relatively stable during a period of
7-week heat stress, which may indicate their important role as “paramedics” of the
cell in monitoring denatured proteins for plants under stress. Moreover, the sHSPs
identified by immunoblot were found to form an oligomer as expected by blue
native gel. Further mass spectrometry identified at least three sSHSPs (sHSP18.0,
sHSP16.8a, and sHSP16.8b) were in the oligomer, suggesting a hetero-oligomer
formation during the dynamic heat stress response (Fig. 3.7).

In other forage and turfgrass species, such as fescues, Hu et al. (2014) observed an
activation of a low molecular weight HSPs (LMW-HSP, HSP20) in both high-
temperature stressed genotypes of tall fescue through a RNA sequencing transcrip-
tome analysis. Later the same group (Hu et al. 2015a) reported that two tall fescue
heat shock protein (HSP) genes, including the LMW-HSP/HSP20, exhibited tran-
scriptional memory for their higher transcript abundance during one or more subse-
quent stresses (S2, S3, S4) relative to the first stress (S1). They concluded that the
activated transcriptional memory from two trainable genes could help to induce higher
thermo-tolerance in tall fescue. Wang et al. (2015) conducted a comparative leave
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transcriptome analyses of two grass species (tall fescue, relatively more heat tolerant;
perennial ryegrass, heat sensitive) exposed to heat and found 52 sHSPs in tall fescue,
with 46 of them being up-regulated under heat stress. Meanwhile, in perennial rye-
grass, a grass species closely related to tall fescue, only 40 sHSPs were found, 35 of
them were up-regulated by heat. A greater number of activated sHSPs were thought to
play arole in the better heat tolerance of tall fescue than perennial ryegrass.

As described above, most studies observed a positive relationship between sHSP
expression and perennial grass thermo-tolerance. However, a recent study on a
sHSP (AsHSP17) discovered in creeping bentgrass by transcriptome analysis found
that overexpression of AsHSPI7 led to hypersensitivity to heat stress. The results
suggested that AsSHSP17 may function as a protein chaperone to negatively regulate
plant responses to adverse environmental stresses, including heat stress (Sun et al.
2016). Similar results were found in a study of tall fescue under heat stress. Zhang
et al. (2005) cloned differentially expressed HSPs belonging to the four classes,
HSP100, HSP90, HSP70, and sHSPs, between the two genotypes (heat tolerant
P1297901 and heat sensitive P1283316) of tall fescues under heat stress. Notably,
several LMW-HSP genes identified by SSH or RT-PCR methods either only pre-
sented in the sensitive genotype or expressed at a higher level in the sensitive geno-
type. This may imply that the repair and protection mechanisms were highly
activated in heat-sensitive plants for survival under stressful conditions or these
sHSPs functioned as negative regulators during heat stress.

3.7 Conclusion

In conclusion, there is accumulating evidence showing that sHSPs are important in
plant thermo-tolerance, including both annual and perennial grass plants. With the
advancement of new methods and “omics” techniques, more sHSPs in grass plants
have been identified. Recent progress in genetic manipulation of plants also opens
up opportunities of incorporating important heat stress genes, such as sHSPs, into
grass species for crop improvement, although the success of genetic transformation
approach has been thus far limited.
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Chapter 4

Induction of Heat Shock Proteins During
the Bud Dormancy Stage in Woody

Fruit Plants

Yoshihiro Takemura and Fumio Tamura

Abstract In the autumn, bud endodormancy in deciduous fruit trees is induced by
short days or low temperatures. Once established, endodormancy is broken by the
accumulation of low temperature days, although the precise conditions for this tran-
sition vary by species and cultivar. By comparing the reactions of buds of the same
cultivar to different chilling periods, these studies identified several genes involved
in dormancy phase transitions such as stress response-, cell cycle- and phytohormone-
related genes. The actions of heat shock proteins (HSP) may be one of the mecha-
nisms that plants use to survive unfavorable conditions during the bud dormancy
stage. More specifically, HSP have chaperone activity that maintain proteins in their
functional conformation and thereby prevent the degradation of proteins exposed to
cold stress. Small HSPs (sHSPs) function as membrane stabilizers and reactive oxy-
gen species (ROS) scavengers, as well as act synergistically with the antioxidant
system. These small proteins also play a key role in maintaining membrane quality
attributes, including fluidity and permeability under chilling stress. Membrane dam-
age and ROS production are multifaceted adverse effects of cold injury in plants.
The production and accumulation of HSPs can produce greater chilling injury toler-
ance during endodormancy, which suggests that these proteins play a central role in
acquired tolerance to cold conditions.
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Abbreviations

ABA abscisic acid

ADH alcohol dehydrogenase

APX ascorbate peroxidase

APX ascorbate peroxidase

CAT catalase

CBF C-repeat binding factor

CR chilling requirement

DAM dormancy-associated MADS-box

DREB dehydration-responsive element binding protein
GDBRPK grape dormancy breaking-related protein kinase
GR glutathione reductase

GST glutathione S-transferase

H,0, hydrogen peroxide

HC hydrogen cyanamide

HSP heat shock proteins

HSTF functional heat shock transcription factor
PDC pyruvate decarboxylase

POD peroxidase

ROS reactive oxygen species

sHSPs small HSPs

SNF-like protein  sucrose non-fermenting protein kinase
SuSy sucrose synthase

TPM transcripts per million

Trxh thioredoxin h

4.1 Introduction

Perennial woody fruit plants cultivated in temperate zones synchronize their annual
growth patterns with seasonal environmental changes. During unfavorable winter
conditions, temperate-zone deciduous fruit trees use bud dormancy as a defensive
mechanism (Faust et al. 1997). Bud dormancy is classified into three stages: para-
dormancy, endodormancy, and ecodormancy (Lang 1987). Paradormancy is equiva-
lent to correlative inhibition or apical dominance; endodormancy refers to deep or
winter dormancy; and ecodormancy occurs during late winter and spring and is
imposed by temperatures unfavorable to growth (Campoy et al. 2011) (Fig. 4.1).
During endodormancy in the autumn, after trees stop growing and their leaves
fall, buds enter an inactive state. At this time, trees cannot initiate bud growth, even
if the environmental conditions are favorable. Endodormancy is broken by the accu-
mulation of low temperatures, also known as the chilling requirement (CR), which
varies by species and cultivar (Westwood 1978; Saure 1985). In recent years, climate
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Fig. 4.1 Proposed schematic of dormancy phases regulated by temperature in woody plants. They
classified the inhibitions as paradormancy, which is equivalent to correlative inhibition or apical
dominance; endodormancy, which is deep dormancy or winter dormancy; and ecodormancy,
which is found in late winter and spring and imposed by temperatures unfavourable to growth

change, and especially global warming, has precluded the adequate chilling needed
to satisfy the CR for breaking endodormancy, which then inhibits the normal growth
of new organs in the spring (Sugiura et al. 2007). This imperfect breaking of
endodormancy subsequently has a deleterious impact upon vegetative growth and
fruit production.

4.2 Research Findings in Bud Dormancy of Woody Fruit
Plants

Several recent studies have focused on the breaking of dormancy in grapes (Or et al.
2000, 2002; Pang et al. 2007; Halaly et al. 2008) by using hydrogen cyanamide
(HC) to modify the disruption of endodormancy. Treating grape buds with HC
increased hydrogen peroxide (H,0,) concentration and inhibited catalase (CAT)
activity (Pérez et al. 2008). These changes are the first steps in a cascade that upreg-
ulates several signaling proteins such as transcription factors, protein phosphatases,
and protein kinases (Neill et al. 2002). The application of HC also results in tran-
scriptional upregulation of the grape dormancy breaking-related protein kinase
(GDBRPK), a sucrose non-fermenting protein kinase (SNF-like protein), pyruvate
decarboxylase (PDC), alcohol dehydrogenase (ADH), thioredoxin h (Trxh), gluta-
thione S-transferase (GST), ascorbate peroxidase (APX), glutathione reductase
(GR), and sucrose synthase (SuSy) (Or et al. 2000; Pérez and Lira 2005; Keilin et al.
2007; Halaly et al. 2008; Pérez et al. 2008). High temperature treatments also broke
endodormancy in grapevine buds (Tohbe et al. 1998). Similarly, endodormancy was
terminated when buds of the Japanese pear were exposed to high temperature condi-
tions (45 °C for 4 h), along with the accumulation of nine protein spots observed by
the 2-D method (Tamura et al. 1998). In addition, the 19-kDa protein of these spots
shifts to the basic side with both high and low temperature treatments (Tamura et al.
1998) (Fig. 4.2).
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Fig. 4.2 The difference of
growth situation of leaf buds
in branch of Japanese pear
treated by difference
temperature (5 °C or 15 °C).
After endodormancy
induction, only buds in
branch treated 5 °C was
breaking in growing suitable
condition

5°C for 1500hr 15°C for 1500hr

6 weeks after forcing at 23°C

To address this issue, several studies have been conducted to examine endodor-
mancy in various tree species. Water availability is one of the basic factors that
determine bud development because dormancy is closely related to changes in water
movement, as this is an essential event in the overwintering of woody plants (Welling
and Palva 2006). For example, in two cultivars of peach buds with different CRs
during endodormancy, the total soluble sugar and water accumulation periods were
different, even though the species was the same (Yooyongwech et al. 2009). In addi-
tion, phytohormone fluctuations influence bud dormancy. For example, endogenous
abscisic acid (ABA) levels induced by low temperature or drought stress increased
with the establishment of endodormancy and decreased at the conclusion of
endodormancy in apple (Seeley and Powell 1981) and pear (Tamura et al. 1992)
buds. After dormancy was induced by short autumn days, ABA signal transduction
components (PP2C or AREB3) were induced in poplar buds (Ruttink et al. 2007). A
conceptual model developed for seasonal dormancy transitions in crown buds of
leafy spurge based on microarray studies also highlighted the role of DREBIA/
CBF2, COPI1, HY5, DELLAs, DAM, and FT in the maintenance of well-defined
dormancy phases (Dogramaci et al. 2010). The cold-induced expression of some
dehydration-responsive element binding protein (DREB)/C-repeat binding factor
(CBF)-family members (Fowler et al. 2005), and DREBIA has also been identified
as a central regulator of molecular networks involved in endodormancy induction
(Dogramaci et al. 2010) and termination (Dogramaci et al. 2011). A recent study of
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Pyrus pyrifolia focused on determining the molecular levels of MIKC-type
dormancy-associated MADS-box (DAM) genes, which may be candidate
endodormancy-breaking genes (Ubi et al. 2010). Expression of dam genes decreased
during the breaking of endodormancy in the Japanese pear ‘Kosui’ and was very
low in the Taiwanese pear ‘Hengshanli’ (TP-85-119), which is a less dormant pear
species (Ubi et al. 2010). A comparison between ‘Kosui’ and ‘Hengshanli’ identi-
fied two novel transcription factors (NAC and PRR) whose expression levels varied
concomitantly with dormancy phase changes (Nishitani et al. 2012).

Recently, microarray analysis and RNA sequencing using next-generation
sequencing technology (RNA-seq) have been widely used for the transcriptomic
analysis of dormancy in plants such as the Japanese pear (Liu et al. 2012; Nishitani
et al. 2012; Bai et al. 2013; Takemura et al. 2015a), grapevine (Dfaz-Riquelme et al.
2012), and Japanese apricot (Habu et al. 2014). By comparing the responses of buds
of the same species but different cultivars to varying chilling periods, these studies
identified several genes involved in dormancy phase transitions such as stress
response-, cell cycle- and phytohormone-related genes.

4.3 Heat-Shock Proteins Detected During Bud Dormancy
Stage

Candidate genes related to endodormancy induction and breaking can be used as
molecular markers for understanding the state of endodormancy or breeding low
chilling cultivar. Transcriptomic analysis on a genome-wide basis can promote the
identification of gene networks associated with the regulation or transition of bud
dormancy. In addition, several research papers have reported the detection of HSP
during the bud dormancy stage. RNA-seq on the bud of the ‘Suli’ pear (P. pyrifolia
white pear group) during dormancy showed that expression levels of genes encod-
ing proteins associated with HSP up-regulated from November 15 to December
15 in the endodormant phase, and down-regulated between January 15 and February
15 in the ecodormant phase (Liu et al. 2012). Similarly, RNA-seq of Japanese apri-
cot flower buds indicated that the value of transcripts per million (TPM) clean tags
of gene annotated HSP21 increased from the endodormancy to ecodormancy stages,
and then decreased at the dormancy release stage (Zhong et al. 2013). In a study
using transcriptional profiling of bud dormancy release in oaks by next-generation
sequencing, HSP18.2 was identified as an ecodormancy gene that is up-regulated by
ABA (Ueno et al. 2013). In this way, endogenous ABA levels are induced by low
temperatures during endodormancy, and then decrease during endodormancy
release, which suggests that both HSP and ABS have a similar pattern of activity
(Table 4.1).

In addition to genetic research, the analysis of proteins expressed as a practical
matter is important for the elucidation of the mechanisms involved in endodor-
mancy induction or breaking. Cold acclimation in woody plants has been associated
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Table 4.1 Heat-shock proteins detected during bud dormancy stage or cold treatment in woody
plants

Reference Plant name Expression pattern or size of HSP
Renaut et al. Poplar Detected: Chilling at 4 °C (HSP70)
(2004)

Zhang et al. Grape Up-regulated: Cold acclimation (HSP70)
(2008)

Liu et al. (2012) Chinese pear | Up-regulated: Endodormant phase

Down-regulated: Ecodormant phase
Ueno et al. (2013) | Sessile oak Detected: Ecodormancy stage (HSP18.2)

Zhong et al. Japanese Up-regulated: Endodormancy to ecodormancy stages
(2013) apricot (HSP21): Paradormancy (before leaf fall) to endodormancy

(heat shock cognate protein 70-1)

Down-regulated: Dormancy release stage (HSP21):
Ecodormancy to dormancy release (heat shock cognate
protein 70-1)

Takemura et al. Japanese Detected: Pre-breaking period of endodormancy (17.6 kDa
(2015a, b) pear class I HSP and 18.1 kDa class I HSP)

with distinct metabolic changes and protein changes that are largely related to varia-
tions in the expression of HSP (Wisniewski et al. 1996). In a study evaluating the
responses of poplar to cold temperatures, molecular chaperone-like proteins includ-
ing sHSP, a fragment of HSP70, and heat shock cognate 70, were identified by the
2-D method (Renaut et al. 2004). The results showed that these proteins were more
abundant in leaves under stressful cold conditions (4 °C) than at the optimal growth
temperature of 23 °C (Renaut et al. 2004). In comparison analysis among proteins
associated with seasonal bud dormancy at four critical stages in Japanese apricot,
the expression levels of heat shock cognate protein 70—1 increased from parador-
mancy (before leaf fall) to endodormancy, and then decreased from ecodormancy to
dormancy release (Zhuang et al. 2013). In a quantitative proteomic analysis of the
responses of the bark tissues of peach to short photoperiods and low-temperatures,
two other HSP70 family members similar to the Arabidopsis chloroplast HSP70s
were up-regulated at 5 °C (Renaut et al. 2008).

A short photoperiod also influences the regulation of dormancy and cold accli-
mation of woody plants (Kozlowski 2002). Interestingly, none of the HSP70 family
members in proteomic analysis in the bark tissues of peach was identified in the
suppression subtractive hybridization experiment in peach bark, and those HSP-like
genes that were identified appeared to be predominantly regulated by short, rather
than long, days (Bassett et al. 2006). In almost all organisms, HSP70 functions as a
chaperone for newly synthesized proteins to prevent their accumulation (Sung et al.
2001). Furthermore, HSP70 plays a crucial role in the development of accumulation
to temperature stress induced by cold acclimation pretreatment in grape plants
(Zhang et al. 2008). A study of Pisum sativum reported cooperation in the activities
of HSP70 and sHSP such as s HSP18.1 (Lee and Vierling 2000). HSP of molecular
weights similar to those of HSP18.2 were expressed in the bud immediately before
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endodormancy breaking in Japanese pear (Takemura et al. 2015a, b). Among nine
protein spots observed by the 2-D method in floral buds of Japanese pear in which
endodormancy was broken by both high and low temperatures, the size of HSP
spots that shifted to the basic side was approximately 19-kDa (Tamura et al. 1998).

Five principal HSPs that are distinguished by their molecular chaperone activity
can be classified according to their approximate molecular weight: (1) HSP100,
(2) HSP90, (3) HSP70, (4) HSP60, and (5) sHSP (Kotak et al. 2007). HSP display
chaperone activity by maintaining proteins in their functional conformation, thereby
preventing protein degradation during times of cold stress. This protective function
may be one of the mechanisms that plants use to survive unfavorable conditions
during the bud dormancy stage. Higher plants are characterized by the presence of
at least 20 types of sHSPs (Vierling 1991). sHSPs are usually undetectable in plants
under favorable conditions, but are induced by exposure to low temperatures (Zhang
et al. 2008).

4.4 Role of Heat-Shock Proteins During the Bud
Dormancy Stage

In Arabidopsis and other plant species, the synthesis of HSPs can be induced by low
temperatures, salinity, desiccation, high intensity irradiations, wounding, as well as
heavy metal, osmotic, and oxidative stressors (Swindell et al. 2007). Specifically,
accumulation gene transcripts corresponding to HSPs observed in persimmon fruit
stored at 1 °C as an acclimation pretreatment showed that these proteins prevented
damage caused by low temperature conditions (Souza et al. 2011).

During induction or breaking periods of endodormancy, many biochemical or
molecular biological changes occur in the buds of deciduous fruit trees. Previous
research found that in many higher plants, cold-hardening during the winter is asso-
ciated with changes in lipid composition within the cellular membrane (Uemura and
Steponkus 1994; Uemura et al. 1995) or the accumulation of compatible solute
within the cell (Koster and Lynch 1992; Wanner and Junttila 1999; Kamata and
Uemura 2004). In peach buds of the same species but different cultivars with unique
CRs, the accumulation periods of total soluble sugar and water contents during
endodormancy were different (Yooyongwech et al. 2009). Moreover, Yooyongwech
et al. (2009) showed that before the end of endodormancy, expression levels of the
Pp-PIP1 and Pp-yTIP1 genes that encode aquaporins, which regulate water trans-
port in tonoplasts and plasma membranes, increased more in the peach buds of
high-chilling cultivars as compared to low-chilling varieties.

Proline plays a crucial role in the osmotic regulation between cytoplasm and
vacuole, the redox regulation of the NAD+/NADH ratio, and the promotion of ROS
scavenging systems (Sharp et al. 1990; Bohnert and Jensen 1996). The accumula-
tion of endogenous proline in transgenic rice plants over-expressing OsHSP23.7 and
OsHSP17.0 was significantly more than that in wild type plants (Zou et al. 2012).
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In Arabidopsis overexpressing yeast HSP26, Xue et al. (2009) showed that there
was an increase in endogenous proline content. Additionally, increased proline con-
tent has been observed in ‘Superior Seedless’ grapevine buds when HC treatment
was used to induce dormancy release (Ben Mohamed et al. 2012). In this way, both
HSP and proline contents increase from the endodormancy to ecodormancy stages.

Several recent studies have focused on redox reactions involved in endodor-
mancy transition stages, and specifically, the decomposition of H,O, by CAT or
peroxidase (POD) (Or et al. 2002; Pérez and Burgos 2004; Pérez et al. 2008). In the
flower bud of the Japanese pear ‘Kosui, H,O, content increased between the
endodormancy induction and endodormancy breaking periods, but then decreased
after the ecodormancy stage (Kuroda et al. 2002). The transient peak of H,O, pre-
ceding dormancy release could act as a signaling molecule to trigger the transition
from dormancy to bud breaking (Halaly et al. 2008). In grapevines, a similar
decrease in H,O, before endodormancy breaking both under natural conditions and
with HC treatment has been shown. The decrease in CAT activity in grapevine buds
following HC treatment causes an increase in the level of H,O,, which may activate
the pentose-phosphate pathway, thus leading to dormancy termination, bud burst-
ing, and rapid growth (Simmonds and Simpson 1972; Nir et al. 1986). During stress,
the pentose phosphate pathway serves as a key source of reduced NADPH for ROI
removal (Pandolfi et al. 1995; Juhnke et al. 1996). Glutathione reductase, which
transfers an electron from NADPH to glutathione, and ascorbate peroxidase (APX),
which catalyses the reduction of H,0O, using ascorbate as an electron donor to pre-
vent free radical toxicity, both belong to the protective enzyme system of the ascor-
bate—glutathione cycle (Chen 1991; Mittler 2002).

APX has also been identified by MALDI-TOE'TOF MS as the differentially
expressed proteome of Japanese apricot flower buds, which have four critical stages
that extend from paradormancy (before leaf fall) to dormancy release, with extremes
of expression occurring at endodormancy and ecodormancy, and a decline in expres-
sion during dormancy release (Zhuang et al. 2013). In contrast, budbreak in the
‘Anna’ apple (Malus domestica Borkh.) has been induced by cold, heat, and allyl
disulfide, with these treatments also increasing the ratios of ascorbic acid and the
activities of ascorbate free-radical reductase, APX, dehydroascorbate reductase,
and glutathione reductase in the buds (Wang and Faust 1994). Additionally, expres-
sion levels of genes encoding APX after 12 h of heat shock treatment as well as
APX activity for 0-5 days after HC treatment increased rapidly in grape buds in the
endodormancy stage (Ben Mohamed et al. 2012).

HSPs also assume the protective role of the secondary oxidative stress occurring
under demanding conditions such as low temperatures. The expression of genes
encoding HSP function as direct sensors of H,O, in plants and the regulation of the
expression of genes encoding for antioxidant proteins and raised resistance against
oxidative stress (Panchuk et al. 2002). Additionally, in transgenic tobacco, accumu-
lated sHSP enhanced APX, CAT, and POX activities (Li et al. 2012). The gene
encoding for APX1 in peas contains a functional heat shock transcription factor
(HSTF) binding motif in its promoter region (Mittler and Zilinskas 1992).
HSTF-dependent APX1 gene expression in Arabidopsis also regulated the expression
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of genes involved in the functioning of the antioxidant system in order to enhance
resistance to oxidative stress (Panchuk et al. 2002). In addition, the accumulation of
HSP70 in grapes was related to an increase of gene expression and activity of anti-
oxidant enzymes (Zhang et al. 2005).

Membrane damage and ROS production are multifaceted adverse effects of chill-
ing stress in plants. However, the production and accumulation of HSPs contribute
to higher cold injury tolerance during endodormancy, suggesting that HSPs play a
central role in the acquired resistance to low temperature stress.

4.5 Conclusion

Endodormancy in temperate-zone deciduous fruit trees is an essential mechanism to
defend buds from unfavorable conditions during winter. In order to accurately pre-
dict the time of bud break, it is important to regulate endodormancy in these woody
plants. Failure to fulfill chilling requirements for breaking endodormancy can cause
growth inhibition of the plants, thereby preventing germination during spring. Given
the possibility of warmer temperatures and reduced potential for chill hours during
winter, it would be useful to develop molecular markers that can help estimate
whether plants have broken endodormancy. Up to this point, details of the mecha-
nisms regulating the induction and breaking of endodormancy remain unknown.
HSP plays a crucial role in the acclimation to low temperatures in plants. In addi-
tion, HSP is closely associated with physiological changes that occur during the bud
dormancy stage in woody fruit plants. In the future, analysis of HSP-related
endodormancy, in addition to these genetic approaches, will lead us to a better-
developed understanding of the mechanisms of endodormancy.
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Chapter 5
Heat Shock Proteins in Wild Barley
at “Evolution Canyon’’, Mount Carmel, Israel

Zujun Yang and Eviatar Nevo

Abstract The analysis of stress-responsiveness in cereal plants is an important
route to the discovery of genes conferring stress tolerance and their use in breeding
programs. High temperature is one of the environmental stress factors that can affect
the growth and quality characteristics of barley (Hordeum vulgare). Almost all
stresses induce the production of a group of proteins called heat-shock protein
(HSPs) or stress-induced proteins. The induction of transcription of these different
types of heat shock proteins reflects an adaptation to tolerate the heat stress. The
“Evolution Canyon” I at lower Nahal Oren, Mount Carmel, Israel (EC I), reveals
evolution in action across life at a microsite caused by interslope microclimatic
divergence. The adaptation, speciation, domestication and rich genetic diversity of
wild barley, H. spontaneum, was a good model to study the evolution and adaptation
at both macro- and micro-scale levels. The genetic divergence and haplotype diver-
sity of heat shock protein genes were significantly different among the populations
at EC I. The diversity was also correlated with microclimatic divergence interslopes.
We briefly review the remarkable interslope incipient adaptive sympatric speciation
of wild barley at “Evolution Canyon”, focusing on HSPs which highlight barley
improvement for stress tolerances.
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Abbreviations

ABA abscisic acid

ABRE abscisic acid responsive cis-elements

ACD alpha-crystallin domain

CRISPR clustered regularly interspaced short palindromic repeats
EC Evolution Canyon

EcoTILLING ecotype targeting induced local lesions in genomes
Hd haplotype diversity

Hsf heat shock factor

HSP heat shock proteins

NCBI National Center for Biotechnology Information
NFS north-facing slopes

OGCs orthologous gene clusters

QTL quantitative trait loci

SNP single nucleotide polymorphisms

SFS south-facing slopes

sHSPs small heat shock proteins

SSR simple sequence repeats

TE transposable element

5.1 Introduction

Cereal crops constitute over 50 % of total food production for humans and the crop
species including wheat, barley and rye are essentially components for human and
animal nutrition (http://www.fao.org). Barley ranks the fifth in the world production
and is widely used as animal feeds and food industry. As the first domestication crop
species in Fertile Crescent about 10,000 years ago, the progenitor of cultivated bar-
ley, wild barley (Hordeum spontaneum) significantly contributed to the beginning
of agriculture and the breakthrough of human civilization (Morrell and Clegg 2007).
The natural distribution of wild barley ranged from the Middle East to Southwest
Asia, and the abundant diversity is vital for population genetics and genomics stud-
ies, which is also used in barley pre-breeding researches for improving quality,
enhancing biotic and abiotic stress tolerances (Nevo and Chen 2010). However, the
vast genome size of the barley and the complexity of genome sequences lagged our
understanding of barley studies behind rice and other plants. Recently, the situation
has changed dramatically, since the next generation sequences technology leads to
the completion of draft genome sequences and genome-wide transcriptional studies
(Mayer et al. 2012; Dai et al. 2014). The achievement of population genomics and
the representative genetic resources will be helpful in the better understanding of
the wild barley species with respect to dealing with the environmental stress during
its evolutionary process. Heat shock proteins (HSP) consists of large protein
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families, and they are highly conserved for all organisms including cereal species
with large genome. The expression and function of the HSP gene families respon-
sible for stress responses to heat and drought were clearly demonstrated in wild
barley resources. However, the genomic evolution and adaptation of the HSP gene
families in cereal genomes, including the barley species, need further investigation.
This chapter focuses on the advances of genomic and evolutionary studies of HSP
protein genes in wild barley, particularly the researches on unique wild barley popu-
lations at “Evolution Canyon”, Mount Carmel, Israel.

5.2 “Evolution Canyon’ Model

The “Evolution Canyon” I (EC I, Fig. 5.1) microsite has ecologically divergent
environments (biomes) on a microscale level, mirroring abutting continents, which
reinforces evolutionary biological studies exploring the interaction between the
organisms and their environment (Nevo list of “Evolution Canyons” studies at
http://evolution.haifa.ac.il, reviewed in Nevo 1995, 1997, 2001, 2006, 2009, 2012,
2015). The “Evolution Canyon” model consists of four representative microsites in
four regions of Israel, including Mount Carmel (EC I), the western Upper Galilee
Mountains (EC II), Negev Desert (EC III), and Golan Heights (EC IV) (Fig. 5.2).
The “Evolution Canyon” model (Fig. 5.3) reveals evolution in action at a microscale

Fig. 5.1 “Evolution Canyon” I (EC I) at lower Nahal Oren, Mount Carmel, Israel. The opposite
slopes, separated on average by 250 m, represent sharply divergent microclimatic and ecological
biomes: On the right, the hot and dry savannoid south facing slope (SFS), dubbed “African” slope
(AS). On the left, the cool and humid forested, north facing slope (NES), or “European” slope. The
ECI has been a microsite model for studying biodiversity evolution, adaptation, and incipient sym-
patric speciation across life from bacteria to mammals
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Fig. 5.2 Location of the four “Evolution Canyons” in Israel (EC I-IV). Note the savannoid south
facing slope (SFS) on the right hand side, and the forested north facing slope (NFS) on the left
hand in EC 1, 11, and IV. The orientation at EC III is opposite to the orientation in EC I, II, and
IV. The SFS is on the left hand side covered primarily with cyanobacteria, whereas the NFS is on
the right hand side, covered with lichens, and the scarce flowering annual and perennial plant spe-
cies grow only in the valley

involving biodiversity evolution, adaptive ecological radiation, and incipient sym-
patric ecological speciation across life from viruses, bacteria and fungi to plants and
animals (Nevo 2006, 2009, 2012; Nevo et al. 2012). Most studies have been con-
ducted to date in “Evolution Canyon” I (ECI) at Lower Nahal Oren, Mount Carmel
(Fig. 5.3) including 100 bacterial species, 500 fungi, 320 flowering plants, 1500
insects, and 80 vertebrates. This “Evolution Canyon” I consists of two abutting
slopes separated, on average, by 250 m. The opposing “African” (AS) or south-
facing (SFS) and “European” (ES) or north-facing (NFS) slopes are 100 m apart at
the valley bottom, 400 m apart at the valley top, and 250 m at mid-slope (Nevo et al.
2005, 2006). The SFS at ECI in Mount Carmel receives 200-800 % higher solar
radiation than the ES. The higher solar radiation on the AS leads to a hot and dry
slope. By contrast, on the ES, the 17 % higher relative humidity on the ES, and less
solar radiation leads to the humid and cooler ES (Pavlicek et al. 2003, Fig. 5.3a).
The slopes share an identical Plio-Pleistocene evolutionary history, presumably 3-5
million years ago, sharing geology (upper Cenomanian Limestone), terra rossa soils
(Nevo 1998), and regional Mediterranean climate and vegetation (Nevo et al. 1999).
This dramatic microclimate divergence causes the drastic interslope divergence
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Fig. 5.3 “Evolution Canyon” I model in Israel. (a) represents a microclimatic model. (b) shows
the cross section of “Evolution Canyon” (EC), with arrows pointing to collecting stations at AS =
SFES in red, and to the ES = NFS in blue. Station 4 in the valley is in gray. (c) represents an air view
of EC, with the seven collection stations (populations): 1-3 on AS = SFS, and 5-6 on ES =
NES. Station 4 is in the creek. The sharp divergence of savanna and forest habitats are seen in both
the cross section of “Evolution Canyon” (EC) in B, and its air view in C. Collecting stations nos.
1-3 on the “African”, tropical, savannoid south — facing slope and stations nos. 5-7 on the abutting
“European”, temperate, forested north- facing slope are seen in both A, B and C. (d) Cross section
of EC I with the five model organisms that incipiently speciate in it. From left to right: soil bacte-
rium, Bacillus simplex, wild barley, Hordeum spontaneum, fruit fly, Drosophila melanogaster,
beetle, Oryzaephilus surinamennsis, and spiny mouse, Acomys cahirinus (From Nevo 2014)

across life from bacteria to mammals. A drastic example of the interslope genomic
divergence is demonstrated by whole genome comparison of fruit fly, Drosophila
melanogaster at EC 1. Hubner et al. (2013) identified chromosomal differentiation
“islands” which accumulate interslope genetic changes. Moreover, Kim et al.
(2014), referring to the repeatome paper of fruit flies, found that almost half of the
slope unique mobile element insertions in Drosophila melanogaster at EC 1, disrupt
coding sequences of genes critical for cognition, olfaction, and thermotolerance,
which may be adaptive to the divergent interslope ecologies. Consequently, local
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biodiversity divergence across a few 100 m displays globally divergent patterns
(Nevo 1995, 1997, 2001, 2009, 2011, 2012, 2015). The overall studies on organisms
of the ECs model are from phenotypes and genotypes to genomic and epigenetic
patterns. Recently, the EC microclimatic model was also successfully used to track
global warming at a microscale across life from viruses and bacteria to mammals in
Israel (Nevo 2012).

5.3 Wild Barley, Hordeum spontaneum

Barley (Hordeum vulgare L.) and its progenitor, Hordeum spontaneum (Fig. 5.4),
belong to the tribe Triticeae, which includes important crop species such as wheat
(Triticum aestivum L.) and rye (Secale cereale L.). As an annual diploid grass spe-
cies, barley has a large haploid genome of 5.1-Gb and a high abundance of repetitive
elements (Mayer et al. 2012). The genomic composition of transposable element
(TEs) makes up at least 80 % of the overall Triticeae genome content. Although
more than 200 TE families were identified in each species, approximately 50 % of
the overall genome comprised 12—15 TE families (Middleton et al. 2013). As shown
in Fig. 5.5, the barley genome is composed of long-tandem repeat sequences in sub-
telomeric or telomere-associated regions and the tandem repeated satellite DNA in
centromeric and related regions (Cuadrado and Schwarzacher 1998; Heslop-
Harrison and Schwarzacher 2011). Remarkably, the retrotransposon BARE1 of the

Fig. 5.4 A lush field of wild barley, Hordeum spontaneum, the progenitor of cultivated barley,
growing on a Natufian terrace at the entrance to the Paleolithic Oren cave, at Lower Nahal Oren,
“Evolution Canyon” I, in Mount Carmel, Israel. The rocks belong to upper Cenomanian limestone,
covered with a gray patina involving some 50 species of cyanobacteria. The picture was taken in
the spring, after spiking and before shattering. This field suggests the domestication of barley at the
cave by Natufian and Neolithic human populations
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Fig. 5.5 Metaphase chromosomes of wild barley, Hordeum spontaneum, from ECI enriched in
tandem repeated sequences revealed by fluorescence in situ hybridization (FISH). (a) FISH (red)
and tandemly repeated DNA sequence probe Oligo-pSc119.2 (green; Tang et al. 2014) and simple
sequence repeats probe Oligo- (GAA); (red) by DAPI staining (blue); (b) FISH with simple
sequence repeats probe Oligo- (CAA), (green) by PI stain (red). Bar shows 10 pm (Data from
Zujun Yang, unpublished)

TE clade in barley form approximately 10 % of the genome, and the study showed
that BARE-1 retrotransposon dynamics was adaptive to the sharp microclimatic
divergence on the opposite slopes of EC I, forming two divergent clusters on the AS
and the ES, respectively (Kalendar et al. 2000). Thus, the TEs have been implicated
in shaping the long evolutionary history of adaptation, speciation, and domestica-
tion at ECI. The TEs adaptive function in wild barley and Drosophila fruit flies was
possibly through direct remobilization after stress, causing mutations and a source
of new genetic variation (Gonzdlez et al. 2010; Kim et al. 2014).

As a founder crop in this process, and the most important steps in its domestica-
tion, barley was essential for human civilization’s transition to agriculture-based
societies. The domestication of barley displayed unique evolution processes and a
molecular system that was distinct from other cereal crops, such as rice and maize
(Sakuma et al. 2011; Zohary et al. 2012; Pourkheirandish et al. 2015). As one of the
earliest crops domesticated in the Near East, barley is well adapted to semi-arid
conditions (Nevo 2014), and the natural distribution of wild barley was dispersed
widely from the Near East to Central Asia and the Tibetan Plateau (Poukheirandish
and Komatsuda 2007; Dai et al. 2012, 2014). The Fertile Crescent is the center of its
distribution and, most likely, the region is a primary center of barley origin, diver-
sity, and domestication, where cultivated barley was domesticated from wild barley
(Badr et al. 2000; Zohary et al. 2012). Moreover, a large number of wild barleys
have been collected from the Tibetan Plateau, which is characterized by an extreme
environment. Dai et al. (2012) used genome-wide diversity array technology mark-
ers to analyze the genotypic division between wild barley from the Near East and
Tibet, and they suggested a concept of polyphyletic domestication of cultivated bar-
ley and indicated that the Tibetan Plateau and its vicinity is also one of the centers
of domestication of cultivated barley. Moreover, Pourkheirandish et al. (2015) found



86 Z. Yang and E. Nevo

the genes Btrl and Btr2, which prevent grains from shattering in cereals, and
revealed that present-day cultivars derived from two ancient domestication centers.
They confirmed that domestication of wild barley occurred at about 12,000 years
ago in the Near East.

Wild barley occupies a variety of local habitats that differ by soil type, tempera-
ture, precipitation, and altitude. This ecological diversity is reflected in the genetic
population structure in the natural species range (Nevo et al. 1979; Morrell et al.
2003; Morrell and Clegg 2007). On a smaller geographic scale, both phenotypic and
genetic variations of wild barley are highly variable along an environmental gradi-
ent in Israel, which comprises a transition from cool and moist Mediterranean cli-
mate in the North to the arid desert climate in the Negev (Nevo et al. 1979; Volis
et al. 2002a,b; Vanhala et al. 2004). Because of its occurrence in a wide range of
different habitats, the wild progenitor of barley was therefore an important resource
to study the evolution, adaptation, and domestication of cultivated barley (Nevo
1992). Recently, Dai et al. (2014) compared transcriptome profiling of cultivated
and wild barley genotypes, and revealed that the domestication of barley may have
occurred over time in geographically distinct regions. Zeng et al. (2015) sequenced
the Tibetan hulless barley lines, and the expansion of gene families related to stress
responses was found in Tibetan hulless barley. Both studies revealed high levels of
genetic variation in Tibetan wild barley, and they suggested adaptive correlations of
Tibet barley genes under selection with extensive environmental stresses.

Climate change is a major environmental stress threatening biodiversity and
human civilization. Nevo et al. (2012) used ten wild barley populations in Israel,
sampling them in 1980 and again in 2008, and performed phenotypic and genotypic
analyses on the collected samples. Profound adaptive changes of these wild cereals
were witnessed in Israel over the last 28 years in both flowering time and simple
sequence repeat allelic turnover. Since global warming does affect phenotypic and
genotypic characteristics (Nevo et al. 2012), it is important to follow its current
evolution under global warming and preserve its rich genetic resources for crop
improvement (Nevo 2015).

The rich genetic diversity of wild barley with its success in adapting to different
environments has made it an excellent model to reveal the important genes influenc-
ing stress and evolution. Ma et al. (2012) observed that drought stress and adaptive
natural selection might have been important determinants in the sequence variation
of HYABCG31 promoter. Dehydrins are water-soluble, lipid vesicle-associating
proteins involved in the adaptive responses of plants to drought, low temperature,
and salinity (Close et al. 2000). Cronin et al. (2007) found highly significant corre-
lations between diversity at the Isa locus, which has a putative role in plant defense
and key water variables, e.g., evaporation, rainfall, humidity, and latitude. Natural
microclimatic selection was apparently the major evolutionary driving force caus-
ing interslope divergence and adaptive evolution of these genes. Liu et al. (2014)
reported that the genetic variation in amy1-2 and amy?2-2 was at least partly ecologi-
cally determined in these populations, representing adaptive patterns generated by
natural selection. The only likely explanatory model for divergent interslope poly-
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morphisms at EC I is adaptive natural selection as the major evolutionary divergent
driving force (Yang et al. 2009; Zhang et al. 2014).

5.4 Heat Shock Proteins (HSP) in Grasses

In plants, HSP genes are accumulated in response to a large number of stress factors
such as heavy metals, water stress, light, hormones, abscisic acid, wounding, excess
NaCl, chilling, heat, cold, and anoxic conditions (Siile et al. 2004). The plant’s
HSPs play a crucial role in protecting plants against stress and in the reestablish-
ment of cellular homeostasis (Wang et al. 2004). Heat stress is common in most
cereal-growing areas of the world. Most of the world crops are exposed to heat
stress during some stages of their life cycle (Stone 2001). No single ‘thermo-
tolerant’ gene has been found in cereals to control heat tolerance. The heat stress
response and expression of heat shock proteins (HSPs) in thermo-tolerance is
important for protecting the yield and quality of cereal. In particular, cereals consist
of a number of polyploid species; the molecular diversity of HSPs within each plant
is increased due to the contribution of the sub-genomes. Furthermore, HSP gene
families have more members in even diploid cereals than in dicots contributing to
the molecular diversity (Maestri et al. 2002). Heat shock proteins are commonly
grouped in plants into five classes according to their approximate molecular weight:
(1) Hsp100, (2) Hsp90, (3) Hsp70, (4) Hsp60, and (5) small heat-shock proteins
(sHsps). Higher plants have at least 20 sHsps, and there might be 40 kinds of these
sHsps in one plant species.

5.4.1 Small Heat Shock Proteins in Barley

A majority of these small proteins weighing 12-42 kDa are small heat shock pro-
teins (SHSPs) and act as chaperones that play an important role in various develop-
mental, and biotic and abiotic stresses. The sHSP family possesses a conserved
domain of approximately 80-100 amino acids, called alpha-crystalline domain
(ACD), and are flanked by N- and C-terminal regions. Although sHSPs were first
discovered as induced by heat stress, the patterns of sHSP expression are complex
and vary between organisms and developmental stages (Santhanagopalan et al.
2015). The sHSPs are extremely diverse and variable in plants. Some plants have
over 30 individual sHSPs. Land plants possess distinct sHSP subfamilies (Waters
2013). The Arabidopsis sHsp gene family revealed that there are 19 coding genes
(Scharf et al. 2001; Basha et al. 2013). Phylogenetic analysis showed that 23 out of
these 40 alpha-crystallin domain (ACD) genes constitute sHsps of rice; 17 of 23 rice
sHsp genes were noted to be intronless (Sarkar et al. 2009; Wang et al. 2014). A
genome-wide sequence survey identified 20 non-redundant small heat shock pro-
teins (sHsp) and 22 heat shock factor (Hsf) genes in barley (Reddy et al. 2014).
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They found that all three major classes (A, B, and C) of Hsfs are localized in the
nucleus, and the 20 sHsp gene family members are localized in different cell organ-
elles like cytoplasm, mitochondria, plastids, and peroxisomes (Reddy et al. 2014).
Pandey et al. (2015) report genome-wide identification and characterization of 27
new TaHsp20 candidate genes in wheat and 13 Hvhsp20 in barley. The structural
analysis highlights that this gene family possesses a conserved ACD region at the
C-terminal. Based on the wheat Hspl7, Hsp20, and Hsp90 EST sequence (Xue
et al. 2014), a genome-wide search was made at the National Center for
Biotechnology Information (NCBI) GenBank database and IPK barley BLAST
server of Morex assembled contigs. A total of 51 contigs homologous to these Hsp
were predicted, and the chromosomal location was shown in Fig. 5.6. The results
showed that these Hsp families clearly showed duplications among the different
chromosomes, in which the chromosome 6H was enriched in these Hsps genes, with
a few Hsps located in chromosome 1H.

The expression of HSPs is regulated by multiple mechanisms, mainly on a tran-
scriptional level. Heat shock transcription factor (Hsf) is the master regulator in this
process, playing critical roles in high-temperature stress responses and thermal tol-
erance. It is believed that diversification of these Hsf proteins is essential for cereal
stress responses. Among A, B, and C classes of Hsf genes, the class A and C Hsf
proteins possess an inserted sequence of 21 and 7 amino acid residues, respectively,
which is absent from class B Hsfs (Scharf et al. 2012). Yang et al. (2014) performed
a genome-wide survey of Hsf genes in five grass species, including rice, maize,
sorghum, setaria, and Brachypodium, by describing their phylogenetic relation-
ships, adaptive evolution, and expression patterns under abiotic stresses. As shown
in Table 5.1, the Hsf genes in grasses were divided into over 20 orthologous gene
clusters (OGCs) based on phylogenetic relationships and synteny, suggesting that
24 Hsf genes were present in the ancestral grass genome. The duplication and gene-
loss events were identified in the tested genomes. Based on the genomic distribution
of the Hsf genes, it was clearly noted that the polyploid wheat consists of more
members because of its polyploidization of three different sub-genomes. Sarkar
et al. (2009) determined that positive selection acted on only one of the duplicated
genes in 8 of 9 paralogous pairs, suggesting that neo-functionalization contributed
to the evolution of these duplicated pairs. They also investigated the expression pat-
terns of rice and maize Hsf genes under heat, salt, drought, and cold stresses. The
results revealed divergent expression patterns between the duplicated genes among
the various plant Hsps (i.e., Hsp100, Hsp90, and Hsp70), Hsp20, or sHsps (Sarkar
et al. 2009).

Most of the sSHSPs are highly up-regulated in response to heat and other stressors.
Others are selectively expressed in seeds and pollen, and a few are constitutively
expressed. The evolutionary patterns for most of the sHSP subfamilies reflect selec-
tion to maintain consistent function across species (Waters 2013). Hsf and sHsp
members are differentially regulated during drought and at different seed develop-
mental stages, suggesting the importance of the chaperone role in plant development
and stress tolerance (Waters et al. 1996; Waters 2013). Reddy et al. (2014) found that
Hsf and sHsp members are differentially regulated during drought and at different
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Table 5.1 Plant heat shock factors

Cereals | Arabidopsis Rice Maize Brachypodium Barley Wheat
HsfA1 |a,b,d, e a a, c a A a,b
HsfA2 |a a, b, e a, b, e a, b, e a,b,c,d,e, |a,b,c hi
f
HsfA3 |a a a a A a
HsfA4 | a, c a, d a,b a, d b,d a,b,c,d, e
HsfA5 |a a a a A a, b,
HsfA6 |a,b a,b a a, e
HsfA7 |a,b a,b a, b a, b a,b
HsfA8 |a a a,b a a,
HsfA9 |a a,b A
HsfB1 |a a a, b a A a,b,c,
HsfB2 |a,b a,b,c a, b, c, a,b,c a,b,c a,b,c,d, e
d
HsfB3 |a
HsfB4 |a a,b,c, |ab,d b,c,d a
d
HsfB5
HsfC1 a, b a, b, c, a,b a, b a,b,c,d e,
HsfC2 a,b a,b a,b a,b a,b,d,e f g
Total 21 25 30 23 20 40

seed developmental stages suggesting the importance of the chaperone role under
drought as well as seed development. They isolated the barley Hsp 17.5 gene and
found that it was predominantly up-regulated under drought stress treatments and
also preferentially expressed in developing seeds. In silico cis-regulatory motif
analysis of Hsf promoters showed enrichment with abscisic acid responsive
cis-elements (ABRE), implying a regulatory role of ABA in mediating transcriptional
responses of HvsHsf genes (Reddy et al. 2014; Pandey et al. 2015).

5.5 HSP and Stress and Evolution

The evolutionary processes that generate complex gene families include gene dupli-
cation, recombination, and gene loss (Ohnu 1970; Taylor and Raes 2004). It is likely
that all these evolutionary forces, i.e., gene duplication, gene conversion, neo-
functionalization, and genome duplication, have played a role in the evolution of the
sHSPs (Waters 1995; Waters et al. 2008). The clear differences in the evolutionary
patterns among the plant sHSP subfamilies suggest undiscovered functional differ-
ences among subfamilies (Waters 2013). The sHSPs may be differentially expressed
in different accessions within a species which were exposed to the stress conditions.
The ability of different genotypes to adapt to various stress conditions may be
related to their genetic diversity of allelic variations in natural populations (Sun
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et al. 2002; Zhang et al. 2014). Several studies suggested that the analysis of gene
sequences within species could also elucidate important evolutionary patterns
among the sHsps (Wu et al. 2007; Waters et al. 2008; Liao et al. 2010). Recently,
Ashoub et al. (2015) used leaf proteomics of wild barley and revealed that the
response was distinguished from the response to transient heat stress, which
included the up-regulation of a broad range of HSP products. Xia et al. (2013)
investigated single nucleotide polymorphisms (SNPs) of the HSP17.8 gene across
210 barley accessions collected from 30 countries using EcoTILLING (Ecotype
targeting induced local lesions in genomes) technology. They found that 4 SNPs in
Hspl7.8 were associated with at least one of the agronomic traits evaluated except
for spike length, namely, the number of grains per spike, kernel weight, plant height,
flag leaf area and leaf color. The association between SNP and these agronomic
traits may provide new insight for the study of the gene’s potential contribution to
drought tolerance of barley. Taken together, all of these studies indicate that further
studies of sHSP sequence diversity within and between closely related species
under different stress environments would provide important insights into sHSP
evolution.

5.6 Barley HSP17 at Evolution Canyon

Gene duplication is a major evolutionary driving force for establishing new gene
functions. However, very little is known about the involvement of the structural
divergence of recent duplicated genes in local adaptation. Small heat shock protein
17 genes (Hsp17) represented a model to identify the role of genetic polymorphism
in phenotypic variations in response to environmental stresses by the powerful
approach of association analysis (Yu and Buckler 2006; Zhu et al. 2008). The
HSP17 is produced abundantly in plant cells under heat and other stress conditions
and may play an important role in plant tolerance to stressful environments. Montfort
et al. (2001) found and isolated the crystal structure of the HSP17 from wheat and
wild barley genotypes, but not in drought-sensitive genotypes under drought stress.
Grigorova et al. (2011) found that the Hspl7 transcripts were present at a higher
level in the drought-tolerant wheat cultivar than in the non-tolerant wheat cultivar.
The changes in gene expression of hsp17 genes at the transcriptional level in barley
leaves during the reproductive stage under drought conditions were observed. Guo
et al. (2009) used the 22K Affymetrix Barley 1 microarray to screen two drought-
tolerant barley genotypes; the Hspl7 showed expression exclusively in drought-
tolerant barley. Based on the comparative sequence analysis of the Hspl7s the
extensive gene duplication and conversion in the grass genome was indicated
(Waters et al. 2008). The physiological and molecular population genetic studies of
wild barley (Nevo et al. 1997; Nevo 2015; Cronin et al. 2007) confirmed that wild
barley at EC displays dramatic interslope adaptive genomic divergence, slope-
specific fitness components, and incipient sympatric speciation on the opposite
slopes (Nevo 2006, 2009; Yang et al. 2009). The evolutionary driving force of the
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Fig. 5.7 (a) A maximum parsimony tree of the Hsp/7 homologous families based on nucleotide
sequences of coding regions. Bootstrap values based on 1000 replicates are indicated above the
branches. The lengths of tree branches are proportional to the number of mutations. (b) Amino
acid sequence alignment of the Hspl7 homologous families. Only variable sites are shown and
N-terminal and C-terminals are indicated above the amino acid alignments. The scale bar is 10-nt
substitutions (From Zhang et al. 2014)

sHSP can be further investigated both across the species and within the stressed
population on the microevolution level using the EC model.

A total of 9 putative Hsp17 sequences were located on 4 chromosomes of barley
(Fig. 5.6). Two Hsp17 copies, named Hspl7a and Hspl7b of wild barley, were very
likely orthologous to the locus on chromosome 3H, collinear with rice chromosome
1 (Bossolini et al. 2007; Sato et al. 2009). A phylogenetic tree, based on the amino
acid sequences of these Hspl7 homologs, was generated (Fig. 5.7) and indicated
that the duplication of Hspl7a and Hspl7b sequences likely occurred about 2-3
Mya. We evaluated the nucleotide variation of recent duplicated pair copies of the
Hsp17 locus for small heat shock proteins, namely, the older copy Hspl7a and the
younger copy Hspl7b (Fig. 5.7). Forty wild barley genotypes from seven climati-
cally divergent sites of “Evolution Canyon” I, Mount Carmel, Israel, were investi-
gated for sequence diversity of their Hspl7 copies (Zhang et al. 2014). Populations
of H. spontaneum were sampled in ECI at 7 collection sites (populations) (see Fig.
5.3), and at 3 elevations that were 30 m apart (60, 90, and 120 m above sea level) on
each slope: AS = SFS: 1, 2 and 3; and ES = NFS: 5, 6 and 7, and 1 site (station 4) at
the valley bottom (VB). Seeds from 40 genotypes, including 4-9 genotypes from
each population, were used for the study.

We sequenced the 456 bp coding sequence and 397 bp 5'-UTR. The Hspl7a
contained a 3'-UTR of 99 bp, while the Hsp!7b had a 3'-UTR of 492 bp. The single
nucleotide polymorphisms (SNPs) of the Hsp/7 locus were investigated, and 150
SNPs of Hspl7a and 135 SNPs of Hspl7b in the coding region were identified.
Total amino acid substitutions were present at 43 positions of Hsp17a and 35 posi-
tions of Hspl7b among the seven populations. The total number of nucleotide
changes in the populations from the 2 slopes (36 in AS vs 16 in the ES) is significant
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(p <0.05). The variation in the Hsp17b 3'-UTR insertion in the AS was significantly
higher than variations in the ES, indicating a nonrandom distribution. The genetic
divergence and haplotype diversity were significantly different among the popula-
tions. For Hsp17b, the site 21 L was detected as positively selected; for Hspl7a, the
two amino acid sites 30G and 60D were positively selected.

In order to represent the relationships between genotypes of the coding region of
Hspl7a and Hsp17b, cluster analysis (NJ) was used to generate a dendrogram based
on the calculated nucleotide diversity () values (Nei 1987). Two main clusters of
Hspl7a and Hspl7b were clearly evident (Fig. 5.8). Most of the genotypes from
either the AS or ES were clustered in different groups, reflecting their high similar-
ity within the slopes and the large divergence among the slopes. An analysis of
Pearson correlation coefficients was performed between climatic parameters of the
EC with haplotype diversity (Hd) and nucleotide diversity (xr). Remarkable correla-
tion values were obtained between Hudd (daily relative humidity difference), Tdd
(daily temperature difference), Tm (average ambient temperature) with Hd of
Hspl7a, and negative correlation of Hsp17a Hd to Pc (general plant cover), which
support the hypothesis that the Hspl7a gene was subjected to adaptive natural
microclimatic selection.

The expression pattern of the Hspl7a and Hspl7b genes was also conducted
after the dehydration treatment of the seedlings was carried out at 0, 3, 6, 9, 12, and
24 h. The results indicated that the Hsp 17 of wild barley was clearly upregulated by
heat shock. The Hspl7a was immediately expressed by heat treatment and was
maintained continuously. We have not observed the differences of Hspl7a expres-
sion, possibly because of the upregulation occurring so fast. However, the expres-
sion of Hspl7b was different among the examined genotypes. The interslope
divergence of the Hspl7 expression patterns observed between AS and ES stations
was remarkably related to the changes of 3UTR insertion.

The Hspl7a gene sequences showed a considerably higher evolutionary rate of
amino acid substitutions than that of the Hsp17b sequences. The alternative models
of functional diversification following gene duplication (Lynch and Conery 2000;
Zhang 2003) might explain the divergence of Hsp17b from Hspl7a. This model is
supported by evidence that nucleotide substitution rates in Hspl7a differ signifi-
cantly from those in Hsp17b. Moreover, one copy might evolve a new function via
positive selection. During this process, gene duplication and the resulting functional
divergence enable lineages to have better fitness in rather different environments
(Hanada et al. 2008; Zou et al. 2009). The Hsp17 diversity was also correlated with
microclimatic interslope divergence factors in “Evolution Canyon” I. The natural
microclimatic selection appears to adaptively diversify the duplicated copies of
Hspl7 of wild barley between the opposite warmer (AS) and cooler (ES) slopes,
suggesting that the recent duplication of stress-responsive genes were subjected to
adaptive evolution. Gene duplication and the resulting functional divergence enable
plants to have better fitness in local climate change. Comparing the recent studies of
the stress-induced drought resistant dehydrin genes Dhnl (Yang et al. 2009) and
Dhn6 (Yang et al. 2011), Hsp17 has higher interslope divergences, while the disease
resistance-related gene Isa had fewer polymorphisms (Cronin et al. 2007). The ECI
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Fig. 5.8 Dendrogram based on genetic relationships of the genotypes of wild barley from seven
populations, representing the Hsp17a (a) and Hsp17b (b) in “Evolution Canyon” I, Mount Carmel,
Israel. These genotypes were obtained from the Hsp17 alignment sequence, based on Nei’s (1987)
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branches are percentage values from bootstrap analysis (1000 replicates) (From Zhang et al. 2014)
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model provides clues for future evolutionary studies on both adaptive stress genes
and speciation genes. The study of sHSP evolution in microsite populations may aid
in understanding how structural variation was significantly related to environmental
stresses. The nucleotide polymorphism of Drosophila hsp23 and hsp26 shows a lati-
tudinal cline in Australia, suggesting they are under selection in natural populations
(Frydenberg et al. 2003). Carmel et al. (2011) carried out similar studies on fruit
flies (Drosophila melanogaster) of “Evolution Canyon” I (EC I). They found dif-
ferential expression of small heat shock protein genes Hsp23 and Hsp40 in fruit flies
on a microclimatic gradient of the NFS and SFS, and revealed that a positive cor-
relation between the expression of Hsp40 gene after the applied mild heat treatment
and the flies’ thermo-tolerance. They also found that a significant difference in
Hsp40 expression level occurred between flies originating from the opposite EC I
slopes.

5.7 Future Studies on HSP at the ‘“Evolution Canyon” Model

The evaluation of a specific heat shock proteins’ contribution to barley drought
resistance required the combination of genetic, genomic, ecological, and physiolog-
ical studies. Quantitative trait loci for salinity tolerance identified under-drained and
waterlogged conditions and their association with flowering time in barley, and the
agronomic trait involving yield formation (Tondelli et al. 2006; Islamovic et al.
2013; Maet al. 2015). Through the relationships with markers common between the
consensus and other linkage maps of barley, the position of cold and drought toler-
ance QTLs have been added to the consensus function map (Cattivelli et al. 2002;
Nevo et al. 2012; Islamovic et al. 2013; Ma et al. 2015). Moreover, the candidate
gene strategy shows promise in bridging quantitative genetic approaches with
molecular and genetic approaches in studying complex traits, the transcriptional
regulators are better candidates to give a measurable trait at the QTL level than
effector genes (Cattivelli et al. 2002; Tondelli et al. 2006). The genome-wide search
of the heat shock protein-related genes in a barley map will also shed light on the
utilization for barley improvement.

Bedada et al. (2014a) sequenced 34 short genomic regions in 54 accessions of
wild barley collected throughout Israel and from the opposing slopes of two
“Evolution Canyons” (EC I and EC II). There is a high level of genetic clustering
throughout Israel and within EC, which roughly differentiates the slopes. Accessions
from the hot and dry south-facing slope (AS = SFS) have significantly reduced
genetic diversity and are genetically more distinct from accessions from the north-
facing slope (ES = NFS). Bedada et al. (2014b) found a strong physiological and
genomic differentiation between the desert and Mediterranean wild barley ecotypes
and a closer relationship of the Mediterranean to cultivated barley. Nevo et al. (2012)
reported that the existing global climate warming during 28 years (from 1980 to
2008) significantly caused phenotypic (earliness in flowering) and genotypic (SSR
turnover, involving genetic diversity reduction and appearance of new possibly adap-



96 Z. Yang and E. Nevo

tive alleles) differences, affecting similarly wild barley and wild emmer wheat, the
progenitors of barley and wheat, across Israel. Since wild cereals are the best hope
for crop improvement, the wild progenitors need to be preserved in situ and ex situ
(Nevo 1998; Nevo and Chen 2010). Greater responses to climate change in the xeric
populations compared with mesic populations are expected and empirically con-
firmed. A high level of population structure at large geographic scale shows isola-
tion-by-distance and is also consistent with ongoing natural selection contributed to
genetic differentiation on a small geographic scale (Bedada et al. 2014a).

The adaptation of wild barley to drought and salinity environments has accumu-
lated rich adaptive genetic diversities, which is an excellent genetic resource for
crop improvement (Nevo and Chen 2010). Advances are still needed to efficiently
explore the extensive reservoir of novel agronomic important traits such as drought
and salt-tolerant alleles from wild barley germplasm: (1) developing wild barley
high throughput phenotypically, genotypically, and epigenetically to screen heat,
drought, or salt tolerances related to a regulation network. (2) By utilizing next
generation sequencing, increasing availability of sequence information, enhancing
the understanding of the potential regulatory relationship between coding and non-
coding regions. (3) Attention will be on the dynamic chromatin remodeling genome-
wide level particularly for understanding the possible mechanism for barley to fit
the environmental changes, such as with fast global warming. (4) To consider the
extensive international collaborative projects in ensuring the use of wild barley
germplasm for global cereal crop improvement. The whole genome sequence of
wild barley, H. spontaneum is currently under preparation and could be an impor-
tant resource for stress genes for barley improvement.

Recently, Pourkheirandish et al. (2015) cloned non-brittle rachis (Btr) genes dur-
ing the domestication of barley. They found that characteristics evolved by duplica-
tion and neofunctionalization of two genes, Bfrl and Btr2. Btr and Btr-like genes
were diverged functionally after a duplication event that occurred specifically in the
Pooideae lineage. It is likely that the heat shock proteins endure the significant dupli-
cation in cereal genomes (Moore and Purugganan 2005). It is important to view the
duplication and neo-functionalization of the Hsp genes and the regulated pathways.

There has been a breakthrough in the technology of genome editing, the CRISPR-
Cas9 (clustered regulatory interspaced short palindromic repeats/CRISPR-
associated protein 9) technology, in the last decade (Mali et al. 2013). The
CRISPR-Cas 9 technology has been successfully applied in model plants such as
Arabidopsis and tobacco and important crops like wheat, maize, rice, sorghum,
tomato, and barley (Jiang et al. 2013; Brooks et al. 2014; Feng et al. 2014; Shan
et al. 2014; Gao et al. 2015; Lawrenson et al. 2015). Basak and Nithin (2015)
applied the CRISPR-Cas9 technology in editing ncRNAs in plants. With respect to
modifying the target heat shock proteins, there is a possibility to regulate the net-
work for barley or cereals to adapt the changing stress environment with the aim of
revealing the genetic and epi-genetic mechanism of Hsp evolution and modifying
the gene expression for agricultural improvement. It will be of substantial impor-
tance to follow the evolutionary dynamics of duplicated Hsps in a planet undergoing
global warming.
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5.8 Conclusion

Wild barley, Hordeum spontaneum, the progenitor of cultivated barley, is an excel-
lent theoretical and empirical evolutionary model for studying adaptive and specia-
tional patterns in both macroevolution and microevolution. Wild barley is a hardy
generalist species, growing in divergent climatic and edaphic environments, and
displays abundant adaptive genetic and genomic diversity exploitable for barley
improvement. The “Evolution Canyon” I (EC I) at lower Nahal Oren, Mount
Carmel, Israel, reveals evolution in action of biodiversity, adaptation, and sympatric
speciation, across life at a microsite caused by interslope microclimatic divergence.
The studies on genomic divergence of Heat Shock Proteins (HSP) gene family in
wild barley at EC I provide a basic understanding of the genetic diversity of HSP, its
causation and adaptive expression. HSP diversity is associated with heat and drought
environmental stresses on the savannoid hot and dry African slope, separated by
250 m from the forested shaded, cool and humid European slope. Further investiga-
tions on the genome-wide level is underway to reveal the structure of HSP genes
and the adaptive functional and regulatory divergence in wild barley, and other
related cereal species in ECI. The candidate gene variation of HSP genes and the
unique wild barley genotypes will be very useful in the genetic improvement of
cultivated barley.
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Chapter 6

Insights into the Mechanism of Heat Shock
Mitigation Through Protein Repair, Recycling
and Degradation

Rashid Mehmood Rana, Muhammad Ammar Khan, Muhammad Kausar
Nawaz Shah, Zulfiqar Ali, and Hongsheng Zhang

Abstract Exposed to elevated temperature, plants exhibit a characteristic set of
conserved responses. These signature responses include an accelerated transcription
and translation of stress specific proteins such as heat shock factors (HSFs), heat
shock proteins (HSPs), molecular chaperones and co-chaperones, to repair mis-
folded/unfolded proteins that occur as a consequence of stress factor. The formation
of all these stress specific proteins is regulated through different proteins including
heat shock factor binding protein (HSBP), HSP70, and BAG (Bcl2 associated atha-
nogene). The review focuses on stress response mechanism, and discussed informa-
tion about the gene families that are directly involved in protein repair, recycling
and degradation. The recent advances made in this field have also been critically
discussed to provide readers with logical sense of the mechanism of protein repair,
recycling and degradation.
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Abbreviations

ABA  abscisic acid

ATG6  Autophagy related protein 6
BAG  Bcl-2 associated athanogenes
CAT catalase

cDNA complementary DNA

Dnal  bacterial homologue of Hsp40
DnaK  bacterial homologue of Hsp70
HS heat shock

HSBP heat shock factor binding protein
HSC heat shock cognate protein
HSE heat shock element

HSF heat shock transcription factor
HSP heat shock protein

HSR heat shock response

POD  peroxidase

ROS reactive oxygen species

SOD superoxide dismutase(s)

6.1 Introduction

Plants, being sessile, are prone to environmental stresses including high tempera-
ture. Therefore, it is essential for plants to have higher levels of tolerance to abiotic
and biotic stress factors. High temperature, a potentially destructive environmental
factor, affects numerous biological processes of all organisms. An evolutionarily
conserved mechanism called the heat shock response (HSR) is therefore induced.
Severe heat stress (HS) leads to cellular damage and cell death (Lindquist 1986;
Schoffl et al. 1998). In the consequence of HSR, cells and organisms are protected
from severe damage by resumption of normal cellular and physiological activities,
resulting in higher level of thermotolerance. HSR is a transient reprogramming of
cellular activities by rapid and specific induction of heat shock proteins (HSPs) that
act as molecular chaperones.

The expression of molecular chaperones targeting the unstable or inactive pro-
teins increases dramatically during heat stress. Temperature perception and multiple
signal transduction pathways lead to the activation of heat shock factors (HSFs) that
bind to the conserved heat shock element (HSE) and induce the expression of heat
shock genes (Sung et al. 2003). The first evidence for the induction of HSP gene
expression through HSF, after binding to HSEs as a binding site, was demonstrated
through DNA-protein interaction studies on nuclei isolated from Drosophila mela-
nogaster cells (Parker and Topol 1984; Wu 1984). Afterwards a number of research
groups have independently confirmed this mechanism of HSF gene expression
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(Rieping and Schoffl 1992; Schoffl et al. 1998; Miller and Mittler 2006) and hence
is universally accepted. HSPs and HSFs are regulated in a stoichiometric manner
through HSBP (heat shock factor binding protein), HSP70 and BAG (Bcl-2-
associated athanogene).

When the mechanisms described above are not enough to repair the unfolded
proteins, cell launches another defense mechanism called autophagy. Autophagy is
a specialized lysosomal pathway, intended to recycle the cellular constituents
including deshaped/unfolded proteins in eukaryotes, when they come across the
unfavorable conditions (Harrison-Lowe and Olsen 2008). The mechanism of cell
death and survival is summarized in the Fig. 6.1.

Here, we summarized the molecular mechanism of protein repair and degrada-
tion. A brief detail about some important gene families is also given, that will pro-
vide a constitutive understanding of these fundamental pathways.

6.2 Heat Shock Proteins as Molecular Chaperones

The HSPs or other proteins highly homologous to HSPs are produced under stress
conditions, as well as in some cells either constitutively, under cell cycle or devel-
opmental control. The evolutionary conservation of HSPs and their correlation with
cellular resistance to high temperature, suggest that accumulation of HSPs lead to
increased thermotolerance. Heat shock proteins are “molecular chaperones”, to
keep other proteins from ‘inappropriate’ aggregations. They are also involved in
transport, folding, unfolding, assembly and disassembly of multi-structured protein
units and degradation of misfolded or aggregated proteins (Sgrensen et al. 2003).
Chaperone activities are provoked during four different stages in the life cycle of
proteins (Gething and Sambrook 1992; Gething 1997), where they perform the fol-
lowing functions: (i) keep nascent polypeptides in proper folding until the whole
sequence information is available; (ii) retain or create a partially unfolded form of
proteins intended for the import into mitochondria or plastids; (iii) repair/stabilize
damaged proteins; (iv) assist/control assembly and disassembly of multi-protein
complexes (Baniwal et al. 2004).

In all eukaryotes, HSPs are grouped into five conserved classes: small HSPs,
(sHSPs), HSP60, HSP70, HSP90 and HSP100 (Waters et al. 1996). Carboxylic ter-
minal found in all HSPs, is a characteristic feature of HSPs and called as heat-shock
domain (Helm et al. 1993). HSPs with molecular weights ranging from 10 to 200
KD are characterized as chaperones, and participate in the signal induction during
heat stress (Schoffl et al. 1999).

Small heat shock proteins consist of a family of stress inducible molecular chap-
erones that range in size from ~16 to 42 kDa, containing a-crystalline domain (80—
100 amino acid residues) located in the C-terminal region (Seo et al. 2006). sHSPs
form large oligomeric complexes, ranging from 200-800 kDa in size, both in pro-
karyotic and eukaryotic cells. These proteins prevent the aggregation of denatured
proteins by forming complexes with them, which are subsequently refolded by
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| Unfolded proteins |

Heat Shock

Antioxidants Antioxidants

Unfolded
proteins

Relieve from Increased
oxidative stress oxidative stress
Accumulation of
unfolded oroteins
Autophagosome, ATG
Lysosome

Heat Shock Response (HSR)

Fig. 6.1 Mechanism of cell death and survival. Heat stress degrades the cell proteins by unfolding
the polypeptide chain which otherwise are folded properly to perform specific functions. The accu-
mulation of misfolded/unfolded proteins to a threshold level induces the expression of HSF which
in turn triggers the expression of HSPs and antioxidants. Antioxidants protect cells from oxidative
damage while HSPs in combination with BASs refold the misfolded/unfolded proteins, resulting
in survival of the cell. Increased levels of HSBP decrease the activity of HSF and ultimately con-
siderably reduce the production of HSPs and antioxidants. The decreased levels of antioxidants
reduces the cells ability to cope with oxidative stress, while decreased HSPs causes the accumula-
tion of misfolded/unfolded proteins in the cell which provokes autophagy and ultimately cell dies
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Hsp100/Hsp70 and co-chaperones in ATP-dependent pathway during the recovery
phase (Cashikar et al. 2005).

InArabidopsis, 19 genes of sHSP family are placed into seven nucleo-cytoplasmic
(I, II, I, TV, V, VI and VII) and two mitochondrial (MI and MII) subfamilies
(Siddique et al. 2008). Whereas, sHSP gene family in bacteria and lower eukaryotes
is not very complex, as E. coli and S. cerevisiae have 2 sHSPs each. In human and
zebra-fish, 10 and 13sHsps have been reported respectively (Elicker and Hutson
2007). Higher diversification of sHsps in plant may reflect an adaptation to stress
conditions that is unique to plants. sHSPs localizing in chloroplast and mitochon-
dria are considered important for their role during heat tolerance. Rice (Oryza sativa
L.) genome contained 23 sHSPs, with nine subfamilies, which is more complex
than Arabidopsis. Expression analysis of rice sHSPs showed that 19 sHSP genes
were upregulated by high temperature stress (Sarkar et al. 2009).

The HSP60, also called as chaperonins, found in bacteria (GroEL), mitochon-
dria, and chloroplasts, is generally agreed to be important in assisting plastid pro-
teins such as Rubisco (Wang et al. 2003). Some studies suggested that this class
might contribute in folding of proteins that are transported to chloroplasts and mito-
chondria (Lubben et al. 1989). Functionally, plant chaperonins are limited and are
involved in attaining functional conformation of newly imported proteins to the
chloroplast (Jackson-Constan et al. 2001).

The HSP70 proteins act as molecular chaperones in almost all organisms. They
prevent the accumulation/aggregation of newly synthesized proteins and fold them
in a proper way during their transfer to final destination (Su and Li 2008). HSP70
are also reported to contribute during protein transport by binding to the precursor
of a protein to be transferred through the membranes into the organelles (e.g. chlo-
roplast) (Jackson-Constan et al. 2001). HSP70B was observed in stroma of chloro-
plasts and was found involved in photo protection and repairing of the photo-system
II, during and after photo-inhibition. In A. thaliana, HSP70 was located in stomata
and found necessary for differentiation of germinating seeds and its tolerance of
heat (Su and Li 2008). In rice, 26 HSP70 genes has been reported and found involved
in different abiotic stresses including heat stress (Hu et al. 2009).

The HSP9O0 facilitates protein folding within the cell by interacting with sub-
strate proteins (client proteins). Conformational changes in the chaperone occur as
a result of ATP binding and hydrolysis in an ATP-dependent manner, that are
required for client protein activation. HSP90 often works together with HSP70 or
HSC70 (heat shock cognate protein 70), the two chaperones considered as parts of
a single multi-chaperone machinery (Young et al. 2004). In A. thaliana, cytoplasmic
HSP90 found involved in the inhibition of HSF in the absence of heat stress, but not
under heat stress (Yamada et al. 2007). In rice, 9 members of HSP90 has been
reported (Hu et al. 2009), while some found essential for innate-immune response
and pathogenic resistance (Thao et al. 2007).

The HSP100 proteins belonging to ClpB group, contain two ATP-binding
domains which are critical for their hexamerization and chaperone activity (Schirmer
et al. 1996). ClpB/HSP100 proteins also contain a spacer region that separates the
two NBDs (nucleotide binding domains), and found essential for chaperone activity



108 R.M. Rana et al.

(Cashikar et al. 2002). Sometimes, HSP100 requires alliance with HSP70/HSP110
chaperone machinery for disaggregation of misfolded proteins (Doyle et al. 2007).
In yeast, ClpB/HSP100 family comprises of only one member, and this protein has
a notable capacity to rescue aggregated proteins (Parsell et al. 1994). Yeast ClpB/
HSP100 was found involved in temperature stress as defective mutants showed a
clear thermo-sensitive phenotype (Singh and Grover 2010). In rice 10 members of
HSP100 has been reported (Hu et al. 2009), mostly induced by heat stress. Indica
rice cultivar over-expressing AtHSP101 showed increased thermotolerance
(Katiyar-Agarwal et al. 2003).

In conclusion, HSPs are molecular chaperone that play important role in refold-
ing of denatured proteins, partake in finishing of the de novo synthesized proteins
and reduce the protein aggregation.

6.3 Heat Shock Factors

Stress-induced transcription of HSPs requires activation of specific transcription
factors called as heat shock factor (HSF) that binds to the heat shock promoter ele-
ment (HSE) (Wu 1995). HSE consists of alternating units of pentameric nucleotides
(5’-nGAAn-3’) and at least three alternating units (5'-nGAAnnTTCnnGAAn-3")
are required for efficient HSF binding (Schoffl et al. 1998). Unlike yeast and
Drosophila, regulation of the heat shock response in plants and larger animals is
complex due to the presence of multiple HSFs, providing specialized transcriptional
control of stress signal transduction pathway (Morimoto 1998; Chen et al. 20006).

The HSF family contains several highly conserved domains with conserved
modular structure, including DNA binding domain (DBD, also known as the HSF
domain), the oligomerization domain and the nuclear localization signal domain
(NLS); however, some HSFs also have the C-terminal activation domains (CTAD)
and nuclear export signal (NES) (Harrison et al. 1994; Green et al. 1995; Nover
et al. 1996). Hydrophobic core of DBD forms a helix-turn-helix (H2-T-H3), which
is required for the specific binding to conserved motif of HSE (Littlefield and
Nelson 1999). HSFs utilize their oligomerization domains (connected through a
linker to the C-terminal of DBD) with heptad hydrophobic repeat (HR-A/B), which
is characterized by a coiled-coil structure to form trimer and function as sequence-
specific trimeric DNA binding proteins (Schoffl et al. 1998).

Based on the difference of the flexible linkers between the A and B parts of hep-
tad hydrophobic repeat (HR-A/B), as well as difference in the sequence region
between the DBD and HR-A/B, plant HSFs are classified into three major classes,
viz. A, B, and C (Nover et al. 2001). The HR-A/B regions of class B HSFs have no
insert sequences, whereas, HSFs of class A and C have an extended HR-A/B region
with an insertion of 21 and 7 amino acid residues respectively. The region between
the DBD and HR-A/B, spans from 9 to 39 amino acid residues for class A, 50-78
amino acid residues for class B, and 14-49 amino acid residues for class C HSFs
(Nover et al. 2001). An arginine and lysine rich nuclear localization signal (NLS)
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determines nuclear localization of HSFs. While leucine-rich nuclear export signal
determines cytoplasmic distribution of HSF proteins (Lyck et al. 1997). AHA motif
(aromatic and large hydrophobic amino acid residues embedded in an acidic sur-
rounding), embedded in C-terminal activation domain (CTAD), is an additional
characteristic of class A HSFs that binds to some basic transcription protein com-
plexes and activates the transcription of HSPs; whereas class B HSFs and C HSFs
lack this function due to the absence of AHA motif (Nover et al. 2001).

Environmental stresses and dysfunctions in the ubiquitin-proteasome pathway
induce accumulation of aberrant proteins, which in turn leads to activation of the
HSFs and ultimately leads to synthesis of HSPs. In heat-induced pathway, HSF1
and HSF3 are activated and work collaboratively under severe stress. Beyond the
heat shock response, HSF3 binds to c-Myb and sufficiently enhances the supply of
HSPs; however, this interaction is disrupted when p53 binds to HSF3 leading to
ubiquitin-mediated degradation of c-Myb, and consequently down-regulation of
HSPs expression. HSF2 is also an activator of heat shock genes. Moreover, both
HSF1 and HSF2 are likely to have additional target genes (Pirkkala et al. 2001).

The HSF gene family has been thoroughly characterized in Arabidopsis, rice and
maize (Nover et al. 2001; Guo et al. 2008; Mittal et al. 2009; Lin et al. 2011), and
studied comprehensively in tomato (Scharf et al. 1998). Table 6.1 shows HSFs and
their isoforms in rice, Arabidopsis and maize. In tomato, HSFA1 has been reported
as a master regulator of thermotolerance (Mishra et al. 2002). In Arabidopsis,
AtHSFAla, AtHSFA1b and AtHSFA2 play important role in the induction and main-
tenance of HSP expression (Nover et al. 2001; Lohmann et al. 2004; Charng et al.
2007).

6.4 Regulation of Heat Shock Response

Studies on E. coli, yeast, and other higher eukaryotes suggested an auto-regulation
of the HSR (Schoffl et al. 1998). Phosphorylation of Ser residues has been proved
to play a role in repression of HSFs under normal conditions, as well as upon the
stimulation a mitogen-activated protein kinase pathway (Chu et al. 1996; Kline and
Morimoto 1997). Previous researches depicted that, in a negative feedback response,
increased levels of HSP70 inactivate HSF by the disassembly of trimeric HSFs, and
consequently, shut off the heat-shock response (Boorstein and Craig 1990; Baler
et al. 1996; Schoffl et al. 1998). Negative regulation of HSF through HSP70 was
also observed during the analysis of HSP70 knocked-down Arabidopsis plants (Lee
and Schoffl 1996). Besides HSPs and other factors, regulating HSFs activity, heat
shock factor binding protein-1 (HSBP1) also binds to hydrophobic heptad-repeats
of active-trimerized form of HSF; and negatively regulates HSR by inactivating it
(Satyal et al. 1998; Hsu et al. 2010). HSBP has also been reported for their role in
other developmental process as their absence causes abnormal development or pre-
mature abortion of embryo, both in plants and other eukaryotes (Fu et al. 2002; Su
et al. 2006; Hsu and Jinn 2010). Despite of the regulation through HSF, HSR is also
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Rice! Arabidopsis® Maize?
1. OsHsfAla AtHsfAla ZmHsf-01
2. OsHsfA2a.l AtHsfA1D ZmHsf-02
3. OsHsfA2a.2 AtHsfAlc ZmHsf-03
4. OsHsfA2a.3 AtHsfAld ZmHsf-04
5. OsHsfA2a.4 AtHsfAle ZmHsf-05
6. OsHsfA2a.5 AtHsfA2/2a ZmHsf-06
7. OsHsfA2b AtHsfA2b ZmHsf-07
8. OsHsfA2c.1 AtHsfA2c¢ ZmHsf-08
9. OsHsfA2c.2 AtHsfA2d ZmHsf-09
10. OsHsfA2c.3 AtHsfA2e ZmHsf-10
11. OsHsfA2c.4 AtHsfA3 ZmHsf-11
12. OsHsfA2d.1 AtHsfA4a ZmHsf-12
13. OsHsfA2d.2 AtHsfA4b ZmHsf-13
14. OsHsfA2e.1 AtHsfA4c ZmHsf-14
15. OsHsfA2e.2 AtHsfA4d ZmHsf-15
16. OsHsfA3.1 AtHsfAS ZmHsf-16
17. OsHsfA3.2 AtHsfA6a ZmHsf-17
18. OsHsfA4b AtHsfA6D ZmHsf-18
19. OsHsfA4d AtHsfA7a ZmHsf-19
20. OsHsfAS AtHsfA7b ZmHsf-20
21. OsHsfA7 AtHsfA8 ZmHsf-21
22. OsHsfA9.1 AtHsfA9 ZmHsf-22
23. OsHsfA9.2 AtHsfB1 ZmHsf-23
24. OsHsfA9.3 AtHsfB2a ZmHsf-24
25. OsHsfB1 AtHsfB2b ZmHsf-25
26. OsHsfB2a AtHsfB2c ZmHSsf-01
27. OsHsfB2b.1 AtHsfB3/B3a
28. OsHsfB2b.2 AtHsfB3b
29. OsHsfB2c.1 AtHsfB4/4a
30. OsHsfB2c.2 AtHsfB4b
31. OsHsfB2c.3 AtHsfB4c
32. OsHsfB4a AtHsfB4d
33. OsHsfB4b AtAtHsfCl/1a
34. OsHsfB4c AtHsfCl1b
35. OsHsfB4d AtHsfC2a
36. OsHsfCla.l AtHsfC2b
37. OsHsfCla.2
38. OsHsfCl1b
39. OsHsfC2a
40. OsHsfC2b

1Mittal et al. (2009),’Baniwal et al. (2004),’Lin et al. (2011)



6 Insights into the Mechanism of Heat Shock Mitigation Through Protein Repair,... 111

affected by some other negative regulators of chaperones including BAG1 (Bcl-2-
associated athanogene 1). BAGI binds to ATPase domain of HSP70 and therefore,
negatively regulate the chaperon activity of HSP70 (Bimston et al. 1998).

6.4.1 HSBP as HSF Regulator

Heat shock Factor Binding Protein 1 (HsHSBP1) was first identified by yeast two-
hybrid screening for interacting proteins of HSF1. Further investigation revealed
that HSHSBP1 localizes in nucleus and negatively regulates the DNA binding affin-
ity of HSF1 during HSR (Satyal et al. 1998). Structure analysis of revealed that
HSBP family proteins are small (less than 10 kD) and contain two arrays of highly
conserved (over 60 %) hydrophobic heptad-repeats (designated as HR-N and
HR-C), suggesting that, it most likely regulates the function of other proteins
through coiled-coil interactions (Tai et al. 2002).

Heat shock factor 1 (HSF1) is activated in response to the accumulation of
unfolded proteins and the requirement for molecular chaperones (Hsp90, Hsp70,
and Hdjl) that refold the misfolded proteins. HSF1 exists in the control state in
cytoplasm or nucleus as an inert monomer, through transient interactions with chap-
erones such as Hsp90 and Hsp70. Stress perception induces the activation of HSF1,
which consequently re-localized into nucleus. Phosphorelation of DNA binding site
and oligomerization of HSF1 occurs. The HSF1 trimer binds heat shock element
and induces the expression of heat shock genes. During attenuation of the heat
shock response, HSP70 and Hdj-1 directly bind to HSF and repress their transcrip-
tional activity. The trimers of HSF1 are negatively regulated by HSF binding protein
1 (HSBP1), which binds to the hydrophobic heptad-repeat of HSF1 and HSF1 tri-
mers is dissociation into inert monomers.

A comparison of HSBP homologs revealed that animals and dicots such as
Arabidopsis contain only a single copy of HSBP, whereas, monocots such as maize
and rice contain two HSBP isoforms (Satyal et al. 1998; Fu et al. 2002; Hsu and Jinn
2010). In plants, first HSBP-like protein was reported in maize as EMPTY
PERICARP2 (EMP2), showing aborted kernels at coleoptiles stage/stage 1, fol-
lowed by necrosis and re-absorption of kernel contents, showing greatly increased
HSP expression and un-attenuated HSR (Fu et al. 2002; Fu and Scanlon 2004). In
addition to containing EMP2, maize also contains another HSBP paralog, ZmHSBP2,
whereas, both interact non-redundantly with specific HSFs, suggesting their distinct
functions during plant development and HSR; however, the functions of ZmHSBP2
needs further clarification (Fu et al. 2006). Arabidopsis HSBP1 protein is reported
to be localized in cytoplasm and moves to nucleus in response to HSR, whereas,
knock-out mutants showed premature seed abortion, therefore considered essential
for seed development (Hsu and Jinn 2010; Hsu et al. 2010). Rice HSBP1 and
HSBP2 were found as negative regulators of thermotolerance as well as essential for
seed development (Rana et al. 2012c).
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6.4.2 BAG as Co-chaperones

The Bcl-2-associated athanogene (BAG) family proteins, sometimes regarded as
co-chaperones. An evolutionarily conserved region located at the C-terminus of the
BAG have been described (Sondermann et al. 2001), and proven in a variety of
organisms including human (Sondermann et al. 2001), Drosophila (Coulson et al.
2005), Bombyx mori (silk worm) (Moribe et al. 2001) and Arabidopsis thaliana
(Doukhanina et al. 2006). The over-expression of BAGI resulted in inhibited or
delayed cell death caused by growth factor deprivation, heat shock, and p53
(Takayama et al. 2003). All BAG proteins share a common HSP70/HSC70 interac-
tion domain, but generally differ in the N-terminal region, which imparts specificity
to particular proteins and pathways. Ubiquitin-like domain at the N terminus of
human BAG proteins (BAG1 and BAGO) is probably functionally relevant and con-
served in yeast, plants, and worms. BAG proteins regulate diverse physiological
processes in animals, including apoptosis, tumorigenesis, neuronal differentiation,
stress responses, and the cell cycle (Song et al. 2001; Lau and Chan 2003; Ueda
et al. 2004; Suzuki et al. 2011). Recent studies showed that BAG3 is involved
macro-autophagy in cooperation with small heat-shock protein HSPB8 (McCollum
et al. 2010).

BAG proteins are being extensively studied in animals. Seven homologs of the
BAG family have been reported in A. thaliana. Domain organization of four AtBAGs
was found similar to their animal homologs. While three members contain a
calmodulin-binding domain near binding domain (BD), a novel feature associated
with plant BAG proteins reflecting possible divergent mechanisms involved with
plant-specific PCD (Doukhanina et al. 2006). AtBAG7 has been reported essential
for the proper maintenance of the unfolded protein response (Williams et al. 2010).
Six BAG homologs were also found involved in different stress responses as their
expression was considerable affected by stresses (Rana et al. 2012b).

6.5 Unfolded Protein Response and Autophagy

Cells have evolved multifaceted mechanisms to ensure the accuracy, as only prop-
erly folded proteins are allowed to leave the endoplasmic reticulum (ER). The accu-
mulation of misfolded/unfolded proteins in the ER is collectively called as ER-stress,
provoking self-protective mechanisms termed unfolded protein response (UPR)
(Schroder and Kaufman 2005). Under severe ER-stress, UPR triggers autophagy.
Autophagy is an evolutionarily conserved lysosomal pathway involved in the recy-
cling of misfolded and unfolded proteins (Harrison-Lowe and Olsen 2008).
Therefore, autophagy is considered as a protective mechanism attempting to reduce
cellular damages. The process of autophagy emerges through the engulfment of
cytoplasmic components into vesicles, which are subsequently degraded into vacu-
ole/lysosome (Fisher and Williams 2008). Chaperone-mediated autophagy (CMA)



6 Insights into the Mechanism of Heat Shock Mitigation Through Protein Repair,... 113

is a proteolytic pathway that plays an important role in protein quality control, and
involves the chaperone molecules (HSP70 and HSP90) and co-chaperones like
BAG3 (Fink 1999; Massey et al. 2006; McCollum et al. 2010).

6.5.1 ATGG6/Beclinl Proteins

Among other proteins involved in autophagy, Autophagy-related proteins (ATG) are
critical for autophagosome formation. In yeast, 15 ATG proteins are involved in
autophagosome formation (Suzuki et al. 2001). Yeast autophagy protein 6 (ATG6/
Vps30) has been reported to be essential for autophagosome formation during star-
vation (Kametaka et al. 1998). ATG6 has been found in many eukaryotes, including
mammals and plants etc., and has been assigned as a conserved domain (PF04111).
Mammalian homolog of yeast ATG6 is recognized as Beclin-1, which has been
reported to interact with Bcl-2 family, and is involved in regulation of autophagy
and anti-apoptotic pathways (Sinha and Levine 2008). The plant ortholog of yeast
ATG6 was first identified in Nicotiana tobacum during screening of the genes
affecting tobacco mosaic virus-induced hypersensitive response programmed cell
death (HR PCD), suggesting ATG6 as a negative regulator of PCD, as well as
responsible for controlling virus replication (Liu et al. 2005). No physiological
defects were observed in tobacco ATG6 knock-down plants; however, Arabidopsis
ATG6 (AtATG6) T-DNA insertion mutants exhibited defects in pollen germination
(Fujiki et al. 2007; Qin et al. 2007). Three ATG6 homologs in rice also showed their
involvement in abiotic stresses response (Rana et al. 2012a).

6.6 Recent Research Advances on HSR

Plants, being sessile organisms, have evolved a variety of defense mechanisms to
respond adverse conditions; of which, increased synthesis of heat shock proteins
(HSP) is most important. These proteins function as molecular chaperones and
involved in repairing damaged protein (Sgrensen et al. 2003). Expression of HSPs
is controlled by specific transcription factor called heat shock factors (HSFs) by
recognition of heat shock element (HSE) present in the promoter region of HSPs
(Wu 1995). Differential patterns for rice HSFs binding affinities with HSEs were
observed that may lead to cellular functioning under a range of different physiologi-
cal and environmental conditions (Mittal et al. 2011). Several reports have been
published on identification and functional elucidation of rice HSFs and HSPs. To
date, up to 25 rice HSFs have been identified and divided into three classes, HSFA,
HSFB and HSFC, according to their protein structure (Von Koskull-Déring et al.
2007; Wang et al. 2009). Microarray analysis of rice HSFs and HSPs under different
abiotic stresses (heat, cold, drought and salinity) suggested an overlapping behavior
of most of these proteins, while some were significantly specific to distinct stress
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(Hu et al. 2009). Rice spotted leaf (lesion-mimic) gene, Spl7 (Os01g54550,
HSFA4b), found involved in heat stress responses and their mutants showed lesion-
mimic phenotype in rice leaf under high temperature (Yamanouchi et al. 2002).
Rice HSF, OsHSFA2e showed enhanced tolerance to environmental stresses in
transgenic Arabidopsis (Yokotani et al. 2008). Over-expression of OsHSF7 showed
higher basal thermotolerance in transgenic Arabidopsis. Besides modulating the
expression of HSPs, Arabidopsis HSFAI is reported to control BAG6, which has
been involved in apoptosis under HS (Kang et al. 2006; Liu et al. 2011).

In a study, conducted to investigate rice leaf proteome in response to heat stress,
18 HSPs were identified including seven HSP70s, three HSP100s, one HSP60, and
seven sHSPs (Lee et al. 2007). Transgenic rice over-expressing HSP genes showed
improved heat tolerance, as rice plant over-expressing an Arabidopsis HSP101 gene
showed significant heat tolerance (Katiyar-Agarwal et al. 2003). Over-expression of
HSP17.7 in rice plant also conferred heat, drought and UV-B tolerance (Murakami
et al. 2004; Sato and Yokoya 2008). Over-expression of mitochondrial HSP70
showed suppression of heat induced programmed cell death in rice protoplasts
(Qi et al. 2011). A rice chloroplast sHSP (OsHSP26) gene, when over-expressed in
E. coli showed heat, as well as oxidative stress tolerance (Lee et al. 2000).

Recently, modulators of HSFs are in focus, and among these, HSF binding pro-
tein (HSBP) showed interaction with Arabidopsis HSFAla, HSFAIb and HSFA2
and negatively regulate HSR (Hsu et al. 2010). Previously, two maize homologs of
HSBP have been reported, showing non-redundant interaction with specific HSFs,
whereas, ZmHSBP]1 reported as negative regulator of HSR (Fu et al. 2002, 2006).
Protein families, other than HSPs and HSFs, such as Bcl-2-associated athanogene
(BAG) and autophagy-related proteins (ATG; especially ATG6) has been reported
to play important role in Arabidopsis, as well as in mammals and yeast in defense
mechanism (Fu et al. 2002; Williams et al. 2010; Suzuki et al. 2011).

6.7 Conclusion

Conclusively, HSBPs modulate the expression of HSPs by binding to HSFs, while
BAG proteins modulate HSPs negatively or positively during stresses. If damage
caused by stress is beyond the limits of protein repair mechanism, autophagy related
proteins (ATG) are activated, ATG6 take part in the formation of autophagosome,
where protein degradation takes place.
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Chapter 7
Plant Stress Response: Hsp70 in the Spotlight

Doel Ray, Anupama Ghosh, Soumyajit Banerjee Mustafi,
and Sanghamitra Raha

Abstract Heat Shock Protein 70 (Hsp70) is an evolutionarily conserved family of
proteins which carry out multiple cellular functions such as protein biogenesis, pro-
tection during stress, prevention of formation of protein aggregates, assistance in
protein translocation and many others. Hsp70, being the major cytoprotective
molecular chaperone, plays a crucial role in protecting against a stunning array of
stresses and in the re-establishment of cellular homeostasis. This book chapter gives
an overview of the multifaceted Hsp70s in plants, with special emphasis on their
association with plant response to various stress conditions and eventually, stress
acclimation. The contribution of plant stress-responsive proteomics studies towards
putting Hsp in the spotlight has also been brought forth. The road ahead is to deci-
pher the underlying mechanisms of Hsp70-mediated multiple cross tolerance, that
is likely to lead to new strategies to enhance crop tolerance to environmental stress.
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Abbreviations

ABA abscisic acid

ABRE ABA-responsive element

AREB ABRE binding protein

ABF ABRE binding factor

BiP binding protein, Hsp70 homolog

CDPKs calcium-dependent protein kinases

CHIP carboxy terminus of Hsc70-interacting protein
CNV cucumber necrosis virus

DREB dehydration-responsive element binding

ER endoplasmic reticulum

GAPDH glyceraldehyde-3-phosphate dehydrogenase
Hsc heat shock cognate

HSE heat shock element

Hsf heat shock factor

Hsp heat shock protein(s)

hsp heat shock protein gene

HSR heat shock response

H,0, hydrogen peroxide

HM heavy metal

LEA late embryogenesis abundant proteins
MAPKSs mitogen activated protein kinases

MgProto or MgProtoMe = Mg-protoporphyrin IX or its monomethyl ester
NO nitric oxide

PCD programmed cell death

PSII photosystem II

ROS reactive oxygen species

UPR unfolded protein response

7.1 Introduction

The molecular function of a protein closely correlates to its native structure. Nascent
proteins achieve the optimal conformation either spontaneously or more often with
the assistance from specialized proteins called molecular chaperones. Molecular
chaperones maintain cellular homeostasis both under physiological or pathological
conditions through a well-regulated and streamlined series of events; thus prevent-
ing either premature folding of nascent proteins or aggregation of the matured pro-
teins enduring stress (Baniwal et al. 2004).

Molecular chaperones are a diversified group of proteins that range in molecular
weight (~10 kDa to ~110 kDa); cellular distribution (nuclear, cytosolic, ER) and
function (chloroplast development, thermal stress response). Heat shock proteins
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are ubiquitously expressed stress responsive chaperone proteins found across both
plant and animal kingdoms. In line with the name itself, “heat shock proteins” were
initially discovered as proteins induced in response to heat shock in Drosophila
melanogaster (Ritossa 1962). Several instances since then have been noticed involv-
ing different stress factors other than heat shock to induce expression of this family
of proteins. The host range was also found not to be limited to D. melanogaster, but
similar behavior of Hsps could be evidenced in other organisms including plants,
fungi and bacteria. These stresses mostly include oxidative stress, UV irradiation
and cold stress. Most of the structural and functional insights on Hsp70 protein fam-
ily have been derived from information obtained in E. coli, yeast and mammalian
cells. Although this group of proteins is highly conserved in evolution, plant Hsp70
shows distinct species specificity and is best characterized in rice, maize and
Arabidopsis. In the rice genome, the hsp70 super family represents 24 hsp70 and 8
hsp110/sse subfamily members; Arabidopsis genome contains at least 18 Asp70, 14
dnakK (yeast mitochondrial hsp70) subfamily and 4 hspl10/sse subfamily (Sarkar
et al. 2013; Wu et al. 1988).

In plants heat shock protein family is categorized into five classes based on the
molecular weights of each of the members. Members belonging to Hsp100 family
are the ones with highest molecular weights and are involved mostly in thermo-
tolerance of the host plant. Hsp90 on the other hand plays a role in maintaining
cellular homeostasis through stabilization of different client proteins by means of its
chaperone activities. Besides these, Hsp90 has also been found to participate in the
mechanism of disease resistance of certain plants. For instance in Arabidopsis thali-
ana R protein RPM1 gains stability and ability to induce resistance against
Pseudomonas syringae infection through its interaction with cytosolic AtHsp90
(Hubert et al. 2003). The other three classes include Hsp60, Hsp70 and small Hsps.
While Hsp60 family proteins are involved primarily in maintaining organellar pro-
tein homeostasis (Lubben et al. 1989), those belonging to Hsp70 family, have been
found to have most diverse roles in plants. Like other Hsps, small Hsps also exert
their function primarily in the stress response of the host by exhibiting an ATP-
independent chaperone activity (Garrido et al. 2012).

Hsp70 group of proteins are highly conserved and are encoded by a multi-gene
family whose members are both developmentally regulated as well as can be dif-
ferentially expressed under biotic and abiotic stress. In a normal physiological envi-
ronment Hsc70 (Hsp70 cognate) exists as a member of the multiprotein complex
with other class of chaperones like Hsp90 and often function in concert with a
variety of co-chaperones. The composition of this chaperone/—co- chaperone com-
plex in which Hsp70 plays a central role is dynamic and dictates the functional
specificity like maturation of de novo synthesized proteins and transportation of
precursor proteins (Wang et al. 2014). Based on the sequence homology that has
distinct identifiable motifs at the C-terminus, plant Hsp70 protein families can be
divided into 4 major subgroups with different cellular localization: cytosol (EEVD
motif), ER (HDEL motif), plastids (PEGDVIDADFTDSK motif) and mitochondria
(PEAEYEEAKK) motif (Guy and Li 1998). Apart from this, Hsp70 can also be
found at subcellular compartments (glyoxysomes and protein bodies). Unlike yeast
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and higher eukaryotes, plants contain multiple members belonging to plant Hsp70
family that reside within the ER lumen. For instance tobacco codes at least five
hsp70 genes and the encoded products (designated as BiP) which possess an ER
luminal localization. Similar examples can be found in case of soyabean, Arabidopsis
and maize where four, three and two members respectively from Hsp70 family
could be found to participate in protein folding functions inside ER lumen.

7.2 Hsp70 Function and Crosstalk in Plants

7.2.1 Hsp70 Chaperone Function and Regulation

Hsp70 proteins are ATP driven molecular chaperones with an N-terminal ATPase
domain and a C-terminal peptide binding domain. The substrates gain their native
confirmation as it goes through repeated cycles of binding and release as Hsp70
switches between the low-affinity (ATP bound) and high-affinity (ADP bound)
states with the ATPase cycle regulated by DnaJ (Hsp40) like co-chaperones (Mayer
and Bukau 2005).

Despite the vital functions carried out by Hsp70s and their physiological and
agronomic importance, the functional analyses of Hsp70s in plants remain very
limited due to (i) gene redundancy which limits genetic analysis (ii) lethality of
mutants and (iii) the absence of specific and efficient inhibitors. Therefore, little is
known about the specific contributions of Hsp70s to various pathways and their
molecular targets in eukaryotes, and particularly in plants. Single Hsp70 mutants
were not identified in forward genetic approaches nor did those display any mutant
phenotypes in forward genetic screens, probably due to a high level of functional
redundancy. It is possible that loss of function of a single Hsp70 can be easily com-
pensated by other co-localized Hsp70s. Furthermore, even when its function is not
replaceable, the high level of substrate promiscuity of Hsp70 could cause pleiotro-
pic phenotypes that make it difficult to pinpoint the immediate molecular targets.
Moreover, double mutants such as hsc70-2/hsc70-4 are lethal in seedlings (Cazale
et al. 2009; Sung and Guy 2003). Therefore, the physiological characterization of
transgenic plants overexpressing Hsp70 members emerged as an important tool to
dissect Hsp70 functions in vivo in various plants including model plant, Arabidopsis.

7.2.2 Hsp70 in Growth and Development

Hsp70s are known to show complex developmental regulation. Several plant cyto-
solic hsp70 genes are expressed during seed development, maturation, and/or ger-
mination. Hsp70 proteins are noted to be abundant in dry seeds but their levels
drastically decline within 72 h after the onset of imbibition’s (Sarkar et al. 2013).
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Overexpression and knock-down analyses of the bipl/osbip3 gene demonstrated
defects in seed development (Jung et al. 2013). In rice, BiP1 is indicated to be
involved in ER quality control during seed maturation (Wakasa et al. 2011). In A.
thaliana, BiP is involved in the fusion of polar nuclei during female gametophyte
development (Maruyama et al. 2010). Hsp70 has also been suggested to play an
important role in alfalfa (Medicago sativa) nodule development (He et al. 2008).
Arabidopsis stromal Hsp70s (cpHsc70s) have been reported essential for plastid
structure and function as well as plant development. The knockout mutants of
cphsc70-1 exhibited variegated cotyledons, malformed leaves, growth retardation,
and impaired root growth under normal conditions while further impairment was
observed after heat shock treatment of germinating seeds (Latijnhouwers et al.
2010; Su and Li 2008).

7.2.3 Hsp70 as Translocator

Hsp70s also function as motors driving protein translocation into chloroplast, mito-
chondria and the ER (Su and Li 2010). Proteins destined for the organelles are tar-
geted from the cytoplasm as unfolded precursors. In the cytosol, unfolded proteins
have a high tendency to form cytotoxic, nonspecific aggregates if they accumulate
to high levels. Hence, posttranslational targeting to endosymbiotic organelles
requires that precursor levels be maintained within limits that do not result in non-
specific aggregate formation while at the same time, the cytosolic regulatory mech-
anism must not jeopardize the supply of sufficient amounts of proteins to the
organelles. Hsp70s play multitude roles in the strategies employed by plant cells for
this regulation. For instance, Arabidopsis Hsc70-4 and E3 ligase carboxy terminus
of Hsc70- interacting protein (CHIP) mediate plastid-destined precursor degrada-
tion to prevent cytosolic precursor accumulation, thereby playing a critical role in
embryogenesis (Lee et al. 2009).

7.2.4 Regulation of Induction of HSP70 — Heat Shock
Response (HSR)

Hsp70 proteins are transcriptionally regulated by developmental cues such as male
gametogenesis and embryogenesis (Neuer et al. 1999), thermal stress (Kotak et al.
2007) and unfolded protein response (UPR) etc. (Wang et al. 2004). Induction of
Hsp70 proteins is due to the binding of transactive Heat shock factor 1 (Hsfl) to the
evolutionary conserved 5'- aGAAg-3’ sequence in plants, a cis-regulatory promoter
element (HSE) located in the TATA- box-proximal 5’-flanking regions of heat-shock
genes (Barros et al. 1992). Hsfl from Arabidopsis can bind to the tripartite HSE on
hsp70 promoter post trimerization (Baniwal et al. 2004; Hubel et al. 1995; Hubel and
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Schoffl 1994). Plants possess a considerably greater number of genes for Asf. Also,
the diverse nature of Hsfs is quite unique to the plant kingdom when compared to
other eukaryotes such as yeast and mammals (Virdi et al. 2015). Cell survival under
high temperature involves the activation of heat stress response (HSR), which in
principle is highly conserved among different organisms, but shows remarkable com-
plexity and unique features in plant systems, given their sessile nature and continuous
exposure to environmental fluctuations (Bokszczanin and Fragkostefanakis 2013).

In plants, HSR involves multiple pathways, regulatory networks and cellular
compartments. The perception of heat is attributed mainly to four putative ‘heat sen-
sors’ viz. a cyclic nucleotide gated calcium channel on the plasma membrane that
initiates an inward calcium flux, a histone H2A.Z variant and two unfolded protein
sensors in the ER and the cytosol (Lavania et al. 2015; Mittler et al. 2012). The
signals generated by these different sensors are probably integrated by a signal
transduction network involving various secondary messengers (Ca*, H,0O, and
NO), kinases (CDPKs, MAPKSs), phosphatases and transcriptional regulators. The
activation of different pathways may be tissue specific (Dong et al. 2015; Mittler
et al. 2012). Heat stress transcription factors (Hsfs) control core aspects of HSR by
regulating the transcriptional activity of a wide range of genes, but they have been
mainly implicated with the rapid synthesis and accumulation of Hsps (Scharf et al.
2012). Ca** entry into the cell after modifications of the plasma membrane induced
by heat shock has been documented. Changes in DNA-binding activity of Hsf in
plants could be triggered by Ca?*/Calmodulin dependent pathways. Also, hydrogen
peroxide and nitric oxide may influence the heat shock response at the Hsf level
through modulation of Ca?*/Calmodulin signaling (Saidi et al. 2011). As discussed
in the previous sections, Hsp70 functions in multimeric protein complex along with
other chaperones such as Hsp90 and Hsp110. Work in tomato plant demonstrates a
novel crosstalk between Hsp70 and Hsp90 in regulation of the Hsf1 binding to the
HSE. While Hsp70 represses the transcriptional activity by inhibiting DNA binding
activity of HsfB1-HsfA2 complex, Hsp90 stimulates DNA binding activity of
HsfB1 (Hahn et al. 2011). Hsp70 can also be an important signaling molecule that
establishes communication between subcellular compartments performing diverse
functions.

Analysis of the light induction of the nuclear Hsp70 in the Chlamydomonas pro-
vided an early evidence of cross compartmental networking of chaperone proteins
in maintaining cellular function. Light within the chloroplast or its envelope can
trigger a signaling cascade which leads to the induction of 4sp70 gene in the nucleus.
In response to light activation, MgProto and MgProtoMe, are synthesized in the
plastid, translocate to the cytosol and nucleus and are identified by transcription
factors or signaling molecules that directly or indirectly regulate expression of the
nuclear hsp70 genes (Kropat et al. 2000). As evident from a chloroplast- targeted
Hsp70 in Chlamydomonas, it plays an important role in protecting photo system II
(PSII) against frequent light dependent damages through, de novo synthesis of D1
(a 32 kDa reaction center protein) PSII reassembly and repair (Fig. 7.1) (Schroda
et al. 2001; Schroda et al. 1999).
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Abiotic stress

Fig. 7.1 Scheme depicting intracellular cross-talk of Hsp70 within subcellular compartments.
Cellular Hsp70 synthesis is induced either due to one of the several abiotic stress or due to normal
cellular physiology. ROS generation within the mitochondria regulate Hsp70 transcription. Within
the cytosol, Hsp70s participate as multimeric protein complex to chaperone stress induced or
nascent unfolded proteins to their native confirmation

The Hsp90- Hsp70 interaction within the nucleus impacts the transcriptional
activity of Hsfl. Hsp70 negatively and Hsp90 positively influence Hsfl binding to
the HSE (Heat Shock Element). Hsp70 chaperone activity within the ER (BiP) can
be induced by unfolded protein response (UPR). BiPs and its interacting DNA J
proteins regulate nuclear fission and gametogenesis. Light induced release of solu-
ble factors from the chloroplast can regulate nuclear transcription of Hsp70. Hsp70
translocated to the chloroplast protects PSII (Photosystem II) from damage and aid
in photosynthesis and chlorophyll retention. Excess synthesis of Hsp70 can be auto-
regulated through inhibitory feedback loop. Red line arrows indicate translocation;
broken line arrows indicate transcriptional regulation. For mechanistic details of the
cross-talk, please refer to the text.

Experiments performed by Kim et. al. that involved growing of rice plants at
25 °C versus 40 °C further indicated that chloroplast Hsp70 (OsHsp70CP1) local-
ized in the stroma is essential for normal differentiation of the chloroplasts from the
proplastids even under elevated temperatures (Bionda et al. 2016; Kim and An
2013). Augustine et. al elucidated that transgenic sugarcane plants harboring hsp70
overexpression are more resistant to stress from draught and salinity. Mechanistically,
transgenic sugarcane plants showed enhanced chlorophyll retention within the chlo-
roplast along with improved germination ability when compared to non-transgenic
counterparts growing under similar saline stress (Augustine et al. 2015a; Augustine
et al. 2015b). These studies undertaken by different research groups argue in favor
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of the existence of a strong intracellular networking coupled to functional coopera-
tivity of photosynthetic activity and molecular chaperoning by Hsp70 (Beck 2005).

Another compartment of considerable importance to the plant system is the
Endoplasmic Reticulum (ER). Under stress, unfolded protein response (UPR) is
triggered as the demand for protein folding outnumbers the managing capacity of
the system. Hsp70 within the ER (BiP1) is critical for inducing ER stress and is
functionally operated through a network of other Dnal proteins like OsP58B,
OsERdj3A, and OsERdj3B (Ohta et al. 2013). Analysis of interaction among rice
ER-resident J-proteins and the ER-resident Hsp70 (BiP) reveals significant cross-
talk and functional diversity. Arabidopsis harbors ubiquitously expressed ER stress
induced BiP1 and BiP2 in male gametophytes which co-operatively assist in male
gametogenesis and pollen competitiveness. bip! bip2 double mutant results in
defective fusion of polar nuclei during female gametogenesis, whereas, bipl bip2
and bip3 triple mutant female gametophytes exhibited defects during the early
stages of development. It is likely that ER resident Hsp70 along with its elaborate
networks of other J proteins are crucial for initiating signaling cascades leading to
gametogenesis. ROS and mitogen activated protein kinase (MAPK) often play a
role in gametogenesis and it may be speculated that a crosstalk with the signaling
molecules and molecular chaperones are important upstream events within the ER
niche to trigger gametogenesis. More recently Maruyama et al. demonstrated that
BiP3 is evenly expressed in the pollen tubes independent of the ER stress to meet
the high physiological demand of the cellular protein secretion in actively growing
cells such as the pollen tube (Maruyama et al. 2014). Growth of pollen tubes is
characterized by tip-localized ROS which is required for the normal growth rate of
pollen tube (Potocky et al. 2007). So, BiP3 induction can arguably be an indirect
effect of the ROS generation.

Arabidopsis responds to ROS generation within the chloroplast by enhanced
expression level of various genes encoding heat shock proteins (Hsps) and heat
shock transcription factors HsfA2 and HsfA4A that were reported to be regulators
of genes involved in stress response of Arabidopsis. So an oxidative stress can trig-
ger a heat stress response within the cellular system. Dehydration priming followed
in 2-week-old rice seedlings under continuing dehydration stress demonstrated oxi-
dative stress but did not show any induction of the total Hsp70 level compared to the
condition matched controls (Cho and Choi 2009; Goswami et al. 2013). This in
contrary indicate that crosstalk between different stress pathways are context depen-
dent, given the induction of Hsp70 expression is positively regulated to acquisition
of thermotolerance, salt stress and other abiotic factors in one plant system but not
in another.

Hsp70 also play a significant role in rice plant memory imprint to pre-exposure
to stress from arsenic and heat, as demonstrated by sustained expression of Hsp70
even after stress withdrawal (Goswami et al. 2010). Such sustained expression of
Hsp70 can be attributed to epigenetic changes like methylation and acetylation of
histones, and triggering of cellular signaling networks like MAPK pathways.
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Functional cooperation of Hsp70 with other chaperones like Hsp90, genetic and
epigenetic modifiers and signaling pathways although are well documented in
mammalian system is still largely unexplored in the plants.

7.3 Multifaceted Role of HSP70 in Stress Tolerance of Plants

Being sessile organisms plants are exposed to a number of environmental stresses
that include both abiotic as well as biotic factors. Under both these situations the
response from the plant involves activation of a number of defense mechanisms
through initiation of intricate intracellular signaling events. This ultimately results
in the differential expression of a number of stress inducible genes. Among these
stress inducible genes are included genes coding for functional proteins as well as
those coding for regulatory proteins. For instance late embryogenesis abundant
(LEA) proteins are enzymes that impart osmoprotection to plants under water stress
conditions (Goyal et al. 2005) and are classified under stress inducible functional
proteins. They are directly involved in the stress tolerance of the plant. Regulatory
proteins on the other hand are mostly transcription factors that target expression of
a number of downstream genes involved in stress response. Like for instance the
dehydration responsive element binding (DREB) family of transcription factors,
DREB2 has been documented to target heat shock transcription factor 3 (AtHsfA3)
in Arabidopsis leading to thermotolerance (Qin et al. 2011). Both DREB and
AtHsfA3 can therefore be grouped under regulatory stress inducible proteins. One
of the many downstream genes that are induced by DREB2 family of transcription
factors is a heat shock protein gene.

7.3.1 Biotic Stress Tolerance

Information from the recent literature indicates both a protective and an insidious
role for Hsp70 in plant defense against pathogens. A direct interaction of pathogen
virulence factors with stress tolerance components of the plant host was demon-
strated for the Pseudomonas syringae type III effector Hopl1 that targets Hsp70.
Hopl1 binds plant Hsp70 and transports it to plant chloroplasts with the formation
of a large complex leading to possible suppression of plant defenses (Jelenska et al.
2010). In contrast, Cucumber necrosis virus (CNV) infection of Nicotiana ben-
thamiana triggers an increase of hsp70 transcript and Hsp70 protein level along
with higher CNV genomic RNA, coat protein and virion accumulation. In fact,
CNYV appoints Hsp70 to aid many phases of the infection process (Alam and Rochon
2015). Similarly, Tomato yellow leaf curl virus (TYLCV) DNA decreased in the
host plant after inactivation of Hsp70 (Gorovits et al. 2013). Both hsp70 gene and
protein levels underwent changes in three Solanum sp. exposed to high and low
temperatures and also subjected to infection by powdery mildew. Changes in
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Fig. 7.2 A summary of the different inducers of the heat shock response in plants

temperature induced a rise in mRNA and protein levels of Hsp70. However, fungal
infection resulted in the built up of Hsp70 only in susceptible S. lycopersicum but
not the resistant species. Therefore, the role of Hsp70 may vary from supportive to
deleterious depending on the nature of the infectious agent and possibly the host
itself (Kubienova et al. 2013).

7.3.2 Abiotic Stress Tolerance

Different conditions which induce Hsp70 induction are summarized in Fig. 7.2.

7.3.3 Heat Stress

Global warming is increasingly becoming a threat to all living organisms, including
plants. Although the reasons behind global warming are still unclear, its adverse
consequences are clear and of increasing concern worldwide (Hedhly et al. 2009).
The increase in global mean surface temperature is projected to be in the range of
1.5-4 °C by the end of the twenty-first century (Lavania et al. 2015; Liao et al.
2014). A likelihood of more intense, more frequent, and longer lasting heat waves
is predicted by the Intergovernmental Panel on Climate Change (Scafaro et al.
2010). Models for major crops in tropical and subtropical regions showed yield
losses ranging from 2.5 to 16 % for every 1 °C increase in seasonal temperatures
(Lobell et al. 2008; Ahsan et al. 2010). A recent review (Bita and Gerats 2013) has
assessed the differential effect of climate change, both in terms of geographic loca-
tion and the crops that will likely show the most extreme reductions in yield as a
result of expected extreme fluctuations in temperature and global warming in
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general. A temperature rise of 3—4 °C could cause crop yields to fall by 15-35 % in
Africa and Asia and by 25-35 % in the Middle East. Sudden rises in temperature to
high levels may lead to cell death within short duration as a consequence of exten-
sive protein denaturation and aggregation and loss of membrane integrity.
Furthermore, prolonged exposure to moderately high temperatures can lead to
reduced cellular function and overall plant fitness (Driedonks et al. 2015). Recurrent
heat stress also affects disease resistance in plants by suppressing plant immunity,
as plant heat stress and defense responses share important mediators such as cal-
cium ions and Hsps (Barah et al. 2013; Lee et al. 2012).

Elevated temperatures may lead to scorching of leaves and stems, abscission and
senescence, shoot and root growth inhibition or fruit damage, which consequently
lead to decreased plant productivity (Bita and Gerats 2013). Moreover, the sexual
reproductive phases in plants are considered as extremely sensitive and vulnerable
to heat stress (Hedhly et al. 2009). Because plants are sessile organisms that cannot
escape heat, they are compelled to invest valuable resources in modifying their
metabolism to prevent damage caused by heat, in a process generally referred to as
acclimation. Alternatively, plants can activate programmed cell death (PCD) in spe-
cific cells or tissues, a process that can lead to the shedding of leaves, the abortion
of flower or fruit formation, or even death of the entire plant (Mittler et al. 2012).

Heat stress can have a devastating effect on plant metabolism that include mis-
folding and aggregation of proteins, altered efficiency of enzymatic reactions in the
cell, membrane damages, disruption of microtubule organization and accumulation
of molecules like reactive oxygen species (ROS) to deleterious levels. Heat stress
affects the whole gamut of metabolic processes, acting first on protein complexes,
their quaternary structure being lost, one of the side effects is the uncoupling of
pathways, disrupting the steady-state flux of metabolites, thereby causing the accu-
mulation of toxic by-products, such as ROS (Fragkostefanakis et al. 2015; Mittler
et al. 2012; Timperio et al. 2008). An intimate relationship and multi-level interac-
tions seem to exist between ROS and Hsps, corroborating the hypothesis that during
the course of evolution, plants obtained a tight control over ROS levels and were
able to use ROS as signals for increasing Hsp levels (Driedonks et al. 2015; Timperio
et al. 2008). About 5 % of the plant transcriptome has been found to be upregulated
twofold or more in response to heat stress but intriguingly, molecular chaperones
including Hsps comprise only a minor fraction of it (Mittler et al. 2012). Nevertheless,
the best characterized aspect of acquired thermotolerance is the production of Hsps
(Zhou et al. 2012). The homeostasis of cellular proteins (proteostasis) is disturbed
when heat stress sets in. Protein structure is of paramount importance for the proper
functioning of proteins. When protein structure gets affected by heat stress (in terms
of denaturation, misfolding or aggregation), it negatively impacts protein function-
ing. In order to minimize damage to cellular proteins, cellular levels of chaperone
proteins are generally upregulated. Hsps act as molecular chaperones, involved in
various aspects of proteostasis such as facilitation of refolding, protecting proteins
from terminal aggregation, protein translocation and degradation (Fragkostefanakis
et al. 2015; Lavania et al. 2015).
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7.3.4 Drought Stress

Drought stress is one of the abiotic stresses considered to be a major cause of crop
loss worldwide (Mahajan and Tuteja 2005). Induced expression of host Hsp70 has
been evidenced in several instances of drought tolerant plants. For instance pro-
teomic analysis of upland rice variety IRAT 109 at seedling stage during drought
stress showed induced expression of hsp70 genes (Shu et al. 2011). Moreover,
examples are also available in the literature that shows induction of drought toler-
ance in susceptible plants through simple overexpression of an Asp70 gene. It was
shown that heterologous overexpression of Chrysenthemum #hsp70 gene in
Arabidopsis can induce drought tolerance to the latter (Song et al. 2014). However,
the mechanisms through which these increased cellular levels of Hsp70 provide
protection against drought tolerance remain an active area of investigation.
Nevertheless majority of the studies indicate towards the ability of Hsp70 to stabi-
lize protein structure under different stress condition, to play a major role in stress
tolerance. In some cases Hsp70 activity could be linked to induced drought tolerat-
ing morphological changes in host plant. For instance in Erianthus arundinaceus, a
Hsp70 protein has been found to be a key regulator controlling the formation of
anisotropic interdigitation in sugarcane in response to drought stress (Augustine
et al. 2015a). Accordingly overexpression of the said Hsp70 was demonstrated to
impart increased drought and salinity tolerance to sugarcane (Augustine et al.
2015b). Other signaling events and molecular changes associated with drought
stress tolerance involve stomatal closure, intracellular accumulation of proline that
serves as an osmo-protectant, abscisic acid (ABA) dependent and independent
drought tolerance signaling pathways. Hsp70 plays an important role in each of
these individual events.

7.3.5 Hsp70in Abscisic Acid (ABA) Dependent Stress
Signaling

Water loss due to drought stress leads to several changes within a plant cell. These
changes include reduced intracellular volume, disruption of plasma membrane
integrity, loss in cell turgor, imbalance of solute concentrations across plasma mem-
brane and finally protein denaturation (Bray 1997). Early perception of these
changes by the plant marks the initiation of the signaling events that contribute
towards drought tolerance. ABA plays an important role at this point where it acts
as a sensor of these cellular changes. In other words ABA synthesis is induced by
plant cells in response to drought stress. A subsequent perception of the increased
levels of this key phytohormone by its cognate receptors such as pyrabactin resis-
tance 1/PYRI like/regulatory component of ABA response 1 (PYR/PYL/RCARs)
leads to activation of ABA responsive element binding protein/ABRE-binding fac-
tor (AREB/ABF) (Umezawa et al. 2010). AREB/ABF then serves as the master
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regulator transcription factor that regulates a number of downstream drought
responsive genes. The encoded proteins of these drought responsive genes then
bring about different cellular responses to drought stress including stomatal closure,
induction of stress proteins and accumulation of osmoprotective metabolites
(Kuromori et al. 2014). Hsp70 is one among the many stress proteins that is induced
by ABA dependent stress signaling pathway. Heat-induced enhancements of levels
of several Hsps are observed by proteomic studies in diverse plants like rice, wheat
grain, a heat and drought-tolerant poplar, and a wild plant Carissa spinatum (Kosova
etal. 2011).

7.3.6  Salinity Stress

It is predicted that increasing salt content of cultivable land could bring about 50 %
loss of land by the year 2050 which will adversely affect global agriculture (Wang
etal. 2003; Ngara and Ndimba 2014). Chitteti and Peng (2007) reported the upregu-
lation of Hsp70 in proteome and phosphoproteome differential expression analysis
of rice roots subjected to salinity stress. Differential phosphorylation pattern was
also observed for putative ribosomal protein S29, dnaK-type chaperone Hsp70,
GAPDH, endo-f-1,3-glucosidase and others (Kosova et al. 201 1). Hsp70, is upregu-
lated in salt-stressed wheat (Sobhanian et al. 2011). The expression of some defense-
related proteins, such as chloroplast Hsp70, is upregulated in A. lagopoides as a
result of salt stress (Sobhanian et al. 2011). Interesting results have been obtained
by Wang et al. (2008) who studied salt stress response in a Chinese common wheat
cultivar Jinan 177 and its hybrid with a salt-tolerant Thinopyrum ponticum. In both
genotypes, significant changes in the expression of several signaling proteins, up-
regulation of several transcription and translation factors and Hsp70 and other chap-
erones was observed upon salt stress. In Poaceae species Hsp70 levels are enhanced
due to salt stress with variations among species showing differing levels of salt tol-
erance (Sobhanian et al. 2011).

Mitochondria play a key role in programmed cell death (PCD) in plants.
Significant changes in eight PCD-related proteins were observed in the mitochon-
drial proteome during salt stress- induced PCD in rice root-tip cells. Among the
prominently upregulated proteins, mitochondrial Hsp70 was present. Therefore,
Hsp70 was indicated as a possible player in PCD regulation (Chen et al. 2009).

7.3.7 Cold Stress

Low temperature has a negative impact on plant productivity, causing significant
alterations in plant physiology (such as reduced plant growth, rolled and withered
leaves) and plant metabolism, namely decrease in the rate of enzyme-catalyzed
reactions. These results in metabolic imbalances associated with an oxidative stress.
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Low temperature also increases a potential risk of protein misfolding, resulting in
non- functional proteins. Therefore, enhanced accumulation of proteins with chap-
erone functions (especially several different HSPs) has also been reported
(Hashimoto and Komatsu 2007; Kosova et al. 2011).

As aresponse to chilling stress, Hsps especially Hsp70 were upregulated in roots
of rice (Cui et al. 2005), chicory (Degand et al. 2009), and poplar (Ghosh and Xu
2014; Renaut et al. 2004). Hsp70 was also noted to be more abundant in winter
wheat upon exposure to cold stress (Kosova et al. 2011). Interestingly, the analysis
of changes in the nuclear proteome of A. thaliana in response to cold stress (4 °C for
6 h) revealed induction of Hsp70. During exposure to stress, Hsp70 translocates to
the nucleus from the cytosol to protect nuclear proteins from aggreagation (Bae
et al. 2003). Hsp70 was found to be highly accumulated in mitochondrial proteome
of pea subjected to cold stress (4 °C for 36 h) (Taylor et al. 2005). In a study of leaf
proteome of three-month-old poplar plants exposed to 4 °C (days 7 and 14), among
30 identifications, about a third represented chaperone-like proteins including
Hsp70, found to be more abundant under chilling stress than at optimal growth con-
ditions (Renaut et al. 2004). Interestingly, proteomic analysis of rice seedlings
exposed to a progressively low temperature stress treatment from normal tempera-
ture to 15, 10, and 5 °C identified Hsp70 as a cold responsive protein. Further, as
much as 44 % of the upregulated proteins including Hsp70 were predicted to be
chloroplast-localized, thereby implying that the chloroplast is one of the organelles
mostly influenced by cold stress (Cui et al. 2005).

7.3.8 Flooding Stress

Flooding is an ever existing environmental constraint that is detrimental to plant
performance and yields. Flooding affects about 10 % of the global land area (Mutava
etal. 2015). Progressive decreases in soil oxygen concentration and redox potential
are major physiological consequences of submergence (Hossain et al. 2009).
Another study indicated the involvement of Hsp70 in response to flooding stress and
its localization in the plasma membrane. Hsc70 protein was found to be upregulated
by more than four times in the soybean plasma membrane proteome upon flooding
stress (Komatsu et al. 2009). In flooding-stressed soybean plants, the abundance of
73 and 28 proteins were significantly altered in the root and cotyledon, respectively.
The accumulation of only one protein, Hsp70 showed increase in both organs fol-
lowing flooding. The ratio of Hsp70 in the cotyledon was higher than that detected
in the root under flooding stress (Komatsu et al. 2013). The investigation of the leaf
proteome during flooding stress and the induction of PCD in maize also demon-
strated the upregulation of Hsp70 (Chen et al. 2014).
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7.3.9 Inadequate or Excessive Light

Plants are photosynthetic organisms and therefore, light plays a crucial role in deter-
mining their growth and productivity. However, it is well established that excess
light could cause injury to plant tissues, impairing main physiological pathways and
finally death. Light stress interferes with oxygenic photosynthesis, a phenomenon
known as photoinhibition, which, consists of inhibition of the repair of Photosystem
II by the oxidative stress resulting from absorption of the excess energy. When light
exceeds photosynthetic capacity, ROS are generated in the chloroplasts and cause
oxidative damage (Kosova et al. 2011; Timperio et al. 2008).

Giacomelli et al. studied the effect of excessive irradiance on thylakoid proteome
in A. thaliana wild-type plants along with vtc2-2 mutants revealing ascorbate defi-
ciency (Giacomelli et al. 2006). After 5 days of plant exposure to an increased irra-
diance, both wild-type plants and vtc2-2 mutants revealed enhanced accumulation
of anthocyanins and ascorbate although mutants exhibited significantly lower levels
than wild-type. Proteome analysis detected 45 differentially expressed proteins
which included some chloroplast isoforms of Hsp70 (cpHsp70-1 and 2). Chloroplast
isoforms of Hsp70 are predominantly found in chloroplast stroma, but they can also
associate with thylakoid membranes (Kosova et al. 2011).

7.3.10 Enhanced Concentrations of Heavy Metals

Soil heavy metal (HM) toxicity has become a major environmental concern that
restricts plant productivity. Three main reasons of the well-known metal toxicity in
plants can be attributed to (i) direct interaction with proteins and their disruption
due to the affinities of heavy metals for thioyl-, histidyl- and carboxyl-groups (ii)
stimulated generation of ROS that elicit oxidative stress; and (iii) displacement of
essential cations from specific binding sites, causing functions to collapse (Hossain
et al. 2013; Sharma and Dietz 2009). High levels of cadmium in the environment
can produce adverse effects on most living organisms including plants. The main
causes of cadmium excess in the soil are anthropogenic activities (Hossain et al.
2012). In a study undertaken to explore the changes in protein profile induced by
high and low levels of cadmium toxicity in tomato roots, Hsp70 was identified as
differentially expressed (Rodriguez-Celma et al. 2010). Hsp70 was also reported to
show altered expression in proteomic analysis of young poplar leaves subjected to
cadmium exposure (Kieffer et al. 2008). A putative DnaK-type molecular chaperon
Bip, a subfamily of Hsp70 was shown to have increased in response to cadmium
stress in germinating rice seedlings exposed to cadmium (Ahsan et al. 2007). Cd
exposure of A. thaliana cells also caused a marked increase in the expression of
several Hsps including Hsp70 proteins (Sarry et al. 2006).

In a comparative proteome analysis of high and low cadmium accumulating soy-
beans under cadmium stress, more than twofold increased expression of Hsp70 was
observed in high cadmium accumulating cultivars Harosoy and RIL CDH-80, while
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low cadmium accumulating cultivar Fukuyutaka exhibited decreased expression
(Hossain et al. 2012). In cadmium-treated flax cell culture, enhanced accumulation
of several proteins including Hsp70, heavy-metal binding proteins, fibre annexin
etc. was observed while Hsp83 was down-regulated (Kosova et al. 2011).

7.4 Combinatorial Stress and Hsp70

Although most studies focus on plant responses under an ideal condition to a spe-
cific stress, plants in nature may have to cope with a variety of such stimuli at the
same time. More than one stress may simultaneously affect the plant or be separated
in time, thus resulting in a complex network of responses. A primary stress is capa-
ble of producing a secondary or even a tertiary stress. In some cases, different pri-
mary stresses may produce the same secondary or tertiary stress (Lee et al. 2012;
Ngara and Ndimba 2014). Many abiotic stresses are interconnected as they may act
through comparable secondary stresses and may cause similar alterations (Wang
et al. 2003). Plant acclimation requires a particular response that can counteract the
exact environmental situation the plant is exposed to. The intracellular processes
initiated by a particular stress condition might not be exactly similar to that launched
by a slightly different mixture of environmental stress parameters (Mittler et al.
2012). Consequently, adjustments of signaling pathways are necessary for the plant
to deal with various stresses efficiently. In N. rabacum, it was reported that Hsp 70
and other Hsps were expressed in individually drought and heat-stressed plants and
also in plants subjected to combined stresses. Higher levels of Hsp70 were observed
by exposure of plants to a combination of heat and drought stresses when compared
to plants subjected to individual stresses (Rizhsky et al. 2002).

7.5 Plant Stress Proteomics and Hsp70

Abiotic or biotic stress factors, either individually or in combination are known to
cause several morphological and molecular changes within plants that in turn
adversely affect their growth, development and productivity (Wang et al. 2003).
Plants are continually challenged to recognize and respond to adverse changes in
their environment to avoid their detrimental effects. Environmental stress is a pri-
mary cause of crop loss worldwide. Every year more than 70 % of the yield losses
of major crops are attributed to various environmental stress factors (Choudhary
et al. 2009). The severity of losses also depends on the specific development stage
of plant at which the stress occurs. Besides, intensity of the applied stress, duration
of stress and combinations of different stress factors constitute other deciding fac-
tors to the degree of yield loss (Rodziewicz et al. 2014). An example being the
combinatorial effect of drought and heat stresses on reproductive versus vegetative
tissues of plants. The reproductive tissues show much higher sensitivity towards the
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aforementioned stress compared to vegetative tissues (Suzuki et al. 2014). Further,
conservative estimates suggest that most crops at best only reach 30 % of the genetic
potential for yield as a result of abiotic stress effects in the field (Barkla et al. 2013).
The study of plant responses towards various stress have been an active field of
research since decades. Initially focused on the model plants, now the area has
expanded to various crop plants like rice, wheat, barley, maize, sorghum, legumes
and other economically important species.

Exposure to stress leads to a wide range of responses in plants at both the whole
plant level as well as at cellular and molecular levels. Plant stress response is an
integration of events, ranging from signal perception and transduction to the regula-
tion of gene expression and metabolic changes (Xiao et al. 2009). Understanding
the mechanisms that plants employ to tolerate and adapt to stress conditions is of
considerable interest for designing genetic engineering strategies to ensure sustain-
able productivity. Furthermore, alleviating the effects of stress on plants is not only
imperative for ensuring agricultural improvement to meet the demand for increased
food production but also for improving plant fitness over a wider range of environ-
mental conditions. This in turn would allow for an increased use of degraded or
marginal lands for agricultural production (Barkla et al. 2013).

The pathways underlying plants’ mechanism of signal perception, transduction
and downstream regulatory events to activate adaptive responses have been difficult
to study using traditional approaches due to their complexity and the large number
of genes and gene products involved. Indeed, the development of current high-
throughput “-omics” technologies (e.g. genomics, transcriptomics, proteomics,
metabolomics, ionomics) has revolutionized plant science research, providing
immense opportunities for dissecting plant stress responses. It has been increasingly
clear that the changes in gene expression at transcript level do not often correspond
to respective changes at protein level. Under these circumstances, investigation of
proteomic changes provides more promising experimental approach towards study-
ing stress response in plants (Kosova et al. 2011). Being one of the fastest growing
fields of biological research, proteomics is defined as the systematic analysis of the
proteome, the protein complement of genome. In words of Watson and co-workers
“as we seek to better understand the gene function and to study the holistic biology
of systems, it is inevitable that we study the proteome” (Agrawal et al. 2005).
“Proteomics” as a discipline comprises of different avenues including protein profil-
ing, protein quantification, post-translational modifications, and protein/protein
interactions. Indeed, proteomics can reveal chemical complexity and biological
dynamics, providing functional information on the cellular processes underlying
phenotypes that are not accessible by other means (Baginsky 2009; Chen and
Harmon 2006).

Plants, as sessile organisms, have to endure varying environmental conditions
including adversities, and they rely on proteomic plasticity to remodel themselves
and respond appropriately. The plant proteome is highly dynamic and proteome
responses may show qualitative (positional shift, present/absent) or quantitative
expressional changes following treatment (Ngara and Ndimba 2014) In order to
capture the proteome’s spatial and temporal expression changes under various stress
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conditions, proteomic researchers have employed a wide range of experimental
designs in their studies. These include the use of different plant species, genotypes,
developmental stages, tissues, organelles as well as various types and levels of
stress. Further, technical advancements in the last decade have also propelled such
comparative stress-responsive proteomic studies, which in turn have allowed us to
analyze biochemical pathways involved in the complex plant stress response,
thereby revealing interesting modulation of protein candidate(s) that play key roles.
Identifying potential protein candidate(s) that play vital roles in plant stress response
pathway(s) may prove instrumental in providing opportunities for crop develop-
ment towards the production of genetically engineered stress-tolerant crop plants
(Hossain et al. 2013; Ngara and Ndimba 2014).

A fundamental similarity is noted in the adaptation of plants to stress as plants
induce Hsps in response to different stresses (Timperio et al. 2008). Therefore, in
this book chapter, special emphasis has been placed on the pivotal role of Hsp70 in
stress tolerance by proteomic studies across a wide spectrum of stresses ranging
from biotic to abiotic, as well as combination of stresses. Due to the extensiveness
of the research area as well as limitation of space and time, we regret not citing all
contributions in the field.

7.6 hsp70 Transgenics: The Road Ahead

For the betterment of agricultural production, development of transgenic crops with
a heightened stress tolerance is necessary. The conventional plant breeding methods
has not been highly successful against abiotic stresses due to the complex genetics
of the underlying biochemical/physiological mechanisms. Production of transgenic
plants has arisen as a useful method (Lavania et al. 2015). The numerous studies
utilizing hsp genes for engineering heat tolerance in plants have been discussed in a
recent review (Grover et al. 2013). It is noteworthy that overexpression of Hsp70
has been shown to confer thermotolerance in several studies. Overexpression of
DnaK from a halotolerant cyanobacterium Aphanothece halophytica enhanced the
heat tolerance of tobacco during germination and early growth (Ono et al. 2001).
Further, overexpression of dnak/hsp70 from A. halophytica was shown to increase
seed yield as well as enhance tolerance for salt and heat stresses in rice and tobacco.
Transgenic tobacco exhibited higher activities of ascorbate peroxidase and catalase
than wild-type plants. Transgenic rice showed enhanced activities for Calvin-cycle
enzymes, faster growth and higher yield of seeds compared to the wild-type rice
under normal growth conditions (Uchida et al. 2008). Transgenic tobacco seedlings
that constitutively overexpressed NtHSP70-1, a nuclear- localized Hsp70 were
shown to exhibit tolerance to drought and heat stress (Cho and Choi 2009).
Transgenic Arabidopsis expressing the Trichoderma harzianum hsp70 exhibited
enhanced tolerance to heat stress. Furthermore, they did not show any growth inhi-
bition. These transgenic lines when subjected to heat pre-treatment, showed more
tolerance towards osmotic, salt and oxidative stresses with respect to the wild-type
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lines (Montero-Barrientos et al. 2010). Overexpression of a Chrysanthemum mori-
folium Hsp70 in A. thaliana as well as Chrysanthemum plants enhanced the toler-
ance against heat, drought and salinity stresses. The transgenic chrysanthemum
plants showed increased peroxidase activity, higher proline content and reduced
malondialdehyde levels under heat stress, thereby suggesting that Cghsp70 overex-
pression may alleviate ROS damage (Song et al. 2014). Notably, the overexpression
of mthsp70 suppressed heat- and H,O,-induced PCD in rice protoplasts, most likely
by maintaining mitochondrial membrane potential and inhibiting the amplification
of ROS (Qin et al. 2011).

As Hsfs constitute the primary regulators of not only Zsp gene expression but
also a number of other defense-related genes, there is great deal of interest in gen-
erating transgenics overexpressing Asfs (Lavania et al. 2015). To mention a few, G.
max HsfA1 overexpression in soybean resulted in enhancement of thermotolerance.
GmHsfA1 overexpression led to increased activation of Gmhsp70 under normal
temperature and overexpression of GmHsp70 under high temperature, suggesting
that the transgenics showed enhanced heat tolerance through activation of Hsp70
(Zhu et al. 2006). Also, the over-expression of HsfA2 from Lilium longiflorum in A.
thaliana activated the downstream genes including hsp70, hspl01, hsp25.3 and
APX2, leading to enhanced heat tolerance in the transgenic plants (Xin et al. 2010).

Members of the J protein family are known to function as molecular chaperones,
alone or in association with Hsp70 partners. J proteins, as co-chaperones, work
closely with Hsp70 members to execute multiple processes during protein homeo-
stasis. A characteristic of Hsp70 chaperones is a low level basal ATPase activity that
can be stimulated many fold by the J proteins (Lavania et al. 2015; Zhou et al. 2012).
Using reverse genetic analysis, the Arabidopsis J-protein AtDjB1 was shown to
facilitate thermotolerance by protecting cells against heat- induced oxidative dam-
age. AtDjB1 was found to localize to mitochondria and directly interact with a mito-
chondrial Hsp70, stimulating its ATPase activity (Zhou et al. 2012).

7.7 Conclusion

In the present scenario of global climate change, stress adaptation of plants is of
prime importance for adequate agricultural yield. In plants, heat shock proteins play
a pivotal role as the most important line of defense in plant stress tolerance. Here we
have highlighted functions, mechanisms of action of one of the better known heat
shock protein-Hsp70 and focused on some modern aspects of stress research such
as combinatorial features and commonality of stress responses. Furthermore, in this
chapter results from studies employing recent proteomic techniques in plant stress
research has been presented. We have also provided insights into modern approaches
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such as the development of Hsp70 transgenic plants to successfully counteract the
adverse environmental factors.
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Chapter 8
The Role of Plant 90-kDa Heat Shock Proteins

in Plant Immunity
Mariana G. Corigliano and Marina Clemente

Abstract Heat shock proteins of 90 kDa (Hsp90) are present in most of the living
organisms. Their main function is to preserve cell viability by participating in the
assembly, stabilization, maturation and activation of key signaling proteins. Most of
the research on Hsp90 functions was made using mammal and yeast models, which
has enable considerable progress in the current knowledge about their contribution
to maintain cell homeostasis. In this trend, it has been shown that mammal and para-
sitic Hsp90s may function as immune regulators. Interestingly, recombinant plant
Hsp90 is also able to stimulate murine cells and modulate their immune response,
suggesting that common regulatory pathways might be evolutionarily conserved.
Although plants and mammals present obvious differences in the development of
the immune responses against pathogens, several coincidences have been found.
Thus, several works demonstrated that plant Hsp90s has an active role in the activa-
tion of the defense mechanisms against pathogens, since the lack or deficit of these
proteins impair defense against pathogenic bacteria and fungus. This chapter con-
tains an overview of the molecular roles played by plant Hsp90s in the defense
against pathogens, and ends with an example of how recombinant plant Hsp90s
could be used as adjuvant in vaccine formulations.
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PAMP pathogen associated molecular patterns
PR genes  pathogenesis-related genes

PRR pattern recognition receptors

PTI PAMP trigger immunity

PVX potato virus x

R protein  plant Resistance proteins

ROS reactive oxygen species

T™MV tobacco mosaic virus

VIGS virus-induced gene silencing

8.1 Introduction

Heat shock proteins of 90 kDa (Hsp90s) are highly conserved in most of the living
organisms including bacteria, yeast, mammals and plants (Nover and Miernyk
2001; Pearl and Prodromou 2006). The story of its name is related to the fact that
these proteins were discovered in cells after heat shock (Ritossa 1962). However,
Hsp90 expression can be enhanced not only by temperature, but also by non-
physiologic pH, nutrient deprivation, salinity, wounding, UV radiation and bacterial
or viral infection, among others stimuli (Chaudhury et al. 2006; Swindell et al.
2007; Wallin et al. 2002). Nowadays, there are very useful websites for the search,
identification, comparison and alignment of different genes, such as the National
Center for Biotechnology Information (NCBI) at http://www.ncbi.nlm.nih.gov and
Basic Local Alignment Sequence Tool (BLAST) at http://www.ncbi.nlm.nih.gov/
BLAST. Gene information from various organisms is collected in databases avail-
able for free and also some of these sites have other resources like vectors or seeds
for research proposal (Table 8.1).

In addition, Hsp90s are found in all cellular compartments examined to date.
Plant Hsp90s have been detected in cytosol, nucleus, endoplasmic reticulum, mito-
chondria and chloroplasts (Conner et al. 1990; Felsheim and Das 1992; Koning
et al. 1992; Krishna and Gloor 2001; Song et al. 2009; Takahashi et al. 1992; Yabe
et al. 1994). Several Hsp90 from higher plants and also algae have been identified,
cloned and sequenced (Table 8.2). Even though substantial progress has been
achieved in the last years (Breiman 2014), there is still a gap in our understanding
on many topics related to their molecular functions.

8.2 Expression of HSP90 in Plants

Homologous genes for Hsp90 have been identified among many eukaryotic organ-
isms (Johnson 2012). Most of these species have at least two genes codifying for
cytoplasmic Hsp90 (Gupta 1995) and it is believed that there is a redundancy of
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Table 8.1 Summary of database and website information
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Organism Database Website link Reference
Arabidopsis TAIR (The Arabidopsis | https://www.arabidopsis.
thaliana Information Resource) | org/
RIKEN http://epd.bre.riken.jp/en/
Nicotiana spp. Sol Genomics Network | http://solgenomics.net/
RIKEN http://epd.bre.riken.jp/en/
Potato Sol Genomics Network | http://solgenomics.net/
Chlamydomonas http://www.kazusa.or.jp/ | Schroda (2004)
reinhardtii en/plant/chlamy/EST/ Willmund and
blast.html Schroda (2005)
http://genome.jgi-psf.org/
chlre2/chlre2.home.html
Zea mays The TIGR Maize http://maize.jcvi.org/ De La Fuente Van
Database Bentem et al. (2005)
Maize Cellgenomics http://maize.jcvi.org/
Database cellgenomics/index.php
Poplar Phytozome http://www.phytozome. Zhang et al. (2013)
net/poplar.php
RIKEN http://epd.bre.riken.jp/en/
Physcomitrella Phytozome http://www.phytozome.net | Zhang et al. (2013)
patens
Brachypodium Phytozome http://www.phytozome.net | Zhang et al. (2013)
distachyon
Medicago Phytozome http://www.phytozome.net | Zhang et al. (2013)
truncatula
Vitis vinifera Phytozome http://www.phytozome.net | (Zhang et al. (2013)
Sorghum bicolor | Phytozome http://www.phytozome.net | Zhang et al. (2013)

Oryza sativa

Rice Genome
Annotation Project

http://rice.plantbiology.
msu.edu/

Zhang et al. (2013)

RIKEN

http://rice.plantbiology.
msu.edu/analyses_search_
locus.shtml

http://epd.brc.riken.jp/en/

Zai et al. (2015)

Solanum Sol Genomics Network | http://solgenomics.net/ Zai et al. (2015)
lycopersicum Tomato National http://tomato.nbrp.jp/

BioResource Project indexEn.html

Tomato Genetics http://tgrc.ucdavis.edu/

Resource Center http://solcap.msu.edu/

Solanaceae Coordinated | http://ted.bti.cornell.edu/

Agricultural Project http://epd.brc.riken.jp/en/

Tomato Functional

Genomics Database

RIKEN
Matricaria http://www.ebi.ac.uk/ Ling et al. (2014)
recutita interpro/
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Table 8.2 Summary of identified, cloned and/or sequenced Hsp90 from plant

Organism Species Reference
Arabidopsis Arabidopsis thaliana Takahashi et al. (1992)
Milioni and Hatzopoulos (1997)
Krishna and Gloor (2001)
Tomato Solanum lycopersicum Koning et al. (1992)

Zai et al. (2015)

Japanese morning
glory

Pharbitis nil

Felsheim and Das (1992)

Barley

Hordeum vulgarum

Walther-Larsen et al. (1993)
Zhang et al. (2008)

Madagascar periwinkle

Catharanthus roseus

Schroder et al. (1993)

Maize Zea mayz Marrs et al. (1993)
Oilseed rape Brassica napus Krishna et al. (1995)
Rye Secale cereale Schmitz et al. (1996)

Krishna et al. (1997)
Tobacco Nicotiana benthamiana Kanzaki et al. (2003)
Rice Oryza sativa Liu et al. (2006)

Liu et al. (2009)

Ye et al. (2012)
Soybean Glycine max Fu et al. (2009)

Xu et al. (2013)

Brown seaweed

Fucus serratus

Pearson et al. (2010)

Brown seaweed

Fucus vesiculosus

Pearson et al. (2010)

Green macroalga

Ulva fasciata

Sung et al. (2011)

Sorghum

Sorghum bicolor

Virdi et al. (2011)
Zhang et al. (2013)

Pearl millet

Pennisetum glaucum

Reddy et al. (2011)

Wheat Triticum aestivum Wang et al. (2011)

Grape Viitis vinifera Banilas et al. (2012)
Zhang et al. (2013)

Microalga Dunaliella salina Wang et al. (2012)

Chen et al. (2015)

Sweet orange

Citrus sinensis

Mendonca and Ramos (2012)

Medicago Medicago truncatula Zhang et al. (2013)
Moss Physcomitrella patens Zhang et al. (2013)
Poplar Populus trichocarpa Zhang et al. (2013)
Purple false brome Brachypodium distachyon Zhang et al. (2013)
Sugarcane Saccharum spp. da Silva et al. (2013)

German chamomile

Matricaria recutita

Ling et al. (2014)

Strawberry

Fragaria x ananassa cv. camarosa

Christou et al. (2014)
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Hsp90 functions to guarantee cell viability, since the absence of a given isoform
hardly ever causes deleterious effects on the cell (Borkovich et al. 1989; Hubert
et al. 2003; Takahashi et al. 2003). In addition, the expression patterns of Hsp90s are
diverse in different tissues, so it is easy to speculate that each isoform may play a
specific role in cell growth and development as well in the response to many types
of stresses. In plants, transcriptional patterns of Hsp90 expression have been widely
analyzed in different organs. The cytosolic Hsp90 isoforms of Arabidopsis thaliana,
Hsp90 (AtHsp90.1), AtHsp90.2, AtHsp90.3 and AtHsp90.4 have been cloned and
characterized. AtHsp90.1 mRNA was detected only in roots, while AtHsp90.2 and
AtHsp90.3 were present in all tissues analyzed (Yabe et al. 1994). Besides, heat
shock treatment revealed that these proteins present different patterns of induction.
Thus, the evidence showed low levels of expression of AtHsp90.1 in the absence of
heat shock, but it is strongly induced by elevated temperatures (Takahashi et al.
1992; Yabe et al. 1994; Yamada et al. 2007). In turn, AtHsp90.2, AtHsp90.3 and
AtHsp90.4 were shown to be constitutively expressed under normal growth tem-
peratures with a moderated increment after heat treatment (Takahashi et al. 1992;
Yabe et al. 1994; Yamada et al. 2007). In accordance with the role of these proteins
on cell development, abnormal phenotypes were observed in Hsp90-RNAi
Arabidopsis lines, characterized by loss of apical dominance and emergence of mul-
tiple shoots (Sangster et al. 2007).

In the same line of evidences, four isoforms of Nicotiana benthamiana Hsp90
(NbHsp90) were described. NbHsp90.2 and NbHsp90.3 have very low expression
levels under normal growth conditions but they show to be heat inducible. On the
other hand, NbHsp90.1 and NbHsp90.4 are constitutively expressed showing a
slight heat-induction response (Kanzaki et al. 2003), suggesting they might play a
role in homeostasis maintenance. Gene silencing of NbHsp90.1 by virus-induced
gene silencing (VIGS) caused stunted phenotypes (Kanzaki et al. 2003), supporting
the idea that this isoform makes a notable contribution to growth and development.
This line does not show altered expression levels of cytosolic NbHsp90.4, suggest-
ing that there is not a complement of function between these isoforms. So far, the
effect of silencing NbHsp90.1 on the expression levels of NbHsp90.2 and NbHsp90.3
has not been studied (Kanzaki et al. 2003).

The number of isoforms present in plant genome may vary considerably in other
plant species. For instance, 12 members of Hsp90 were identified in soybean
(Glycine max) (Xu et al. 2013). Isoforms Hsp90A1 (GmHsp90Al), GmHsp90A2,
GmHsp90B2 and GmHsp90C2.2 were shown to be strongly induced by heat,
whereas no responses were observed at the levels of GmHsp90B1 and GmHsp90C2. 1.
So far, the expression patterns of the other isoforms has not been studied (Xu et al.
2013). In addition to the differences observed in response to stress, these isoforms
were shown to be expressed in a tissue-specific manner. In this regard, the isoform
GmHsp90C1 is highly expressed in flowers, whereas GmHsp90A3, GmHsp90A6
and GmHsp90B genes are highly transcribed in roots (Xu et al. 2013). Soybean
plants with GmHsp90.1- and GmHsp90.2-silenced genes were severely stunted and
showed profuse axillary growth (Fu et al. 2009), strengthening the idea that Hsp90
are key for plant growth and normal development.
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Recently work on wheat reinforces the tissue-specific expression of Hsp90 previ-
ously observed (Wang et al. 2011). Thus, Triticum aestivum Hsp90.1 (TaHsp90.1)
is highly transcribed in reproductive organs compared to vegetative organs. In turn,
TaHsp90.2 and TaHsp90.3 are ubiquitously transcribed, although transcription lev-
els of TaHsp90.2 are lower in roots and those of TaHsp90.3 are higher in leaves
(Wang et al. 2011). VIGS-silencing of TaHsp90.1 does not alter the expression lev-
els of TaHsp90.2 or TaHsp90.3. Similar results were observed when TaHsp90.2 or
TaHsp90.3 genes were silenced separately (Wang et al. 2011). Notably, there was a
strong impact on wheat growth when TaHsp90.1 or TaHsp901/2/3 were silenced at
the same time. The phenotype of this plant is dwarf, with the consequent reduction
on its average weight, it also has strong stunting in their leaves and it die before than
controls. None of these effects are observed in silenced TaHsp90.2, TaHsp90.3 or
TaHsp90.2/3 plants (Wang et al. 2011) suggesting that the lack of TaHsp90.1 gene
would be the responsible of the phenotype described previously.

All of these examples taken together indicate that Hsp90 isoforms are specifi-
cally expressed and localized under normal growth conditions, and each isoform
expression after stress exposure or treatment is independently induced. Even though
Hsp90s are time and tissue differentially expressed, their protein sequences are
highly similar. For instance, percentages of identity among Hsp90s from different
plant species vary between 88 and 93 % (Krishna and Gloor 2001). The high homol-
ogy among these proteins from different species demonstrates a remarkable degree
of conservation, which is also related to conserved structural and functional aspects
(Breiman 2014; Mayor et al. 2007; Niirnberger et al. 2004). Although plant Hsp90
shares most of the features observed in their mammal, bacterial and yeast counter-
parts, plant Hsp90s performs unique tasks related to plant physiology, such as the
transport of pre-proteins into chloroplast (Breiman 2014).

8.3 HSPY0 and the Plant Defense Response

Plants are sessile organisms that are continuously exposed to a considerable amount
of potential pathogenic microorganisms. Nevertheless, plants hardly ever get sick,
which is mostly due to the existence of pre-formed barriers constitutively present on
the plant surface and cytosol, such as the cell walls, wax layers, antimicrobial pro-
teins and secondary metabolites (Niirnberger et al. 2004). As most of the eukaryotic
organisms, plants are able to recognize potential pathogens effectors and conse-
quently induce several defense responses in order to prevent disease. The activation
of these plant defense responses is a consequence of the perception of effector mol-
ecules derived from the pathogen or other molecules associated to tissue damage
(Jones and Dangl 2006).

In this trend, the plant innate immune system possesses two different mechanisms
to detect harmful microorganisms (Fig. 8.1). The first one recognizes and responds
to molecules common to many classes of microbes, including non-pathogenic.
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Fig. 8.1 Schematic representation of the mechanisms involved in plant defense response. PTI is
triggered after PAMP recognition by PAMP receptors while ETI is triggered after effectors recog-
nition by R-protein. PTI and ETI induce defense gene expression and culminate in HR

These molecules, known as M/PAMPs (Microbial/Pathogen Associated Molecular
Patterns), are conserved microbial molecules absent in the host, widely distributed
among different microorganisms and indispensable for microbes life (Chisholm
et al. 2006; Jones and Dangl 2006; Niirnberger et al. 2004; Schwessinger and Zipfel
2008). The perception of M/PAMPs is performed by transmembrane pattern recog-
nition receptors (PRR) present in plants and results in the activation of PAMP
Trigger Immunity (PTI) (Jones and Dangl 2006) (Fig. 8.1). The second mechanism
is triggered after recognition of specific pathogen-derived proteins that are usually
injected into the plant cell cytoplasm to abolish the PTI (Jones and Dangl 2006). In
this case, plants are able to respond to these effectors by the so-called Effector
Trigger Immunity (ETI). The host resistance is elicited when a plant Resistance
proteins (R proteins) specifically recognize pathogen effectors or effector-derived
molecules (Jones and Dangl 2006; Shirasu and Schulze-Lefert 2003). The specific-
ity of this defense mechanism depends on the R proteins, which act as immune
sensors (Jones and Dangl 2006) (Fig. 8.1).

In this sense, Hsp90s plays a dual role in the immune response during the percep-
tion of microorganisms and when maintaining signaling-competent state of com-
plexes necessary for the defense response against harmful organisms.
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8.4 HSPY90 and Non-host Resistance

Interaction between plants and microorganisms could be classified as compatible or
incompatible. During any incompatible interaction, the microorganism cannot
cause the disease since it is repealed by plant preformed or inducible defenses
(Senthil-Kumar and Mysore 2013). Some of the defenses to restrict pathogen
growth and multiplication are cell wall fortification due to callose, lignine and
suberin depositions, production of secondary metabolites and ROS (Reactive
Oxygen Species) (De Wit 2007). Because host and non-host pathogens have com-
mon structures, they can be detected by similar plant receptors and plant overlap
basal with R-triggered resistance (Senthil-Kumar and Mysore 2013). In many cases,
after recognition of different pathogens there is an activation of a signal transduc-
tion pathway that leads to rapid ion fluxes, production of reactive oxygen species
and localized cell death at the site of the infection, which is known as the hypersen-
sitive response (HR) (Shirasu and Schulze-Lefert 2000). The aim of the HR is to
limit the growth of biotrophic fungi, bacteria and oomicetes, since biotrophic patho-
gens need the cell alive (Holt et al. 2005). It is supposed that HR is an induced
resistance mechanism that is activated only when preformed mechanisms described
above failed to arrest the pathogen completely (Lu et al. 2003). Several proteins are
required to activate the HR during non-host resistance and several line of evidences
demonstrated that the expression of Hsp90s is one of them (Chen et al. 2010;
Garavaglia et al. 2008; Kanzaki et al. 2003; Swindell et al. 2007; Thao et al. 2007).
For instance, Hsp90 expression is induced in A. thaliana leaves inoculated with
Phytophtora infestans (Swindell et al. 2007). Similar results were observed in pep-
per (Capsicum annuum cv. grossum); in this case, a progressive induction of
CaHsp90 was observed between 24 and 48 h after inoculation with the non-host
pathogen Xanthomonas axonopodis. The expression of CaHsp90 was increased
about 70 % compared to control (Garavaglia et al. 2008). Finally, the role of
NbHsp90 during non-host response was also studied. Silencing of the NbHsp90.1
isoform blocked the activation of HR after inoculation with the non-host pathogen
Pseudomonas cichorii. Besides, the titer of bacteria was higher than controls and
the expression of pathogenesis-related genes (PR genes) were reduced compared to
control plants, suggesting that Hsp90 could be directly or indirectly involved in the
trigger of HR (Kanzaki et al. 2003). In this context, Shimamoto et al. characterized
the role of Hsp90 in the rice innate immunity response. These authors studied
OsCERK1, a PAMP receptor which recognizes two fungal PAMPs: chitin
(N-acetylchitooligosacharide) and sphingolipids and OsRacl1, a small GTPase that
interacts with NADPH oxidase to regulate ROS production at the beginning of cell
death in the defense signaling. They observed that cytoplasmic OsHsp90 interact
with the rice chitin receptor OsCERK1 and that this chaperone is required for the
transport of the receptor from the ER to the plasma membrane (Chen et al. 2010).
Likewise, the inhibition of OsHsp90 by Geldanamycin A (GDA), a specific inhibi-
tor of all Hsp90, impairs the defense response. These results demonstrate that
OsHsp90 is essential for Racl-mediated enhancement in PAMP-triggered immune
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responses in rice (Thao et al. 2007). Besides, PR genes were not induced, proving
the requirement of OsHsp90 for Racl-mediated enhancement of PAMP signaling
(Thao et al. 2007). Furthermore, the authors proposed that OsCERK1 and OsRacl
are part of a larger complex called “defensome” at the plasma membrane (PM) and
Hsp90 play a critical role in the defensome function (Chen et al. 2010).

Even though few examples involving Hsp90s in the PTI have been described so
far, there seems to be an overlapping between non-host and PAMP-mediated innate
immune response due to Hsp90 silencing impairs PR genes expression and HR
defense mechanism. So far, a small number of examples related to the role of
Hsp90 in innate response were found in the bibliography (Chen et al. 2010;
Garavaglia et al. 2008; Kanzaki et al. 2003; Swindell et al. 2007; Thao et al. 2007),
but there is no doubt about the importance of Hsp90s in plant defense response in
non-host response described above.

8.5 HSP90 and Host Resistance

During compatible interactions, the plant cannot detect the pathogen by PAMP
receptors or the defense mechanisms developed are ineffective. Therefore, patho-
gens succeed in installing the disease and it is said that the pathogen is virulent
(Hammond-Kosack and Jones 1996). Several works have demonstrated that some
virulent pathogens possess the effectors to overcome PTI. If one effector is recog-
nized by R proteins codified by the plant, ETI-associated mechanisms are success-
ful in avoiding pathogen invasion and this form of resistance is referred to as host
resistance (Jones and Dangl 2006). The majority of the R proteins shares common
features among different subfamilies (Elmore et al. 2012; Shirasu 2008). Most of R
protein-triggered resistance is associated with HR development, which allows a
rapid host cell death (Shirasu and Schulze-Lefert 2000). According to this, it is
believed that common signaling pathway is used in response to different pathogens
(Shirasu and Schulze-Lefert 2003; Shirasu 2008).

Given to the fact that resistance mediated by R protein is conditioned to Hsp90
function (Chapman et al. 2014; Hein et al. 2005; Lu et al. 2003; Scofield et al.
2005), the loss of HR activation was established as a primary criterion for identify-
ing the extent of Hsp90 involvement in disease resistance in compatible interac-
tions. In this sense, different approaches have been carried out, like VIGS screens,
inhibitor treatments or mutations of cytosolic Hsp90 isoforms (Chapman et al.
2014; Lu et al. 2003; Scofield et al. 2005; Wang et al. 2011). In addition, several
works have demonstrated by yeast two-hybrid analysis, co-immunoprecipitation
and pull-down assay that cytosolic Hsp90 acts physically close to R proteins, sup-
porting the idea that Hsp90 have a specific role in R protein-triggered immunity
(Bieri et al. 2004; Hubert et al. 2003; De La Fuente Van Bentem et al. 2005; Liu
et al. 2004; Lu et al. 2003). Besides, knockout or silencing of Hsp90 or treatment
with GDA impairs the resistance against various pathogens and reduces the levels of
R proteins (Holt et al. 2005; Hubert et al. 2003; Takahashi et al. 2003). The current
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model is that Hsp90 associated with other two proteins (RAR1 or/and SGT1) stabilizes
R proteins to keep them in a controlled and competent conformation state in order to
detect pathogen signals (Holt et al. 2005; Hubert et al. 2003; Schulze-Lefert 2004).

8.6 Specific Requirement of HSP90 Isoforms by R Proteins

As mentioned before, it is known that there are different isoforms of Hsp90 in sev-
eral species and the evidence have shown that there is a degree of specificity associ-
ated to expression patterns of each isoform (Fu et al. 2009; Takahashi et al. 1992;
Wang et al. 2011; Xu et al. 2013; Yabe et al. 1994). Interestingly, there is an appar-
ent specific requirement of different Hsp90 isoforms for R protein-mediated disease
resistance (Table 8.3). In this regard, several research labs have evaluated the role of
different Hsp90 isoforms in the immune response against pathogens.

As a first approach, Takahashi et al. aimed to identify whether the expression of
any of the AtHsp90 isoforms was specifically induced upon challenge with various
Pseudomonas syringae pv. tomato DC3000 transgenic strains. They used two aviru-
lent pathogens, Pst DC3000 (avrRpt2) and Pst DC3000 (avrRmplI) which codify
effectors that are recognized in plants by the R proteins RPS2 and RPM1, respec-
tively. They observed that only AtHsp90. I expression was induced upon Pst DC3000
(avrRpt2) challenge, but RPS2-dependent HR response was impaired when leaves
were infiltrated with GDA. To test the extent of Hsp90-dependent resistance, the
authors used AtHsp90.1 mutant lines. The results showed that when these mutant
lines were infected with Pst DC3000 (avrRpt2), the bacteria grew between 5- and
20-fold more compared to control, indicating the AtHsp90.1 requirement for RPS2-
dependent resistance (Takahashi et al. 2003). By contrast, AtHsp90.3 mutant lines
infected with Pst DC3000 (avrRpt2) exhibited no significant difference compared
to wild-type plants, demonstrating that this isoform has no effect on RPS2-mediated
resistance (Bao et al. 2014). The characterization of the plant defense response
mediated by RPM1 is the best described so far (Bao et al. 2014; Hubert et al. 2003;
Takahashi et al. 2003). The challenge of Arabidopsis plants with Pst DC3000 (avr-
Rmp1) resulted in an induced AtHsp90. I expression. However, the level of infection
with Pst DC3000 (avrRmp1) were not affected compared to control, concluding that
AtHsp90.1 is not required for RPM1-dependent resistance (Takahashi et al. 2003).
To add more light to the current knowledge on pathogen resistance, Hubert et al.
studied the participation of AtHsp90.2 by using Arabidopsis mutant plants.
AtHsp90.2 mutant lines were challenged with Pst DC3000 (avrRmpl) or Pst
DC3000 (avrB), both effectors were recognized by RPM1. RPM1-mediated HR
was altered, but not completely abolished, suggesting that there exist a preferential
use of AtHsp90.2 in RPM1 accumulation (Hubert et al. 2003). As there is not a full
loss of RPM1 function, the authors believe that any of the other three cytosolic
AtHsp90s compensate AtHsp90.2 absence, as previously observed in S. cerevisiae
(Borkovich et al. 1989).
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Table 8.3 Requirement of Hsp90 in plant defense response
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Hsp90 Matching
Plant R isoform pathogen
Plant species gene requirement | Pathogen gene Reference
Arabidopsis RPS2 Hsp90.1 Pseudomonas AvrRpt2 Takahashi
thaliana syringae et al. (2003)
RPM1 Hsp90.2 Pseudomonas AvrB Hubert et al.
syringae (2003)
RPMI1 Hsp90.2 Pseudomonas AvrRpml Hubert et al.
syringae (2003)
RPMI Hsp90.3 Pseudomonas AvrRpml Bao et al.
syringae (2014)
RPS4 Hsp90.3 Pseudomonas AvrRps4 Bao et al.
syringae (2014)
Tobacco Rx Not Tobacco Mosaic Not Luetal.
specified Virus specified (2003)
N Not Potato Virus X Not Luetal.
specified specified (2003)
N Hsp90.1 Potato Virus X Not Liu et al.
specified (2004)
N Hsp90.2 Potato Virus X Not Liu et al.
specified (2004)
Potato R3a Not Phytophtora Avr3a Chapman
specified infestans et al. (2014)
Wheat Lr21 Not Puccinia triticina | Not Scofield et al.
specified specified (2005)
Not Hsp90.2 stripe rust fungus | Not Wang et al.
specified specified (2011)
Not Hsp90.3 stripe rust fungus | Not Wang et al.
specified specified (2011)
Barley Mlal3 Not Blumeria Not Hein et al.
specified graminis specified (2005)
Tomato I-2 Hsp90.2 Fusarium Not De La Fuente
o0Xysporum specified Van Bentem

et al. (2005)

In a recent work, Bao et al. brought to light the isoform responsible of the redun-
dant effect observed previously. Experiments carried out with Arabidopsis with
point mutations in the AtHsp90.3 isoform, showed that the R protein-mediated
resistance was impaired. The authors determined that, similarly to that observed for
the AtHsp90.2 isoform, AtHsp90.3 also contribute to RPM1-mediated resistance
when infected with Pst DC3000 (avrRmpl) (Bao et al. 2014). In addition, the
authors demonstrated that RPS4 function depends also on AtHsp90.3 function since
the infection using Pst DC3000 (avrRps4) in AtHsp90.3 mutant lines exhibits com-
promised HR defense response (Bao et al. 2014).

Other interesting model to study the involvement of the Hsp90 isoforms in plant
immune response are the members of the genus Nicotiana, as it has been described
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that different species are resistant to the oomycete plant pathogen Phytophtora
infestans (Kamoun et al. 1998). Although the HR is associated with the resistance
response of Nicotiana to P. infestans, the timing, severity, and extent of the HR
varied considerably, depending on the examined genotype (Kamoun 1998; Kamoun
et al. 1998). To evaluate the role of NbHsp90 in this plant-pathogen interaction, a
known elicitor from P. infestans (INF1) was assessed (Kanzaki et al. 2003). Results
showed that in NbHsp90.1-silenced plants HR was totally absent after challenge
with INF1, while control plants were able to mount HR (Kanzaki et al. 2003), con-
cluding that the NbHsp90.1 isoform is required for HR defense plant in this model
like it was observed in A. thaliana. Since tobacco and potato belong to the solana-
ceus family, N. benthamiana is an appropriate model plant to assess the R protein
function from potato. In this sense, Chapman et al. expressed the potato R protein
R3ain N. benthamiana and evaluated the defense response against P. infestans after
silencing endogenous NbHsp90. The authors silenced NbHsp90 by VIGS with a
conserved Hsp90 sequence, leading to a multigene silencing of the Hsp90 family.
They observed that NbHsp90-silenced plants showed no HR triggered response,
concluding that the HR response depends on Hsp90 function (Chapman et al. 2014).
Similar results were obtained by Lu et al., they also used VIGS with a conserved
Hsp90 sequence. Unlike Lu et al. performed the experiments with N. benthamiana
transgenic lines carrying R proteins, either N, which confer resistance to potato
virus x (PVX), or Rx that confer resistance against tobacco mosaic virus (TMV).
After silencing Hsp90 in N and Rx plants, it was observed the complete or partial
loss of disease response against PVX or TMV respectively (Lu et al. 2003). In an
attempt to identify the Hsp90 isoform involved in those interactions, Liu et al. per-
formed the silencing of NbHsp90.1 in plants, which resulted in severe plant devel-
opment defects and plant death, making this model not suitable. The authors
hypothesized that due to the high similarity among Hsp90 isoforms, other isoforms
besides NbHsp90.1 and NbHsp90.2 might have been silenced. Therefore, they used
the tomato ortholog Solanum lycopersicum Hsp90.1 (SIHsp90.1) and it was able to
silence NbHsp90.1 and NbHsp90.2 isoforms, but not others. Finally, the authors
observed that the silencing of NbHsp90.1 and NbHsp90.2 in N. benthamiana plants
compromises N-mediated disease response against TMV (Liu et al. 2004).

There is far less information about the requirements of Hsp90 on immune
responses in monocotyledonous plants. In these cases, genetic analyses are greatly
complicated since most of the cultivated wheat is hexaploid. In this sense, VIGS
protocols have proven to be very useful for gene expression analyzes (Scofield et al.
2005). This strategy was used to evaluate the requirement of Hsp90s for the R pro-
tein Lr21 from wheat against Puccinia triticina (Scofield et al. 2005). The authors
confirmed that wheat TaHsp90-silenced plants become susceptible when infected
with the pathogen (Scofield et al. 2005). Further, an attempt to study the role of
TaHsp90-silenced isoforms was successfully achieved (Wang et al. 2011). Wang et
al. demonstrated that TaHsp90.2 and TaHsp90.3, but not TaHsp90.1 isoforms were
required for the HR resistance to stripe rust fungus (Wang et al. 2011). Finally, Hein
et al. used the strategy to silence several member of the barley HvHsp90 family.
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Hsp90

PLANT
DEFENSE
RESPONS

Fig. 8.2 Schematic representation of the requirement of Hsp90 in plant defense response. Hsp90
is involved in transport, maturation and stabilizing PAMP receptors and R-proteins. The non-active
but ready-to use state of these receptors allow plant to trigger PTI and ETI, respectively, and mount
the consequent plant defense response

They observed that silenced Hsp90 are required for the R protein Mlal3-mediated
resistance toward Blumeria graminis f. sp. hordei (Hein et al. 2005).

All the examples mentioned above have demonstrated that Hsp90 chaperone is
an essential component of defense mechanism and that its absence causes an
impairment of most of the defense responses. This suggests that cytosolic Hsp90
are indispensable components of plant defense signaling pathways (Kanzaki et al.
2003). During the last few years, it has become apparent that plant Hsp90 is
involved in disease resistance since Hsp90 is able to link plant receptors to other
components essential for mounting an effective defense responses against pathogens
(Schulze-Lefert 2004). In accordance to this, mutation and silencing of plant
cytosolic Hsp90s genes impairs the immune response triggered by host receptor.
Besides, GDA abolish the resistance mediated by R proteins (Bao et al. 2014; Holt
et al. 2005; Hubert et al. 2003; Takahashi et al. 2003; Thao et al. 2007). Similar to
that observed in host resistance, Hsp90s participate in transport of M/PAMP
receptor from the ER to the plasma membrane, thus Hsp90s are not only involved
in ETI but also in PTT (Fig. 8.2).

8.7 Conclusion

Results showed in this chapter described that plant Hsp90s are an important compo-
nent of the immune response making plants able to mount an appropriate defense
against pathogens. The involvement of Hsp90s in either PTI or ETT has been plotted
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in the Fig. 8.2. Hsp90s participates in the transport of M/PAMP receptors to the
plasma membrane and favors the activation of PTI (Chen et al. 2010; Thao et al.
2007). In addition, Hsp90 is able to stabilize and maintain R proteins in a non-active
but ready-to use state, leading to the development of the ETI (Table 8.3). However,
the lack or deficit of a given Hsp90 can impair the immune response and in conse-
quence, plants are not capable of defend themselves. Although plants and mammals
present obvious differences in the development of the immune response against
pathogens, several coincidences have been found. So far, we talked about the func-
tion of intracellular Hsp90s, while it has been reported that extracellular mammal
Hsp90s play a role in the activation of mammal immune system (Calderwood et al.
2007a; Kono and Rock 2009; Oura et al. 2011; Wallin et al. 2002). In addition, the
evidence showed that artificial exposure of purified mammal Hsp90 to antigens
leads to a phenomenon known as cross-presentation, essential to develop a specific
immune response against intracellular pathogens. As a consequence, it has been
demonstrated that mammal Hsp90s are able to chaperone and present antigens and
modulate the immune response against them (Calderwood et al. 2007a, b; Murshid
et al. 2010, 2012; Thériault et al. 2006). Thus, mammal and parasitic Hsp90s are
emerging as immune regulators since they are able to modulate the immune response
and they have been proposed as vaccine in cancer treatments (Hahn 2009; Murshid
et al. 2012). In this sense, Corigliano et al. (2011, 2013) evaluated plant Hsp90
immunostimulatory properties in the murine model. As a first approach, they dem-
onstrated that recombinant Hsp90 from A. thaliana and N. benthamiana behave as
mitogens of B-lymphocyte and this stimulus is time- and doses-dependent
(Corigliano et al. 2011). An interesting finding is that the proliferation observed in
mammal cells after Hsp90 stimuli was impaired in a TLR4~~ mice, suggesting a
possible role of M/PAMP receptor in the response observed (Corigliano et al. 2011).
More recently, they assessed the ability of plant Hsp90 to be used as adjuvant in
vaccine development. In this sense, plant Hsp90 immunization conferred immunity
against the antigen assayed, making plant Hsp90 attractive to be use as adjuvant in
vaccine formulations (Corigliano et al. 2013). On the other hand, a really interesting
observation was made by Petriccione et al. (2013) since they demonstrated for the
first time the presence of extracellular Hsp90 in plants. They identified Hsp90 in the
apoplast of kiwiplant leaves infected with P. syringae pv. Actinidiae. Even though
there is no evidence of Hsp90 function in the apoplast, the authors suggest that
might be involved in defense mechanisms (Petriccione et al. 2013). Altogether, the
results show Hsp90s play a critical role not only in the assembly, stabilization, mat-
uration and activation of key signaling proteins (Young et al. 2001) but also in the
plant immune response mechanisms. An open question is whether extracellular
Hsp90 are playing an unknown role related to the modulation or the specificity of
the defense response triggered or whether plant defense mechanisms manipulate the
protein content in the apoplast in order to impede further disease development.
Further research need to be done in order to answer these and other questions about
the involvement of plant Hsp90s and plant immune response.
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Chapter 9
Chloroplasts Heat Shock Protein 70B

as Marker of Oxidative Stress

Stephanie Chankova and Nadezhda Yurina

Abstract Organisms respond to environmental impact by developing a series of
physiological, biochemical and molecular strategies. Heat shock proteins are one of
them, possess a special place among defense systems and could contribute to cel-
lular homeostasis. Here we address and try to discuss the following questions: 1.
Whether species isolated from habitats with extreme environmental conditions are
good model for studying cell resistance to oxidative stress? 2. Whether HSP70B
could be used as a reliable marker for cell resistance to oxidative stress? 3. Whether
HSP70B could be applied to evaluate the magnitude of environmentally induced
stress? In this chapter we tried to throw more light on these three “whether”. Briefly,
results and discussion presented here contribute to the hypothesis of consistent
functional properties of HSP70B as a mechanism of thermo-tolerance in plant spe-
cies. Some assumptions are done concerning the role of constitutive and well-
expressed overproduction of HSP70B as a part of Chlorella survival strategy against
environmental stress stimuli. Here we show that overproduction of HSP70B could
be used as an early warning marker for induced oxidative stress in the studied geno-
types. Our experimental finding that HSP70B induction correlates with the magni-
tude of PQ-induced oxidative stress contributes to the still unresolved challenge for
identification of reliable markers for screening of genotype resistance/susceptibility
to oxidative stress. For the first time we identified homologue of chloroplast HSP70B
in Chlorella chloroplasts. The development of plant-based biomarker test systems
corresponds to the strategies for protection biodiversity preservation and genome
stability of plant populations.
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Abbreviations

CAT  catalase

GST  glutathione-S-transferase
HSPs  heat shock proteins

PQ paraquat

ROS  reactive oxygen species
SOD  superoxide dismutase

9.1 Introduction

Markers of oxidative stress can be used to monitoring toxic effects of various differ-
ent damaging factors on plant organisms. Identifying markers of oxidative stress has
been in the focus of many researchers because their potential role to act as an “inte-
grator” of a multitude of processes that abiotic stress could drive. Plant biomarkers
of oxidative stress can be classified as molecules that are modified by interactions
with reactive oxygen species (ROS) in the microenvironment; and molecules of the
antioxidant system that could be changed as a response to increased oxidative stress.
In many experiments ROS-responsive genes were identified as biomarkers.

ROS are natural products formed during the oxygen metabolism and generation
of H,O. The main pro-oxidant agents are ROS formed by unstable forms of oxygen:
superoxide, hydrogen peroxide, and hydroxyl radicals. Cells can tolerate moderate
oxidative loads by increasing gene expression to upregulate their reductive defense
systems and restore the oxidant/antioxidant balance (Mittler 2002). But when this
increased synthesis cannot be achieved due to damage to enzymes, or substrate limi-
tations, or when the increased or prolonged oxidative load is overwhelming, an
imbalance persists and the result is oxidative stress. In this chapter we give an over-
view of our current understanding of plant tolerance to oxidative stress with a spe-
cial focus on chloroplast HSP/chaperones as a biochemical marker of oxidative
stress.

9.2 Chloroplast HSP

Abiotic stress is produced by the negative impact of environmental factors such as
extreme temperatures, strong light, chemicals, drought, salinity, hypoxia etc. on
plant. Organisms respond to such negative factors by developing a series of physi-
ological and biochemical strategies, including synthesis of different stress proteins.
Heat shock proteins being one of them and having a special place among defense
systems could contribute to cellular homeostasis. It has shown that the expression of
HSPs and other heat-responsive genes are regulated by heat shock factors (HSFs)
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(Kotak et al. 2007) through their association to the heat shock element (HSE) in the
promoter region of the heat-responsive genes (Pelham 1982; Scharf et al. 2012;
Driedonks et al. 2015). Obviously, both the activation and production of HSFs/
HSPs and the increase in ROS/scavenging activity belong to the major responses of
plants to stress and play important roles in plant acclimation. A number of recent
genetic and biochemical studies, however, indicate that there are complex interac-
tions between these responses (Driedonks et al. 2015).

HSPs are obligatory components of nonspecific response to heat stress or other
environmental stressful factors (Timperio et al. 2008; Barua and Heckathorn 2006;
Niu et al. 2006; Huang and Xu 2008). HSPs are particularly important for prokary-
otic and eukaryotic cells contributing to the cellular homeostasis under optimal or
stress environmental conditions (Wang et al. 2004; Yu et al. 2015) as well as for the
formation of heat tolerance (Shen and Leen 1997; Xu and Huang 2010). It is
described that HSPs expression could occur in natural environment. HSPs genes are
found in all species but they vary in patterns of expression. The threshold of HSPs
expression in different species correlated with the strength of environmental stress
and the expression of HSPs could be correlated with resistance to stress (Feder and
Hofmann 1999; Al-Whaibi 2011). In last decades HSPs are considered as a very
robust candidate for “early — warning indicator” of environmentally induced stress
by different pollutants, because they could be activated very early as a result of toxic
exposure or at concentrations below the lethal dose (Bierkens et al. 1998; Monari
et al. 2011). The present state of knowledge that HSPs/chaperones play an impor-
tant role in plant adaptation to environmental stress assisting in the folding, intracel-
lular distribution, assembly and degradation of proteins, mainly by stabilizing
partially unfolded states in many normal cellular processes and can assist in the
protein refolding under stress conditions (Baniwal et al. 2004; Schroda 2004; Wang
et al. 2004).

Among the various HSP families a special role in protecting cells from the action
of different kind of stress belongs to HSP70 proteins. The induction of HSP70 has
been confirmed in a wide range of organisms — from microorganisms to humans
(Lindquist and Graig 1988; Al-Whaibi 2011). This chaperone system is relatively
well studied in bacteria and in most compartments of eukaryotic cells (the cytosol,
endoplasmic reticulum, mitochondria) (Nordhues et al. 2010; Al-Whaibi 2011).
Misfolded proteins formed during stress, bind to HSP70. Hsp70 is associated with
the ribosomal subunit (Zargar et al. 2006). It has been proposed that HSP70 could
be considered as good candidates for bio-monitoring assay because Hsp70 gene is a
sensitive biomarker for different classes of environmental pollutants in algae
(Bierkens et al. 1998; Ireland et al. 2004; Tukaj and Tukaj 2010).

The significance of HSP70 for cellular response to thermal stress, thermotoler-
ance and physiological adaptation has been shown in different biological objects
(Zargar et al. 2006; Clark and Peck 2009; Shatilina et al. 2011; Yu et al. 2015).
Plastid polyfunctional protein HSP70B together with co-chaperones proteins forms
chloroplast “foldosome” and has an important role in protecting plants from oxida-
tive and heat stress (Schroda and Miihlhaus 2009; Nordhues et al. 2010). There are
indirect evidences of the involvement of chloroplast HSP70B/chaperone in refolding
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Table 9.1 Plastid HSP70 and HSP90 of C. reinhardtii

HSP family | Localization Proposed function References
HSP70B Stroma; Protein folding; protein import into | Trosch et al. (2015)
membrane- chloroplasts (dis)assembly of
associated VIPP1 oligomers; protection/repair
of PS2 from photoinhibition
HSP70D, Unknown - Veyel et al. (2014),
HSP70F (C-terminally Liu et al. (2007),
truncated putative and Schroda et al.
stromal HSP70s) (1999)
HSP90C Stroma; Maturation of proteins involved in | Trosch et al. (2015)
membrane- signal transduction; VIPP1
associated oligomer disassembly; protein
import

of denatured proteins (Drzymalla et al. 1996; Nordhues et al. 2010). It has been also
shown that HSP70B is involved in the biogenesis of thylakoid membranes, the syn-
thesis or assembly of components of the new reaction centers, which contributes to
the protection and repair of photosystem I during and after photoinhibition (Schroda
et al. 1999; Schroda 2004; Trosch et al. 2015). Heat shock protein 70B (HSP70B) is
the major HSP70 in the Clamydomonas chloroplast. Plastidic HSP70B and HSP9OC
exist as multichaperone complex with escort proteins CDJ1 (chloroplast DnaJ-like
protein) and CGE1 (chloroplast GrpE homologue) (Willmund et al. 2008; Trosch
et al. 2015). The expression of these two genes from heat and light is a clear indica-
tion of this (Trosch et al. 2015) (Table 9.1).

The fact that these proteins are involved in the formation of the multi-enzyme
complex could be understood as an indication of their possible similarity in gene
expression regulation. Actually, a great similarity was found in the dynamics and
accumulation of both proteins — HSP70B and HSP90C (Swindell et al. 2007;
Chankova et al. 2009). Also, our work demonstrated that heating with temperatures
in the range of 37-42 °C operated as a stress factor in C. reinhardtii cells and
resulted in over accumulation of HSP70B and HSP90C. Therefore one of these
proteins HSP70B was used as a marker of oxidative stress in our further experi-
ments (Chankova et al. 2013, 2014). Additionally, it was observed that heat—heat
treatment led to further accumulation of chloroplast chaperones which could indi-
cate that an acquired thermotolerance was developed (Banzet et al. 1998; Mendez-
Alvarez et al. 1999; Chankova et al. 2009). Working methods with HSP are described
on the website Bioprotocols (http://www.bio-protocol.org/wenzhang.aspx ?id=849;
http://www.bio-protocol.org/wenzhang.aspx?id=850).

In many experiments, the increased expression of HSPs genes has been used as a
marker for response to heat shock, although this over-expression could be seen rather
as a marker for disruption of protein homeostasis, as a result of thermal shock than
as a marker for complex heat shock response. (Trosch et al. 2015). Based on increased
HSP expression as marker, a shock response was shown to be elicited in
Chlamydomonas when cells were shifted from 20 °C to 3941 °C (Tanaka et al.
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2000). Kobayashi et al. (2014)) reported a shock response to be induced when
Chlamydomonas cells were shifted from 24 °C to at least 36 °C, and found cell sur-
vival to be compromised when the temperature shift went beyond 42.4 °C. Schroda
et al. (2015)) found HSP genes to be induced when Chlamydomonas cells were
shifted from 25 °C to at least 37 °C and cells to tolerate a maximum temperature of
43.5 °C. The variations observed are best explained by differences in growth condi-
tions and/or variations between the strains employed (Trosch et al. 2015).

9.3 Heat Shock Protein 70B (HSP70B) — Biomarker for Cell
Resistance or Cell Susceptibility to Environmentally
Induced Stress?

Present state of knowledge concerning heat shock protein’s (HSPs) physiology,
ecology and evolution has allowed drawing number of findings about HSPs impor-
tance for living organisms (Feder and Hofmann 1999; Al-Whaibi 2011). HSPs
expression is classified as non-specific defense mechanism occurring in natural
environment and mediated by various signaling path ways; the Asp genes are found
in all species but interspecies variability has been obtained; good relationship is
determined between HSPs expression, cell resistance to stress and the magnitude of
stress prevailing in the environment (Wang et al. 2004; Xu et al. 2011; Chankova
et al. 2013; Lipiec et al. 2013; Piterkova et al. 2013; Sarkar et al. 2013; Wang et al.
2014). Regulatory role of ROS in Hsp70B production and accumulation as a result
of environmental stimuli as well as the relationship between HSP70B induction and
the level of oxidative stress was obtained (Ahn and Thiele 2003; Piterkova et al.
2013; Chankova et al. 2013).

For a long time mechanisms involved in the formation of genotype and induced
resistance are in the focus of our attention (Chankova et al. 1990, 2001, 2005;
Chankova et al. 2009; Chankova and Yurina 2012; Chankova et al. 2013, 2014).
During the last years we ask a few questions: whether species isolated from habitats
with extreme environmental conditions are good model for studying cell resistance
to oxidative stress; whether HSP70B could be used as a reliable marker for cell
resistance to oxidative stress or HSP70B could be applied to evaluate the level of
stress? (Chankova et al. 2009; Chankova and Yurina 2012; Chankova et al. 2013,
2014). To get answers to these questions we commonly use mutant strains of unicel-
lular green algae Chlorella, Chlamydomonas with different radio-and chemo-
resistance and Chlorella species isolated from habitats with different environmental
conditions. Strains are available in our algae collection at the Institute of Biodiversity
and Ecosystem Research, BAS. Why such approach was chosen? The advantages of
these model organisms are well known and described previously (Chankova and
Yurina 2012).

Here, an attempt is made to summarize and discuss in the light of the present
state of knowledge, some of our previously published and not yet published results.
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Table 9.2 Survival fraction (SF) after temperature treatment of three Chlorella species: Chlorella
vulgaris- Antarctic, Chlorella vulgaris 8/1 and Chlorella kesslery

Species® SF at 39 °C SF at 42 °C SF at 45 °C
Chlorella vulgaris 0.93 +0.02 0.88 +0.05 0.83 +0.01
Chlorella vulgaris 8/1 0.87 £0.02 0.80 0,01 0.78 +0.01
Chlorella kesslery 0.91 +0.01 0.82 +0.02 0.70 = 0.01

“Differences between species are statistically significant (P < 0001). Error represents standard
errors of mean values

A speculation is done that species with different thermal tolerance and temperature
preferences will respond in a different way to heat shock induced stress. This rea-
soning was inspired also by the concept that endemic species are more susceptible
to environmental changes that cosmopolitan species and can be characterized by
various HSPs properties than cosmopolitans (Wiencke 1991; Brennecke et al. 1998;
Tomanek 2002; Shatilina et al. 2011).

To check this presumption we compare temperature-induced response in three
Chlorella species that differ in terms of their geographical origin, temperature pref-
erences and tolerance. Three species of Chlorella were studded. Two of them origi-
nate from contrasting habitats — Antarctica (Chlorella vulgaris — extremophilic) and
hot spring in Bulgaria (Chlorella vulgaris strain 8/1 — thermophilic). The third one
Chlorella kesslery — mesophilic was from Trebon collection, Czech Republic
(Chankova and Yurina 2012). Cell survival and induction of chloroplast HSP70B
were measured. Cultures were maintained at standard temperature and light. Stress
response to three temperature regimes (t = 39 °C for 30 min and t = 42 °C for 5 min
and 45 °C for 5 min) was analyzed on the basis of two endpoints — cell survival and
chloroplast HSP70B accumulation.

Data presented in a Table 9.2 indicate that short -term heating with temperatures
in the range of 39—45 °C moderately affects cell survival depending on the genotype
and temperature conditions. Species could be arranged as follows: Chlorella vul-
garis Antarctic > Chlorella vulgaris 8/1 > Chlorella kesslery. Mesophilic Chlorella
kesslery exhibits a higher sensitivity to this temperature range.

Some studies (White et al. 1994; Heckathorne et al. 1996) support the presump-
tion that heat-shock protein production can vary among closely related species as a
function of habitat. In our work interspecies variability was also obtained (Chankova
et al. 2013) concerning constitutive and induced levels of HSP70B. About 30 %
higher content of constitutive HSP70B level was measured in Chlorella vulgaris
isolated from Antarctic soil. No statistically significant difference between constitu-
tive levels (control, non-stress) of chloroplast HSP70B in Chlorella kesslery and
Chlorella vulgaris 8/1 was calculated. Our results are in a agreement that the higher
constitutive expression of HSP proteins in the more tolerant genotype could repre-
sent a pre-formed tolerance mechanism (Witzel et al. 2009).

To clarify whether higher constitutive content of HSP70B Chlorella vulgaris
(Antarctic) was genotypically determined or due to the temperatures conditions of
cultivation (23 °C) the following experiment was performed — Chlorella species



9 Chloroplasts HSP 70B as a Marker of Oxidative Stress 175

Fig. 9.1 Comparison of 39°C 12°C
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were cultivated at 8 °C for 12 h. Under these experimental conditions of cultivation
relative contents of HSP70B for all species were very similar to those measured
when cells were cultivated at 23 °C. Again Chlorella vulgaris (Antarctic) was found
to have the most pronounced production of constitutive HSP70B (127 % at 23 °C
and 135 % at 8 °C). This result argues in a favor of the assumption that higher
HSP70B contents in both Chlorella species isolated from habitats with more stress-
ful environments compared with that in mesophilic Chlorella is evolutionary fixed
sign promoting to the survival of cells under extreme environments. This is consis-
tent with the idea of the key role of HSP70 in plant resistance to thermal stress. It is
interesting that Chlorella vulgaris (Antarctic) has been also characterized by
increased activity of superoxide dismutase and catalase at high temperatures, and
increased efficiency of antioxidant system than other strains (Malanga et al. 2008;
Nedeva and Pouneva 2009).

Further Western blot analysis was performed to investigate the relationship
between increased heating and chloroplast HSP70B production (Fig. 9.1). Our data
show that heating with t = 39 °C—42 °C for 5 min not alter in a statistically signifi-
cant way the level of chloroplast HSP70B in both species isolated from habitats
with more stressful environments. It could be assumed that temperatures in the
range of 39—-42 °C are not stressful factor for these species, although some authors
suggested that t = 42 °C is a critical thermal threshold for plants (Knight 2010;
Schroda et al. 2015). At the same temperature range, about 60 % increasing of the
level of HSP70B for Chlorella kesslery, living in moderate environmental condi-
tions was measured. Quite different stress response was defined as a result of heat-
ing with 45 °C for 5 min. The levels of HSP70B were enhanced with 55 % for
Antarctic Chlorella vulgaris and 20 % Chlorella vulgaris 8/1. No any statistically
significant changes in HSP70B content was measured for Chlorella kesslery. Our
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findings imply that the adaptations to life in habitats with more stressful environ-
ments resulted to different HSP70 expression that is consistent with the results for
Hydra oligactis and H. magnipapillata (Brennecke et al. 1998) where differences in
hsp70 mRNA stability appear to be responsible for the habitat-correlated differ-
ences in the stress response in Hydra species. Our results could be also attributed to
the inhibition of protein synthesis or photosynthetic performance than with the cell
death, which is found to be about 30 % (SF = 0.70). Thus, interspecies variability
found by us corresponds well with present understanding that genes coding HSPs
are evolutionary conserved and can exhibit great interspecies variability leading to
variation of tolerance ability and sensitivity to some diseases or environmental
stimuli.

9.4 Conclusion

Let’s ask ourselves: whether we have managed to answer to the questions?

Question 1
Whether species isolated from habitats with extreme environmental conditions are
good model for studying cell resistance to oxidative stress?

Unfortunately we are still in the beginning. To be able definitely to reply this
question further studies should be conducted, including more species and inductors
of stress.

The Beginning Is Set Results presented here contribute to the hypothesis of con-
sistent functional properties of HSP70B as a mechanism of thermo-tolerance in
plant species. Some suggestion could be made that HSP70B overproduction is
involved as a part of Chlorella species survival strategy against environmental stress
stimuli. Higher constitutive content and well expressed overproduction of HSP70B
are probably among of the factors that allow Chlorella vulgaris to survive at the
extreme Antarctic environment.

Question 2
Whether HSP70B could be used as a reliable marker for cell resistance to oxidative
stress?

Over-expression of chloroplast HSP70B could be considered as an early warning
and sensitive short-lived biomarker of heat stress.

Commonly members of other HSP families have been recommended as bio-
markers (Song et al. 2014; Wang et al. 2014). For the first time we identified
homologue of chloroplast HSP70B in Chlorella chloroplasts. Earlier, HSP70B was
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detected and characterized in Chlamydomonas reinhardtii (Trosch et al. 2015), in
Arabidopsis thaliana (Su and Li 2008), Oryza sativa (Kim and An 2013), Triticum
aestivum (Duan et al. 2011) and in moss Physcomitrella patens (Shi and Theg
2010).

Question 3
Whether HSP70B could be applied to evaluate the level of stress?

Our data illustrate variations in magnitude of HSP70B response between inves-
tigated species that could be used for such purpose.

9.5 Genotype Resistance to Oxidative Stress and HSP70B
Chaperone in Chlamydomonas Reinhardtii

Biota is subjected to increasingly strong pressure from the changing environment
occurring as a result of natural global climate alterations or with the active interven-
tion of man. At present abiotic stress is seen as a very important environmental
factor acting via generation of reactive oxygen species (ROS) in cellular compart-
ments (Jaspers and Kangasjdrvi 2010) and inducing damages at different levels —
DNA, proteins and membranes (Rochat et al. 2005; Driedonks et al. 2015). ROS act
as molecules with dual function — signaling molecule and as molecule controlling
gene expression and anti-stress systems activity (Vranova et al. 2002; Apel and Hirt
2004; Torres and Dangl 2005; Timperio et al. 2008; Galvez-Valdivieso and
Mullineaux 2010; Mittler et al. 2011; Petrov and Van Breusegem 2012; Driedonks
et al. 2015). A natural consequence of such pressure is the reduction of the yield of
cultivated plants, genome degradation of cultivars and wild species and in some
cases — human diseases.

9.6 How Organisms Cope with Oxidative Stress?

Evolutionary, organisms have evolved various defense mechanisms to protect them-
selves from environmentally induced stress, including expression of genes and syn-
thesis of ROS scavenging proteins (Mittal et al. 2012; Suzuki et al. 2013; Driedonks
et al. 2015), changes in plant transcriptome, proteome and metabolome and their
corresponding metabolic pathways, activating DNA repair, antioxidant and chaper-
one systems etc. (Ahuja et al. 2010; Rodziewicz et al. 2014; Ramalingam et al.
2015).



178 S. Chankova and N. Yurina
9.7 How Men Can Cope with Oxidative Stress in Plants?

Recently, the idea was launched that the improvement of plant stress tolerance and
introduction of genotypes with enhanced resistance to abiotic stress could be prom-
ising strategy to overcome this problem (Bianco and Defez 2012). A number of
studies show that plant stress tolerance could be improved by increasing antioxidant
enzymes activities (Rui et al. 1990; Badiani et al. 1993; Gupta et al. 1993; Sairam
et al. 2000; Almeselmani et al. 2006; Wu et al. 2012; Chen et al. 2013), induction of
ROS scavenging genes (Rainwater et al. 1996; Driedonks et al. 2015), activation of
DNA repair, antioxidant and chaperone systems (Chankova et al. 2005, 2007;
Chankova and Yurina 2012; Wegener and Jansen 2013; Chankova et al. 2014;
Driedonks et al. 2015).

9.8 What Approach Should Be Used to Obtain Fast
and Reliable Information?

Experimental data confirm that the strategy should include two main approaches: (i)
model species, mutant/transgenic lines/strains with different resistance to oxidative
stress; (i) finding of robust plant markers for screening stress-tolerant/resistant
genotypes (Badahur et al. 2011; Lipiec et al. 2013; Chankova and Yurina 2012;
Chankova et al. 2013). As was shown before our teams in its long-term research
programs have set as a goal to throw more light on the possible contribution of
DSBs repair system, some antioxidant and detoxifying enzymes as well as chloro-
plast chaperone content in the formation of genotype resistance to oxidative stress.
Commonly Chlamydomonas reinhardtii genotypes with different resistance to oxi-
dative stress have been used. Detailed information concerning strains characteriza-
tion could be found in (Chankova et al. 2001; Chankova et al. 2005; Dimova et al.
2008, 2009). Previously it was shown that most of the strains differ in their resis-
tance to gamma-rays, radiomimetics, standard mutagens, pesticides, heating etc
(Chankova et al. 2000, 2005, 2007, 2013, 2014; Chankova and Yurina 2012; Dimova
et al. 2008).

We use strains with different resistance to various stress stimuli because our
understanding that genotypes that differ in terms of their resistance to oxidative
stress perhaps also differ in their antioxidant and HSP70B responses. In the example
presented here Methyl Viologen (1,1’-Dimethyl —4,4’- bipyridinium dichloride
(PQ — paraquat) was used as an oxidative-stress-inducing agent (Vermeulen et al.
2005; Paraquat Information Center, www.paraquat.com). Stress response of 4
strains with different genotype resistance — 137C, wild type (WT); CW15(+), cell-
wall-less strain sensitive to PQ; hybrid strain H-3 with moderate level of
PQ-resistance; and highly PQ-resistant mutant strain AK-9-9 was analyzed. Strains
resistance to PQ was previously evaluated on the basis of colony forming ability
(Dimova et al. 2008) and DSBs repair capacity (Chankova and Yurina 2012).
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Fig. 9.2 Specific enzyme activities of superoxide dismutase, catalase and peroxidase of C. rein-
hardtii strains cultivated in physiological conditions “*“¢¢ — values denoted with one and the same
letter are not significantly different (P > 0.05) according to 7 test for equality of means: (= 0.304;
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The herbicide PQ was applied as a free-radical-generating herbicide for three
main reasons described in (Chankova et al. 2014). At the beginning endogenous
SOD and CAT activities were analyzed in physiological conditions. Data, presented
on Fig. 9.2, demonstrate higher endogenous SOD and CAT activities in the
PQ-resistant and the moderately PQ-resistant genotypes. Our finding is in a good
agreement with results of (Asker et al. 2007; Badahur et al. 2011; Zaka et al. 2002)
where genotype resistance to oxidative stress correlates with antioxidant and non-
antioxidant capacities.

Previously we have described several characteristics typical for radio — resistant
strains — higher content of endogenous thiols (Chankova et al. 1990), higher levels
of SOD activity (Chankova et al. 2001), increased DSBs rejoining capacity
(Chankova et al. 2005; Dimova et al. 2009), higher constitutive HSP70B content
(Chankova and Yurina 2012; Chankova et al. 2013). Some of these characteristics
are found for other species, e.g. Drosophila (Vermeulen et al. 2005). At the same
time opposite data — no statistically significant difference is obtained between the
SOD activity of PQ-susceptible and PQ-resistant biotypes of Conyza canadensis
(Szigeti and Lehoczki 2003) or between the activity of antioxidant enzymes in WT
and PQ-resistant strains of C. reinhardtii (Vartak and Bhargava 1999). Here it
should be noted that most probably a number of other factors should not be
excluded — chromatin structure, mutations, cell cycle, altered DNA damage check-
point response, defective apoptosis, cell wall maintenance, disturbance of the integ-
rity of morphological, metabolic and genetic components and pathways, differences
in the ultrastructure organization of cells and their cell etc. (Badahur et al. 2011;
Bao et al. 2006; Chankova et al. 2005; Chalmers 2007; Costantini et al. 2013;
Strasser et al. 2007).
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Data concerning the antioxidant response to PQ in different plants and algae vary
from the lack of enhancement of antioxidant enzyme activities (Szigeti and Lehoczki
2003) to stimulation of SOD, CAT, POX, GPX, APX (Ekmekci and Terzioglu 2005;
Sood et al. 2011; Tanaka et al. 2011). In our experiments with PQ the effect of
concentrations was very clearly manifested. A pronounced enhancement of SOD,
CAT, GST activities was determined for PQ-sensitive genotype. Despite this
increase, the elevated SOD and CAT activities in the PQ-sensitive genotype did not
exceed the ones characteristic of the more resistant genotypes in physiological con-
ditions (Chankova et al. 2014). The lack of statistically significant response mea-
sured as SOD, CAT, GST activities in WT and resistant genotypes could be
considered as an indication of absence of strong oxidative stress and could be related
to higher levels of endogenous SOD and CAT activities (Chankova et al. 2014).
Although the WT genotype responded with minor increasing in APX activity, in
general, the levels of peroxidases in the four C. reinhardtii genotypes were low.
Therefore, it is likely that the major role in the response of C. reinhardtii cells to PQ
treatment is played by defense mechanisms other than POX and APX (Chankova
et al. 2014).

Current state of knowledge considered heat shock proteins (HSPs) overproduc-
tion as non-specific defense mechanism mediated by various signaling pathways
(Lipiec et al. 2013; Piterkova et al. 2013; Sarkar et al. 2013; Wang et al. 2004; Xu
et al. 2011). Today, the relationship between increased ROS levels, expression of
heat- responsive genes and accumulation of HSPs is proven (Ahn and Thiele 2003;
Volkov et al. 2006; Wahid et al. 2007; Banti et al. 2008). The involvement of ROS
in the regulation of Hsp70 production and accumulation under abiotic and biotic
stresses was also confirmed (Piterkova et al. 2013). Hypotheses promoted in recent
years suggested that stress can indirectly activate HSFs via the action of ROS
(Driedonks et al. 2015).

In order to clarify HSP70B differences among strains after PQ treatment chloro-
plast HSP70B content in C. reinhardtii strains was measured 1 h and 4 h following
PQ treatment (Fig. 9.3). Our Western — blot data provided new experimental evi-
dence that apparently HSP70B induction correlated with the magnitude of
PQ-induced oxidative stress. HSP70B levels were higher in PQ-susceptible geno-
types than in PQ-resistant genotypes and HSP70B accumulation is proportional to
the PQ concentration. It is well known that in PQ-treated cells, hydrogen peroxide
can be generated during the dismutation of superoxide radical anions by SOD. It is
proposed, that H,O, is signal molecule for the induction of Hsp genes expression.
Possibly the diminished HSP70B level in PQ-resistant genotypes comparative to the
PQ-susceptible genotypes correlated with lower level of H,O, in these cells after PQ
treatment.
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Fig. 9.3 Chloroplast HSP70B content in C. reinhardtii strains CW15, 137C, AK-9-9 and H-3 1 h
and 4 h following PQ treatment. Western blot analysis using specific antisera against HSP70B (a).
Results of densitometric estimations of the contents HSP70B after 1 h (b) and 4 h (¢) PQ treatment;
values (as percent of non-treated control) are means of triplicate + S.E.; where no error bars are
visible, errors were equal to or less than the symbols. ANOVA significant (treatment vs. control) at
P<0.05.*-P<0.01

9.9 Conclusion

Here we show that overproduction of HSP70B could be used as an early marker for
induced oxidative stress in the studied genotypes. Our experimental finding that
HSP70B induction correlates with the magnitude of PQ-induced oxidative stress
contributes to the still unresolved challenge for identification of reliable markers for
screening of genotype resistance/susceptibility to oxidative stress. In the light of
current understanding, oxidative stress triggered by different natural and anthropo-
genic environmental stimuli could induce excessive production of reactive oxygen
species (ROS). Affecting expression of various genes ROS can influence and con-
trol many processes like stress response, growth, cell cycle, systemic signaling,
development etc. and could cause disturbances in cell homeostasis, mutations,
genome degradation and even death. These consequences have been well described
previously by Dat et al. (2000) and Gill and Tuteja (2010).

During the evolution, plants have developed a number of mechanisms for protec-
tion against damaging factors present in the environment (Driedonks et al. 2015)
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Fig. 9.4 The sequence of responses in plant biosynthesis induced by abiotic stress

and several typical futures for genotypes with well-expressed radio-and chemo-
resistant were shown earlier by us (Fig. 9.4) (Chankova et al. 2000; Chankova and
Yurina 2012). The mechanisms involved in the formation of genotypic resistance
are of interest to scientists over the last 20 years (Badiani et al. 1993; Gupta et al.
1993; Rainwater et al. 1996; Sairam et al. 2000; Chankova et al. 2005, 2007;
Chankova and Yurina 2012; Wu et al. 2012; Chen et al. 2013; Chankova et al. 2014;
Driedonks et al. 2015). Here in this review we have made an attempt to answer at
least two of them using some our own and other authors data. Of course, it is impos-
sible to mentioned and interpreted the huge database and probably we have over-
looked certain major studies for which we apologies in advance.

Let’s ask ourselves: whether we have managed to answer to the following
questions?

Question 1
Whether species isolated from habitats with extreme environmental conditions are
good model for studying cell resistance to oxidative stress?

Unfortunately we are still in the beginning. To be able definitely to reply this
question further studies should be conducted, including more species and inductors
of stress.

The beginning is set. Results presented here contribute to the hypothesis of con-
sistent functional properties of HSP70B as a mechanism of thermo-tolerance in
plant species. Some suggestion could be made that HSP70B overproduction is
involved as a part of Chlorella species survival strategy against environmental stress
stimuli. Higher constitutive content and well expressed overproduction of HSP70B
are probably among of the factors that allow Chlorella vulgaris to survive at the
extreme Antarctic environment.
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Question 2
Whether HSP70B could be used as a reliable marker for cell resistance to oxidative
stress?

Here we show that overproduction of HSP70B could be used as an early marker
for induced oxidative stress in the studied genotypes.

Our experimental finding that HSP70B induction correlates with the magnitude
of PQ-induced oxidative stress contributes to the still unresolved challenge for
identification of reliable markers for screening of genotype resistance/susceptibility
to oxidative stress.

Over-expression of chloroplast HSP70B could be considered as an early warning
and sensitive short-lived biomarker of heat stress.

Commonly members of other HSP families have been recommended as bio-
markers (Wang et al. 2014). For the first time we identified homologue of chloro-
plast HSP70B in Chlorella chloroplasts.

Earlier, HSP70B was detected and characterized in Chlamydomonas reinhardtii
(Trosch et al. 2015), in Arabidopsis thaliana (Su and Li 2008), Oryza sativa (Kim
and An 2013), Triticum aestivum (Duan et al. 2011) and in moss Physcomitrella
patens (Shi and Theg 2010).

Question 3
Whether HSP70B could be applied to evaluate the level of stress?

Our data illustrate variations in magnitude of HSP70B response between inves-
tigated species that could be used for such purpose.
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Chapter 10
The Involvement of HSP70 and HSP90

in Tomato Yellow Leaf Curl Virus Infection
in Tomato Plants and Insect Vectors

Rena Gorovits, Yule Liu, and Henryk Czosnek

Abstract Cellular chaperones HSP70 and HSP90 are involved in Tomato yellow
leaf curl virus (TYLCV) infection. TYLCV is a begomovirus transmitted by the
whitefly Bemisia tabaci to tomato and other crops. In infected tomato and B. tabaci
vector, chaperones are redistributed, from soluble to aggregated state. Together with
chaperones and viral proteins, ubiquitin, 26S proteasome subunits and autophagy
protein ATGS, all were found in large protein aggregates. The appearance of these
aggregates containing protein quality control elements and infectious virions can be
considered as markers of a successful virus invasion. Capturing of HSP70/HSP90 in
aggregates results in a decrease of the free chaperones pool, which triggers the
transcription of HSP encoding genes under the control of heat stress transcription
factors. Indeed, TYLCV infection downregulates the heat stress response of plants
grown at high temperatures, and alleviates cell death caused by the other stresses.
Stress response mitigation is used by TYLCV for successful multiplication. Even
though HSP70 and HSP90 are similarly recruited in TYLCV aggregates, their roles
in viral multiplication are different. HSP70, but not HSP90, is important for the
viral coat protein shuttling from cytoplasm into nuclei. HSP70 impairment leads to
decreased viral amounts, while HSP90 inhibition causes an inactivation of cellular
protein degradation and consequently promotes the accumulation of viral proteins.
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Abbreviations

Co-IP co-immunoprecipitation

HSF heat stress transcription factor
HSP heat stress protein

PQC protein quality control
TYLCV  Tomato yellow leaf curl virus
VF viral factory

10.1 Introduction

Viruses are intracellular obligate parasites that recruit the host biosynthetic machin-
ery for their replication and multiplication. Given the functional complexity of
many viral proteins, it is not surprising that they are dependent on cellular chaper-
ones for their function. Viruses co-opt chaperones from the host cell to assist the
synthesis, correct folding and shuttling of abundant viral proteins, to regulate viral
multiplication via activation of replication proteins. The most frequently subverted
host chaperones are heat shock protein 70 (HSP70) and HSP90. These chaperones
together with co-chaperones affect many aspects of virus multiplication, through
regulating translation, replication, virion assembly and counter-defense against cell
apoptosis or native immune responses (Nagy et al. 2011 and reference therein). The
recruited HSPs play major roles in assembly of the virus-induced protein aggre-
gates, named virus factories (VFs) and in their activity. Detailed characteristics of
VFs in the infected mammalian cells have been described elsewhere (Wileman
2006, 2007; Netherton and Wileman 2011; Netherton and Wileman 2013; Burch
and Weller 2005; Livingston et al. 2009; Weller 2010).

In plant and insect cells, the knowledge concerning the involvement of cellular
protein quality control (PQC) elements, including chaperones, in the virus life cycle
is restricted. Plant viruses can recruit HSP70 to assist the synthesis, folding and
localization of viral proteins, to regulate virus replication and to interfere with the
antiviral host response (Nagy et al. 2011). HSP90 interacts with Bamboo mosaic
virus replicases in promoting viral accumulation (Huang et al. 2012). Coordinate
function of HSP70 together with HSP90 in multicomponent complex assembly was
revealed for the positive-strand RNA plant virus Red clover necrotic mosaic virus
(RCNMV), which replicase complex can be detected readily as a 480-kDa func-
tional protein complex. HSP70 and HSP90 are required for RCNMV RNA replica-
tion, and they interact with p27, a viral-encoded component of the 480-kDa replicase
complex, on the endoplasmic reticulum membrane (Mine et al. 2012). HSP90 and
HSP70 function together in the process of the incorporation of small RNAs into
Argonaute proteins, which play central roles in post-transcriptional gene silencing
in Drosophila (Miyoshi et al. 2010; Iwasaki et al. 2010). The association of HSP70/
HSC70 and HSP90 is known to involve interaction with HSP90 co-chaperone,
SGT1 (for Suppressor of G2 allele of skpl) (Noel et al. 2007). In plants and ani-
mals, SGT1 is essential to the function of many NLR proteins, which contribute to
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host immunity by activating plant defense responses (Liu et al. 2004). SGT1was
shown to contribute to the systemic accumulation of Plantago asiatic mosaic virus
(PIAMYV) and Potato virus X (PVX) infection in susceptible hosts (Komatsu et al.
2010; Ye et al. 2012). While SGT1 enhanced PVX multiplication, SGTI silencing
led to an increased accumulation of PIAMYV in Nicotiana benthamiana. Such oppo-
site effects of plant SGT1 on virus multiplication points to the intricate role of
SGT1-chaperone complexes in virus biotic stress. Indeed, SGT1 has multiple func-
tions in association with the Skp1-Cullin/F-box type E3 ubiquitin ligase complexes
that target regulatory proteins for degradation by the 26S proteasome (Muskett and
Parker 2003). Furthermore, the SGT1 complex also interacts with two COP9
signalosome components, indicating a strong involvement of SGT1 in PQC (Liu
et al. 2002; Azevedo et al. 2002).

The aim of this review is to present the current knowledge of the roles of HSP70
and HSP90 in Tomato yellow leaf curl virus (TYLCYV) infection in plant and insect
cells. TYLCV is a representative of geminiviruses (genus Begomovirus, family
Geminiviridae) transmitted exclusively by the whitefly Bemisia tabaci in a
persistent-circulative manner (Czosnek 2007). In the insect host, TYLCV seems to
replicate, and levels of virus steadily increase, especially upon stress (Pakkianathan
et al. 2015; Ghanim and Czosnek 2016). TYLCV possesses a single-stranded circu-
lar DNA genome of 2787 nucleotides encapsidated in a geminate particle of approx-
imately 20 x 30 nm (Dfaz-Pendén et al. 2010). The viral sense genome encodes two
genes: V1 or coat protein (CP) and V2. The complementary sense genomes encodes
four genes C1 to C4: ClI is a replicase-associated protein (Rep), C2 a transcription
activator (TrAP), C3 a replication enhancer (REn) and C4. The viral gene products
interact with plant and insect host proteins to perform their function. In insect vec-
tor, once acquired, virions pass along the food canal in the stylet and reach the guts.
Virions can cross to the haemolymph via the filter chamber and the midgut to reach
the salivary gland, from which it is transmitted to plants with the saliva during feed-
ing (Czosnek et al. 2002). It is likely that along the viral path different cellular
chaperones are present the translocation of the virions in the insect. In the haemo-
lymph, TYLCV virions interact with a 63 KDa GroEL protein produced by the
primary endosymbiotic bacteria of B. tabaci, which protects the virions from prote-
olysis by the insect’s immune system (Morin et al. 1999; Gottlieb et al. 2010).

10.2 TYLCYV Infection Leads to Reorganization of PQC
Elements Including HSP70 and HSP90 in Host Cells

10.2.1 TYLCV-Induced Aggregation in Plant and Insect Host
Organisms

CP is a major structural TYLCV protein, essential for cell-to-cell movement, systemic
infection and transmission by the whitefly vector. TYLCV CP patterns in plant and
insect cells, obtained by separating proteins in sucrose gradient ultracentrifugation,
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Fig. 10.1 Distribution of viral CP following sedimentation on 10-50 % sucrose gradients of
native proteins extracted from tomato leaf/stem tissues and B. tabaci cells. Leaf and stem homog-
enates were prepared from tomato at 28 (dpi) days after the onset of TYLCYV infection (B), white-
fly extracts at the 7th day of TYLCV presence. Gradients were divided into 10 fractions, 1 (top) to
10 (bottom) and concentrated about 20 times by TCA precipitation. Aliquots were subjected to
SDS-PAGE. The gels were stained with Coomassie blue (total protein) and Western blotted using
anti-CP antibodies. Anti-CP recognized an additional minor 31 kDa polypeptide. Molecular
weight markers (noted as + m) a—g (in kDa): (a) 17, (b) 26, (c) 34, (d) 43, (e) 55, (f) 72, and (g) 95

showed CP in soluble states (fractions 1-3), in complexes (fractions from 3 to 5; see
sap gradient), but mostly as small, mid-sized and large aggregates (fractions from 6
to 10). In whitefly protein extracts, CP was found in all gradient fractions, in the
soluble state (1-3), in large aggregates (10), but mostly in small/midsized aggre-
gates (fractions 6-9) (Fig. 10.1). In addition to the structural CP, TYLCV V2 was
the only non-structural protein detectable in the gradient fractions. V2 patterns
resembled those of CP (Moshe et al. 2015a; Gorovits et al. 2016).

The immuno-histological detection of TYLCV proteins in tomatoes and B.
tabaci cells confirmed their association with protein aggregates (Fig. 10.2). At the
early stages of TYLCV infection in tomatoes, all the six viral proteins were observed
in protein intermediate-sized aggregates (Fig. 10.2a); Gorovits et al. 2016). Along
the progress of viral infection, CP and V2 appeared in aggregates of increasing
size localized first in cytoplasm then in the nucleus, while the C1, C2, C3 and C4
aggregates disappeared. The appearance of CP and V2 aggregates in whitefly was
confirmed by in vivo immunostaining of those proteins in dissected out B. tabaci
midguts (Fig. 10.2b). Most of CP and V2- aggregates were observed in the cyto-
plasm, but nuclear CP and V2 aggregations were abundant as well.

So, TYLCV proteins were detected not only in soluble, but also in aggregated
state in both viral hosts. The analysis of the tomato and whitefly capacity to degrade
the six proteins encoded by the TYLCV genome demonstrated the highest proteo-
lytic activity in the fractions containing soluble proteins, less — in large protein
aggregates; a significant decrease of TYLCV proteolysis was detected in the
intermediate-sized aggregates. We suggested that TYLCV could confront host
degradation by sheltering in small/midsized aggregates, where viral proteins are
less exposed to proteolysis, and, indeed, TYLCV protein aggregation has been
revealed in both host organisms (Gorovits et al. 2016).
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Fig. 10.2 In vivo immunodetection of TYLCV proteins in the infected host tissues. (a)
Visualization under the fluorescence microscope of the six TYLCV proteins in cross sections of
midribs of infected tomato leaves using primary antibodies and a Cy3-labeled secondary antibody
(appear as red). Nuclei DAPI stained appear as blue, viral proteins localized in nuclei appear as
pink. Full white arrows point to small and midsized aggregates; empty white arrows points to large
aggregates. Bar: 100 pm. (b) Immunostaining of TYLCV CP and V2 in viruliferous B. tabaci
midguts. Preimmune serum (prelm) was used in control staining. Viral proteins were labeled by
Cy3 and appear as red; nuclei DAPI stained appear as blue. Viral proteins localized in nuclei
appear as pink. Bar: 100 pm
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The appearance of large, particularly, nuclear CP/V2-aggregates, was a feature
of a successful TYLCYV invasion in plants, while the prolonged maintenance of mid-
sized aggregates was detected in TYLCV resistant tomatoes and was considered as
part of the plant defense responses to virus stress. At the beginning of infection in
resistant plants, viral proteins are captured in intermediate-sized aggregates, slow-
ing down the formation of new virions until the plant has grown enough to sustain
the deleterious effects of the virus. Moreover, TYLCV genomic dsDNA replicative
form together with CP-DNA complexes and infectious particles were found in large
nuclear aggregates, which pointed to their similarity to VFs in mammalian cells
(Moshe and Gorovits 2012; Gorovits et al. 2013a; Moshe et al. 2015a).

Plant virus aggregation is much less known than aggregation of mammalian
viruses, even though cylindrical inclusions induced by the potyvirus Tobacco etch
virus (Edwardson 1966), and crystalline arrays caused by TMV (Willison 1976),
were described decades ago. Another typical characteristic of plant virus invasion
known for a long time is the alteration of the morphology of host organelles and
membranes, caused for example by Cowpea chlorotic mottle virus (Kim 1977) and
Cymbidium ringspot virus (Russo et al. 1983). In some instances, tubules containing
virus-like particles were identified in or near the cell walls of infected cells (by
Cowpea mosaic virus, for example (van der Scheer and Groenewegen 1971). Virus-
induced membrane structures, mostly shown for plant RNA viruses, house the RNA
replication complex and were compared with VFs in infected mammalian cells
(Vogel et al. 2007; Netherton and Wileman 2011), even though plant cells lack
MTOC, the main VFs’ component. Studies in plant virology emphasize the absolute
requirement for the formation of virus inclusions, VFs or viroplasms for the suc-
cessful virus multiplication (reviewed in Laliberte and Sanfacon 2010).

10.2.2 Interaction Between Cellular HSPs and TYLCV
Proteins

10.2.2.1 Co-localization of Host HSP70 and TYLCV CP

TYLCYV does not induce the expression of HSPs in plant tissues, while transcrip-
tome analysis using a whitefly cDNA microarray showed that hsp70 was slightly
upregulated during the ingestion of TYLCV (Gétz et al. 2012). Oppositely, during
prolonged TYLCYV infection, the accumulation of viral DNA and CP was accompa-
nied by a progressive decrease in the amounts of several plant chaperones such as
HSP60, members of HSP70 family and HSP90 (Gorovits et al. 2007; Gorovits and
Czosnek 2007; Moshe et al. 2012). The spatial distribution of HSP70 and viral CP
and their possible co-localization in tomatoes and whiteflies was investigated by
immunological detection of both proteins with a fluorescent microscopy. In plants,
HSP70 and CP co-localized in aggregates of increasing size, first in the cytoplasm
then in the nucleus of infected leaves and stems (Gorovits et al. 2013b) (Fig. 10.3a).
At the late infection (49 dpi), CP and HSP70 co-localized in aggregates of
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Fig. 10.3 Co-localization of CP and HSP70 (HSP90) in cytoplasm and nucleus of infected tomato
cells at 28 and 49 dpi. (a): Leaf: cross-section through the midrib (P, phloem; LB, leaf blade).
Stem: cross section between true leaves 2 and 3 (IP and EP, internal and external phloem; PI, pith).
Fluorescent microscopy using primary anti-CP antisera and Cy3-labeled secondary antibody, pri-
mary anti-HSP70 antisera and Cy2-labeled secondary antibody; nuclei were DAPI stained. L4 and
L4n: leaves 4 weeks after the onset of infection, without and with nuclei stain, respectively; L7 and
L7n: same but 7 weeks after the onset of infection. S4 and S4n: stems 4 weeks after the onset of
infection, without and with nuclei stain, respectively; S7 and S7n: same but 7 weeks after the onset
of infection. Viral CP appears as red, cellular HSP70 as green, nuclei as blue; CP in nuclei appears
as violet, HSP70 in nuclei as light blue; CP co-localizing with HSP70 appears as yellow, CP co-
localizing with HSP70 in nuclei — as pink. Bar: 50 pm, except for S4 and S4n, 100 pm. (b): In leaf
cross-section TYLCV CP appears as red, cellular HSP90 as green, nuclei as blue; CP in nuclei
appears as violet, HSP70 in nuclei as light blue; CP co-localizing with HSP90 appears as yellow,
CP co-localizing with HSP90 in nuclei — as pink
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increasing sizes in cytoplasm and nucleus. Most of the large aggregates/inclusion
bodies contained both proteins. HSP70 did not appear in large aggregates/inclusion
bodies in non-infected tomatoes (Gorovits et al. 2013b). HSP70-CP co-localization
was visualized in aggregated states in whitefly midgut (Ghanim and Czosnek 2016).
The immuno-histological images demonstrated the double staining of CP and
HSP70 in infected tomato leaves and in midguts of viruliferous whiteflies, more-
over, co-localization happened in various aggregates.

The potential co-localization of viral CP with HSP90 was investigated in TYLCV
infected tomato leaf tissue. Figure 10.3b demonstrates the fluorescent immuno-
detections of HSP90 (green color) and CP (red color), the two proteins co-localized
in cytoplasmic (yellow color) and in nuclear (pink or light pink) aggregates, while
nuclei were stained with DAPI. In non-infected tomatoes, HSP90 was not detected
in large aggregates (Moshe et al. 2015b). Hence, HSP70 and HSP90 co-localized
with viral CP in cytoplasmic aggregates and, later, in large nuclear aggregates, oper-
ating as VFs.

10.2.2.2 Complexes Between HSPs and TYLCYV Proteins

The possible interaction between CP and HSP70 was tested by co-
immunoprecipitation (Co-IP). CP-HSP70 complexes were pulled-down using anti-
CP and anti-HSP70 antibodies and identified using anti-HSP70 and anti-CP,
respectively (Fig. 10.4). That in vitro assay was used to detect potential interaction
of viral CP with HSP70 in plant and insect protein extracts. The results showed that
TYLCV CP formed complexes with cellular HSP70 in the tissues analyzed.
Co-immunoprecipitation assay revealed interaction between plant HSP90 and CP in
nuclear, but not cytoplasmic protein fractions (not shown), the complexes between
B. tabaci HSP90 and viral proteins have not been investigated yet.
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Fig. 10.4 Co-immunoprecipitations of cellular HSP70 with viral CP and vice versa in tomato tis-
sues and B. tabaci. Co-immunoprecipitation of HSP70 with anti-TYLCV CP specific antibody and
TYLCYV CP with anti-HSP70 specific antibody in leaf, stem and whitefly (WF) protein extracts.
The direct immunodetection was designed as “crude”
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Fig. 10.5 Distribution of plant HSP70 and HSP90 following sedimentation on 10-50 % sucrose
gradients of native proteins extracted from TYLCYV infected tomato leaves

10.2.2.3 TYLCY Infection Causes the Re-localization of PQC Elements
in Host Cells

HSP70 and HSP90 were not found in aggregates in uninfected tomatoes. Indeed,
western blot analysis of proteins, separated by centrifugation in sucrose gradient,
demonstrated the presence of HSP70 and HSP90 in fraction (N10) containing large
aggregates/inclusion bodies only in TYLCV infected plants (Fig. 10.5). The “con-
version” of HSP70 and HSP90 from soluble into insoluble states was found not
only in leaf tissue, but also in sap of infected tomatoes and in viruliferous whiteflies
(not shown).

It is important to note, that in the gradients containing large protein aggregates
(9—10th) were detected such PQC markers as ubiquitin, regulatory subunit of 26S
proteasome (Gorovits et al. 2014) and ATGS8 (Gorovits et al. 2016), one of the key
autophagy proteins. In fractions 9—10 of gradients of whitefly separated proteins,
26S proteasome was present, while ATG8 was not immunodetected. Proteolytic
activity against all the six TYLCV proteins was present in large aggregates.
Moreover, in vivo treatments of detached tomato leaves by MG132 (26S protea-
some inhibitor) and by wortmannin (autophagy inhibitor)/rapamycin (autophagy
inducer) caused changes in CP and V2 aggregation patterns, confirming the involve-
ment of these degradation mechanisms in the TYLCV life cycle during plant
infection. All the six TYLCV proteins restored their abundances at various extents
in the presence of MG132 or wortmannin, confirming the involvement of 26S pro-
teasome and autophagy in begomovirus proteolysis (Gorovits et al. 2016). The pres-
ence of PQC elements, including key chaperones, together with the proteolytic
activity appearance in large aggregates proved the suggestion that these aggregates
could be TYLCV factories, comparable with those of animal DNA viruses
(Netherton et al. 2007; Netherton and Wileman 2011, 2013).

To confirm the association of TYLCV-induced aggregation with PQC, we
addressed the question of whether V2 aggregates could be degraded by the 26S
proteasome. TYLCV V2 fused to the fluorescent GFP protein was examined in
tomato and in N. benthamiana epidermal cells as cytoplasmic aggregates of differ-
ent sizes throughout the cell (Fig. 10.6). The V2:GFP fluorescent aggregates resem-
bled the V2 aggregates seen in tomato inoculated with viruliferous whiteflies
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Fig. 10.6 Inhibition of the 26S proteasome results in the formation of large aggregates; disruption
of microtubules or of actin filaments inhibits the delivery of V2 to the proteasome. (a): N. ben-
thamiana epidermal cells expressing V2:GFP in untreated (1) and MG132 treated (2) leaf; DAPI
stained nuclei appear as blue; V2:GFP appears as green. (b) and (¢): N. benthamiana epidermal
cells expressing V2:GFP in MG132 (proteasome inhibitor) and latB (latrunculin B is a toxin that
inhibits the polymerization of actin microfilaments) (B), and in MG132 and oryzalin (oryzalin is a
herbicide known to depolymerize microtubules) (C) treated leaves. DAPI stained nuclei appear as
blue; V2:GFP appears as green. Bar: 100 pm

(Moshe et al. 2015a), suggesting that V2:GFP expression in N. benthamiana is suit-
able for the analysis of V2 aggregation. V2 aggregates were associated with the
cytoskeleton; furthermore, intact actin filaments and microtubules are needed to
deliver V2 to the 26S proteasome for degradation (Fig. 10.6). Hence, the cytoskel-
eton, which was shown to be important PQC element in aggresome and VFs
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development (Wileman 2006, 2007), was required for the formation of TYLCV
aggregates and their subsequent degradation via 26S proteasome.

Based on the results obtained in both TYLCV-infected plants and viruliferous
whiteflies, we suggest that in TYLCV aggregation and consequently, in viral mobi-
lization, movement, accumulation and degradation the key chaperones (HSP70 and
HSP90) play a major role together with the other PQC components, such as ubiqui-
tin, 26S proteasome and autophagy proteins, and cytoskeleton elements. TYLCV-
induced reorganization of host PQC is a complicated multilevel process, which has
just been started to be investigated.

10.3 Downregulation of HSP70 and HSP90 Expression/
Activity Differently Affect TYLCV Accumulation
in Tomatoes

Relying on the similar virus-dependent recruitment of both chaperones in large
aggregates/VFs, promoting viral successful invasion, we suggested a role of HSP70
and HSP90 in TYLCV multiplication. Tomato HSP70 expression was inactivated
by quercetin, a bioflavonoid known to inhibit HSP70 transcription in plant cells
(Wang et al. 2009). Decreased HSP70 amounts were accompanied by reduced
amounts of nuclear CP aggregates and re-localization of the GFP-CP fusion from
the nucleus to the cytoplasm (Fig. 10.7). HSP70 inactivation resulted in a decrease
of TYLCV DNA levels, demonstrating the role of HSP70 in TYLCV multiplication
in planta (Gorovits et al. 2013b). Reduced nuclear CP transportation could be one
of the consequences in HSP70 pattern shifts.

In contrast to HSP70, inhibition of HSP90 activity by geldanamycin (GDA) did
not affect the subcellular localization of CP in tomato and tobacco cells; hence,
HSPI0 is not required for nuclear transportation of TYLCV CP. Silencing of HSP90
and SGT1, encoding the integrative protein SGT1 of HSP90 complexes, positively
affected TYLCV accumulation during prolonged infection. HSP90 inactivation also
led to the impaired degradation of V2 through the 26S proteasome machinery
(Moshe et al. 2015a). Altogether, inhibition of HSP70 and HSP90 had opposite
effects on TYLCV. While HSP70 impairment reduced TYLCV propagation, GDA-
treated and HSP90 silenced tomatoes showed the inactivation of the ubiquitin—pro-
teasome system, followed by increased viral CP/DNA levels.

Interesting, membrane feeding of whiteflies with anti-HSP70 antibodies and
TYLCV virions induced an increase in TYLCV transmission, suggesting that
HSP70 inhibits virus transmission (G6tz et al. 2012), a role that might be related to
protection against begomoviruses deleterious effects in the whitefly (Rubinstein and
Czosnek 1997). However, binding of TYLCV CP with another chaperone, a GroEL
homologue produced by B. tabaci endosymbionts, was shown to protect the virus
from degradation in the haemolymph (Morin et al. 1999). In contrast, other GroEL
proteins produced by secondary endosymbionts in both B and Q biotypes did not
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Fig. 10.7 Changes affecting TYLCV and HSP70 in plants treated with quercetin. (a) Western blot
analysis of leaf cytoplasmic and nuclear proteins from 28 dpi tomatoes before and after quercetin
treatment (400 pM for 4 days). (b) Tomato leaflets at 28 dpi were incubated for 4 days with 400
pM quercetin, TYLCV DNA amounts were estimated by qPCR analysis. (¢) N. benthamiana epi-
dermal cells transiently expressing GFP-CP following infiltration with quercetin (800 pM) or
DMSO (control). Bar: 100 pm

interact with the TYLCV CP, indicating that the secondary endosymbionts play a
minor role, if at all, in TYLCV transmission (Gottlieb et al. 2010). It will be inter-
esting to find how HSP70 or HSP90 inactivation in the infected plants interferes
with B. tabaci acquisition of virions.

10.4 TYLCYV Infection Interferes with Plant Stress Response
Through Modifications in the Availability of HSPs

The combination of extreme temperature and viral infection occurs quite often in
the field in many tropical regions, impairing crop productivity. It is well known that
increasing temperatures facilitate pathogen spread in major food crops (Scharf et al.
2012). Temperature was identified as the dominant abiotic factor directly affecting
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Fig. 10.8 Influence of TYLCYV infection on the pattern of HSP90 and HSP70 upon heat shock and
recovery. Infected and uninfected tomato leaves were incubated at room temperature (control), and
at 42-43°C for 2 h (heat shock), followed by 2 h recovery at room temperature (recovery). Extracts
of native proteins were subjected to ultracentrifugation on sucrose gradients, which were subse-
quently divided in ten fractions; aliquots were analyzed by western blots with anti-HSP90 and
HSP70 antibodies

herbivorous insects by changing their development, survival, range and abundance
(Luck et al. 2011). Many abiotic stresses were shown to weaken the defense mecha-
nisms of plants and enhance their susceptibility to pathogen infection (Bale et al.
2002; Atkinson and Urwin 2012). How does TYLCYV infection influence plant heat
stress response?

10.4.1 Combined Heat and Viral Stresses Induce the Efficient
Aggregation of the Cellular Chaperones HSP70
and HSP90

TYLCV-dependent conversion of HSP70 and HSP90 from soluble into aggregated
state is a highlight of the current review. Does heat shock together with TYLCV
infection influence the degree of aggregation of these chaperones? The results of the
ultracentrifugation through sucrose gradients showed that in extracts of heat shock
treated leaves were observed increased amounts of HSPs and their appearance in
large aggregates (Fig. 10.8). Recovery from heat shock to normal temperature led to
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the restoration of initial chaperone patterns in uninfected tomatoes. By comparison,
in TYLCV-infected leaves that recovered from heat shock, significant amounts of
aggregated HSPs remained in large aggregates (sucrose gradient fraction 10), after
recovery, there is more HSPs in fraction 10 of infected plants than before heat shock
(Fig. 10.8). These results showed that TYLCV enhances heat shock-induced protein
aggregation. These aggregates contained viral CP together with at least two cellular
chaperones. Restoration of initial chaperone patterns during recovery was impaired
in viral infected plants.

10.4.2 TYLCV Downregulates Heat Stress Response
in Infected Plants

Capturing of HSP70/HSP90 in TYLCV-induced aggregates is assumed to result in
decrease of the pool of free chaperones, which triggers the transcription of HSP
encoding genes under the control of heat stress transcription factors. Indeed,
TYLCV infection downregulates the heat stress response of plants grown at high
temperatures (Fig. 10.9). The transcription levels of heat stress transcription factors
HsfA2, HsfB1 and HSF regulated genes, such as Hsp17, Apx1, Apx2, HSP90, were
at the lowest levels at 14 dpi, when TYLCYV is actively accumulated, while some
release of suppression was observed later during infection (49 dpi). Special interest
aroused during the recovery period, when tomato leaf samples were returned to
room temperature (23-25 °C) after heat shock. HsfA2, HsfB1, Hspl7, Apx1, Apx2,
HSP90 genes were still less expressed in leaves of infected than in uninfected toma-
toes (Fig. 10.9). Decreased amounts of HSFA2 coincided with a significant reduc-
tion in the expression of several heat-inducible genes, as demonstrated for Hsp17,
Apxl1/2.

Begomoviruses are long-lived viruses, which need a healthy host environment
for prolonged time. To ensure a successful infection cycle, geminiviruses must
restrain their destructive effect on the host cells and prevent drastic plant responses,
heat stress response, for example (Anfoka et al. 2016). TYLCV infection not only
was incapable to cause hypersensitive response/cell death (HR/CD) in tomatoes, but
on the contrary, suppressed CD, induced by the other factors (Gorovits and Czosnek
2007; Moshe et al. 2015b). CD suppression was associated with a downregulation
of protein degradation.

10.5 Conclusion

TYLCV stress does not induce HSP70/HSP90 expression, but causes their shift
from soluble proteins into aggregates. During the development of plant infection,
HSP70 and HSP90 aggregates re-localize from the cytoplasm to the nucleus in the
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cells associated with the vascular system. In the large nuclear VFs, the other PQC
elements such as ubiqutin, 26S proteasome subunits, autophagy ATGS are present
together with TYLCV proteins, mainly CP, viral DNA, DNA-protein complexes
and infectious virions. Host PQC could be used by virus for correct folding and
maintenance of multiple virus proteins to promote virions assembly. Active HSP70
and HSP90 with the complex network of co-chaperones may define the balance of
protein assembly and degradation by the ubiquitin-proteasome system in nuclear
TYLCYV factories. The co-localization of HSP70 with the major TYLCYV protein CP
was detected in aggregates in plants and in the TYLCV insect vector. CP is essential
not only as the building brick of the virion, but also for intracellular and intercellular
movement, systemic infection and transmission by the insect vector. CP specifically
interacts with HSP70 in tomato and B. tabaci. Moreover, in infected plant cells,
HSP70 has been shown to be involved in nuclear-cytoplasmic shuttling of viral
CP. Inhibition of plant HSP70 expression by quercetin caused a decrease in the
amount of nuclear CP and its re-localization from the nucleus to the cytoplasm, fol-
lowed by a decrease of TYLCV DNA levels. On the contrary, inactivation of tomato
HSP90 machinery by GDA treatment or by silencing of the HSP90 and SGT1 genes
leads to accumulation TYLCV DNA. TYLCV enrichment was suggested to be
caused by HSP90-dependent decline of 26S proteasome degradation in the infected
tomatoes. The influence of HSP70 and HSP90 activity on TYLCV acquisition by B.
tabaci is the subject of future investigation. The relations between B. tabaci,
TYLCYV and the environment are intricate (especially at increasingly high tempera-
tures). Whiteflies thrive at high temperatures and their heat tolerance may have
contributed to their success as a major insect pest to agriculture. On the other hand,
it seems that TYLCV decreases its fitness at elevated temperatures. B. tabaci HSP70
and HSP90 expression are upregulated upon the passage from 25 to 40 °C (Mahadav
et al. 2009; Diaz et al. 2015), and the fitness was increased upon exposure to heat.
Understanding the thermal tolerance of the various B. tabaci biotypes in the various
environments worldwide, and their capacity to transmit begomoviruses adds to the
complexity of developing efficient management strategies of whiteflies in the field.

TYLCV could induce a mechanism to sequester virus-induced misfolded or
modified cellular proteins in aggregates to prevent the triggering of innate antiviral
responses. For example, sequestration of certain signals may represent a mechanism
to stop the induction of cell death or the unfolded protein response pathway, conse-
quently, to prevent an activation of HSFs and their substrates, which suppress virus
successful multiplication. Indeed, low levels of cell death in TYLCYV infected toma-
toes have been shown, even more, TYLCV is able to alleviate cell death, induced by
the other stress, and stress (heat, for example) response itself.
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Chapter 11
Heat Shock Proteins and Phytochemicals: Role
in Human Health and Disease

Xinyu Wang, Srujana Rayalam, and Vishakha Bhave

Abstract The use of plants for therapeutic purpose has a long history in many
continents. However, the potential of phytochemicals, the bioactive components in
the plant, in disease prevention and treatment is recognized and supported only
recently by the scientific community. A lot of human diseases and health-related
issues are related to the disruption of redox homeostasis by various stressors encoun-
tered constantly throughout human life. As a consequence, it leads to accumulation
of abnormal proteins, inflammatory response, and oxidative stress, which are com-
mon denominators shared by many degenerative disorders. Heat shock proteins are
stress proteins known to provide cytoprotection and play important roles in protein
folding/unfolding. This chapter briefly describes recent findings in the effects of
phytochemicals on oxidative stress-involved ischemia/reperfusion injury, obesity,
and liver diseases through regulation of heat shock proteins. These phytochemicals
include caffeic acid phenethyl ester from bee glue, synthetic oleanane triterpenoid
CDDO-Im, curcumin from Indian spice turmeric, resveratrol from red grapes, nar-
ingin found in grapefruit, epigallocatechin-3-gallate from green tea, anthocyanins
from pomegranate, and flavonoids.
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Phytochemicals
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CDDO-Im  1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole

DENA diethylnitrosamine

EGCG Epigallocatechin-3-Gallate

HCC hepatocellular carcinoma

HO-1 heme oxygenase-1

HSF-1 heat shock factor 1

HSPs heat shock proteins

HUVEC human umbilical vein endothelial cells
I/R ischemia/reperfusion

Keapl Kelch-like ECH-associated protein 1
MB mallory bodies

NASH nonalcoholic steatohepatitis

NF-kB nuclear factor kappa B

Nrf2 nuclear factor, erythroid 2-like 2
PPAR-y peroxisome proliferator-activated receptor gamma
ROS reactive oxygen species

11.1 Introduction

Phytochemicals are bioactive components found in natural plants. In the Eastern
world, plants with therapeutic activities have long been utilized for disease preven-
tion and treatment. The record of using plants for therapeutic purpose can be traced
back to 2800 BC when the first manuscript of medicinal herbs was prepared by the
ancient Chinese emperor, Shen Nung (Wang et al. 2012). In the Western world, the
beneficial effects of phytochemicals from vegetables and fruits are well recognized.
The well-known saying of “an apple a day keeps the doctor away” is a good exam-
ple. Recently, more and more scientific evidence from research publications demon-
strated the therapeutic potential of phytochemicals for the treatment of various
human diseases (Arumuggam et al. 2015; Sirerol et al. 2016; Zhang et al. 2015).
Interestingly, some of these beneficial effects are found to be regulated through a
family of molecular chaperones known as heat shock proteins (HSPs) (Calabrese
et al. 2008; Maiti et al. 2014). HSPs belong to a highly conserved group of proteins
responding to various factors inducing cellular stress by preventing or reducing pro-
tein misfolding and aggregation. Here, we reviewed the effects of phytochemicals
through the regulation of HSPs on oxidative stress-involved ischemia/reperfusion
injury, obesity, and liver diseases.
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11.2 Oxidative Stress — Involved Ischemia/Reperfusion
Injury

Ischemia/reperfusion (I/R) injury is a potentially serious pathologic state involved
in a number of cardiovascular diseases including myocardial infarction and stroke.
This condition also occurs following septic or hemorrhagic shock, surgery, organ
transplantation, and traumatic injury (Carden and Granger 2000; Garcia et al. 1996;
Tapuria et al. 2008; Turer and Hill 2010). All these disorders cause great economic
loss and may lead to death not only in the civilian sector but also on the battlefield
because hemorrhage is one of the major causes of morbidity and mortality during
combat (Kauvar et al. 2006). Therefore, there is an urgent need to identify new
therapeutic strategies that ameliorate I/R injury and related disorders. Understanding
I/R injury and corresponding molecular mechanism will help achieve this goal.

Ischemia refers to the interruption of blood flow to a tissue or an organ, which
leads to the depletion of oxygen and nutrients to the constituent cells. Consequently,
it can cause cell damage and death of subsequent cells, tissue, or organ. Reperfusion
is a paradox with double-edged sword. On one side, it is required to restore oxygen
and nutrients to maintain normal cell function. On the other hand, the reintroduction
of oxygen to an ischemia area could result in further cellular and vascular injury
(Granger et al. 1986). There is a large body of information indicating oxidative
stress accompanies I/R injury (Granger et al. 1986). Oxidative stress is a condition
where the sustained intracellular production of pro-oxidants (reactive oxygen spe-
cies) exceeds the neutralizing capacity of endogenous antioxidants. During isch-
emia, hypoxanthine is accumulated by catabolizing large amount of ATP. Its normal
metabolizing enzyme xanthine dehydrogenase is converted to xanthine oxidase,
which could utilize oxygen supplied from following reperfusion to generate super-
oxide as a byproduct in the metabolism of hypoxanthine and xanthine to uric acid.
This reaction does not occur until reperfusion supplies the necessary oxygen
(Carden and Granger 2000; Granger et al. 1986). This superoxide anion serves as a
starting point to form other free radicals including hydrogen peroxide and hydroxyl
radical. Among these reactive oxygen species (ROS), hydroxyl radical is the most
reactive and toxic one produced through Fenton reaction and Haber-Weiss reaction
with the participation of ischemia-induced iron (Hess and Manson 1984). It can
cause severe cellular injury by directly targeting the DNA, protein, and lipids of
adjacent cells. The cellular damage by overproduction of ROS suggests antioxi-
dants could be beneficial to ameliorate I/R injury (Cuzzocrea et al. 2001). The event
and consequent injury by ischemia following reperfusion along with antioxidant
intervention are illustrated in Fig. 11.1.
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Fig. 11.1 Ischemia/reperfusion induced injury and antioxidant intervention

11.2.1 Antioxidant Effects of Phytochemicals: Role of Heat
Shock Proteins

Compounds with capacity to counteract free radicals are categorized into endoge-
nous and exogenous antioxidants. Endogenous antioxidant system includes both
enzymatic (superoxide dismutase, catalase, etc.) and non-enzymatic (glutathione,
ascorbic acid, etc.) components (Duthie and Crozier 2000; Uttara et al. 2009). A lot
of compounds derived from plant sources maintain antioxidant activity and exhibit
beneficial effects on oxidative stress — involved I/R injury. Epigallocatechin gallate,
a green tea polyphenol, reduces superoxide concentration significantly after isch-
emia and reperfusion in vivo, suggesting it is therapeutically potential to ameliorate
I/R injury (Buttemeyer et al. 2003). Procyanidins, a mixture of polyphenolic anti-
oxidants, reduced the sequela of myocardial I/R damage in rats by enhancing plasma
antioxidant activity (Facino et al. 1999). Polyphenolic compounds such as cur-
cumin, the intense yellow pigment found in turmeric, and resveratrol, a component
of red wine and grapes, exhibited cytoprotective effects against I/R-induced myo-
cardial impairment and blood-brain barrier disruption, possibly through their free
radicals scavenging abilities (Jiang et al. 2007; Ray et al. 1999).

Heat shock proteins belong to a highly conserved class of proteins induced by
host cells to respond to cellular stress including oxidative stress (Kalmar and
Greensmith 2009). These molecular chaperone proteins play an important role in
the maintenance of intracellular homeostasis by preventing protein aggregation,
facilitating protein folding, and correcting protein misfolding. When cells are sub-
ject to oxidative stress, it triggers an array of detrimental events including intracel-
lular redox imbalance, oxidation of vital cellular proteins, aggregation and
misfolding of proteins. As a consequence, signal pathways related to inflammation
and apoptosis are activated, eventually resulting in the dysfunction of cells and
death of cells (Kalmar and Greensmith 2009). HSPs, however, can respond and
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rescue host cells from oxidative damage at several levels. First, some HSPs such as
HSP32 or heme oxygenase-1 can serve as sensors to detect cellular redox changes
(Calabrese et al. 2004). Second, upon oxidation of intracellular components, mis-
folded proteins themselves trigger the expression of HSPs, primarily HSP70 and
HSPI0, leading to repair and clearance of damaged proteins (Abravaya et al. 1992).
In addition, as apoptosis is triggered by prolonged oxidative stress, HSPs such as
HSP27, HSP70, and HSP90 can act as anti-apoptotic proteins inhibiting the down-
stream events of apoptosis protease activating factor-1 (Apaf-1) and block release of
mitochondrial cytochrome ¢ (Kalmar and Greensmith 2009). Last but not the least,
subsequent inflammatory response following oxidative stress is ameliorated through
a negative feedback mechanism between HSP70 and inflammatory mediators
including nuclear factor kappa B (NF-kB) and cyclooxygenase-2 (Feinstein et al.
1996; Ialenti et al. 2005).

Despite increasing evidence on the beneficial effects of plant-derived therapeutic
agents for the amelioration of oxidative stress-mediated I/R injury, there is limited
information on the role of HSPs in the phytochemical-induced cytoprotective effects
against oxidative stress.

11.2.1.1 Caffeic Acid Phenethyl Ester (CAPE)

CAPE is first identified from honeybee hive product, propolis, and reported to selec-
tively inhibit the growth of tumor cells (Grunberger et al. 1988). Propolis, a natural
resinous material, is collected by bees from various plant sources to seal their hives,
reinforce the borders of their combs, and protect against the invasion of pathogenic
microorganisms. Propolis has been used as a folk medicine since ancient time in
many cultures to treat various diseases. It shows various activities including antibac-
terial, antifungal, antiviral, antioxidant, and anti-inflammation (Banskota et al.
2001). The chemical compositions and biological activities of propolis, however,
vary not only from the local flora and phenology of the host plants but from the
geographic regions and season of collection as well. CAPE is reported in relatively
high amounts in propolis from European and non-tropic Asian countries such as the
Netherlands, China, and Korea (Ahn et al. 2004; Bankova 2005; Nagaoka et al.
2003; Usia et al. 2002). A comprehensive picture of the existence and relative quan-
tity of CAPE in propolis from all over the world is reported recently (Kumazawa
et al. 2004). Among all the propolis examined from different countries, CAPE is
found most abundant in propolis from China (Kumazawa et al. 2004).

Numerous biological properties of CAPE have been reported since its discovery
from bee propolis. These activities include antitumor, antiviral, anti-inflammation,
antioxidant, and immunomodulation (Fesen et al. 1994; Huang et al. 1996;
Michaluart et al. 1999; Park et al. 2004; Son and Lewis 2002). Recently, it is shown
that CAPE is able to ameliorate I/R injury in vivo and protect various tissues and
organs such as skeletal muscle, myocardium, and kidney (Ozer et al. 2005; Ozyurt
et al. 2006; Parlakpinar et al. 2005). In order to elucidate the mechanism of CAPE
protection, cytoprotective effects of CAPE are studied using menadione-generated
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oxidative stress in human umbilical vein endothelial cells (HUVEC) to simulate I/R
injury in vivo (Wang et al. 2008). The results demonstrate cytoprotective effect of
CAPE against menadione cytotoxicity and indicate that this effect is closely regu-
lated by heme oxygenase-1 (HO-1). CAPE highly induced the expression of HO-1
and the cytoprotective effect of CAPE is abolished when the activity of HO-1 is
blocked by its pharmacological inhibitor.

HO-1 appears to play an important role in the cytoprotection of CAPE against
cellular oxidative stress. This enzyme is considered a member of HSP family
because the promoter region of ho-1 gene contains binding element for heat shock
factors, the transcriptional regulatory proteins (Syapin 2008). Interestingly, the tran-
scriptional response of HO-1 (HSP32) to heat shock is found mostly in rodent
organs such as rat brain and liver (Ewing et al. 1992; Raju and Maines 1994). The
heme metabolizing function of HO-1 is well characterized. During hemorrhage or
cell damage, large amount of heme released induces HO-1. HO-1 catalyzes the rate-
limiting step in the degradatiogn of heme to free iron, carbon monoxide, and bile
pigment biliverdin which can be further converted to bilirubin by biliverdin reduc-
tase (Ryter et al. 2006). The induction of HO-1 and consequent production of its
heme-metabolizing products is reported to ameliorate oxidative stress-involved I/R
injury (Katori et al. 2002). In addition to CAPE, HO-1, the inducible form of heme
oxygenase, is reported to be activated in various cell types by many other plant-
derived polyphenolic compounds including epigallocatechin-3-gallate (the major
active constituent of green tea), resveratrol (a stilbenoid from grapes and berries),
carnosol (a phenolic diterpene from herb rosemary), and curcumin (the yellow phe-
nolic compound from turmeric and used as Indian spice) (Juan et al. 2005; Martin
et al. 2004; Motterlini et al. 2000; Wu et al. 2006).

Many pharmacological activities of polyphenolic phytochemicals are ascribed to
their antioxidant properties to scavenge free radicals and reactive species directly.
The structure of CAPE (Fig. 11.2) maintains a 3,4 dihydroxyl configuration of the
catechol ring, which is known to deactivate and stabilize ROS. To determine whether
the cytoprotective effect of CAPE is due to induction of HO-1 or direct free radical
scavenging activity, the activity of CAPE is compared with its structurally modified
derivatives (Wang et al. 2006, 2010). Although the 3,4 adjacent hydroxyl groups on
the catechol ring are required for the antioxidant activity of CAPE and its deriva-
tives, this functional moiety did not correlate well with their cytoprotection profile.
On the other hand, all cytoprotective derivatives of CAPE were found to induce

Fig. 11.2 Structure of o
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HO-1 confirming that the induction of heat shock protein HO-1 by CAPE and its
derivatives, not their direct antioxidant activity, is the main mechanism of cytopro-
tection against oxidative stress.

11.2.1.2 1-[2-Cyano-3,12-Dioxooleana-1,9(11)-Dien-28-Oyl]Imidazole
(CDDO-Im)

CDDO-Im is the imidazole analogue of a synthesized oleanane triterpenoid,
2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO). CDDO was synthesized
due to an effort to design and develop more potent anti-inflammatory agents from
the natural triterpenoids oleanolic acid and ursolic acid (Honda et al. 1998).
Triterpenoids can be found in different plant products such as lavender, rosemary,
oregano, olives, figs, apples, and cranberries (Bishayee et al. 2011). This group of
phytochemicals, biosynthesized by cyclization of squalene, is composed of more
than 20,000 members, the largest group of natural products in plants (Liby et al.
2007). Triterpenoids have long been used in many Asian countries because of their
multifunctional activities including anti-inflammation, antioxidant, hepato-
protection, cardio-tonicity, antimicrobial, and antiviral (Liu 1995).

A recent study demonstrated that CDDO-Im is a more potent inducer of HO-1
both in cell culture and animal models than its parental CDDO (Liby et al. 2005).
Induction of this cytoprotective enzyme was linked to a signaling pathway mediated
by a transcription factor, nuclear factor, erythroid 2-like 2 (Nrf2). This transcription
factor governs the expression of an array of cytoprotective and detoxifying genes
coding for phase 2 enzymes (Dinkova-Kostova et al. 2001). When stimuli are not
present, Nrf2 is associated with Kelch-like ECH-associated protein 1 (Keapl) to
form a complex inactivating Nrf2 in the cytoplasmic area of cells. Upon activation,
Nrf2 is released from the Nrf2-Keapl complex and translocated into the nucleus,
where it binds to the antioxidant response element (ARE) and triggers the up-
regulation of phase 2 genes. The structure of CDDO-Im (Fig. 11.3) provides evi-
dence for the activation of the Keapl-Nrf2-ARE pathway. The a, p-unsaturated
carbonyl groups on rings A and C of CDDO-Im structure enable the reaction of
Michael addition with nucleophilic thiol group on Keapl, therefore dissociating
Keap1-Nrf2 complex and releasing N1f2 for nuclear translocation (Dinkova-Kostova
et al. 2005).

Fig. 11.3 Structure of
CDDO-Im
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In a continuing effort to identify novel therapeutic agents to ameliorate oxidative
stress, cytoprotective effects of CDDO-Im were compared to CAPE (Wang et al. 2014),
and found that CDDO-Im at nM level protects HUVEC from menadione-induced
oxidative stress even more potent than CAPE at mM level. To explore molecular
mechanism of this cytoprotection, microarray analysis is conducted to establish
global gene expression profiles in HUVEC when treated with CDDO-Im and CAPE
at optimal cytoprotective doses, respectively. The results of microarray analysis
identified common genes altered by both compounds, which may suggest a com-
mon mechanism of cytoprotection. One of these genes encodes HO-1, the cytopro-
tective enzymes playing important role for CAPE cytoprotection. Interestingly,
CDDO-Im is found to be a much more potent inducer of HO-1 than CAPE at both
transcriptional and translational levels, which may partially account for its stronger
cytoprotection than CAPE. Noticeably, CDDO-Im also highly upregulated other
HSP genes including HSPATA/HSPAIB and HSPAG6 to a greater extent than
CAPE. In addition to identify and compare expression of individual genes, Ingenuity
Pathway Analysis was used to explore the involvement of transcriptional networks,
intracellular functions, and signaling pathways. Based on the list of common genes
shared by both compounds, network and functional analysis found that most rele-
vant network and top regulatory functions are related to cellular growth and prolif-
eration, cellular development, and cell death and survival. Pathway analysis of
individual lists of genes significantly altered by CDDO-Im and CAPE identified one
highly affected canonical pathway, the Nrf2-mediated oxidative stress response.
This pathway regulates the expression of genes particularly involved in drug metab-
olism and transport, oxidant signaling and antioxidant defense, which represents a
detoxification strategy that cells utilize in response to stimuli from oxidants, electro-
philes, and toxicants (Ma 2013). In comparison to CAPE, this pathway appears to
be activated by CDDO-Im at a higher level as evidenced by the upregulation of
more genes involved in this pathway to a great extent.

The mechanisms of CAPE and CDDO-Im induced cytoprotection is therefore
related to the induction of HO-1, a member of heat shock proteins and phase 2
detoxification system, which is mediated by Keapl-Nrf2-ARE pathway. These
novel effects of CDDO-Im on the upregulation of the molecular chaperone HSP
family may contribute to its potent cytoprotection against oxidative stress. The
induction of HSPs including HO-1 may serve as biomarkers for the identification
and development of potential anti-oxidative stress agents from natural sources. The
involvement of HSPs and phytochemicals in ischemia/reperfusion injury is still
largely unknown. More research efforts are needed to unravel the role of HSPs
altered by phytochemicals in the treatment of oxidative stress related disease states.

11.3 Obesity and Related Disorders

Obesity is a global public health crisis affecting over one third of population in the
U.S. and about 13 % of the population worldwide. Obesity is a complex disease and
increases the risk for other health conditions like cardiovascular disease, type 2
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diabetes and stroke to name a few. The economic impact of obesity associated costs
in the U.S account for $215 billion annually indicating the severity of the problem
(Hammond and Levine 2010). In spite of these staggering numbers, there has been
no major progress in the development of successful anti-obesity medications.
Currently available FDA approved anti-obesity drugs work by either decreasing
appetite or by blocking absorption of fat in the intestines and are associated with
potential side effects limiting the usefulness of these drugs (Hanefeld and Sachse
2002; Loke et al. 2002). Thus phytochemicals emerge as an alternative safer
approach to address the problem of obesity and related disorders.

11.3.1 Heat Shock Proteins in Obesity and Related Disorders

Obesity is associated with chronic low grade inflammation and altered stress
response especially in peripheral tissues like adipose tissue, muscle and liver. Since
HSPs are induced in response to stressful conditions like metabolic stress to protect
cells, activation of these proteins ameliorates obesity and complications associated
with this disease (Sharma et al. 2011). While activation of HSPs protect cells against
inflammation and oxidative stress contributing to anti-obesity effects (Morimoto
1993), decreased expression of HSPs impairs the heat shock response which corre-
lates well with the development of insulin resistance (Kurucz et al. 2002). In fact,
induction of heat shock proteins provides versatile protection in diabetic patients
from vascular complications and majority of these protective effects are mediated
through the suppression of NF-kB, a key mediator of the endothelial inflammation
(De Martin et al. 2000). Recent studies indicate that enhanced expression of HSP70
protected against obesity-induced insulin resistance in both rodents and humans and
rodent models of obesity (Chung et al. 2008). Interestingly, increased expression of
HSP70 was also shown to influence the ageing process in round worms and although
the extent to which HSPs can boost longevity in mammals is unclear, caloric restric-
tion has been shown to up-regulate HSP induction (Ehrenfried et al. 1996). In con-
trast, blocking of certain HSPs like HSP90 inhibits adipocyte differentiation
indicating the dual regulatory effects of HSPs on adipogenesis.

11.3.2 Role of HSPs in Phytochemical-Induced Anti-obesity
Effects

Phytochemicals have gained a lot of public and scientific interest in the past two
decades for their beneficial effects on decreasing adiposity and up-regulation of
energy expenditure. Although several mechanisms of action have been ascribed to
the anti-obesity effects mediated by phytochemicals, the underlying theme for
phytochemical-induced anti-obesity effects revolve around inflammation. Since
obesity is considered a low-grade systemic inflammatory disease, anti-inflammatory
phytochemicals proved to be effective in ameliorating problems associated with
obesity.
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11.3.2.1 Curcumin

Curcumin is one of the most widely studied phytochemical for its anti-inflammatory
effects. It is derived from turmeric, a spice, very popular in Asia. The major anti-
inflammatory effects of curcumin are mediated via the down-regulation of tumor
necrosis factor — alpha (TNF-a) and NF-kB. In adipocytes, curcumin suppressed
differentiation and inhibited adipogenesis (Ejaz et al. 2009) and this is accompanied
by the inhibition of stress kinase c-Jun NH2 terminal kinase signaling (Aggarwal
2010). In vivo, curcumin significantly improved obesity-associated inflammation
and diabetes in diet induced obese mouse model (Weisberg et al. 2008). Anti-
inflammatory effects of curcumin are associated with the translocated heat shock
factor 1 (HSF-1) into nucleus followed by increased HSP70 expression (Dunsmore
et al. 2001). HSF-1 also plays a critical role in HSP90 (Chen et al. 2013; Park and
Liu 2001) expression, which in turn increases the expression of peroxisome
proliferator-activated receptor gamma (PPAR-y), a key transcription factor in the
regulation of adipocyte differentiation (Desarzens et al. 2014). Recently, HSP90 has
been proposed as a potential therapeutic target for obesity. Although HSP90 inhibi-
tory effects of curcumin in adipocytes are not investigated, evidence for these effects
in other cell types (Li et al. 2014) indicate a possibility for the anti-obesity effects
of curcumin mediated through the inhibition of HSP90. HSPs -72 and -25 on the
other hand render cytoprotective effects and evidence from human and rodent stud-
ies indicate that decreased HSP72 correlates with the degree of insulin-resistance in
type -2 diabetic patients (Bruce et al. 2003; Gupte et al. 2008). Interestingly, cur-
cumin is a strong inducer of HSP72 and HSP25 in response to stress under both
in vivo and in vitro conditions (Kato et al. 1998; Lundvig et al. 2015) and these
effects may in part contribute to the beneficial effects of curcumin on insulin resis-
tance in vivo.

11.3.2.2 Resveratrol

Known to be produced initially as a phytoalexin in the skin of red grapes in response
to infection or injury, resveratrol has come a long way in its anti-inflammatory, anti-
cancer, anti-aging and anti-obesity effects. Resveratrol is an inducer of hear shock
response and increases transcription and translation of HSP70 in a HSF-1 depen-
dent manner (Putics et al. 2008). In a recent study, positive correlation was reported
between decreased HSF-1 levels in the adipose tissue of obese patients and the
impairment of HSP70. In addition, attenuated anti-inflammatory HSP70 pathway in
obese patients contributed to the progression of non-alcoholic fatty liver disease
(Di Naso et al. 2015). Furthermore, resveratrol is a sirtuin and AMP-activated
protein kinase activator and when coupled with its reciprocal effects on HSF-1 and
NF-kB activation, resveratrol emerges as a candidate compound for increasing
longevity (Baur and Sinclair 2006).
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11.3.2.3 Naringin

As a bioflavonoid found in grapefruit and oranges, naringin is well studied for its
anti-oxidant and anti-diabetic effects. Administration of naringin to high fat fed
streptozoticin induced diabetic rats resulted in a multitude of beneficial effects
including amelioration of insulin resistance, dyslipidemia and prevention of kidney
damage (Sharma et al. 2011). These effects are attributed to the upregulation of
PPAR-y and HSP72 and HSP27 by naringenin in these animals. As mentioned ear-
lier, HSP72 protects against obesity — induced insulin resistance and there exists a
negative correlation between HSP72 expression and the degree of insulin resistance
(Chung et al. 2008). Further, dietary supplementation with naringin attenuated
hyperglycemia-induced oxidative stress, reduced inflammatory status, improved
glucose intolerance and the structure and function of the heart and liver without
decreasing total body weight (Alam et al. 2013; Mahmoud et al. 2012). In myocar-
dial ischemia-reperfusion injury model in rats, naringin significantly reduced infarct
size and these cardioprotective effects of are attributed to the increase in HSP70 and
HSP27 levels together with suppression of inflammatory pathways and oxidative
stress (Rani et al. 2013). Hesperidin, another citrus flavonoid, exhibits similar
effects on the activation of HSP70 and 27 contributing to the attenuation of
hyperglycemia-mediated oxidative stress in diabetic rodent models (Mahmoud
et al. 2012).

11.3.2.4 Epigallocatechin-3-Gallate

Popularly known as green tea, Epigallocatechin-3-Gallate (EGCG), has received
enormous attention lately for its anti-cancer effects. Anti-obesity effects of EGCG
are mediated through its effects on mitogen activated kinase family. EGCG
decreased both adipocyte size and number in vitro and in rodent models, EGCG
reduced serum triglycerides and cholesterol, increased energy expenditure as well
as reducing body weight (Moon et al. 2007). Human intervention studies indicated
that consumption of 25 % EGCG for 3 months reduced body weight and waist cir-
cumference in obese patients (Moon et al. 2007). Recently, EGCG has been identi-
fied as a novel HSP90 inhibitor and given that HSP90 inhibition deceases adipocyte
differentiation, it is possible that anti-obesity effects of EGCG are partly mediated
through this mechanism (Yin et al. 2009).

While it is interesting to note that anti-inflammatory and protective effects of
anti-obesity phytochemicals like curcumin (Kato et al. 1998), withaferin A (Grogan
et al. 2013), resveratrol (Putics et al. 2008) and naringin (Rani et al. 2013) are
associated with the upregulation of HSPs like 72, 70 and 27, other anti-obesity
phytochemicals like EGCG (Moses et al. 2015) inhibit the induction of HSPs
like HSP90.
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11.4 Liver Health and Disease

HSPs are ubiquitous and highly conserved molecules that are induced under condi-
tions of physiological stress. They act as defense mechanisms against various envi-
ronmental stresses (Morimoto 1993). Over the past few decades, HSPs have been
both therapeutic targets as well as therapeutic agents. They play a role in processes
like liver repair, resolution of inflammation, and well as liver regeneration. On the
other hand, some HSPs have also been implicated in liver disease. Some disease
states implicating HSPs are hepatocellular carcinoma, alcoholic steatohepatitis
(ASH), fluoride-induced hepatotoxicity, and experimental liver injury induced by
experimental chemical carbon tetrachloride (CCly). Moreover, some HSPs have
gained value as diagnostic/prognostic markers for certain liver diseases. The follow-
ing section discusses the role of some HSPs as therapeutic agents and others as
therapeutic targets. We have also discussed some phytochemicals that have shown
to be beneficial in some of these disease states via modulation of HSPs.

11.4.1 Role of HSPs in Liver Repair and Regeneration

HSPs have been shown to play an important role in liver regeneration. Among these
are HSPs 27, 60, 70, and 90 (Shi et al. 2007). Early phase of successful liver regen-
eration requires the presence of HSP70 to induce TNF-a (Wolf et al. 2014). Heat
shock pretreatment reduces acute liver injury and accelerates liver repair in mice (Li
et al. 2013). HSP27 has been shown to be downregulated in ballooning hepatocytes
in nonalcoholic steatohepatitis (NASH) patients (Sookoian et al. 2016). Since
HSP27 protects cells against cell death (Fulda et al. 2010), ballooned hepatocytes
that lack HSP27 induction fail to mount a robust physiological response to meta-
bolic induced stress (Sookoian et al. 2016). HSP70 has also been shown to aid in
liver recovery from I/R injury (Boeri et al. 2003).

11.4.2 Role of HSPs in Liver Disease

Many HSPs have been found to be overexpressed in various liver diseases. Mallory
bodies (MBs) are aggresomes, composed of cytokeratin and various other proteins,
which form in diseased liver because of disruption in the ubiquitin-proteasome pro-
tein degradation pathway. Heat shock proteins are thought to be involved in this
process because it was discovered that MB formation is induced by heat shock in
drug-primed mice. Liver biopsy sections stained with HSPs 70 and 90 showed
increased expression in all liver diseases investigated including primary biliary cir-
rhosis, NASH, Hepatitis B and C, idiopathic cirrhosis, ASH, and hepatocellular
carcinoma (HCC) (Riley et al. 2003). While more studies are required to elucidate
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the role of overexpressed HSPs in the pathology of liver diseases, some studies
outlined below have attempted to investigate this.

Chemoprevention can be defined as an emerging strategy to prevent, reduce,
slow, or reverse the occurrence and progression of cancer by the administration of
one or more naturally occurring or synthetic compounds (Bishayee et al. 2010;
Castrellon and Gluck 2008; Jordan 2007; Sporn and Suh 2000). The following sec-
tion discusses some plant-derived phytochemicals and their role in liver disease.

11.4.2.1 HSPs in hepatocellular carcinoma (HCC)

HCC is one of the most prevalent life threatening malignancies representing the
majority of primary liver cancers (Center and Jemal 2011). The United states has
reported more than 70 % increase in the incidence of HCC in the past 25 years
(El-Serag 2004). Unresolved inflammation and chronic oxidative stress have been
identified as the two major drivers of HCC progression (Kawanishi et al. 2006;
Marra et al. 2011). Two major contributors of HCC development and tumor pro-
gression include HSP70 and HSP90 (Jolly and Morimoto 2000; Joo et al. 2005).
Induction of HSP70 has been shown to promote the proliferation of tumor cells
(Jolly and Morimoto 2000; Joo et al. 2005; Mosser and Morimoto 2004). HSP-90
has been shown to regulate expression and function of various hepatocarcinogeni