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    Chapter 2   
 Drought Stress Memory and Drought Stress 
Tolerance in Plants: Biochemical 
and Molecular Basis                     

       Xiangnan     Li     and     Fulai     Liu    

2.1           Introduction 

  Global warming   will not only affect air temperature but also infl uence the amount 
and distribution of precipitation possibly leading to more frequent drought spells in 
the future (Wang et al.  2014a ). Drought is one of the major threats to plants, as water 
defi cit affects the plant–water relations at all levels from molecular, cellular, and 
organ to the whole plant (Li et al.  2014a ; Muscolo et al.  2015 ). Drought depresses 
plant growth and development, which results in the production of smaller organs, 
and hampered fl ower production and grain fi lling. Following drought, stomata close 
progressively with a parallel decline in net photosynthesis and water-use effi ciency 
(Farooq et al.  2009a ,  b ).    Stomatal conductance is controlled not only by soil water 
condition, but by a complex interaction of intrinsic and extrinsic factors (Liu et al. 
 2006 ). Depending on the availability of soil moisture, activities of the enzymes of 
carbon assimilation and the enzymes involved in adenosine triphosphate synthesis 
are decreased (Farooq et al.  2009a ,  b ). One of the major factors responsible for 
impaired plant growth and productivity under drought stress is the production of 
reactive oxygen species in organelles including chloroplasts, mitochondria, and 
peroxisomes (Farooq et al.  2009a ,  b ; Wei et al.  2015 ). The overproduction of reac-
tive oxygen species (ROS) results in the peroxidation of cellular membrane lipids 
and degradation of enzyme proteins and nucleic acids (Li et al.  2013 ). 

 A number of  physiological and biochemical processes   at molecular, tissue, 
organ, and whole-plant levels are involved in drought tolerance mechanism. 
For instance, the plant water loss is reduced by increasing stomatal resistance, and 
the water uptake is increased by developing large and deep root systems (Liu et al. 
 2006 ). Among plant growth substances, salicylic acid, melatonin and abscisic acid 
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were reported to play an important role in drought tolerance. Scavenging of reactive 
oxygen species by enzymatic and nonenzymatic systems, cell membrane stability, 
and expression of stress proteins are also vital mechanisms of drought tolerance 
(Farooq et al.  2009a ,  b ). Drought stress effects can be managed by production of 
most appropriate plant genotypes, seed priming, plant growth regulators, use of 
osmoprotectants, and some other strategies.  

2.2     Priming, Stress Memory, and Drought Tolerance 

 The increased climatic variability and more frequent episodes of extreme conditions 
also result in plants being exposed to not only one single drought event but also 
multiple abiotic stresses at different periods. Although the  abiotic stresses   occurring 
at different stages result in a higher risk of injury, earlier stress events may prime the 
plant to protect it against later stresses. A large body of evidence has shown that a 
previous exposure to different types of stress can affect the subsequent responses 
and eventually prepare the plants to more quickly or actively respond to future 
stresses (Ramírez et al.  2015 ; Walter et al.  2011 ; Li et al.  2014a ). The trigger for 
stress tolerance (the early moderate stress event) is referred  to   “priming.” Priming 
has been known as a potential way to enhance the stress tolerance of plant (Bruce 
et al.  2007 ), which is related to stress memory. Stress memory involves multiple 
modifi cations at physiological, proteomic, transcriptional levels and epigenetic 
mechanisms in plants (Kinoshita and Seki  2014 ), which can occur in any periods of 
the life cycle, including seed germination, vegetative growth, and reproductive 
growth (Ramírez et al.  2015 ; Munné-Bosch and Alegre  2013 ). Recently, many stud-
ies have focused on exploring the mechanisms of the  priming effects   and stress 
memory in the formation of drought tolerance in different plant species (Ramírez 
et al.  2015 ; Walter et al.  2011 ; Wang et al.  2014c ,  2015 ; Shukla et al.  2015 ; Li et al. 
 2015b ). In this chapter, we summarized recent advancements in physiological, bio-
chemical and molecular and cellular research related to drought tolerance formation 
in plants. The mechanisms of drought stress memory and the possible priming- 
induced cross-tolerance to other abiotic stresses are discussed. 

2.2.1     Seed Priming 

 Seed  priming is   different from plant priming, although both could result in increased 
stress tolerance.    As stated above, priming is a process where a fi rst exposure to a 
moderate stress enables plants to be more tolerant to subsequent stress events 
(Conrath  2011 ). Seed priming is pre-sowing partial hydration of seeds without 
allowing radicle emergence to improve germination rate and stress tolerance of ger-
minating seeds, and even to improve the seedling establishment. A hypothetical 
model has been proposed to illustrating the cellular physiology of priming-induced 
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stress tolerance, which involves two strategies (Chen and Arora  2012 ). First, seed 
priming sets in motion activities involved in seed germination, such as respiration, 
endosperm weakening and seed reserve (starch) degradation, which facilitate the 
transition of quiescent dry seeds into germinating state and increase the germination 
potential (Chen and Arora  2012 ; Li et al.  2013 ). Second, imposing abiotic stress to 
germinating seeds to stimulate stress responses (e.g., activation of ROS scavenging 
systems and accumulation of stress response proteins), hence inducing cross- 
tolerance (Chen and Arora  2012 ). 

 Various priming  methods,   including hydropriming, osmopriming, chemical 
priming,    hormonal priming, biological priming, redox priming, and solid matrix 
priming, have been reported to improve seed germination under osmotic stress and 
promote the drought tolerance in seedlings (Jisha et al.  2012 ) (Table  2.1 ).    
Hydropriming signifi cantly increases the root and shoot length compared with 
seedlings obtained from non-primed seeds in drought condition (Kaur et al.  2002 ). 
   In addition, hydropriming has been used as an easy seed invigoration treatment for 
maize inbred lines under salinity and drought stress (Janmohammadi et al.  2008 ). 
Also, osmopriming with PEG can improve the germination of  Bromus  seeds under 
drought (Tavili et al.  2011 ). Comparing to hydropriming, priming with PEG has a 
better effect on seed germination and seedling growth under drought (Yuan-Yuan 
et al.  2010 ). In  Agropyron elongatum , osmopriming with gibberellin (GA) and 
abscisic acid (ABA) increased CAT and SOD activities, and enhanced the drought 
tolerance, in relation to unprimed seeds (Eisvand et al.  2010 ). In addition, seed 
priming with triazoles affects turf grass growth and response to drought 
(Shahrokhi et al.  2011 ).

   Table 2.1     Various   seed priming  methods   adopted for developing drought tolerance in plants   

 Plant species  Priming methods  References 

  Cicer arietinum   Hydropriming  Kaur et al. ( 2002 ) 
  Cicer arietinum   Osmopriming with mannitol  Elkoca et al. ( 2007 ) 
  Saccharum 
offi cinarum  

 Halopriming with NaCl  Pandita et al. ( 2010 ) 

  Oryza sativa   Hydropriming, Osmopriming with KNO 3   Basra et al. ( 2005 ) 
  Oryza sativa   Osmopriming with KCl and CaCl 2   Farooq et al. ( 2010 ) 
  Oryza sativa   Osmopriming with PEG  Yuan-Yuan et al. ( 2010 ) 
  Spinacea oleracea   Osmopriming with PEG  Chen and Arora ( 2011 ) 
  Spinacea oleracea      Osmopriming  Chen et al. ( 2013 ) 
  Lesquerella fendleri   Osmopriming with PEG  Windauer et al. ( 2007 ) 
  Zea mays  and 
 Spinacea oleracea  

 Osmopriming with PEG  Chen et al. ( 2012 ) 

  Zea mays   Ascorbic Acid, Salicylic Acid, and 
Hydrogen  Peroxide   

 Ahmad et al. ( 2015 ) 

  Triticum aestivum   Hydropriming  Meena et al. ( 2014 ) 
  Triticum aestivum   Chemical priming (KH 2 PO 4 , H 2 O 2 , NO)  Giri and Schillinger ( 2003 ) 
 Bromus  Osmopriming with PEG  Tavili et al. ( 2011 ) 
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2.2.2        Plant Acclimation to Drought 

  Plant priming,   which differs from seed priming, is a process that an earlier exposure 
to biotic stress enhances plants’ tolerance to later abiotic or biotic insult (Chen and 
Arora  2012 ; Bruce et al.  2007 ). The similar process, with abiotic stress as the fi rst 
exposure instead of biotic stress, is considered as acclimation  or   hardening (Chen 
et al.  2012 ; Bruce et al.  2007 ). However, in some studies, the earlier exposure to 
abiotic stress that favors the tolerance to later stress is also called plant priming 
(Li et al.  2014a ,  2015b ; Wang et al.  2014b ,  c ). Plant priming induces stress memory, 
which is mediated by protein, transcription factors and the modifi cations in  epi-
genetics  , and this process is always accompanied by compromised plant growth 
(Chinnusamy and Zhu  2009 ; Chen and Arora  2012 ). The plants can acclimate to the 
drought event by modifi cations at morphological, metabolic, subcellular, proteomic 
and transcriptional levels, and even changes in microRNA expression. 

2.2.2.1     Stomatal Regulation and Drought Acclimation 

 Morphological changes are consequence of a wide spectrum of physiological and 
molecular programs evolved to acclimate to drought conditions (Valdes et al.  2013 ). 
   The morphological acclimation strategy usually includes smaller leaf area to 
decrease the transpiration and larger root system to enhance the water uptake capac-
ity, and both are related to water-use effi ciency (WUE). Some studies reported that 
WUE increases at moderate drought when water consumption dropped while pho-
tosynthetic rate remained high, that is, moderate drought often results in higher 
WUE (Varga et al.  2015 ; Peuke et al.  2006 ). It has also been documented that water 
supplies well below the optimum level led to a reduction in WUE as a consequence 
of stress effects, while above-optimum water supplies would result in the opposite 
tendency (Varga et al.  2013 ). Most recently, Varga et al. ( 2015 ) suggested that WUE 
decreased in some cultivars even in response to water defi cit stress during early 
growth stages, while it dropped signifi cantly when water was withheld at heading or 
grain fi lling except in the case of early maturing cultivars in wheat. 

 Stomatal regulation is one of the key mechanisms allowing plants to optimize CO 2  
assimilation versus evaporative water loss (Tombesi et al.  2015 ). The stomatal density 
(SD) has been closely related to WUE and drought tolerance (Hepworth et al.  2015 ). 
Modifi cation of SD in response to drought is contingent on the severity of drought, 
which varies among plant species (Hamanishi et al.  2012 ). For instance, drought 
decreased the stomatal numbers in wheat (Quarrie and Jones  1977 ),  Squash cotyle-
dons  (Sakurai et al.  1986 ), and  Phytolacca dioica  (Silva et al.  2009 ). However, 
increased stomatal density was observed in grass with moderate drought stress (Xu 
and Zhou  2008 ). Plants with lower SD have signifi cantly reduced levels of transpira-
tion, and were able to grow continuously under drought condition (Doheny- Adams 
et al.  2012 ). The plants with reduced SD were also found to have signifi cantly higher 
WUE (Franks et al.  2015 ). With  Arabidopsis thaliana  plant lines which have stomatal 
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densities ranging from c. 50 to 250 % of normal levels, Hepworth et al. ( 2015 ) found 
that plants with less than half of their normal complement of stomata, and correspond-
ingly reduced levels of transpiration, conserve soil moisture and are able to avoid 
drought stress but show little or no reduction in shoot nitrogen concentrations espe-
cially when water availability is restricted. By contrast, plants with over twice the 
normal density of stomata have a greater capacity for nitrogen uptake, except when 
water supply is limited (Hepworth et al.  2015 ). However, the stomatal development in 
response to drought is complicated and infl uenced by the expressions of many genes, 
such as  STOMAGEN ,  ERECTA  ( ER ),  STOMATA DENSITY AND DISTRIBUTION 1  
( SDD1 ),  and FAMA  (Hamanishi et al.  2012 ).    More factors are probably involved in 
this process (Hamanishi et al.  2012 ); further exploration of these players in the stoma-
tal development pathway would provide an increased insight into the long-term mod-
ulation of stomatal morphology in response to drought stress.  

2.2.2.2     Metabolic Responses and Drought Tolerance 

 Plants reprogramming their  metabolic pathways   to acclimate to drought stress could 
result in changes in the upstream production and downstream utilization of metabo-
lites (Baerenfaller et al.  2012 ; Suseela et al.  2015 ). Recent extensive and elegant 
metabolomics approaches have revealed that stressed plants invest in the production 
of important metabolites such as amino acids, organic acids, phenolic acids, poly-
amines, and lipids that partially mitigate stress by acting as osmoregulators, antioxi-
dants, and defense compounds (Rivas-Ubach et al.  2012 ). Drought stress can also 
alter the content and composition of leaf proteins leading to changes in the propor-
tion of structural and soluble proteins (Suseela et al.  2015 ). In oat ( Avena sativa  L.), 
the key processes involved in drought tolerance have been defi ned by metabolomic 
approach (Sanchez-Martin et al.  2015 ). During a time course of increasing water 
defi cit, metabolites from leaf samples were profi led using direct infusion- 
electrospray mass spectroscopy (DI-ESI-MS) and high-performance liquid chroma-
tography (HPLC) ESI-MS/MS and the data were analyzed using principal 
component analysis (PCA) and discriminant function analysis (DFA). The involve-
ment of metabolite pathways was confi rmed through targeted assays of key metabo-
lites and physiological experiments in oat (Sanchez-Martin et al.  2015 ). This 
metabolomics experiment highlights a drought tolerance mechanism based  on   salic-
ylate signaling pathways and the changes in carbon, antioxidant, and photooxida-
tive metabolism. To identify the metabolic traits related to drought tolerance, a 
metabolomics and phenotypic study with four contrasting lentil accessions was car-
ried out during germination and early growth stages (Muscolo et al.  2015 ). It was 
found that metabolic differences in the stress tolerance of the different genotypes 
were related to a reduction in the levels of tricarboxylic acid (TCA) cycle intermedi-
ates. In addition, ornithine and asparagine were identifi ed as drought stress-specifi c 
metabolite indicators. In wheat, some metabolic parameters were also identifi ed as 
good indicators of drought stress tolerance, such as the total protein content, 
glutamine synthetase (GS) enzyme activities, and the presence of GS isoforms. 
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 Recently, the  1 H Nuclear magnetic resonance (NMR) spectroscopy is applied 
to monitor and quantify the degree of metabolic impact induced by drought, since 
NMR can bring high-throughput spectroscopic/structural information on a wide 
range of metabolites simultaneously with high analytical precision. The main 
advantage is that it can avoid biases against various classes of compounds 
(Silvente et al.  2012 ).    The metabolic profi les in two soybean genotypes under 
short-term drought stress demonstrate critical differences in physiological 
responses between the genotypes. Metabolic changes in response to drought stress 
highlight the pools of metabolites that play key roles in the adjustment of metabo-
lism and physiology of the soybean genotypes to response to drought stress 
(Silvente et al.  2012 ).  

2.2.2.3     Photosynthetic Adaptation to Drought 

 The increased rate  of   photorespiration in plant that is observed during the onset of 
drought stress can be seen as an acclimation process to avoid an over-excitation of 
PSII under more severe drought conditions (Massacci et al.  2008 ). In cotton, photo-
synthetic electron transport is promoted during the onset of drought stress due to a 
higher effi ciency of the open PSII reaction centers (Massacci et al.  2008 ). The addi-
tional energy is used to increase the rate of photorespiration while photosynthesis is 
kept constant or slightly decreases (Massacci et al.  2008 ). Chlorophyll fl uorescence 
measurement has been proven as an effi cient and reproducible tool for evaluating 
plant susceptibility index to drought (Su et al.  2015 ; Mishra et al.  2012 ). It can be 
used in selection of drought-tolerant cultivar and comparison of photosynthetic 
electron transport among cultivars with contrasting drought tolerance. The experi-
ment with different wheat cultivars released in different years documented that the 
modern and intermediate cultivars had more sensitive stomata to water shortage, but 
the decreased activity of the PSII reaction center helped avoid damage from photo-
inhibition in these cultivars (Guan et al.  2015 ). 

  Chlororespiration   is a respiratory electron transport chain in the thylakoid mem-
brane of chloroplasts, which interacts with photosynthetic electron transport,    
involving both the non-photochemical reduction and plastoquinones oxidation with 
the corresponding consumption of oxygen (Ibáñez et al.  2010 ). It was found that the 
chlororespiration and the cyclic electron pathways play important roles in the toler-
ance to drought, and the different adaptive mechanisms to drought stress were indi-
cated in sun and shade plants. In addition, the nitrate nutrition-induced chloroplast 
downsizing also signifi cantly affects the mesophyll conductance and photosynthesis 
of rice in response to drought stress (Li et al.  2012 ). Recently, the proteomic and 
enzymatic studies documented that the main regulatory mechanisms for high 
drought tolerance of apple plants include the maintaining of Calvin cycle function 
by increasing key enzymes and stabilization of photosynthetic electron transfer, 
thus enhance net photosynthesis rate (Zhou et al.  2015 ). In addition, the response of 
signal regulatory proteins and abiotic stress-responsive proteins to drought also 
helps plants to cope with drought stress.  
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2.2.2.4     Mitochondrial Acclimation to Drought 

 One of the important  factors   determining the effect of water stress on plant productiv-
ity is its impact on mitochondrial respiration in different organs. Although specifi c 
rates of respiration are typically lower than the rate of net photosynthesis, the respira-
tions by roots and shoots play key roles in determining the carbon balance and 
productivity of plants (Atkin and Macherel  2009 ). Of the CO 2  fi xed each day by net 
photosynthesis in well-watered plants, 30–70 % is released back into atmosphere by 
the respiration of plants (Atkin et al.  2006 ; Loveys et al.  2002 ), and 50–70 % of 
whole-plant respiration occurs in the leaves (Atkin et al.  2007 ). The maintenance of 
mitochondrial respiration can also play several positive roles in helping plants grow 
and survive, both in normal and water-stress conditions (Atkin and Macherel  2009 ). 
Atkin and Macherel ( 2009 ) summarized that mitochondria and chloroplasts are 
closely connected by metabolic and signaling  networks,   and that, in intact leaves, 
photosynthesis depends to a large extent on mitochondrial functions. This reliance on 
mitochondria has the potential to be further enhanced under water- stress conditions. 
The mitochondria show a high fl exibility in electron transfer and energy dissipation, 
which is very important for optimizing the energy balance in plants under drought 
stress. Alternative oxidase (AOX) constitutes a non-energy conserving branch of the 
mitochondrial electron transport chain. AOX activity may be important to avoid reac-
tive oxygen species (ROS) generation by the chain under water stress (Wang and 
Vanlerberghe  2013 ).    A study compared leaf  AOX1a  transcript and AOX protein 
amounts in wild-type (WT)  Nicotiana tabacum  plants experiencing mild to severe 
drought, and found mild to moderate drought resulted in a progressive and modest 
increase in AOX amount, accompanied by a progressive increased expression of dif-
ferent ROS-scavenging components (Wang and Vanlerberghe  2013 ). Under these 
conditions, transgenic plants with suppressed AOX amount, due to an RNA interfer-
ence construct, were not compromised in their ability to manage ROS load and pre-
vent cellular damage. Under severe drought condition, plants lacking AOX suffered 
more cellular damage than did WT and, at the most severe stage, were found to down-
regulate rather than upregulate the transcript level of several important ROS-
scavenging components (Wang and Vanlerberghe  2013 ). In addition, WT plants could 
still recover rapidly after rewatering, but the recoverability of AOX knockdown plants 
was strongly compromised. However, a priority for future studies should be to clarify 
the ability of AOX affecting the functions of mitochondrion under drought stress.  

2.2.2.5     Proteomic Acclimation to Drought 

 High-throughput  methods   have facilitated the identifying key regulatory processes, 
genes, and proteins that provide a theoretical basis for breeding drought-tolerant 
plant varieties. Proteomics has proven to be a good tool to explore biochemical path-
ways and the complex response mechanism of plants to drought stress (Zhou et al. 
 2015 ). The proteomic study with a drought-tolerant apple ( Malus domestica  Borkh) 
cultivar suggested that the main regulatory mechanisms for high WUE under 
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moderate drought stress included the maintaining of Calvin cycle function by 
increasing the activity of key enzymes, stabilizing photosynthetic electron transfer, 
and keeping reactive oxygen species at normal level by regulating the photosynthetic 
electron transfer chain, photorespiration and ROS scavenging capability, thus pre-
venting photoinhibition, reducing ROS production, and enhancing net photosynthe-
sis rate. In addition, studies have indicated that some of the signal regulatory proteins 
and abiotic stress-responsive proteins also help plants to cope with drought stress 
(Zhou et al.  2015 ). Our recent fi nding showed that prior mild drought priming con-
tributed to the homeostasis of oxidative metabolism and relatively better photosyn-
thesis, and modifi cation of oxidative stress defense, C metabolism and photosynthesis 
related proteins, hence to less grain yield loss caused by later spring low temperature 
stress (Fig.  2.1 ) (Li et al.  2014c ).

   Drought-inducible  proteins   are divided into two main groups: abiotic stress toler-
ance proteins including chaperones, detoxifi cation enzymes, and mRNA-binding pro-
teins; and regulatory proteins such as protein kinases, protein phosphatases, or other 
signal-related proteins (Ashoub et al.  2013 ). Different plant organs (e.g., root, stem, 
and leaf) contain different drought-inducible proteins and show distinct responses to 
drought (Hao et al.  2015 ). Differentially expressed proteins (DEPs) in roots, interme-
diate sections between roots and leaves (ISRL), and leaves in wheat showed signifi -
cant changes in expression in response to drought stress and recovery. Numerous 
DEPs associated with cell defense and detoxifi cations were signifi cantly regulated in 
roots and ISRLs, while in leaves, DEPs related to photosynthesis showed signifi cant 
changes in expression. Expression of six Heat shock proteins (HSPs) potentially 
related to drought tolerance was signifi cantly upregulated under drought conditions, 
and these proteins were involved in a complex protein–protein interaction network 
(Hao et al.  2015 ). Also, in wheat, proteomic analysis showed an increased abundance 
of proteins related to defense and oxidative stress responses such as GLPs, GST, and 
SOD, and those related to protein processing such as small HSPs in roots of both 
genotypes in response to drought stress (Faghani et al.  2014 ). In common bean, the 
majority of identifi ed proteins in response to drought stress are classifi ed into func-
tional categories that include energy metabolism, photosynthesis, ATP interconver-
sion, protein synthesis and proteolysis, stress and defense related proteins (Zadraznik 

  Fig. 2.1    Global presentation on response of winter wheat to the combination of freeze and water 
stress (drought and waterlogging).    The numbers in parentheses indicate the protein spots in Table  2.2 . 
The up- and downregulation of pathways in different stress treatments as compared with the CC were 
indicated by  red  and  blue triangles , respectively.  APX  ascorbate peroxidase,  AsA  Ascorbic acid, 
 ATPase  ATP synthase,  CAT  catalase,  CYS  cysteine,  CYSase  cysteine synthase,  Cyt b   6   f  cytochrome, 
 DHA  dehydroascorbate,  DHAR  monodehydroascorbate reductase,  Fd  ferredoxin,  FNR  ferredoxin-
NADP+ reductase,  Glc - 6 - P  Glucose-6-phosphate,  GPX  glutathione peroxidase,  GR  glutathione 
reductase,  GSH  glutathione,  GSSG  oxidized glutathione,  G-3-PD  glyceraldehyde- 3- phosphate dehy-
drogenase,  MDA  monodehydroascorbate,  MDH  malate dehydrogenase,  PC  plas1tocyanin,  PEP  
phosphoenolpyruvate,  PEPC  phosphoenolpyruvate carboxylase,  P-GY  3-phosphoglycerate,  PQ  
plastoquinone,  P   680   and  P   700   PSII and PSI reaction center pigments,  Q  A  and  Q  B , PSII primary and 
secondary plastoquinone electron acceptors,  RB  Ribulose bisphosphate,  RET  respiratory electron 
transport,  R-1, 5 BCA  ribulose-1,5-bisphosphate carboxylase activase,  SAM  S-adenosyl- 
L-methionine,  SAMase  S-adenosyl- L-methionine synthesis,  SOD  superoxide dismutase,  Suc  
sucrose,  Triose - P  Triosephosphate,  UDP - Glc  Uridine diphosphate glucose,   1   O   2   singlet oxygen       
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et al.  2013 ). In addition to providing new information on the response to water depri-
vation, the proteomic study offers opportunities to pursue the breeding of wheat with 
enhanced drought tolerance using identifi ed candidate genetic markers (Hajheidari 
et al.  2007 ). The proteomic studies also provide the basic insight needed to further 
investigate the molecular regulatory mechanism of drought tolerance.  

2.2.2.6     Transcriptional  Acclimation   to Drought 

 Technological innovations over the past decades have made it possible to measure 
changes in gene expression (transcript levels) on genome-wide scales (Zhang et al. 
 2014 ; Udvardi et al.  2007 ; Urano et al.  2010 ). This enables an unprecedented over-
view of the global molecular changes occurring under drought stress. There are many 
published reports on transcriptomic variation induced by drought treatments in a 
variety of plant species (Zhang et al.  2014 ). In  Medicago , the plants were subjected 
to a progressive drought stress over 14 days by withholding of water followed by 
rewatering to expose the plant to mild, moderate, and severe drought stress before 
rehydration. Transcriptome analysis of roots and shoots from control, mildly,    moder-
ately and severely stressed, and rewatered plants, identifi ed many thousands of genes 
that were altered in expression in response to drought. Many genes with expression 
tightly coupled to the plant water potential (i.e., drought intensity), including eight 
NACs, eight MYBs, six AP2/EREBPs, six bZIPs, fi ve HDs, four bHLHs, and other 
TFs, were identifi ed suggesting their involvement in  Medicago  drought adaptation 
responses (Zhang et al.  2014 ). In chickpea, an oligonucleotide microarray was used 
for analyzing the transcriptomic profi les of unigenes in leaf and root under drought 
stress (Wang et al.  2012a ), revealing that 4815 differentially expressed unigenes 
were either ≥2-fold up- or ≤0.5-fold downregulated in at least one of the fi ve time 
points during drought stress. 2623 and 3969 unigenes were time-dependent differen-
tially expressed in root and leaf, respectively. In this study, 110 pathways in two tis-
sues were found to respond to drought stress. Compared to the control, 88 and 52 
unigenes were expressed only in drought-stressed root and leaf, respectively, while 
nine unigenes were expressed in both the tissues (Wang et al.  2012a ). Transcriptome 
analyses using transgenic Arabidopsis and soybean plants showed that the down-
stream genes of GmDREB1B;1 included numerous soybean-specifi c stress-induc-
ible genes that encode an ABA receptor family protein, GmPYL21, and 
translation-related genes, such as ribosomal proteins, indicating that soybean 
DREB1/CBF-type transcription factors function in drought stress-responsive gene 
expression (Kidokoro et al.  2015 ). Recently, many genes and transcription factors 
were identifi ed as key players for conferring ABA sensitivity and drought tolerance. 
In wheat, it was reported that an R2R3 MYB transcription factor, TaPIMP1, mediates 
drought stresses through regulation of defense- and stress-related genes (Zhang et al. 
 2012 ). In  Arabidopsis thaliana , overexpression of  FTL1 / DDF1 , an AP2 transcription 
factor, enhances tolerance to drought stresses (Kang et al.  2011 ). In rice, OsbZIP23 
is documented as a major player of the bZIP family in rice for conferring ABA-
dependent drought and salinity tolerance and has high potential usefulness in genetic 
improvement of stress tolerance (Xiang et al.  2008 ).  

X. Li and F. Liu



27

2.2.2.7     microRNAs Involved in Drought Tolerance 

 MicroRNAs (miRNAs)  are   an extensive class of endogenous, small RNA molecules 
that sit at the heart of regulating gene expression in multiple developmental  and   
signaling pathways (Zhang  2015 ). Recent studies have shown that drought induces 
aberrant expression of many miRNAs, thus suggesting that miRNAs may be a new 
target for genetically improving plant tolerance to drought stresses (Table  2.2 ). 
miRNA expression response to drought stress is genotype-dependent. For instance, 
the expression of miR168 and miR396 was induced in  Arabidopsis  (Liu et al.  2008 ) 
and tobacco (Frazier et al.  2011 ), but was inhibited in rice by drought treatment 
(Zhou et al.  2010 ). However, some species-specifi c miRNAs are found in response 
to drought. In switchgrass, 17 drought-specifi c miRNAs were identifi ed, of which 
four were conserved and 13 were switchgrass-specifi c miRNAs (Xie et al.  2014 ). In 
addition, novel species-specifi c miRNAs (hvu-miRX33, hvu-miRX34, and hvu- 
miRNA35) were found in barley induced by drought stress (Hackenberg et al. 
 2015 ). To identify genome-wide drought-responsive miRNAs in root and leaf, four 
small RNA libraries from both control and drought treated leaf and root samples 
were constructed and the small RNA populations were thoroughly sequenced 
(Eldem et al.  2012 ). The authors reported that drought signifi cantly induced the 
aberrant expression of 263 and 368 miRNAs in leaf and root tissues, respectively. In 
cotton, it was also found that the expression changes of miRNAs are dose- and 
tissue- dependent under drought stress (Wang et al.  2013a ).

   Among these drought-responsive miRNAs, miR169 is one of the largest miRNA 
families that is conserved in all plant species (Zhang  2015 ). In  Arabidopsis , miR169 
can be inhibited by drought stress, and the drought-repressed miR169 expression 
was through an ABA-dependent pathway (Li et al.  2008 ). The target of miR169, 
nuclear factor Y (NF-Y) subunit A 5 (NFYA5), was strongly induced by drought 
stress when miR169 was inhibited (Li et al.  2008 ). Constitutive overexpression of 
miR169 in transgenic tomato signifi cantly enhanced plant tolerance to drought 
stress after 7 days of drought treatment (Zhang et al.  2011 ). Under drought stress, 
non-transgenic wild-type tomato plants showed clear dehydration symptoms, while 
the transgenic plants that overexpressed miR169 grew very well. Thus, miR169 
should be a promising target for improving plant tolerance to drought stress.  

    Table 2.2    A list of studies on the roles of  miRNAs   in plant tolerance to environmental stresses   

 miRNAs  Plant species  Environmental stress  References 

 169  Solanum lycopersicum  Drought  Zhang et al. ( 2011 ) 
 169  Arabidopsis     Drought  Li et al. ( 2008 ) 
 319  Agrostis capillaris  Salinity and drought  Zhou et al. ( 2013 ) 
 394  Arabidopsis  Drought  Ni et al.  2012 ) 
 395  Arabidopsis  Salinity and drought  Kim et al. ( 2010b ) 
 396  Arabidopsis  Salinity and drought  Gao et al. ( 2010 ) 
 398  Arabidopsis  Salinity and drought  Zhou et al. ( 2007 ) 
 402  Arabidopsis  Salinity, drought, and cold  Kim et al. ( 2010a ) 
 168 and 528  Zea mays  Drought  Wei et al. ( 2009 ) 
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2.2.2.8      Hormonal Regulation   

   Abscisic Acid 

 It has long been recognized that the production  of   abscisic acid (ABA) in drying 
roots and its transport to the leaves play a key role in regulating plant water status 
during drought (Zhang and Davies  1990 ). In addition,    ABA was found to be a domi-
nant player in mediating the adaptation of the plant to other abiotic stresses, includ-
ing drought and low temperature, by improving oxygen scavenging effi ciency, 
increasing sugar accumulation and upregulating the expression of key enzymes 
(Jiang and Zhang  2001 ; Liu et al.  2013 ). In wheat, the involvement of ABA in 
drought (Ali et al.  1998 ) and low temperature stress (Lalk and Dörfl ing  1985 ) adap-
tation has been reported.    Exogenous application of abscisic acid (ABA) signifi -
cantly increased the tolerance of wheat seedlings suffering from 5 days of 15 % 
polyethylene glycol (PEG)-stimulated drought stress, as exemplifi ed by increased 
shoot lengths and shoot and root dry weights, and decreased contents of hydrogen 
peroxide (H 2 O 2 ) and malondialdehyde (MDA) (Wei et al.  2015 ). Under drought 
stress, ABA signifi cantly increased contents of Glutathione (GSH) and ascorbate 
(ASA) in both leaves and roots. ABA temporally regulated the transcript levels of 
genes encoding ASA–GSH cycle enzymes. Moreover, these genes exhibited differ-
ential expression patterns between the root and leaf organs of ABA-treated wheat 
seedlings during drought stress. In wheat, the exogenous ABA application during 
grain fi lling stage decreased seed weight and slightly reduced seed set and seed num-
ber per spike; however, the seedlings from seeds of ABA-treated plants performed 
better under temperature stress, which is related to higher endogenous ABA level, 
and increased activities of the antioxidant enzymes (Li et al.  2014b ), which can be 
expected to enhance drought tolerance as well (Fig.  2.2 ).

   Partial root-zone drying (PRD) is a water-saving irrigation strategy, which 
involves irrigating only part of the root zone, leaving the other part to dry to a pre-
determined level before the next irrigation (Wang et al.  2012b ; Plauborg et al.  2010 ; 
Liu et al.  2005a ,  2006 ). PRD allows the induction of the ABA-based root-to-shoot 
 chemical   signaling system to regulate growth and water use and thereby increase 
WUE (Jacobsen et al.  2009 ; Liu et al.  2005b ; Plauborg et al.  2010 ). Our results 
indicated that at mild soil water defi cits, stomatal conductance of potato was con-
trolled by root-originated ABA (Topbjerg et al.  2015 ; Sun et al.  2014 ,  2015 ; Liu 
et al.  2015 ; Kaminski et al.  2015 ).    As a consequence of photosynthesis rate being 
less sensitive than stomatal conductance to soil water defi cit, photosynthetic water- 
use effi ciency was improved under mild soil water defi cits (Liu et al.  2005b ).    ABA- 
based drought stress chemical  signaling play  s a key role in regulating crop vegetative 
and reproductive development and crop drought adaptation (reviewed by Liu et al. 
 2005b ). Increased concentrations of ABA in the root induced by soil drying may 
maintain root growth and increase root hydraulic conductivity; both lead to an 
increase in water uptake and thereby postpone the development of water defi cit in 
the shoot (Liu et al.  2005a ). Root ABA is also transported in the xylem to the shoot 
and is perceived at the acting sites, where it causes stomatal closure and reduced 
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leaf expansion, thereby preventing dehydration of leaf tissues and enhancing the 
chance for survival under prolonged drought (Liu et al.  2005a ). ABA-based chemical 
signaling can be amplifi ed by several factors, particularly increased pH in the xylem/
apoplast, which retains anionic ABA (Liu et al.  2004 ,  2005a ). Such an increase in 
xylem pH detected in fi eld-grown maize might have been brought about by reduced 
nitrate uptake by plants during soil drying (Wang et al.  2012c ,  d ). However, more 
attention should be paid to the network of ABA signaling of plants in response to 
drought stress.  

   Salicylic Acid 

 An early accumulation  of   salicylic acid ( SA)   affects stomatal opening, photorespi-
ration, and antioxidant defenses before any detectable change in the relative water 
content (Sanchez-Martin et al.  2015 ). These changes are likely to maintain plant 
water status, with any photo-inhibitory effect being counteracted by an effi cient 
antioxidant capacity, thereby representing an integrated mechanism of drought 
tolerance in oats (Sanchez-Martin et al.  2015 ). It was also documented that 
 SIZ1 - mediated endogenous SA accumulation plays an important role in stomatal 

  Fig. 2.2    Schematic representation of temperature and water stress tolerance in offspring induced 
by  ABA   during grain fi lling stage in wheat       
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closure and drought tolerance (Miura et al.  2013 ). In this study, the  siz1  mutation 
showed drought tolerance, while  nahG siz1  decreased the tolerance to drought 
stress. Drought stress also induced expression of SA-responsive genes, such as  PR1  
and  PR2  (Miura et al.  2013 ). Furthermore, other SA-accumulating mutants,  cpr5  
and  acd6 , exhibited stomatal closure and drought tolerance, and  nahG  suppressed 
the phenotypes  cpr5  and  acd6 , as did  siz1  and  nahG siz1  (Miura et al.  2013 ). 

 Treatment with 0.5 mM  SA   signifi cantly alleviated growth inhibition induced by 
drought in wheat seedlings, manifested by less decreased plant biomass, root length, 
and less increased lipid peroxidation (Kang et al.  2013 ). In addition,    SA signifi -
cantly increased the content of ASA and GSH under drought stress.    Analysis of 
protein expression patterns revealed that proteins associated with signal transduc-
tion, stress defense, photosynthesis, carbohydrate metabolism, protein metabolism, 
and energy production could be involved in SA-induced drought tolerance in wheat 
seedlings (Kang et al.  2012 ).  

    Melatonin   

 Melatonin ( N -acetyl-5-methoxytryptamine)    is a potent, naturally occurring antioxi-
dant that effectively scavenges both ROS and reactive nitrogen species (RNS) in 
animals and plants (Zhang et al.  2015 ; Manchester et al.  2015 ; Arnao and Hernandez- 
Ruiz  2015 ). Melatonin pretreatment signifi cantly increases the drought tolerance of 
both drought-tolerant  Malus prunifolia  and drought-sensitive  M. hupehensis  plants. 
Melatonin application results in better water conservation in leaves, less electrolyte 
leakage, steady chlorophyll contents, and greater photosynthetic performance under 
stress conditions (Li et al.  2015a ). In addition, melatonin selectively downregulates 
 MdNCED3 , an ABA synthesis gene, and upregulates its catabolic genes, 
 MdCYP707A1  and  MdCYP707A2 , thereby reducing ABA contents in drought- 
stressed plants. Melatonin also directly scavenges H 2 O 2  and enhances the activities 
of antioxidant enzymes to detoxify H 2 O 2  indirectly (Li et al.  2015a ). 

   N -acetylserotonin- O -methyltransferase (ASMT)   is a specifi c enzyme required for 
melatonin synthesis (Lee et al.  2015 ). An ASMT gene was cloned from apple root-
stock ( Malus zumi  Mats) and designated as  MzASMT1  (KJ123721). The  MzASMT1  
expression in apple leaves can be induced by drought stress. Melatonin levels in 
 MzASMT1  transgenic  Arabidopsis  plants were 2–4 times higher than those in the 
wild type.    The transgenic  Arabidopsis  plants had signifi cantly lower intrinsic ROS 
than the wild type and therefore these plants exhibited greater tolerance to drought 
stress than that of wild type (Zuo et al.  2014 ).    When melatonin was added to soils 
under drought conditions,    the resultant oxidative stress was eased and leaf senes-
cence was delayed (Wang et al.  2013b ). Transgenic Micro-Tom tomato plants over-
expressing the homologous ovine arylalkylamine N-acetyltransferase (AANAT) and 
hydroxyindole-O-methyltransferase (HIOMT) genes display loss of apical domi-
nance and enhanced drought tolerance (Wang et al.  2014a ).    The melatonin applica-
tion signifi cantly reduces chlorophyll degradation and suppresses the upregulation 
of senescence-associated gene 12 ( SAG12 ) and pheophorbide a oxygenase ( PAO ). 
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It also alleviates the inhibition of photosynthesis brought on by drought stress 
(Wang et al.  2013b ). In order to better understand the roles of this molecule in 
induction of drought tolerance, further investigations are needed.  

   Nitric  Oxide   

 Nitric oxide (NO), a key signaling molecule, is involved in mediation of drought 
stress-induced physiological responses in  plants   (Fig.  2.3 ). In marigold ( Tagetes 
erecta  L.), it was found that the promoting effect of NO on rooting under drought 
stress was dose-dependent. NO treatment attenuated the destruction of mesophyll cell 
ultrastructure by drought stress, and increased leaf chlorophyll content, maximal PSII 
effi ciency and quantum effi ciency of PSII electron transport, and hypocotyls soluble 
carbohydrate and protein content (Liao et al.  2012 ).    It is suggested that the protection 
of mesophyll cell ultrastructure by NO under drought conditions improves the photo-
synthetic performance of leaves and alleviates the negative effects of drought. In rice, 
drought tolerance of plants was strongly related to the maintenance of tissue water 
potential and enhanced capacity of antioxidants, improved stability of cellular mem-
branes and enhanced photosynthetic capacity, plausibly  by   signaling action of NO 
(Farooq et al.  2009a ,  b ). In addition, the exogenous sodium nitroprusside (SNP, nitric 
oxide donor) treatment could signifi cantly alleviate the stress injury and accelerate the 
progress of recovery (Wang et al.  2011 ). Using two NO donors, SNP and S-nitroso-N-
acetylpenicillamine, it was documented that NO induces stomatal closure and 

  Fig. 2.3    Schematic  representation   of drought tolerance induced by nitric  oxide   during germination 
and the seedling growth stages in wheat       
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enhances the adaptive plant responses against drought stress (Mata and Lamattina 
 2001 ). In SNP-treated leaves of  Tradescantia sp ., the stomatal closure was associated 
with a 10 % increase of RWC. Ion leakage, a cell injury index, was 25 % lower in 
SNP-treated wheat leaves compared with the controls after the recovery period (Mata 
and Lamattina  2001 ).    A study on the interaction between polyamine (PA) and nitric 
oxide  signaling   in adaptive responses to drought in cucumber showed that seedlings 
pretreated with PAs and subjected to water defi cit possessed early and transient NO 
production (Arasimowicz-Jelonek et al.  2009 ).    However, NO donor administration 
preceding drought had no effect on endogenous PA levels but was positively corre-
lated with an alleviation of water defi cit-induced membrane permeability and lipid 
peroxidation (Arasimowicz-Jelonek et al.  2009 ).

2.3           Drought  Stress Memory   

 Drought and other abiotic stresses are recurring environmental stresses experienced 
by plants throughout their life (Avramova  2015 ). To survive the repeated stresses, 
plants can response to later stress events in a way that may be different from their 
response during the fi rst encounter with the stress. A different response to a similar 
stress represents the concept of “stress memory” (Avramova  2015 ). During this pro-
cess, a coordinated reaction at  the   organismal, cellular, and genome levels is consid-
ered contribute to the improved tolerance in plants. In order to test the long- term 
stress memory on tuber yield and drought tolerance related traits in potato under 
drought, seed tubers produced by plants grown under well-water (non-primed tubers) 
and drought (primed tubers) conditions were sown and exposed to similar watering 
treatments (Ramírez et al.  2015 ). Higher tuber yield was produced by primed plants 
under both nonrestricted and restricted water regimes. The decrease in tuber yield 
and tuber carbon isotope discrimination with water restriction was lower in primed 
plants. In addition, it was also found that long-term stress memory consequently 
appears to be highly genotype-dependent in potato (Ramírez et al.  2015 ). In grasses, 
the responses of   Arrhenatherum elatius  plants   under a second, later drought (pre-
exposed to an earlier drought), to plants exposed to a single (only later) drought were 
compared (Walter et al.  2011 ). The results showed that the percentage of living bio-
mass after a late drought was higher for plants that were exposed to drought earlier 
in the growing season compared to single-stressed plants, even after harvest and 
resprouting after the fi rst drought. Recently, the effects of drought priming were 
exemplifi ed with sustaining  ROS homeostasis,   increasing photosynthetic rate, and 
higher grain yield when plants exposed to later abiotic stress, such as low tempera-
ture, drought, and heat (Li et al.  2015b ; Wang et al.  2014c ,  2015 ). Interestingly, 
  Arabidopsis  plants   subjected to a daily dehydration cycle display physiological and 
transcriptional stress memory: previously stressed plants showed partially closed 
stomata during a watered recovery period, facilitating water conservation during a 
subsequent dehydration stress (Virlouvet and Fromm  2015 ). 

 Many experiments have proven that the short- and long-term drought stress 
memory exist in plants (Hu et al.  2015a ,  b ; Berry and Dean  2015 ; Avramova  2015 ; 
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Thellier and Luttge  2012 ; Guan et al.  2012 ; Pecinka et al.  2009 ; Molinier et al. 
 2006 ). It should be noted that  the   mechanisms establishing short- or long-term 
acquisition of stress-induced states may be different (Fig.  2.4 ). For short-term 
drought memory, the mechanisms related to morphological adaptation, physiologi-
cal and biochemical changes, and transcriptional modifi cations have been reviewed 
above. In order to understand the mechanism of long-term drought memory in 
 Arabidopsis , chromatin marks, such as histone modifi cations, have been tested in 
primed and non-primed plants. Primed plants are identical to non-primed plants in 
growth and development, yet they display enhanced drought tolerance after a second 
stress exposure (Sani et al.  2013 ). ChIP-seq analysis of four  histone modifi cations   
revealed that the priming treatment altered the epigenomic landscape; the changes 
were small but they were specifi c for the treated tissue, varied in number and direc-
tion depending on the modifi cation, and preferentially targeted transcription factors 
(Sani et al.  2013 ). Although some of the mechanisms underlying stress memory in 
plants have been illustrated, such as morphological changes, the accumulation of 
specifi c transcription factors and protective metabolites,  and   epigenetic modifi ca-
tions, it is still important to understand cross-stress tolerance and stress memory 
from gene to ecosystem (Munné-Bosch and Alegre  2013 ).

2.4        Molecular  Mechanisms   of Drought Memory  and   
Epigenetics 

 Transcriptional evidences for drought stress memory indicate that the molecular 
mechanisms regulating production of different transcript amounts in response to single 
stress stimulation and repeated stress stimulation are different (Avramova  2015 ; 

  Fig. 2.4    Sensing and adjustment of plants to drought stress by  regulations   in physiological, tran-
scriptional, and epigenetic levels       
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Berry and Dean  2015 ).    Epigenetic mechanisms are now known to play a critical role 
in regulating gene expression through small RNAs, histone modifi cations, and DNA 
methylation (Kinoshita and Seki  2014 ).    These are inherited through mitotic cell 
divisions and probably can be transmitted to the next generation (Kinoshita and 
Seki  2014 ). In  Arabidopsis , it was found that drought signals are transduced into 
effects on gene expression (Yamaguchi-Shinozaki and Shinozaki  2005 ). The study 
on changes of histone tails in response to dehydration showed that  RD29A ,  RD20 , 
and  AtGOLS2  transcripts accumulate under drought stress, while the amounts of 
these transcripts fall to the basal level when rehydration (Kim et al.  2008 ,  2012 ).    In 
addition, alterations to trimethylated histone H3 lysine 4 (H3K4me3), which is cor-
related with active transcription, suggest that this chromatin mark may play a role in 
transcription memory for these genes since it is enriched by drought stress and 
maintained at same levels during the rehydration process (Kim et al.  2012 ). It was 
also reported that multiple exposures to drought stress enable plants to respond to a 
new stress by more rapid adaptive changes to gene expression patterns compared 
with plants not previously exposed to a drought stress (Ding et al.  2012 ,  2014 ; 
Liu et al.  2014 ; Alvarez-Venegas et al.  2014 ). Genome-wide DNA methylation pro-
fi les were investigated with regard to a possible role in memory of drought stress; 
however, no correlation has been identifi ed between gene expression patterns and 
DNA methylation levels in  Arabidopsis  (Colaneri and Jones  2013 ).  

2.5     Cross-Stress Memory 

 It is well known that temperate plants including wheat have the ability to obtain cold 
tolerance by cold acclimation (Theocharis et al.  2012 ).    Cold acclimation in plant is a 
complex process involving many morphological, physiological, and biochemical 
changes (Theocharis et al.  2012 ), including a signifi cant reduction in tissue hydration 
during cold  hardening   (Rajashekar and Panda  2014 ). Besides, evidence shows that 
drought stress alone, in the absence of low temperatures, can also induce cold toler-
ance in different plant species such as Arabidopsis, wheat, oats, rye, and strawberry 
(Rajashekar and Panda  2014 ). As similar effects and plant responses were noticed at 
cellular and transcriptional levels, the hardening and stress memory mechanisms 
may be connected (Mahajan and Tuteja  2005 ). Thus,    hardening and acquisition of 
stress memory will also prevent attack of other stresses (Walter et al.  2013 ).    Recent 
studies found that preceding exposure to a drought stress could enhance later frost 
tolerance in several plant species (Kreyling et al.  2012 ). For example, the freezing 
tolerance in Norway spruce ( Picea abies ) progenies was physiologically correlated 
with drought tolerance (Blödner et al.  2005 ). In our study, drought priming at vegeta-
tive stages alleviated photodamage due to drought and heat stresses during reproduc-
tive stage (Wang et al.  2015 ). Compared to the non-hardened plants, the hardened 
plant obtained higher grain yield, which was mainly attributed to a higher kernel 
number under drought stress and to a higher kernel weight under heat stress 
(Wang et al.  2014c ). In addition, our recent study found that drought priming at 
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vegetative stage improves  the   antioxidant capacity and photosynthesis performance 
of wheat exposed to a short-term low temperature stress at jointing stage (Fig.  2.5 ) 
(Li et al.  2015b ). Another kind of cross-stress tolerance towards herbivore induced 
by drought was caused by modifi cations of secondary compounds (Herms and 
Mattson  1992 ). However, the mechanisms underlying the cross-stress memory 
remain largely unknown.

2.6        Transgenerational Stress Memory 

 Suffi cient evidence indicates  that   the modifi cations induced by former stress events 
could stimulate a faster immune mechanism to improve stress tolerance in face of 
repeated events, while some modifi cations could be inherited to the next generation 
(Molinier et al.  2006 ). Transgenerational transmission  of   information about stress 
exposure is manifested as an increase in the somatic homologous recombination 
frequency in plants. Upregulated activity of antioxidative enzymes in maternal 
plants under drought was reported to be inherited to the next generation of 
 Arabidopsis thaliana  (Ćuk et al.  2010 ). The activity of catalase was signifi cantly 
decreased in the irradiated plants in comparison to the non-irradiated control plants, 

  Fig. 2.5    Drought priming 
improves the cold 
tolerance by modifi cation 
of antioxidant capacity and 
 photosynthesis 
  performance in wheat       
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while the activity of guaiacol peroxidase was increased. In irradiated plants, there 
was an induction of a new HSP70 protein isoform. In the non-irradiated progeny of 
irradiated plants, a signifi cant decrease in catalase and ascorbate peroxidase activity 
was noticed in comparison to plants whose parents were not irradiated (Ćuk et al. 
 2010 ). There was no signifi cant change in guaiacol peroxidase activity or induction 
of HSP70 isoforms in the progeny. This indicates that results indicate that, besides 
the already known increase in frequency of somatic homologous recombination, 
transmission of information about stress exposure can also include changes in activ-
ities of antioxidative enzymes catalase and ascorbate peroxidase. The transgenera-
tional stress memory was also found in mild heat stress, where F3 generation plant 
showed a heat-specifi c fi tness enhancement after parental plant and F1 generation 
had been treated with mild heat (Whittle et al.  2009 ). 

 It has been suggested that  the   epigenetic  mechanisms,   such as histone modifi ca-
tions and DNA methylation and acetylation, can be inherited through mitotic or mei-
otic cell divisions (Chinnusamy and Zhu  2009 ),    which support the transgenerational 
stress memory in cellular biochemistry. Recent evidence suggests that exposure of 
 Arabidopsis  plants to abiotic stresses, including salt, UV, fl ooding and extreme tem-
peratures (heat and cold), led to an increased homologous recombination frequency 
(HRF) and global genome methylation, and showed higher tolerance to the abiotic 
stress in their untreated progeny (Boyko et al.  2010 ; Pecinka et al.  2009 ). It was also 
proved that the stress-induced transgenerational responses in  Arabidopsis  depend not 
only on altered DNA methylation but also on smRNA silencing pathways, revealed by 
using  dcl2  and  dcl3  defi ciency mutants (Boyko et al.  2010 ; Pecinka et al.  2009 ). 
However, the heritability of epigenetic change induced by stress exposure was not 
confi rmed in Arabidopsis, indicating strict requirement to specifi c conditions of 
transgenerational epigenetic memory (Pecinka et al.  2009 ).  

2.7     An Integrated View and Future Prospects 

 As one of main focuses in plant-abiotic stress research, studies on plant drought 
priming and stress memory are still rare. To date, most of results on plant drought 
priming were obtained in controlled lab experiments, which might be different from 
the natural conditions. Thus, in future studies, a combination of experiments from 
controlled lab evaluations with observations and simulation under fi eld conditions 
should be performed. In addition, certain environmental responses in many seed 
crops can persist in the next sexual generation. These transgenerational effects have 
potential signifi cance in agronomy, thus it is essential to elucidate the mechanisms 
of transgenerational stress memory and to understand the possible regulation 
pathways. Collectively, to further understanding the processes  and   mechanisms of 
priming effects, ecophysiologists and molecular biologists should work together in 
order to reveal the complete regulation network at different levels and scales, such 
that management strategies could be developed to sustain crop productivity under 
future climate changes scenarios.     
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