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AbstrAct

Abiotic stress is one of the most common causes of crop deficit and loss and hence an 
important area of study. Moreover, concerns regarding global climate change over past decades 
mean the study of different abiotic stresses appears to be essential if its effects are to be mitigated. 
The current review covers the effects of heat stress on crop performance, the response crops make 
when subjected to this stress and the development of tools designed to breed for stress tolerant 
crops. Distinct levels of the problem are considered, from the morphological/anatomical, through the 
physiological and to the biochemical/molecular. The study of heat shock proteins (HSPs), quantitative 
trait loci (QTLs) identification and the relationship between metabolomics (OMICS) and heat stress 
are given special consideration.

Keywords
heat stress • heat shock proteins (HSPs) • lipid peroxidation • quantitative trait loci 
(QTLs) • metabolomics (OMICS) • antioxidant enzymes

rEsUMEN

Considerando el estrés abiótico como una de las causas más comunes de déficit y las pérdidas 
de las cosechas resulta muy importante investigar a fondo esta temática. Por otra parte, teniendo en 
cuenta que los cambios climáticos globales son uno de los problemas que se enfrentan en las últimas 
décadas, el estudio de los diferentes tipos de estrés abiótico es esencial. La presente revisión se 
refiere a los efectos del estrés por calor sobre la performance de los cultivos, la respuesta generada 
por ellos sujetos a este estrés y el desarrollo de herramientas diseñadas para el mejoramiento 
genético de cultivos tolerantes al mismo. Se consideran distintos niveles de la problemática, desde 
lo morfológico/anatómico, a través de lo fisiológico y a lo bioquímico/molecular. Se presta especial 
consideración al estudio de las proteínas de choque térmico (HSPs), a la identificación de los loci de 
caracteres cuantitativos (QTLs) y a la relación entre la metabolómica (OMICS) y el estrés térmico.

Palabras clave
estrés térmico • proteínas de choque térmico (HSPs) • peroxidación lipídica • loci de 
caracteres cuantitativos (QTLs) • metabolómica (OMICS) • enzimas antioxidantes

INtrODUctION

Consideration of abiotic stresses in crop species is of vital importance due to the 
widespread presence of such stresses on agricultural land, the probable increase in 
their severity and incidence due to global climactic change and other anthropogenic 
activities, and the frequent deleterious effects such stresses have on crop productivity. 
These effects are the result of processes that can be observed at different levels of plant 
behavior, i.e. morphological, physiological and biochemical/molecular changes (145).

At the morphological level, abiotic stress can cause altered shoot, root and leaf 
growth, as well as developmental changes that result in altered life cycle duration and 
fewer and/or smaller organs (132, 145). Physiological processes are also affected, 
such as photosynthetic rate, respiration and the partitioning of assimilates to different 
organs within the plant (132). At the cellular level, cell membranes can be damaged, 
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thylakoid structures disorganized, cell size reduced, stomatomal guard cell function 
altered, degree of cellular hydration modified and programmed cell death promoted. 
And finally, at the biochemical/molecular level, effects include enzyme inactivation, 
the production of reactive oxygen species, osmotic damage, changes in primary and 
secondary metabolite profiles, changed water and ion uptake or movement and altered 
hormone concentrations.

These effects are in general potentially deleterious for plant performance and 
plants possess an array of strategies for combating them aimed at maintaining 
growth and productivity (132, 145), within the limits of ecology, timing, severity 
and crop stage (53).These strategies include an antioxidative defense system, the 
activation of protein synthesis for specific tasks involved in ameliorating the effects 
(such as heat shock proteins, HSPs), ethylene production, detoxification, osmoprotection, 
stabilization of enzymes and membranes, avoidance of stresses that occur at fixed 
times during the year and the ability to acclimatize to stresses. The antioxidative defense 
system protects against reactive oxygen species (18, 100). Ascorbate, glutathione and 
alpha-tocopherol act as antioxidants in aerobic cells, and carotenoids have important 
antioxidant effects in photosynthetic systems (52, 77, 100). In addition, an antioxidant 
enzyme system for scavenging the toxic oxygen species acts in various plant cell 
compartments, which includes catalase (CAT), superoxide dismutase (SOD). Halliwell-
Asada pathway enzymes, ascorbate peroxidase (APx), peroxidise (POD), glutathione 
reductase (GR) and dehydroascorbate reductase (DHAR) (18, 39, 100). Both natural 
and artificial stress provoke increased production of toxic oxygen species, and, in 
response, the capacity of the antioxidative defence system is increased (39, 68, 100).

Breeding for tolerance to stress is based upon harnessing or generating genetic 
variation in the processes that plants possess for ameliorating the consequences of 
stress. Although the task has been hampered by the frequent lack of high throughput 
screening methods to identify tolerant individuals (116), progress is being made 
through conventional breeding (59) the introduction of novel variation from wild relative 
species (59) and the use of molecular marker methods to identify quantitative trait 
loci (QTLs) for tolerance (74), coupled with an increasing understanding of the genetic 
basis of physiological traits involved in stress tolerance . Additionally, novel variation 
is being generated by transgenesis (74).

In this review, we cover the effects of heat stress on crop performance and 
the processes by which plants respond, including the contribution of HSP, QTL and 
metabolomics studies to its understanding, as well as consideration of the effect of 
heat stress in the presence of drought stress, given the frequency with which these 
stresses occur together.

tHE EFFEcts OF HEAt strEss

With industrialization, natural environment deterioration and climate change, heat 
stress has become an increasingly important factor affecting crop growth, and it is 
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thought that crop production may be severely affected by an increase in mean global 
temperature (47, 53). For example, models indicate that a mean temperature rise of 1°C 
could reduce wheat yields by 10% in some regions (1a) which could be highly relevant 
in the context of estimated projections for global mean surface temperature rise of up 
to 4.8°C published by the Intergovernmental Panel on Climate Change (1b), due to 
multiple factors that appear to include increases in the concentration of greenhouse 
gases such as carbon dioxide, methane, nitrous oxide and chlorofluorocarbons.

Heat stress-induced decrease of the duration of developmental phases leading to 
fewer and smaller organs, lower light perception due to a reduced life cycle and altered 
carbon assimilation is of major importance for cereal yields losses (53, 137). High 
temperature may slow down or prevent germination, depending on plant species and 
stress intensity, and, at later stages, may adversely affect photosynthesis, respiration, 
water relations and membrane stability, as well as modulate levels of hormones and 
primary and secondary metabolites. Furthermore, throughout plant ontogeny, enhanced 
expression of a variety of heat shock and other stress-related proteins, and enhanced 
production of reactive oxygen species (ROS) constitute major plant responses to 
heat stress (144).

High temperatures reduce photosynthesis by changing the structural organization 
of thylakoids (66, 144). In general, it is evident that high temperature considerably 
affects anatomical structures not only at the tissue and cellular levels, but also at the 
sub-cellular level. The cumulative effects of all these changes under may result in 
poor plant growth and productivity (144). Plants can adapt to changing environmental 
conditions by a series of strategies aimed at the maintaining of cellular metabolism, 
molecular activities, growth and development, through a variety of molecular networks 
that allow a rapid and efficient sensing of the stress, resulting in the triggering of a 
response activation (114).

Earlier studies have revealed the nature of heat stress effects on mature, 
well- developed green leaves (7, 29, 42, 62, 94, 98). However, the impact of heat stress 
on the development of the photosynthetic system during seedling establishment and 
leaf growth has not been studied extensively. Exposure to high temperature adversely 
affects germination and seedling emergence in wheat (6, 29) and retards shoot and leaf 
growth in Lolium (29, 107) and sorghum (29, 60). The impact of heat stress on seedling 
growth and leaf development has also been established based upon pigmentation 
sensitivity (28, 68, 92) and Photosystem II (PS II) function in wheat (29, 97, 98). Genotypes 
of wheat exhibited considerable variation in their sensitivity to heat stress (6, 7, 29). 
Differences in the sensitivity of chloroplast photoreactions to heat stress, however, could 
not be established detected between wild and cultivated wheat species (29, 119) or 
between temperate and tropical cereals cultivars, including wheat (29, 56, 131). 

Studies intended to establish cultivar response to temperature suggest that it is 
not possible to generalize the relationship between temperature and sensitivity of all 
developmental phases and in all wheat varieties (29, 110, 119) prior to assessment 
of wheat cultivars for thermotolerance.
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Moreover it has been demonstrated that the higher the temperature the plant 
tolerates, the more protective machineries are involved (53). Heat stress has a 
complex impact on cell function, suggesting that many processes are involved in 
thermotolerance. Some processes may be specific to basal thermotolerance, others 
may be induced during acquired thermotolerance, and many may be involved in both. 
High temperatures are known to affect membrane-linked processes due to alterations 
in membrane fluidity and permeability (5, 76, 127).

Some studies have demonstrated that the responsiveness of cultivars to elevated 
temperature during greening of wheat seedlings is differential, as judged from the 
analysis of lipid peroxidation, pigmentation, light-induced changes in chlorophyll a 
fluorescence and photosynthetic electron transport (29).

Heat-induced alterations in enzyme activity can lead to imbalance in 
metabolic pathways and can cause complete enzyme inactivation due to protein 
denaturation (62, 71, 138). Membrane and protein damage lead to the production of 
active oxygen species that cause heat induced oxidative stress (30, 31, 45, 75, 76).

Heat stress causes, like other abiotic stresses, a series of complex morphological, 
physiological, biochemical and molecular changes that adversely affect plant growth 
and productivity (132, 145). Among the many deleterious effects described are 
growth reduction, decreased photosynthetic rate, increased respiration, assimilate 
partitioning towards the fruits, osmotic and oxidative damage, reduced water and 
ion uptake/movement, and cellular dehydration. On the other hand, plants activate 
stress-responsive mechanisms, such as shifts in the aforementioned protein synthesis 
detoxification, osmoprotection, and stabilization of enzymes and membranes (132).

Moreover, supraoptimal root zone temperatures severely reduce root elongation 
and increase average root diameter (112, 132). Increased ethylene production also 
seems to play a role as well in this stress response (1, 132). It is known that heat stress 
may provoke multiple mineral deficiencies (P and Fe) in roots and shoots, which can 
both increase ethylene production (132, 139, 147).

Heat can also promote programmed cell death (76, 138, 141). In plants, these 
different types of damage translate into reduced photosynthesis, impaired translocation of 
assimilates and reduced carbon gain, leading to altered growth and reproduction (49, 76).

tHE rELAtION bEtWEEN HEAt sHOcK PrOtEINs (HsPs) AND 
tHErMOtOLErANcE 

The best-characterized of the above mentioned aspects of acquired 
thermotolerance is the production of heat shock proteins (HSPs) (76, 143). During 
acclimation, plants, like other organisms, induce massive transcription and translation of 
HSPs. These proteins are proposed to act as molecular chaperones to protect cellular 
proteins against irreversible heat-induced denaturation and to facilitate refolding of 
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heat- damaged proteins (17, 76). Plants cope with heat stress in a complex manner, 
where HSPs might play a central role in the complex cellular network (10, 53).  Moreover, 
based upon results showing differential expression of carbohydrate biosynthesis and 
metabolic pathway enzymes, it was also inferred that plants need high amounts of 
energy to cope with heat stress. As previously mentioned, the disorganization of 
thylakoid structure can occur upon exposure to high temperature, resulting in reduction 
of photosystem I (PS I) and PS II activity (53, 142).

The transcription of HSP genes is regulated by heat stress transcription factors 
that carry out their functions through recognizing and binding with heat stress elements 
conserved in the promoters of heat stress-inducible genes (10, 53, 101).

At the cellular and molecular levels, the synthesis of HSPs is essential in preventing 
or minimising the generally deleterious effects of high temperatures. Plant responses 
to high temperatures are mediated by both their inherent ability to survive, known as 
basal thermotolerance, and their ability to acquire thermotolerance after acclimation. 
A major aspect of the acclimation response involves the expression of HSP genes. 
Moreover, the accumulation of mitochondrial HSP transcripts appears to be related 
to the acquisition of thermotolerance. (116).

The synthesis of these proteins is known to be part of the stress tolerance 
strategy resulting in the ability of plants to cope with heat stress (58, 110). As a 
result of HSP production, many physiological characteristics are improved, such as 
membrane stability (2, 116), the use of water and nutrients, and assimilate partitioning 
(116, 134). Thermotolerance is a multigenic trait and the genetic variability in basal and 
acquired tolerance needs to be assessed by using appropriate approaches. Screening 
techniques are required to study genetic variability in the stress response and wheat 
genotypes have been screened based upon cell membrane thermal stability (CMS) 
by measuring electrolyte diffusion resulting from heat-induced cell membrane leakage 
(38, 115, 134).

Genetic evidence has established that the HSPs 100 family proteins are essential 
for the acquisition of thermotolerance in plants. Loss-of-function mutants of Hsp101 in 
Arabidopsis (Arabidopsis thaliana; hot1) (57, 58, 76) and maize (Zea mays) (76, 99) are 
unable to acquire thermotolerance at several different growth stages. The phenomenon 
is a complex process in which different sets of genes are involved in acquired and 
basal thermotolerance and in thermotolerance at different plant growth stages (76).

Each member of the HSP gene family might have a distinct function in the 
molecular response to high temperature. However, each HSP subfamily also has 
a known chaperone activity mediated by a common mechanism of action. All the 
chaperones contributing to this network, acting in concert, are responsible for the 
general protective effect of HSPs (116, 144). There is substantial evidence that induction 
of HSP gene expression plays a role in the acquisition of thermotolerance (116).
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Transcriptomic and proteomic studies on rice responses to high temperature have 
obtained valuable results. Genes (53, 151) and proteins (53, 84) responsive to high 
temperature during rice grain development were identified. A total of 63 proteins in 
rice were affected in abundance by high temperatures, 52 of which were identified by 
MALDI-TOF mass spectrometry and sorted into nine functional groups (53, 78). The 
two most abundant groups were photosynthesis/ photorespiration- related proteins 
and heat shock proteins.

For the former, eleven protein spots were identified. Two isoforms of the ribulose-
1,5-bisphosphate carboxylase oxygenase (RuBisCO) large subunit (D18 and D19) 
and glyceraldehyde-3-phosphate dehydrogenase (D15) were down-regulated by high 
temperature. Three oxygen-evolving complex (OEC) proteins (D22, D26 and D27) were 
down-regulated at each high temperature tested. RuBisCO activase precursor (U13) 
was upregulated at each high temperature. Three photorespiration-related proteins, 
chloroplast glutamine synthetase precursor (U14), glycine dehydrogenase (D1) and 
glycine cleavage system H protein (U36) were also regulated by high temperature. 
Fourteen protein spots were identified as HSPs (53).

In a study carried out in rice by Han et al., 21 up-regulated protein spots were 
identified in rice subjeted to high-temperature, and these proteins were further analyzed 
to reveal the protective mechanisms of rice seedlings. Most of the proteins were related 
to photosynthesis and photorespiration, or were anti-stress proteins and HSPs (53).

In this study RuBisCO activase precursor (U13) was up-regulated at each high 
temperature (53). High temperature can reduce the activation state of RuBisCO (27, 53), 
which is often attributed to thermolabilility and loss of activity of RuBisCO activase 
under high- temperature stress (27, 53). 

One method to measure thermotolerance is the demonstration of oxidative 
damage by testing for thiobarbituric acid accumulation (TBARS). High levels of TBARS 
correlate with the oxidative damage of membrane lipids. The sensitivity of green cells 
to heat- induced oxidative degradation of lipids (29, 94) is due to the presence of an 
unusually high percentage of poly-unsaturated fatty acids in thylakoid membrane 
lipids (21, 29).

Some studies in wheat have been carried out and there is accumulating 
evidence that HSPs play an important role in thermotolerance in this species. A wheat 
ditelosomic line lacking the long arm of chromosome 1B, DT1BS, was able to acquire 
thermotolerance at lower induction temperatures and was therefore better protected 
from heat stress damage (88, 104). In contrast, a ditelosomic line missing the long 
arm of chromosome 7D was heat-sensitive and exhibited reduced expression of 
some HSPs; it was concluded that this arm carries genes necessary for the induction 
of several HSPs and the consequent capacity to acquire thermotolerance (88, 104).

Application of exogenous compounds or transgenic manipulations has been widely 
used to determine molecular factors critical for thermotolerance. 
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In situations where thermal stress exists there is a high probability of finding 
drought stress. For this reason it is necessary to compare both abiotic stresses. It 
is well known that the combination of salt, drought and temperature stress in wheat 
cultivars affects in various ways shoot and root length, and the proportions of different 
metabolites. Regarding shoot length it as been reported that this is not affected by 
the combination of thermal and drought stresses (66). Later in this article we include 
a section on the joint effects of heat and drought stress.

qUANtItAtIvE trAIt LOcI (qtLs) 

There is a strong necessity to elucidate the genetic and molecular basis of 
thermotolerance in crops in order to identify beneficial alleles and genes for use in 
molecular breeding programmes aimed at producing better cultivars in the future. As we 
have seen, thermotolerance is not generally controlled by single genes, but by different 
sets of genes at different stages of the life cycle in various tissues. This requires the 
analysis of quantitative trait loci (QTLs), which are regions of the genome that control 
a quantitative trait (QT), i.e. one controlled by considerable numbers of genes. 

Statistical methods are used to observe a significant linkage between phenotype in 
a segregating population and genotype at each locus of a linkage map. When transcript 
or metabolite profiles are used as QTs, these are referred to as expression quantitative 
trait loci (eQTLs) and metabolite quantitative trait loci (mQTLs), respectively (74). 

The most obvious application for genomic technologies has been in the area of 
gene discovery through the forward genetics or positional cloning approach. However, 
several other factors limit gene discovery by positional cloning. Perhaps the most 
important is the reliability of the phenotyping assay that is used to detect the gene or 
quantitative trait locus (QTL). For traits of low heritability or subject to genotype by 
environmental interaction, it can be difficult to unequivocally assign a phenotype (74).

Molecular markers can be used for QTL location through segregation and 
association mapping to identify useful alleles in both cultivated varieties and wild 
relatives. Although association mapping is intrinsically more powerful than classical 
genetic linkage mapping because it scrutinizes the results of thousands of generations 
of recombination and selection, most of the QTL data available up to date are based 
on segregation mapping. 

QTL analysis to dissect high-temperature tolerance in cereals was used by 
Ottaviano et al. (105) who detected six QTLs accounting for 53% of the genetic 
variability for inherent cellular membrane thermostability  (CMS)  in a maize recombinant 
inbred line (RIL) population. Later, in the same RIL population, five QTLs for pollen 
ability to germinate at high temperature and six QTLs for pollen tube growth at high 
temperature were identified (38, 39, 84).
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A significant challenge in gene discovery based on genetic studies is the final 
identification of the gene or regulatory sequence responsible for the phenotype. 
Positional cloning provides very useful genetic data, but it does not conclusively identify 
the key sequence variant associated with the target phenotype.

Omics technology can help to identify likely candidates that underlie genetic 
position and elucidate the biological role or process that determines the gene effect. 
RNA (transcriptomics), protein (proteomics) and metabolite (metabolomics) levels can 
be assessed for the parental lines. These data can provide direct support for positional 
cloning by delivering information on genes in the target region associated with an 
mRNA, protein or metabolite shift linked to the trait of interest. 

For example, if the target trait is a QTL associated with stress tolerance, 
transcriptomics will reveal genes in the region that are up or down-regulated in 
response to the stress; similarly, protein profiling permits a view of changes in 
protein abundance or modification in response to the stress. Metabolomics data 
might indicate that the region is associated with a major change in the cosentration 
of an osmoprotectant, which suggests that those genes are involved in the 
biosynthesis (35, 70).

Metabolite, protein and transcript profiles can also be directly mapped onto a 
segregating population to provide information on loci that control gene expression 
levels, protein modification or levels of a particular secondary metabolite. The QTLs 
associated with such traits are known as eQTL (as mentioned above), protein (pQTL) 
or mQTL (74).

The genes that show differential expression between the recombinants can 
be genetically mapped to see if their location is linked to the targeted QTLs. For 
example, 88 genes that are differentially expressed during drought stress have 
been co-located with QTLs of drought tolerance in maize, and further selected as 
candidates for positional cloning (74, 91).

tHE rOLE OF MEtAbOLOMIcs

Plants possess a huge range of chemical repertoires fitting the needs of a highly 
variable and generally hostile global environment (13, 50, 51). This metabolite richness, 
reputed to extend to as many as 200,000 compounds in the plant kingdom (34, 51, 103), 
is also reflected in our plant-based foods that have been reported to contain 
approximately 25,000 different metabolites of which approximately 7,000 are volatile 
components (43, 44, 51). It is this richness and our desire for the most holistic 
understanding of plant metabolism that are the driving forces behind the discipline of 
metabolomics, which seeks to define the metabolite profile of a particular plant cell, 
tissue or organ under specific genotypic or environmental circumstances. 
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However, natural metabolic diversity and a lack of unifying principles to help us 
detect and identify compounds are likely to be major analytical challenges for many 
years to come (19, 51).

Metabolomics clearly has much to offer in developing new insights into the 
regulation of plant metabolism, but these technological limitations mean a full 
characterization represents a major task, even though for a single species the number of 
metabolites may be only a few thousand (the estimate for Arabidopsis is ca. 5000) (32). 

Nonetheless, metabolomics is well placed to detect the pathway driving expression 
of a trait, potentially enabling breeders, by selecting on the basis of biochemical 
markers, to combine pathways to traits of quality in high-yielding backgrounds with good 
tolerance to biotic and abiotic stress. Metabolomic profiling can give an instantaneous 
snapshot of the overall physiology of a cell, and its integration with transcriptomics and 
proteomics should lead to a more complete picture of a living organism’s biology (71) 
and more precise selection tools for the breeder.

Plant physiological responses to environmental stress involve changes in transcriptional 
regulation and post-translational protein modification, which can lead to alterations in the 
metabolite profile and the consequent production of a specific physiological response 
phenotype. Frequently in nature, various stress factors are present simultaneously, such 
as drought, high temperature and osmolality, meaning it is not always clear which factor 
or factors are behind the response (1c). Careful experimental work aimed at distinguishing 
the effect of these factors on plant metabolism is therefore required.

The comparison of transgenic and control plants offers an excellent opportunity 
of interpreting microarray and other OMICS data because of the generally single 
genetic difference between the genotypes. A similar situation is encountered with 
knock-out mutants, especially those that have been backcrossed to the parental line 
to remove irrelevant genetic lesions. Furthermore targeted studies of maize kernels 
have demonstrated the impact of factors such as developmental stage (32, 133), 
environment and farming practice (31, 52, 53), and genetic background and growing 
seasons (32, 120, 122) on the natural variability of metabolites.

OMICS analysis has already been used to study natural periodicities such as 
the cell cycle (63, 126) and day-night cycles (126, 128). Special clustering algorithms 
exist to deal with the ability of mutations and stresses to alter the time-dependence of 
metabolism, growth and development (126, 149). Such alterations in time dependence 
are familiar in plant physiology and agronomy from using degree-day units to account 
for the impact of temperature on growth (15, 126) and the stress-time index to schedule 
irrigation (9, 126). Omics platforms expand these analyses to link physiological and 
molecular knowledge to the more conventional phenotypic and genetic analyses (35).

Molecular plant breeding is built around predictions of phenotype based on 
genotypes. The reliability of these predictions is derived from measurements of 
phenotypic performance in large segregating populations, followed by the application 
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of statistical procedures based on quantitative genetic theory. Analysis of complex 
traits has been supported by developments in statistical and modeling techniques for 
phenotypic data, which have been generated from field and controlled environment 
studies (35, 90).

Application of this index has permitted identification of the stages of crop 
development in which the interaction between the genotype and the environment is 
strongest. This information can then be used to identify the components of the crop 
response that offer the greatest response to breeding and selection for stress (23, 74).

Regarding heat in particular, this stress, which tends to be detected due 
to alterations in the plasma membrane, alters protein and nucleic acid stability, 
cytoskeleton structure and enzymatic efficiency, leading to acute metabolic imbalance. 
It also leads to metabolically induced impairment of electron transport chains and 
ROS production such as NADPH oxidase bound to the membrane. Furthermore 
the photosynthetic system is another target of this stress (PSII, the oxygen-evolving 
complex, the ATP system and carbon assimilation (1c). As implied earlier, metabolomic 
analysis of these changes should lead to new understanding and new selection tools 
for future breeding programs.

JOINt PrEsENcE OF DrOUGHt AND HEAt strEss

Anatomical changes under high ambient temperatures and drought respectively 
are generally similar  at the whole plant level, there is a general tendency of reduced cell 
size, closure of stomata and curtailed water loss, increased stomatal and trichomatous 
densities, and greater xylem vessels of both root and shoot (11, 147).

Where heat and drought stress occur simultaneously, as they often do, (3, 91, 117), 
they generally result in more extreme detrimental effects than would each stress 
separately, as shown by results from both field crops and model plants (126, 129, 146). 
Nonetheless, it has been observed that their joint presence can alter plant metabolism 
in novel ways compared to each applied individually (124, 126).

For example, it has been suggested that heat stress can mitigate the toxicity of 
proline to cells, since plants subjected solely to drought accumulate proline, whereas 
plants subjected to a combination of drought and heat stress replace proline with 
sucrose as the major osmoprotectant (124, 126).

Since there were many similarities between the responses of Arabidopsis 
(124, 126) and tobacco (Nicotiana tabacum) (123, 126) to this stress combination, 
this mode of defense response might be conserved among different plant species. 
Another example of an interesting interaction is the observation that waterlogging 
stress does not cause important damage at low temperatures, but it may be highly 
harmful at high temperatures.
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In addition to the well known genes specifically induced by heat and drought 
stresses (i.e. HSPs and dehydrins) a number of novel durum wheat sequences have 
been revealed the up-regulation of these genes when heat stress is combined with 
drought confirms the involvement of this gene family in abiotic stress response and 
two new members of this gene family were identified that respond to the combination 
of both heat and drought stress (117).

Heat and drought stress can, of course, occur in the presence of other stresses. 
In a study carried out on wheat seedlings, the researchers demonstrated the effect of 
combination of different abiotic stresses with different stresses having been applied 
in different experiments, for example, salt, drought and heat stress (66).

Indeed, drought, salinity, high temperatures and oxidative stresses are often 
interconnected and produce cellular damage. For example, drought and / or salinization 
initially manifest osmotic stress, leaving to the disruption of homeostasis and ion 
distribution in the cell. Oxidative stress that is often combined with high temperature, 
salinity or drought stress may cause denaturation of functional and structural proteins. 

Kuznetsov & Shevyakova (73) suggested that the development of thermotolerance 
in salt tolerant cells could be caused by the more active heat shock protein synthesis 
induced by the abrupt increase in temperature (70, 73). Some studies for example  
Keleş & Öncel (70) indicate that the negative effects of salt stress on shoot and root 
elongation were forced by low and high temperature stress. On the other hand, while 
CAT activity in cytoplasm was depressed by a combination of high temperature and 
salt stress, GR activity in chloroplasts was increased (70). In this study, the activity of 
CAT decreased by 80% in a high temperature-drought combination in wheat leaves.

The heavy stress conditions that cause loss of CAT activity induce the activities 
of the Halliwell-Asada pathway enzymes such as GR and APx (46, 70, 93).

Further research is required to determine the responses of plants under 
environmental stress combinations. For example, in durum wheat, the molecular 
response to individual heat, drought or other abiotic stresses has been studied 
(8, 112, 114, 116, 117), but a similar understanding in the simultaneous presence 
of heat and drought stress is critical for the development of new breeding strategies 
aimed at the production of durum wheat cultivars characterized by enhanced tolerance 
to multiple environmental stresses (3, 117, 140).

DIscUssION 

Since abiotic stresses have been repeatedly reported as acutely affecting the 
productivity of crops in general and wheat in particular, more detailed study is required 
to elucidate the fundamental processes involved in these effects, in order to provide 
further tools for protecting crops in the future. For example, in wheat, different stages 
in the cycle should be covered, such as tillering, heading and maturity, and including 
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the seedling stage in which relatively little work has been carried out, analogous to 
studies of heat stress carried out in rice seedlings (53).

In the case of our current research in wheat (108), further research is required 
in order to fully understand the system of antioxidant enzymes in wheat, since this 
system appears to be an important component of a seedling's response to adverse 
climates, including heat and drought stress.

As previously mentioned, wheat cultivars vary in their physiological behavior 
when subjected to high temperatures under different conditions. We believe that when 
exposing plants to heat stress in controlled environment cabinets, humidity control must 
be very strict. Without such regulation, we have observed mortality of all the seedlings 
included in trials carried out in hydroponics in which we subjected the plants to 35°C.

Furthermore, tolerance to a combination of different stress conditions, particularly 
those that mimic the field environment, should be one of the principal focuses of future 
research programs aimed at developing crops with enhanced tolerance to stress in 
the field, including transgenic crops (121).

cONcLUsION 

Understanding the effects of global climate change appears to be crucial in deciding 
which geographical regions and temporal periods should be used for future crop 
cultivation. The simultaneous analysis of different abiotic stresses will be essential in 
achieving this and providing the means to mitigate any adverse effects of this change, 
since natural and human-made climate change generate multiple abiotic stresses.

Plants that are affected by various abiotic stresses react differently as a result 
such as the reduction in organ size or a change in the antioxidant enzyme system, 
and while drought and heat are often studied separately, in nature they often occur 
together, meaning it is essential to carry out joint studies.

Furthermore, and related to the above when we consider high temperature stress, 
we must always consider the heat shock proteins HSPs, since these are responsible 
for cell membrane stability, the use of water and nutrients by the plant and other 
physiological functions. The effects of heat stress can also be analyzed by the TBARS 
technique that measures lipid peroxidation in polyunsaturated acids of the plasma 
membrane. Considering that many of the physiological effects of the plant are reflected 
by a change in the plasma membrane, this technique should prove of particular value.

Through the application of these approaches in wheat it should be possible to 
achieve an understanding of the effects of abiotic stresses on crop performance and 
mitigate those effects accordingly.



362

M. C. Peverelli, W. J. Rogers

Revista de la Facultad de Ciencias Agrarias

rEFErENcEs

 1a. Wheat initiative. 2013. An international vision for wheat improvement. Report of the Wheat Initiative, 
May 2013. 

 1b. IPCC. 2013. Climate Change 2013: The Physical Science Basis Summary for Policymakers. Working 
Group I Contribution to the IPCC Fifth Assessment Report. Lisa Alexander (Australia), Simon 
Allen (Switzerland/New Zealand), Nathaniel L. Bindoff (Australia), François-Marie Bréon 
(France), John Church (Australia), Ulrich Cubasch (Germany), Seita Emori (Japan), Piers 
Forster (UK), Pierre Friedlingstein (UK/Belgium), Nathan Gillett (Canada), Jonathan Gregory 
(UK), Dennis Hartmann (USA), Eystein Jansen (Norway), Ben Kirtman (USA), Reto Knutti 
(Switzerland), Krishna Kumar Kanikicharla (India), Peter Lemke (Germany), Jochem Marotzke 
(Germany), Valérie Masson-Delmotte (France), Gerald  Meehl (USA), Igor Mokhov (Russia), 
Shilong Piao (China), Gian-Kasper Plattner (Switzerland), in Dahe (China), Venkatachalam 
Ramaswamy (USA), David Randall (USA), Monika Rhein (Germany), Maisa Rojas (Chile), 
Christopher Sabine (USA), Drew Shindell (USA), Thomas F. Stocker (Switzerland), Lynne Talley 
(USA), David Vaughan (UK), Shang-Ping Xie (USA)

 1c. Arbona, V.; Flors, V.; Jacas, J.;  García, P.; Gómez-Cadenas, Agustín; Gómez-Cadenas, Aurelio. 2013.  
Enzymatic and Non-enzymatic Antioxidant Responses of Carrizo citrange, a Salt-Sensitive Citrus 
Rootstock, to Different Levels of Salinity. Plant and cell physiology. Issue: 4. Vol. 44. p. 388-394. 

 
 1. Abeles, F. B.; Morgan, P. W.; Saltveit,  M. E., Jr. 1992. Ethylene in Plant Biology 

(San Diego, CA, Academic Press).
 2. Ahn, Y.-J.; Zimmerman, J. L. 2006. Introduction of the carrot HSP17. 7 into potato (Solanum tuberosum  L.) 

enhances cellular membrane stability and tuberization in vitro, Plant Cell Environ, 29: 95-104.
 3. Ahuja, I.; de Vos, R. C.; Bones, A. M.; Hall, R. D. 2010. Plant molecular stress responses face climate 

change, Trends Plant Sci, 15: 664-74.
 4. Alexandre, C.; Moller-Steinbach, Y.; Schonrock, N.; Gruissem, W.; Hennig, L. 2009. Arabidopsis MSI1 

is required for negative regulation of the response to drought stress, Mol Plant, 2: 675-87.
 5. Alfonso, M.; Yruela, I.; Almarcegui, S. et al. 2001. Unusual tolerance to high temperatures in a new 

herbicide-resistant D1 mutant from Glycine max (L.) Merr. cell cultures deficient in fatty acid 
desaturation, Planta, 212: 573-82.

 6. Ali, Z. I.; Mahalakshmi, V.; Singh, M.; Ortiz, F. G.; Peacock, J. M. 1994. Variation in cardinal temperatures for 
germination among wheat (Triticum aestivum) genotypes, Annals of Applied Biology, 125: 367-375.

 7. Al-Khatib, K.; Paulsen, G. M. 1999. High-temperature effects on photo-synthetic process in temperate 
and tropical cereals, Crop Science, 39: 119-125.

 8. Aprile, A.; Mastrangelo, A. M.; De Leonardis, A. M. et al. 2009. Transcriptional profiling in response to terminal 
drought stress reveals differential responses along the wheat genome, BMC Genomics, 10: 279.

 9. Baker, J. T.; Gitz, D. C.; Payton, P.; Wanjura, D. F.; Upchurch, D. R. 2007. Using leaf gas exchange to quantify 
drought in cotton irrigated based on canopy temperature measurements, Agron. J., 99: 637-644.

 10. Baniwal, S. K.; Bharti, K.; Chan, K. Y. et al. 2004. Heat stress response in plants: a complex game 
with chaperones and more than twenty heat stress transcription factors, J Biosci, 29: 471-87.

 11. Bañón, S.; Fernández, J. A.; Franco, J. A. et al. 2004. Effects of water stress and night temperature 
preconditioning on water relations and morphological and anatomical changes of Lotus creticus 
plants, Scientia Hort, 101: 33-342.

 12. Barderi, M. G.; Bilenca, D. N.; Cuniglio, F. 1999. Biologia y Ciencias de La Tierra- Polimodal 
(Santillana S. A.). 463 p.

 13. Baxter, I. R.; Borevitz, J. O. 2006. Mapping a plant's chemical vocabulary, Nat Genet, 38: 737-738.
 14. Bhatnagar-Mathur, P.; Devi, M. J.; Reddy, D. S. et al. 2007. Stress-inducible expression of At DREB1A 

in transgenic peanut (Arachis hypogaea L.) increases transpiration efficiency under water-limiting 
conditions, Plant Cell Rep, 26: 2071-82.

 15. Bonhomme, R. 2000. Bases and limits to using 'degree-day' units, Eur.J. Agron, 13: 1-10.
 16. Borrell, A. K.; Hammer, G. L.; Douglas, A. C. L. 2000. Does maintaining green leaf area in sorghum 

improve yield under drought? I. Leaf growth and senescence, Crop Science 40: 1026-1037.
 17. Boston, R. S.; Viitanen, P. V.; Vierling, E. 1996. Molecular chaperones and protein folding in plants, 

Plant Mol Biol, 32: 191-222.
 18. Bowler, C. M.; Van, M. M.; Inze, D. 1992. Superoxide Dismutase and Stress Tolerance, Annual Review 

of Plant Physiology and Plant Molecular Biology, 43: 83-116. 



363

Heat stress effects on crop performance and tools for tolerance breeding

Tomo 45   •   N° 2  •   2013

 19. Breitling, R.; Pitt, A. R.; Barrett, M. P. 2006. Precision mapping of the metabolome, Trends Biotech, 
24: 543-548.

 20. Cakmak, I.; Marschner, H. 1992. Magnesium deficiency and high light intensity enhance activities of 
superoxide dismutase, ascorbate peroxidase, and glutathione reductase in bean leaves, Plant 
Physiol, 98: 1222-1227.

 21. Carpentier, R. 1999. Effect of high-temperature stress on the photo-synthetic apparatus. In: 
Pessarakli, M. ( Ed .). Handbook of plant and crop stress, p. 337- 348.

 22. Cativelli, L.; Rizza, F.; Badeck, F.-W.; Mazzucotelli, E.; Mastrangelo, A. M.; Francia, E.; Mare', C.; 
Tondelli, A.; Stanca, A. M. 2008. Drought tolerance improvement in crop plants: An integrated 
view from breeding to genomics. Field Crops Research 105: 1-14.

 23. Chapman, S. C. 2008. Use of crop models to understand genotype by environment interactions for 
drought in real-world and simulated plant breeding trials., Euphytica, 161: 195-208.

 24. Chen, J.; Dai, J. Y. 1994. Correlation among photosynthesis, lipid peroxidation and ultrastructural changes 
of mesophyll cells in corn leaves under water stress, Maize Science (in Chinese). 2, 36-40.

 25. Cheng, C.; Yun, K. Y.; Ressom, H. W.; et al. 2007. An early response regulatory cluster induced by 
low temperature and hydrogen peroxide in seedlings of chilling-tolerant japonica rice, BMC 
Genomics, 8, 175.

 26. Chowdhury, R. S.; Choudhuri, M. A. 1985. Hydrogen peroxide metabolism as index of water stress 
tolerance in jute., Physiology Plant, 65: 476-480.

 27. Crafts-Brandner, S. J.; Law, R. D. 2000. Effect of heat stress on the inhibition and recovery of the 
ribulose-1,5-bisphosphate carboxylase/oxygenase activation state, Planta, 212: 67-74.

 28. Crafts-Brandner, S. J.; Salvucci, M. E. 2000. Rubisco activase constrains the photosynthetic potential 
of leaves at high temperature and CO2, Proc Natl Acad Sci U S A, 97: 13430-13435.

 29. Dash, S.; Mohanty, N. 2001. Evaluation of assays for the analysis of thermotolerance and recovery potentials 
of seedlings of wheat (Triticum aestivum L.) cultivars. Journal of Plant Physiology. 158: 1153-1165.

 30. Dat, J. F.; Foyer, C. H.; Scott, I. M. 1998. Changes in salicylic acid and antioxidants during induced 
thermotolerance in mustard seedlings, Plant Physiol, 118: 1455-1461.

 31. Dat, J. F.; Lopez-Delgado, H.; Foyer, C. H.; Scott, I. M. 1998. Parallel changes in H2O2 and catalase 
during thermotolerance induced by salicylic acid or heat acclimation in mustard seed, Plant 
Physiol, 116: 1351-1357.

 32. Davies, H. V.; Shepherd, L. V.; Stewart, D. et al. 2010. Metabolome variability in crop plant species 
-when, where, how much and so what? Regul Toxicol Pharmacol, 58: S54-61.

 33. Del Longo, T.; Gonzilez, C. A.; Pastori, G. M.; Trippi, V. S. 1993. Antioxidant defences under 
hyperoxygenic and hyperosmotic conditions in leaves of two lines of maize with differential 
sensitivity to drought Plant and Cell Physiology, 34: 1023-1028.

 34. Dixon, R.  A.; Strack, D. 2003. Phytochemistry meets genome analysis, and beyond, Phytochemistry, 
62: 815-816.

 35. Dudal, R. 1976. Inventory of the major soils of the world with special reference to mineral stress hazards. In: 
Wright, M. J. (Ed.). Plant Adaptation to Mineral Stress in Problem Soils (Cornell University Press).

 36.  Fischer, R. A.; Wood, J. T. 1979. Drought resistance in spring wheat cultivars III. Yield association 
with morpho-physiological traits. Aust. J. Agric. Res. 30: 1001-1020.

 37. Fleury, D.; Jefferies, S.; Kuchel, H.; Langridge, P. 2010. Genetic and genomic tools to improve drought 
tolerance in Wheat, Journal of Experimental Botany, 61: 3211-3222.

 38. Fokar, M.; Blum, A.; Nguyen,  H. T. 1998. Heat tolerance in spring wheat II. Grain filling., Euphytica, 
104: 9-15.

 39. Foyer, C. H.; Lelandais, M.; Kunert, K. J. 1994. Photooxidative stress in plants, Physiol. Plant., 92: 696-717.
 40. Frova, C. 1996. Genetic dissection of thermotolerance in maize. In: Leone, S. G. a. A. (Ed.) Physical 

Stresses in Plants: Genes and Their Products for Tolerance. Berlin, Springer-Verlag. p. 31-38.
 41. Frova, C.; Sari-Gorla, M. 1993. Quantitative expression of maize HSPs: genetic dissection and 

association with thermotolerance, Theor. Appl. Genet., 86: 213-220.
 42. Georgieva, K.; Lichtenthaler, H. K. 1999. Photosynthetic activity and acclimation  ability of pea plants 

to low and high temperature treatment as studied by means of chlorophyll fluorescence. J Plant 
Physiol, 155: 416-423.

 43. Go, V. L.; Nguyen, C. T.; Harris, D. M.;  Lee, W. N.  2005. Nutrient-gene interaction: metabolic genotype-
phenotype relationship, J Nutr, 135: 3016S-3020S.

 44. Goff, S. A.; Klee, H. J. 2006. Plant volatile compounds: sensory cues for health and nutritional value? 
Science, 311: 815-819.



364

M. C. Peverelli, W. J. Rogers

Revista de la Facultad de Ciencias Agrarias

 45. Gong, M.; Li, Y. J.; Chen, S. Z. 1998. Abscisic acid-induced thermotolerance  in maize seedlings is 
mediated by calcium and associated with antioxidant systems., J Plant Physiol 153.

 46. Gosset, D. R.; Millhollon, E. P.; Lucas, M. C. 1994. Antioxidant response to NaCl stress in salt-tolerant 
and salt-sensitive cultivars of cotton, Crop Sci., 34: 706-714.

 47. Grover, A.; Chandramouli, A.; Agarwal, S.; et al. 2009. Transgenic rice for tolerance against abiotic stresses. 
In: Datta, S. K. (Ed.) Rice Improvement in the Genomic Era. USA, Hawarth Press. p. 237-267.

 48. Gupta, P. K.; Rustgi, S.; Kulwal, P. L. 2005. Linkage disequilibrium and association studies in higher 
plants: present status and future prospects, Plant Mol Biol, 57: 461-485.

 49. Hall, A. E. 2001. Crop Responses to Environment (Florida).
 50. Hall, R. D. 2006. Plant metabolomics: from holistic hope, to hype, to hot topic, New Phytol, 169, 453-468.
 51. Hall, R. D.; Brouwer, I. D.; Fitzgerald, M. A. 2008. Plant metabolomics and its potential application for 

human nutrition, Physiol Plant, 132: 162-75.
 52. Halliwell, B. 1987. Oxidative damage, lipid peroxidation and antiox-idant protection in chloroplasts, 

Chem. Phys. Lipids, 44: 327-340.
 53. Han, F.; Chen, H.; Li, X. J.; et al. 2009. A comparative proteomic analysis of rice seedlings under various 

high-temperature stresses, Biochim Biophys Acta, 1794: 1625-1634.
 54. Harrigan, G. G.; Stork, L. G.; Riordan, S. G.; et al. 2007. Impact of genetics and environment on 

nutritional and metabolite components of maize grain, J Agric Food Chem, 55: 6177-6185.
 55. Harrigan, G. G.; Stork, L. G.; Riordan, S. G.; et al. 2007. Metabolite analyses of grain from maize 

hybrids grown in the United States under drought and watered conditions during the 2002 field 
season, J Agric Food Chem, 55: 6169-6176.

 56. Havaux, M.; Ernez, M.; Lannoye, R. 1988. Correlation between heat toler-ance and drought tolerance 
in cereals demonstrated by rapid chlorophyll fluorescence tests., J Plant Physiol 133: 555-560.

 57. Hong, S. W.;  Vierling, E. 2000. Mutants of Arabidopsis thaliana defective in the acquisition of tolerance 
to high temperature stress, Proc Natl Acad Sci U S A, 97: 4392-4397.

 58. Hong, S. W.; Vierling, E. 2001. HSP 101 is necessary for heat tolerance but dispensable for development 
and germination in the absence of stress, Plant J, 27: 25-35.

 59. Hong, S. W.; Lee, U.; Vierling, E. 2003. Arabidopsis hot mutants define multiple function required for 
acclimation to high temperatures. Plant Physiol Biochem 132: 757-767.

 60. Howarth, C. J. 1991. Molecular responses of plants to an increased incidence of heat shock. Plant 
Cell Environ, 14: 831-840.

 61. Iba, K. 2002. Acclimative response to temperature stress in higher plants: approaches of  gene 
engineering for temperature tolerance, Annu. Rev. Plant Biol., 53: 225-245.

 62. Ishag, H. M.; Mohamed, A. B. 1996. Phasic development of spring wheat and stability of yield and its 
components in hot environments, Field Crop Research, 46: 169-176.

 63. Janssen, B. J.; Thodey, K.; Schaffer, R. J.; et al. 2008. Global gene expression analysis of apple fruit 
development from the floral bud to ripe fruit, BMC Plant Biol, 8: 16.

 64. Kamoshita, A.; Chandra Babu, R.; Manikanda Boopathi, N.; Fukai, S. 2008. Phenotypic and genotypic 
analysis of drought-resistance traits for development of rice cultivars adapted to rainfed 
environments, Field Crop. Res., 109: 1-23.

 65. Kampinga, H. H.; Brunsting, J. F.; Stege, G. J.; Burgman, P. W.; Konings, A. W. 1995. Thermal protein  
denaturation and protein aggregation in cells made thermotolerant by various chemicals: role 
of heat shock proteins. Exp Cell Res, 219: 536-546.

 66.  Karamanos, A. J.; Papatheohari, A. Y. 1999. Assessment of drought resistance of crop genotypes by 
means of theWater Potential Index. Crop Sci. 39: 1792-1797.

 67. Karim, M. A.; Fracheboud, Y.; Stamp, P. 1997. Heat tolerance of maize with reference of some 
physiological characteristics, Ann. Bangladesh Agri., 7: 27-33.

 68. Kariola, T.; Brader, G.; Helenius, E.; et al. 2006. Early responsive to dehydration 15, a negative regulator 
of abscisic acid responses in Arabidopsis, Plant Physiol, 142: 1559-1573.

 69. Keleş, Y.; Öncel, I. 2000. Changes of superoxide dismutase activity in wheat seedlings exposed to 
natural environmental stresses, Commun. Fac. Sci. Univ. Ank., C18 1-8.

 70. Keleş, Y.; Öncel, I. 2002. Response of  antioxidative defence system to temperatura and water stress 
combinations in wheat seedlings., Plant Science., 163: 783-790.

 71. Krastanov, A. 2010. Metabolomics - The state of art, Biotechnology & Biotechnological equipment., 
24: 1537-1543.

 72. Kumar Tewari, A.; Charan Tripathy, B. 1998. Temperature-stress-induced impairment of chlorophyll 
biosynthetic reactions in cucumber and wheat, Plant Physiol, 117: 851-858.



365

Heat stress effects on crop performance and tools for tolerance breeding

Tomo 45   •   N° 2  •   2013

 73. Kuznetsov , V. V.; Shevyakova, N. I. 1997. Stress responses of tobacco cells to high temperature and 
salinity proline accumulation and phosphorylation of polypeptides, Physiol. Plant, 100: 320-326.

 74. Langridge, P.; Fleury, D. 2011. Making the most of 'omics' for crop breeding, Trends Biotechnol, 
29: 33-40.

 75. Larkindale, J.; Knight, M. R. 2002. Protection against heat stress-induced oxidative damage in Arabidopsis 
involves calcium, abscisic acid, ethylene, and salicylic acid, Plant Physiol, 128: 682-95.

 76. Larkindale, J.; Hall, J. D.; Knight, M. R.; Vierling, E. 2005. Heat stress phenotypes of Arabidopsis 
mutants implicate multiple signaling pathways in the acquisition of thermotolerance, Plant 
Physiol, 138: 882-97.

 77. Larson, R. A. 1988. The antioxidants of higher plants, Phytochemistry, 27: 969-978.
 78. Lee, D. G.; Ahsan, N.; Lee, S. H.; et al. 2007. A proteomic approach in analyzing heat-responsive 

proteins in rice leaves, Proteomics, 7: 3369-3383.
 79. Lerner, S. E.; Cogliatti, M.; Ponzio, N. R.; et al. 2004. Genetic variation for grain protein components 

and industrial quality of durum wheat cultivars sown in Argentina, Journal of Cereal Science, 
40: 161-166.

 80. Lerner, S. E.; Seghezzo, M. L.; Molfese, E. R.; et al. 2006. N- and S-fertiliser on grain composition, 
industrial quality and end-use in durum wheat, Journal of Cereal Science, 44: 2-11.

 81. Lerner, S. E.; Kolman, M. A.; Rogers, W. J. 2009. Quality and endosperm storage protein variation in 
Argentinean grown bread wheat. I. Allelic diversity and discrimination between cultivars, Journal 
of Cereal Science, 49: 337-345.

 82. Li, C. F.; Gao, J. F.; Cao, H. 2002. The status and current about effect of land use change on water 
resource., Sods (in Chinese), 4: 191-196.

 83. Li, L.; Van Staden, J. 1998. Effects of plant growth regulators on the antioxidant system in callus of 
two maize cultivars subjected to water stress, Plant Growth Regulation, 24: 55-66.

 84. Lin, S. K.; Chang, M. C.; Tsai, Y. G.; Lur, H. S. 2005. Proteomic analysis of the expression of proteins 
related to rice quality during caryopsis development and the effect of high temperature on 
expression, Proteomics, 5: 2140-2156.

 85. Li-Ping, B.; Fang-Gong, S.; Ti-Da, G.; et al. 2006. Effect of Soil Drought Stress on Leaf Water Status', 
Membrane Permeability and Enzymatic Antioxidant System of Maize, Soil Science Society of 
China, 3: 326-332.

 86. Liu, L.; He, R. T. 1995. Effects of water stress on membrane damage and changes of some related 
enzyme activities in leaf of maize seedling, Journal of Guangzi Agricultural University (in 
Chinese). 14: 195-200.

 87 Liu, L.; Ikeda, T. M.; Branlard, G.; et al. 2010. Comparison of low molecular weight glutenin subunits identified 
by SDS-PAGE, 2-DE, MALDI-TOF-MS and PCR in common wheat, BMC Plant Biol, 10: 124.

 88. Maestri, E.; Klueva, N.; Perrotta, C.; et al. 2002. Molecular genetics of heat tolerance and heat shock 
proteins in cereals, Plant Mol Biol, 48: 667-681.

 89. Malan, C.; Greyiing, M. M.; Gressel, J. 1990. Correlation between CuZn superoxide dismutase and 
glutathione reductase, and environmental and xenobiotic stress tolerance in maize inbreds, 
Plant Science., 69: 157-166.

 90. Manschadi, A. M.; Christopher, J.; Devoil, P.; Hammer, G. L. 2006. The role of root architectural traits 
in adaptation of wheat to water-limited environments, Functional Plant Biology, 33: 823-837.

 91. Marino, R.; Ponnaiah, M.; Krajewski, P.; et al. 2009. Addressing drought tolerance in maize by 
transcriptional profiling and mapping, Mol Genet Genomics, 281: 163-179.

 92. Mathews, K. L.; Malosetti, M.; Chapman, S.; et al. 2008. Multi-environment QTL mixed models for 
drought stress adaptation in wheat, Theor Appl Genet, 117: 1077-1091.

 93. Mazza, C. A.; Battista, D.; Zima, A. M.; et al. 1999. The effects of solar ultraviolet-B radiation on 
the growth and yield of barley are accompanied by increased DNA damage and antioxidant 
responses, Plant Cell Environ, 22: 61-70.

 94. Mishra, R. K.; Singhal, G. S. 1992. Function of Photosynthetic Apparatus of Intact Wheat Leaves under 
High Light and Heat Stress and Its Relationship with Peroxidation of Thylakoid Lipids, Plant 
Physiol, 98: 1-6.

 95. Mishra, A.; Singh, A. P. 2011. Drought modeling - a review. Journal of Hydrology 403: 157-175.
 96. Mittler, R. 2006. Abiotic stress, the field environment and stress combination, Trends Plant Sci, 11: 15-19.
 97. Mohanty, N.; Mohanty, P. 1988. After-effect of elevated temperature on the development of photosynthetic 

characteristics in wheat seedlings. J Plant Physiol, 133: 235-239.
 



366

M. C. Peverelli, W. J. Rogers

Revista de la Facultad de Ciencias Agrarias

 98. Mohanty, N.; Murthy, S. D. S.; Mohanty, P. 1987. Reversal of heat-induced alterations in photochemical 
activities in wheat primary leaves, Photosynth Res, 14: 259-267.

 99. Nieto-Sotelo, J.; Kannan, K. B.; Martinez, L. M.; Segal, C. 1999. Characterization of a maize heat-shock 
protein 101 gene, HSP101, encoding a ClpB/Hsp100 protein homologue, Gene, 230: 187-195.

 100. Nonami, H. 1998. Plant water relations and control of cell elongation at low water potentials, J. Plant 
Res, 111: 373- 382.

 101. Nover, L.; Bharti, K.; Doring, P.; et al. 2001. Arabidopsis and the heat stress transcription factor world: 
how many heat stress transcription factors do we need?, Cell Stress Chaperones, 6: 177-189.

 102. O’Mahony, P.; Burke, J. J.; Oliver, M. J. 2000. Identification of acquired thermotolerance deficiency 
within the ditelosomic series of 'Chinese Spring' wheat, Plant Physiol. Biochem, 38: 243-252.

 103. Oksman-Caldenty, K. M.; Inze', D. 2004. Plant cell factories in the post genomic era: new ways to 
produce designer secondary metabolites, Trends Plant Sci, 9: 433-440.

 104. O'Mahony, P.; Burke, J. 2000. A ditelosomic line of 'Chinese Spring' wheat with augmented acquired 
thermotolerance, Plant Sci, 158: 147-154.

 105. Ottaviano, E.; Sari-Gorla, M.; Pé, E.; Frova, C. 1991. Molecular markers (RFLPs and HSPs) for the 
genetic dissection of thermotolerance in maize, Theor. Appl. Genet., 81: 713-719. .

 106. Paulsen, G. M. 1994. High temperature responses of crop plants. In: Boote, K. J.; Bennett, J. M.; 
Sinclair, T. R.; Paulsen, G. M. (Eds.) Physiology and determination of crop yield. (ASA, CSSA, 
SSSA., Madison, USA). p. 365-389.

 107. Peacock, J. M. 1975. Temperature and leaf growth inLolium perene. II.The site of temperature perception, 
J Appl Ecol, 12: 115-123.

 108. Peverelli, M. C.; Rogers, W. J. 2012. Caracterización comparativa del estrés térmico en trigo. XV Congreso 
Latinoamericano de Genética. Rosario, Santa Fe.

 109. Pinto, S.; Chapman, S. C.; McIntyre, C. L.; Shorter, R.; Reynolds, M. P. 2008. QTL for canopy temperature 
response related to yield in both heat and drought environments, Paper presented at the 11th 
International Wheat Genetics Symposium, Sydney, Australia.

110. Porter, J. R.; Gawith, M. 1999. Temperature and the growth and development of wheat: a review, Eur 
J Agron, 10: 23-36.

111. Qin, D.; Wu, H.; Peng, H.; et al. 2008. Heat stress-responsive transcriptome analysis in heat susceptible 
and tolerant wheat (Triticum aestivum L.) by using Wheat Genome Array, BMC Genomics, 9, 432.

112. Qin, L.; He, J.; Lee, S. K.; Dodd, I. C. 2007. An assessment of the role of ethylene in mediating lettuce 
(Lactuca sativa) root growth at high temperatures, J Exp Bot, 58: 3017-24.

113. Qu, D.; Wang, B. L.; Shan, L.; Wang, P. H.; Su, P. 1996. Effects of phosphorous on SOD and POD 
activities of maize under water stress and highly varied water conditions, Acta University 
Agriculturae Boreali-Occidentalis (in Chinese), 24: 48-52.

114. Rampino, P.; Pataleo, S.; Gerardi, C.; Mita, G.; Perrotta, C. 2006. Drought stress response in wheat: 
physiological and molecular analysis of resistant and sensitive genotypes, Plant Cell Environ, 
29: 2143-52.

115. Rampino, P.; Pataleo, S.; Riso, A.; et al. 2008. Expression analysis of DRG1: a drought-related gene in 
durum wheat. Paper presented at the From Seed to Pasta: the Durum Wheat Chain, Bologna, Italy.

116. Rampino, P.; Mita, G.; Pataleo, S.; et al. 2009. Acquisition of thermotolerance and HSPgene expression in 
durum wheat(Triticum durum Desf.) cultivars, Environmental and experimental Botany 66, 257-264.

117. Rampino, P.; Mita, G.; Fasano, P.; et al. 2012. Novel durum wheat genes up-regulated in response to 
a combination of heat and drought stress, Plant Physiol Biochem, 56: 72-78.

118. Rebetzke, G. J.; Condon, A. G.; Farquhar, G. D.; Appels, R.; Richards, R. A. 2008. Quantitative trait 
loci for carbon isotope discrimination are repeatable across environments and wheat mapping 
populations, Theor Appl Genet, 118: 123-37.

119 Rekika, D.; Monneveux, D.; Havaux, M. 1997. The in vivo tolerance of photosynthetic membranes to 
high and low temperature in cultivated and wild wheats of theTriticum and Aegilops genera., 
J Plant Physiol, 150: 734-738.

120. Reynolds, T. L.; Nemeth, M. A.; Glenn, K. C.; Ridley, W. P.; Astwood, J. D. 2005. Natural variability of 
metabolites in maize grain: differences due to genetic background, J Agric Food Chem, 53: 10061-7.

121. Ribaut, J.; Hoisington, D.; Deutsch, J. A.; Jiang, C. Z.; Gonzalez de Leon, D. 1996. Identification of 
quantitative trait loci under drought conditions in tropical maize. 2. Flowering parameters and 
the anthesis-silking interval, Theor Appl Genet, 92: 905-914.

122. Ridley, W. P.; Shillito, R. D.; Coats, I.; et al. 2004. Development of the international life sciences institute 
crop composition database, Journal of Food Composition and Analysis, 17: 423-438.



367

Heat stress effects on crop performance and tools for tolerance breeding

Tomo 45   •   N° 2  •   2013

123. Rizhsky, L.; Liang, H.; Mittler, R. 2002. The combined effect of drought stress and heat shock on gene 
expression in tobacco, Plant Physiol, 130: 1143-1151.

124. Rizhsky, L.; Liang, H.; Shuman, J.; et al. 2004. When defense pathways collide. The response of 
Arabidopsis to a combination of drought and heat stress, Plant Physiol, 134: 1683-1696.

 125. Rogers, W. J.; Cardozo, J. A.; Kolman, M. A.; et al. 2007. Heat stress effects on grain characteristics 
and proteins during grain development in bread wheat. Paper presented at the Proceedings of 
the ICC International Conference on Cereals and Cereal Products Quality and Safety, p. 23-26.

126. Salekdeh, G. H.; Reynolds, M.; Bennett, J.; Boyer, J. 2009. Conceptual framework for drought 
phenotyping during molecular breeding, Trends Plant Sci, 14: 488-496.

127. Sangwan, V.; Orvar, B. L.; Beyerly, J.; Hirt, H.; Dhindsa, R. S. 2002. Opposite changes in membrane fluidity 
mimic cold and heat stress activation of distinct plant MAP kinase pathways, Plant J, 31: 629-638.

128. Sato, S.; Arita, M.; Soga, T.; Nishioka, T.; Tomita, M. 2008. Time-resolved metabolomics reveals 
metabolic modulation in rice foliage, BMC Syst Biol, 2: 51.

129. Savin, R.; Nicolas, M. E. 1996. Effects of short periods of drought and high temperature on grain growth 
and starch accumulation of two malting barley cultivars., Aust. J. Plant Physiol, 23: 201-210.

130. Sawada, Y.; Akiyama, K.; Sakata, A.; et al. 2009. Widely targeted metabolomics based on large-scale MS/
MS data for elucidating metabolite accumulation patterns in plants, Plant Cell Physiol, 50, 37-47.

131. Sayed, O. H.; Emes, M. J.; Earnshaw, M. J.; Butler, R. D. 1989. Photosynthetic responses of different 
varieties of wheat to high temperature, J Exp Bot 40: 625-631.

132. Schwarz, D.; Rouphael, Y.; Colla, G.; Venema, H. J. 2010. Grafting as a tool to improve tolerance of 
vegetables to abiotic stresses:Thermal stress, water stress and organic pollutants, Scientia 
Horticulturae, 127: 162-171.

133. Seebauer, J. R.; Moose, S. P.; Fabbri, B. J.; Crossland, L. D.; Below, F. E. 2004. Amino acid metabolism 
in maize earshoots. Implications for assimilate preconditioning and nitrogen signaling, Plant 
Physiol, 136: 4326-4334.

134. Senthil-Kumar, M.; Kumar, G.; Srikanthbabu, V.; Udayakumar, M. 2007. Assessment of variability in 
acquired thermotolerance: potential option to study genotypic response and the relevance of 
stress genes, J Plant Physiol, 164: 111-125.

135. Sharkey, T. D. 2005. Effects of moderate heat stress on photosynthesis: importance of thylakoid 
reactions, Rubisco deactivation, reactive oxygen species, and hermo-tolerance provided by 
isoprene, Plant Cell Environ, 28: 269-277.

136. Song, F. B.; Dai, J. Y.; Huang, G. K. 1996. Injurious effect of water stress at booting stage on the female 
inflorescence of maize, Journal of Jilin Agricultural University (in Chinese), 18: 1-6.

137. Stone, P. 2001. The effects of heat stress on cereal yield and quality. In: Basra, A. S. (Ed.) Crop Responses 
and Adaptations to Temperature Stress. (Binghamton, New York, Food Products Press). p. 243-29.

138. Swidzinski, J. A.; Sweetlove, L. J.; Leaver, C. J. 2002. A custom microarray analysis of gene expression 
during programmed cell death in Arabidopsis thaliana, Plant J, 30: 431-446.

139. Tan, L. P.; He, J.; Lee, S. K. 2002. Effects of root-zone temperature on the root development and 
nutrient uptake of Lactuca sativa L. cv. Panama grown in an aeroponic  system in the tropics. 
J. Plant Nutr, 25: 297-314.

140. Tester, M.; Langridge, P. 2010. Breeding technologies to increase crop production in a changing world, 
Science, 327: 818-822.

141. Vacca, R. A.; de Pinto, M. C.; Valenti, D.; et al. 2004. Production of reactive oxygen species, alteration 
of cytosolic ascorbate peroxidase, and impairment of mitochondrial metabolism are early events 
in heat shock-induced programmed cell death in tobacco Bright-Yellow 2 cells, Plant Physiol, 
134: 1100-1112.

142. Vani, B.; Saradhi, P. P.; Mohanty, P. 2001. Alteration in chloroplast structure and thylakoid membrane 
composition due to in vivo heat treatment of rice seedlings: correlation with the functional 
changes, J. Plant Physiol, 158: 583-592.

143. Vierling, E. 1991. The roles of heat shock proteins in plants. Annu Rev Plant Physiol Plant Mol Biol, 
42: 579-620.

144. Wahid, A.; Gelani, S.; Ashraf, M.; Foolad, M. R. 2007. Heat tolerance in plants: An overview, 
Environmental and Experimental Botany, 6: 199- 223. 

145. Wang, W.; Vinocur, B.;  Altman, A. 2003. Plant responses to drought, salinity and extreme temperatures: 
towards genetic engineering for stress tolerance, Planta, 218: 1-14.

146. Wang, Z.; Huang, B. 2004. Physiological recovery of Kentucky bluegrass from simultaneous drought 
and heat stress, Crop Sci., 44: 1729-1736.



368

M. C. Peverelli, W. J. Rogers

Revista de la Facultad de Ciencias Agrarias

147. Ward, J. T.; Lahner, B.; Yakubova, E.; Salt, D. E.; Raghothama, K. G. 2008. The effect of iron on the 
primary root elongation of Arabidopsis during phosphate deficiency, Plant Physiol, 147: 1181-1191.

148. White, J. W.; McMaster, G. S.; Edmeades, G. O. 2004. Genomics and crop response to global change: 
what have we learned?, Field Crops Res, 90: 165-169.

149. Wilson, P. B.; Estavillo, G. M.; Field, K. J.; et al. 2009. The nucleotidase/phosphatase SAL1 is a negative 
regulator of drought tolerance in Arabidopsis, Plant J, 58: 299-317.

150. Wise, R. R.; Naylor, A. W. 1987. Chilling-enhanced photooxidation: evidence for the role of singlet 
oxygen and superoxide in the breakdown of pigments and endogenous antioxidants, Plant 
Physiol, 83: 278-82.

151. Yamakawa, H.; Hirose, T.; Kuroda, M.; Yamaguchi, T. 2007. Comprehensive expression profiling of 
rice grain filling-related genes under high temperature using DNA microarray, Plant Physiol, 
144: 258-277.

152. Zilli, C. G.; Santa-Cruz, D. M.; Yannarelli, G. G.; et al. 2009. Heme Oxygenase Contributes to Alleviate 
Salinity Damage in Glycine max L. Leaves, Int J Cell Biol, 2009, 848516.


