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Abstract

Abiotic stresses are often interrelated, either individually or in combination, they cause morphological, physiological,
biochemical and molecular changes that adversely affect plant growth, productivity and ultimately seed yield. Heat,
drought, cold and salinity are the major abiotic stresses that induce severe cellular damage in plant species, including
crop plants. High temperature especially terminal heat stress is the second most important stress next to drought. It has
negative effect on plant growth due to the harmful effect on plant development. It is a critical factor for plant productivity
also. Generally plants respond to heat stress through developmental, biochemical and physiological changes and the
type of response depends on several factors such as stress intensity, stress duration and genotype. It poses serious
threats to the sustainability of crop production. The increasing threat of climate change is already having a substantial
impact on agricultural production worldwide, waves cause significant yield losses with great risks for future global food
security. In this review, detrimental effects of terminal heat stress on Indian mustard are discussed in terms of morpho-

physiological, yield and biochemical attributes.
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Introduction

Plants are constantly exposed to various biotic and abiotic
stresses. The abiotic stresses viz. drought, salinity,
temperature fluctuations, heavy metals and nutrient
deficiencies etc. are the main reasons for yield losses in
crop plants. Of the major forms of abiotic stress plants
are exposed to in nature, heat stress has an independent
mode of action on the physiology and metabolism of
plant cells. Although frequently, heat stress is
compounded by additional abiotic stresses such as
drought and salt stress, it is important to unravel the
independent action and biological consequences of high
temperature in order to ameliorate the effects of combined
abiotic stress. The susceptibility to high temperatures in
plants varies with the stage of plant development, heat
stress affecting to a certain extent all vegetative and
reproductive stages. The observed effects depend on
species and genotype, with abundant inter and intra-
specific variations (Sakata and Higashitani, 2008). These
stresses have a long term impact on plants development
and advancement regardless of whether plant is
presented to them for a negligible span (Wang et al.,
2003). These stresses modify plant metabolism prompting
negative impact on development, advancement and
finally efficiency of plants. Plants have adopted various
morphological, physiological and biochemical

adjustments to handle these stresses and hence making
plant survivability feasible (Huber and Bauerle, 2016).
Morphological and physiological adjustments are mainly
performed through avoidance mechanism that provides
an escape to stresses like water and heat. The increased
root system, reduced stomata number and conductance,
decreased leaf area, increased leaf thickness, and leaf
rolling or folding to lessen evapotranspiration (Goufo et
al., 2017). The cuticular wax biosynthesis, on the surfaces
of the aerial plant parts, is also strictly associated with an
adaptive response (Lee and Suh, 2013). Tolerance traits
maintain tissue hydrostatic pressure, by cellular and
biochemical modifications, mainly through osmotic
adjustments (Blum, 2017). Worldwide environmental
change especially high temperature is anticipated to
increment by around 1-30° C by the mid twenty-first
century and by 2-50° C by the late twenty-first century.

Out of various abiotic stresses, high temperature is the
second most vital stress by next to drought influencing
plant productivity around the world. Consequently, it
presents genuine dangers to the supportability of yield
creation more than some other factors in agriculture
(Bhatnagar and Mathur, 2008; Ahmad and Prasad, 2012).
Brassica grows under diverse agro-environmental
circumstances, for example, timely sown/late sown,
rainfed/irrigated, sole and mixed crop with cereals i.e.



2 Journal of Oilseed Brassica, 11 (1) January, 2020

> Centralization of solutes
»Chang in cell volume

¥Loss of turgor
¥ Change in Chl ab
»Enhanced AOX enzymes ¥ Production of ROS

Flncreased photosynthetc I FAmissent D.l' stress
pizments indicators

FDecreased plant height

*Leal senescence

#Shortens vegetative phase I
FPromesse lowame tune

>Siligquae abortion »Pollen abortion
FDecrense m diy matter l FDecrease m anthess
accumlation

Fig.1. The detrimental effects of terminal heat stress on
crop plants

wheat, barley etc. and Rabi (October-April) pulses
(Chickpea, Lentil etc.). High temperature is the primary
imperative at germination as well as at grain filling stage
due to vulnerability during pollen production, grain
development, anthesis and fertilization leading decrease
in crop yield. Terminal heat stress induce overproduction
of reactive oxygen species (ROS), which are extremely
reactive and toxic, causing damage to proteins, lipids,
carbohydrates and DNA and ultimately resulting in
oxidative stress (Zlatev and Lidon, 2012). Oxidative stress
has negative impact on plant development, survival and
consequently crop productivity. Oxidative stress is
commonly counteracted by two different processes,
prevention or avoidance of ROS formation, including
detoxifying/scavenging enzymes and several antioxidants
to handle the toxic effect of ROS (Mittler, 2002). Every
degree ascend in normal temperature in a developing
season, may lessen the crop yield upto 17 %. This
distinction in yield is ascribed to a great extent to the
negative natural conditions, which make conceivably
harming physiological changes inside plants (Lobell and
Asner, 2003). The different morphological, physiological,
biochemical and yield attributes get affected by high
temperature stress at the terminal stage. The adverse
effects of terminal heat stress are depicted in Fig.1

Morpho-physiological attributes

Plant water status is one of the real factors under changing
temperature (Mazorra et al., 2002). Heat stress induces
changes in respiration and photosynthesis and thus leads
to a shortened life cycle and diminished plant productivity
(Barnabas et al., 2008).The cell water deficiency results
in the centralization of solutes, change in cell volume,
change in membrane integrity, loss of turgor and
interruption of water potential gradients (Raymond and
Smirnoff, 2002). The increased temperature under late

sown condition of crop results in critical abatement in
the relative water content in leaves of Indian mustard
(Sairam et al., 2000). Alteration in leaf water potential
shows the negative effect of temperature stress on root
hydraulic conductance even under optimal condition of
the water supply from soil and relative humidity
conditions (Wahid and Close, 2007). There is a critical
difference in relative water content of B. juncea that
ranged from 52.28 % (RGN-330) to 118.61 % (Pro-5222)
under states of high temperature at terminal stage (Kavita
and Pandey, 2017). Higher relative water content observed
in leaves of Indian mustard is a decent marker of heat
resistance (Ram er al., 2012; Kumar et al., 2013).

Development and advancement of plant rely on cell
enlargement, cell division and these processes are
sensitive to water deficiency condition. Leaf water
potential was impacted by water status of the soil (Sharma
and Pannu, 2007). Loss of water is a lot quicker amid the
day than around evening time because of this there is
improved transpiration rate, diminishing water capability
of the plant. Timely sowing is the best time to study
temperature stress, because too early sowing and too
late sowing of crop leads to reduction in vegetative stage,
grain filling stage and reduced osmotic potential (Tobias
and Niinemets, 2005). Photosynthetic pigments are
essential to plants, fundamentally to harvest light and
produce reducing powers. Any constraint in chlorophyll
content (chlorophyll ‘a’ and ‘b’) can limit photosynthesis
that will additionally constrain plant growth during heat
stress. Photochemical responses in thylakoid lamellae and
carbon metabolism in stroma of chloroplast are considered
as the essential site of damage during high temperature
(Wise, 1995). The distinctions in the photosynthetic
pattern under heat stress have appeared to be related
with the loss of chlorophyll and change in chlorophyll a/
b proportion because of untimely leaf senescence
(Harding et al., 1990). The temperature stress
fundamentally decreased the chlorophyll content in
mustard (Kumar, 2010).

There is variability in photosynthetic rate in wheat
cultivars when exposed to high temperature as observed
by Wardlaw et al. (1980). Chlorophyll content in Indian
mustard ranged from 4.83 to 9.06 mg/gFW under terminal
heat stress (Kavita and Pandey, 2017). The high
chlorophyll content is ideal for stress conditions (Kumar
and Srivastava, 2003). Terminal heat stress influencing
different physiological traits additionally have articulated
effect on the oil content at seedling stage. In Indian
mustard, the oil content was higher in tolerant genotypes
when compared with sensitive genotype under heat
stress. The late sowing condition likewise diminished the



oil content in Australian cultivars of oil seed rape (B.
napus) (Mendham and Salisbury, 1981). Decline in oil
content of Brassica has been observed under high
temperature stress at grain filling stage (Heenam and
Armstrong, 1993). Mohan (2017) observed that tolerant
genotypes i.e. RGN-368 and RH-1566 showed less percent
decrease, in comparision to the sensitive genotypes.

Yield attributes

Seed yield is a quantitative attribute, which is highly
impacted by the genotype, ecological effect and by
environmental interaction. Number of siliqua/plant is a
fundamental segment in deciding seed yield of rapeseed
mustard. Higher number of primary and secondary
branches/plant under timely sowing condition in Indian
mustard is likewise a noteworthy character for higher yield
(Kumar et al., 2004). Kumari et al., (2012) directed a field
investigation to assess the impact of various sowing
dates on cultivars of B. juncea and detailed that the most
noteworthy plant height (209 cm) under timely sowing
condition i.e. 10™ October and least plant height was seen
(186 cm) under late sowing condition (30" October). The
plant height was negatively affected by sowing time in
Canola (Abdul et al., 2013). The high temperature at the
season of harvest resulted in plant height decrease by
22.8 % (Singh et al., 2014). There is a negative correlation
of sowing time and plant height under late sowing
condition in Indian mustard (Alam et al., 2015). Seed yield
is significantly decreased in B. juncea under stress with
maximum reduction observed in RH-0749 (20.11 %) and
RH-1134 (21.37 %) whereas; minimum reduction was seen
in RH-1566 (7.72 %), and RGN-368 (8.27 %) (Mohan, 2017).

A significant reduction of 13 % and 50 % was observed
in seed yield of Indian mustard sown on two different
dates 1% November and 15" November, respectively
(Kumar et al., 2013). They additionally presumed that the
tolerant genotypes gave higher seed yield than sensitive
genotypes. In Indian mustard the thermo-tolerance ability
has been checked by studying different parameters
including seed yield under heat stress (Ram ez al., 2014).
There is a significant decrease in seed yield and other
yield characteristics under late sown condition (26
November) when compared with timely sown condition
(26 October) and this decline is due to high temperature
stress prevailing at late sown conditions (Singh et al.,
2014). There is a significant decline in productivity of
Indian mustard including almost all yield attributes under
late sown condition when compared to timely sown
condition (Lallu and Dixit, 2008). There is a noteworthy
negative impact of temperature stress because of late
sown on seed yield in Indian mustard (Gawariya et al.,
2015; Khayat et al., 2015).
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Even the Phenological studies including days to 50 %
flowering and maturity describes effect of high
temperature stress on crop yield. Mustard vegetation
cycle has been classified into three distinctive
development stages, sowing to seedling emergence;
seedling emergence to flowering and flowering to maturity
(Kumar, 2016). Flowering is the most sensitive stage for
temperature stress bringing about pollen abortion;
decrease in anthesis and fertilization that further has a
declining impact on crop yield. High temperature in
Brassica caused flower abortion with apparent loss in
seed yield (Rao et al., 1995). Delay in sowing time shortens
vegetative phase, progresses flowering time and decrease
in dry matter accumulation and regularly caused siliquae
abortion, bringing about lower yield (Babu, 1985). A study
on effect of variable sowing dates (7, 14 and 21 October)
in case of mustard cultivars revealed that the crop sown
on 14™ and 21* October delayed days to 50 % flowering
as compared to sowing on 7" October (Kumar ez al., 2004).
Mohan (2017) contemplated different yield attributes viz.
fundamental shoot length, primary and secondary
branches, number of siliqua/main shoot, seeds/siliqua,
siliqua length, thousand seed weight and seed yield/plant
which demonstrated a significant reduction under late
sown condition.

Biochemical attributes

Biochemical compounds which impart defense against
reactive oxygen species developed under terminal heat
stress have been categorized into enzymatic and non-
enzymatic antioxidants. Enzymatic antioxidants includes
superoxide dismutase (SOD), catalase (CAT), peroxidase
(POD), ascorbate peroxidase (APX), and glutathione
reductase (GR) and non-enzymatic antioxidants includes
carotenoids, ascorbic acid and proline etc. Different
investigations have proven the role of these antioxidants
under stress conditions.

Carotenoids are class of isoprenoid molecule which is
synthesized by photosynthetic and non photosynthetic
life forms (Andrew et al., 2008). Carotenoids act both as
accessory light harvesting pigments as well as
antioxidants (Pandhir and Shekhon, 2006). Plants grown
under irradiation showed high carotenoid content (Adams
and Demmig-Adams, 1992). High carotenoid content was
reported in those plants which were subjected to abiotic
stress like drought in wheat (Anu, 2000). Carotene helps
in the protection in photosynthetic tissue by direct
quenching of triplet chlorophyll, which prevents the
formation of singlet oxygen and hence prevent oxidative
damage. Mohan (2017) reported a significant increase in
ascorbic acid, proline and carotenoid content in all the
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genotypes with a higher increase seen in thermo-tolerant
genotypes as compared to thermo-sensitive genotypes.

Ascorbic acid synthesized in cytosol is a noteworthy
constituent of plant cell which is real constituent of plant
cell which is translocated to the apoplast later (Takahama,
1996). Biological role of ascorbic acid is to act as a
reducing agent, donating electrons to various enzymatic
and non-enzymatic reactions. Presence of glutathione in
cells keeps up ascorbate in a reduced form. Experiment
on heat acclimated versus non acclimated cool season
turf grass species revealed that the former had lower
generation of ROS because of increased synthesis of
ascorbate and glutathione (Xu et al., 2006). Decline in
ascorbic acid content was observed as the temperature
increased in stressed wheat genotypes (Sairam et al.,
2000) and in soyabean seeds (Yadav et al., 2006). The
ascorbic acid content increased significantly in Brassica
Jjuncea developed under high temperature stress but the
increase was found higher in tolerant genotypesi.e. (29.31
%) in BPR-542-6 when contrasted with sensitive genotype
RGN-152 (15.38 %) (Rani et al., 2016).

Proline is considered as one of the most remarkable
metabolite, which tends to increase under various abiotic
stresses. Accumulation of this low molecular weight
compound is an adaptive mechanism against stress
(Rasheed et al., 2010). Terminal heat stress prompts a few
changes in plants. So to increase plant tolerance to abiotic
stress and to maintain a high relative water content and
osmotic potential, plants may accumulate proline (Zlatev
and Lidon, 2012). Accumulation of proline is mainly
reported during environmental stress like heat (Wahid
and Close, 2007). A correlation has been seen between
plant stress tolerance and the proline accumulation by
Tyagi et al. (1999) in Brassica, Kaushal et al. (2011) in
chickpea and Ahmed and Hasan (2011) in wheat.

Hydrogen peroxide (H,0,) is produced by the reduction
of superoxide radical by SOD and as a product of
photorespiration; it is normally reactive having a long
half life. It acts as signaling molecule under low
concentration and leads to programmed cell death when
the concentration is high. Highly reactive oxygen species
capable to cause oxidative damage involves superoxide,
per hydroxyl radical, hydrogen peroxide, hydroxyl radical,
peroxy radical and singlet oxygen. Hydrogen peroxide
content may increase during abiotic stresses like cold in
cucumber (Lee and Lee, 2000), excess light exposure in
pea (Hernandez et al., 2004) and heat stress in wheat (Li
et al., 2004). Large amount of H202 was seen under
stressed condition such as heat stress reported by Kumar
(2010) in Indian mustard and also increase in H,O, was

seen more in sensitive genotypes as compared to tolerant
genotypes of B. juncea (Rani et al., 2016). The more
increase in H,O, was observed in thermo-sensitive
genotypes i.e. RH-1134 (77.2 %) and RH-0749 (67.9 %) as
compared to the thermo-tolerant genotypes i.e. RGN-368
(44.3 %) and RH-1566 (56.5 %) (Mohan, 2017).

Electrolyte leakage is a hallmark of stress response in
intact plant cells. It is the amount of ion leakage from
plant cells, determining the cell membrane stability (Zhang
et al., 2006). Electrolyte leakage is mainly related to K*
efflux from plant cells, which is mediated by plasma
membrane cation conductance. Low cell membrane
integrity is caused by ROS generated during stress (Liu
and Huang, 2000). Decrease in cell membrane integrity
under high temperature in cowpea is because of
degradation of photosynthetic apparatus associated with
the production of free radicals (ROS) (Camejo et al., 2006).
There is a negative correlation between test weight (1000
seed weight) and electrolyte leakage under terminal heat
stress tolerance in Indian mustard (B. juncea) (Kavita
and Pandey, 2017). Increase in membrane damage due to
increasing stress leads low seed yield (Sharma and
Sardana, 2012). Malondialdehyde is the product of
peroxidation of unsaturated fatty acids in phospholipid
and is responsible for cell membrane damage therefore,
utilized as a suitable biomarker for lipid peroxidation
(Kumar, 2010). The ROS generated during high
temperature stress reacts with phospholipid bilayer due
to presence of unsaturated lipids in membranes and cause
lipid peroxidation leading to accumulation of MDA (Liu
and Huang, 2000). It has been reported in B. juncea that
under high temperature in tolerant genotypes showed
low accumulation of MDA and thus registers lesser
oxidative damage is found higher in sensitive genotypes
(Wilson et al., 2012).

Reactive oxygen species plays not only damaging role
but also key signaling roles in plants and their cellular
concentration is controlled by a complex network of ROS
metabolizing enzymes found in several different cellular
compartments. Generation of ROS has been observed in
electron transport system of chloroplast and mitochondria
(Kumar, 2010). Plants have developed both enzymatic and
non-enzymatic mechanisms to scavenge the rapidly
evolving ROS. These enzymes, includes superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD),
ascorbate peroxidase (APX), and glutathione reductase
(GR) (Zhang et al., 2006).

Superoxide dismutase is a metalloenzyme. It is the most
effective intercellular enzymatic antioxidant which is
ubiquitous in all aerobic organisms and in all subcellular



compartments prone to ROS mediated oxidative stress. It
provides the first line of defense against the toxic effects
of elevated levels of ROS (Van Camp et al., 1996). In plants
there are three major categories of SOD located in different
cell compartments, Fe-SODs in chloroplast, Mn-SODs in
mitochondria and Cu/Zn-SOD isoforms are primarily
localized in cytosol and chloroplast. SOD, a major
scavenger of superoxide radical (O%), catalyzes the
conversion of O* to H,O, and O,. Activity of SOD is
temperature sensitive and reported to increase
significantly under terminal heat stress. There is a
significant increase in SOD activity under high
temperature and the increase was found maximum in the
tolerant varieties of Indian mustard (Sairam et al., 2000).
Similar observations reported by Goyal and Asthir, (2010)
and Ahmad and Prasad (2012) in wheat, that SOD activity
was more enhanced in the cultivar that has better tolerance
to high temperature stress in wheat plants. It has been
reported that the SOD activity increased under high
temperature stress but the increase was significantly
higher in tolerant genotype of Indian mustard (Rani et
al.,2016; Mohan, 2017).

Peroxidases are another group of non-chloroplastic
enzymes that detoxify H,O, in the cytosolic part of the
cell. They are non-specific in utilizing electron donor for
oxidation of H,O,. Increase in peroxidase activity was
reported (Chaitanya et al., 2001) in mulberry and (Mazorra
et al., 2002) in tomato cultivars under high temperature
stress. Increase in peroxidase activity upto 52.3 %
in tolerant genotypes and 21.1 % in sensitive
genotypes was reported under heat stress in B. juncea
(Wilson et al., 2012).

Catalase is also a non chloroplastic enzyme present
largely in plant tissue except chloroplast. Catalase is
tetrameric heme containing enzyme with the potential to
directly dismutate H,O, into H/O and O, (Garg and
Manchanda, 2009) and is indispensible enzyme for ROS
detoxification during stressed conditions. It is present in
three different isoforms (CAT1, CAT2 and CAT3) in which
CAT1 and CAT?2 are found in peroxisomes (involved in
Beta-oxidation of fatty acids, photorespiration and purine
catabolism), whereas CAT?3 is found in mitochondria.
Catalase has the highest turnover rate of about 6 million
molecules of H,O, converted to H,O and O, per minute.
The catalase activity has been significantly higher in
tolerant genotypes of mulberry cultivars under high
temperature stress (Chaitanya et al., 2001). The increase
in catalase activity was observed under terminal heat
stress with maximum increase in tolerant genotypes
(Kumar, 2010; Mohan, 2017). Increase in catalase activity
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under heat stress in Brassica was also reported by Rani
et al. (2016) and concluded that increase was more (41.3
%) in tolerant than sensitive (17.6 %) genotypes.

Ascorbate peroxidase is one of the specific enzymes that
scavenge cholorplastic H,O,. It specifically uses ascorbate
as a physiological reductant and is considered as a crucial
component in the metabolic defense against oxidative
stress. It acts by a series of coupled redox reactions,
both in photosynthetic and non-photosynthetic tissues.
Ascorbate peroxidase activity in B. juncea under stress
conditions showed a remarkable increase (Mobin and
Khan, 2007). Exposure of crop plants to high temperature
stress resulted in increase in APX activity in mustard
seedlings (Dat et al., 1998). Rani et al., 2016 studied B.
juncea, at seedling stage, and observed a significant
increase in APX activity in tolerant genotypes of B.
juncea. Kumar (2010) while studying B. juncea under
different sowing dates also reported a high increase of
APX activity in tolerant genotypes.

Glutathione reductase is a flavo-protein oxidoreductase.
Glutathione reductase assumes a vital job in the age of
GSH and consequently secures against oxidative worry
by keeping up the ASH pool. Glutathione reductase is
restricted overwhelmingly in chloroplast, yet little measure
of this protein has likewise been found in mitochondria
and cytosol. Glutathione reductase (GR) assumes an
essential job in deciding the resilience of a plant under
different burdens (Chalapathi-Rao and Reddy, 2008).
Enhanced GR activity has been observed in tolerant
genotypes of B. juncea on exposing to terminal heat
stress (Mohan, 2017).

Conclusion and future perspectives

The different abiotic stresses especially terminal heat
stress significantly affects the morpho-physiological
processes of some important Brassica species.
Development and identification of abiotic stress tolerant
cultivars are important economic goals for our globe. The
morphological and agronomical study of Brassica sp.
performing under environmental extremes could lead the
research and development of new stress-tolerant cultivars.
With the advent of new technologies such as genomics
and genetic transformation, significant progress has been
made in development of improved Brassica sp. against
wide range of abiotic stresses.
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