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Abstract

tolerant crops.

Oxidative stress occurs when crop plants are exposed to extreme abiotic conditions that lead to the excessive
production and accumulation of reactive oxygen species (ROS). Those extreme abiotic conditions or stresses include
drought, high temperature, heavy metals, salinity, and ultraviolet radiation, and they cause yield and quality losses
in crops. ROS are highly reactive species found in nature that can attack plant organelles, metabolites, and
molecules by interrupting various metabolic pathways until cell death occurs. Plants have evolved defense
mechanisms for the production of antioxidants to detoxify the ROS and to protect the plant against oxidative
damage. Modern researches in crop plants revealed that low levels of ROS act as a signal which induces tolerance
to environmental extremes by altering the expression of defensive genes. In this review, we summarized the
processes involved in ROS production in response to several types of abiotic stress in cotton plants. Furthermore,
we discussed the achievements in the understanding and improving oxidative stress tolerance in cotton in recent
years. Researches related to plant oxidative stresses have shown excellent potential for the development of stress-
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Background

Stress is an adverse state that inhibits the normal func-
tioning of plants. Stress can be categorized into biotic
and abiotic types. Biotic stresses include pathogens, in-
sects, and rodents, while abiotic stresses are heat, salin-
ity, drought, ultraviolet radiation, and metal toxicity
(Mahajan and Tuteja 2005). These factors affect plant
growth, thus leading to lower yield and harvest quality.
The normal balance of defensive mechanisms in plants
is disturbed by abiotic stresses (Mullineaux and Baker
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2010). Environmental stresses lead to the excess gener-
ation and accumulation of reactive oxygen species (ROS)
within cells. When ROS production is greater than a
plant’s ability to scavenge excess ROS, there is rapid
leakage of excess ROS (a state known as oxidative stress)
into other parts of the plant. Elevated ROS levels are
harmful to plants and may alter the cell’s physiological,
morphological and metabolic processes. The main sites
for ROS production in plant cells are mitochondria,
chloroplast, and peroxisomes. In addition, ROS are a by-
product of metabolic processes. ROS, including hydro-
gen peroxide (H,O,), superoxide anion (O,"), hydroxyl
radical (OH™), and singlet oxygen (O,), each has a char-
acteristic half-life and oxidizing potential (Apel and Hirt
2004; Miller et al. 2010). These toxic molecules can
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cause oxidative damage to lipids by lipid peroxidation, to
DNA by affecting nucleic acids, and to enzyme inhib-
ition by protein oxidation that promotes programmed
cell death (PCD) (Apel and Hirt 2004). Excess of ROS is
deleterious to plants; therefore, plants have evolved a
complex array of enzymatic and non-enzymatic detoxifi-
cation mechanisms to combat oxidative damage due to
ROS. Anti-oxidative enzymes of plants include glutathi-
one peroxidase (GPX), superoxide dismutase (SOD), as-
corbate peroxidase (APX), glutathione S-transferase
(GST), dehydroascorbate reductase (DHAR), glutathione
reductase (GR), peroxide reduction (PRX), mono-hydro
ascorbate reductase (MDAR), and catalase (CAT). Non-
enzymatic antioxidants include glutathione, carotenoids,
tocopherols, and flavonoids. Both types of antioxidants
are pivotal for ROS homeostasis (Fig.1) (Mahmood et al.
2020). Studies have shown that high anti-oxidative activ-
ity is linked with increased stress tolerance in plants
(Apel and Hirt 2004). The present review discusses the
increase in ROS in cotton plants during abiotic stress
events and the resulting biochemical and morpho-
physiological changes that occur within the plant. We
provide an overview of anti-oxidative defense enzymes
involved in the cotton plant for ROS detoxification
under various stresses. Further, we focus on recent ad-
vancements in the production of resistant cotton var-
ieties by conventional and transgenic incorporation of
defense genes against several abiotic stresses.

Abiotic stresses in crop plants

Crop plants are often exposed to multiple abiotic
stresses during the growing season. Abiotic stresses are
serious threats that can collectively lead to major losses
in all field crops, including cotton (Saranga et al. 2009).
Adverse climatic conditions with unpredictable rainfall
have negatively affected the growth of crop plants (Mit-
tler and Blumwald 2010). If the level of stress becomes
extremely high or is extended for prolonged periods, it
may disturb metabolic processes of cells, thus hindering
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crop growth, and in extreme conditions may result in
plant death (Taiz and Zeiger 2006).

Drought stress

Drought refers to low water availability to plants for an
extended period that influences crop productivity
(Abdelraheem et al. 2019). Under drought conditions,
ROS concentrations are elevated in several ways. First,
the plant closes its stomata to avoid losses of water from
the leaf surface. This closure of stomata leads to a de-
crease in photosynthetic activity in plants, causing a re-
duction in NADP". Second, under drought conditions,
there is an increase in the transfer of electrons to oxygen
(Oy) during photosynthesis (Carvalho 2008). The Mehler
reaction reduces the O, to O*” by donating an electron
to photosystem 1 (PS1). Moreover, O*~ can be converted
into H,O, via the SOD antioxidant enzyme, and then
transformed into H,O via ascorbate peroxidase (Heber
et al. 2005). Drought stress also enhances photo-
respiratory activity, especially when the oxygenation of
ribulose 1,5-bisphosphate (RuBP) is high due to limited
CO, fixation reduction. Approximately 70% of the total
H,0, produced during drought stress comes from the
photorespiration process (Heber et al. 2005).

Tolerance to drought conditions is a complex
phenomenon due to the interaction of more than one
gene in cellular signaling pathways that improves the
physiological, biochemical and molecular responses to
drought stress. The sessile nature of plants has led to
the evolution of sophisticated molecular mechanisms to
sense and respond to various abiotic stresses, which can
result in stress tolerance or stress avoidance. Adapta-
tions in antioxidant enzyme metabolism influence
drought response in cotton. A detailed discussion about
the ROS defense pathway has been studied by Das and
Roychoudhury (2014). The antioxidant machinery in
cotton plants against oxidative stress has two defensive
mechanisms, i.e., enzymatic and non-enzymatic.

SOD, CAT, GPX, APX, GR, NADH, and MDHAR are
enzymatic antioxidants. While flavonoids, carotenoids,

DHAR: Dehydroascorbate + GSH 23R Ascorbate
+GSSG

APX: H,0,tAscorbate 2FX+ H 0 ~ Monodeh-
-ydroascorbate (MDHA)

===

antioxidants, in an attempt to reduce the stress (Mahmood et al. 2020)

SOD Various abiotic stresses like e s y i
SOD: O, > H.0, e et GSH: Acts as detoxifying co-substrate for enzymes like
2 202 perature 5 v X
e S perperoxidases, GST and GR
. CAT ought, sall and
CAT: H,0, HO+,0, | heavy metal stress ; )
~ -] “__— Carotenoids: Quenches excess energy from the
GR: GSSG + NAD(P)H—E—~ GSH + NAD(P) < photosystems, LHCs
MDAR: MDA ~ NADPH—22E~ Agcorbate + / Proline: Effective scavenger of 0, and HO» as well as
NAD(P)" > ROS —< prevents damage of LPO

H,0,, HO», 'O,

Fig. 1 Abiotic stresses in plants turn on antioxidative defense machinery which utilizes either of two pathways, i.e. enzymatic or non-enzymatic

a-tocopherol: Guard against detoxified products of
membrane LPO

Flavinoids: Direct scavenger of '0,, H,0. and HO+
AA: Detoxifies 11,0, by the action of APX

T —




QAMER et al. Journal of Cotton Research (2021) 4:9

ascorbic acid (AA), reduced glutathione (GSH), and
osmolyte proline are non-enzymatic antioxidants. To
scavenge ROS, both enzymatic and non-enzymatic
defense mechanisms work jointly (Das and Roychoudh-
ury 2014; Heiber et al. 2007). The Halliwell-Asada path-
way involves the reduction of MDHAR, GR, APX, and
NADH into H,O, in cotton (Uzilday et al. 2012). In the
ascorbate-glutathione cycle, APX causes the reduction of
H,O, into H,O via oxidation of ascorbate to MDHA (de
Azevedo et al. 2006). In this cycle, GSH is reduced via
GR oxidation to oxidized glutathione at the expense of
NADPH. Of particular importance, the activity of GR
was enhanced in cotton under drought stress to bring
the ratios of glutathione to normal (Chan et al. 2013).

The equilibrium between ROS production and acti-
vation of scavenging enzymes determines whether sig-
naling or damage will occur (Zhang et al. 2014). The
amount of anti-oxidative activity in cotton when
exposed to drought governs the plant’s stress
tolerance level. Cotton drought-tolerant variety M-503
has active anti-oxidative proteins to defend the plant
from oxidative damage caused by lipid peroxidation
(Sekmen et al. 2014). Similarly, there is an increased
production of APX and GR in response to ROS to
protect plants from prevailing drought conditions
(Ratnayaka et al. 2003). Zhang et al. (2014) directed a
field experiment for the evaluation of drought-
tolerant and susceptible cotton lines. Of the lines
studied, CIM-546 was the best line for drought condi-
tions due to its high vigor, heightened antioxidant ac-
tivity and increased GR (glutathione reductase)
contents as well as its longer root length. A second
line, CCRI-60, can scavenge ROS and gives better
protection against drought stress when compared with
other lines. In G. barbadense, there is a down-regula-
tion of the drought-tolerant gene ‘gbMYB5’, thus en-
hancing oxidative damage under drought stress due
to reduction in antioxidant activities, i.e., GST, CAT,
POD, and SOD (Chen et al. 2015). Further, zinc is
considered a supplemental element that increases
anti-oxidative activity in cotton (Wu et al. 2015). The
cotton plant contains several drought-resistant genes
that help in the activation of multiple antioxidant en-
zymatic pathways. Additionally, exogenous application
of zinc in the presence of oxidative stress is also an
effective method to enhance antioxidant levels in crop
plants (Wu et al. 2015).

Drought coping strategies in cotton

Due to the increasing demand for cotton, improvements
are needed to enhance production in low annual rainfall
areas. In this situation, varieties that require less water
and give better yield are desirable. Along with traditional
breeding, there are advancements in biotechnology to
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produce transgenic cotton that can perform better under
drought stress. However, foliar application of supple-
ments, growth enhancers, and minerals can also be used
to improve resistance against drought stress. As part of
the process for improving cotton production, genes or
traits that are responsible for drought tolerance are iden-
tified using techniques like quantitative trait locus
(QTL) analysis and transgenic approaches.

High-temperature stress

The cotton plant is perennial with an indeterminate
growth habit and a complex set of fruiting patterns.
Temperature stress on the cotton crop causes deleteri-
ous effects during germination, early-season growth,
flowering, and gossypol formation. Essential physio-
logical processes including carbon assimilation and leaf
chlorophyll content are very sensitive to high-
temperature extremes. High-temperature stress occurs
when morphophysiological and biochemical attributes of
plant development are altered. Air temperatures above
30°C reduce photosynthesis in plants. Temperature be-
yond 35°C restricts the elongation of sympodial
branches in cotton (Ekinci et al. 2017). Signal transduc-
tion networks form a large proportion of the complex
machinery that provokes several self-activated and
hormone-dependent mechanisms in plants under
temperature stress (Fig. 2) (Awasthi et al. 2015; Pandey
et al. 2016). Heat stress affects cell biochemistry by en-
hancing ROS production. Heat stress causes an alter-
ation in mitochondrial function, leading to the induction
of oxidative damage by lipid peroxidation (Davidson and
Schiestl 2001; Vacca et al. 2004). Numerous studies re-
vealed enhanced lipid peroxidation under heat stress
(Wu et al. 2010). Temperature extremes lead to ROS
production, including OH", H,O,, and O*", thus causing
oxidative stress (Yin et al. 2008). During heat stress, ru-
bisco speeds up the production of H,O, due to its oxy-
genase activity (Kim and Portis 2004). ROS provokes
autocatalytic peroxidation of lipids in cell membranes
and pigments, thus affecting the permeability of the
membrane and its function (Xu et al. 2006).

Tolerance to oxidative damage is directly correlated
with antioxidant production in crop plants (Almeselmani
et al. 2009). Elevated protein levels from ROS scavenging
enzymes are observed under high temperatures (Rain-
water et al. 1996; Rizhsky et al. 2002). Moreover, plants
can evolve heat tolerance defense mechanisms to pre-
vent oxidative damage under high-temperature stress
(Bergmiiller et al. 2003). Zhang et al. (2016) reported in-
creased ROS production in cotton during reproductive
stages, ie, an increase in the lipid peroxidation by-
product malondialdehyde (MDA) that affects all cellular
organelles. The cotton plant was unable to scavenge
ROS under high-temperature stress. The antioxidant
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Fig. 2 Systemic diagram showing correlation of high-temperature stress with signal transduction pathways and activation of defense pathway in

enzymes SOD and CAT were up-regulated in cotton
leaves but were unable to protect cells from oxidative
damage (Snider et al. 2009). Temperature stress reduced
the number of sympodial branches and boll weight in
cotton as reported by Singh et al. (2007) that might be
due to hindrance in the supply of assimilates to develop-
ing bolls. In summary, antioxidant enzymes in cotton
are elevated but failed to scavenge ROS due to more
pressure on organelles under heat stress (Snider et al.
2009). Recent studies demonstrated the effect of a foliar
spray of H,O, to induce thermo-tolerance (Gao et al
2010; Hossain et al. 2015). Exogenous application of
H,O, improved plant growth and reduced oxidative
stress by protecting DNA structures from damage. Mor-
inga leaf extract (MLE) and AA are also considered to
be essential for the enhancement of antioxidative activity
(Fahad et al. 2016). H,O, acts as a signaling molecule
that increases chlorophyll content under high-
temperature stress. Similarly, moringa leaf extract is rich
in zeatin which protects the cell from oxidative stress.
Studies have shown that these growth regulators (H,O,,
ASA and MLE) increased cotton fiber length. H,O,
played an essential role in cell expansion and differenti-
ation of cotton fibers (Li et al. 2007). Moringa leaf ex-
tract was abundant in cytokinins that enhanced fiber
quality components (Ali et al. 2011).

Cotton plant heat tolerance strategies

The ROS produced under heat stress poses a serious
threat to plant cells by damaging proteins and lipids
(Fahad et al. 2017). Osmoprotectants are compounds
that help organisms survive extreme osmotic stresses.
Several osmoprotectants including salicylic acid (SA),
proline, and AA have been applied exogenously for ther-
mal stability. Under heat stress, cotton plants regulate
the osmotic adjustments by maintaining the turgor pres-
sure and enhanced the production of antioxidants
against ROS (Anjum et al. 2011). SA is a hormone that
induces thermo-tolerance in the cotton plant (Hayat
et al. 2009). SA sprayed on cotton plants under heat
stress reduced the membrane oxidative stress (Sarwar
et al. 2019). Therefore, SA helped reduce ROS by in-
creasing antioxidants and decreasing photosynthetic
damage (EI Sabagh et al. 2020). AA has significant effects
on crop plants under stress conditions. It has an anti-
oxidative system that scavenges ROS thus enhancing
crop productivity (Kamal et al. 2017). It is also involved
in ROS detoxification (Dolatabadian et al. 2009).

High salt (salinity) stress

Salinity is a global issue where excess salt from irrigation
limits crop yield. Almost 20 % of irrigated land is im-
pacted by excess salt (Flowers and Yeo 1995). Therefore,
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to fully utilize this land for sustainable agriculture and
food security, salt-tolerant crop varieties need to be de-
veloped. In crop plants, salinity induces ionic as well as
osmotic stress. Plants are prone to oxidative damage due
to excessive ROS production. Excess ROS damages
membrane proteins, lipids, and nucleic acids (Gomez
et al. 1999; Herndndez et al. 2001). There is a need to
know how crop plants respond and adjust themselves
against oxidative stress in the presence of excess salt.

Salt stress may alter any of several biochemical and
physiological processes, depending upon the duration
and severity of the stress (James et al. 2011; Rozema and
Flowers 2008). During the initial stages of increasing salt
accumulation, plants have reduced the ability for water
uptake and increased the losses due to transpiration
(Munns 2005). Osmotic stress leads to physiological
changes in plants, including nutrient imbalance, reduced
photosynthetic activity and differences in the production
of antioxidant enzymes because of stomatal closure
(Rahnama et al. 2010). Salt stress is also called hyper
ionic concentration stress. When excess Na* and CI”
ions are in the soil, these ions can transport into plant
tissues and cells, leading to ionic imbalance and cell mem-
brane damage. Excessive uptake of salts may cause physio-
logical disorders in crop plants. High levels of Na* ions in
a cell can disturb the process of potassium (K*) uptake.
Potassium is a vital element for plant physiology and the
metabolic cycle and reductions in potassium can lead to
lower plant dry matter content and, in some cases, plant
death (James et al. 2011). In salt-stress conditions, it was
observed that the levels of ROS including hydrogen perox-
ide, singlet oxygen, superoxide, and hydroxyl radicals were
enhanced (Apel and Hirt 2004). These ROS severely dis-
turb the metabolic machinery of cells.

Under salt stress in the electron transport chain, elec-
trons react with molecular oxygen (O,) to form activated
oxygen species. ROS like single oxygen (O,), hydroxyl
radical (OH"), H,O, and superoxide radical (O,") are all
capable of oxidation and, therefore, cause oxidative
damage to the cell (Grof3 et al. 2013; Halliwell and
Gutteridge 1985). Antioxidants play a key role in the de-
toxification of ROS induced by salinity stress. The super-
oxide radical is very dangerous as it reduces the Fe®*
and Cu®* ions present within the cells. Therefore, the
plant uses superoxide dismutase (SOD) against super-
oxide to convert superoxide’s dismutation into oxygen
and hydrogen peroxide. The reduction of metal ions by
superoxide uses H,O, to form hydroxyl radicals. Due to
their high oxidizing ability, hydroxyl radicals cause dam-
age to proteins and lipids in the cell membrane. There
have been no reports of protective enzymes against hy-
droxyl radicals. Therefore, SOD plays an important role
in eliminating the superoxide ion so that hydroxyl radi-
cals are not formed.
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Salt tolerance strategies

Although cotton is known as a moderately salt-tolerant
crop with a salinity threshold level of 7.7 dS-m™', its
growth stages are adversely affected by high salt concen-
trations. The species of cotton have different responses
to salt stress, therefore breeding strategies using appro-
priate inter- and intraspecific crosses and selection
methods may be used to improve salt tolerance in cot-
ton. Many researchers noted that salinity affected crop
plants by altering morphological, physiological and bio-
chemical traits at different growth and development
stages. However, some varieties have increased tolerance
to excess salt and can withstand prolonged periods of
salt stress.

Salinity stress affects the rate of photosynthesis. Salin-
ity increases Na" and Cl”, which, in turn, decreases the
level of Mg**, K* and Ca** in cotton leaves. Slight in-
creases in K" and modest accumulation of Na® under
salt stress have also been identified in the literature.
Therefore, the K'/Na™ ratio has been used as a success-
ful selection criterion for salt-tolerance in field crops.
Generally, salt tolerance in cotton has been associated
with the exclusion of Na'ions. High salt stress reduces
N and P uptake in cotton, whereas low salinity does not
significantly affect the absorption of either of the ions.
To mitigate the oxidative damage by ROS, the cotton
plant possesses a complex antioxidant system, i.e., non-
enzymatic antioxidants such as AA, GSH, tocopherols,
and carotenoids as well as enzymatic antioxidants such
as SOD, CAT, POD, APX, and GR. This antioxidant sys-
tem is interlinked and can repair the cellular damage
due to oxidative stress imposed by salt in the cotton
crop (Arif et al. 2020; Chaudhary et al. 2020).

The studies on the role of an anti-oxidant system
under salt stress are comparatively new and this emer-
ging field of research has gained importance during the
last decades. However, in the literature, few reports are
available for the antioxidant response of cotton under
salinity linked with an effective antioxidant system. More
advanced studies are required to bring about the authen-
ticity of this phenomenon in cotton plants. Furthermore,
transgenic and marker-assisted approaches towards bet-
ter production in cotton are still needed (Chaudhary
et al. 2020).

Heavy metal toxicity and mitigation strategies

Heavy metals (HMs) refer to metals that have relatively
high density and that are toxic or poisonous even when
present at low concentrations, e.g. mercury (Hg), cad-
mium (Cd), arsenic (As), chromium (Cr), and lead (Pb).
Several physio-biochemical processes in a plant cell are
affected by HM, depending upon concentration, type of
HM, duration of exposure, toxicity, targeted plant or-
gans, etc. Direct interaction of HM with essential
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molecules produces phytotoxic symptoms, i.e., inhibits
the functioning of enzymes by substituting essential cat-
ions from their respective binding sites (Sharma and
Dubey 2007). The presence of toxic metals within plant
tissues causes ROS formation, leading to oxidative dam-
age in different parts of the cell. First, HMs interact with
ionic compounds available at the entrance of the plant
root system. Later, they can interact with proteins, me-
tabolites, and other essential molecules present within
the cytoplasm. This influences homeostatic events, in-
cluding water uptake, food transportation, and transpir-
ation (Fodor 2002). HMs also cause necrosis, rolling of
leaves, stunted plant growth, decreased water potential,
root growth inhibition, inactivation of several enzymes,
and reduced photosynthesis (Sharma and Dubey 2007).

The vulnerability of HMs evokes central anti-oxidative
systems, yet the direction of its response entirely de-
pends upon plant species, the HM used, and its severity
(Schutzendubel and Polle 2002). During HM stress,
glutathione and its corresponding metabolizing enzymes,
proteins and peptides play a bio-reductive role and act
as main defensive agents against ROS to shield the cell
from injury either by the elimination of metals or by
chelation of metal ions in cells to reduce metal stress
(Xu et al. 2006). Glutathione can directly scavenge
metal-induced ROS (Gill and Tuteja 2010). Cai et al.
(2011) examined the effect of GSH application on rice
seedling against Cd stress and observed that foliar GSH
application substantially increased Cd-induced growth
inhibition and noticeably decreased uptake of cadmium.

The tolerance against oxidative stress is accompan-
ied by enzymatic antioxidants including CAT, SOD,
enzymes of ASA-GSH cycle, GPX, and GST. Collect-
ively, these biochemical traits act as an indicator of
HM reactivity and tolerance in several plant species
(Hossain and Fujita 2010). Gill and Tuteja (2011) no-
ticed that there was high tolerance against Cd due to
the direct association between the antioxidant en-
zymes which protect the plants. Recent studies re-
ported that plant characteristics, ie., plant biomass,
growth, and photosynthetic activity are reduced under
Cd stress in cotton. Further, it was found that the re-
duced plant growth was due to the reduced cell ex-
pansion (Daud et al. 2013; Dias et al. 2013).

The plant has developed methodologies to cope with
this stress and to maintain metal homeostasis to prevent
further metal ions uptake and accumulation (Saidi et al.
2013). Numerous researchers recommended that a
higher level of organic matter in root zones might be a
reasonable strategy to deal with HM stress (Arshad et al.
2016; Hédiji et al. 2015; Rizwan et al. 2016). It has been
reported in cotton that the presence of glycine betaine
(GB) remarkably reduced Cd concentrations in the stem,
roots, and leaves. It has been reported in many species
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that GB decreased HM concentrations. (Islam et al.
2009). There was a reduction of cadmium in several
plant stages due to its defensive role in the cell mem-
brane, thus resulting in reduced cadmium concentra-
tions in cotton plants (Giri 2011). From this research, it
was concluded that GB was effective against Cd stress in
cotton by regulating an anti-oxidative system. In this
way, GB was considered an essential osmolyte that
empowered the cotton plant to cope with certain envir-
onmental factors.

Ultraviolet radiation stress and anti-oxidative
defense response

When certain harmful gases are emitted into the en-
vironment, they destroy ozone in the stratosphere
layer of the earth’s atmosphere. If enough ozone was
depleted, this led to an increased amount of
ultraviolet-B  (UV-B) radiation reaching the earth’s
surface (Mpoloka 2008). This increase in radiation is
anticipated to continue, and it may adversely influ-
ence plants directly or indirectly through other nat-
ural processes. Prolonged exposure to UV-B radiation
is destructive to all photosynthetic organisms (Sinha
et al. 2003). Plants are autotrophic and utilize sun-
oriented radiation for nourishment, therefore, they are
continuously exposed to UV-B radiation. Published
reports indicated that exposure of cotton plants to
UV-B radiation resulted in reduced plant height and
internodal length, decreased branch length, stunted
leaf area, and the presence of chlorotic and necrotic
patches on the leaf surface. Necrotic and chlorotic
patches on leaf surfaces have been widely observed as
a result of UV-B exposure in crop plants (Strid and
Porra 1992).

In addition to morphological changes, the reproductive
behavior of cotton was also altered after exposure to
UV-B radiation. Studies revealed that cotton’s floral
morphology was very susceptible to higher exposure to
UV-B radiation. If the exposure persists for a longer
period, it causes deformed boll shape and growth, inef-
fective pollination, and reduced lint yield. It has been ob-
served in several studies that the exposure of cotton
flowers to UV-B radiation led to a smaller size and num-
ber of flowers, as well as a reduced number of anthers
(Cao et al. 2013; Ali et al. 2015). The reduction in
the number of anthers indirectly caused an overall re-
duction in the amount of pollen available for
fertilization. Further studies are needed to evaluate the
direct effects of UV-B radiation on pollen production,
pollen tube growth and germination.

Vulnerability to UV-B produces ROS such as 0>, O*
and OH (Moldau 1999). It has been reported in many
plant species that ROS production was increased by UV-
B (Agrawal and Rathore 2007; Anjum et al. 2011)
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causing oxidative destruction of cell organelles via oxida-
tive damage to lipids, proteins and nucleic acids (Roleda
et al. 2006). Unlimited ROS generation within plant cells
due to UV-B also caused harmful effects on gene expres-
sion and enzymatic activities, driving cellular damage
and programmed cell death (Mackerness et al. 2001).
Plants contain complex biochemical defense systems
to protect them again UV-B damage (Liang et al. 2006).
The activation of antioxidant enzymes including CAT,
POX, SOD, APX, and GR has been reported when vari-
ous species of plants are experiencing UV-B stress. How-
ever, at increased levels of UV-B, the antioxidant
production decreased. Variation in light intensity affects
the cotton pant growth rate, transpiration rate, and
photosynthetic rate as these traits are highly sensitive to
light. Both low and very high light intensity levels nega-
tively affect cotton growth. Under low light conditions,
the rate of photosynthesis is slow but under very intense
light conditions, the photosynthesis rate also slows dra-
matically as the intense light starts to damage the plant.

Concluding remarks and future prospective
Abiotic stresses are major limiting factors to crop prod-
uctivity. Thus, it is important to take steps towards the
understanding of physiological and molecular aspects of
abiotic stress tolerance and find appropriate ways to en-
hance stress tolerance in cotton plants. ROS production,
metabolism, and detoxification are key parts of a plant’s
life cycle. ROS also acts as a signaling molecule in vari-
ous plant processes. To better understand why and how
abiotic stresses cause unfavorable effects, we need to
study the plant’s mechanisms for defense and tolerance.
Advancements in genetic techniques have led to sub-
stantial progress in developing conventional lines with
improved oxidative stress tolerance or by developing
transgenic lines with modified antioxidant levels. Fur-
ther, it has been reported that foliar application of pro-
tectants on plants also helps to improve defense and
reduce oxidative stress by stimulating the anti-oxidative
system. Over-expression of antioxidant enzymes in
transgenic plants has shown an enhanced effect improv-
ing stress-tolerance. To build on this result, special con-
sideration should be given to producing transgenic
cotton with stacked genes associated with overexpres-
sion of more than one antioxidant. This objective may
lead to the development of a cotton line with tolerance
against multiple abiotic stresses.
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dinucleotide; NaCl: Sodium chloride; Na*: Sodium-ion; PS1: Photosystem 1;
PRX: Peroxide reduction; ROS: Reactive Oxygen Species; RuBP: Rubilose1, 5
Bisphosphate; RuBisCo: Ribulose-1,5-bisphosphate carboxylase-oxygenase;

SOD: Superoxide dismutase; SA: Salicylic acid; UV-B: Ultraviolet light
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