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Abstract

Brassinosteroids (BRs) are steroid hormones that are essential for plant growth and development. These hormones control
the division, elongation and differentiation of various cell types throughout the entire plant life cycle. Over the past few dec-
ades, studies on BRs caught the attention of plant scientists due to their versatile ability in mitigating various environmental
stresses. Additionally, BR also involved in maintaining the quality of postharvest produces, by enhancing their resistance
against abiotic and biotic stress. Furthermore, BRs are non-toxic and eco-friendly; this aids its importance in coping with
adverse environmental conditions without disturbing the balance of the ecosystem. Our review summarized the structural
characteristic and distribution of BRs in plants, role in postharvest technology, biotic stress tolerance, improving resistance
against pesticide, organic pollutant toxicity and nodule formation and mycorrhization. This review provides useful infor-
mation on BRs and its effects on plant system that we believe could be useful in maintaining environmental sustainability.
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Introduction

Brassinosteroid (BRs) are endogenous phytohormones that
promote plant growth by regulating various physiological
process including male sterility and the timing of senescence
(Bajguz 2007). BRs were first extracted from the pollen of
rape plant and since then their role in plant physiology has
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been studied extensively (Grove et al. 1979). The phytohor-
mone has also been detected in flower buds, pollens, fruit,
seeds and leaves (Bajguz and Piotrowska-Niczyporuk 2014).
These compounds exist in their conjugated form with fatty
acids and sugar, in a free form or as glucosides and sulphates
(Hayat et al. 2003; Bajguz and Hayat 2009; Fahad et al.
2014, 20164, b, c, d) and are highly important for normal
plant development (Gonzéalez-Garcia et al. 2011). However,
these phytohormones are especially important in situations
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when plants are exposed to environmental stresses such as
water-limiting conditions (Farnham 2001; Thelen 2006),
plant defoliation (Battaglia et al. 2018, 2019a, b) and low
soil fertility (Shapiro and Wortmann 2006; Barbieri et al.
2008; Kaya et al. 2015, 2018; Sonmez et al. 2009a, b),
among others. When this occurs, plants respond to envi-
ronmental stresses by switching from growth activation
activities to suppressing adverse conditions (Bechtold and
Field 2018; Feng et al. 2016) involving the use of hormones
such as abscisic acid (ABA) (Yoshida et al. 2014; Zhu et al.
2017). However, evidence suggests that BRs may also play a
role in controlling the balance between growth under normal
and stressed conditions by regulating the expression of stress
specific transcript machineries (Ye et al. 2017), activation
of antioxidant enzymes (Kim et al. 2012; Lima and Lobato
2017; Tunc-Ozdemir and Jones 2017; Zou et al. 2018; Fahad
et al. 2014, 20164, b, c, d) and production of osmoprotect-
ants (Fabregas et al. 2018; Fahad et al. 2014, 20164, b, c, d).
Other reviews highlighted the importance of BRs in plant
growth, crosstalk with other phytohormones and plant tol-
erance to abiotic stress in details (Fariduddin et al. 2014;
Rajewska et al. 2016; Anwar et al. 2018; Banerjee and Roy
Choudhury 2018; Fahad et al. 2014, 2016a, b, c, d). This
review aimed to underline (a) the extent and mechanisms
of BRs in structural characteristic and distribution of BRs
in plants, postharvest biotechnology and resistance to biotic
stress and, (b) the mechanism regarding organic pollutant,
increase resistance to pesticide and effects on nodule forma-
tion and mycorrhization.

The occurrence of brassinosteroid in plants

The action mode of hormones or ‘phytohormones’, as com-
monly referred in the literature, implies a complex com-
munication mechanism by which chemical messages are
dispatched from cell to cell in order to generate a given
response. Hormones are naturally occurring molecules
that influence various functions in plants across different
developmental stages (Bajguz 2007). With the progression
of knowledge in plant science, a series of phytohormones
were discovered and characterized, including ethylene, gib-
berellins (GA), cytokinins, ABA, and auxin (Piotrowska and
Bajguz 2011; Arteca 2013; Moore 2012; Kumar et al. 2014).
Brassinosteroids are polyhydroxylated sterol hormones rep-
resenting a sixth class of plant hormones (Ali 2017; Fahad
et al. 2014, 2016a, b, ¢, d). This class of hormone com-
prises more than 70 steroids with varying structural and
physiological activities (Sadura and Janeczko 2014). BRs
have revealed a great structural similarity with animal and
insects’ steroidal hormones called ecdysteroids (Thummel
and Chory 2002). Even though the physiological roles of
BRs in plants are not well known, they are considered to
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have key roles in a wide spectrum of plant growth regula-
tory mechanisms (Alabadi and Blazquez 2009; Bajguz and
Hayat 2009; Fahad et al. 2014, 20164, b, c, d). In the early
1960s, Mitchell and his team, working at USDA Agricultural
Research Center in Maryland, conducted novel research with
this phytohormone. In their study, pollen crude extracts from
around 60 species were tested as growth enhancer in Pha-
seolus vulgaris L., a plant compound that is now known con-
sidered to be an excellent source of plant growth-regulating
compounds (Bajguz and Tretyn 2003a, b). Results showed
that around half of the tested pollen extracts resulted in a sig-
nificant enhancement of vegetative growth of Phaseolus vul-
garis L. From these results, investigators ascribed this higher
activity to a brand-new class of steroidal hormones that
they called brassinosteroid. In 1972, Mitchell and his team
observed that brassinosteroid were helpful in the enhance-
ment of seed vigor and crop yield (Mitchell and Gregory
1972). However, Millborrow and Pryce (1973) proposed that
the hormonal activity of pollen could be due to the other
compounds such as gibberellins and other phytohormones.
To clarify this ambiguity, about 225 kg of pollen from rape-
seed (Brassica napus L.), was collected, processed to obtain
an active crystalline material, and samples analyzed. Results
showed that the presence of brassinolide (BL), an active
constituent of brassinosteroid (Grove et al. 1979). BRs are
also known for influencing stem elongation, cell division,
seed growth, leaf development, disease resistance, xylem
differentiation, photomorphogenesis, and leaf senescence
and ameliorating response to stresses such as drought, salt,
extreme temperatures, and others (Javid et al. 2011; Sasse
2003; Fariduddin et al. 2014). When the amount of BRs is
naturally low or null, as occurs with some mutant plants,
a series of vegetative and reproductive defects, including
slower growth, dwarf phenotypes, photomorphogenesis in
the dark, changed stomatal expansion and reduced male fer-
tility can take place in the plant (Clouse et al. 1996; Szekeres
et al. 1996). BRs have attracted huge attention since last
decade due to its esteem-understood importance for plant
development and a possible tool for plant improvement.
Recently, the knowledge regarding the biosynthesis and
mode of action of BRs have been greatly advanced with the
help of molecular and genetic techniques (Camoni et al.
2018; Ogweno et al. 2010; Singh and Shono 2005). All
BRs can be distributed into three main categories based
on carbon-number of each steroid molecule (i.e., C,;, Cyq
and C,q) (Fujioka and Yokota 2003). Besides grain pol-
len, the phytohormone can be found in roots, seeds, stems,
leaves, and flowers (Bajguz and Tretyn 2003a, b). Young
growing tissues like pollen contain larger amounts of BRs,
ranging between 1 and 100 pg kg™"), compared to mature
tissues such as shoots and leaves (range 0.01-0.1 pg kg™
(Takatsuto 1994). Since the discovery of BL in 1979,
around 70 BRs have been characterized in 64 plant species
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comprising 53 angiosperms (12 monocotyledons and 41
dicotyledons), 6 gymnosperms, 1 pteridophyte (Equise-
tum arvense), 1 bryophyte (Marchantia polymorpha) and
3 algae (Chlorella Vulgaris, Cystoseira myrica and Hyd-
rodictyon reticulatum). However, a limited number (52) of
BRs were described in terms of their biological activities
in plants. Among all the BRs studied to present, Castaster-
one (CS), Brassinolide (BL), typhasterol (TY), 6-deoxoCS,
teasterone (TE) and 28-norCS have shown to be broadly
present in different plant species across different environ-
ments (Bajguz and Tretyn 2003a, b). The occurrence of
BRs in algae has been rarely reported and up to now, only
two C,g brassinosteroids (24-epiCS and 28-HomoCS) have
been recorded in Hydrodictyon reticulatum (Camoni et al.
2018). Considering the latest literature reports 81 natu-
ral BRs were characterized which include five conjugates
along with 137 BRs analogues and 8 metabolites (Liu et al.
2017). Considering the chemistry of brassinosteroids, it
can be stated that BRs are polyhydroxy steroid lactone
having a similar chemical arrangement (in terms of carbon
skeleton) than brassinolide (BL). A significant structural
diversity at cyclic and side chain level exists however, and
this is responsible for vital metabolic alterations to and
from two other highly active equivalents of brassinosteroid
known as 24-Epibrassinolide (EBL) and 28-Homobrassi-
nolide (HBL) (Fig. 1). In addition, BRs are completely
safe (Esposito et al. 2011) and eco-friendly hormones
(Kang and Guo 2011).

Castasterone

Fig. 1 Major BRs found in plants (Anwar et al. 2018)

Brassinosteroids are derivatives of the 5-cholestane skel-
eton, with structural differences that result from the form and
location of functional groups in the A and B rings and the
side-chain (Fig. 2) (Fujioka and Yokota 2003). BRs exhibit
vicinal hydroxyl groups with respect to the A-ring at C-2a
and C-3a. BRs having a-hydroxyl, -hydroxyl or ketone at
C-3 position are the progenitor of BRs with 2a, 3a-vicinal
hydroxyls. BR exhibiting 2a, 3p-, 2, 3a- or 2, 3p-vicinal
hydroxyls possibly the precursors of 2a, 3a-vicinal hydrox-
yls. The two 2a, 3a-vicinal hydroxyl groups on the A-ring
constitute overall structural attributes of most active BRs,
including BL and CS (Fig. 3). The declining order of activ-
ity 2a, 3a>2a, 3f>2p, 3a>2p, 3p demonstrated by the
relationship between structure and activity proposes that
a-oriented hydroxyl group at C-2 is crucial for better bio-
logical activity of BRs in plants (Zhu et al. 2019; Zou et al.
2020).

BRs mode of action and its signal
transduction mechanism

Various plant growth processes showed positive correla-
tion to BRs application. While plant which are not capa-
ble to produce BR in enough amount or malfunctioning
in the signal transduction processes of BR show several
types of abnormal phenotypes development, indicating the
importance of biosynthesis of BR and their role in several

OH CH,

CHj,
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Fig. 2 Different substituents in the A- and B-rings of naturally occurring Brassinosteroids (Clouse 2011)

plant process. Numerous mechanisms take part in the
BRs biosynthetic and signaling pathway have been recog-
nized through utilizing numerous methods like molecular,
genetics and genomic approach. BRs take part in several
physiological attributes of plants (development of root,
elongation of cell, development of anther and pollen, vas-
cular differentiation, stem elongation etc.) and also help to
regulate the function of these attributes under unfavorable
conditions (Fahad et al. 2014, 20164, b, c, d).

In numerous studies, innovative approaches have been
identified to spot the accompanying constituents in the
signaling pathway of BRs and amongst them, bioinformat-
ics and screening tools (Nam and Li 2004); mass spec-
trometry (Hink et al. 2008) and proteomics (Tang et al.
2008) have delivered vital information in recognizing
novel constituents. The novel constituents that played a
key role in the biosynthesis of BRs and signal transduction
comprise BRI-Iinteracting proteins such as BRI-[-associ-
ated receptor kinase 1 (BAK-1), BRI-1 kinase inhibitor 1
(BKI-1), transthyretinlike (7TL), and BR signaling kinases
(BSKs) (Yang et al. 2011; Ayub et al. 2018; Derevyanchuk
et al. 2016).

According to Kim et al. (2009) and Yang et al. (2011),
that plasma-membrane which is localized in leucine rich-
repeat (LRR)-receptor-like-kinase (RLK) BRI-1, which
stands for brassinosteroid insensitive 1 (BRI-1), perceived
the BRs. This further led to departure of BKI-1 (a nega-
tive regulator) from plasma membrane. Now an association
formed by the BAK-/ with BRI-1 in order to make a com-
plex of functional BR-receptor. After phosphorylation, BSK
which is considered a positive substrate attached with BSU-
1 through BRI-1 kinase and hence it enhances the BSU-1
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performances, ensuring dephosphorylation and hampering
of BIN-2.

Consequently, gathering of BIM1 (protein complex)
and Myb30 is engaged by unphosphorylated BES-1/BZR-1,
consequences to the development of varied transcriptional
complexes. Then these complexes attach promoter areas of
BR response gene and thus regulate its expression which
eventually effect all the developmental processes like cell
division and its elongation etc. BR biosynthesis is inhibit by
the Brassinazole through oxidation of cathasterone to teas-
terone, which is catalyzed via CPD (Szekeres et al. 1996).

Brassinazole (BZ) as an inhibitor of BRs

Brassinazole is used to decrease the activity of BRs, as they
effects are antagonist. As a result of this, BRs induce ripen-
ing in fruits and vegetables while BZ inhibits its ripening
(Zhu et al. 2015a, b) and increase the postharvest life of hor-
ticultural products. According to a recent study, carotenoid
contents were enhanced in BZR1 (Brassinazole resistant 1)
mutant and genes responsible for ripening, accumulation of
lycopene and ascorbic acid contents exhibited a decreas-
ing trend (Liu et al. 2014). Additionally, the treatment of
aqueous BZ (5 p mol L) for 30 min inhibited ripening in
persimmons (He et al. 2018). More fruit firmness, cellulose
content, decreased ethylene production, cell wall degrading
enzymes activity and the expression of ethylene biosynthesis
related genes was reduced in BZ treated fruits. Application
of BL could accelerate ripening by 5 days while application
of BZ delayed ripening by 7 days in big green strawberry,
when compared to untreated control (Chai et al. 2013).
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Fig.3 Biosynthesis of some BRs in plants: a type C,y (Takatsuto et al.1996; Schaller 2003), b, ¢ type C,g (Schaller 2003; Winter et al. 1999;

Park et al. 1999), d type C,, (Park et al. 1999)

Pre-harvest application of BZ at the concentration of 5 uLL
influence the onset of ripening in grape berries (Symons
et al. 2006).

Brassinosteroid role in postharvest
biotechnology

Use of brassinosteroids (BRs) prior to the harvesting

The positive impacts of BRs in enhancing the yield and
quality of horticultural products (Ali 2017) and the plant
response to environmental stresses (Rajewska et al. 2016;
Anwar et al. 2018; Banerjee and Roy Choudhury 2018) are

of great importance. The main advantages of BRs are their
non-toxic effects and eco-friendly nature (Hayat and Ahmad
2010). The postharvest quality of horticultural commodities
mainly depends on pre-harvest factors, as quality can only be
maintained, not improved, during storage (Arah et al. 2015).

In a study conducted by (Ali et al. 2006), the roots of
20 days tomato seedlings were treated with various doses
(1078, 1077, 107°, 10~ M) of 28-Homobrossinolide (HBR),
analogue of BR, at different time intervals (15, 30 and
45 min). The study revealed that application of 1078 M
of HBR at 15 min resulted in greater production of toma-
toes fruits with higher lycopene and B-carotene contents at
ripening relative to control treatment (Ali et al. 2006). In
another study, different concentrations of DI-31 and DI-100
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analogues of BRs, along with seaweed extract and Tomex
Amin were applied on peppers; results shown increased
yield and net photosynthesis due to application of DI-31
BRs as compared to DI-100s. The control treatment showed
similar effect as BRs on the pepper skin firmness and color,
fresh weight and ripening index. However, peppers treated
with BRs had higher antioxidant activity and total phenolic
content, two characteristics that are important for enhancing
postharvest life of peppers (Serna et al. 2012).

Brassinosteroids have also been utilized in grape (Vitis
vinifera L.). Working with different vines of flame seedless
cultivars of grape, utilized different level of BRs aqueous
solutions (0, 0.1, 0.5 and 1 mg L_l) in a 12-year old own
rooted grapevine. Results revealed that the length, width
and weight of clusters were considerably increased by the
applications of 0.5 and 1 mg L~! BRs. Remarkably, reduc-
tion of decay development in grapes subjected to cold stor-
age conditions at 3—4 °C and 90-95% relative humidity, and
other important postharvest attributes such as fruit firmness,
anthocyanins, total phenolic content, TSS content, and TA
were strongly influenced when 0.5 mg L™' BRs were applied
to 12-year old own rooted grapevine (Champa et al. 2015).

Pre-harvest application of BRs has also shown positive
effects to induct ripening in non-climacteric fruits such as
grape and berry. Applications of BRs also enhance the Brix
levels of berries (Symons et al. 2006). In a study conducted
by Chai et al. (2013) BRs were sprayed on strawberry plants
to evaluate its role in the ripening initiation. The study sug-
gested that BRs treatments induced ripening in strawberries
along with higher chlorophyll, carotenoid, soluble solids,
starch contents and induced antioxidant enzymes activities
(Chai et al. 2013). Positive results have also been reported
following application of HBR. HBR applied to early season
cultivar Tulare and mid-season cherry cultivars Bing, Lapins
and Rainer, Mandava and Wang (2016) observed a decrease
in the maturation time and an improvement in postharvest
quality.

Postharvest application of BRs

Brassinosteroids can help to maintain postharvest quality
and are applied for several purposes in postharvest storage
of different horticultural products. Implications of BRs in
tomato, persimmon, mango, jujube, peach, lime, grape,
potato and asparagus for improving postharvest quality have
been discussed here. Brassinosteroids have been used fol-
lowing harvesting to induce ripening in horticultural crops.
For example, mature green tomatoes were applied with BR
to induce ripening in a study conducted by Zhu et al. (2015a,
b). With the application of BRs increased the soluble sol-
ids, ascorbates, lycopene, CO, and ethylene production, but
reduced the chlorophyll content when compared with con-
trol. In the case of persimmon, a study conducted by He
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et al. (2018) found that BRs increased the production of eth-
ylene, respiration rate, the activity of enzymes responsible
for the degradation of the cell wall that leads to softening,
thus, accelerating the ripening process of persimmon fruits
(He et al. 2018). Similarly, in mango fruits, BRs hastened
the ripening process by enhancing the production of ethyl-
ene, respiration rate, softening of fruits and development
of skin color without affecting the quality of ripened fruit
(Zaharah and Singh 2010; Zaharah et al. 2012). In Jujube
fruits, BRs significantly reduced the senescence by slowing
down the production of ethylene and respiration rate. The
BRs-treated fruits had more total suspended solids (TSS),
titratable acidity (TA) and ascorbic acid content when com-
pared to the untreated control (Zhu et al. 2010). In other
cases, BRs could be applied with other products such as chi-
tosan to improve overall results. According to Wu and Yang
(2016) chitosan treatment along with BRs increased the shelf
life of asparagus as they retarded the respiration rate, loss of
water, retained higher ascorbates, phenols, antioxidant activ-
ity, while inhibiting the rise in malonaldehyde (MDA) and
leakage of electrolyte of asparagus spears during storage.

In other cases, application of BL and EBL has also been
utilized to induce fruit ripening. In a recent study, Ge et al.
(2014) tested BL concentration of 0, 2, 5 and 10 p mol L!
to determine its effects on postharvest quality of peaches
(Ge et al. 2014). Authors suggested that 5 u mol L™! was the
optimum dose to slow down the rise in weight losses, decline
in firmness, SSC, TA and increase ascorbic acid contents
(Ge et al. 2014). The impacts of 24-epibrassinolide (EBL) on
the maintenance of postharvest quality of Persian lime and
Tahiti lime were investigated by Tavallali (2018), who sug-
gested that EBL had efficient results on the maintenance of
firmness and weight of limes. Application of EBL reduced
the decline of chlorophyll a and %° values. The use of EBL
treatment considerably raised the ascorbates, phenolic con-
tent, the activity of antioxidants and TA. In another study,
different concentrations of EBL (0.1, 0.4 and 0.8 mg L)
were tested on the clusters of grapes. Results showed that
EBL treatment resulted in fruit firmness increase, and lower
weight losses and postharvest deterioration (Liu et al. 2016).
Also, the use of EBL at a dose of 0.021 mg dm~> on potato
tuber after harvesting successfully inhibited potato sprout-
ing, one of the major problems in potato postharvest storage,
by 36-38 days. Moreover, the use of EBL raised the produc-
tion of ethylene after 1 and 7 days of storage by almost 150%
and 300%, respectively (Korableva et al. 2002).

Brassinosteroid and the suppression of biotic
stresses during crop cycle

The positive role of BRs is not limited to plant response
under abiotic stresses but also against biotic challenges (Adie
et al. 2007; Krishna 2003). For instance, the pathogenesis
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related (PR) genes have been reported in numerous studies
for their role in enhancing the plant tolerance against biotic
stress (Sugawara et al. 2016; Filipenko et al. 2013; Wu et al.
2016). In line with that, the Arabidopsis cpd mutant defi-
cient in BR biosynthesis showed a remarkable decline in
the expression of PR genes (PR1, PR2, and PRS), whereas,
the high expression was observed in CPD over-expressed
transgenic plants (Szekeres et al. 1996).

In potato plants, application of 24-epibrassinolide (EBL)
decreased disease incidence caused by Phytophthora by up
to 34% in different cultivars (Khripach et al. 1996). In bar-
ley, application of 24 EBL reduced leaf disease caused by
Helminthosporium teres Sacc at the tillering phase (Volynets
et al. 2012).

The use of brassinosteroids in rice and tobacco plants has
the potential to induce resistance to different plant diseases
by suppressing the negative effects of Maganoprothe gri-
sea, Xanthomonas oryzae and Tobacco mosaic virus (TMV)
respectively (Nakashita et al. 2003; Friedrichsen et al. 2002).
However, the role of BRs could be greatly impacted by the
time, method of application and the interaction between host
and its pathogen (Korableva et al. 2002; Vardhini 2016). Pre-
vious research reported that the application of BR softened
the potato tuber tissues and weakened the immune system
of pants, but these results were observed 4 months after
BR application, which could have had an influence in the
decrease in efficiency of exogenous BR (Bajguz and Hayat
2009). Furthermore, the treated potato tubers after harvest-
ing showed prolonged dormant characteristics, enhanced
resistance to Phytophthora infestans, and increased bio-
synthesis of phenolic compounds. In other cases, BRs can
stimulate the mycelia growth and sporulation intensity of
P. infestans in potato tubers, thereby inducing susceptibil-
ity to the disease (Pascual Serrano et al. 2016). Conversely,
research shows that BRs can enhance the resistance against
P. infestans in post-harvested tubers and its dormancy period
(Choudhary et al. 2012),while application of both BRs and
Salicylic acid can increase resistance to the bacterial patho-
gen Xanthomonas oryzae pv. Oryzae and fungal pathogen
Maganoprothe grisea in rice plants.

Studies have reported that the protective role of BR’s
is dependent upon the growth stage of plant and pathogen
(Bajguz and Hayat 2009). Moreover, potato growth param-
eters and especially yield was increased by up to 50% under
biotic stress (Roth et al. 2000).

Summarizing, BRs application to crops have revealed a
significant protective role against environmental stress that
can have a profoudn detrimental impact crop biomass and
yield (Ahmad et al. 2017). Research has demonstrated that
exogenous application of BR have increased the growth,
yield and reduced stress effects in different plant species.
The molecular mechanisms of BR have shown promising
role in crop plants under stressful environments; and the

strategies mentioned in Table 1 can also be used for practical
application in the agriculture sector.

Alternative to chemicals against biotic
and abiotic stresses in postharvest products

Brassinosteroids are a potential viable solution to inhibit
the negative effects of biotic and abiotic stresses that occur
during the postharvest storage of fruits and vegetables with
no hazardous effects on human health.

The effect of Brassinosteroids applications on plant
diseases have been extensively studied. In a recent study
conducted related to Brassinosteroids, EBL (0.1 mg L
0.4 mg L1, 0.8 mg L™!) was applied to grapes to study its
impact on grey mold infestation. Results from this study
showed that treatment stimulated the actions of enzymes
related to defense and considerably reduced the severity
of the disease, superoxide anion radical production and
malonaldehyde (MDA) contents. Moreover, authors con-
cluded that EBL was responsible for terminated grey mold
and keeping the postharvest quality of grapes (Liu et al.
2016). In jujube and peaches, the application of BRs (5 uM)
and BL (5 p mol L") induced resistance against the Penicil-
lium expansum and slowed down the senescence process in
the plant (Zhu et al. 2010; Ge et al. 2014).

Different types of abiotic stresses can also impact quality
and yield of fruits and vegetables during postharvest. For
example, browning is a major problem in postharvest storage
of mushroom. Research conducted showed that brassinolide
(BL) application decreased not only the development of
browning, but also reduced the phenolic content, polyphenol
oxidase activity and maintained better postharvest quality in
white button mushroom (Ding et al. 2009). Also, applica-
tion of BL has resulted in a reduction in chilling injury in
bell peppers. When this occurred, application of 15 uM of
BL was more beneficial than application of 5 and 10 uM
doses of BL during 18 days of cold storage at 3 °C (Wang
et al. 2012). Chilling injury can also cause important eco-
nomic losses in subtropical fruits like orange. Application
of BRs (0.75 and 1.5 ppm) increased catalase and peroxi-
dase activities in Washington navel oranges (Ghorbani and
Pakkish 2014) indicating that the BRs induced resistance
against chilling injury. Table 2 shows different examples of
postharvest application of BRs and analogues.

Brassinosteroid role in reducing pesticide
toxicity
Although the impact of chemical pesticide use in the con-

trol of pest has been widely documented for many plant
species and different conditions, improper use has resulted
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Table 1 Role of BRs in suppressing biotic factors

BR application method BR source BR level Plant species Responses in plants References
Foliar spray EBL 0.1 mg L™ Strawberry Improved tolerance of straw-  Furio et al. (2019)
berry plant against Botrytis
cinerea
Hydroponic system BRZ 5 pM Hordeum vulgare Ameliorated the negative Ali et al. (2014)
effects of TMV, pm fungus
and the Pseudomonas
syringae pv. Tabaci bacteria
Foliar and root application EBL 20 pM Hordeum vulgare Reduced seedling susceptibil- Ali et al. (2013)
via soil ity to blight
Foliar application EBL 0.1, 1,5 and 10 pM  Oryza sativa Induce systemic resistance Nabhar et al. (2013)

Leaves injected with BRs EBL 1 M
Dipping of fruits EBL 5mgL!
Foliar spray BL 1 uM
Soil application BL 5pg
Media augmentation BL 1 pM

Arabidopsis thaliana

Citrus unshiu

Arabidopsis thaliana

Gossypium barbadense
and Gossypium
hirsutum

Oryza sativa

contrary to nematodes

causing root knot disease
BR-stimulated the hindered

FLS2-regulated resistant
signaling

Albrecht et al. (2012)

Lesser post-harvest losses Zhu et al. (2015a, b)

Induced the expression of Zhang et al. (2015)
WRKY30 which mitigated

the CMV viral stress

Reduced the susceptibility
of Gossypium barbadense
and Gossypium hirustum to
Verticillium dahliae fungus

Crosstalk with SA and GA
which arrest the spreading
of root oomycete Pythium
graminicola

Gao et al. (2013)

De Vos et al. (2015)

Table 2 Postharvest application of BRs and its analogues

Treatment Produce Impact

Optimal concentration References

BRs Strawberry Reduced weight loss, maintained color and enhanced resistance 0.1 mg L! Furio et al. (2019)
against Botrytis cinerea pathogen

BL Tomato Cause ripening, increase respiration rate, ethylene production, 3 pumol L™ Zhu et al. (20154, b)
lycopene synthesis, soluble solids and decrease chlorophyll
content

BL Mushroom Hinder browning, decreases phenolic contents and activity of 3 uM Ding et al. (2009)
polyphenol oxidase (PPO)

BL Bell peppers Slowed down the decline in chlorophyll content and amount of 15 uM Wang et al. (2012)
ascorbic acid

BL Peaches Reduce fruit deterioration induced by Penicillium expansum 5 umolL ™! Ge et al. (2014)

BRs Pears Cause rise in TSS and decline in TA 1 ppm Thapliyal et al. (2016)

BRs Jujube Hindered growth of blue mould rot 5uM Zhu et al. (2015a, b)

24-EBR  Satsuma mandarin Decrease the frequency of disease and increase weight losses 5mgl™! Zhu et al. (20154, b)

24-EBR  Eggplant Restrained chilling Injury Index (CI) and browning of pulp 10 ym M Gao et al. (2015)

in ecosystems imbalances (Bararnski et al. 2014). In plants,
the toxic effects of pesticide can systemically damage the
plant structure and its physiological activities by initiating
necrosis and arrest the photosynthesis system and plant
growth (Xia et al. 2009). Authors also reported alteration
in plant photosynthesis due to pesticide toxicity. Addi-
tionally, pesticide application disturbs the rhizosphere

@ Springer

activities, which in turn negatively affects the process
of symbiosis between bacteria and plants (Kumar et al.
1996). Despite the potential damage to crop production
and the agriculture sector as a whole, adverse effects fol-
lowing improper use of pesticides have been reported in
human health through air and water contamination (Aktar
et al. 2009; Bueno et al. 2008).
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The involvement of brassinosteroid as a detoxification
plant mechanism to mitigate adverse pesticide reactions
has been poorly studies (Krishna 2003; Hatzios and Bur-
gos 2004; Sharma et al. 2016; Kanwar et al. 2012; Ozdemir
et al. 2004). In this sense, Hatzios and Burgos (2004) sug-
gested that BRs enhance the transcript level of various genes
encoding P450 cytochrome along with intense glutathione
metabolism that ignite the herbicide biodegradation. The
detoxification process initiate after the plant gets in con-
tact with the pesticide. In the phase I of this process, the
P450 cytochrome, peroxidases and mono oxygenase trigger
a series of metabolic reactions that start metabolizing the
absorbed pesticide. In phase II, the glutathione S transferase
(GST) and UDP glucosyl transferase (UGT) promote the
conjugation of glutathione (GSH) glucose. Finally, seques-
tration of soluble pesticide molecules and subsequent stor-
age in plant apoplasts and vacuoles occurs in phase III.
Other studies (Xia et al. 2009; Miissig et al. 2002) also
highlighted the importance of BRs in detoxifying pesticide
toxicity by performing transcriptional analyses of Arabidop-
sis and cucumber BRs deficient mutants. Overall, these stud-
ies revealed that BRs plays an important role in regulating
the detoxification genes such as genes encoding P450 mono
oxygenase, UDP and GST.

Exogenous application of other phytohormones has also
shown a potential to reduce toxicity from pesticides. For
example, application of 24 epibrassinolide (EBL) in tomato

plants significantly reduced the negative effects of chloro-
thalonil (CHT) by upregulating the expression of RESPIRA-
TORY BURST OXIDASE HOMOLOG1 (ROBH]1) that also
enhanced the accumulation of H,O, in apoplast. In contrast
to that, ROBH1 silenced plants showed considerable reduc-
tion in the EBL mediated CHT metabolism (Hou et al.
2018). Additionally, GRXS16 gene silenced plants failed to
maintain the EBL mediated enhanced accumulation of CHT
because of the reduced glutathione content, GST, and its
transcript (GST1). In this study, silenced tomato plants were
also reported for higher CHT residues (Hou et al. 2018).
Table 3 shows some of the recent reported studies on BRs
mimic pesticide toxicity. However, additional research is
needed to inspect the BRs induced pesticide detoxification
mechanism.

BRs role in mitigating the phytotoxicity
of organic pollutant

The recent boom in urbanization has led to an increase in
production of industrial waste in the form of organic pollut-
ants that pose a threat to human health and our ecosystems.
Persistent organic pollutants (POPs) are extremely toxic
to our health because of their carcinogenic and mutagenic
properties (Rostami and Juhasz 2011). In plants, the effects
of organic pollutants can also be important. For example,

Table 3 Some recent reports on how Brassinosteroid induced pesticide metabolism in crop plants

Crops Pesticides Brassinosteroids

BR induced pesticide metabolism

References

Brassica juncea L Imidacloprid (IMI) 24-epibrassinolide (EBL)

Brassica juncea L. Imidacloprid (IMI) 24-epibrassinolide (EBL)

Cucumber Chlorpyrifos (CPF)  24-epibrassinolide (EBL)
Grapevine Chlorothalonil (CHT) 24-epibrassinolide (EBL)
Rice Chlorpyrifos (CPF) 24-epibrassinolide (EBL)
Tomato Phenanthrene-PHE 24-epibrassinolide (EBL)
Tomato Chlorothalonil (CHT) 24-epibrassinolide (EBL)
Tomato Chlorothalonil (CHT) 24-epibrassinolide (EBL)
Vicia faba Terbutryn 24-epibrassinolide (EBL)

Intense production of various phytochemi-
cals, which reduced the pesticide toxicity

Increased the production of glutathione con-
tents and enhanced antioxidant activities

Induced transcript level of various detoxifi-
cation genes (P450 and MRP)

Biodegradation of CHT pesticide by trigger-
ing the transcript levels of detoxification

genes that encoding P450 monooxygenase,
GSH and GST

Triggered the SOD and catalase activities
which confer tolerance to pesticide toxicity

Upregulated the expression pattern of
CYP90b3, GSHI and GSTI along with
enhanced production of glutathione
contents

Improved the metabolism of CHT pesticide
and H,0, accumulation

Increased expression level of RBOHI gene
which enhanced the accumulation of H,0,
in the apoplast of tomato

Reduced the negative effects of Terbutryn
pesticide over fluorescence and CO,
assimilation

Sharma et al. (2015)
Sharma et al. (2017)
Xia et al. (2009)

Wang et al. (2017)

Sharma et al. (2012)

Ahammed et al. (2013a, b)

Hou et al. (2018)

Pinol and Simén (2009)
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the cherry tomato has been exposed to Fluoranthene mist for
30 days, which caused a reduction in the net photosynthesis
rate up to 37% by overproducing the harmful reactive oxy-
gen species (ROS) (Oguntimehin et al. 2010). Other organic
toxicants such as dichlorobenzene and trichlorobenzene
have been reported for their role in hindering the growth
of the maize plant by impairing the cell division process
(San Miguel et al. 2012). On the other hand, BRs and its
analogues have shown a tremendous ability to minimize
the phytotoxicity caused by organic pollutants by reducing
lipid peroxidation while enhancing antioxidant activities
(Ahammed et al. 2013a, b). The foliar application of EBR
(100 nM) has successfully alleviated the adverse effects of
polychlorinated biphenyl (PCB) in tomato by decreasing the
harmful ROS production, and increasing the Fv/Fm ratio,
photosynthetic capacity and overall biomass production
(Ahammed et al. 2013a, b). Ahammed et al. (2017) studied
the impact of organic pollutants 2,4,6-trichlorophenol, chlor-
pyrifos and oxytetracyclinein cucumber plants. Results from
this study revealed that these pollutants severely impaired
plant root elongation by increasing the production of malon-
dialdehyde (MDA), H,0, and NO (nitric oxide) in roots.
However, the exogenously applied EBR attenuated the pro-
duction of H,0,, MDA and NO via enriched antioxidant
activities, flavonoid contents, and secondary metabolites
enzymes in roots. Additionally, EBR application induced the
glutathione content, which resulted in reduced redox states
(Ahammed et al. 2017).

Benzene is an airborne gaseous organic pollutant which
induces cell damage both in plants and animals. In a recent
study, the harmful effects of benzene on Chlorophytum
comosum were significantly ameliorated by application of
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exogenous 24-epibrassinolide (Setsungnern et al. 2019).
The 24-epibrassinolide treated plants exhibited better anti-
oxidant enzymes activity and hindered the elicited oxida-
tive stress and lipid peroxidation along with an increased
expression of benzene detoxification genes for ascorbic
acid (AsA), homogentisate phytyltransferase (HPT), and
glutathione synthetase (GS). Moreover, higher photo-
synthetic activity and glutathione biosynthesis were also
observed in 24-epibrassinolide treated plants (Setsungnern
et al. 2019).

Polycyclic aromatic hydrocarbon (PAHs) is another
major organic micro pollutant widely distributed in our
environment. In a study conducted by Ahammed et al.
(2012), tomato plants were exposed to 300 um of PAHs
stress for 21 days triggered MDA production and photoin-
hibition while decreased net CO, assimilation and total
plant biomass (Ahammed et al. 2012). Conversely, foliar
application of 24-epibrassinolide significantly reduced
lipid peroxidation, boosted antioxidant enzymes activ-
ity, prevented the root cell from damage and upregulated
the transcript abundance of detoxification genes such as
CYP90b3, GSHI1, and GST1 (Ahammed et al. 2012).
Altogether, these results highlight the importance of BRs
application to enhance resistance against the toxicity of
organic pollutant by increasing the antioxidant activities,
improving secondary metabolism and hindering the lipid
peroxidation and harmful ROS (Fig. 4). Furthermore, BRs
application could be an eco-friendly strategy to cope with
the toxicity caused by organic pollutant in plants, which
can in turn, limit the harmful effects these pollutants have
on human health.
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Fig.4 General mechanism of BRs mediated resistance in plants against organic pollutant. The 1 represents upregulated and | represents down-

regulated activities of the aforementioned molecules in the figure
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BRS regulate nodule and mycorrhiza
formation

The infection of Leguminosae roots by rhizobacteria initi-
ate the process of nodulation, which further convert the
atmospheric nitrogen into ammonium to make it available
for plant growth and development (Mylona et al. 2011). A
specialized pathway known as autoregulation of the nodu-
lation (AON) controls the number of nodules per plant
(Reid et al. 2011). This metabolic pathway is controlled
by Nodulation Autoregulation Receptor Kinase (NARK) in
coordination with CLAVATA2 (CLV?2) and/or KLAVIER
(KLV). Another essential component in the AON pathway
is the regulatory factor RDN1. Mutation in NARK, RDN1,
KLYV, and CLV?2 genes have the potential to produce plants
with a very high number of nodules (Miyazawa et al. 2010;
Krusell et al. 2011; Foo et al. 2014). In this context, BRs
has also been shown to be an important element during
the nodule formation. In pea, a mutation in the BR biosyn-
thetic enzymes LK and LKB severely affected the nodule
formation process, suggested that BRs can be crucial in
regulating the intensity of nodules (Ferguson et al. 2005).
In another study, the BR and AON (nark 1K, clv2 1K,
and rdn1 1K) double mutant exhibited superior nodulation
ability similar to that of the single AON mutant, which
indicates that BR is not the only responsible for the forma-
tion of nodules (Foo et al. 2014). However, exogenously
applied Brassinazole (BZ) in soybean triggered the nodu-
lation process, which may imply BRs actually works as an
inhibitor during nodule formation (Terakado et al. 2005).
For that reason, more studies are needed to unfold the
opposite role of BRs and BZ during nodule formation in
different plant species.

Arbuscular mycorrhiza fungi (AMF) is vital to make
soil nutrients more readily available for plant utilization
(Strack et al. 2003), especially phosphorus and nitrogen,
two macronutrients that are required for plants in consid-
erable amounts (Ketterings and Czymmek 2007; Kumar
et al. 2019a, b; Czymmek et al. 2020). At present, research
stressing the role of BRs in AMF symbiosis is scarce. In
a study conducted by Foo et al. (2013), BR mutant /bk
in pea inoculated with AMF showed no effect on plant
mycorrhizal colonization. However, mutant plants in this
study were leaky and, regardless of being a BR mutant,
low levels of BR that may be enough for mycorrhizal
activity were synthesized (Foo et al. 2013). In another
study, tomato dX mutants malfunctioning in BR synthesis
negatively affected the mycorrhization infection and colo-
nization (Bitterlich et al. 2014a, b). The relative reduction
in the level of different sugars required as energy supply
during mycorrhization was also observed in plant mutants

(Bitterlich et al. 2014a, b). In rice, the BRs mutant brd2-1
showed reduced mycorrhization along with a significant
reduction in RNA accumulation of sucrose transporter 4
(OsSUT4) (Bitterlich et al. 2014b). The sucrose trans-
porter SISUT?2 regulate the process of mycorrhization by
interacting with genes related to BR biosynthesis (Bitter-
lich et al. 2014a, b; Bitterlich et al. 2014b). Further efforts
are required to investigate the importance of exogenous
BRs application in inducing the mycorrhization process
in plant.

Summary and further research directions

Brassinosteroid phytohormones are essential for plant
growth, as they are involved in main plant antioxidant pro-
cesses encompassing the regulation and enhancement of
plant tolerance against different environmental stresses. In
postharvest technology, brassinosteroids have shown great
potential to be considered as a green and non-toxic man-
agement tool. As such, brassinosteroids may enhance the
quality of postharvest fruits and vegetables by triggering
the activities of proline, total phenolic compounds, soluble
sugars, flavonoids, and ascorbic acid. Additionally, brassi-
nosteroids have the potential to reduce pesticide toxicity by
activating pesticide detoxification genes such as RBOH].
Moreover, exogenous application of brassinosteroids has
effectively mitigated the toxicity of organic pollutant in
several studies by restricting the activity of damaging reac-
tive oxygen species and lipid peroxidation while enhanc-
ing the activity of antioxidant enzymes and secondary
metabolism in plant cells. Furthermore, evidence shows
that both nodule and mycorrhizal colonization in can be
affected in brassinosteroids biosynthetic enzymes mutant
showing the paramount involvement of brassinosteroids
in these essential plant processes. However, a few other
studies have reported the opposite role of brassinosteroids
BRs in nodule and mycorrhizal colonization.

Finally, most of the available research with brassinos-
teroids has been conducted under lab-based conditions.
Future research is required to examine the role of brassi-
nosteroids in field conditions under a diverse set of envi-
ronmental conditions and across different plant species.
Research of this type will not only highlight the versatile
role of brassinosteroids in mitigating stress and improving
plant quality and productivity but will also provide with
scientific “on-farm” evidence that could be used by farm-
ers to decide whether they want to include these phytohor-
mones as a management tool future agriculture.
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