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Abstract Plant hormones regulate multiple physiological and metabolic systems
through different signaling channels. The complex signaling network and metabolic
processes play a major role in plant growth and responses to various environmental
stresses. Extensive studies have unveiled most of the members of plant hormones
and elucidate their principal effects on plant cell systems. Brassinosteroids (BRs)
and ethylene are the two major biomolecules playing adorable roles in plant growth,
physiological processes, and stress responses. Their collective interaction with each
other and physiological parameters harmonize the important functions at different
stages of plant growth and development. They also play a major role in biotic and
abiotic stresses. This study examined the interrelation of ethylene and BRs during
different developmental stages. It also highlights the two hormones’ role during fruit
ripening, stomatal closure, reproduction, abiotic stresses, and biotic stresses. The
BRs and ethylene possess an antagonistic influence on the expansin gene AtEXPA5
expression. That antagonistic interrelation is responsible for the hook formation
during the gravitropic growth of hypocotyls. The ethylene and BR cross talk
comprises a complex network of signaling pathways, e.g., the ACC synthase
pathway. Phytotoxins positively interact with ethylene pushing the plant into more
stressed conditions. In this study, we have accounted both the hormones together to
understand the plant responses better. This will help in providing knowledge of
different interacting processes involved in these hormones. The cross talks of
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important plant hormones, such as BRs and ethylene, will provide us remarkable
proficiency to induce stress resistance and enhance plant productivity.

Keywords Ethylene · Brassinosteroid · Plant hormones · Biotic and abiotic stress ·
Plant growth · Development

Introduction

Plant hormones or phytohormones are small, naturally occurring organic molecules
important in plant growth, development, cellular mechanisms, physiological pro-
cesses, and specific molecular activities (Akhtar et al., 2020). Classic methodologies
comprising biochemistry, genetics, and physiological studies have contributed to the
progress of plant hormones. These studies have identified important functions of
these plant hormones in the development, growth, and subsequent plant responses to
numerous abiotic and biotic stresses (Jiang & Asami, 2018). Nine classes of the
phytohormones have been discovered, including gibberellins, salicylic acid, abscisic
acid, cytokinins, auxins, ethylene, jasmonic acid, brassinosteroids, and
strigolactones (Wang & Irving, 2011).

Brassinosteroids (BRs) are organic steroidal polyhydroxylated plant hormones
that play a very diverse role in different aspects of plant growth and developmental
processes (Khan et al., 2019). BRs were initially defined depending on their growth-
stimulating mechanisms. Recent cellular, molecular, and physiological studies have
uncovered its role in senescence, pollen development, photosynthetic performance,
stem elongation, plant development, seed germination, and responses to several
stresses, including extreme temperatures (Nolan et al., 2020). The development of
advanced approaches plays a crucial role in providing an in-depth understanding of
molecular and physiological mechanisms important in BR degradation, signaling
and biosynthesis cascades, and related pathways (Ahmad et al., 2014a). Recent
studies have reported BRs to positively impact the plant response to specific abiotic
stresses and environmental factors, including salinity, heavy metals, heat, drought,
pesticides, temperature, and cold (Khan et al., 2017a). Conversely, the definite
mechanisms involved in BR signaling, which stimulate stress tolerance, are still
unclear (Vardhini & Anjum, 2015).

Recent studies have revealed the interaction of BRs with other hormones, includ-
ing jasmonic acid, auxin, ethylene, abscisic acid, cytokinin, salicylic acid, and
gibberellin (Bashir et al., 2016; Hossain et al., 2006; Wu et al., 2019). These
interactions affect the developmental, cellular, and physiological mechanisms of
plants. Deficiency in BR biosynthesis can result in abnormal developmental pheno-
types, highlighting the prominence of various signaling pathways. It also highlights
the importance of BR biosynthesis, concentrations, and activities in regulating the
cellular mechanisms (Saini et al., 2015; Ahmad et al., 2021a).

Ethylene, the first known plant hormone, is an aging hormone involved in
regulating different characteristics of a plant life cycle (Yasin et al., 2018a; Iqbal
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et al., 2017). The fruit ripening, germination of seed, organ longevity, root initiation,
senescence, abscission, fruit ripening, root hair development, flower development,
and responses toward external stressors mainly base upon ethylene biosynthesis
(Schaller, 2012). It also controls various responses of the environment which are
directly influencing reproduction in plants. Recently some significant advancement
in understanding molecular and biochemical mechanisms involved in ethylene
action and synthesis regulation has been reported (Lin et al., 2009). The ethylene
hormone level changes due to environmental conditions are directly and indirectly
involved in the plants’ regulating lifecycle, making ethylene cross talk a major
subject of interest (Iqbal et al., 2017). This analysis provides an inclusive overview
of the connection between the role of BRs and ethylene in plant growth and
development and the impact of biotic and biotic stress.

Root Growth

Roots are the essential plant organs responsible for structural anchorage; absorption
of water and nutrients for the survival of plant by controlling its growth and
development. They are also involved in the interaction with soil-living biota and
serve as a symbiotic interaction site for soil-living microorganisms (Grierson et al.,
2014). Root hairs and their root epidermal cells tubular extensions assist or increase
subsequent functions by significantly increasing the absorptive surface. The devel-
opment of root hair is persistently adjusted to alteration in the surrounding of roots,
ultimately allowing root function optimizations in the soil environment (Ibrahim
et al., 2017; Li et al., 2021). The interaction of plant hormones with other hormones
contributes to various growth mechanisms in the plant roots. Furthermore, some
important signal molecules, including reactive oxygen species (ROS), are also
involved in root development (Swanson & Gilroy, 2010). The interconnection
between hormone signaling and root hair signaling mechanisms with different biotic
and abiotic alterations subsequently in the rhizosphere facilitates vibrant hormone-
stimulated alterations in root hair growth, density, length, and morphology
(Vissenberg et al., 2020).

The investigation of the connection between ethylene, BRs, and ROS has been
reported. In this study, the screening of EMS mutant was carried out to identify
Arabidopsis mutant (det2-9) with deficiency of BR synthesis, which subsequently
depended on the short root phenotype. Meanwhile, the ethylene and ROS signaling
cascade were increased in the Arabidopsis det2-9 mutant. It was proposed that the
short root phenotype was the ultimate result of ethylene and superoxide anion (O2�)
accumulation. The exogenous BR application indicated that the ethylene biosynthe-
sis regulation was carried out depending on its given concentration. The ethylene
production was significantly decreased in the seedlings, which were treated with a
low concentration (10–100 nM) of 24-epibrassinolide (EBL). On the other hand, the
one treated with higher EBL concentrations �500 nM displayed a sharp increase
(Lv et al., 2018; Shah et al., 2020).
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Consequently, low concentrations of BRs result in the inhibition of ethylene
response factor (ERF) expression. In contrast, when the concentration is high, it
increases ERF expression, which is consistent with ethylene results after BR treat-
ment. The study was carried out to evaluate the connection between
1-aminocyclopropane-1-carboxylic acid synthases (ACSs) enzymes by certain
brassinosteroid-regulated transcription factors (BES1 and BZR1), and their role in
ethylene biosynthesis was further confirmed by qRT-PCR. This study revealed that
ethylene biosynthesis repression was carried out by certain transcription factors and
was ultimately controlled by BR regulation. It was concluded that a high level of
BRs resulted in increased production of ethylene by stimulating ACS enzymes
(Lv et al., 2018). The directional growth regulation is necessary for the proper
growth and development of roots and longitudinal growth (Tariq et al., 2020;
Ahmad & Ashraf, 2016). Studies also proposed numerous environmental signals
and factors that can further stimulate that plant root elongation and gravitropism.
Previous studies showed that induced glucose stimulates root growth of the seedling,
and when BRs are applied, it further increases this modulation type. Thus, the results
proved that glucose increased the BR signaling by modulating BRI1 endocytosis
from cell membrane to early endosomes (Singh et al., 2014a).

Singh and coworkers also evaluated the interaction of plant hormones and
glucose in controlling root growth. The results suggested that the presence of
cytokinins and ethylene could eradicate root growth when glucose or BRs were
regulated. In this case, ethylene and cytokinins act antagonistically with BRs for
subsequent growth regulation. Cytokinin pathway follows the BR signaling, which
ultimately antagonizes the roots’ directional growth by using ethylene-stimulated
machinery (Singh et al., 2014b).

Shoot Growth and Apical Hook Development

The interaction between different plant hormones results in cell elongation, which is
involved in shoot growth in plants. BRs are considered important hormone which
promotes the activity of cell elongation. The experiments conducted observed that
when the AtRALF1 gene is partially silenced, the AtEXPA5 expansin gene involved
in cell expansion expression was increased. The exogenous application of BRs
results in an induced AtEXPA5 level. It illuminates an antagonistic effect between
BR and AtRALF1 for expansin genes. Ethylene reduces the expression of AtEXPA5
and regulates hypocotyl growth. The results from different experiments also
suggested that the interaction of ethylene and AtRALF1 could achieve the same
effect (Bergonci et al., 2014).

Many studies concluded that BRs and ethylene affect hypocotyl development in
plants (Hoque et al., 2016; Shafique et al., 2014). The research included mutant
Arabidopsis plant screening and identification with an improved response to
acsinone7303. The acsinone7303 performs as an inhibitor for ACS enzymes.
Numerous mutants of ret. with decreased sensitivity to acsinone7303 were also
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investigated. Furthermore, ret41 and ret8 were characterized. The Map-based clon-
ing results concluded that ret8 depicts a mutation in CESA6/cellulose synthase six,
while ret4 represents a mutation in de-etiolated-2 (DET2). The enzyme DET2
catalyzed the campesterol to campesterol reduction process within the BR biosyn-
thesis pathway. Whereas, CESA6 was a major part of the primary wall CESA
complex (Verma et al., 2007).

Another study suggested that the mutant seedlings had short roots and hypocotyls
when the mutation of eto1 was removed. That showed that the increased ethylene
level did not completely affect the hypocotyl phenotype. Moreover, it was observed
that the inhibitors of ethylene biosynthesis did not completely decrease the response
of cesa6ret8 and det2ret41 mutants. This further suggested that mutations in DET2
and CESA6 cause short hypocotyls in mutants of cesa6ret8 and det2ret41, respec-
tively. They play a very important role in the growth and development of seedlings
in plants. The ethylene-induced level in eto1 stimulated the plant short hypocotyl
phenotype in det2 and cesa6. Numerous experimental studies with subsequent EBL
eto1, det2ret41, and det2-1 treatment indicated that ethylene and BR level balance is
significantly important in hypocotyl growth accurate regulation (Chen et al., 2013).

The growth and development of the apical hook are very important for plant
growth. This growth and development are followed by seed germination in plants
(Bashir et al., 2013; Ahmad et al., 2021b). The early stages of Arabidopsis hypocotyl
development include apical hook development, which plays an important part in
protecting the apical meristem cotyledons of the shoot as the seedling growth takes
place in the soil. The hook development stages include hook maintenance, the hook
formation, and most importantly, the hook opening. Previous studies have reported
the role of ethylene in the apical hook development phase, where BRs activate the
maintenance phase, which further delays the hook opening phase. These stages of
hook development are strictly controlled by a complex network of different hor-
mones (Mazzella et al., 2014). Various experiments validated the results from these
studies to investigate the BR biosynthesis role and specific signaling mutants for
ethylene (Fig. 7.1).

Flowering

Flower formation and development are the most important phases in plant develop-
ment, directly impacting plant reproduction and production. One of the plant fam-
ilies, called Cucurbitaceae, is known for its sex expression phenotypic variety
(Abbas et al., 2020; Shafaghat, 2011). The development of plants in this family
includes early male flower production followed by female flower production.
Another study evaluated the role of BRs in cucurbit sex expression regulation. The
experimental plant models included three different species, such as zucchini, cucum-
ber, and melon. The cucumber plants were treated with BRs, and female buds and
female flowers were observed. The ethylene level was induced simultaneously,
which further concluded that the BR effect was ethylene mediated. The melon and
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zucchini plants also displayed the same induced level of ethylene production shown
by the cucumber. Still, the induced level of femaleness was not present in melon and
zucchini plants after BR treatment. This study concluded that BR-treated cucumber
plants produced more ethylene than control cucumber plants. Hence, the effect of
BRs on sexual expression in the cucumber plant is usually facilitated by the ethylene
hormone. Different plant species have different sensitivity to ethylene. Therefore,
the mechanism of interaction between ethylene and BRs in flower development BRs
was found to act indirectly through ethylene increase production and increasing
femaleness rate depending on specific species sensitivity to hormone ethylene
(Papadopoulou & Grumet, 2005).

Ethylene and BRs mediate the sexual expression of different species of plants.
Ethylene plays a vital role in regulating sex expression in plants, especially in the
Cucurbitaceae family (Naemi et al., 2014; Hashemi et al., 2019). Its level in the buds
of flowers initiates female flower development in plants. When plants were treated
with ethylene biosynthesis inhibitors, such as aminoethoxyvinylglycine (AVG) or
silver thiosulphate (STS), an increase in male flower development was observed.
Another study compared the sensitivity of different genotypes to hormones BRs and
ethylene by comprehensively working on different BRs and ethylene treatments
exclusively on flower development and sex expression of different Cucurbita pepo
genotypes, including Vegetable Spaghetti (Veg) and Bolognese (Bog). The exper-
imental results from this study indicated that the effect of ethylene is greater as
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Fig. 7.1 Ethylene interaction with brassinosteroids (BRs) under light and dark conditions
Furthermore, the interactions have been demonstrated on the growth and development of the plants.
The arrows show positive interaction, while blunt head arrows show a negative interaction
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compared to BRs on flower development and sex expression in C. pepo. The
ethylene stimulates the female flower development and decreases the formation of
male flower development. The use of ethylene inhibitors like AVG and STS
decreases female flower development and, on the other hand, increases male phase
development. The Bog genotype produces more ethylene, and they were more
responsive to ethylene inhibitors like AVG and STS, resulting in a decreasing
number of female flowers. The other Veg genotype showed lower ethylene produc-
tion, reduced the male flower development, and increased female flower production
by responding better to ethephon. Results showed that the development of male or
female flowers was not altered or affected by the treatment of brassinazole in
C. pepo. This showed that BRs play a significant role in ethylene production
regulation. It also partially affects sexual expression and flower development in
C. pepo and is directly involved in male and female flower development (Manzano
et al., 2011).

Ripening and Postharvest Development of Fruit

Ripening of the fruits is a complex event, in which multiple phytohormones coor-
dinate together, for normal growth, fertilization, and morphogenesis. The final fruit
development involves four different stages: fruit set, fruit development, fruit matu-
ration, or ripening phase. The last phase in plant development is fruit ripening, which
plays a crucial role in making fruit attractive, edible, nutritional, and valuable
agricultural commodities. This ripening process also includes physiological, cellular,
and biochemical alterations such as cell wall structure modification, increased
flavors and aroma, starch to sugar conversion, and changes in pigment biosynthesis
(Kumar et al., 2014; McAtee et al., 2013).

The fruit ripening is classified in climacteric and non-climacteric fruit ripening
depending upon its respiration and ethylene biosynthesis levels. The climacteric
fruits are also called as ethylene-dependent fruits. These types of fruits can ripen
once they are harvested with the ethylene production. The climacteric fruits include
avocado, tomatoes, bananas, cucurbits, and apples. They are accompanied by a
dramatic increase in ethylene production and respiration during their ripening
process (Kumar et al., 2014; Cherian et al., 2014; Azzi et al., 2015). The
non-climacteric fruits cannot ripen once they are removed from the parent plant,
and ethylene is not required for their ripening. These fruits include citrus, strawberry,
raspberry, and grapes (Kumar et al., 2014; Cherian et al., 2014).

BRs, a new class of plant hormones, are involved in plant growth and develop-
ment and regulate ethylene production. In plant vegetative tissues, the BR exoge-
nous application is involved in induced ethylene production and thus stimulates
ethylene-mediated growth response. BRs and ethylene act together and collectively
control plant metabolism (Zaheer et al., 2017; Yasin et al., 2018b). Moreover,
studies have reported that BRs and ethylene hormones have antagonistic effects in
the Arabidopsis (Deslauriers & Larsen, 2010). In fruits like strawberry and mango,
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the application of endogenous BRs is present in small amounts and may not be
important for fruit ripening.

In some cases, ethylene production takes place without variations of low BR
levels in ripened fruit. While in other cases, the applied BRs stimulate ethylene
production, signifying that ethylene production can be independent of BR (Zaharah
et al., 2012; Greco et al., 2012). The role of ethylene in regulating climacteric fruit
ripening, such as mango, is well-known, and numerous studies have been carried out
to reveal further the mechanisms involved in it (Müller & Stummann, 2003). To
further understand the role of plant hormone in regulating fruit ripening, the endog-
enous levels of ethylene and BRs were investigated in mango fruit ripening. The
study also evaluated the effect of exogenous application of BRs and ethylene on fruit
ripening. The results from this study suggested that BR endogenous level may not
display an important role in the ripening of climacteric mango fruit (Zaharah et al.,
2012). Recent studies have also highlighted the role of BRs in non-climacteric fruit
grapes ripening (Symons et al., 2006). The exogenous BR application in climacteric
fruit like tomato is involved in promoting tomato pericarp disc ripening and
increased ethylene production. The endogenous BR high concentration in tomato
fruit was also reported during early developmental stages. The BR-induced fruit
ripening was interconnected with ethylene-increased production. The results also
suggested the ability of BRs to stimulate fruit ripening and fruit senescence
(Montoya et al., 2005).

Numerous studies evaluated the effects of BRs on postharvest development and
fruit ripening. A recent study investigated the effects of BRs and ethylene on
non-climacteric fruit ripening. In this study, strawberries were used as a study
model for non-climacteric fruits. The treatment of exogenous spray of ethylene
and EBL was done on this study model. The experimental results of the study
showed that ethylene and BRs influence the levels of phenolic compounds in plants.
The treatment of ethylene increases the level of phenolic compounds while the BR
application results in reducing the level of phenolic compounds. The ethylene
treatment results in high levels of phenolic compounds that result in senescence.
When BR application reduces the level of the phenolic compound, the induced
antioxidant activity helps in the stimulation of fruit conservation (Ayub et al., 2018).

Another study highlighted the role of ethylene and BRs in fruit ripening and
postharvest development. In this study, BRs were dynamically produced during fruit
ripening in the tomato plant. The transgenic lines overexpressing or silencing
SlCYP90B3 were further generated. The accumulation of carotenoids and ethylene
production were strongly linked with SlCYP90B3 level by the alteration in gene
expression of carotenoid biosynthetic and ethylene pathway genes. The results
suggested that the SlCYP90B3 gene is involved in BR biosynthesis and fruit ripening
in tomato plants, making it a gene of interest for the improvement of nutritional,
visual, texture, and flavor qualities of tomato fruits (Hu et al., 2020).

BRs affect ethylene biosynthesis primarily by regulating ACC-synthase enzyme
(ACS) and ACC-oxidase component activities (Ul Haq et al., 2020; Hafeez et al.,
2019). The high BR levels induce ethylene biosynthesis by increasing the ACS
protein stability, while the low levels of BRs decrease ethylene biosynthesis by the
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activity of high expression of BZR1/BES1. These transcription factors play a major
role in the BR signaling pathway and inhibit the transcription of ACS genes
(Lv et al., 2018). Studies suggested that exogenous application of BRs can stimulate
fruit ripening in bananas due to increased MaACO14, MaACS1, and MaACO13
expression. The exogenous application of BRs can stimulate and induce postharvest
ripening, increasing the development of quality characteristics and subsequently
increasing ethylene production in tomato by increasing ACS2 and ACS4 gene
transcriptional levels.

Stress Response

The BRs and ethylene plant hormones are involved in plant growth and development
and play a diverse role in plant responses to biotic and abiotic stress responses (Yasin
et al., 2018a; Fariduddin et al., 2014; Ahmad et al., 2020a).

Abiotic Stresses

BRs, the natural steroid plant hormones, play a diverse role in plant growth and
developmental mechanisms such as cell division, reproductive development, cell
elongation, vascular differentiation, and response to abiotic stresses or tolerance.
BRs play a significant role in decreasing abiotic and biotic stresses at different levels
(Khan et al., 2017a; Ahmad et al., 2021b; Yasin et al., 2017). Abiotic stress factors
adversely affect the plant growth, fruit yield, and agricultural productivity in plants.
They interrupt the physiology and morphology of plants by different metabolic
changes. This results in reducing plant growth by causing cell injury (Parvin et al.,
2015). Salt affects more than 20% of cultivated land worldwide, increasing day by
day, hampering crop productivity (Flowers, 2004). Plants have well-developed
defense systems, including biochemical and physiological processes for protection
against abiotic stress-induced injuries, including osmoregulation, antioxidant
responses, and homeostasis. The plant responds to stress by stimulating antioxidant
systems. These antioxidant systems can be enzymatic or non-enzymatic. The enzy-
matic antioxidant system includes catalase, peroxidases, superoxide dismutase, and
glutathione reductase. Whereas, the non-enzymatic antioxidant system comprises
carotenoids, vitamins C, vitamin E, flavonoids, and phenolic compounds. Among
these, the phenolic compounds play an important role as the most dominant antiox-
idants (Yousaf et al., 2015; Ahmad et al., 2014b, 2020b). The study evaluated the
BR effects on abiotic stress resistance in cucumber against polyethylene glycol
(PEG), cold, and salt.

Previous studies have reported that BRs can increase ethylene production and
induce the alternative oxidase (AOX) pathway. Results showed that the transcription
levels of ethylene-mediated biosynthesis genes such as 1-aminocyclopropane-1-
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carboxylate oxidase2 (CSACO2), ripening-related ACC synthase1 (CSACS1),
CSAOX, ripening-related ACC synthase2 (CSACS2), 1-aminocyclopropane-1-car-
boxylate oxidase1 (CSACO1), and ACC synthase3 (CSACS3) were enhanced after
BR treatment. Furthermore, salicylhydroxamic acid (SHAM, AOX inhibitor) and an
inhibitor of ethylene biosynthesis like aminooxyacetic acid (AOA) application
reduced plant tolerance to different environmental stresses and factors. This process
is accomplished by blocking respiration or cellular process, which is induced by
BRs. This study concluded the role of ethylene in BR-induced AOX activity, which
is involved in abiotic stress resistance (Wei et al., 2015).

The transpiration rate depends on the opening and closing of stomata in plants,
and stomata play a significant role in protecting the plant against stress conditions
like water stress and pathogens. The stomatal movement pattern depends on differ-
ent reversible alterations, including turgor pressure and water stomata flow in
stomata. This stage is induced by many exogenous and endogenous stimuli. There-
fore, the analysis of the opening and closing of stomata mechanism is essential to
understand how the plants protect themselves against water and pathogens stress
(Roelfsema & Hedrich, 2005). The opening and closing of stomata are regulated by
different plant hormones involved in a complex signaling pathway network. Previ-
ously the most linked plant hormone for stomatal closure was abscisic acid only, but
recent studies have suggested that BRs and ethylene affect the stomata activity (Shi
et al., 2015).

Another study based on the interaction of ethylene and BRs in plants for salt
stress highlighted different mechanisms. In this study, the BRs that induce salt
tolerance in tomato plants were examined. In this study, the induce levels of ethylene
and H2O2 in brassinolide-treated tomato seedlings were investigated. Results
revealed that H2O2 and ethylene are intricate in BR-induced stress tolerance, and
both BRs and ethylene could stimulate H2O2 production (Zhu et al., 2016).

The salt stress adversely affects the plant by reducing its leaf area, root and shoot
length, membrane stability, accumulation of dry matter, relative water content, root
weight, and reducing carbon dioxide assimilation, ultimately affecting plants’ fruit
production. Calcium acts as a second messenger and plays an important role in
intervening mechanisms induced in response to different abiotic stresses in plants
(Kader & Lindberg, 2010). It enhanced the growth of salt stress in plant and its
subsequent signaling which control ion homeostasis pathways. Calcium ions restrict
the entry of sodium ions in plant cells under salt stress conditions (Hussain et al.,
2010). The most harmful effect of salinity stress is the accumulation of Na+ and Cl�

ions in the plant tissues, which are highly exposed to soil with a high concentration
of NaCl. When these ions enter the cell, it results in a severe ionic imbalance, which
causes important physiological disorders in plants. The increased amount of calcium
increases the growth and germination of the salt-stressed plant (Fig. 7.2).

Salt stress, the most adverse stress among abiotic stresses, reduces the oxidative
stress, ion toxicity, and water unattainability apart from obstructing plant growth and
productivity. Different other activities are involved, which ultimately leads to
minimizing the plant productivity and growth (Parvin et al., 2015). The stress
conditions in plants can result in oxidative damage. Therefore, the cells of plants
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require a sophisticated and delicate central antioxidant system. Glutathione (GSH)
and ascorbic acid (AA) connection plays a significant role in this antioxidant system,
which ultimately protects these plants against different oxidative damages. Ascorbic
acid has various physiological functions such as photosynthesis regulation and
increased cell growth in plants (Yasin et al., 2018b; Locato et al., 2013).

Different abiotic conditions, including drought or salinity, affect the symbioses
relationship between plants and microorganisms. This symbioses relationship is
important in the uptake of essential nutrients in plants. Studies reported ethylene
signaling mutant of pea Psein2 and examined the interaction between BRs and

Fig. 7.2 Ethylene interaction with brassinosteroids (BRs) and abiotic stressors (i.e., salinity,
drought, chilling, and oxidative stress)
Arrows show positive interaction, while blunt head arrows show negative interaction
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ethylene and its effect on mycorrhizal development (Weller et al., 2015; Khan et al.,
2017b). Rice is the essential crop worldwide, and different mechanisms to induce
plant resistance to stress have been discovered. The study identified a gene, OsSta2,
which expression induces oxidative and salt stress tolerance in rice crops. The results
from this study suggested that OsSta2 gene plays a key role in the complex network
of the ABA signaling pathway throughout the stress response (Kumar et al., 2017).
The stress response mechanism and molecular breeding can be better understood by
the genome-wide studies for different gene identification and their role in stress
responses. These studies revealed that AP2/EREBP gene families were identified
and classified in the Cucurbitaceae species. These families of genes play crucial
roles in controlling different environmental stresses (Lee et al., 2017).

Biotic Stresses

Biotic stress is also one of the important constraints in plant productivity. Plants
suffer from different stress conditions, which can be biotic or abiotic factors. The
stress factors in plants can be abiotic like temperature or drought and biotic like
pathogens and different pests like nematodes, insects, and fungi. Biotic stress is
when there is damage to plants from a living organism such as parasites, bacteria,
fungi, viruses, and harmful as well as beneficial insects. The defensive system of
plants provides resistance to these biotic and abiotic factors. The defensive mecha-
nism of plants includes physical or chemical barriers and functions effectively to
decrease the harmful impact of biotic factors. These defensive mechanisms also
involve complex pathways of complex phytohormones, including BRs, ABA, and
ethylene (Ahmad et al., 2014c; Akram et al., 2014).

The involvement of these biotic and agrochemical factors is important if there is
no genetically based resistance to confirm high productivity. Plants can develop
morphological and physiological adaptations to survive in harsh environments. To
grow in high salt stress, halophytes can excrete extra salt with the help of their
secretory glands (Zaheer et al., 2017; Anjum et al., 2017; Akram et al., 2013). A
previous study worked to understand the tomato plant responses like genetic control
and signaling pathways to abiotic and biotic stress, including salinity and pathogen
stresses (Bai et al., 2018). The research revealed that application of BR at low
concentration improves the plant growth, quality, and production and induces
resistance to different fungal and viral pathogens in various plants such as tomato,
tobacco, and cucumber (Wang et al., 2015).

A recent study showed that in the fungal disease of cedar-apple rust, the expres-
sion levels were increased for flavonoid compounds (e.g., anthocyanin and cate-
chin), and MYB genes (MYB30), specifically in the fungus-infected tissues. The
study also suggested that plant hormones, including SA, ABA, JA, BR, and ETH,
were found to be highest in infected plants of apple (Bashir et al., 2016; Lu et al.,
2017). In the study on BR-treated pepper plant exposed to cold stress, the plant
hormones such as SA, ETH, and JA levels were found to be significantly increased
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(Li et al., 2016; Ahmad et al., 2013). The experimental work results suggested that
BR functions by interacting with SA, JA, and ETH signaling hormones, especially
for cold stress response. This further highlights that BRs play a crucial role in
response to biotic stress tolerance by activating transcriptional factors, enzymes,
hormones, biotic resistance genes, antioxidants, and signaling pathways to reduce
biotic stresses of plants.

Ethylene and Pathogenesis

Ethylene biosynthesis has been reported at accelerated rates during the progressive
events of pathogenicity. In this process, there is little or no discrimination of the
pathogen type (e.g., bacteria, fungi, viruses, or nematodes) or the pathogenic species.
Ross and Williamson first highlighted the topic during 1951 by recording the
elevated ethylene contents in virus-infected plants (Ross & Williamson, 1951).
The enhanced ethylene contents fall under the early biochemical communications
of plant cells with the other cells in the vicinity. Generally, it is associated with the
cell necrosis leaving localized lesions on the plant surfaces. Bacterial pathogens have
been well investigated for the boosted ethylene contents and the characteristic lesion
development. Viral pathogens also adopt the same pattern as the bacterial pathogens,
but their own characteristic symptoms. Ethylene biosynthesis is increased with the
viral disease progress. Fungal pathogens also drive plant cells toward an ethylene
peak formation, while the height of the peak correlates with the amount of tissue
damage (Ahmad et al., 2019, 2020c; Ahmed et al., 2017).

Ethylene Biosynthesis During Infections

Ethylene production does not require physical damage by the pathogens, but it is
also elicited due to the pathogen-origin elicitors. The physical invasions of microbes
are the secondary factors leading to the lesion formations, if detected by the
hypersensitive defense systems (Khan et al., 2018). Pathogen elicitors that are
difficult to be detected by the plant defense machinery cause a delayed excitation
of the ethylene biosynthesis. Thus, it leads to much more damages to the photosyn-
thetic and physiological systems of the cells. However, an interesting fact about the
hormone was revealed to the researchers when some pathogenic bacteria and fungi
produced ethylene by themselves under in vitro conditions. However, their ability to
produce ethylene is of more assistance to trigger ACC synthase than the elicitation of
the plant defense cascade. This abrupt excitation of the ACC synthase causes the
stunted growth of plants, a characteristic feature of the biotic stress. Therefore,
ethylene synthesis in plants is the best and the most optimized measure to alleviate
plant biotic stress.
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Regulation of Ethylene Under Post-Infection Conditions

A MET-ACC-independent pathway has been extensively reported for ethylene
biosynthesis by the host plant during progressing disease establishment. The poor
incorporation of radioactive MET derived the conclusion into plant-produced eth-
ylene. The results proved that MET was not associated with the main C2H4 biosyn-
thetic pathway in the infected plant tissues. Furthermore, the conclusion was
supported by AVG application, a MET inhibitor, which could not reduce ethylene
production. Another MET inhibitor Co+2 failed to inhibit or reduce ethylene bio-
synthesis in infected tissues. Similarly, ACC application, an intermediate of the
MET-ACC pathway, could not enhance ethylene contents. All these facts concluded
that ethylene production was involved in a mechanism other than the MET-ACC-
dependent pathway.

Ethylene and Disease Spread

It is very hard to draw a generalized and precise relationship between the ethylene
production and disease development. The role of ethylene during the infection
process becomes more complex when it interacts with other growth hormones
(e.g., auxins), pathogen-derived toxins, and arthropods associated herbivory. How-
ever, in a broader area, an interconnection between the host-derived ethylene and
disease development can only be made by ignoring the other factors, that is, the
negative interrelation. However, in some cases, ethylene inhibition caused a signif-
icant reduction in the disease development. On the other hand, the exogenous
application of ethylene has been proved a useless strategy for plant protection
programs because it promoted the disease development rather than to control the
pathogen. Pathogen-derived ethylene doubles symptom severity if compared with
non-ethylene-producing pathogen strains.

Ethylene Interrelation with Toxins

Toxins are classified among the plant stressors promoting plant diseases. Several
phytotoxins have been reported negatively impacting plant health, causing diseases,
and deteriorating the edible quality of plants. Toxins are also directly related to
ethylene, which concomitantly reduces plant growth by the ACC synthase pathway.
Fusicoccum amygdali is famous for fusicoccin production, which is responsible for
developing disease symptoms on almond and peach. It stimulates the conversion of
ACC to ethylene. Another example of the phytotoxin interacting with ethylene is
coronatine produced by Pseudomonas syringae. The toxin bears the tendency to
increase the ethylene release from the different plants. Similarly, Pseudomonas
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phaseolicola produces a toxin named phaseolotoxin in addition to the production of
ethylene. This joint production of both the stressors is lethal for the plants and proves
a supporting effect of toxins to the ethylene production and downstream biotic stress
responses (Fig. 7.3).
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