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Abstract Brassinolide is an important plant hormone regulating plant growth and development, promoting cell division and
elongation, photosynthesis and respiration, photomorphogenesis, stress resistance improvement, transpiration reduction and make a
very important contribution to the improvement of grape fruit yield and quality. In this research, key enzymes and influencing factors
in brassinolide biosynthetic pathway and the effects of brassinolides on grape fruit yield and quality were reviewed, the physiological
impacts of brassinolide on plant photosynthesis, respiration, transpiration, and photomorphogenesis were also summarized.
Meanwhile, the interaction network between brassinolide and other plant endogenous hormones was reviewed, opinions that future
research direction should be focused on the synthesis of related transcription factors and interaction mechanism between
brassinolides and other plant hormones as well as research and development of new efficient brassinolides plant regulators were put
forward.
Keywords Grape; Brassinolide; Synthesis; Physiological effect; Interaction mechanism

Brassinolide (BR) is a kind of trace and efficient plant hormones, which can regulate plant growth and
development and is widely distributed in plants (Grove et al., 1979), so it is also known as the sixth class of
hormones. At present, it is known that BR has physiological functions such as promoting cell division and growth,
improving plant resistance, balancing plant vegetative growth and reproductive growth, promoting plant
photosynthesis, and increasing yield (Zhao and Wang, 1986, Discovery of Nature (3): 133-136). Previous studies
have shown that BR could significantly promote the growth of watermelon (Citrullus lanatus (Thunb.) Matsum. et
Nakai) seedlings (Wang et al., 1994), and promote the growth of maize (Zea mays L.) roots (Kong and Zhang,
1998). Moreover, BR could significantly promote the formation of drought resistance, cold resistance, high
temperature resistance, salt resistance, drug resistance and disease resistance of plants (Wang et al., 2005).

In the study of BR biosynthesis pathway, it was found that the precursor of BR synthesis was C30 derivatives of
phytosterol (Cycloartenol), which generated intermediates Campesterol through methylation and isomerization.
Finally, BR was generated through the early and late C6 oxidation pathways. BR also plays an important role in
signal transduction. Studies have shown that BR signal regulates the expression of downstream genes under the
action of a series of proteins and enzymes after being perceived by the cell membrane receptor BRI1/BAK1, and
further regulates the growth and development of plants (Fujioka and Yokota, 2003).

Plant growth and development are jointly affected by a variety of hormones. Some hormones show synergism,
while others show antagonism. BR can regulate ethylene production by synergism with auxin, to achieve the
purpose of regulating fruit maturation (Wan, 2007). At the same time, BR and abscisic acid also show synergism,
which can regulate the formation of anthocyanins in grape berries by promoting the increase of soluble solids in
fruits and improve the ability of plants to stress by regulating stomatal movement (Li et al., 2018). In addition, BR
and salicylic acid also show synergism, which can improve the stress resistance of tomato (Lycopersicon
esculentumMill.) seedlings by regulating the activity of membrane protective enzymes (Wan, 2007).
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Grape (Vitis vinifera L.) is a fruit tree with a wide planting area in the world, which is widely used in brewing
because of its sweet and sour taste and suitable crushing. In recent years, BR has been widely used in grape
cultivation practice, contributing to the improvement of grape yield and quality. The results showed that BR could
improve the size and yield of grape berries and clusters, improve the resistance of grape berries to stress, and
increase the content of photosynthetic pigment in grape (Bajguz and Tretyn, 2003). With the improvement of
analytical techniques, the application of genomics research methods, and the development of transcriptomics, BR
has been widely used in grape cultivation. In this study, we summarized the molecular mechanism of BR
biosynthesis and its physiological effects on grape berries quality, and provided new ideas for the future study of
interaction between brassinolide and other plant hormones.

1 Brassinolide in Grape Berries
1.1 Brassinolide and its classification
American scientist Mitchell (1970) first found that plant pollen contains a large amount of BR. Subsequently,
Mandava et al. (1973) purified BR by extraction and elution, and speculated the stereochemical structure of BR
(Figure 1). BR is widely present in plants and is the only plant hormone similar to animal hormones. It is
homologous to the steroid 5α-reductase gene in mammals, which means that the possible metabolic synthesis and
signal transduction pathways of BR can be inferred by analyzing the mechanism of animal hormones in the future.

Figure 1 Brassinolide (Grove et al., 1979)

BR is a steroid compound. According to the number of carbon atoms in steroid molecules, all BRs can be divided
into three categories: C27, C28 and C29 (Fujioka and Yokota, 2003). With the improvement of hormone analysis
technology, more than 70 kinds of brassinosteroids have been found. In Typhaceae Juss., the main forms of BR
are Typhasterol (Figure 2A) and Teasterone (Figure 2B) (Bajguz and Tretyn, 2003). In rice (Oryza sativa L.) of
Poaceae, the main forms of BR are Brassinolide (Figure 2C), Castasterone (Figure 2D) and Dolichosterone
(Figure 2E). In Arabidopsis thaliana of Brassicaceae, the main forms of BR are Brassinolide (Figure 1) and
6-Deoxocastasterone (Figure 2F). In Citrus reticulata Blanco L. of Rutaceae, the main forms of BR are
Brassinolide (Figure 2C), Castasterone (Figure 2D), Typhasterol (Figure 2A) and Teasterone (Figure 2B).

1.2 Biosynthesis pathway of brassinolide the early and late C-6 oxidation pathways
The research on the biosynthesis pathway of BR is mainly focused on the mutants. And it has been found that the
biosynthesis pathway of BR can be divided into the early and late C6 oxidation pathways. Suzuki et al. (1995)
found that Campesterol was the starting substance of BR synthesis, and 6-Oxocampestanol was finally obtained
by oxygenation, hydroxylation and oxidation. Fujioka (1997) found that the product will continue to undergo
hydroxylation, dehydroxylation and re-hydroxylation to form BR, which is collectively referred to as the early C6
oxidation pathway. Furthermore, it was found that 6-Dehydrocastasterone could be directly converted into
Castasterone in the cultured cells of Catharanthus roseus, which means that there is another pathway for the
synthesis of brassinolide in plants, that is the late C6 oxidation pathway.
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Figure 2 Brassinoid steroids (Noguchi et al., 2000)
Note: A: Typhasterol; B: Teasterone; C: Brassinolide; D: Castasterone; E: Dolichosterone; F: Deoxocastasterone

The specific process of the early C6 oxidation pathway (Figure 3) is as follows: Campesterol is used as the
synthesis precursor to generate Campestanol by dehydrogenation reaction, and then 6α-Hydroxycampestanoil is
generated by hydroxylation, and then 6-Oxocampestanol is generated by oxygenation reaction. After that, the
two-step hydroxylation is used to generate Cathasterone and Teasterone. Then, the dehydrogenation reaction is
used to generate 3-Dehydroteasterone, and the further reaction is used to generate Typhasterol. Finally, the
hydroxylation is used to generate Castasterone, and the further oxidation is used to generate Brassinolide
(Noguchi et al., 2000).

The specific process of the late C6 oxidation pathway (Figure 3) is as follows: 6-Dehydroteasterone is used as the
synthesis precursor to generate 3-Dehydro-6-Deoxoteasterone by dehydrogenation reaction, and then
6-Oeoxocastasterone is synthesized by hydroxylation, further dehydrogenation is used to generate Castasterone,
and finally dehydrogenation to generate Brassinolide (Noguchi et al., 2000).

2 Biosynthesis Regulation of Brassinolide
2.1 Synthesis and optical signal regulation of brassinolide
Plant photomorphogenesis is a low-energy response, and most BR-deficient mutants show leaf curl and yellow
(Hong et al., 2002). Luo et al. (2010) isolated and identified the transcription factor GATA2 in Arabidopsis
thaliana, which regulates plant photomorphogenesis. Its role is to directly participate in the process of BR
regulating light signal transduction, and then participate in the regulation of plant photomorphogenesis.
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Figure 3 Anabolic pathway of brassinolide (Noguchi et al., 2000)

2.2 Regulatory genes for brassinolide biosynthesis
In the process of BR signal transduction, receptor kinase BRI1 and BAK1 play a decisive role in the signal
pathway. Overexpression of BRI1 will increase the sensitivity of plants to BR, and the binding with BR is stronger.
The mechanism of BAK1 and BRI1 action can be summarized as follows: BR binding protein binds to the
extracellular domain of BRI1, thereby mediating BR signal transduction. Mutants of BRI1 homologs use a new
activation method to initiate BR signal transduction after binding to BR. Li et al. (2002) found that BAK1 and
BRI1 have the same expression pattern, and both proteins are located on the plasma membrane, so they can
interact. In addition, BAK1 and BRI1 can be phosphorylated to each other, and BAK1 shows a higher
phosphorylation level in the presence of BRI1. Tang et al. (2008) studied BRI1 signal transduction mediated by
BSK genes in Arabidopsis thaliana and found that BAK1 is most likely to mediate the activation of BRI1 kinase
rather than the signal transduction of specific downstream components of the BR signal pathway. On the contrary,
BSK directly mediates the signal transduction of the response from BRI1 to downstream BR. In the study of BR
signal transduction pathway, it was found that BAK1 regulated the transport of BRI1, and the overexpression of
BRI1 and BAK1 co-receptors in protoplasts increased the internal accumulation of BRI1. However, the inherent
limitations of the protoplast system limited the attempt to link functional endocytosis with BRI1 signal
transduction, so this hypothesis has not been confirmed (Russinova et al., 2004).

In the process of BR signal transduction, BZR1 plays an important role in mediating the feedback inhibition of
BR biosynthesis. By identifying the nuclear components of BZR1 mutant, it was found that BZR1 is a positive
regulator of BR signaling pathway, mediating the feedback regulation of downstream BR physiological effects
and BR biosynthesis (Wang et al., 2002). As a BR synthesis transcription inhibitor, BZR1 plays a dual role in the
formation and growth of BR homeostasis. Hong et al. (2005) studied the mutant bzr1-1D of BR in Arabidopsis
thaliana and found that the dominant bzr1-1D mutant could increase the accumulation of BZR1 protein, inhibit
BR-insensitive bri1 and bin2 mutants, and lead to insensitivity to brassinazole, an inhibitor of BR biosynthesis.
These findings indicate that BZR1 plays an active role in BR signal transduction.
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3 Physiological Effects of Brassinolide in Plants
3.1 Effects of brassinolide on plant growth and development
As an important hormone in plants, BR plays an extremely important role in regulating plant growth and
development, which is reflected in promoting cell elongation, cell division, plant reproductive growth and plant
tropic movement.

BR increases plant height mainly by modifying cell wall and regulating gene expression of cell wall synthesis,
thereby affecting cell wall formation. Cell elongation is mainly related to the synthesis of xyloglucan
endotransglycosylase and expansin. It has been found that BR can promote the addition of new xyloglucan to the
cell wall, lead to cell relaxation and cell elongation (Jin et al., 2014). With the help of BR mutant in Arabidopsis
thaliana, Xie et al. (2011) proved that BR regulated cellulose synthase by binding to the upstream components of
cellulase synthase, which also explained why BR promoted cell elongation. It was found that MD40, as a
regulatory protein, has a positive regulatory effect on hypocotyl elongation in Arabidopsis thaliana, and the
receptor kinase FERONIA related to pollen tube elongation is also involved in the process of BR signal
transduction (Deslauriers and Larsen, 2010). Through the analysis of the leaf angle of BR-deficient mutant rice, it
was found that the inclination at the leaf junction was significantly reduced, suggesting that BR could increase the
leaf bending degree (Nakaya et al., 2002).

BR promoted cell division mainly in promoting leaf expansion, promoting the process of root cell cycle,
regulating the number of vascular bundles and inhibiting stomatal formation. By cutting the epicotyl of soybean
(Glycine max (Linn.) Merr.) and BR treatment, it has been confirmed that BR can upregulate the expression of
cyclin CycD3 (Hu et al., 2000), thus affecting cell division, and exogenous BR can expand the leaves of
BR-deficient mutant plants (Nakaya et al., 2002). The effect of BR on the root system is to regulate the division of
the cell quiescent center and the differentiation process of the distal stem cells. Kuppusamy et al. (2009) found
that BR could also affect root hair formation and promote lateral root formation. Auxin can promote the
development of xylem, so some researchers speculated that BR can also regulate the life activity of xylem. It has
been confirmed that BR signal transduction receptors BRL1 and BRL3 can regulate the development of vascular
bundles by regulating the differentiation ratio of phloem and xylem (Wang et al., 2001). When exogenous BR was
applied to Arabidopsis thaliana, it was also found that the proportion of stomatal closure increased and stomatal
development slowed, suggesting that BR regulates stomatal opening, closing and development through
phosphorylation of transcription factor SPCH related to stomatal development (Gudesblat et al., 2012).

BR regulates plant reproductive growth by promoting pollen tube elongation, affecting flowering time, inducing
flowering, increasing yield and fruit quality. Li et al. (2011) found that the application of exogenous BR could
advance the flowering time of Arabidopsis thaliana and could induce flowering of plants without vernalization
and independent pathway

The directional movement of plants can be divided into gravitropism, phototropism, thigmotropism,
chemotropism. At present, it has been proved that BR and auxin are antagonistic in the regulation of plant
gravitropism. Exogenous BR can inhibit the gravitropism of hypocotyls by reducing the content of auxin in
seedlings (Gupta et al., 2012). Further studies have found that brassinolide can induce the synthesis of ACC
synthase, thereby regulating ethylene on plant epinasty growth, but whether BR has an impact on plant
phototropism, chemotropism and thigmotropism is unclear.

3.2 Effects of brassinolide on plant life activities
The growth and development of plants are constantly carrying out various life activities, including photosynthesis,
respiration, transpiration, and photomorphogenesis.

Photosynthesis is the most important metabolism activity of plant, and it has been confirmed that BR could
promote the photosynthesis. The net photosynthetic rate of Cucumis melo was significantly increased by applying
BR (Zhang et al., 2012). It is speculated that BR could improve the capture of light energy by leaves, thus
promoting the process of PSII activity and carbon assimilation and improving fruit yield and quality.
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Respiration is also an indispensable activity for plant growth and development. It has been confirmed that BR
could improve plant respiration by regulating the activities of various enzymes in TCA cycle. The application of
exogenous BR in cucumber seedling roots showed that the expression of aerobic respiration isoenzyme was
significantly increased, which greatly solved the problem of hypoxia during seedling growth and development (Lu
et al., 2012).

Transpiration is the main way of plant heat dissipation. The application of BR to Hippophae rhamnoides seedlings
under drought stress showed that the damage caused by stress was reduced, the transpiration rate was reduced, and
the drought resistance was enhanced. It is further speculated that BR may promote stomatal closure and slow
down the rate of water metabolism (Han and Li, 2012).

3.3 Effect of brassinolide on plant quality
Quality is an important index to measure plant growth and development, which includes morphological indexes
and physiological indexes. Morphological indexes include dry and fresh weight of aboveground part, dry and
fresh weight of underground part, plant height, stem diameter and leaf area. Physiological indexes include soluble
sugar, protein, photosynthetic pigment content, polyphenol content and anthocyanin content. Since BR has
synergism with auxin and ethylene, it is speculated that BR also plays an important role in improving plant quality.
The application of exogenous BR showed that the seeds number and grain weight of Arabidopsis thaliana seeds
increased significantly, which may be related to the fact that BR could increase the activity of sucrose phosphate
synthase and thus accumulate sucrose content in the plant (Huang et al., 2013). After spraying a certain amount of
BR on the young leaves of Fragaria×ananassa Duch., it was found that the soluble sugar and soluble protein of
the fruit were significantly increased, and the maturity period was advanced, and the fruit quality was significantly
improved (Aaby et al., 2012).

The application of epbrassinolide (EBR) once in young leaf stage of muskmelon increased stomatal conductance
and photosynthetic indexes compared with the application of 2 and 3 times. The photosynthetic indexes of EBR
twice and 3 times in fruit stage of muskmelon were significantly higher than those of spraying once (Shi et al.,
2015). This is because BR could slow down the decrease of photosynthetic pigment activity of mesophyll cells by
regulating stomatal conductance, thereby maintaining photosynthetic rate to a certain extent. The results showed
that after spraying BR on peach (Amygdalus persica L.) at mature stage, the content of soluble solid, soluble sugar,
sucrose and fructose increased. It was speculated that BR could regulate the vegetative growth of fruit trees and
effectively promote the accumulation of nutrients (Lin et al., 2016). After applying BR to grape 'Hongdiqiu' at
young fruit stage and expansion stage, it was found that total phenol content in peel increased significantly, sugar
acid ratio, Vc content and flavonoid content increased, which confirmed that BR could promote the distribution
and accumulation of photosynthetic products in plants (Feng, 2014). After spraying BR on tomato at mature stage,
it was found that the soluble sugar content and sugar-acid ratio increased, but the lycopene had no significant
difference. It was speculated that BR could maintain the balance of sucrose synthesis and decomposition by
regulating the activity of sucrose synthase, so that sucrose was more likely to be transported to the fruit, and the
fruit quality was improved accordingly (Li et al., 2014). Ma et al. (2012) found that low concentration of BR
could promote the accumulation of anthocyanin in grape skin after the application of EBR at full flowering stage.
It was speculated that exogenous BR could regulate the synthesis of anthocyanin by interacting with other plant
hormones. At the same time, it was found that the expression of PAL and UFGT, the key genes of anthocyanin
synthesis pathway, was significantly increased, which further proved that BR regulated the production of
anthocyanin. These studies further demonstrated that BR plays an important role in improving fruit quality.

3.4 Effect of brassinolide on plant stress resistance
Under the adverse environmental conditions such as drought, freezing injury, high temperature and high salt,
plants will show some phenomena, such as slower growth, weaker photosynthesis, weaker respiration, lower
quality, lower yield and so on (Zhang, 2000). In general, the ability of plants to resist adversity is called stress
resistance. The stress resistance of plants is mainly related to the activity of radical scavenger, and the
physiological effect of BR is similar to that of abscisic acid. It has been confirmed that BR plays an important role
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in improving the stress resistance of plants. Its mechanism is to increase the activity of peroxidase, catalase and
glutathione reductase, so as to improve the speed of radical scavenger and protect plants from stress. At the same
time, BR can also increase the content of proline, an osmotic adjustment substance in plants, so as to reduce the
degree of stress in plants (Zhu, 1992). In recent years, studies on the interaction between BR and other plant
hormones to improve plant stress resistance have been more and more extensive, and it has been confirmed that
abscisic acid and BR can synergistically improve plant stress resistance. BR could upregulate the expression of
abscisic acid synthesis genes to improve the plant drought and low temperature resistance (Kagale et al., 2007).
After applying BR to the Malus pumila under drought stress, it was found that the leaf growth accelerated, the
fruit setting rate increased, and the fruit yield increased significantly (Li et al., 2003), which further indicated that
the application of BR could alleviate the degree of drought stress.

Freezing resistance refers to the ability of plants to resist freezing injury. The damage of plants under low
temperature environment is divided into cold injury and freezing injury. Cold injury will lead to slow growth and
development of plants, decrease of photosynthesis rate and quality. Freezing injury will lead to the destruction of
cell membrane, the destruction of osmotic balance in vivo and the death of plants. Cell damage caused by freezing
injury is due to membrane peroxidation, resulting in more malondialdehyde, which causes damage to cell
membrane. Further study found that the relative conductivity of transgenic mustard (Brassica juncea (L.) Czern.
et Coss.) decreased, the proline accumulation increased, and the expression of DWF4 gene significantly increased
after BR application in cold state (Lan, 2016), indicating that the key gene DWF4 in brassinolide synthesis
pathway played an important role in enhancing plant stress resistance. These studies have confirmed that BR can
increase plant tolerance to cold stress by promoting the synthesis of osmotic regulators and increasing the activity
of membrane protective enzymes.

Salt tolerance refers to the ability of plants to resist salt stress. Usually, plant growth and development will be
affected under high salt stress, resulting in cell membrane damage, osmotic imbalance, and yield decline. The salt
tolerance of wheat seedlings was significantly improved after the application of exogenous EBR. The researchers
speculated that BR up-regulated the expression of WRKY transcription factor related to salt tolerance and
regulated salt tolerance of plants (Li et al., 2020). Kou (2016) found that the antioxidant enzyme content of
Medicago sativa L. was significantly improved after the application of exogenous EBR, and the ability of plants
to tolerate salt stress was enhanced. It was speculated that BR can improve the adaptability of plants to salt stress
by regulating the activity of cell membrane protective enzymes.

4 Application of Brassinolide in Grape and Its Future Research Direction
Grape as an important fruit tree, how to improve its fruit quality has been a research hotspot. BR has been widely
used in grape production because it can promote plant growth, improve photosynthetic capacity and drought
resistance. After the application of BR to grape berries, it was found that the fruit maturity was advanced, while
the fruit maturity was delayed after the application of BR inhibitors, which directly proved that BR was involved
in the regulation of fruit maturity (Symons et al., 2006). Vergara et al. (2018) found that the color of fresh grapes
became bright, and the fruit quality was improved after applying BR analogues to grapes. Zheng et al. (2020)
found that the fructose content increased, the organic acid content decreased, and the anthocyanin content
increased significantly after BR treatment. Further analysis showed that BR could inhibit the activity of HMGR
and regulate the color of fruit with VvHMGR, thus promoting the formation of aroma and other quality
characteristics of fruit. Other research results showed that the yield, soluble sugar content and antioxidant capacity
of grapes were significantly increased after BR application (Babalık et al., 2019).

Plant growth regulator is trace and high efficiency and plays an extremely important role in agricultural
production. At present, naphthalene acetic acid, paclobutrazol, indole-3-acetic acid, ethrel and chlorocholine
chloride are widely used in agricultural production. However, these plant growth regulators cannot promote plant
growth and development for a long time at present, and the form of action is single, so it is difficult to
comprehensively regulate plant growth and reproduction. As a new plant hormone that can interact with a variety
of plant hormones, BR has a wide range of physiological effects and could comprehensively promote plant growth
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and metabolic activities. Therefore, future studies should focus on the interaction mechanism between BR and
other hormones to develop BR-type growth regulators. BR could interact with auxin, gibberellin, abscisic acid and
ethylene (Tanaka et al., 2003; Ma et al., 2012), but it is not clear whether BR could interact with cytokinin,
salicylic acid and jasmonic acid. And the regulatory network of BR and other plant hormones will also be the
direction of future research. It was found that the problem of pesticide residues should be solved (Zhang, 2011) by
analyzing the application status of BR in recent years. The advantage of BR is that it has the characteristics of less
dosage and quick effect, which can reduce pesticide residues well. Therefore, the development of new BR growth
regulators is a new direction of plant hormone research in the future and has a broad prospect.
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