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Plant sterols and steroid hormones, the brassinosteroids (BRs), are compounds that exert a wide range of biological

activities. They are essential for plant growth, reproduction, and responses to various abiotic and biotic stresses. Given the

importance of sterols and BRs in these processes, engineering their biosynthetic and signaling pathways offers exciting

potentials for enhancing crop yield. In this review, we focus on how alterations in components of sterol and BR metabolism

and signaling or application of exogenous steroids and steroid inhibitors affect traits of agronomic importance. We also

discuss areas for future research and identify the fine-tuning modulation of endogenous BR content as a promising strategy

for crop improvement.

INTRODUCTION

In the last decade, important advances have been made in

elucidating the metabolism (biosynthesis and catabolism) and

signaling pathways of sterols and brassinosteroids (BRs) as well

as their importance for plant growth and development, in both

model plants and crops (Schaller, 2004; Choe, 2006; Clouse,

2011; Williams, 2011). Both sterols and BRs control several traits

of agronomic importance, such as plant growth, photosynthesis,

architecture, and flowering time. Therefore, manipulation of the

sterol and/or BR content or their perception has the potential to

improve intrinsic seed yield significantly. Remarkably, sterols and

BRs are also capable of increasing plant tolerance/resistance to a

wide range of biotic and abiotic stresses, such as drought, salinity,

heat, cold, virus infection, and pathogen attack (Divi and Krishna,

2009). Furthermore, altering the endogenous levels of sterols can

have a beneficial impact on the nutritional quality of crops

(Schaller, 2004).

Two strategies have been employed for sterol- and BR-

mediated yield increase: exogenous application of sterol/BR ana-

logsand/or their inhibitorsandgeneticmanipulationof their activities.

Both approaches have delivered promising results for seed yield

and stress tolerance enhancement in a variety of crop species.

High cost of synthetic BR molecules and variability of the results

have discouraged the use of exogenous BR in agriculture and

horticulture (Khripach et al., 2000; Gomes, 2011). By contrast,

modulation of the endogenous sterol and BR levels by genetic

engineering represents an efficient strategy for improving crop

yield in a uniform and predictable manner (Divi and Krishna,

2009).

This review article focuses on the potential to increase plant

yield and stress tolerance through engineering sterol and BR

levels and sensitivity (Figures 1 and 2). We provide an exhaustive

list of genes involved in plant sterol (phytosterols) and BR

metabolic and signaling pathways and their respective loss- or

gain-of-function phenotypes in both Arabidopsis thaliana and

crops (see Supplemental Tables 1 and 2 online). We also sum-

marize the physiological effects of application of sterols, BRs, or

inhibitors of their synthesis on plant growth, development, and

stress tolerance (see Supplemental Table 3 online). Finally, we

discuss future research and strategies to modifiy the sterol and

BR pathways for crop improvement.

PLANT STEROIDS AND VEGETATIVE GROWTH

Seed Dormancy and Germination

Regulation of the seed germination rate is key for a high seedling

establishment, resulting in weed control and efficient crop pro-

duction, especially under suboptimal growth conditions (Finch-

Savage and Leubner-Metzger, 2006). BRs positively regulate

seed germination in Arabidopsis. Exogenous BR application

rescues the low germination phenotype of gibberellin mutants,

and the seed germination of BR-related mutants is more sensi-

tive to inhibition by abscisic acid (ABA) than the wild type (Steber

and McCourt, 2001; Xue et al., 2009). Recent evidence suggests

that the antagonistic effect of BRs on seed germination is partially

mediated through the phosphatidylethanolamine binding protein

MOTHER OF FT AND TFL1 (MFT) because application of BRs to

loss-of-function mft mutants did not antagonize the inhibitory

effect of ABA (Xi and Yu, 2010). The ABA inhibition of germination

was overcome by overexpressing the Arabidopsis DWARF4

(DWF4) biosynthetic gene under the control of a seed-specific

oleosin promoter in Arabidopsis (Divi and Krishna, 2010).
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Additional evidence for the involvement of BRs in seed dormancy

andgermination isprovidedby theArabidopsisHYDROXYSTEROID

DEHYDROGENASE1 (HSD1) gene that encodes a putative enzyme

involved in BR synthesis. Seeds from transgenic Arabidopsis plants

overexpressing HSD1 display a reduced dormancy compared with

that of thewild type (Li et al., 2007;Baudet al., 2009). It remains tobe

determined whether this physiological effect correlates with an

increased endogenous BR content in the transgenic seeds.

Recently, sterols have been proposed to have a positive

function on seed germination. Seeds of transgenic Brassica

juncea plants overexpressing the HMG-COA SYNTHASE gene

had a higher sterol content and germinated earlier than those of

the wild type (Wang et al., 2012).

Altogether, these results show that sterols and BRs play a role

in promoting seed germination, both under normal and stress

conditions. Therefore, modification of the sterol and BR contents

in seeds might have important agronomical applications.

Plant Architecture and Biomass

Plant architecture is defined as the three-dimensional organization

of theplant. For theaerial part, this includesplant height, branching/

tillering pattern, foliar arrangement and morphology, and repro-

ductive organ structure. Plant architecture is a trait of major

agronomic importance as it has a strong effect on harvest index

and grain yield potential (Reinhardt and Kuhlemeier, 2002). In the

field, crops are generally grown at high planting density and with

high nitrogen input, two factors that promote stem elongation and

lodging. To ensure high yield and avoid lodging under these

conditions, cereal crops with semidwarf and/or erect leaf pheno-

types are highly desired (Van Camp, 2005). Semidwarf varieties of

rice (Oryza sativa) and wheat (Triticum aestivum) with enhanced

yield and resistance to lodging are at the basis of the green

revolution (Athwal, 1971). Green biomass is another important trait,

especially in energy crops (Xie and Peng, 2011).

Figure 1. BR Homeostasis and Signaling Mechanisms and Their Effects on Plant Growth and Development in Arabidopsis (Dicot) and Rice (Monocot).

Low levels of BRs promote BR biosynthesis. Conversely, under high BR levels, the signaling of BRs is active and the synthesis of BRs is repressed

through BR signaling–mediated transcriptional negative feedback regulation. Downregulation of BR biosynthetic enzymes or overexpression of BR

inactivation enzymes leads to decreased levels of the end product of BR synthesis, whereas downregulation of the positive regulators or

overexpression of the negative regulators of the BR signaling pathway also decreases BR levels as well as increasing the sensitivity to BRs. On the

contrary, BR levels are increased by overexpression of a BR biosynthetic enzyme (rate-limiting step)/BR signaling positive regulator or by

downregulation of a BR catabolic enzyme/BR signaling negative regulator. A decrease in plant endogenous BR levels generally results in dwarfism,

shorter petiole (in Arabidopsis)/more erect leaves (in rice), and reduced fertility. By contrast, Arabidopsis or rice plants with increased endogenous

BR levels generally display improved plant growth and reproduction capacity. To date, the impact of altering endogenous BR content on the plant

tolerance to abiotic and biotic stresses remains unclear. DR, downregulation; GOF, gain of function; LOF, loss of function; OX, overexpression.
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BR-deficient and BR-insensitive mutants of Arabidopsis are

generally dwarfed with shorter petioles and hypocotyls. By

contrast, BR catabolic mutants and transgenic plants overex-

pressing the BR biosynthetic genes or positive regulators of BR

signaling generally display increased growth and elongated

organ phenotypes, including larger rosettes/taller plants with

elongated leaves and longer petioles (Figure 1; see Supplemen-

tal Table 1 online). BR-deficient and BR-signaling mutants of

other dicotyledonous (dicot) plant species, such as pea (Pisum

sativum) and tomato (Solanum lycopersicum; formerly Lycoper-

sicon esculentum) mutants of the BRASSINOSTEROID INSEN-

SITIVE1 (BRI1) gene encoding the BR receptor, also present a

dwarf phenotype (Bishop and Koncz, 2002) (Figure 1; see Sup-

plemental Table 2 online). Similar phenotypes are observed in

monocotyledonous (monocot) species. The shortened hypocotyl

and leaf petiole of BR-deficient or BR-insensitive Arabidopsis

mutants aremirrored in the respective ricemutants by shortened

internodes and more erect leaves due to a reduced lamina joint

inclination (e.g., Arabidopsis bri1 compared with O. sativa bri1

[Osbri1/d61] mutants) (Bishop andKoncz, 2002; Nakamura et al.,

2006). Conversely, the elongated organ phenotype of BR mutant/

transgenic plants in Arabidopsis translates in mutant/transgenic

rice plants with increased leaf bending (e.g., the dominant Arabi-

dopsis suppressor of phyb-4 7 [sob7]-D versus the rice bending

lamina2 [bla2] mutant phenotype) (Turk et al., 2005; Park et al.,

2006). Leaf angle is an important trait in cereal crops because it

allows higher density planting and therefore can have a major

impact on biomass and grain yield per hectare (Sakamoto et al.,

2006). The molecular and cellular mechanisms by which BRs

regulate lamina joint inclination remain unclear. Reduced leaf angle

in the riceBR-deficient andBR-insensitivemutants is causedbyan

elongation failure in the abaxial lamina joint cells. This feature has

been used as amarker in screens for BR-relatedmutants withmild

phenotypes (Hong et al., 2004). Differential expression of one or

several component(s) of the BR pathways may explain why some

tissues are more sensitive than others to changes in BR levels and

responses.

Given the relatively high level of transferability of architectural

traits controlled by BRs between dicots and monocots (for

instance, dwarfism and petiole length in Arabidopsis versus

dwarfism and leaf lamina joint inclination in rice), a good trans-

ferability for these traits is also expected among monocot

species. With the exception of rice, very little is known about

BR biosynthetic and signaling pathways and the effect of ma-

nipulating them in monocot species. One of the few BR mutants

identified inmonocot species other than rice is the semidwarf uzu

mutant of barley (Hordeum vulgare), which carries a mutation in

the Hv BRI1 gene (Chono et al., 2003). In maize (Zea mays), a

reduced expression of the BR biosynthetic gene Zm DWF1

results in dwarfism (Tao et al., 2004).

Figure 2. Actions of BRs in Regulating Plant Development and Traits of Agronomic Importance in Model Plant Species and Crops.

Positive effects of increased BR content or signaling are boxed in red. Mixed effects are boxed in orange. Dose-dependent effects are observed on root

development (positive effects at low concentrations and negative effects at high concentrations). Overall effects of BRs on the plant biotic and abiotic

stress tolerance remain unclear to date.
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In addition to plant height and leaf morphology, BRs can also

influence plant branching/tillering, as illustrated by the pheno-

types of Arabidopsis and rice transgenic plants overexpressing

DWF4 (Choe et al., 2001;Wuet al., 2008). In rice, alteration of BR-

related gene expression also affects panicle architecture as

observed, for example, in the rice ebisu dwarf d2/cytochrome

P450 (cyp90d2) mutant (Hong et al., 2003). As plant height is

among the most important biomass yield components (Salas

Fernandez et al., 2009), and the BR-deficient and BR-insensitive

mutants have dwarf phenotypes, BRs clearly have the potential

to strongly affect plant biomass yield. Transgenic Arabidopsis,

tobacco (Nicotiana tabacum), rapeseed (Brassica napus), and

rice plants overexpressing the At/Zm DWF4 or At HSD1 genes

have a higher biomass yield than thewild-type plants (Choe et al.,

2001; Li et al., 2007; Wu et al., 2008). Under high planting density

conditions, the semidwarf Osdwf4 mutants also display an

increased (;40% of aboveground) biomass compared with

the wild-type plants (Sakamoto et al., 2006).

Both sterols and BRs affect vascular tissue development. Vas-

cular tissues are crucial in plant growth and development because

they ensure the movement of water, nutrients, and photoassimi-

lates throughout the plant and provide it with support/mechanical

strength. BR-deficient mutants generally display abnormal pat-

terns in vascular differentiation that are characterized by over-

proliferation of phloem cells and underproliferation of xylem cells

(Caño-Delgado et al., 2004, 2010). Consistent with an involvement

of BRs in xylem development, treatment with the BR biosynthetic

inhibitor brassinazole (Brz) hampers the development of second-

ary xylem in cress plants (Lipidium sativum) (Nagata et al., 2001). In

addition, BRs modulate the number of vascular bundles by

promoting early procambial divisions, whereas periodic auxin

maximacontrol their positioning (Ibañeset al., 2009; Fàbregasetal.,

2010).Among theBRgenes involved invascular tissuedevelopment

are BRI1 and its close homologs BRI1-LIKE1 (BRL1), BRL2, and

BRL3. In Arabidopsis, both BRL1 and BRL3 are functional BR

receptor proteins, whereas BRL2/VASCULAR HIGHWAY1 is not

(Caño-Delgado et al., 2004; Ceserani et al., 2009). Orthologs of

BRI1 and BRL genes also exist in rice and other monocots, but

their role in vascular development has not been established yet.

Their root-specific expression patterns in rice suggest that their

function might differ from that of their Arabidopsis orthologs

(Morillo and Tax, 2006).

Sterols alsoplay a role in vascular tissuedevelopment. Analysis of

the Arabidopsis sterol biosynthetic mutants hydra1 (hyd1) and

fackel/hydra2 (fk/hyd2) has revealed that sterols are required to

regulate the correct localization of the auxin efflux transporters, the

PIN-FORMED proteins, and, hence, the correct auxin distribution

necessary for normal vascular development (Pullen et al., 2010).

Photomorphogenesis

Shade avoidance is a set of responses also called shade avoid-

ance syndrome (SAS) that plants display when their leaves are

subjected to the shade of their own leaves or leaves from another

plant. SAS is an important determinant of plant architecture and

seed and biomass yields. Attenuation of SAS constitutes a

breeding target for seed yield increase, especially for crop

varieties grown at a high planting density. Conversely, enhance-

ment of SAS to increase green biomass production at the

expense of grain yield is of interest for the development of crop

varieties cultivated for lignocellulosic-based/second-generation

biofuel production (Kebrom and Brutnell, 2007).

Implication of BRs in response to shade stimuli is evidenced by

the induction of many BR-related genes under shade conditions

(Kozuka et al., 2010). Several transcription factors involved in

SAS are regulated by BRs or control the expression of BR

signaling pathway components and BR-regulated genes (Bou-

Torrent et al., 2008; Sorin et al., 2009; Crocco et al., 2011). BRs

are required for SAS responses to blue light depletion and to a

low red:far-red light ratio. Petioles of the Arabidopsis weak

mutant allele of BRI1, bri1-301, and of the BR-deficient mutant

rotundifolia3 (rot3)/cyp90c1 display reduced responsiveness to

blue light attenuation and end-of-day far-red light, respectively

(Kozuka et al., 2010; Keller et al., 2011). Moreover, the Arabi-

dopsis BR inactivation enzyme CYP72B1 modulates the devel-

opmental switch from skotomorphogenesis (plant development

in the dark) to photomorphogenesis (plant development in the

presence of light), mainly through far-red light–dependent mod-

ulation of BR levels (Turk et al., 2003).

Several lines of evidence point toward interactions between

light and BR signaling. First, some BR-induced genes are in-

volved in light responses, and BRASSINAZOLE-RESISTANT1

(BZR1) and BRI1-EMS-SUPPRESSOR1 (BES1)/BZR2, two key

transcription factors of the BR signaling pathway bind to several

of them (Sun et al., 2010; Yu et al., 2011). Notably, BZR1 is able to

repress the expression of the GATA TRANSCRIPTION FAC-

TOR2, a positive regulator of photomorphogenesis (Luo et al.,

2010). Second, many of the Arabidopsis BR-deficient and BR-

insensitive mutant seedlings display a deetiolation phenotype in

the dark (Chory et al., 1991; Li et al., 1996; Szekeres et al., 1996).

These observations suggest that BRs act as negative regulators

of the deetiolation process. In support of this hypothesis, the

expression levels of BR biosynthetic genes in Arabidopsis are

higher in dark-grown than in light-grown seedlings (Symons

et al., 2002). In addition, BR deficiency stimulates the expression

of light-responsive genes and photomorphogenesis, whereas

brassinolide (BL) treatment suppresses it (Song et al., 2009).

However, direct measurements of endogenous BR levels re-

vealed no correlation with these gene expression changes,

neither in Arabidopsis nor in other species, such as pea and

rice. In fact, BR levels were lower in dark-grown Arabidopsis

seedlings than in light-grown controls (Symons et al., 2008;

Symons and Reid, 2008).

Photosynthesis and Senescence

Photosynthesis is the main source of carbon assimilation in

plants. Photoassimilate production may be enhanced by in-

creasing either the photosynthetic efficiency or the plant total

photosynthetic capacity (e.g., by delaying leaf senescence) (Van

Camp, 2005). The prospect of increasing the photosynthetic

efficiency for crop improvement has received much attention

over the last few years with the discovery that generally crop

yields are enhanced by a CO2-induced increase in leaf photo-

synthesis (Long et al., 2006).
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Transgenic rice plants overexpressing the rice DWF4/

CYP90B1 gene or its close homologs from Arabidopsis and

maize under the control of a promoter active in stem, roots, and

leaves (but not in seeds) displayed an increased seed yield and

CO2 uptake, suggesting an enhanced photosynthetic efficiency

(Wu et al., 2008). Surprisingly, the dwf4 mutants of rice (semi-

dwarf, erect leaf phenotype) also had higher photosynthetic rates

and seed yield under high planting density than the wild types,

possibly due to their more erect leaves casting less shadow on

lower leaves (Sakamoto et al., 2006). The gain-of-function phos-

phorylation Arabidopsis mutant allele bri1 Y831F (a Tyr-to-Phe

substitution at position 831) also displayed increased rates of

photosynthesis (Oh et al., 2011).

In agreement with their effect on photosynthesis, BRs activate

the RUBISCO ACTIVASE protein in cucumber (Cucumis sativus)

(Xia et al., 2009a). BRZ-INSENSITIVE PALE GREEN2, a Brz-

induced gene encoding a chloroplast protein necessary for

normal chloroplast biogenesis in Arabidopsis (Komatsu et al.,

2010), provides further evidence for a role of BRs in the control of

photosynthesis. Moreover, BES1/BZR2 has been shown to

prevent chloroplast development in darkness by repressing the

expression of GOLDEN2-LIKE1 (GLK1) and GLK2, two tran-

scription factors that function redundantly to promote chloro-

plast development (Fitter et al., 2002; Waters et al., 2008, 2009;

Yu et al., 2011).

Delayed leaf senescence, or a stay-green phenotype, is gen-

erally considered a desired characteristic in crops and consti-

tutes a target for improvement of crop productivity (Horton,

2000). Leaf senescence is a complex process controlled by

environmental as well as internal factors, such as irradiance,

nitrogen and carbon status, and hormonal control. BRsmay play

a role in promoting leaf senescence because (1) several of the BR

biosynthetic and signaling mutants, such as de-etiolated2 (det2)

and bri1, display a delayed senescence phenotype (Clouse and

Sasse, 1998), and (2) exogenous BR treatment induces leaf

senescence in several plant species, such as mung bean (Vigna

radiata) and wheat (He et al., 1996; Sağlam-Çağ, 2007). To date,

the molecular mechanism of BR action on leaf senescence is still

unknown.

Root Development

Roots are an important determinant of crop productivity given

their role in water and nutrient uptake from the soil. BRs exert

both positive and negative effects on root growth, depending on

the applied concentration: Root growth is stimulated by low

concentrations and inhibited by high concentrations of exoge-

nous BR (Müssig et al., 2003). Many of the Arabidopsis sterol-

and BR-deficient mutants display reduced root growth and

lateral root formation (Bao et al., 2004), suggesting a positive

role of sterols andBRs on root development at their physiological

concentrations. The length and number of lateral roots are

reduced in BR mutants of pea as well (Ferguson et al., 2005). It

has also been established that BRs interact with auxin signaling

to promote lateral root growth (Bao et al., 2004) and negatively

regulate jasmonate inhibition of root growth in Arabidopsis

(Huang et al., 2010). Several sterol and BR mutants also display

alterations in root hair formation (Pérez-Pérez et al., 2002; Souter

et al., 2002). Interestingly, the root hair phenotype of the Arab-

idopsis sterol biosynthesis mutant fk was partially rescued by

inhibiting the auxin and ethylene signaling but not by applying

exogenous sterols and BRs, suggesting that sterols are required

for correct auxin and ethylene signaling (Souter et al., 2002).

More recently, the local distribution of structural sterols has been

proposed to be involved in both the initiation and tip growth of

root hairs by regulating the vesicular trafficking and plasma

membrane properties of root cells (Ovečka et al., 2010). By

contrast, BRs are required to maintain position-dependent fate

specification and to control meristem size inArabidopsis roots by

promoting the cell cycle progression (Kuppusamy et al., 2009;

González-Garcı́a et al., 2011; Gudesblat and Russinova, 2011;

Hacham et al., 2011).

PLANT STEROIDS AND REPRODUCTION

Flowering Time

Another very important agronomical trait is the flowering time.

Floral induction is a complex developmental process that re-

quires the integration of endogenous signals (including hor-

mones) and environmental cues (especially temperature and

photoperiod) to ensure that flowering occurs under appropriate

environmental conditions (Srikanth and Schmid, 2011). Plants

that flower late tend to have high total seed production as a result

of extended vegetative growth phase and source strength.

However, delayed flowering in crops is generally undesirable

(Van Camp, 2005).

In many BRmutants, the flowering time is delayed, suggesting

a role for BRs in the control of this trait (Chory et al., 1991; Li and

Chory, 1997; Azpiroz et al., 1998; Li et al., 2010). In support of this

hypothesis, BRI1-mediated signaling promotes flowering in

Arabidopsis by repressing the expression of the MADS box

transcription factor FLOWERING LOCUS C (FLC) (Domagalska

et al., 2007). Histone acetylation is dramatically increased at the

FLC locus in the double mutant between bri1 and the late-

flowering autonomous-pathway mutant luminidependens, sug-

gesting that chromatin remodeling may be involved in the BR

regulation of flowering. Interactions between BES1/BZR2 and

the chromatin remodeling factors EARLY FLOWERING6 and

RELATIVE OF EARLY FLOWERING6, two Jumonji domain–

containing histone demethylases, might provide a molecular

link between BRs and flowering time (Clouse, 2008; Yu et al.,

2008). Recently, the role of BRs in regulating the flowering time

has been shown to depend on its interaction with gibberellin

(Domagalska et al., 2010).

Male and Female Fertility

Seed production in flowering plants relies on the formation of

male and female gametophytes in the reproductive organs and is

regulated by various external and internal cues. Many of the BR-

deficient and BR-insensitive mutants display reduced male

fertility (Ye et al., 2010). Systematic phenotypic analysis of the

male reproductive organs of these mutants has revealed defects

in anther development and in pollen number, viability, and
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release efficiency. These phenotypes have been associated with

abnormal tapetal and microspore development; consistently, the

expression of several genes involved in pollen wall formation and

in tapetal and microspore development was reduced in Arabi-

dopsis BR-related mutants. Moreover, BES1/BZR2 directly binds

to the promoter of genes encoding transcription factors required

for anther and pollen development, such as SPOROCYTELESS/

NOZZLE, DEFECTIVE IN MERISTEM DEVELOPMENT AND

FUNCTION1, ABORTED MICROSPORES, MALE STERILITY1

(MS1), and MS2 (Ye et al., 2010).

In addition to their role in male fertility, BRs may also play a

role in female reproductive organ development. Mutation in the

BR biosynthetic enzyme CYP85A2 enhances the phenotype of

the Arabidopsis mutant seuss, which is defective in ovule and

gynoecial development (Nole-Wilson et al., 2010). In addition,

the CYP85A1 gene is expressed in the developing female

gametophyte and cyp85a1 mutants exhibit a semisterile phe-

notype (Pérez-España et al., 2011). Fertility is also reduced in

many BR-deficient rice mutants, such as leaf and tiller angle

increased controller mutants (Wang et al., 2008). However, it

remains to be determinedwhether the same function as the one

established for BRs in male and female gametophyte develop-

ment inArabidopsis also applies tomonocot species. Recently,

the dwarf maize mutant nana plant1 that carries a loss-of-

function mutation in the BR biosynthetic enzyme DET2 was

found to display feminized male flowers (Hartwig et al., 2011).

Feminized inflorescences were also observed in the dwarf

brassinosteroid-dependent1 (brd1) maize mutant plants defec-

tive in a C6 oxidase BR biosynthetic enzyme (Makarevitch et al.,

2012), suggesting an important role of BRs in the control of sex

determination in maize.

Seed Development and Seed Filling

Seed yield is the most important agronomical trait in grain crops,

and extensive efforts are made to enhance it, under both optimal

and suboptimal conditions, especially in the three major cereal

crops worldwide, namely, maize, wheat, and rice. In rice, the

yield potential consists of four main components: grain weight

(highly controlled by genetic factors), grain number per panicle,

panicle number per plant (closely associated with tiller number

per plant), and proportion of filled grains (strongly affected by

environmental factors) (Sakamoto and Matsuoka, 2008). Con-

cerning yield improvement in the major cereal crops, increased

seed number is preferred over increased seed size or seed

weight to limit the possible alterations in taste, cooking, and

chalkiness properties often seen with larger, heavier grains

(Fitzgerald et al., 2009).

There is convincing evidence for a role for BRs in plant seed

production. Although in Arabidopsis detailed reports on seed

yield and seed characteristics of BR-related mutants and trans-

genic plants are scarce, a few examples reveal BR effects on

these traits. The Arabidopsis dwf5 mutant produced irregularly

shaped, wrinkled seeds (Choe et al., 2000) similar to the seeds of

the equivalent lk mutant in pea (Nomura et al., 2004, 2007).

Overexpression of DWF4 in Arabidopsis increased seed weight

per plant by;60%, mainly due to more seeds produced than in

the wild type as a result of an elevated number of branches and

siliques (Choe et al., 2001). Likewise, an increased silique num-

ber and seed yield were observed in transgenic Arabidopsis

plants overexpressing the HSD1 gene (Li et al., 2007).

Reports on BR-deficient or BR-insensitive mutants and

transgenic plants with altered seed characteristics and/or

seed yield are more numerous in rice. Knockout or down-

regulation of BR biosynthetic genes and positive regulators of

the BR signaling pathway in rice, generally result (except in

case of gene redundancy) in sterility and/or strongly reduced

seed yield due to smaller and rounder seeds. Such phenotypes

are observed in loss-of-function mutants of CYP90D2, DWF1/

BRD2, DWARF11 (D11/CYP724B1), BRD1, BRI1, and HETERO-

TRIMERIC G PROTEIN a SUBUNIT1 (Ashikari et al., 1999;

Mori et al., 2002; Hong et al., 2003, 2005; Tanabe et al., 2005;

Morinaka et al., 2006; Oki et al., 2009). By contrast, rice

transgenic plants overexpressing the transcription factor

BRASSINOSTEROID UPREGULATED1, a positive regulator of

BR signaling, have enlarged seeds (Tanaka et al., 2009). In rice,

overexpression of the maize, rice, or Arabidopsis DWF4/CYP

genes under the control of a promoter that is active in stems,

leaves, and roots, but not in seeds, also positively affected seed

yield. The transgenic rice plants had ;15 to 44% higher grain

yield per plant than that of the wild-type plants due to more

numerous and bigger seeds both under greenhouse and field

conditions (Wu et al., 2008). By contrast, overexpression of Os

DWF4 under the control of amediumconstitutive promoter in rice

led to a reduction in both growth and seed production (Reuzeau

et al., 2005), highlighting the importance of promoters for the

success of a transgene.

The molecular mechanisms by which seed size is regulated by

BRs remain to be determined. Possibly, they might involve

known effects of BRs on cell division, elongation, and differen-

tiation. Alternatively, the effects of BRs on seed size might be

driven by an enhanced seed filling caused by an increased

carbon flux, as suggested by the analyses of transgenic rice

plants overexpressing At DWF4/Zm CYP (Wu et al., 2008).

Dose-dependent, tissue/organ-specific phenotypic effects of

BRs are observed in allelic series of the Os bri1 mutants.

Whereas null mutant alleles display a very severe dwarfism and

are sterile, weak mutant alleles are semidwarf, have an erect leaf

phenotype, and remain fertile. Although when planted at a high

density, the weakest mutant alleles display a high grain number,

no seed yield increase was observed because of the smaller

grain size (Morinaka et al., 2006). Taking into account that leaf

lamina joints aremore sensitive to altered BR synthesis/signaling

than other tissues/organs, such as seeds, rice plants with an

erect leaf phenotype and no negative effect on seed size were

obtained by using a partial suppression strategy (Morinaka et al.,

2006). It was estimated that such a phenotype would lead to

;30% increase in grain yield under high planting density. A

similar partial suppression strategy has also been applied to the

rice BRI1-ASSOCIATED RECEPTOR KINASE1 (Os BAK1) gene

encoding a BRI1 coreceptor (Li et al., 2009). These results

illustrate the usefulness of obtaining allelic series of genes of

interest and/or of carrying out partial suppression strategies.

Gene duplication may also be exploited for crop improvement.

For instance, the rice ebisu dwarf d2 mutant, defective in the

CYP90D2 gene encoding one of the enzymes of BR synthesis, is
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severely dwarfed, produces smaller seeds, and has reduced

seed yield (Hong et al., 2003). In Arabidopsis, two CYP90 genes

function redundantly in the same step. Whereas the single

mutants of each of these genes have a weak and subtle pheno-

type, the At cyp90c1 cyp90d1 double mutant displays a severe

dwarf phenotype similar to the rice d2 mutant (Ohnishi et al.,

2006). Conversely, in Arabidopsis, one DWF4 gene seems to be

sufficient, while in rice two genes, namely, Os DWF4 and Os

DWF4L1/D11, are necessary to perform the same function.

Hence, the At dwf4 null mutant shows severe dwarfism (Azpiroz

et al., 1998), whereas in rice, each of the Osdwf4 and Osdwf4l1/

d11 single mutants have weak phenotypes regarding dwarfism

and leaf erectness, and only the Osdwf4dwf4l1/d11 double

mutant displays a severe dwarf phenotype (Sakamoto et al.,

2006). The particularly high degree of gene duplication in cereal

genomes suggests that selective inactivation of some BR-

related gene family members could be more widely exploited

as a strategy to alter the plant architecture in a subtle manner.

To date, little is known regarding the consequences of altering

the endogenous BR level on the seed composition (carbohy-

drates, proteins, fats, and minerals). Experiments involving ex-

ogenous BR application on wheat and soybean (Glycine max)

plants and seeds suggest that BRs might significantly affect it

(Janeczko et al., 2009, 2010). In rice, treatment with BRs at

anthesis increased starch content in kernels (Fujii and Saka,

2001). Additional studies on the BR effects on seed composition

are needed if the BRpathway components are to bemanipulated

for grain crop improvement.

Fiber Production

In cotton (Gossypium herbaceum), fiber yield and quality are the

most important traits. Cotton fibers consist almost exclusively of

cellulose grown in a protective capsule (boll) around the seeds to

aid their dispersal. Besides being a major constituent of cotton

fiber, cellulose is a biopolymer that contributes to cell wall forma-

tion during cell elongation and expansion. A crucial role for

cellulose synthesis has been established for phytosterols (Schrick

et al., 2004) and, more recently, also for BRs. BR-deficient or BR-

insensitive Arabidopsis mutants contain less cellulose than wild-

type controls, and the expression of the cellulose synthase genes

is regulated by BES1/BZR2 (Xie et al., 2011).

There are indications that careful manipulation of the BR

content may significantly improve cotton fiber production. Con-

stitutive and ectopic overexpression of DET2 in cotton led to

shortened branches, sterility, and boll abortion. By contrast,

overexpression of DET2 under the control of a seed coat–

specific promoter resulted in fertile plants with 22.6 and 10.7%

increase in fiber number and length, respectively (Luo et al.,

2007). Besides demonstrating an important role for BRs in cotton

fiber yield, this study emphasizes that promoter selection for

transgene expression is critical and that alteration in BR levels

must be optimal (both spatially and in terms of expression level)

to produce a desirable phenotype. Overall, these results and

others suggest that fine-tuning of the BR production and re-

sponses (through organ/tissue-specific expression and/or mod-

erate increase of gene expression) is a very promising, yet largely

underused, strategy for crop improvement.

Fruit Ripening

BRs also have a role in stimulating fruit ripening. In grape berry

(Vitis vinifera), the ripening period was associated with an in-

crease in catasterone levels. In addition, exogenous BR appli-

cation enhanced the rate of berry ripening, whereas the inhibition

of BR synthesis by application of Brz significantly delayed it

(Symons et al., 2006). BRs are also implicated in the ripening of

tomato fruits. Application of BRs to tomato pericarp discs

increased the lycopene and carbohydrate contents and lowered

the chlorophyll and ascorbic acid levels. This BR-induced fruit

ripening has been associated with increased ethylene produc-

tion (Vardhini and Rao, 2002).

PLANT STEROIDS AND STRESS TOLERANCE

In addition to their impact on many plant growth and developmen-

tal processes, BRs play a role in biotic and abiotic stress tolerance,

including disease resistance and tolerance against drought, salt,

heat, cold, hypoxia, pesticides, and heavy metals. Numerous

studies have shown that exogenous BRs enhance plant stress

tolerance (Krishna, 2003; Bajguz and Hayat, 2009; Gomes, 2011)

(see Supplemental Table 3 online). In this section, we will focus

on the effects of altering gene expression and endogenous

content of BRs on the plant tolerance to stresses. Evidence for a

role of phytosterols in stress tolerance is also included.

Salt and Drought Stress Tolerance

Water availability and high salt concentrations are themost limiting

abiotic factors for crop productivity. Whereas many studies dem-

onstrate a positive effect of BR application on plant tolerance to

salt and drought stresses (Krishna, 2003; Bajguz and Hayat, 2009;

Gomes, 2011), only a few studies have beenperformed to evaluate

the effects of altered endogenous BR content on these traits.

Overexpression of At HSD1 in Arabidopsis increased tolerance to

salt stress (Li et al., 2007). By contrast, the semidwarfed barley uzu

mutant that is defective inBRI1 gene displayed reduced tolerance

to this stress (Chono et al., 2003). Similarly, seeds and seedlings

ofthe Arabidopsis BR-deficient mutant det2-1 and the BR signal-

ing gain-of-function and semidominant mutant brassinosteroid-

insensitive2-1 (bin2-1), defective in the GLYCOGEN SYNTHASE

KINASE3 (GSK3)/Shaggy-like protein kinase BIN2, were more

sensitive to salt stress than those of the wild type (Zeng et al.,

2010). Conversely, the rice loss-of-function gsk1 mutant carry-

ing a T-DNA insertion in the ortholog of the Arabidopsis

BIN2 gene displayed an increased tolerance to both salt and

drought stresses when compared with the wild type (Koh

et al., 2007).

Although the results described above point toward a clear

effect of BRs on the plant salt and drought stress tolerance, the

molecular mechanisms involved in these processes remain

largely unknown. BRs might affect plant drought tolerance by

controlling the density and/or opening of stomata. The density or

clustering of stomata per leaf area is increased in theArabidopsis

BR-deficient mutant constitutive photomorphogenic dwarf (cpd/

cyp90a1) (Schlüter et al., 2002) as well as in the sterol biosyn-

thetic mutant dwf7-3/ste1-4/bul1-1 (Catterou et al., 2001).
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Recently, RNA interference–mediated disruption of the rice

SQUALENE SYNTHASE (SQS) gene has been reported to re-

duce the stomatal conductance and to improve drought toler-

ance at both the vegetative and reproductive stages (Manavalan

et al., 2012). Given that SQS catalyzes the first reaction of the

isoprenoid metabolic pathway committed to sterol synthesis,

these results suggest that decreased sterol and BR content

might enhance stress tolerance and confirm the potential of

manipulating plant steroid content to increase crop yield under

stress conditions. The apparent contradictions between some of

the results presented above highlight the need for more research

in this area.

Another possible molecular mechanism that links BRs with

abiotic stress acclimation/tolerance involves endoplasmic retic-

ulum signaling. Regulated intramembrane proteolysis (RIP) is a

conserved stress response mechanism in eukaryotes. In plants,

RIP is implicated in responses to protein misfolding, salt, and

heat stresses. Stress-mediated increase in the translocation to

the nucleus of two bZIP transcription factors associated with this

process (namely, bZIP17 and bZIP28) activatedBR signaling that

was required for acclimation to stresses (salt, heat, and protein

glycosylation inhibition) (Che et al., 2010).

Thermotolerance (Heat and Cold Stresses)

Thermal (heat and cold) stresses have a high impact on seed

yield. Crops are particularly sensitive to thermal stresses during

their reproductive stages (Zinn et al., 2010). Exogenous BR

treatment has been shown to significantly enhance plant toler-

ance to both heat and cold stresses (Dhaubhadel et al., 1999,

2002; Kagale et al., 2007; Xia et al., 2009b). By contrast, a few

studies have been performed to study the effect of altering

endogenous BR contents on plant thermotolerance and their

results are somehow contradictory. Overexpression of At DWF4

gene in Arabidopsis seeds led to transgenic seedlings that were

more tolerant to cold stress than wild-type seedlings (Divi et al.,

2010). The barley uzumutant displays an enhanced resistance to

lodging, but it is also less tolerant to cold (Chono et al., 2003). By

contrast, the Arabidopsis bri1-9 mutant has an increased toler-

ance to cold compared with the wild-type controls, whereas the

transgenic plants overexpressing At BRI1 have the opposite

phenotype. These results correlatedwith an increased expression

of stress-induciblegenesand transcription factors regulating them

in the bri1-9 mutant compared with the BRI1-overexpressing

plants (Kim et al., 2010). Data in yeast (Saccharomyces cerevisiae)

also suggest a role for sterols in stress tolerance (Swan and

Watson, 1998). It remains to be determined whether phytosterols

also affect tolerance to stresses in plants.

Oxidative Stress Tolerance

Reactive oxygen species play a role in both plant growth and

development and stress responses. Reactive oxygen species

are generated in response to many abiotic and biotic stresses,

including drought, salt, cold, heat, heavy metal exposure, high

light, nutrient deprivation, and pathogen attack.

Results of BR treatments and studies of the Arabidopsis det2

mutant reveal a BR function in the plant responses to oxidative

stresses (Bajguz and Hayat, 2009; Xia et al., 2009b, 2011). The

det2 mutant is insensitive to the negative growth effect of very

low O2. This enhanced oxidative stress resistance has been

associated with a constitutive increase in superoxide dismutase

activity and in catalase transcript levels, suggesting that long-

term BR deficiency results in a constant in vivo physiological

stress in the det2 mutant (Cao et al., 2005). These results imply

that endogenous BR levels are negatively correlated with the

plant tolerance to stress. By contrast, BR levels positively

correlated with an increased tolerance to photooxidative stress

in cucumber plants treatedwith 24-epibrassinolide (EBL) andBrz

(Xia et al., 2009b). Most likely, exogenous BRs contribute to

stress tolerance via the production of antioxidants that protect

cells from damage. BR treatment also improved the activity of

the photosynthetic machinery and antioxidant defense system in

two tomato cultivars exposed to increasing levels of cadmium in

the soil (Hasan et al., 2011). These data highlight some differ-

ences in the effect between BR application and manipulation of

the endogenous BR level and/or between plant species.

Phytosterols also seem to be involved in the plant responses

to oxidative stresses. Transgenic Brassica juncea plants over-

expressing the positive regulator of the sterol synthesis, the

enzyme 3-hydroxy-3-methylglutaryl-CoA synthase, displayed re-

duced hydrogen peroxide–induced cell death (Wang et al., 2012).

Pathogen Resistance

Pathogen attacks are major limiting factors of crop productivity.

In the evolutionary arms race between plants and their patho-

gens, plants have evolved a highly sophisticated defense system

in which plant hormones play a pivotal role. The hormones

salicylic acid, jasmonate, and ethylene are well known regulatory

signals of the plant’s immune response, and pathogens can

antagonize it by affecting its hormone homeostasis. More re-

cently, other plant hormones, including BRs, have been impli-

cated in plant defense mechanisms (Bari and Jones, 2009;

Pieterse et al., 2009).

When applied exogenously, BRs induce resistance against a

broad range of diseases, notably against fungal and bacterial

pathogens in tobacco and in rice. In rice, treatment with BL

protected the plant against rice blast and bacterial rice blight

diseases, whereas in tobacco, it enhanced resistance against

the bacterial pathogen Pseudomonas syringae and the fungal

pathogen Odium species (Nakashita et al., 2003).

Another important aspect of the plant protective action of BRs

is their capacity to improve virus resistance. Treatment of to-

bacco plants with BL reduced infection by the Tobacco mosaic

virus (Nakashita et al., 2003). Similarly, potato (Solanum tuber-

osum) cuttings cultured in a medium containing BL, EBL, or 28-

homobrassinolide were more resistant to viral infection through

all developmental stages (Khripach et al., 2000). BR analogs also

possess biological effects on insects. More particularly, BRs can

influence ecdysteroid-dependent steps of insect development

(Zullo and Adam, 2002).

Besides its role as coreceptor of BRI1, BAK1/SOMATIC EM-

BRYOGENESIS RECEPTOR-LIKE KINASE3 (SERK3) is involved

in a pathogen-sensing pathway and in cell death responses
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(Kemmerling et al., 2007). The interaction of BAK1/SERK3 with

receptors that recognize PATHOGEN-ASSOCIATED MOLECU-

LAR PATTERNS (PAMPs), such as bacterial flagellin (flg22),

initiates innate immunity responses (Chinchilla et al., 2007;

Heese et al., 2007; Roux et al., 2011; Schwessinger et al.,

2011). Recently, a role for BAK1/SERK3 in herbivory-induced

defense responses has been established (Yang et al., 2011).

However, the role of BAK1/SERK3 in biotic stress responses

seems independent of its function in BR signaling (Kemmerling

et al., 2007). In this regard, it is interesting to note that the tomato

golden mosaic virus pathogenicity protein C4 interacted with the

ArabidopsisBIN2 in yeast two-hybrid assays (Piroux et al., 2007),

suggesting that BR signaling components other than BAK1 may

be directly involved in the plant responses to biotic stresses.

Recently, a direct role for endogenous BRs in pathogen resis-

tance has been establishedwith the discovery that an increase or

decrease in endogenous BRs compromises PAMP-induced

responses in Arabidopsis (Belkhadir et al., 2012). In addition,

BRs were also shown to inhibit PAMP-triggered immune signal-

ing independently of BAK1 (Albrecht et al., 2012). Importantly,

results of these two studies also suggested the existence of a

tradeoff in which BR-mediated growth directly antagonizes

innate immune signaling.

Elevated phytosterol content in B. juncea plants increases

resistance to Botrytis cinerea (Wang et al., 2012). This sterol-

enhanced pathogen resistance may be of a physical nature

because cell membranes are an important physical barrier

against pathogen infection and sterols are known to play a role

inmembrane rigidity and permeability (Hartmann, 1998). It is also

interesting to note that treatment with exogenous ergosterol, the

main sterol of most fungi, promoted the expression of a number

of defense genes in tobacco and grape and enhanced the

production of resveratrol and the tolerance against the fungal

pathogen B. cinerea in grape (Laquitaine et al., 2006; Lochman

and Mikes, 2006).

Heavy Metal Stress and Herbicide and Pesticide Tolerance

High concentrations of metals, including those essential for

growth, have a toxic effect on plant metabolism. Numerous lines

of evidence in different crops show that BRs interfere with the

uptake of heavy metals and promote their detoxification, notably

by enhancing the production of antioxidant enzymes and the

accumulation of Pro (Bajguz and Hayat, 2009; Hasan et al., 2011).

Pesticides that include herbicides, fungicides, and insecti-

cides play a major role in agriculture by reducing crop yield

losses, but these molecules can also have a negative effect on

the crop and can be detrimental to human health and the

environment. BRs have been shown to reduce the damages

caused by pesticides by accelerating their catabolism, conse-

quently reducing their residual levels in the plants. Hence, BRs

may be promising molecules suitable for application on crops to

diminish the risks and deleterious effects associated with the

exposure of humans, crops, and the environment to agrochem-

ical substances (Bajguz and Hayat, 2009; Xia et al., 2009c). To

date, nothing is known about the impact of altering endogenous

BR levels on the plant responses to heavy metal and agrochem-

ical stresses.

OTHER FUNCTIONS AND AGRONOMICAL APPLICATIONS

OF PLANT STEROIDS

Effects of BRs on Plant Metabolism

A first piece of evidence suggesting that alteration of the BR

content may affect the plant primary metabolism came from the

analysis of Arabidopsis BR-deficient cpdmutants and antisense

CPD transgenic plants. Both genotypes display significantly

reduced starch content that is associated with altered activities

of starch enzymes (Schlüter et al., 2002). In addition, the two

Arabidopsis BETA-AMYLASE7 (BAM7) and BAM8 proteins, also

named BZR-BAM because they display similarity to BZR1 in

their N-terminal domain, have been shown to bind to a cis-

regulatory element resembling a BR-responsive element.

These BZR-BAM proteins regulate the expression of many

BR-regulated genes, and alteration of their expression causes

phenotypes similar to BR-deficient and BR-insensitive mu-

tants. Hence, BZR1-BAM proteins appear to control plant

growth and developmental processes through crosstalk with

the BR signaling and potentially in response to metabolic

signals (Reinhold et al., 2011).

BRs have also been implicated in the stimulation of the source-

to-sink flow of assimilates in rice. More particularly, transgenic

rice plants overexpressing the At DWF4/Zm CYP gene had

enhanced CO2 assimilation, increased glucose pools in the flag

leaves, and elevated glucose assimilation to starch in the seeds,

leading to improved grain filling and larger seeds (Wu et al., 2008).

In addition, Arabidopsis EXORDIUM-LIKE1, a BR-regulated gene,

has recently been shown to be involved in the carbon starvation

response, suggesting a link between BRs and the control of plant

growth and development under low carbon availability (Schröder

et al., 2011). Moreover, Arabidopsis bri1 Y831F mutant plants

havebeen found tohaveanenhancedstarch accumulationaswell

as increased levels of Suc and several amino acids, most prom-

inently Gly and Pro (Oh et al., 2011). Additional evidence for a link

between BR and carbohydrate metabolism concerns the Arabi-

dopsis brassinosteroid, light, and sugar1 mutant. In addition to

BR-deficient-like phenotypes (deetiolation in darkness, dwarfism,

and compact rosette and short roots), thismutant displayed sugar

hypersensitivity that can be rescued by BR application (Laxmi

et al., 2004). Lastly, fruits of the tomato dx mutant that do not

express a functional CYP85A1/DWARF (D) BR biosynthetic en-

zyme showed reduced level of starch and sugar and elevated

levels of amino acids (Lisso et al., 2006).

Evidence also supports a role for BR in nitrogen metabolism.

The transthyretin-like protein, evolutionarily related to allantoin

synthase that is involved in purine ring metabolism (Werner and

Witte, 2011), interacted with BRI1 in a yeast two-hybrid assay

(Nam and Li, 2004). Moreover, the erect leaves in BR-deficient

rice not only increased light capture for photosynthesis, but also

enhanced nitrogen storage for grain filling (Sinclair and Sheehy,

1999). Lastly, BRs are involved in the regulation of symbiotic

nitrogen fixation in legumes as revealed by BR-deficient mutants

of pea that display a reduced nodule organogenesis (Ferguson

et al., 2005). BRs also controlled the number of nodules in

soybean (Terakado et al., 2005) and in common bean (Phaseolus

vulgaris) (Upreti and Murti, 2004). It would be interesting to
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determine whether altered endogenous BR contents affect other

plant primary and secondary metabolism processes.

Nutritional Quality of Crops and Medicinal

Application of Phytosterols and BRs

Alterations in sterol composition in plants may lead to improved

agricultural varieties destined for food and feed. Notably, phy-

tosterol profiles can be manipulated to influence the levels of

other metabolites, including some not suitable for industrial

processing and/or mammalian consumption. For example, po-

tato tubers can contain high amounts of the compound glyco-

alkaloids (TGAs), which may be toxic to humans. Therefore, new

commercial varieties must have low levels of TGAs (Friedman,

2006). Cholesterol is present in relatively high amounts in potato

and is presumably the biosynthetic precursor of TGAs. Over-

expression of the soybean rate-limiting sterol synthesis gene

STEROL METHYLTRANSFERASE1 in potato decreased the

levels of TGAs in leaves and tubers by 41 and 63%, respectively.

Levels of free cholesterol, a nonalkylated sterol, were also

decreased (Arnqvist et al., 2003). Hence, engineering of phyto-

sterol profiles offers the opportunity to reduce the amount of TGA

metabolites unsuitable in crops for animal/human nutrition.

Phytosterols have been identified also as important blood

cholesterol lowering agents in humans (Moreau et al., 2002;

Quı́lez et al., 2003). Therefore, conjugated forms of phytosterols

(steryl-esters and stanol-esters) have been incorporated into

food products, such as margarine and milk derivatives (Schaller,

2004). In addition to their beneficial role in lowering cholesterol

levels, a relatively high consumption of phytosterols may also

enhance the immune function and the activity of antioxidant

enzymes, reducing oxidative stress in humans (Bouic, 2001). As

dietary components, phytosterols have been suggested to offer

protection against many common cancers, such as prostate,

breast, and colon cancer (Awad and Fink, 2000; Bradford and

Awad, 2007; Woyengo et al., 2009). Such beneficial effects of

phytosterols are expected to increase research efforts to engi-

neer the phytosterol synthesis pathway in crop plants.

Recent studies indicate that BRs also have valuable properties

for human health, including antiviral and anticancer activities.

The BR analogs 28-homocastasterone and EBL inhibit cell

growth in a dose-dependent manner in breast and prostate

cancer cell lines without affecting the normal nontumor cell

growth, suggesting that BRsmay be promising leads as potential

anticancer drugs (Malı́ková et al., 2008; Steigerová et al., 2010).

Furthermore, BR analogs have been reported to have antiviral

activities (Wachsman et al., 2000, 2002; Castilla et al., 2005;

Romanutti et al., 2007).

USE OF EXOGENOUS STEROIDS AND STEROID

INHIBITORS IN AGRICULTURE

Evidence shows that exogenous BRs can enhance vegetative

growth, reproduction, and tolerance to a wide range of abiotic

and biotic stresses in both model plant species and crops.

Opposite phenotypic effects are generally obtained when ap-

plying inhibitors of plant sterols and BR synthesis in both model

plants and crops (see Supplemental Table 3 online).

When applying exogenous sterols, BRs or their inhibitors to

plants, several parameters need to be considered, including

concentration, application mode, and application time (Gomes,

2011). Notably, the concentration used is not always compatible

with the endogenous BR concentrations in plants, leading to

confusing effects. Information is often lacking in the literature on

the time lapse between the BR application and the observed

physiological manifestation of the effects and on their duration.

The type of BR compound applied is also very important when

studying the physiological effects. To date, only three BR com-

pounds, EBL, 28-homobrassinolide, and BL, have been largely

used. Much remains to be discovered on the effect of application

of other BR intermediates and conjugates on the phenotypes of

different plant species. In particular, it would be essential to

investigate the specific action of the different compounds. Even

when all the parameters mentioned above are considered, it

appears that the responsiveness to BRs can vary significantly

depending on plant species, developmental stage, organ/tissue,

and environmental conditions (Gomes, 2011). This variability in

the results, together with the high cost of synthetic BR analogs,

has discouraged the use of exogenous BRs in agriculture and

horticulture (Khripach et al., 2000). By contrast, modulation of

endogenous BR levels by altering the expression of genes

involved in the BR pathways represents a promising strategy

for improving crops yield in a more uniform and predictable

manner (Divi and Krishna, 2009).

CONCLUSION AND PERSPECTIVES

Plant architecture, reproduction capacity, and tolerance to var-

ious abiotic and biotic stresses are among the agronomically

important traits controlled by phytosterols and BRs. The pro-

spective agronomical applications of the research on phytoste-

rols and BRs require the consideration of several criteria: trait

penetrance (the frequency with which identical genotypes dis-

play similar phenotypes), trait transferability (the likelihood of an

improved trait of interest to be transferred to other crop species),

performance across traits, and environmental conditions. To

date, information is scarce on sterol and BR pathways in plants

other than Arabidopsis and rice. Therefore, the potential exists to

identify BR mutants/transgenics with improved productivity in

agronomically important crops such as rice, maize, wheat, soy-

bean, potato, poplar (Populus spp), banana (Musa spp), and other

fruit crops. Preliminary results indicate a good level of transfer-

ability between dicots and monocots regarding the effects of BRs

on plant architectural traits. Improving the predictability of trait

transferability from model to crop species as well as between

crops is highly desirable for future agrobiotechnological applica-

tions. In this regard, performing comparative genomics and organ/

tissue-specific gene expression analyses to identify conservation

and divergence in sterol and BR pathway components across

plant species should be very useful.

Phytosterols and BRs affect seed yield and stress tolerance.

The nutritional and seed qualities also constitute important traits

to take into account. Whereas there is evidence of positive
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effects on human health of increased phytosterol content in

several crops, the impact of modified endogenous phytosterol

and/or BR content on the nutritional quality of seeds has yet to be

determined. In contrast with the homogenous growth conditions

found in a greenhouse, plants in the field are constantly chal-

lenged by changing growth conditions and a wide range of

stresses. New plant varieties therefore need to be able to

produce increased seed yields, under both optimal and subop-

timal conditions (Van Camp, 2005). Although treatment with BRs

has positive effects on plant tolerance to a wide range of

stresses, it remains unclear whether increased or decreased

endogenous BR levels and BR sensitivity in mutant and trans-

genic plants overall lead to either enhanced or reduced stress

tolerance. Possibly, these effects depend on plant species,

stress, and BR concentrations. Different compositions in endo-

genous sterol and BR pools might also lead to specific stress

responses. Furthermore, the molecular mechanisms by which

BRs control plant stress responses remains largely unknown,

although it is clear that BRs exert their antistress effects both

independently and via interactionwith other hormones (Divi et al.,

2010). Dose-dependent analyses on BR mutants and transgenic

plants and comparative studies between different plant model

species and crops exposed to various biotic and abiotic stresses

would need to be performed before sterols and BRs can be used

to increase crop stress tolerance.

As changes in BR content cause amix of positive and negative

effects on traits of agronomic importance (e.g., increased leaf

erectness, delayed senescence associated with delayed flower-

ing time, reduced seed yield, and increased seed size associated

with increased leaf bending in rice), it is of the utmost importance

to determine how one BR effect could be uncoupled from

another. In this regard, the results obtained with the allelic series

of bri1 mutants in rice are promising because they hint at a

possibility of obtaining BR-specific and dosage-dependent,

tissue-specific responses (Morinaka et al., 2006; Oh et al.,

2011). Alternatively, the use of tissue-specific or inducible pro-

moters also represents a promising strategy for increasing crop

yield (Luo et al., 2007; Wu et al., 2008). Overall, the current most

encouraging approach to obtain crops with increased seed yield

under both optimal and stress conditions is the fine-tuned

modulation of the endogenous BR contents and/or signaling

pathways via partial downregulation and/or overexpression un-

der the control of a conditional promoter driving gene expression

in specific organs/tissues, at specific developmental stages, or in

response to specific environmental conditions. Given the gen-

erally observed positive effect of BRs on agronomically impor-

tant traits, moderate increase of early BR signaling gene

expression/protein activities associated with increased endo-

genous BR levels appears to be a promising strategy.
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and Strnad, M. (2010). Brassinosteroids cause cell cycle arrest and

apoptosis of human breast cancer cells. Chem. Biol. Interact. 188:

487–496.

Sun, Y., et al. (2010). Integration of brassinosteroid signal transduction

with the transcription network for plant growth regulation in Arabi-

dopsis. Dev. Cell 19: 765–777.

Swan, T.M., and Watson, K. (1998). Stress tolerance in a yeast sterol

auxotroph: Role of ergosterol, heat shock proteins and trehalose.

FEMS Microbiol. Lett. 169: 191–197.

Symons, G.M., Davies, C., Shavrukov, Y., Dry, I.B., Reid, J.B., and

Thomas, M.R. (2006). Grapes on steroids. Brassinosteroids are

involved in grape berry ripening. Plant Physiol. 140: 150–158.

Symons, G.M., and Reid, J.B. (2008). Brassinosteroids, de-etiolation

and the re-emerging art of plant hormone quantification. Plant Signal.

Behav. 3: 868–870.

Symons, G.M., Schultz, L., Kerckhoffs, L.H.J., Davies, N.W., Gregory, D.,

and Reid, J.B. (2002). Uncoupling brassinosteroid levels and de-etiolation

in pea. Physiol. Plant. 115: 311–319.

Symons, G.M., Smith, J.J., Nomura, T., Davies, N.W., Yokota, T., and

Reid, J.B. (2008). The hormonal regulation of de-etiolation. Planta

227: 1115–1125.

Szekeres, M., Németh, K., Koncz-Kálmán, Z., Mathur, J., Kauschmann,
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