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ROS mediate brassinosteroids-induced plant stress responses

Xiao-Jian Xia," Zhixiang Chen’ and Jing-Quan Yu'**

'Department of Horticulture; Huajiachi Campus; Zhejiang University; Hangzhou, P.R. China; *Key Laboratory of Horticultural Plants Growth, Development

and Biotechnology; Agricultural Ministry of China; Hangzhou, P.R. China; *Department of Botany & Plant Pathology; Purdue University; West Lafayette, IN

USA

Key words: brassinosteroids, brassina-
zole, cucumber, NADPH oxidase, reac-
tive oxygen species, stress tolerance

Submitted: 12/18/09
Accepted: 12/18/09

Previously published online:
www.landesbioscience.com/journals/psb/

article/10989

*Correspondence to: Jing Quan Yu;
Email: jgyu@zju.edu.cn

Addendum to: Xia XJ, Wang YJ, Zhou YH, Tao Y,
Mao WH, Shi K, et al. Reactive oxygen species
are involved in brassinosteroids-induced stress
tolerance in Cucumis sativus. Plant Physiol
2009; 150:801-14; PMID: 19386805; DOI: 10.1104/
pp.109.138230.

532

Brassinosteroids (BRs) play important
roles in the complex network of plant
signal transduction that regulates plant
growthand development. Field and green-
house trials have shown that exogenous
BRs can also improve plant tolerance to
abiotic and biotic stress. We have recently
shown that application of exogenous BR
enhances while inhibition of endogenous
BR biosynthesis compromises the toler-
ance to photo-oxidative and cold stresses
and resistance to cucumber mosaic virus
in cucumber plants. These results sug-
gest a possible role of endogenous BRs
in plant stress responses-as well. We have
further shown that BR-induced stress
tolerance is associated with increased
accumulation of reactive oxygen species
(ROS), which, in turn, is important for
BR-induced stress tolerance. BR-induced
ROS accumulation is sensitive to inhibi-
tor of plasma membrane-bound NADPH
oxidases. ROS mediate BR-induced stress
tolerance, most likely by regulating genes
involved in plant stress response path-
ways. Given their established roles as
second messengers, ROS may also par-
ticipate in other BR-regulated biological
processes including plant growth, devel-
opment and photosynthesis.

Since first discovered in Brassica napus
pollen,' brassinosteroids (BRs) have been
extensively tested for biological activi-
ties in plant growth and development.
BRs affect cell elongation, division, dif-
ferentiation, reproductive and vascular
development, membrane polarization and
proton pumping.” Despite strong evidence
for BRs as potent plant growth regulators,
there was no widespread recognition of

Plant Signaling & Behavior

BRs as plant hormones until the identi-
fication and analysis of BR biosynthetic
mutants. BR biosynthetic mutants such as
constitutive photomorphogenesis and dwarf-
ism (cpd) and deetiolated2 (det2) from
Arabidopsis thaliana were first identified
based on their altered photomorphogen-
esis.>* BR biosynthetic mutants were also
identified in other crops.’ These mutants
provide conclusive evidence for the impor-
tant biological functions of BRs in plant
growth and development.

BR biosynthetic or insensitive mutants
have proven-to be valuable tools for unrav-
eling the BR ssignal transduction path-
ways in plants. Li et al. reported the first
BR-insensitive Arabidopsis mutant 67il,
which help lead to the subsequent identi-
fication of the BR receptor.® Several other
BR signaling components have been later
identified and characterized. BR binding
to BRI induces association of BRI1 with
BAKI, which leads to phosphorylation
of BSK1 and binding to the BSUI phos-
phatase. BSU1 inactivates the GSK3-like
kinase BIN2 and transduces the BR signal
into the nucleus. BIN2 negatively regu-
lates downstream signaling by phosphory-
lating two transcription factors BZR1 and
BESI and inhibiting their binding to BR
responsive promoters.”®

In agriculture, active BR analogs can
be synthesized in sufficient quantities and
evaluated in greenhouse and field trials.
Extensive testing in the field and green-
house has showed that exogenous BRs
have the ability to substantially increase
yield in a variety of plant species’ A
remarkable feature of BRs is their activity
to increase plant tolerance/resistance to a
wide spectrum of stresses, such as low and
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high temperatures, drought, salinity and
pathogens.'®!! In some cases, the protec-
tive effect of BRs against fungal diseases
was even stronger than chemical fungi-
cides. Additionally, BRs can be used to
reduce the accumulation of heavy metals
and pesticides residues and thus increase
the food safety.!"® The widespread benefi-
cial effects of BRs make them environmen-
tal-friendly natural substances potentially
suitable for crop protection and yield pro-
motion in agriculture.

Although application of exogenous
BRs has been reported to improve plant
resistance to many environmental stresses,
there are controversies about the func-
tions of endogenous BRs in plant stress
responses. Jager et al. showed that endog-
enous BR content in pea did not increase
under drought stress and defects in BR
biosynthesis or signaling had no influ-
ences on the initiation of stress response
and tolerance under drought stress.!" The
authors argued-that endogenous-BR lev-
els are not normally responsive to, water
stress. In contrast, it has been shown that
Arabidopsis BR biosynthetic and signaling
mutants, det2 and bin2, are more sensitive
to salt stress than wild type.” Consistent
with a role of BRs in stress tolerance, the
semi-dwarf #zu barley mutant, which is
impaired in BR perception, is less tolerant
to stress than non-uzu barley.'®

We used brassinazole, a specific inhibi-
tor of the DWF4 protein in the BR bio-
synthetic pathway, to reduce BR levels
in cucumber plants.” Using this chemi-
cal genetics strategy, we have shown that
inhibition of BR biosynthesis reduces the
tolerance of cucumber plants to cold and
photooxidative stresses and cucumber
mosaic virus infection, whereas feeding
with bioactive BRs increases the stress tol-
erance. Thus, BR-induced stress tolerance
is correlated with the BRs levels in cucum-
ber plants. By analyzing the gas exchange
characteristics of BR-deficient tomato
mutant, we have found that stomatal
conductance is reduced in the mutant.
Together with the dwarf plants and thick
leaves, this may lead to decreased water
demand in BR mutant. This might explain
the failure to observe reduced tolerance to
water stress in the pea BR mutant."

There could be several reasons for the
failure to observe change in BR levels
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during plant responses to biotic and abi-
otic stress. First, at present, the endog-
enous BR is below the detection level by
most methods and only the intermediates
of the BR biosynthetic pathway have been
quantified in several reported studies.'
Failure to observe changed BR levels could
be due to difficulty for sensitive detection
of a small or modest changes in the levels
of BRs or its biosynthetic intermediates.
Second, during plant stress responses, BR
levels may not change but the activity of
certain components involved in BR signal-
ing may be altered. Third, BR-mediated
signaling may crosstalk with thereby
modulate the concentrations or plant sen-
sitivity to other hormones during stress
conditions. Consistent with this modula-
tor function of BRs, exogenous BRs had
minor effect on endogenous ABA levels
in plants maintained at normal tempera-
tures, but increased ABA biosynthesis in
plants under heat stresses.'”® In sorghum,
BRs alse enhanced the protective effects of
ABA under drought stress,” probably by
enhancing plant sensitivity to ABA. BRs
may also modulate the accumulation or
signaling of other plant hormones involved
in stress responses. For example, microar-
ray —experiments  in Arabidopsis ~ have
shown that BR stimulates the JA pathway
through activation of OPR3, an enzyme
involved in JA biosynthesis.? Intriguingly,
it has been observed that BRs act upstream
of the JA signaling pathway in modulating
defense against herbivory in tomato.?'
Another important and broadly sig-
nificant finding from our study is that
BR stimulates ROS production and this
BR-induced ROS is important for sub-
sequent establishment of stress tolerance.
ROS is a key signaling molecule in plant
development and environment adaptation.
ROS induces gene expression and stress
response via changes in cellular redox
states. For example, during development
of systemic acquired resistance, there is an
initial ROS accumulation that perturbs
the cellular redox state and, in turn, acti-
vates the NPR1 pathway to upregulate the
PRI gene.” Szekeres et al. reported that
BR deficiency resulted in downregual-
tion of PRI, whereas overexpression of a
BR biosynthetic gene increased PRI gene
expression.” Thus, it is possible that BRs
regulate PRI gene expression through
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alteration of the cellular redox state result-
ing from increased ROS accumulation.
Consistent with this possibility, we have
observed that cucumber leaves treated with
BRs inhibitor have reduced ROS level,
whereas exogenous BRs induced moderate
ROS accumulation mostly in the apoplast.
There is evidence showing that the effect
of BRs is dependent on plant develop-
mental stage and application method. We
have discovered that the interval between
BR treatment and stress challenge is criti-
cal for the magnitude of induced stress
tolerance. Therefore, the variation of the
efficiency of BR in enhancing plant stress
tolerance may be related to changes of
ROS homeostasis.

ROS have regulatory roles in a wide
range of important plant biological pro-
cesses including stress tolerance. Foreman
et al. have indicated that ROS play impor-
tant roles in plant growth and develop-
ment.”> The NADPH oxidase encoded
by-the AtrbohC gene-is required for root
elongation in Arabidopsis. Studies using
inhibitors of NADPH oxidase have sug-
gested that NADPH oxidase-derived
ROS control cell expansion in leaves.?
Recently, -we have observed that a nar-
row range of BR concentration leads to a
moderate increase in ROS concentration,
which in turn triggers a more reduced
cellular redox state that is essential for
BR-induced CO, assimilation (unpub-
lished data). It is, therefore, likely that
BR-induced ROS may also play a critical
roles in BRs-regulated plant growth and
development.

In conclusion, our study has revealed
an important role of BRs in plant stress
response. We have also revealed a critical
role of ROS in BRs-induced stress toler-
ance. The hypothesis we have proposed
here should provide novel insights into
BRs action mode. Further analysis using
a combinatorial approach, mutant analy-
sis and genomics, is required to determine
the source of ROS, the upstream or down-
stream regulator of BRs-mediated stress
tolerance and the involvement of the BRI1-
dependent pathway. Understanding the
mode of action of BRs in inducing plant
stress tolerance will help development and
improvement of BR-based chemicals that
can be used as agrochemicals to increase
crop productivity.
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