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Abstract

Drought is one of the most adverse stresses that affect plant growth and yield. Disturbances in
metabolic activity resulting from drought cause overproduction of Reactive Oxygen Species (ROS). It
is postulated that brassinosteroids (BRs) regulate plant tolerance to the stress conditions, but the
underlying mechanisms remain largely unknown. An involvement of endogenous BRs in regulation of
the antioxidant homeostasis is not fully clarified either. Therefore, the aim of this study was to
elucidate the role of endogenous BRs in regulation of non-enzymatic antioxidants in barley (Hordeum
vulgare) under control and drought conditions. The plant material included the ‘Bowman’ cultivar and
a group of semi-dwarf Near-Isogenic Lines (NILs), representing mutants deficient in BR biosynthesis
or signaling. In general, accumulations of eleven compounds representing various types of non-
enzymatic antioxidants were analyzed under both conditions. The analyses of accumulations of

reduced and oxidized forms of ascorbate indicated that the BR mutants contain significantly higher
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contents of dehydroascorbic acid under drought conditions when compared with the ‘Bowman’
cultivar. The analysis of glutathione accumulation indicated that under the control conditions the BR-
insensitive NILs contained significantly lower concentrations of this antioxidant when compared with
the rest of genotypes. Therefore, we postulate that BR sensitivity is required for normal accumulation
of glutathione. A complete accumulation profile of various tocopherols indicated that functional BR
biosynthesis and signaling are required for their normal accumulation under both conditions. Results
of this study provided an insight into the role of endogenous BRs in regulation of the non-enzymatic

antioxidant homeostasis.

Abbreviations

ABA, abscisic acid; AsA, ascorbic acid; BRs, brassinosteroids; DHA, dehydroascorbate; GSH,
reduced form of glutathione; GSSG, oxidized form of glutathione; JA, jasmonic acid; NILs, near-

isogenic lines; ROS, reactive oxygen species; SA, salicylic acid

Introduction

It is known that drought is one of the most adverse and multidimensional environmental stresses that
affect plant growth and yield (Osakabe et al. 2014). Plants exposed to drought and other adverse
environmental conditions have to coordinate morphological, physiological and biochemical changes in
order to adapt to the stress (Bajguz and Hayat 2009, Rao and Chaitanya 2016). Disturbances in
metabolic activity occurring as a result of abiotic stresses, including drought, cause overproduction of
Reactive Oxygen Species (ROS) and plants need to maintain the redox homeostasis in order to counter
the potentially detrimental effects of the enhanced ROS accumulation and oxidative stress (de
Carvalho 2008, Gill and Tuteja 2010, Noctor et al. 2014, Choudhury et al. 2016, Raja et al. 2017).
Drought and the ensuing increased accumulation of ROS is a major constraint of crop productivity
worldwide (Mittler 2002, Apel and Hirt 2004, Reddy et al. 2004, Gill et al. 2013).

ROS, being partially reduced or activated forms of oxygen, are generated endogenously in plant
organelles and compartments with high electron transport rates, such as chloroplasts, mitochondria and
peroxisomes (Mittler et al. 2011). Hence, ROS are metabolic by-products, and during the course of
evolution plants developed regulatory mechanisms of ROS homeostasis (Considine et al. 2015, Dietz
2015, Foyer and Noctor 2016). Moreover, the molecular pathways, which allow precise regulation of a
steady state between ROS production and scavenging act in plants to employ ROS as signaling
messengers and regulators of physiological processes (Quan et al. 2008, Bajguz and Hayat 2009, Gill
et al. 2013, Xia et al. 2015, Dietz et al. 2016, Gilroy et al. 2016, Mignolet-Spruyt et al. 2016). In fact,
ROS are commonly produced as a form of plant response to various stresses, therefore ROS represent

a point of convergence of various signaling pathways regulating response to the stress factors. The
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integration of various signals through this convergence allows a fine tuning of plant response to
environmental conditions, and leads to acclimation (Sewelam et al. 2016, Raja et al. 2017). Mutants
impaired in the regulation of ROS homeostasis are more sensitive to abiotic stresses, and unable to
mediate a systemic signaling during the stress condition (Mittler et al. 2004, Suzuki et al. 2011, 2013).
The complicated molecular mechanisms controlling the ROS accumulation include various enzymatic
antioxidants, and operate in various cellular compartments (Foyer and Noctor 2016, Mittler 2016).
Apart from the enzymatic antioxidants, plants employ the glutathione-ascorbate cycle (Foyer-
Haliwell-Asada cycle) and other non-enzymatic antioxidants, which operate in cytosol, mitochondria,
plastids and peroxisomes, and regulate the ROS accumulation (Gill and Tuteja 2010, Soares et al.
2016, Raja et al. 2017). However, the extent to which an accumulation of antioxidants is induced by
drought is variable and dependent on plant species or even cultivars, plant development and metabolic
state, and intensity of the stress (Reddy et al. 2004).

Ascorbic acid (AsA) is the most abundant, versatile and powerful water-soluble antioxidant,
which regulates ROS homeostasis, provides protection to membranes, and participates in regeneration
of other antioxidants — tocopherols and carotenoids (Reddy et al. 2004, Gill and Tuteja 2010). AsA is
also involved in regulation of cell division and expansion, photosynthesis and phytohormone
biosynthesis (Kka et al. 2017). Tripeptide glutathione (GSH) is another important component of
antioxidant network, participating in maintenance of the redox homeostasis, and present abundantly in
various compartments (Foyer and Noctor 2005). It is suggested that GSH may function as a redox
sensor since the redox status of the GSH pool is affected by ROS accumulation more intensively that
AsA redox status (Foyer and Noctor 2011). GSH is an important component of antioxidant
regeneration system, involved in recycling of AsA (de Carvalho 2008, Szarka et al. 2012), takes part
in regulation of several physiological processes, and influences expression of stress-responsive genes
(Mullineaux and Rausch 2005). Biosynthesis of GSH was reported to be modulated by various factors
including stress hormones (Gill et al. 2013). It was reported that drought stimulates accumulation of
AsA and GSH (Reddy et al. 2004). The non-enzymatic antioxidants include also tocopherols and
tocotrienols, which are lipid-soluble molecules that are essential for maintenance of plastid membrane
integrity and their photosynthetic function. Tocopherols and tocotrienols scavenge lipid peroxy
radicals, and through concerted action with other antioxidants prevent the propagation of deleterious
lipid peroxidation in membranes (Munne-Bosch and Alegre 2002, Hollander-Czytko et al. 2005).
Tocopherols and B-carotene efficiently quench singlet oxygen ('O.), which is very reactive and
detrimental to photosynthetic machinery (Krieger-Liszkay et al. 2008, Gill and Tuteja 2010). Upon
oxidation tocopherols and tocotrienols are regenerated by a coordinated action of AsA and GSH, and
may reciprocally contribute to recycling of other antioxidants. It was reported that a-tocopherol (a
predominant form of tocopherols) may regulate concentration of ROS and plant hormones, which
control development and stress response. Several reports indicated that water deficit increases o-

tocopherol concentration in a number of plant species (Munne-Bosch and Alegre 2002, Wu et al.
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2007). Additionally, tocopherol biosynthesis is regulated by several phytohormones, such as jasmonic
acid (JA), salicylic acid (SA) and abscisic acid (ABA). It was also reported that AsA, GSH and
tocopherols regulate expression of genes associated with abiotic stresses, thus altering acclimation
responses. The functions of the AsA-GSH-tocopherol triad are interconnected in a redox network
(Szarka et al. 2012).

Phytohormones also belong to key regulators of plant acclimation response to abiotic stresses.
Under stress condition an intricate interconnection occurs between phytohormones and ROS
(Choudhury et al. 2016). The stress signaling involves ROS and various phytohormones, and these
two components converge at the Mitogen-Activated Protein Kinases (MAPKs) level (de Carvalho
2008, Bajguz and Hayat 2009). The elevated concentration of ROS affects gene transcription,
proteome, and cellular metabolism, but also modulates hormonal homeostasis, and therefore mediates
hormone-dependent growth and the stress tolerance responses (Xia et al. 2015, Choudhury et al.
2016). It is postulated that BRs regulate plant tolerance to various abiotic and biotic stresses, but the
mechanisms underlying the BR-dependent stress tolerance remain largely unknown (Raja et al. 2017).
However, a link that coordinates drought and BR signaling pathways has been recently identified (Ye
et al. 2017). It was reported that BRs induce transcription of a gene encoding NADPH oxidase, and
stimulate activity of the enzyme, which leads to increased apoplastic H,O, accumulation and
modulation of various developmental and stress processes (Nie et al. 2013, Xia et al. 2015). The BR-
induced increase in the NADPH oxidase activity and the transient accumulation of H,O, lead to
stimulation of ABA biosynthesis. The increase in ABA biosynthesis is suggested to result in a
prolonged H,O; accumulation and induction of plant stress tolerance (Zhou et al. 2014). It is suggested
that low BR concentration results in a transient ROS production and stomatal opening. On the
contrary, high BR content induces a prolonged ROS accumulation, and consequently ABA
biosynthesis and stomatal closure (Xia et al. 2014). Therefore, ROS form a convergence point of BR
signaling pathway with other phytohormonal and developmental signalosomes (Xia et al. 2015, Raja
et al. 2017). Relation between BRs and antioxidant system during drought and osmotic stress has been
studied almost exclusively through exogenous BR applications, and in some cases led to ambiguous
results (Bajguz and Hayat 2009, Vardhini and Anjum 2015), therefore the role of endogenous BRs in
regulation of the antioxidant homeostasis under control and drought stress conditions remains not fully
elucidated, especially in crop species (Harb et al. 2015, Rao and Chaitanya 2016, Kka et al. 2017).

Semi-dwarf mutants of cereal crops are of significant importance for modern agriculture
because of improved lodging resistance under unfavorable environmental conditions (Gruszka et al.
2011, Dockter and Hansson 2015). Moreover, recently identified barley mutants deficient in BR
biosynthesis or signaling may constitute a potential alternative in future breeding programs. The
mutant characterisation and functional analysis of the barley genes involved in BR biosynthesis or
perception was performed utilizing the very useful tool - Near Isogenic Lines (NILs), which represent

a vast collection of mutants, including the semi-dwarf forms deficient in BR metabolism.
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Measurement of the endogenous BR concentrations in these NILs validated that their phenotype is
caused by the perturbations in BR biosynthesis or signaling (Dockter et al. 2014). The NILs have been
developed by a series of recurrent crossings of original mutants into the genetic background of the
barley '‘Bowman' cultivar. Later on, the NILs were analyzed with ca. 3000 DNA markers, which
provided information on a map position of each introgression region (Druka et al. 2011). This
approach allowed for development of the NILs collection where each of the accessions harbors a
genomic introgression of known position, specific for each mutant in the genetic background of the
'Bowman’ cultivar, which is common to all NILs. This approach enables various comparative
physiological analyses (Salvi et al. 2014). Interestingly, recent reports indicate that reduction of BR
responses improves plant tolerance to drought (Feng et al. 2015, Northey et al. 2016, Ye et al. 2017).
Our recent results also indicated that under drought conditions the semi-dwarf NILs exhibit delayed
wilting when compared with a wild-type cultivar (Gruszka et al. 2016). Given the facts that
maintenance of ROS homeostasis is crucial for the regulation of plant response to drought, and that
ROS form a convergence point of BR signaling pathway with other phytohormonal and developmental
signaling networks, it is needed to elucidate the role of endogenous BRs in the regulation of non-
enzymatic antioxidant homeostasis in the semi-dwarf barley BR mutants under control and drought
conditions. Barley is the fourth most important cereal crop in the world, and research on drought

response in this species is of significant importance, especially in the era of global climate change.

Materials and Methods

Plant material

The plant material of this study included the barley (Hordeum vulgare) two-rowed spring-type cultivar
‘Bowman’ and a group of five semi-dwarf Near-Isogenic Lines (NILs), representing barley mutants
with defects in BR biosynthesis or signaling. The following NILs deficient in BR biosynthesis were
analyzed: BWO084 (brhi3.p) carrying a missense mutation in the HvCPD gene, BW091 (brh3.g) in
which a nonsense mutation in the HvBRD gene was identified, and BW333 (ert-zd. 159) harboring a
missense mutation in the HvDIM gene (see Appendix S1 in Supporting Information). Additionally,
two NILs characterized by abnormalities in BR perception were studied: BW312 (ert-ii.79) and
BW88S5 (uzul.a), which carry missense mutations in different domains of the HvBRII receptor. A
detailed description of the analyzed genotypes was published by Dockter et al. (2014). Uniform
genetic background of the genotypes enables comparative physiological analyses (Gruszka et al.

2016).

Growth conditions and plant material sampling
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Method of seed germination, controlled conditions of the plant growth and the two-week drought
stress condition were recently described by Gruszka et al. (2016). Technical details of the drought
stress conditions (including preparation of soil mixture and calculations of the maximum (100%) soil
water capacity) were published by Janeczko et al. (2016). Leaf samples were collected from optimally
watered plants as well as from plants after two weeks of drought exposition. During the leaf-tissue
samplings plants of all the genotypes were at the same developmental stage (fifth leaf), but samples
were prepared from the third and fourth (fully developed) leaves. Extractions and quantifications of
the following non-enzymatic antioxidants were performed: AsA, GSH, tocopherols, tocotrienols and
B-carotene. For the quantification of AsA and GSH 0.3-0.6 g of fresh weight samples were prepared,
where one sample contained fragments of leaves from 3 different plants of a given genotype. For the
quantification of tocopherols, tocotrienols and p-carotene 2 g of fresh weight of leaf samples were
collected, where one sample contained leaves from 4-5 different plants of a given genotype. The

analyses were performed in 3 replicates for each of the genotypes and growth conditions.

Extraction and quantification of ascorbic acid

The ascorbate contents were determined in leaf extracts according to the ascorbate oxidase (EC
1.10.3.3) method as described by Foyer et al. (1983). For each sample the leaf tissue was homogenized
on ice in 5 ml of 5% (w/v) metaphosphoric acid, and centrifuged at 12 000 x g for 15 min at 4°C.
Once centrifuged, 125 pl of the supernatant was adjusted between pH 5.5 and 6.5 by the addition of 25
ul of 1.5 M triethanolamine and 225 pl sodium phosphate buffer (0.1 M, pH 7.4). The assay mixture
contained 2 ml of sodium phosphate buffer (0.1 M, pH 5.6), 200 pl of sample and 1 unit of ascorbate
oxidase. The ascorbate content was measured by a decrease of absorbance at 265 nm in the Ultrospec
2100 pro spectrophotometer (Biosciences Amersham, Sweden) and compared to a standard curve
generated with known concentrations of ascorbate.

Dehydroascorbate (DHA) was reduced to ascorbate by using 2 mM dithiothreitol prior to
analysis. After an incubation period of 15 min at room temperature, total ascorbate was determined as
above, and DHA content was calculated. All chemicals for the ascorbate assay were purchased from

Sigma-Aldrich (St. Louis, MO, USA).

Extraction and quantification of glutathione

Similarly to the quantification of AsA, concentrations of the reduced and oxidized forms of
glutathione (GSH and GSSG, respectively) were determined in the whole-leaf extracts. The leaf
material (0.5 g/sample) was homogenized in 5 ml of 5% (w/v) sulfosalicylic acid with addition of

ascorbic acid (0.45 g/300 ml) and EDTA-Na, (0.1116 g/300 ml). The samples were centrifuged (4000
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rpm, 20 min, 4°C), and the obtained supernatants were used for the glutathione analysis. The reduced
and oxidized forms of glutathione were determined by a spectrophotometric enzymatic recycling assay
with the use of glutathione reductase (GR, EC 1.6.4.2). At first, the extracts (1000 ul) were neutralized
with 1.5 ml of 0.1 M sodium phosphate buffer (pH 7.8). The total content of glutathione was
quantified by the enzymatic recycling assay which detects both GSSG and GSH according to the
protocols by Griffith (1980) and Smith (1985). Addition of GR and NADPH to each sample resulted
in an increase in absorbance at the wavelength of 412 nm. For each sample the assay mix contained
0.1 M potassium phosphate buffer (pH 7.5), 1 mM 5,5’-dithio-bis (2-nitrobenzoic acid), 1 unit of GR
(from Baker’s yeast, Type III, Sigma-Aldrich), 0.2 mM NADPH and 100 pl of the neutralized plant
extract in the total volume of 3 ml. In order to measure the GSSG content, GSH was derivatized by
adding 8 pl of 2-vinylpyridine to the neutralized samples, upon which the samples were incubated at
25°C for 1 hour. GSSG was quantified as described above, by adding 100 pl of the sample to the assay
mix of the total volume of 3 ml. The analyses were performed applying the Ultrospec 2100 pro
spectrophotometer (Biosciences Amersham, Sweden). Calibration curves were prepared with the use

of GSH stock solutions, and all chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Extraction and quantification of tocopherols, tocotrienols and B-carotene

Extractions of tocopherols, tocotrienols and B-carotene were performed according to the procedure by
Janeczko et al. (2009). Identification and quantification of tocopherols were carried out according to
the modified protocol published by Janeczko et al. (2010). The collected plant material (2 g of fresh
weight) was lyophilized then pulverized in a mixing mill (MM400, Retsch), and samples of 25 mg of
dry weight were prepared for the analysis. The samples were extracted in a mixture of
ethanol/acetone/methanol/isopropanol (8/6/6/1) for 15 min in a water bath at 75°C. After addition of
250 pl of 80% KOH the extraction was continued at 75°C for 30 min. The samples were diluted with
water (1/1), centrifuged 2000 x g at 15°C for 5 min, and purified by means of solid supported liquid
extraction on Chromabond XTR columns (8.3 g, 45 ml, Macherey-Nagel, Diiren, Germany).
Compounds of interest were eluted with 50 ml of n-hexane. The hexane fraction was evaporated, and
the remnants were dissolved in 1.5 ml methanol/methyl chloride (3/1 v/v). Before HPLC analysis the
samples were filtered on membranes (0.22 pm, SpinX, Corning, USA). Quantification was performed
according to the procedure by Biesaga-Koscielniak et al. (2014). The Agilent 1260 binary system with
diode array (DAD) and fluorescence (FLD) detectors was used. Separation was achieved on the
Ascentis Express C-18 (3 x 150 mm; 2.7 um, Supelco, USA) analytical column at 0.8 ml/min, 60°C
and linear gradient of A) acetonitrile/water (6/4 v/v) and B) acetonitrile/isopropanol (9/1 v/v), from 40
to 100% of B in 15 min. Tocopherols and tocotrienols were detected by FLD at the excitation
wavelength of 295 nm and the emission wavelength of 330 nm, wears 3-carotene by DAD at 450 nm.

Identity and quantity of the monitored compounds was confirmed by comparison with data obtained
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for pure standards at condition identical like for the samples. Pure a-tocotrienol, y-tocotrienol, &-
tocotrienol, a-tocopherol, B-tocopherol, y-tocopherol, d-tocopherol and p-carotene were used as
standards (Sigma-Aldrich, St. Louis, MO, USA). The analyses of each of three biological replicates

were performed on samples representing five individual plants of a given genotype.

Statistical analysis

Representation of individual plants of a given genotype within each sample and the number of
replicates performed for each analysis/measurement were described above. Statistical differences were
calculated based on the Duncan test (P <0.05) with use of the Statistica programme. The statistical
analyses were performed separately for the optimally-watered plants (control) and the drought-stressed
plants. The mean values are presented on the figures together with standard deviations and letters

informing about the statistical differences.

Results

Accumulation profile of ascorbic acid under the control and drought conditions

Accumulation profiles of the reduced (AsA) and oxidized (DHA) forms of ascorbate were determined
in the analyzed genotypes under the control and drought conditions. As far as the AsA accumulation
profile is concerned, under the control conditions the highest content of this antioxidant was reported
in the ‘Bowman’ cultivar. In the analyzed NILs the AsA accumulation was reduced to a various degree
when compared with the ‘Bowman’ value. Under the control conditions the AsA accumulation in the
NILs ranged between 62% (in BW885) and 92% (in BW084) of the reference ‘Bowman’ value. The
drought stress induced an increase in the accumulation of AsA in all analyzed genotypes. However,
under the stress conditions the AsA content was significantly (p 0.05) higher in the ‘Bowman’ cultivar
than in the analyzed NILs (Fig. 1A).

Analysis of the DHA accumulation profile indicated that under the control conditions all
analyzed genotypes contained similar concentrations of this form of ascorbate, and the reported
differences were found insignificant. Drought induced an increase in the DHA accumulation in all
tested genotypes, however an interesting observation was made when the DHA contents were
compared between the ‘Bowman’ cultivar and the mutants. Under the stress conditions the lowest
concentration of DHA was reported in the ‘Bowman’ cultivar, moreover in this genotype the drought-
induced increase with respect to the control value was relatively the lowest (106% of the control
value). Under the stress conditions the DHA concentrations were significantly (p 0.05) higher in the
mutants when compared with the ‘Bowman’ value. Moreover, in the analyzed NILs the relative

drought-stimulated increases in the DHA accumulation were more pronounced and ranged between ca.
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227% and 465% of the respective control values (Fig. 1B). Interestingly, under the drought conditions
the pattern of AsA versus DHA accumulation observed in the ‘Bowman’ cultivar is the opposite of
what was reported in the analyzed BR mutants. Detailed, quantitative results of the AsA and DHA

accumulation analyses are given in Supporting Information (Appendix S2, Table S1).

Alterations in a profile of glutathione pool under the control conditions and in reaction to

drought

In this study an accumulation profile of the reduced (GSH) and oxidized (GSSG) forms of glutathione,
and a total content of this antioxidant were analyzed under the control and drought conditions. As far
as the accumulation profile of GSH is concerned, the contents of this antioxidant were very similar in
the ‘Bowman’ cultivar and the BR biosynthesis-deficient NILs (BW084, BW091 and BW333) under
the control conditions. However, the BR-insensitive NILs BW312 and BW885 contained significantly
(p 0.05) lower concentrations of GSH when compared with the ‘Bowman’ cultivar and the
biosynthesis-deficient lines. The BR-insensitive NILs contained ca. 54% and 62% of the ‘Bowman’
GSH content, respectively (Fig. 2A). This indicates that (at least in barley) proper BR sensitivity is
required for normal accumulation of GSH under optimal watering conditions. The GSH accumulation
pattern was altered in reaction to drought, but to a various extent in the analyzed genotypes. The stress
conditions induced a significant increase in the GSH concentration in the ‘Bowman’ cultivar (ca.
113% of the respective control value). Drought caused only a slight changes in the GSH
concentrations in the BR biosynthesis-deficient NILs. However, the stress conditions induced a
significant increase in the GSH concentrations in the BR-insensitive NILs BW312 and BW885 (ca.
149% and 142% of the control values, respectively). It should be noted that after drought the GSH
contents were similar in the BR mutant NILs, however significantly lower (p 0.05) when compared
with the ‘Bowman’ cultivar. After drought the mutant NILs contained ca. 69% - 79% of the reference
‘Bowman’ concentration of GSH (Fig. 2A).

As far as the GSSG accumulation profile is concerned, under the control conditions all analyzed
genotypes contained similar concentrations of this form, differences were not statistically significant,
and no tendency was observed. Under the control conditions the GSSG concentrations were ca. 5
times lower (in BW312, due to the lower concentration of GSH) up to ca. 13 times lower (in BW084)
than the GSH content. Drought induced a significant increase in the GSSG accumulation in all
analyzed genotypes. After drought the GSSG contents were similar in the analyzed genotypes, and no
tendency was observed (Fig. 2B).

The total content of the GSH/GSSG pool was also analyzed. Under the control conditions the
total contents of glutathione (GSH and GSSG) were very similar in the ‘Bowman’ cultivar and the BR
biosynthesis-deficient NILs (BWO084, BW091 and BW333). However, the BR-insensitive NILs
BW312 and BW885 accumulated significantly lower (p 0.05) total contents of the glutathione pool
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(Fig. 2C). Therefore, we conclude that intact BR signaling is required for the glutathione accumulation
(predominantly GSH) under the control conditions. Drought induced an increase in the total contents
of glutathione in all analyzed genotypes, however various patterns could be observed. A significant
drought-stimulated increase in the total content of glutathione was reported in the ‘Bowman’ cultivar
(ca. 125% of the control value). In the BR biosynthesis-deficient NILs BW084, BW091 and BW333
the drought-induced increases in the total contents of glutathione were relatively less prominent (ca.
102%, 112% and 109% of the control values, respectively). The drought-induced increases in the total
contents of glutathione reported in the BR biosynthesis-deficient NILs were significantly (p 0.05)
lower in comparison with the increase reported in the ‘Bowman’ cultivar. In the BR-insensitive NILs
BW312 and BW885 the drought stress resulted in significant increases in the total contents of
glutathione (ca. 154% and 164% of the control values, respectively). As a consequence of such
pronounced increases in the total glutathione contents in the BR-insensitive NILs, after drought all BR
mutant NILs accumulated similar contents of the total glutathione pool. However, it should be noted
that upon drought the total content of glutathione was significantly higher (p 0.05) in the ‘Bowman’
cultivar when compared with the rest of genotypes (Fig. 2C). Detailed results of the GSH, GSSG and
total glutathione content analyses are given in Supporting Information (Appendix S2, Table S2).

Endogenous brassinosteroids influence accumulation of tocopherols under the control and

drought conditions

In the analyzed genotypes the accumulation profiles of various representatives of tocopherols were
determined. In all analyzed genotypes (the ‘Bowman’ cultivar and BR mutants) a-tocopherol proved
to be the most abundant form of this group of antioxidants under both control and drought conditions.
However, under the control conditions concentrations of a-tocopherol were significantly lower (p
0.05) in the mutant NILs when compared with the ‘Bowman’ cultivar. The a-tocopherol
concentrations reported in the analyzed NILs reached 76% - 86% of the value reported in the
‘Bowman’ cultivar. Drought induced a significant increase in the accumulation of a-tocopherol in all
analyzed genotypes (ca. 118% - 151% of the respective control values), however in all NILs the o-
tocopherol concentrations remained significantly reduced (p 0.05) in comparison with the
concentration of this compound in the ‘Bowman’ cultivar’ (Fig. 3A). Under the drought conditions the
a-tocopherol concentrations reported in the analyzed NILs ranged between ca. 69% and 79% of the
respective ‘Bowman’ value.

Measurements of the P-tocopherol content indicated that this form of tocopherols is
accumulated to much lower degree than o-tocopherol. Under the control conditions the analyzed
genotypes contained similar concentrations of B-tocopherol. Moreover, the drought stress did not
result in any significant change in the B-tocopherol content in any of the analyzed genotypes, therefore

all genotypes contained similar concentrations of this compound (Fig. 3B).
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Analysis of the y-tocopherol content indicated that, similarly to a-tocopherol, under the control
conditions the concentrations of y-tocopherol were significantly lower (p 0.05) in the mutant NILs
when compared with the ‘Bowman’ cultivar. Under the control conditions the fy-tocopherol
accumulations reported in the analyzed NILs reached ca. 43% - 68% of the value reported in the
‘Bowman’ cultivar. Moreover, the drought stress resulted in a significant increase in the accumulation
of y-tocopherol in all analyzed genotypes (ca. 157% - 264% of the respective control values).
However, under the stress conditions in all NILs the fy-tocopherol concentrations remained
significantly lower (p 0.05) in comparison with the concentration reported in the ‘Bowman’ cultivar.
Under drought the y-tocopherol contents in the analyzed NILs reached ca. 38% - 74% of the
concentration reported in the ‘Bowman’ cultivar (Fig. 3C).

Quantification of 6-tocopherol in the analyzed genotypes indicated that it is accumulated at the
lowest concentrations when compared with other representatives of this group of antioxidants. Under
the control conditions all analyzed genotypes contained comparable concentrations of d-tocopherol (no
significant difference and no tendency was observed). Drought did not cause any significant change in
the concentration of 3-tocopherol in any of the analyzed genotypes, and under these conditions the &-
tocopherol concentrations were very similar in all analyzed genotypes (Fig. 3D).

This series of analyses allowed for determining a complete profile of accumulation of all
representatives of tocopherols in the tested genotypes. Under the control conditions, the mutant NILs
(defective in BR biosynthesis or signaling) contained a significantly lower (p 0.05) total content of
tocopherols when compared with the ‘Bowman’ cultivar. The total content of tocopherols in the NILs
reached ca. 76% - 86% of the value reported in the ‘Bowman’ cultivar (Fig. 3E). This is caused mainly
by the significantly lower concentrations of a-tocopherol and y-tocopherol in the mutants with respect
to the ‘Bowman’ cultivar. Drought caused a significant increase in the total content of tocopherols in
all analyzed genotypes (ca. 119% - 154% of the respective control values), however in the analyzed
NILs the total content of tocopherols remained significantly lower (p 0.05) in comparison with the
‘Bowman’ cultivar (Fig. 3E). The obtained results indicate that endogenous BRs, and proper
functioning of BR biosynthesis and signaling, are required for normal accumulation of tocopherols in
barley under both control and drought conditions. The analyzed NILs (defective in BR biosynthesis or
signaling) contained the significantly lower total contents of tocopherols when compared with the
‘Bowman’ cultivar under optimal-watering conditions and after drought stress. Although the mutant
NILs retained the capacity of increasing the total contents of tocopherols in reaction to drought, the
accumulation levels were significantly lower in comparison with the ‘Bowman’ cultivar. Detailed
results of the tocopherol accumulation analyses are given in Supporting Information (Appendix S2,

Table S3).

Profiles of accumulation of tocotrienols and B-carotene
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Apart from the analysis of accumulation of various tocopherols, the profiles of accumulation of two
representatives of tocotrienols were also determined. Under the control conditions all analyzed
genotypes (the ‘Bowman’ cultivar and the BR mutants) accumulated very similar concentrations of a-
tocotrienol (differences were not statistically significant and no tendency was observed). The drought
stress did not result in any significant change in the a-tocotrienol accumulation in any of the analyzed
genotypes, therefore after the stress the concentrations of a-tocotrienol remained very similar in all
tested genotypes (Fig. 3F).

Another representative of tocotrienols, d-tocotrienol, was found to be accumulated at much
lower concentrations than a-tocotrienol. However, similarly to the latter, under the control conditions
the accumulation of 6-tocotrienol was very similar in all analyzed genotypes (differences were not
statistically significant and no tendency was observed). The accumulation of d-tocotrienol was not
altered by drought, and under the stress conditions all analyzed genotypes accumulated very similar
concentrations of 6-tocotrienol (Fig. 3G). Therefore, it may be inferred that, in contrast to tocopherols,
the accumulation of tocotrienols is not influenced by the disturbances in BR biosynthesis or signaling,
and is not stimulated by drought.

In our study an accumulation profile of another non-enzymatic antioxidant, B-carotene, was also
determined. Relatively, B-carotene was accumulated at much higher concentrations than any other
non-enzymatic antioxidant. Under the control conditions the analyzed genotypes contained similar
concentrations of P-carotene. Interestingly, the drought stress did not cause any increase in the
accumulation of P-carotene in any of the analyzed genotypes. In fact, a decrease in the B-carotene
concentration was reported in every genotype (Fig. 3H). Thus, similarly to tocotrienols, it may be
concluded that the accumulation of B-carotene is not affected by the disturbances in BR biosynthesis
or signaling, and is not stimulated by drought. Detailed results of the a-tocotrienol, -tocotrienol and

[-carotene accumulation analyses are given in Supporting Information (Appendix S2, Table S4).

Discussion

It was reported in several studies that BRs stimulate activity of antioxidant enzymes (Mazorra et al.
2002, Hasan et al. 2008), however the influence of endogenous BRs on the homeostasis of non-
enzymatic antioxidants remains poorly understood. To the best of our knowledge, so far the role of
BRs in regulation of antioxidant system during drought stress has been studied almost exclusively
through exogenous BR applications, and in some cases led to ambiguous results (Bajguz and Hayat
2009, Vardhini and Anjum 2015). Moreover, it was recently reported that BRs induce apoplastic H,O»
accumulation (Nie et al. 2013, Xia et al. 2015), therefore analysis of an impact of BRs on the non-
enzymatic antioxidant system upon application of exogenous BR may become difficult to interpret
because of this secondary H»O»-mediated effect, and also because the BR-induced accumulation of

H,0O; results in stimulation of ABA biosynthesis (Zhou et al. 2014). Therefore, the role of endogenous
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BRs in the regulation of non-enzymatic antioxidant homeostasis under the control and drought
conditions remains not fully elucidated, especially in crop species (Harb et al. 2015, Kka et al. 2017).

In our study, the semi-dwarf barley NILs defective in BR biosynthesis or signaling were
employed to characterize the role of endogenous BRs in the regulation of non-enzymatic antioxidant
homeostasis under the control and drought conditions. These mutants may potentially serve as
alternatives in future breeding programs (Dockter et al. 2014), and in our recent study exhibited a
delayed wilting in reaction to drought when compared with the ‘Bowman’ cultivar (Gruszka et al.
2016). Taking into account that maintaining the redox homeostasis is pivotal for plant adaptation to
drought, the present study was aimed at characterizing the role of endogenous BRs in regulation of
this process.

In our study the accumulation profiles of the reduced (AsA) and oxidized (DHA) forms of
ascorbate were determined. Under the control conditions the highest content of AsA was reported in
the ‘Bowman’ cultivar, whereas in the analyzed NILs its accumulation was reduced to the various
degree when compared with the ‘Bowman’ value. Drought induced the increase in the accumulation of
AsA in all analyzed genotypes, however under the stress conditions the AsA content was significantly
higher in the ‘Bowman’ cultivar than in the analyzed NILs. It may indicate that endogenous BRs
regulate AsA homeostasis under both conditions. It should be taken into account that the significantly
higher accumulation of AsA reported in the ‘Bowman’ cultivar may be caused by the more severe
effect of the stress condition on plants of this genotype, as it was observed in our recent experiment
(Gruszka et al. 2016) and confirmed in this study that the analyzed, semi-dwarf mutant NILs show
enhanced tolerance to drought when compared with the ‘Bowman’ cultivar. However, this observation
may be also explained by other results of this study — differences in the DHA accumulation. Analysis
of the DHA accumulation profile indicated that under the control conditions all analyzed genotypes
contained similar concentrations of this form of ascorbate. Drought induced the increase in the DHA
accumulation in all tested genotypes, however under the stress conditions the lowest concentration of
DHA was reported in the ‘Bowman’ cultivar, moreover in this genotype the drought-induced increase
(with respect to the control value) was relatively the lowest. In the drought-stressed mutants the DHA
concentrations were significantly higher. Moreover, in the mutant NILs the relative drought-stimulated
increases in the DHA accumulation were more pronounced. We postulate that this observation may be
explained by other results obtained in the present study: under the drought conditions the GSH
contents in the BR mutant NILs were significantly lower when compared with the ‘Bowman’ cultivar.
Moreover, during drought the total content of tocopherols also remained significantly lower in the
analyzed NILs in comparison with the ‘Bowman’ cultivar. It should be noted that GSH is an important
component of the antioxidant regeneration system, involved in recycling of AsA from DHA.
Tocopherols may also contribute to recycling of the other antioxidants (Munne-Bosch and Alegre
2002, de Carvalho 2008, Gill and Tuteja 2010, Szarka et al. 2012). Therefore, we postulate that the

differences in the drought-stimulated AsA accumulation reported between the ‘Bowman’ cultivar and

This article is protected by copyright. All rights reserved.



Accepted Article

the analyzed BR mutants may result from a lower recycling rate of AsA from DHA (the DHA
concentrations were significantly higher in the drought-stressed mutants). We suggest that this effect is
caused by the reduced accumulations of GSH and tocopherols in the drought-stressed NILs, and
therefore it is a secondary effect of the disturbances in BR metabolism. This conclusion is supported
by the observation that increase in the accumulation of the antioxidant triad (ascorbate, GSH,
tocopherols) occurs in a coordinative manner (Kanwischer et al. 2005).

Analysis of the GSH accumulation profile indicated that under the control conditions the BR-
insensitive NILs (BW312 and BW885) contained significantly (p 0.05) lower concentrations of this
antioxidant when compared with the ‘Bowman’ cultivar and the biosynthesis-deficient lines.
Therefore, we postulate that (at least in barley) proper BR sensitivity is required for normal
accumulation of GSH under optimal watering conditions. It was recently reported that BR signaling
and signal transduction pathways of other phytohormones are needed for structural and functional
adaptations in reaction to the stress-induced ROS accumulation (Gururani et al. 2015). Our results
indicate that the maintenance of GSH homeostasis is dependent on BR signaling also under the control
conditions. The GSH accumulation profile was altered in reaction to drought, but to various extent in
the analyzed genotypes. The stress conditions induced the significant increase (ca. 113% of the
respective control value) in the GSH concentration in the ‘Bowman’ cultivar. In our recent research
(Gruszka et al. 2016) and in this study the same tendency was reported: in reaction to drought
symptoms of leaf wilting were first reported in plants of the ‘Bowman’ cultivar, whereas the semi-
dwarf NILs exhibited delayed wilting. Similar results were obtained in other recent studies (Ferrero-
Serrano and Assmann 2016, Janeczko et al. 2016, Northey et al. 2016). Moreover, the drought-induced
relative decrease in the photosynthesis rate (Pn) value with respect to the control conditions was most
prominent in the ‘Bowman’ cultivar (Gruszka et al. 2016). Therefore, we infer that the significant
drought-induced increase in the GSH concentration in the ‘Bowman’ cultivar results from the more
severe effect of the stress conditions on plants of this genotype. This postulate seems to be
substantiated by the relatively slight changes in the GSH concentrations, which was observed in the
BR biosynthesis-deficient NILs. In this study, drought induced a significant increase in the GSH
concentrations in the BR-insensitive NILs (BW312 and BW88S5). Despite the fact that the BR-
insensitive NILs accumulated the significantly lower GSH concentrations under the control conditions,
these NILs retained the capacity to react to drought with the significant increase in the GSH contents.
This capacity does not seem to be affected by the BR-insensitivity, and upon drought the GSH
concentrations were similar in all analyzed NILs. However, it cannot be excluded that the drought-
induced effect is mediated by other phytohormones, especially the stress-related (ABA, SA or JA), as
it was recently reported that contents of these hormones are significantly increased in reaction to
drought in these genotypes (Gruszka et al. 2016). It should be noted that enzymes involved in
glutathione biosynthesis are regulated by drought, ABA, JA and SA (Queval et al. 2009, Gill et al.
2013). Under the control conditions the total contents of glutathione (GSH and GSSG) were very
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similar in the ‘Bowman’ cultivar and the BR biosynthesis-deficient NILs. However, the BR-
insensitive NILs accumulated significantly lower total contents of the glutathione pool. The profile of
accumulation of the total glutathione pool resembled the profile of GSH accumulation, because the
GSSG contents proved to be similar in all analyzed genotypes. As expected, drought induced the
significant increase in the GSSG accumulation in all analyzed genotypes. Thus, the pattern of drought-
induced increase in the total glutathione contents, and the similar contents of the glutathione pools in
all drought-stressed NILs indicate that the BR-insensitive NILs, despite the lower contents of GSH
and the glutathione pool under the control conditions, retain the capacity for a proportionally higher
increase in the accumulation of GSH and the glutathione pool in reaction to drought. This capability
may be mediated by other phytohormones, whose contents are induced by drought. The total content
of glutathione was significantly higher in the ‘Bowman’ cultivar when compared with the rest of
genotypes, and it may be explained by the more severe effect of the stress on plants of the ‘Bowman’
cultivar. It is known that contents of glutathione and other non-enzymatic antioxidants are raised in
reaction to the stress-induced ROS accumulation (Szarka et al. 2012).

Determining the complete profile of accumulation of all representatives of tocopherols in the
tested genotypes led to the conclusion that endogenous BRs, and functional BR biosynthesis and
signaling processes, are required for normal accumulation of tocopherols in barley under both control
and drought conditions. It results mainly from the significantly lower concentrations of a-tocopherol
and y-tocopherol in the BR mutants with respect to the ‘Bowman’ cultivar. It is known that
biosynthesis of tocopherols is regulated by the stress hormones: ABA, JA and SA (Sandorf and
Hollander-Czytko 2002, Munne-Bosch and Penuelas 2003, Munne-Bosch 2005, Szarka et al. 2012),
however to the best of our knowledge, up to now an involvement of endogenous BRs in regulation of
the tocopherol biosynthesis has not been reported. Our study indicates that functional mechanisms of
BR biosynthesis and signaling are crucial for normal accumulation of tocopherols under the control
conditions in barley. It is known that the tocopherol biosynthesis from p-hydroxyphenyl-pyruvate
(HPP) proceeds upon split through two parallel pathways leading to biosynthesis of two final products:
a-tocopherol and B-tocopherol (Szarka et al. 2012). Interestingly, the stimulating effect of endogenous
BRs on the tocopherol biosynthesis in barley is mediated through modulating effect on one of these
pathways, leading through y-tocopherol to a-tocopherol, which are the most abundant forms of
tocopherols in barley (this study) and in Arabidopsis (Shintani and DellaPenna 1998). Under the
control conditions, the analyzed mutant NILs accumulated the significantly lower concentrations of a-
tocopherol and y-tocopherol when compared with the ‘Bowman’ cultivar. However, accumulations of
B-tocopherol and 3-tocopherol, representing the other parallel biosynthesis route, were very similar in
all analyzed genotypes. This indicates that, at least in barley, under the control conditions endogenous
BRs stimulate the biosynthesis pathway leading to the production of y-tocopherol and the most
abundant o-tocopherol, but not the other route leading to the biosynthesis of B-tocopherol and &-

tocopherol, which are accumulated at much lower concentrations. Importantly, it was reported that a-
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tocopherol has the highest anti-oxidative activity due to the presence of three methyl groups in its
structure (Gill and Tuteja 2010), directly participates in scavenging of the lipid peroxyl radicals, and
becomes regenerated by AsA (Szarka et al. 2012). Thus, endogenous BRs regulate the part of the
tocopherol biosynthesis pathway leading to the key antioxidant.

It is known that the tocopherol biosynthesis is regulated at its early stage by JA (Falk et al.
2002, Sandorf and Hollander-Czytko 2002). It was reported in our previous study that under the
control conditions the analyzed NILs (both BR-deficient and BR-insensitive) accumulated
significantly lower concentrations of JA when compared with the ‘Bowman’ cultivar (Gruszka et al.
2016). However, given the fact that the JA-mediated regulation occurs at the early step of the
tocopherol biosynthesis, upstream the divergence of the parallel pathways (Szarka et al. 2012), and
since the levels of accumulation of B-tocopherol and &-tocopherol are not affected in the analyzed
NILs, it seems that the lower concentrations of a-tocopherol and y-tocopherol are primarily caused by
the defects in BR metabolism. Interestingly, it was reported that the tocopherol cyclase (VTE1),
catalyzing reactions downstream of the pathway divergence, is a major factor limiting tocopherol
biosynthesis in leaves (Kanwischer et al. 2005). This enzyme catalyzes biosynthesis of y-tocopherol in
one of the parallel routes, which leads to a-tocopherol (Szarka et al. 2012). In our study the analyzed
mutant NILs accumulated significantly lower concentrations of y-tocopherol under the control
conditions, and it indicates that, at least in barley, the rate limiting step of tocopherol biosynthesis is
dependent on BR homeostasis.

The dependence of tocopherol accumulation on functionality of BR biosynthesis and signaling
is illustrated by other results of our study. The drought stress resulted in the significant increase in the
total content of tocopherols in all analyzed genotypes. It has been reported that drought and oxidative
stresses stimulate accumulation of tocopherols (Wu et al. 2007, Shao et al. 2007). However, under the
stress conditions the total contents of tocopherols in the analyzed NILs remained significantly lower
when compared with the ‘Bowman’ cultivar. This effect is caused mainly by the significantly lower
concentrations of a-tocopherol and y-tocopherol in the BR mutants. Our previous research indicated
that the abnormalities in BR biosynthesis or signaling in the analyzed mutant NILs result in
significantly lower concentrations of the gibberellin GA7and JA under the control conditions, however
after the drought stress the contents of endogenous gibberellins, JA and other phytohormones in the
mutant NILs were comparable with the ‘Bowman’ cultivar or even higher (Gruszka et al. 2016).
Taking it into account, the fact that after drought the total contents of tocopherols in the analyzed NILs
remained significantly lower than in the ‘Bowman’ cultivar seems to be a BR deficiency-specific
effect. It is known that the tocopherol cyclase (VTE1) is strongly induced by ROS (Kanwischer et al.
2005, Szarka et al. 2012), and our results indicate that endogenous BRs are also crucial for regulation
of this part of the tocopherol biosynthesis pathway.

The specific regulatory effect of endogenous BRs on one of the parallel routes of the tocopherol

biosynthesis pathway seems to be validated by results of the analysis of tocotrienols accumulation
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profile. Under the control conditions all analyzed genotypes (the ‘Bowman’ cultivar and BR mutants)
accumulated very similar concentrations of o-tocotrienol and §-tocotrienol. Importantly, tocopherols
and tocotrienols are synthesized from the common precursor - homogentisate (Norris et al. 1998).
Homogentisate is produced in reaction catalyzed by the p-hydroxyphenylpyruvate dioxygenase
(HPPD), and this reaction is located upstream of the divergence into two parallel routes of the
tocopherol biosynthesis pathway (Munne-Bosch and Alegre 2002, Szarka et al. 2012). Since the
accumulations of a-tocotrienol and d-tocotrienol are not affected in the analyzed NILs the regulatory
effect of endogenous BRs is not located at or upstream the precursor (homogentisate) level, what
confirms the conclusion we postulated above.

The results of this study provided an insight into the complicated mechanism of non-enzymatic
antioxidant homeostasis in barley, which is an important cereal crop. These results are also a source of
further evidence that the drought-stimulated increase in accumulation of the antioxidant triad
(ascorbate, GSH, tocopherols) occurs in a coordinated manner. Moreover, the obtained results
indicated that functions of the analyzed non-enzymatic antioxidants are interconnected, and that

endogenous BRs play an important role in regulation of this process.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:
Appendix S1. The BR biosynthetic pathway.

Appendix S2. Detailed results of the non-enzymatic antioxidant accumulation analyses.

Figure legends

Fig. 1. The accumulation of AsA (A) and DHA (B) in the analyzed genotypes under the control and
drought conditions. The mean values of three replicates of each measurement are presented for each
genotype, with error bars representing standard deviation. The mean values + (SD) marked with the
same letters (separately for control and drought-stressed plants) are not significantly different,

according to the Duncan's test (P < 0.05).

Fig. 2. The accumulation of GSH (A), GSSG (B) and the total contents of the glutathione (GSH and
GSSG) pool (C) in the analyzed genotypes under the control and drought conditions. The mean values
of three replicates of each measurement are presented for each genotype, with error bars representing
standard deviation. The mean values = (SD) marked with the same letters (separately for control and

drought-stressed plants) are not significantly different, according to the Duncan's test (P < 0.05).
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Fig. 3. The accumulation of a-tocopherol (A), B-tocopherol (B), y-tocopherol (C), -tocopherol (D),
total tocopherols (E), a-tocotrienol (F), 6-tocotrienol (G), and B-carotene (H) in the analyzed
genotypes under the control and drought conditions. The mean values of three replicates of each
measurement are presented for each genotype, with error bars representing standard deviation. The
mean values + (SD) marked with the same letters (separately for control and drought-stressed plants)

are not significantly different, according to the Duncan's test (P < 0.05).
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