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Aim. To investigate the brassinosteroids (BRs) influence on the plant alternative respiration pathway and anti-
oxidant systems to regulate the ROS (reactive oxygen species) production under optimal and abiotic stress con-
ditions. Methods. Respiration measurement experiments were done with the polarographic technique. Original
methods were used to evaluate the antioxidant systems activity. Results. Treatment with BRs increased the inten-
sity of plant alternative respiration pathway under control and stress conditions. BRs had no effect on alternative
respiration of the BR-insensitive bril—6 plants. Brassinosteroids also increased the activity of a range of antioxi-
dant systems under osmotic stress. Conclusions. BRs are involved in the regulation of alternative respiration
pathway and antioxidant systems activity in plant cells under optimal and abiotic stress conditions.

Keywords: brassinosteroids, alternative oxidase, salt stress, osmotic stress, A. thaliana.

Introduction. Brassinosteroids (BRs) are a novel class
of phytohormones implicated as key components of ma-
ny signal cascades involved in the regulation of cell pro-
liferation and differentiation [1, 2], initiations of the
adaptive reactions of plant cell metabolism against abio-
tic [3—5] and biotic [6—8] stresses that often are accom-
panied by the oxidative stress. Abiotic stresses lead to
inhibition of different key systems responsible for the
energy and reactive oxygen species (ROS) homeostasis.
Particularly, metabolite fluctuations under stress condi-
tions may affect the mETC (mitochondrial electron
transport chain) stability by its overloading with elect-
rons that leads to electron leakage. Mitochondria are ve-
ry sensitive to the redox perturbations caused by the
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ROS production and rapidly respond to environmen-
tal factors [9]. The key role in mitochondrial mETC
homeostasis is played by alternative oxidase (AOX),
which can modulate the level of electrons by oxidi-
zing ubiquinone pool and thus stabilizing the electron
flow [10]. AOX activation decreases the ROS level in
mitochondria that protects the respiration chain from
inhibition and development of oxidative stress [11]. AOX
is involved in adaptation to a range of extracellular stres-
ses — macronutrient stress [12], salt [13], drought [14],
metals [15, 16], pathogens [17, 18]. It has been shown
that roots of the salt-sensitive line of Medicago trun-
catula plants accumulate 3-fold higher level of hydro-
gen peroxide comparing to the salt-tolerant cultivar
[13]. The H,O, level and tolerance to salinity of these cul-
tivars is strictly dependent on the 4OX gene expression
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[13]. The transgenic plants overexpressing AOX1a alter-
native oxidase are characterized with reduced ROS pro-
duction and better growth [15, 19]. Despite the inten-
sive experimental work there are a lot of open questions
concerning the role of AOX under stress conditions.

In this study we focused on the role of BRs in regu-
lation of the alternative respiration pathway that might
constitute an essential part of BR-induced tolerance to
abiotic stresses. We have observed that brassinosteroids
are involved into the regulation of cyanide-sensitive as
well as cyanide-resistant pathways serving for the re-
gulation of ROS formation by mETC and better growth
capabilities under stress conditions. Additionally, BRs
increased activities of the major antioxidant systems in
the plant cell.

Materials and methods. Plant materials and growth
conditions. Homozygous stocks of Arabidopsis thaliana
Columbia Wild Type (WT) and A. thaliana transgenes
were obtained from Nottingham Arabidopsis Stock Cen-
tre (NASC, UK): bakl-1 and bril-6 signaling mutants
with the «knockout» in components of BR-receptor
(BAKI and BRI1 kinases). In the experiments regarding
determination of AOX activity we used leaves of seed-
lings grown for 18 days on sterile agar plates with 1/2
strenght Moorashige-Skoog (MS) medium supplemen-
ted with 1 % of sucrose and hormones or inhibitors. For
control conditions no salts were added (0 mM NacCl).
Salt stress conditions were induced with different con-
centrations of NaCl in growth medium (50, 75 and 100
mM in final concentration). Growth conditions were 22 +
+ 2 °C with a 16-h photoperiod (photosynthetic photon
flux density of 300 umol photons m™s™' generated with
Fluora lamps, «Osram», Germany). For antioxidants ana-
lysis the plants were germinated and grown on soil for
21 days. At the 22" day seedlings were treated with 24-
epibrassinolide (EBL) solution (10 M, 50 ml for every
100 g of soil with 3—4 plants) and mannitol (50 ml of
300 mM solution on every 100 g of soil).

All measurements concerning antioxidants and anti-
oxidant enzymatic systems were made at the 3 day af-
ter stress conditions were initiated.

Chemicals. Brassinazole was obtained from TCI-Eu-
rope (Germany), EBL was synthesized in the Laborato-
ry of Steroid Chemistry (Institute of Bioorganic Chemist-
ry, NAS of Belarus), Coomassie blue G250, Nitroblue
tetrazolium chloride (NBT) were purchased from «Sig-

ma» (USA), other chemicals were obtained from «ALSI»
(Ukraine).

Enzyme assay. The samples (500 mg) of 4. thaliana
leaves were homogenized with a chilled mortar and pes-
tle in 100 mM potassium phosphate buffer (pH 7.5) con-
taining 0.1 mM EDTA and 1 % of polyvinylpyrrolidone
(PVP). The homogenate was centrifuged at 5000 g for
15 min at 4 °C and the supernatant was used for the en-
zyme activity assays. The total superoxide dismutase
(SOD; EC 1.15.1.1) activity was determined by measu-
ring its ability to inhibit the photochemical reduction of
nitroblue tetrazolium chloride in Azevedo ef al. modifi-
cation [20]. The catalase (CAT; EC 1.11.1.6) activity
was determined according to the technique [21]. The
guaiacol peroxidase (GPX; EC 1.11.1.7) activity was
determined in terms of formation of tetraguaiacol (¢ =
=26.6 mM 'cm") from guaiacol in the reaction mixture
containing 1 ml of 5 mM guaiacol, 1 ml of 15 mM H,O,
and 0.9 ml of potassium phosphate buffer (pH 7.0) with
1 % of PVP. The reaction was immediately started by
addition of 100 uM of enzyme extract and measured
spectrophotometrically as the increase of absorption at
470 nm.

Determination of H,0, content. Endogenous H,0,
content was measured by the ferrous ion oxidation xyle-
nol orange (FOX) technique [22] with modifications.
Absorbance of colorized complex was read at 560 nm
and H,O, content was calculated from a standard curve.

Protein content. Protein concentration was determi-
ned according to the method of Bradford with bovine
serum albumin as a standard [23].

Determination of proline content. Proline content
was determined as described by Bates et al. [24]. The
proline concentration was calculated from a standard
curve and expressed as pg/g of fresh weight (FW).

Determination of glutathione content. Glutathione
content was determined in the reaction with 5,5'-Di-
thiobis(2-nitrobenzoic acid) (DTNB) as described by
Yu et al. with modifications [25]. Absorbance was re-
ad at 412 nm and expressed as percents toward control
samples.

Investigation of cell respiration activity. The cell
respiration activity was measured by monitoring oxy-
gen consumption of the sample (40 mg) in 1 ml of air-sa-
turated buffer (Tris-HCI 5 mM, pH 6.0) that was ther-
mostated at 25 + 0.1 °C. Oxygen concentration was re-
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Fig 1. A — influence of 24-epibrassinolide (EBL) and brassinazole (BRZ) on alternative oxidase (AOX) respiration rate in wild-type (WT) A4. tha-
liana plants under salt stress (/ — WT + EBL; 2— WT; 3— WT + BRZ); B —influence of EBL on AOX respiration rate in bri/-6 A. thaliana plants
under salt stress (/ — bril-6; 2 — bril-6 + EBL). Seeds were germinated and grown on 1/2 strength MS medium for 18 days prior to analysis. Data are

means + confidence interval of four replicate boxes

corded with Oxygraph («Hansatech Instruments», Uni-
ted Kingdom) and converted from voltage to oxygen con-
centration with Oxygraph Plus software («Hansatech
Instruments»).

For determination of total respiration rate (V,), cya-
nide-resistant respiration rate (Vi) and residual res-
piration (V,,,) the inhibitory analysis was used. Potas-
sium cyanide (KCN, 1 mM in final volume) and salicyl-
hydroxamic acid (SHAM, 3 mM in final volume) were
used as inhibitors of cytochrome oxidase (CO) and AOX
respectively. Maximum activity of alternative respira-
tion (V,,) was measured by adding SHAM in the pre-
sence of KCN. The cytochrome oxidase activity (V.,,)
was determined after adding of KCN in the presence of
SHAM [26]. The data on figures are presented as V,,/
V,orV,/V,ratios. The respiration rate is expressed as
nmol O,- min™' - g' FW.

Statistical analysis. Each experiment was repeated
at least three times, each with three technical replicates.
The values on figures represent means of 3—4 biologi-
cal replicates (n = 15 seedlings) with the confidence in-
tervals at 0.05 level of significance.

Results and discussion. EBL activates alternative
respiration pathway under abiotic stress conditions.
We analyzed a role of BRs in plant respiration and its
connection with the ROS homeostasis and antioxidant
systems activity under salt stress. We have observed that
EBL impairs alternative respiration pathway under con-
trol and salinity conditions in 4. thaliana. AOX respira-
tion was significantly increased by BRs under stress
conditions by 60 % while brassinazole, inhibitor of
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BRs biosynthesis, suppressed alternative respiration by
50 % (Fig. 1, A). Thus the rate of alternative respira-
tion to total respiration has been elevated from 0.4 to
0.6 in WT plants treated with EBL; the same was for the
ratio of AOX pathway/CO respiration (from 0.9 to 1.6)
(Fig. 2, A4, B).

The AOX/CO and AOX/total respiration ratios were
stimulated by EBL while brassinazole treatment strong-
ly decreased these proportions (Fig. 2, 4, B). High ratio
of alternative respiration to main respiration pathway
provides a reliable mechanism for regulation of the ROS
production by mETC. In contrast to coll plants, bril-6
maintained high level of alternative respiration in cont-
rol conditions and under salt stress (Fig. 1, B). The AOX/
total respiration and AOX/CO ratios in bril-6 have been
almost unaffected neither by EBL treatment nor by salt
stress conditions (Fig. 3, 4, B) and strongly reduced in
comparison to coll plants. Moreover, both bril-6 plants
and WT plants treated with brassinazole are characteri-
zed with strongly reduced growth (Fig. 4). Thus, high
rate of main respiration pathway with high AOX activi-
ty of bril-6 plants produces almost the same growth
phenotype as the low-intensity main respiration of WT
plants with low BRs content. It may point at inefficient
regulation of the mETC activity and energy substrates
consumption in the absence of BRs signaling and evi-
dent role of BRs in the regulation of energy homeosta-
sis under stress.

Influence of EBL on antioxidants balance and anti-
oxidant enzymes activity under abiotic stress. Stress
conditions and EBL had a significant impact on antioxi-
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Fig. 2. A — influence of 24-epibrassinolide (EBL) and brassinazole (BRZ) on alternative oxidase (AOX) respiration/total respiration ratio in wild-
type (WT) A. thaliana plants under salt stress (/ — WT + EBL; 2— WT; 3— WT + BRZ); B —influence of EBL on AOX respiration/CO respiration
ratio in WT A. thaliana plants under salt stress (/ — WT + EBL; 2— WT; 3— WT + BRZ). Seeds were germinated and grown on 1/2 strength MS me-
dium for 18 days prior to analysis. Data are means + confidence interval of four replicate boxes
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Fig. 3. A —influence of 24-epibrassinolide (EBL) on alternative oxidase (AOX) respiration/total respiration ratio in bril-6 A. thaliana plants under
salt stress (I — bril-6; 2 — bril-6 + EBL); B — influence of EBL on AOX respiration/CO respiration ratio in bri/-6 A. thaliana plants under salt
stress (/ — bril-6; 2 — bril-6 + EBL). Seeds were germinated and grown on 1/2 strength MS medium for 18 days prior to analysis. Data are means +

confidence interval of four replicate boxes

dant systems (Table). We have found that under control
conditions EBL induces glutathione accumulation that
is the major antioxidant in mitochondria. We also obser-
ved that proline level was significantly elevated by the
hormone under osmotic stress which can serve not only
as important osmoprotector but also as ROS scavenger
[27]. Analysis of the hydrogen peroxide level showed a
decrease in hydrogen peroxide content in bak!-1 plants
compared to the WT plants. It is known that a slightly
increased H,0O, level stimulates the accumulation of dif-
ferent antioxidants including glutathione [28]. The acti-
vity of catalase was strongly promoted by the hormone
under osmotic stress. Superoxide dismutase was activa-
ted by EBL in control conditions but inhibited under
stress. The guaiacol peroxidase activity was strongly
suppressed by EBL (Table) that might be a result of a

possible production of hydroxyl radicals. It is already
known that BRs differently regulate the activity of enzy-
matic antioxidants under specific stress conditions. The
valuable information may be obtained from these mea-
surements in association with the AOX activity. The ac-
tivation of catalase by EBL is an important parameter in
terms of particular localization of catalases in peroxiso-
mes and mitochondria of the plant cell [29]. Thus it may
be an evidence of importance of the BRs signaling path-
way in mediating the ROS accumulation and ROS cas-
cades in the adaptation response.

It was observed that EBL activates the AOX activity
(Fig. 1) that might be a part of the mechanism of BR-in-
duced cell tolerance to salt stress. mETC might deter-
mine the cell metabolism adaptation strategy to stress
action [30] and we suggest that BRs may modify this

439



DEREVYANCHUK M. V. ET AL.

Fig. 4. Phenotype of wild-type (WT) and bril-6 plants treated with 10™* M
24-epibrassinolide (EBL) and 10 M brassinazole (BZR) under salt
stress (plants were germinated and grown for 18 days in the presence of
hormone or inhibitor under salt stress conditions): 7, 5 — WT; 2 - WT +
NaCl, 75 mM; 3— WT +NaCl, 75 mM + EBL; 4— WT + NaCl, 75 mM +
BZR; 6 — WT + NaCl, 100 mM; 7 — WT + NaCl, 100 mM + EBL; § —
WT +NaCl, 100 mM + BZR; 9—bril-6; 10— bril-6 + NaCl, 75 mM; /] —
bril-6; 12— bril-6+NaCl, 100 mM; /3 — bril-6 + NaCl, 100 mM + EBL

program. Under salt stress conditions the BR-insensiti-
ve plants slightly changed their total respiration rate (da-
tanot shown). This points at BRs involvement in the re-
gulation of plant total respiration. A low respiration
rate facilitates the energy substrates preservation which
in stress conditions may assure an adequate ATP re-
serve. The strategy with high-intensive respiration is
highly effective under the short-term stresses whereas
the reduction of respiration rate is more efficient under
the long-term stress conditions. Under long-term stress
this was accompanied by improved growth under the
stress conditions (Fig. 4, B). The elevated AOX/CO ra-
tio improves a cell capacity of oxygen consumption by
alternative oxidase preventing possible mETC overloa-
ding, ROS production and ROS-induced self-inhibition.
BRs not only influence the alternative respiration
activity under abiotic stress but play a role in the deve-
lopment of a systemic response involving different an-
tioxidants. We have found that BRs influenced the glu-
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tathione level under the control conditions and proline
content under the stress conditions (Table). Proline may
greatly contribute to the energy homeostasis during the
salt stress providing electrons to mETC [31] and stabi-
lizing Complex Il of mETC [32]. Glutathione level po-
sitively correlates with the plant resistance to oxida-
tive stress [33].

BRs are essential for ROS signaling in induction of
cell tolerance to the abiotic stress [34]. We have found
that the BR-signaling mutant bak/-1 possesses a lower
level of hydrogen peroxide (Table). The possible ex-
planation is that a strong long-term BRs deficiency may
generate the stress conditions by itself and promote the
antioxidants activity as a part of non-specific response.
More importantly the BR-deficient def2 mutants also
accumulate less hydrogen peroxide and demonstrate
induced tolerance to the oxidative stress [35]. How-
ever, det2 is characterized with a high sensitivity to the
salt stress likely because of disordered ROS-signaling
[36].

In plants, H,O, significantly increases the gene ex-
pression of antioxidant enzymes and enzymes of the al-
ternative respiration pathway such as ALTERNATIVE
NADH-DEHYDROGENASES and ALTERNATIVE
OXIDASES [37]. mETC-derived ROS might also con-
tribute to the cell signaling during adaptation to the bio-
tic stress [38]. Thus, modulation of the hydrogen per-
oxide level inside a cell may determine necessary cros-
stalk between ROS signaling and other signaling casca-
des in maintaining metabolism reorganization in res-
ponse to the stress.

Conclusions. BRs contributed to the activation of an
alternative respiration pathway of mitochondria and the
rate of growth under salt stress. The reduction of endoge-
nous BRs level with inhibitor brassinazole decreased the
alternative respiration in 4. thaliana plants and increa-
sed the sensitivity of plants to saline environments.

The treatment with exogenous BRs showed no influ-
ence on the intensity of alternative respiration pathway
in the transgenic BR-signaling line b7i]-6 under control
and stress conditions

The antioxidant enzymatic activity and level of pro-
line greatly increased under the BRs treatment at osmo-
tic conditions.

Funding. This work was supported by the State Fund
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Activity of enzymatic antioxidant systems in A. thaliana — GPX (mM H,0,-min™' - mg ™" - protein), CAT WM H,O, - min"' - mg ™" - protein), SOD
(Units - mg™" - protein) and content of H,0, WM - g FW), MDA (nM - g FW), proline (ug - g FW), glutathione (% of control) after 2 days

of osmotic stress action (300 mM mannitol)

Variant Control EBL, 10" M Mannitol Mannitol + EBL

H,0,

WT 43217+ 17.77 406.53 £ 16.98 387.31 £16.38 419.35+17.38

bakl 278.37 +13.01 380.90 + 16.18 368.08 + 15.79 387.26 £16.38
GPX

WT 12.05+0.42 8.05+0.58 13.43£1.99 7.99 +1.52
CAT

WT 17.53 +0.99 16.88 +0.95 23.57+1.33 39.28£2.22
SOD

WT 15.01 £0.75 21.86 = 1.09 3243 +1.62 23.08 = 1.15
Proline

WT 15.75+0.79 14.70 £ 0.73 51.19+2.56 108.94 £ 5.45
Glutathione

WT 100.0 2,8 119.4+3,1 116.7+4,7 120.8 £5,8

N o te. bakl for GPX, CAT and SOD not determined.

026-2013), NAS of Ukraine (N 2.1.10.32-10) and Bela-
rusian Republican Foundation for Fundamental Re-
search (N X13K-094).

Brutus 6pacuHOCTEpOiiB HA aNbTePHATHBHMUIT IUIAX JUXAHHSL
KJIITHH POCJIUH Ta aKTHBHICTh AHTUOKCHAAHTHUX CHCTEM

3a yMOB a0l0OTHYHHUX CTPECiB

M. B. Jlepe’siHuyk, O. 1. I'pabenbuux, P. I1. JIuTBiHOBCHKAS,

B. K. Boitnikos, A. JI. CaBuyk, B. O. Xpunay, B. C. Kpaseus

Pestome

Mema. [/locnioumu eénnug o6pacurnocmepoioié (bC) na aremepnamug-
HULL WAX OUXAHHA POCIUH A AHMUOKCUOAHMHT CUCmeMu OJisi pe2yisi-
yii npoyecie ymeopenns akmugnux ¢popm kuctio (APK) 3a onmumans-
nux i cmpecogux ymos. Memoou. Inmencusnicme ouxanns eumipiosa-
U MemoOoM noaspozpapii. AKmueHicme aHMUOKCUOAHMHUX CUCTEM
susHauanu opucinanvhumu memooamu. Pesynemamu. O6pooka bC
NIOBUWYBANA THIMEHCUBHICIb AIbMEPHAMUBHO20 WLISAXY OUXAHHS POC-
UM 34 OnMUManbHux i cmpecosux ymos. bC ne énnueanu na anemep-
Hamuenull wiasx pociaun bril—6, neuymausux 0o 0ii 5C. bpacunocme-
Ppoiou nioguwyseanyu maKodlc akmusHicmes HU3KU AHMUOKCUOAHIMHUX
cucmem 3a ymos ocmomuyno2o cmpecy. Bucnoeku. 5C 3anyueni oo
peyasyii anbmepHamuHo20 WXy OUXAHHA Ma AKMUGHOCII anmu-
OKCUOGHMHUX CUCTEM Y KIIMUHAX POCTUH 30 KOHMPOIbHUX YMOG Ma
VMO8 abiomuynux cmpecis.

Knrouogi cnosa: 6pacunocmepoiou, aremepnamugna okcuodsd, co-
Ib0o8ULL cmpec, ocmomuyunull cmpec, A. thaliana.

Bnusinue OpaccMHOCTEPOMIOB Ha albTEPHATHBHBIN IyTh
JIBIXaHUS KJIETOK PACTCHUI M aKTUBHOCTh aHTHOKCHIAHTHBIX

CHUCTEM B YCIIOBUAX a0MOTHYECKUX CTpeccoB

M. B. lepessinuyk, O. U. I'pabenbubix, P. I1. JInTBHHOBCKAS,
B. K. Boitnukos, A. JI. CaBuyk, B. A. Xpunau, B. C. Kpasen

Pestome

Lensv. Hccneoosamo enusnue bpaccunocmepoouos (bC) na anvmep-
HamMuGHbLIL NYyMb ObIXAHUA PACMEHU U AHMUOKCUOAHMHbIE CUCTMEMbl
0J1s1 pe2yIsayuy npoyeccos 0opa308aHuusi AKMUSHLIX (POPM KUCIOpOOd
(ADPK) 6 onmumanvusix u cmpeccoguvix yciosusx. Memoowt. Humen-
CUBHOCMb  ObIXAHUA USMEPANU MemoOomM nouspozpaguu. Axmus-
HOCMb AHMUOKCUOAHIMHBIX CUCTEM ONPeOesisNu OPUSUHATILHLIMU Me-
mooamu. Pesynemamut. Odopabomra 5C nosvuuana unmencusHocms
AnLMEPHAMUBHO2O NYMU ObIXAHUS PACMEHUL 6 KOHMPOTLHBIX U CIpec-
coebix ycrosusx. bC ne enusnu na anbmepnamugnulii nymo OblXaHusl
pacmenuii bril—6, neuyscmsumenvuvix k oeticmsuio bC. Bpaccuno-
Cmepoudbl maKice NOGLIULANY AKMUBHOCTb PAOA AHMUOKCUOAHMHBIX
cucmem 6 yciogusax ocmomuieckozo cmpecca. Beteoowvr. 5C 6osneue-
HbL 8 PEYNAYUIO ATbMEPHAMUBHO20 NYMU OIXAHUSL U AKMUBHOCIIU AH-~
MUOKCUOAHIMHBIX CUCTEM KIEMOK PACMeHUIl 8 KOHMPOIbHBIX YCA08U-
SAX U 8 YCIOBUAX ADUOMUYECCKUX CIMPECCOS.

Kniouesvie cnosa: bpaccunocmepoudsl, arbmepHamugnas OKCUOd-
3a, conesoll cmpecc, ocmomuueckuii cmpecc, A. thaliana.
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