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In order to investigate the high temperature tolerance of
spring canola plants (Brassica napus L.) constitutively ex-
pressing cypl1A1 gene which encodes bovine cytochrome
P450,.. the growth features were analyzed under short
time heat stress (42 °C) in growth chamber. Earlier it was
documented that results of the heat tolerance test positively
correlated with improvement of high temperature resistance
in field trial. Higher relative water content (by 13 %) and
superoxide dismutase (SOD) activity, lower electrolyte leak-
age (up 1.4-fold) and smaller increase in chlorophyll a and
carotenoid contents in cypllAIl canola leaves in compari-
son with wild-type plants under stress allowed to conclude
cyplIAl plants are more tolerant to high temperature than
the control ones. We suppose that SOD activity increase
which revealed in our transgenic canola in normal condition
plays the defining role in the biochemical alterations in plant
metabolism for the thermotolerance improvement. SOD ac-
tivity increment could be caused by heterologous cytochrome
P450,... activity which resulted in the superoxide radical
JSormation. CyplI1AI canola plants might be resistant to the
other stress conditions of different origin.

Key words: Brassica napus, cypl1A1, cytochrome P450,..,
photosynthetic pigments, heat stress, SOD.

Introduction. Increasing the oil content, quality
and yield remains the major aim of oilseed rape
(Brassica napus L.) breeding. Resistance to abiotic
stresses becomes essential characteristic of plants
because of climate changes.

Biotechnological methods are successfully used
for understanding plant abiotic stress tolerance [1]
and for applying for rapeseed creation with dif-
ferent stress resistance [2—5]. Transgenic canola
plants overexpressing a vacuolar Na*/H* anti-
port from Arabidopsis thaliana were able to grow,
to flower, and to produce seeds in the presence
of 200 mM NaCl. Seed yields and seed quality
were not affected by the high salt concentration
[2]. Overexpression of wheat mitochondrial Mn
superoxide dismutase (Mn SOD3.1) enhanced
transgenic canola heat, drought and cold tole-
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rance both in the field and under artificial stress
conditions [3]. Transgenic B. napus carrying b-
subunit of Arabidopsis farnesyltransferase (ERA1)
antisense construct driven by a drought-inducible
rd29A promoter were more resistant to seed abor-
tion induced by water deficit during flowering [4].
Field trials suggested that with adequate water,
transgenic canola produced the same amount of
seed as the parental control. Under moderate
drought stress conditions at flowering, the seed
yield of transgenic plants was significantly higher
than the control [4]. Overexpression of the RNA-
binding domain of the flowering control locus A
protein led to increase in plant size, organ size,
cell size, plant productivity, and oil content in
transgenic rape plants by down-regulating the
cell-cycle-related cyclin-B2-1 gene, an activator
of cyclin-dependent kinase 1 [5]. Transgenic tall
fescue (Lolium arundinaceum Darbyshire) plants
expressing CuZnSOD and ascorbate peroxidase
genes in chloroplasts under the control of the
oxidative stress-inducible promoter, sweet potato
peroxidase anionic 2 (SWPA2), have improved re-
sistance to several abiotic stresses, such as methyl
viologen, H,0,, and the heavy metals (copper,
cadmium, and arsenic) [6].

We have constructed canola lines carrying bo-
vine cypl1Al gene in their nuclear genome [7] us-
ing Agrobacterium tumefaciens-mediated leaf disk
transformation [8]. This gene encodes cytochrome
P450,.. from bovine adrenal cortex mitochondria
and was shown to affect the biosynthesis of steroid
compounds in transgenic tobacco (Nicotiana ta-
bacum L.) [9]. Obtained canola plants were resis-
tant to BASTA herbicide treatment in greenhouse
conditions due to bar gene expression. It was used
in transformation cassette as a selective marker.
Some of transformants accumulated an increased
amount of total soluble proteins in leaves and
seeds. They have enhanced antioxidant activity in
leaf tissues. Some of them flowered 5—7 days ear-
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lier than the control plants. Changes in fatty acid
composition of leaf lipids were detected by using
gas chromatography [10]. We have shown that the
integration of cypl 1A1 gene of animal origin under
constitutive (35S) promoter also affected canola
oil composition. Increase in oleic acid (from 66
to 73 mole%) was accompanied by decrease in
linolenic (from 6 to 3 mole%) acid. The total fatty
acid content in canola seeds remained at the level
of control plants. Superoxide dismutase (SOD)
activity in transgenic cypll1Al canola leaves was
higher than in the control ones on ~30 % in optimal
aseptic conditions. Plant testing for in vitro osmotic
stress resistance made it possible to identify the
line that could generate biomass under hyperstress
comparable with the control one in the normal
conditions [11]. Analysis of seed germination un-
der high temperature revealed differences between
control and cypl1A1 seedlings in fresh weight, hy-
pocotyl and root length, SOD activity [12].

A number of changes mentioned for cypll1Al
canola plants are inherent in the plants with he-
terologous SOD expression, which are characterized
by increasing adaptive properties when they were
subjected to stresses of various origins [3, 13]. And
the aim of the present work was the investigation of
cypl 1Al canola thermotolerance by using the short
time heat stress. It was documented that results
of the heat tolerance test (short-time growth un-
der 42 °C in growth chamber) positively correlated
with improvement of high temperature resistance in
field trial [3]. We analyzed such physiological and
biochemical parameters which are usually used to
characterize the properties of plants under stress as
relative water content [14, 15], electrolyte leakage
[15, 16], photosynthetic pigment content and ratios
[15, 17—19], SOD activity [3, 20, 21].

Materials and methods. Spring canola plants
(Brassica napus L.) cv Mariia (National Agrarian
University of the Ukrainian Academy of Agrar-
ian Sciences selection) were used as the control
plants because earlier they were used for primary
cypl1A1 transformant creation [7]. Transgenic ho-
mozygous T,la and T,2c lines which were obtained
by self-pollination of primary transformants under
greenhouse conditions [7] (T, generation) were also
analysed. They were selected as the most tolerant
to osmotic stress in previous experiments under in
vitro conditions [11]. Aseptic plants were transplan-
ted into soil in greenhouse (12/12 photoperiod,
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+23 °C). After two weeks they were transferred
into Programmable Plant Growth Chamber, model
WGC-P9 (WiseCube®WGC, Korea).

Heat tolerance tests were conducted after two
week chamber growth under the following condi-
tions: 16 h (light)/8 h (dark) photoperiod, tempera-
ture +22 °C (day)/+18 °C (night), 70 % humidity,
480—550 pumol/m?s light intensity). Humidity and
light intensity were taken without changes. Tem-
perature was increased with 2 °C/h gradient to
42 °C. Plants were than taken isothermal at 42 °C
for 16 h [3].

SOD activity was measured by using photo-
chemical oxidation of nitro blue tetrazolium
method [22]. Fresh plant material (100 mg) in
Eppendorf tube (1.5 ml) was rubbed with 1 ml of
50 mM Tris-HCI buffer (pH 8.0) and was centri-
fuged at 13 000 g (4 °C) for 15 min. The supernatant
was used for analyses. Reaction was held in Ep-
pendorf tube (1.5 ml). One tube for each probe was
retained in the dark. The others were illuminated
with white light lamp (fluorescent lamp T5/GS5,
model ELI-230A-T5-8W) during 5 min in ther-
mostat at 23 °C. The optical density of illuminated
probe solution was measured at 550 nm (BioPhoto-
mether Eppendorf, Germany) versus optical density
of dark probe. Null probe had no leaf extract in its
composition. SOD activity was expressed in relative
unit/mg protein.

The total soluble protein content was measured
using Bradford method [23].

Relative water content (RWC) was calculated as

RWC, % = 1005(FW—DW)/(TW—DW), (1)

FW — fresh weight of leaf discs (2 cm diameter)
immediately after sampling; TW — turgor weight the
same discs after saturation during 24 h in Petri dish
with deionized water; DW — dry weight the same
discs after lyophilisation.

Membrane permeability was estimated by record-
ing electrolyte leakage (EL) [24]. Fresh leaf discs
(diameter 2 cm) were washed thrice with deionized
water to remove adhered electrolytes. Then the
samples were placed in the closed vials containing
20 ml deionized water. They were incubated at
25 °C on rotary shaker for 24 h. Electrical con-
ductivity of the solutions (L,) were subsequently
determined on electroconductometer CyberScan
pC510 (Eutech Instruments, Germany). Then the

samples were autoclaved at 120 °C during 20 min
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and the final electrical conductivity (L,) was ob-
tained after equilibration at 25 °C. The EL was
defined as follows

EL (%) = (L,/L,) - 100. )

Photosynthetic pigment determination was con-
ducted according Wellburn [25] with dimethyl
sulfoxide as a solvent (Dimethyl sulfoxide extra
pure, «Merck»). Leaf sample (50 mg) was placed
in a vial with 4 ml of the reagent and incubated in
a water bath at 67 °C during 4 h. The extract ab-
sorbance was measured at 665, 649, and 480 nm on
spectrofluorimeter «Phluorat-02-Panorama» (Lu-
mex-Marketing, Russia). The calculation was car-
ried out by the formulas:

C, = 12.19A, — 3.45A,,,, 3)
Cb = 21'99A649 - 5'32A665’ (4)
C... = (1000A,,, — 2.14C,~70.16 C,)/220, (5)

C, C,, C_. — content of chlorophyll a, chlorophyll
b, and total carotenoids, respectively.

Statistical analysis was performed according to
Duncan multiple range test. Differences from con-
trol values were significant at p < 0.05. Three inde-
pendent experiments were conducted in five repli-
cations. There were three replications for formazan
measurement for each extract.

Results and discussion. High-temperature stress
is defined as the rise in temperature beyond a criti-
cal threshold for a period of time sufficient to cause
an irreversible damage to plant growth and devel-
opment [26]. High leaf temperatures reduce plant
growth and limit crop yields.

Earlier we documented that SOD activity in
transgenic cypl1Al canola leaves was higher than
in the control ones in the optimal aseptic condi-
tions [7, 27]. In growth chamber it was up 1.76-fold
higher comparable with control at 22 °C (Fig. 1).
Cytochrome P450, . catalyzes three steps choleste-
rol oxidation with formation of pregnenolone in
animals [28]. Superoxide radicals are formed during
these reactions. SOD activity in cypl 1A1 canola can
be increased due to cytochrome P450, .. activity. It
did not change under short time heat stressin cypl1A1
leaves (Fig. 1). SOD activity increased in control by
18 % but it retained lower in comparison with in
transgenic ones.

In our experiments of in vitro cypl1A1 growth

cypl1AI canola plants under short time heat stress conditions

under osmotic stress we demonstrated that SOD
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Fig. 1. SOD activity in canola leaves before (growth
temperature 22 °C) and after (temperature 42 °C) heat
stress: Bn12 are control plants (cv Mariia), T,1a and T,2¢
are homozygous cypl1Al lines of second generation.
Here and in Fig. 2, 3 error bars represent mean =+
+ one standard deviation and asterics * indicates signi-
ficant differences between experimental values compared
with the control ones (p < 0.05)

activity of T,la line was higher than the control
one in the absence of stress and was unchanged at
100 mM mannitol addition to the culture medium
[11]. After mannitol increasing in the medium up to
200 mM SOD activity began to rise markedly in T, 1a
line and was maximal in control. It continued to
rise at 500 mM mannitol in T,1a, while it decreased
in control. SOD activity of cypl 1Al plants increase
in normal conditions allows them not to take
deteriorating conditions as stress and maintains for
prolonged period the unchanged physiological and
biochemical characteristics.

It was shown that the innate threshold tempera-
ture was dependent upon endogenous SOD and
glutathione reductase activity in Gossypium hirsu-
tum plants [20]. Under identical growth conditions,
thermotolerant G. hirsutum plants had significantly
higher optimal and threshold temperatures for the
actual quantum yield response of photosystem II
and glutathione reductase activity than thermosen-
sitive ones. The authors concluded that maintain-
ing a sufficient antioxidant enzyme pool prior to
heat stress is the mechanism for coping with rapid
leaf temperature increases that commonly occur
under field conditions. Heat stress also increased
SOD activity in wild type Nicotiana tabacum plants
but this increase was much greater in transgenic
plants expressing betaine aldehyde dehydrogenase
[29]. The increased thermotolerance induced by
accumulation of glycinebetaine was associated with
the enhancement of the repair of PSII from heat-
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Fig. 4. Photosynthetic pigment ratios in canola leaves
before (growth temperature 22 °C) and after (temperature
42 °C) heat stress: Bnl2 are control plants (cv Mariia),
T,la and T,2¢ are homozygous cypl1Al lines of second
generation

enhanced photoinhibition, which might be due to
less accumulation of reactive oxygen species in
transgenic plants.
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We found that the temperature increase led
to RWC reduction in all plant tested on 10—13 %
(Fig. 2, a). Nevertheless transgenic plants had sig-
nificantly higher RWC under high-temperature
stress. RWC also decreased with prolonged dro-
ught, heat, and combined stresses for tall fescue
and Kentucky bluegrass (Poa pratensis L.) but the
severity of decline varied with stress type and dura-
tion [30].

Membrane permeability is an early change
indicator of plant physiological functions. It can
be used as a criterion of plant tissue resistance to
stressors [31]. Conductance-measuring method is
one of the most effective and fast way to evalu-
ate degree of cell membrane damage. Analysis of
electrolyte leakage from leaf canola tissues revealed
differences between the control and transgenic lines
(Fig. 2, b). Transgenic plants were characterized by
~40 % increased electrolyte leakage under 22 °C in
comparison with control ones. This may indicate
that this temperature was not optimal for cypl1A1l
canola. Electrolyte leakage increased significantly
(up 2.5 fold) in control plants under heat stress.
But it retained without changes in transgenic lines
(Fig. 2, b). It testifies the transgenic canola toleran-
ce to short time high temperature. Increased resis-
tance to heat stress was also shown in transgenic
canola plants which overexpressed wheat mito-
chondrial Mn SOD [3]. Electrolyte leakage in most
of these plants was lower than in control under high
temperature at different growth phases. In chickpea
(Cicer arietinum 1.) a heat stress investigation has
shown that membrane stability significantly cor-
related (R2 = 0.7) with photosynthetic quantum
yield and proved to be viable screening technique
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for thermotolerance [32]. Rice plants expressing
MnSOD from pea (Pisum sativum L.) under the
control of an oxidative stress-inducible SWPA2 pro-
moter in chloroplasts demonstrated reduced elec-
trolyte leakage compared to wild type leaf slices
and exhibited less injury, measured by net pho-
tosynthetic rate, under drought stress induced by
polyethylene glycol 6000 [33].

Chl a content did not differ in the control
and transgenic plants under normal temperature
(Fig. 3). It increased at short time heat significantly
both in the wild-type and cypl 1Al canola, but this
increase was greater in control plants. Chl b content
was significantly lower in T,la line in comparison
with the control and T,2¢ plants at 22 °C growth
(0.26 = 0.01, 0.4 £ 0.06 and 0.31 * 0.05 mg/g
fresh weight, respectively). Under heat it did not
change in control and T,2¢ plants and increased
in T,la plants at control level. Carotenoid content
was higher in control leaves (0.24 + 0.02 mg/g fresh
weight) versus transgenic plants (0.18 = 0.01 and
0.2 £ 0.03 for T,la and T,2c plants, respectively)
at initial conditions. After 42 °C it increased sig-
nificantly in all canola but this increase was greater
in control plants.

Chl a/Chl b ratio was lower in the control
plants (2.63) under 22 °C (Fig. 4) in comparison
with transgenic (3.36 and 3.14 for T,la and T,2¢c
plants). Heat affected the increase in it for all
plants up 3.45—3.57. Carotenoids/ Chl (a + b)
ratio was unchanged both at 22 and 42 °C for the
control as well as cypl1Al canola (Fig. 4). The
study of interrelation between chlorophyll con-
tent and heat and/or high photon flux density has
shown that the very low chlorophyll content in
Syrian barley landrace decreases leaf absorbance
which, in turn, reduces the potentially damaging
heating effect of high solar radiation in drough-
ted plants [17]. Chl b content retained without
changes except for the increase in transgenic T,la
line at the control level under heat. Carotenoids/
Chl (a + b) ratio was unchanged both at 22 and
42 °C for the control as well as cypl1Al canola.
Both chlorophylls and carotenoids also accumu-
lated during acclimation to heat (39 °C) in bar-
ley cv Plaisant, leading to an almost constant
carotenoid:chlorophyll ratio [17]. Since it was
found that membrane stability significantly cor-
related (R2 = 0.7) with photosynthetic quantum

cypl1AI canola plants under short time heat stress conditions

yield under heat [32], we can assume the im-

ISSN 0564—3783. Llumonoeus u eenemurxa. 2014. T. 48. No 5

provement of photosynthesis in cypl1Al canola
in comparison with wild type plants because elec-
trolyte leakage was greater in the latter.

Thus, cyp11A1 constitutive expression proved the
higher relative water content in the leaves of trans-
genic plants in comparison with the control ones
under heat stress in growth chamber. Superoxide
dismutase activity in transgenic leaves was up 76 %
higher comparable with control at 22 °C and re-
mained unchanged under heat. Electrolyte leak-
age was lowered. Chl a and carotenoid contents
were increased under stress in the control as well as
cypl1A1 canola, but they were lower in the latter.
Chl b content retained without changes except for
the increase in transgenic T,la line at the control
level. So it is possible to conclude that cypl1Al
plants can be more tolerant to high temperatures
than control ones. We suppose that SOD activity
increase which revealed in our transgenic canola
plays the defining role in the biochemical altera-
tion in plant metabolism allowing heat stress resis-
tance improvement. SOD activity increase could
be caused by cytochrome P450.. activity which
resulted in the superoxide radical formation. Mani-
festation of bovine cyp11A1 expression in transgenic
canola is the same as heterologous sod overexpres-
sion. Plants expressing cypl 1Al gene might be re-
sistant to the other stress conditions both of abiotic
and biotic origin.

PACTEHUMA PATICA C TPAHCTEHOM cypl1Al
B YCIIOBUAX KPATKOBPEMEHHOI'O
BBICOKOTEMITEPATYPHOI'O CTPECCA

JLA. Caxno, M.C. Causey, H.B. Kyuyx

st vcciienoBaHusl YCTOMYMBOCTH TPAaHCTEHHBIX pac-
TeHUi1 sipoBoro parica (Brassica napus L.), KOHCTUTYTUBHO
sKcnpeccupyolmx red cypl1Al, Kotopslii Komupyer
uuroxpom P450, .. OblKa, K BBICOKMM TemIlepatypam Obl-
JI MpOaHaJIU3UPOBaHbl OCOOEHHOCTU POCTa B YCJIOBU-
SIX KPaTKOBPEMEHHOI'O BBICOKOTEMIIEPATYPHOTO cTpecca
(42 °C) B xiiumakamMepe. Pe3ynbraThl 3TOro TeCTa MOJ0-
JKUTEJIBHO KOPPEJIUPYIOT C TMOBBIIIEHUEM TOJEepaHT-
HOCTU K JCHCTBUIO BBICOKHUX TEMIIEPATyp B MOJEBBIX
HCTIBITAaHUSIXK. YBEJMUeHUEe OTHOCUTEIbHOTO COMEePXKAHUS
Bonbl (Ha 13 %) M aKTMBHOCTHU CYIIEPOKCHIINCMYTA3bl
(CO/[1), noHMKEHHBII BBIXOJ 3JIEKTPOJIUTOB (B 1,4 pasa)
U MEeHbllIee MOBbIIIeHUE coaepXaHus xjopodusia a u
KapoOTMHOUJOB B JIUCThSIX TPAHCTEHHbBIX PACTeHUIl IO
CPaBHEHUIO C PACTEHMSIMU JTUKOTO THUIA B YCIOBUSIX
BBICOKOTEMITIEPATYPHOTO CTpecca IMO3BOJISIIOT ceaTh
BBIBOJL O TOM, YTO TepMoycTtoiumBocTh cypllAl pac-
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TEHUWI parica BbIllle, YeM KOHTPOJbHBIX. YBeJIMUYEHUE
aktuBHocT CO/Jl, oOHapy:XeHHOEe B HalllUX TPAHCTeH-
HBIX pacTEHUsIX parca B HOPMaJbHbIX YCJIOBUSIX, WI-
paeT MpernoJoXUTEIbHO OMPEaesIoNIy0 pojib B OMO-
XUMUUYECKUX M3MEHEHUSX PaCTUTEbHOTO MeTabosIm3-
Ma, YTO TPUBOAMT K BO3PACTaHUIO YCTOWYMBOCTU K
MOBBIIIEHHBIM TeMrepatypaM. Bo3pacTaHue akTUBHOC-
™ COJl BO3MOXHO 3a CYET BKCIIPECCHUU TeTepOJIo-
ruyeckoro umroxpoma P450,.., KOTOpasg NpUBOAMT K
o0pa3oBaHUIO CyMepoKcUa paaukanoB. [lomydeHHbIE
pacTeHusi MOTYT ObITh YCTOWYMBBI K JIDYTUM CTPECCOBBIM
BO3/ICMCTBUSIM Pa3IMYHOTO MPOUCXOXICHUS.

POCJIIMHUA PITTAKY 3 TPAHCTEHOM
cypl1A1 3A YMOB KOPOTKOTPUBAJIOT'O
BUCOKOTEMITIEPATYPHOI'O CTPECY

JI.0. Caxno, M.C. Causeyp, M.B. Kyuyx

st BUBYEHHST CTIMKOCTI TPAHCTEHHUX POCIHUH SPOTo
pinaky (Brassica napus L.), sIKi KOHCTUTYTMBHO €KC-
npecytotbh reH cypl1Al, wo koaye umroxpom P450 ..
BEJIMKOI poraroi Xymoou, OO Hii BUCOKHX TeMIIepaTyp
MpoaHaai30BaHO OCOOJUBOCTI POCTY 32 YMOB KOPOTKO-
TPUBAJIOT0 BUCOKOTeMITepaTypHoro crpecy (42 °C) B
K1iMakaMmepi. Pe3yabTaTv 1bOro TECTy MO3UTUBHO KO-
peIoIOTh 3 IABUILEHHSIM TOJEPAHTHOCTI MO [ii BH-
COKMX TeMIlepaTyp B IOJbOBUX Aociimax. Ha mimcraBi
301bIIEHOTO BiZHOCHOrO BMicTy Boau (Ha 13 %) i
nigsunieHoi aktuBHocTi COJI, a TakoxX 3MEHIIEHOIO
BUXOJY €JeKTpoJiTiB (B 1,4 paza) i MEHIIOro MiABU-
LIEHHST BMIiCTY XJ0podily @ i KapOTUHOINIB B JUCTKAX
TPAHCTEHHUX POCIUH Y MOPIBHSIHHI 3 POCIUHAMU -
KOTO THUITy 32 YMOB CTpecy MOXHa 3pOOMTU BUCHOBOK
Opo MiABUILEHHS TEPMOCTIMKOCTI Y POCIUH pilaky 3
TpaHcreHoM cypl1Al mopiBHSIHO 3 KOHTpoJyieM. 30iib-
mweHHs1 akTuBHOCTI COJl B HalIMX TpaHCTEHHUX POC-
JIMHAX pillaKy, BUSBIEHE 32 HOpMaJbHUX YMOB, Bimirpae
BU3HAYAJIbHY POJIb Y OiOXiMiYHMX 3MiHaX POCIMHHOIO
MeTaboi3My, 110 CIPUYMHSE 3POCTAHHS CTIMKOCTI 1O
minBUIEHUX TemmepaTyp. 3poctaHHst akTuBHOCTI COJ]
MOXJIMBO 332 PaXyHOK aKTMBHOCTi uutoxpomy P450..,
B pe3yJabTaTi sIKO1 BiZOYBA€THCS YTBOPEHHS CYMNEPOK-
cu panukaiiB. OTpuMaHi pOCJIMHU MOXYTh OYTH CTili-
KUMU 10 iHIIMX CTPECOBMX BIUIMBIB Pi3HOTO IMOXOMI-
SKEHHSI.
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