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The heat and drought resistance of plants depend on their anatomical and biochemical features. In the present study, the adaptive
features of three species of wild rose (Rosaceae, Rosales) under the short-term impact of high-temperature stress have been characte-
rized. Plants of the species Rosa donetzica Dubovik, R. reversa Waldst. et Kit. and R. spinosissima L. were exposed to a temperature
0f 40 degrees C for 3 hours, following which peroxidase and superoxide dismutase activity, photosynthetic pigments and flavonoids’
content, and lipid peroxide oxidation level in the leaf were determined. In our investigation, the anatomical structure of leaves and
drought resistance of three species of Rosa were studied. Xeromorphic features are the most expressed for R. reversa and R. spinosis-
sima and almost absent for R. donetzica. It has been established that R. spinosissima is photophilous whereas R. donetzica is shade-
tolerant. The relatively lower development of epidermic tissue in R. donetzica could probably contribute to more active destruction of
the pigment complex under high temperature stress. The obtained data about changes in activity of peroxidase, superoxide dismutase,
content of photosynthetic pigments and flavonoids, and level of lipid peroxidation indicate the low heat resistance of R. donetzica in
comparison with the other two species. R. reversa, R. spinosissima were more tolerant to short-term hyperthermia. They showed
faster antioxidant response, mainly due to the induction of peroxidase activity under stress. The species with the most expressed
xerophytic features of anatomical structures have rapid antioxidant response and are more resistant to short-term hyperthermia.
The induction of some activity of antioxidant enzymes "in reserve" is a less effective form of adaptation in wild roses. Such activation
of enzymes is observed in plants with a more mesophytic structure. Flavonoids and superoxide dismutase were thermolabile to short-
term influence of high temperature; therefore they play an insignificant role as antioxidants in the protecton against oxidative stress
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caused by high temperature stress in wild roses.
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Introduction

During the last decades there has been a steady tendency to increase
in average annual air temperature (Hansen et al., 1999; Jones & Mo-
berg, 2003; Bita & Gerats, 2013). Weather conditions are becoming
more unstable — sharp temperature fluctuations and frequent thaws in
winter, high temperature and moisture deficit in summer significantly
influence the development of vegetation. Changes in ontogenesis of
plants deserve attention from biologists and require the detailed analysis
of adaptative features of plants in the current conditions of global and re-
gional climatic dynamic (Khromykh et al., 2018).

Wild representatives of the genus Rosa L. have long been valuable
and useful plants. Their biochemical properties enable wild roses to be
used in pharmacology. Biological peculiarities and decorative qualities
of wild roses are used in landscape architecture (Boskabady et al.,
2011). Success of wild rose cultivation depends on many environmental
factors, one of which is the temperature regime. As is known, drastic
temperature fluctuations have a pronounced negative effect on plant
metabolism, growth and quality of plant production. Reactive oxygen
species levels and lipid peroxidation intensities tend to increase if plants
are exposed to stressful conditions such as low or high temperatures, or
drought (Mittler et al., 2004; Scandalios, 2005; Tuteja et al., 2013). A lot
of attention is paid to biochemical response to stress adaptations. Supe-
roxide dismutase, catalase and peroxidases establish the first chain of
protection against reactive oxygen species (Grant, 2000; Sunkar, 2006;
Rai et al,, 2015; Harsh et al., 2016). The pigmental complex is very
sensitive to environmental temperature changes (Huang, 2004; Olmos
et al., 2007; Babenko et al., 2014; Gosavi et al., 2014; Rodriguez et al.,
2015). Therefore, these parameters can be used as markers of changes

Biosyst. Divers., 2019, 27(3)

occurring inside plants under stress. However, the existing body of
studies was conducted mainly on agricultural crops (Huseynova et al.,
2014; Kong et al., 2014; Talaat et al., 2014; Caverzan et al., 2016; Ha-
sanuzzaman et al., 2018, 2019), while woody plants have received very
little attention. Also the effect of drought stress on plant establishment
and survival is becoming increasingly severe (Niu & Rodriguez, 2009;
Asrar et al., 2012; Cai et al., 2012; Abdel-Salam et al., 2018), which
makes selection of drought-tolerant plants increasingly important.

The assessment of features of leaf structure, as one of the most mul-
tifunctional vegetable organs, the exploration of biochemical changes
that occur as a result of impact of unfavourable factors, allow one to
define the mechanisms and the adaptation features at species as well as
genus level. The anatomic features of some wild roses from different
regions are described in modemn scientific works (Capellades et al.,
1990; Tabuchi et al., 2010; Essiett et al., 2014). But there remains insuf-
ficient research into leaf anatomic features of Rosa species which takes
into account their heat- and drought-resistance (Tore et al., 2003).

As is known,the vast majority of garden rose cultivars are budded
or grafted onto rootstocks and are seldom grown on their own roots (Cai
et al., 2012). The discovery of more drought-resistant and heat-resistant
wild roses can help in identifying potential rootstocks for varietal roses.

Taking into account the above-mentioned facts, the aim of this work
is to make a comparative analysis of adaptive features in different high-
decorative species of wild rose by means of detailed study of their ana-
tomical and biochemical features (such as pigment content, activities of
antioxidant enzymes and the intensity of lipid oxidation) under the condi-
tions of optimal temperature cultivation and after the short-term impact
of high-temperature stress; also to reveal the connection between the
anatomical structure and changes in the biochemical parameters. Re-
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search on stress mechanisms in various plant groups will improve the
understanding of plants’ adaptive reactions in general.

Materials and methods

Study species. Plants from collection of the O. V. Fomin Botanical
Garden were studied. Three species of the genus Rosa from different
natural habitats and thus with an excellent adaptation to high tempera-
tures were selected. R. spinosissima L. and R. reversa Waldst. et Kit. are
species with a very wide range. They grow in the Balkans, in West Si-
beria, in the Caucasus, in Asia Minor, in Central, Western and Eastern
Europe, in Scandinavia, in Western China and in Mongolia. R. donetzi-
ca Dubovik is a species with a very limited range, growing in the basins
of the Mius and Kalmius rivers, on the Donetsk and Azov Uplands and
perhaps in Russia (Rostov region). This species is listed in the Red
Book of Ukraine.

Anatomical methods. For anatomical study, two leaves from five
plants of each species were collected from annual growth. The anatomi-
cal data were obtained from the middle part of the leaf. We fixed samp-
les by FAA (formalin, acetic acid, alcohol), embedded in gelatin by the
standard method (Romeys, 1948) and prepared leaf cross-sections (thick-
ness of 10-15 pm) by the freezing microtome OMT-28-02E (KB-Tech-
nom, Russia), as well as skinning the epidermis from macerated leaves.
The slices were stained with safranin. Microscopic measurements were
performed using an Olympus System Microscope Model BX 41
(Tokyo, Japan) and Image J program (Wayne Rasband, NIH). We
described the length and width of the leaf.

Drought resistance methods. To determine the drought resistance
of the plants (n = 7 for each species) we measured the water content of
their tissues, water deficiency and water loss after 1 hour of wilting was
measured to evaluate the degree of their drought resistance according to
Zhang & Tohtar' (2011) (Table 1).

CW = (b—c)/ (b—a) x 100, where CW — content of water in tis-
sues (%), a—the mass of an empty sample bottle (g), b—the mass of the
sample bottle with wet sample (g), ¢ — mass of the sample bottle with
dry sample (g).

WD =M, —M;)/ (M, — M3) x 100, where WA — water deficiency
(%), M — the mass of stems before 24-hour water saturation (g), M, — the
mass of stems after 24-hours saturation (g), M; —mass of dry sample (g).

WL =M, —M,)/M; x 100, where WL — water loss per hour (%),
M; — the mass of stems before wilt (g), M, — mass of stems after 2, 4, or
6 hours of withering (g), M3 — the mass of a dry sample (g).

Table 1
The scale of leaf water regime parameters for assessment
of relative drought resistance, by Zhang & Tohtar' (2011)

Evaluation ‘Water content Water Average loss of water
of drought resistance  of tissues, %  deficit, % afterr 1 hour of wilting, %
Low <599 <20.1 <111
Middle 60.0-69.9 10.1-20.0 10.1-11.0
High >170.0 <10.0 <10.0

Biochemical methods. In the experiment we used leaves of three-
year old wild roses from the Botanical Garden collection. The study
was conducted on plants not adapted for high temperature in early June,
when the day temperature was +23..425 °C. Experimental plants in
pots with soil were warmed up in a thermostat at a temperature of +40 °C
for three hours. The front wall of the thermostat is made of glass thus
the plants received natural daylight. We did not use any additional light
sources during the thermal treatment, considering that bright light can
lead to the increase of the high temperature inhibiting effect on the pho-
tosynthetic system (Foyer, 1994). The control group of plants was kept
at+ 25 °C. All experiments were performed four times.

Biochemical studies were performed using a spectrophotometer
SF-2000 (Spectr/ Russia).

Lipid peroxidation was evaluated by malondialdehyde (MDA) con-
tent determined by colour reaction with thiobarbituric acid based on the
formation in the acidic environment of a trimethyl coloured complex,
which has a distinctive absorption spectrum with a maximum at A =533 nm
(Kumar & Knowles, 1993). The amount of MDA expressed in pM/g of
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wet weight. Superoxide dismutase (SOD) activity was assessed by its
ability to compete with nitroblue tetrazolium for superoxide radicals that
originate from riboflavin photooxidation at A = 560 nm. SOD activity
was expressed in standard activity units per mg of protein (Giannopoli-
tis & Ries, 1977). Content of protein was evaluated based on the me-
thod of Warburg & Christian (1941), at A = 280 i A = 260 nm and ex-
pressed in mg/g of wet weight.

Peroxidase activity was determined by the speed of benzidine oxi-
dation to the formation of a blue product in presence of H,O, and pero-
xidase at A = 590 nm. Peroxydase activity was expressed in standard
units per 1 g of dry weight (Sharifi & Ebrahimzadeh, 2010).

The total content of flavonoids expressed in terms of routine and
absolute dry weight was assessed by the method of Trineeva et al. (2014)
at =410 nm and expressed as a percentage.

Pigments were extracted from plant material with 80% acetone and
were determined at A = 663, 646, 470 nm in terms of the wet weight
(Lichtenthaller, 1987).

The data were analyzed in Prism Graphpad 6 (GraphPad Compa-
ny, San Diego, USA, 2014). The values for different groups were com-
pared by ANOVA followed by Tukey’s multiple comparison test. A two-
way analysis of variance (ANOVA) followed by a Bonferroni test was
used when two factors were varied: temperatures (26 or 40 °C) and spe-
cies R. donetzica, R. spinosissima and R. reversa. The correlation was
determined by Pearson coefficient.

Results

Anatomical studies. The anatomical studies have shown that the lea-
ves of the considered species of the genus Rosa are dorsoventral, hypo-
stomatic. The surface of the lamina of R. reversa is more intensively
covered by unicellular filiform trichomes than that of R. donetzica. R. spi-
nosissima has no trichomes. The peculiarity of R. reversa is presence of
glandular trichomes with multicellular pedicle and head on the abaxial
side of leaf. It is noteworthy that number of trichomes on the abaxial sur-
face is higher than on the adaxial for R. donetzica and R. reversa.

According to the results, the leaves of the researched wild roses have
a similar anatomical structure: single-layer epidermis is covered with
cuticle; two layers of palisade parenchyma, the spongy parenchyma
consists of three layers of cells and large intercellular spaces; around the
vascular bundles are many inclusions of calcium oxalate, vascular bun-
dles are surrounded with angular collenchyma on the top and bottom.

The analysis of morphometric parameters indicates that the adaxial
epidermis and its outer cell wall have larger thickness compared to the
abaxial surface for all studied species (Fig. 1). However, the protective
function of the lower side is offset by significantly higher trichome densi-
ty. At the same time, according to the linear dimensions of the leaf, the
species were ordered as follows: the smallest lamina is typical for R. spi-
nosissima (length 14.0 + 2.0 mm, width 8.0 = 1.0 mm) — R. donetzica
(25.7£3.0/11.0£0.5 mm) — R. reversa (27.2+22/19.1 +£ 1.9 mm).

It should be noted that the leaf thickness of R. donetzica is provided
by development of palisade parenchyma tissue (Fig. 1). The ratio for pa-
lisade/spongy parenchyma decreases in the following order: R. reversa
(2.25), R. donetzica (1.95), R. spinosissima (1.75). The stomata are ano-
mocytictype. R. spinosissima has the lowest number of stomata (27.1 +
2.8 pes/mn1?), as compared to R. reversa with 95.2 + 10 pes/mm” and R.
donetzica with 94.3 + 28.7 pcs/mmz. Indeed, R. donetzica possesses the
largest stomata, being 49.7 + 3.7 um long and 354 + 3.3 um wide.
The stomata of R. spinosissima and R. reversa are lower sized, 34.2+3.1/
23.6+£2.2 umand25.0+1.9/13.7 + 1.2 um, respectively.

Drought resistance. The results of our studies showed that the plants of
the Rosa genus have medium level of drought resistance in terms of water
content of leaves and water deficit (except R. reversa) (Fig. 2). Reduction
of drought resistance of these three species is caused by the relatively high
loss of water per 1 hour of wilting (Fig. 2). The data on drought tolerance
of the wild rose species indicate slightly lower water content of tissues in
R. donetzica (Fig. 2), but these differences are not significant. The parame-
ter of water-retention ability is the main indicator of plant resistance to
prolonged drought and it is also similar for the abovementioned species.
R reversa has the lowest value of water deficiency (Fig. 2).
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Biochemical studies. To establish the intensity of the stress response
as a result of hyperthermia, we measured MDA as an indicator of lipid
peroxidation level. MDA concentration depended on the species and the
interaction between temperature and species (Table 2). The concentra-
tion of MDA in R. donetzica and R. reversa remained almost the same
after stress and significantly decreased in R. spinosissima (Fig. 3a).
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Fig. 1. Distribution of leaf anatomical structures:
1 —thickness of outer cell wall of the adaxial epidermis,
2 —thickness of adaxial epidermis, 3 — thickness of palisade mesophyll,
4 — thickness of sponge mesophyll, 5 — thickness of the abaxial
epidermis, 6 — thickness of outer cell wall of the abaxial epidermis
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Fig. 2. Description of the drought resistance of three wild rose species:
WC — water content of tissues, WD — water deficiency, WRA — water-
retention ability; different letters indicate significant differences
inside the parameters at P <0.05; x + SD,n="7

Table 2

Two-way ANOVA of the parameters measured in plants

of R. donetzica, R. spinosissima and R. reversa exposed

to heat stress at temperatures of 40 and 26 °C in control group

Indices studied Source F (DFn, DFd) P value
Malon temperature F(1,18)=140 0.2524*
dialdehyde species F(2,18)=1049 0.0010

interaction F(2,18)=4.96 0.0193*
Superoxide temperature F(1,18)=14.24 0.0014*
dismutase species F(2,18)=13.28 0.0003*
interaction F(2,18)=6.62 0.0070*
temperature F(1,18)=4.36 0.0513
Peroxidase species F(2,18)=1.87 0.1832
interaction F(2,18)=8.86 0.0021*
temperature F(1,18)=41.80 <0.0001*
Flavonoids species F(2,18)=39.60 <0.0001*
interaction F(2,18)=3.93 0.0385*
temperature F(1,18)=129 02718
Protein species F(2,18)=998.40 <0.0001*
interaction F(2,18)=4.07 0.0348*
temperature F(1,18)=0.53 04772
Chlorophyll a species F(2,18)=7031 <0.0001*
interaction F(2,18)=1.65 0.2201
temperature F(1,18)=47.18 <0.0001*
Chlorophyll b species F(2,18)=15.08 0.0001*
interaction F(2,18)=31.95 <0.0001*
temperature F(1,18)=2.35 0.1428
Carotenoids species F(2,18)=6546 <0.0001*
interaction F(2,18)=7.04 0.0055*

Note: * — significant differences within one of three variables — temperature,
species, or their interactions.

According to our results, the effect of high temperature evokes a ten-
dency to decrease in SOD activity for all studied species. R. donetzica and
R. reversa under normal conditions form bigger storage of SOD (Fig. 3b),
which enables quick response to short-term stress action, so this enzyme
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plays a significant role in adaptive response of these plants. It is probab-
le that SOD action stipulates the lowest MDA level in R. donetzica un-
der stress and under normal condition, compared with the other studied
plants. Total SOD activity was significantly affected by temperature,
species and their interaction (Table 2).
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Fig. 3. The state of antioxidant system and lipid peroxidation under
hyperthermia (+40 °C) and control (+25 °C): a — the content
of malondialdehyde (MDA), b — superoxide dismutase activity (SOD),
¢ — total peroxidase activity (POX), d — the content of total flavonoids;
*—P<0.05, **—P<0.01 compared with the control group; x+ SD,n=>5

+25°C+H40°C

+25°CH+H40°C
R reversa

Investigating the peroxidase, it worth mentioning the significant in-
crease of its activity for R. reversa and R. spinosissima, which indicates
a strong antioxidant effect under hyperthermia (Fig. 3¢). The value of
peroxidase activity in R. donetzica does not change significantly under
stress. Peroxidase activity did not change significantly with temperature
increase and species but was significantly affected by their interaction
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(Table 2). According to our data, the highest number of flavonoids nor-
mally accumulates for R. reversa (Fig. 3d), which provides some anti-
oxidant protection to these plants especially during the early stages of
thermal stress. The lowest content of flavonoids in the norm was obser-
ved for R. donetzica. Flavonoid concentration was significantly affected
by temperature, species and their interaction (Table 2).

Short-term effect of high temperature on R. donetzica caused the
decrease in amount of chlorophylls a and b. Chlorophyll b was especial-
ly unstable under thermal stress (Table 3). The increase in amount of
carotenoids due to stress and decrease of (chl a + chl b)/car index indicates
the inclusion of adaptive reaction via the pigment system. The sharp in-
crease in ratio chl a / chl b after warming is explained by the significant
destruction of chlorophyll 5. The concentration of chlorophyll b was signi-
ficantly affected by temperature, species and their interaction (Table 2).
But the concentration of chlorophyll @ depended only on the species. Ca-
rotenoids also did not change significantly with temperature. There were
no significant differences of content of chlorophyll and carotenoid after

Table 3

stress, for R. spinosissima, compared to the control group of plants (Table 3).
So significant damage to light-harvesting pigments under a sharp warm-
ing to + 40 °C did not occur; there was only a trend to decrease of pig-
ments’ number. However, along with the trend to reduction in the amount
of chlorophyll a and b and carotenoids, we observed a significant increase
of the indicator (chl a + chl b) / car, so hyperthermia has a stronger
negative effect on carotenoids than on chlorophylls of this species. After
warming, the number of chlorophylls and carotenoids was the same for
the control group of R. reversa (Table 3). However, along with regular
decrease in the amount of chlorophyll b, we observed a tendency to
increase in chlorophyll a. Thus, the increase of ratio chl a/chl b due to
the stress was caused by multidirectional change in the number of both
types of chlorophyll. Total protein concentration did not change signifi-
cantly with temperature increase but was significantly affected by the
species and the interaction between temperature and species (Table 2).
Only in R. spinosissima was there an increase in the total amount of
protein due to sharp warming.

Indicators of pigment complex and protein before and after exposure to high temperature, mg/g of wet weight

The indicators of pigment complex

Name species  Variant, °C Protein chlorophyll@ chlorophyll 5 carotenoid chla/chlb (chlar+chlby car
P 25 058200912 20820037 0.78+0.144 0550035 2742049 526054
- 140 05000059 194 £ 00205 (.17£0083* 069£0051% 1680 1140% 307+031%*
Roposising 125 126200011 1050271 02740084 0340086 3924029 3934004
140 128400059 09140107 02340015 02740024 3934067 42320004+
% oo 125 12600085 13540261 0350061 041+0046 3884042 413038
: 140 127+00001 148 0,161 0300054 043 0,069 494+ 0.46* 4144021

Note: * —P <0.05, **—P <0.01, ***—P <0.001 compared with the control group, x+ SD,n=>5.

For better understanding of the relationships between anatomical and
biochemical parameters, we additionally carried out the correlation ana-
lysis between different indices under the normal conditions. Under the
normal conditions, if the epidermis is thinner, and therefore provides
less protection from the influence of the environment, we observe a ten-
dency to increase in the activity of antioxidant enzymes SOD and pero-
xidase and vice versa (Table 4). Also, when the epidermis and its outer
cell wall are thinner, a lower number and larger size of stomata are ob-
served and also an increasing number of pigments of the photosynthetic
system, which is possibly connected with improved epidermal respiration
and transpiration. Moreover, the accumulation of chlorophylls and caro-
tenoids is observed at the thinner adaxial epidermis. A positive correla-
tion was found between the thicknesses of the abaxial epidermis and its
outer cell membrane. The flavonoids and proteins have high positive
correlation with each other and with the thickness of epidermis. MDA has
positive correlation with flavonoids and proteins and a negative one
with SOD and pigments of the photosynthetic system. SOD goes up
when flavonoids go down and photosynthetic pigments increase. The
peroxidase activity has low correlation with most measured parameters.
The thickness of the adaxial epidermis correlates negatively with the
thickness of columnar parenchyma. Thickness of spongy parenchyma
has no reliable correlation with any of the studied parameters.

For better understanding of the relationships between biochemical in-
dicators during temperature stress we carried out a correlation analysis.
For each parameter (e.g. MDA), data for each species at control conditions
(25 °C) and +40 °C were inputted (Table 5). With an increase of stress
and, thus, the increase of the lipid peroxidation, SOD activity significantly
decreases and vice versa. Also, the amount of photosynthetic pigments
reduces when MDA concentration goes up (Table 5). Thus we observed a
positive correlation of MDA with the amount of flavonoids and proteins
under stress, which is smaller compared with the control conditions. Posi-
tive correlation was determined between the activity of SOD and the
amount of chlorophylls, as a result of the action of antioxidant defense
mechanisms. The peroxidase activity has low correlation with every
measured parameter.

Discussion

The anatomical studies have shown that R. spinosissima has a thick
epidermis and its outer cover on both sides, which is responsible for its
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having the thickest lamina, while R. donetzica has the thinnest leaf co-
vered with a thin epidermis (Fig. 1). As is known, thickening of the
epidermis and its outer cell wall due to the cuticle and the waxy bloom
indicates resistance to water deficit (Levitt, 1972). Thus, according to
the given parameters, the more drought resistant species are R. spinosis-
sima and R. reversa, and the least drought-tolerant species is R. donet-
zica. The thickest lamina is typical for R. spinosissima. At the same time, a
xeromorphic feature is also reduction of the linear dimensions of the
leaf. The smallest lamina is typical for R. spinosissima too. As is known
from the literature, higher development of palisade parenchyma com-
pared to spongy parenchyma is a xeromorphic feature of leaves (Ezau,
1977). The highest ratio for palisade/spongy parenchyma is typical for
R. reversa.

The largest number of stomata, along with their small size is obser-
ved in R. reversa. It shows an increased ability of water evaporation,
which reduces overheating compared to other species. Therefore, incre-
ase of stomata density is a positive feature of the epidermis of plants
under hyperthermia conditions but decreases drought tolerance of plants
(Torre et al., 2003; Zandalinas et al., 2016). The lowest number of sto-
mata is typical for R. spinosissima. On the other hand, a relatively large
area of epidermal cells is an indicator of the relatively lower drought
resistance of R. spinosissima and R. donetzica.

Increasing density of stomata indicates out an enhanced ability to
evaporate water, which helps to reduce the overheating of plants, facilitat-
ing their adaptation to high environmental temperatures, which is often
accompanied by drought. But it has a negative effect when drought is
not accompanied by high temperature. This is confirmed by other scien-
tists: the more drought-resistant species of the genus Rosa are characte-
rized with a significant lower number of stomata per area unit (Torre et
al., 2003). Drought resistance of R. reversa, with a relatively large num-
ber of stomata, is probably balanced by stress avoidance mechanisms:
leaf conductance and the duration of maximum stomatal opening de-
creased in order to control water loss via transpiration, contributing to
maintenance of leaf turgor in plants under water stress (Cruz et al.,
2012), and also the small size of stomata.

In our study, the lowest loss of water per 1 hour was observed for
R. spinosissima (Fig. 2), which is partly connected with the lowest num-
ber and size of stomata, and thus with decrease of water loss for transpi-
ration under temperature increase. R. reversa has the lowest value of
water deficit (Fig. 2), which confirms the resilience of these plants under
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water scarcity. Reduction of the leaf thickness in R. donetzica indicates
low resistance to water deficit (Hickey & King, 2001).

The results of our multi-year phenological observations on plants of
the genus Rosa in the Botanical Garden have shown that the most dro-
ught-resistant species of the studied wild roses is R. reversa — a species
with a very wide range. The representatives of this species withstand pro-
longed summer drought extremely well, and annually grow and develop
well and fiuit abundantly. R. spinosissima appeared quite drought resis-
tant under the summer drought conditions, and despite the leaf turgor
loss in the afternoon summer heat, fruits abundantly every year. R. do-

Table 4

netzica is vulnerable to the summer drought. This species requires addi-
tional watering during the summer drought, without which it gradually
loses some leaves and fruits by the end of summer. The absence of
significant changes in the concentration of MDA in R. donetzica and
R. reversa indicates their relative resistance to the sharp influence of high
temperature. At the same time, the amount of MDA in R. spinosissima
significantly decreased, which probably can be explained by the fast effec-
tive working of the antioxidant system of these plants. Decrease of MDA
content in the leaf was also observed immediately after the experiment by
other researchers (Savicka & Skute, 2010; Zandalinas et al., 2016).

The correlation between anatomical and biochemical parameters under normal conditions (n=9)

E) ©
2 2 = = = 2 = = _ .3 _ .2 ) 4 3
5 3 = = g = 2 92 = 5 °cg ©°o¢g &
Characteristics g% é § é‘ é‘ g 2 é §' ég g—g g g% § E"g % % fg %
52 5 8 C—% i%) § & &% 4g <5 © =5 Y 5% 53 e
Malon dialdehyde -069* 046 069* -080** —088** —0.69* 086** 066 003 074 050 063 083** -075% -052 091%**
Superoxide dismutase ~ — -012 -068* 050 076* 038 067 044 005 057 -038 051 -033 077 059 -064
Peroxidase - - -042 051 043 04 063 025 003 -047 -017 -035 057 043 043 060
Flavonoid - - - -063 -077* -058 087** -035 029 073* 032 0.56 059 087 —086** 0.86**
Chlorophyll a - - - - 089% 097 084** 069 008 -081** —08** 040 063 075% 053 -088**
Chlorophyll b - - - - — 080 —093** 057 006 -084** 060 047 -060 089** 063 —092%**
Carotenoid - - - - - - 074 068 007 -081** —082* 024 -058 067 047 -081**
Protein - - - - - - - -057 000 085** 052 063 0.67% —093*** 080** 098***
Palisade mesophyll - - - - — - - - 056 -075% -079% -032 045 064 053 062
Sponge mesophyll - - - - - - - - - -028 039 024 035 0.19 0.13 0.09
Adaxial epidermis - - - - - - - - - - 059 034 056 -087** -072% 086**
CWD - - - - — - - - — - - 018 024 058 045 055
Abaxial epidermis - - - - - - - - - - - - 072* 049 047 065
CWB - - - - - - - - - - - - - -045 032 0.80**
Length of stomata - - - - - - - - - - - - - - 09I%* —.88**
Width of stomata - - - - - - - - - - - - - - - -0.73*

Note: CWD — thickness of outer cell wall of the adaxial epidermis, CWB — thickness of outer cell wall of the abaxial epidermis; * —P <0.05, ** —P <0.01, ***—P <0.001.

Table 5
The correlation between biochemical parameters under hyperthermia

Superoxide

dismutase Peroxidase Flavonoid Chlorophyll a Chlorophyll b Carotenoid Protein
Malon dialdehyde —0.64%* 0.13 0.54* -0.38 -0.38 -0.24 0.60%*
Superoxide dismutase - —0.28 —047* 0.53* 0.51* 045 —0.71%*
Peroxidase - - 0.09 0.04 -0.01 —-0.05 0.18
Flavonoid - - - 031 -0.06 -0.37 0.61%*
Chlorophyll a - — - - 0.52% 0.91%%* —0.82%**
Chlorophyll - - - - - 0.17 -0.37
Carotenoid - - - - - - —0.82%**

Note: *—P <005, ** - P <0.01, ***-P <0.001,n=18.

Biochemical studies have shown that the effect of hyperthermia
evokes a decrease in SOD activity for R. donetzica and R. reversa,
which is confirmed by literature data (Zhang & Kirkham, 1994; Nuz-
hyna et al., 2018). According to Barkasdjieva et al. (2000) and Rizhsky
et al. (2002), temperature increase causes denaturation of this enzyme in
plants. Along with this, it is necessary to note a significantly higher level
of SOD activity under normal conditions in R. donetzica and R. reversa
compared to R. spinosissima. However, for R. spinosissima there is a
tendency to increase the activity of SOD under temperature stress.

The increase of peroxidase activity (as for R. reversa and R. spino-
sissima) in response to high temperature treatment have been noted by
other researchers in other plants (He & Huang, 2010; Ardelean et al.,
2014; Nuzhyna et al., 2018). R. donetzica has the highest peroxidase
activity and SOD activity in normal conditions. It allows it to use these
antioxidant enzymes rapidly under stress. In our opinion, the creation of
a pool of active antioxidant enzymes is less effective compared to the
rapid inclusion of protective antioxidant systems in a stressful situation
for these plants.

It is known that one of the many functions of flavonoids is the anti-
oxidant one (Di Ferdinando et al., 2011; Wang et al., 2015). According
to the literature, hyperthermia has different effects on flavonoids, de-
pending on their type and location in the plant (Raghuwanshi et al.,
1994). In addition, we can say that we observed only reduction of the
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amount of flavonoids in the leaves of all studied species under warming
up to +40 °C. It is thought that decrease in flavonoid accumulation,
under a high temperature, could result from different causes, such as
accelerated degradation of these compounds and inhibition of mRNA
transcription of the flavonoid biosynthetic genes (Mori et al., 2007).
Analyzing the correlations under the normal conditions, we found
that MDA slowly accumulates as a result of the influence of the external
environment and the vital activity of the organism, therefore, the less the
SOD, the greater the MDA and vice versa (Table 4). The increase in the
amount of MDA is accompanied by a decrease in the content of chloro-
phylls and carotenoids, probably due to the destruction of pigments.
The greater activity of SOD may help to improve the work of the pho-
tosynthesis apparatus due to the neutralization of the active forms of
oxygen formed during the functioning of the organism. Also, the higher
activity of SOD reduces the need for the synthesis of additional antioxi-
dants, such as flavonoids. The positive correlation of flavonoids, pro-
teins and the thickness of the epidermis may be connected with the lo-
calization of flavonoids mainly in the epidermis (Heméndez et al., 2009).
Data about autonomy of peroxidase were also obtained by Rai etal.
(2015). 1t is possible that under abrupt warming, the number of heat
shock proteins increases as a protective reaction to temperature stress
and to increased MDA concentration. It is important to note that the
correlations between the biochemical parameters under the stress condi-
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tions are the same as under the normal conditions (Table 4, 5). The total
amount of protein of R. donetzica decreased after warming, perhaps be-
cause of degradation (Table 2). In R. spinosissima protein increased after
stress, possibly due to the formation of heat shock proteins.

In the control group, the concentration of chlorophyll a and b and
carotenoids was different among the three species. It is known that the
content of chlorophylls in the leaf reflects the adaptability of plants to a
particular light intensity. The relatively lower rates of chlorophyll con-
tent for R. spinosissima show that it is the most photophilous among the
studied species. Whereas, the highest chlorophyll content for R. donetzi-
ca shows the highest shade-tolerance among the studied wild roses. We
can say that thermal stability of the photosynthetic apparatus is higher at
lower content of light-harvesting pigment. Thus, the content of pig-
ments in R. donetzica is twice as high as in the other two species, and
the photosynthetic system of these plants was the most unstable under
temperature stress. Other researchers also note the inhibition of photo-
synthetic activity (primarily due to chlorophylls) as a result of stress,
particularly under hyperthermia and hypothermia (Zhang et al., 2010;
Ashraf & Harris, 2013; Babenko et al., 2014). Among the effects of
high temperature, there are destructive changes to the photosynthetic
apparatus, which cause reduction of photochemical efficiency of photo-
system II as a sensitive component of photosynthesis (Barnabas et al.,
2008; Chen et al., 2012). The significant changes in quantitative para-
meters of the pigment system were not found in R. spinosissima and
R. reversa. Also, the ratio chl a / chl b for R. spinosissima and (chl a +
chl b) / car for R. reversa remained stable after the stress.

The research has shown that plants of R. spinosissima are the most
photophilous among the studied species. By contrast, R. donetzica is the
most shade-tolerant. Short-term influence of high temperature (40 °C)
has negatively affected the photosynthetic system of R. donetzica and
had almost no damaging effect on R. reversa and R. spinosissima.
The flavonoids are less involved in the antioxidant reactions under hy-
perthermia in plants of all studied species. Thus, the plants of R. donet-
zica are the least heat-resistant.

Thus, the results of the research on anatomical features of the leaf
structure of three Rosa species have shown that R. donetzica has the
lowest drought and heat resistance. This is confirmed by our long-term
phenological observations of the wild rose in the Botanic Garden. Low
resistance to the considered damaging factors is caused by the relatively
weak development of epidermal tissue which, in turn, leads to the grea-
ter destruction of the pigment complex. Also, the antioxidant system is
not activated under short-term stress, and the protection mainly occurs
due to the accumulated enzymes in normal conditions.

The plants of R. reversa were the most drought-resistant and heat-
resistant. In our opinion, representatives of this species can successfully
withstand the conditions of water scarcity and high temperature, due to
the presence of the following anatomical features: a large number of
unicellular covering and glandular trichomes (which reduce the influ-
ence of insolation and therefore overheating of the lamina and reduce
turbulent airflow near epidermis, reducing transpiration), thicker outer
epidermal cell wall; maximal ratio of palisade to spongy parenchyma
(compared to other studied species). The highest number of stomata, to-
lerance of the photosynthetic complex to hyperthermia, the presence of
a flavonoid reserve in normal conditions and intense peroxidase activa-
tion after exposure to stress factors also contributes to the heat-resistance
of these plants.

The R. spinosissima plants were less drought resistant by the ana-
tomical features. The absence of trichomes on the surface of this species
is compensated by the considerable thickness of epidermis and its outer
cell wall, by the minimal number of stomata (relative to the considered
species), by the highest water storage ability. These plants can be consi-
dered as heat resistant. The anatomical and biochemical parameters
confirm this. The antioxidant system of those wild roses functions simi-
larly to that of R. reversa, but less intensively.

Conclusions

R reversa and R. spinosissima plants can be considered as drought
resistant and heat resistant. These species with fast antioxidant response
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are more resistant to short-term hyperthermia. The synthesis of antioxi-
dant enzymes "in reserve" is a less effective form of adaptation. Low
development of the epidermal tissue of R. donetzica probably facilitated
higher destruction of the pigment complex. The detected anatomical and
biochemical parameters of R. donetzica support lower adaptive capacity
to sharp changes in environmental conditions. These plants are the least
heat resistant and drought resistant. This may determine the significant
limitation of the natural range of this species. These data should be
considered for successful cultivation of these species of wild roses.

Acknowledgements. Our experiments were partially supported by of the Taras
Shevchenko National University of Kyiv No 18BP036-05.

References

Abdel-Salam, E., Alatar, A., & El-Sheikh, M. A. (2018). Inoculation with arbus-
cular mycorrhizal fungi alleviates harmful effects of drought stress on da-
mask rose. Saudi Journal of Biological Sciences, 25(8), 1772—1780.

Ardelean, M., Cachita-Cosma, D., Aurel Ardelean, A., Ladasius, C., & Mihali,
V. C. (2014). The effect of heat stress on hyperhydricity and guaiacol perox-
idase activity (GPOX) at the foliar lamina of Sedum telephium L. ssp. maxi-
mum (L.) Krock. Vitroplantlets. Analele Stiintifice ale Universitatii ,,Al L.
Cuza” lasi s. Il a. Biologie Vegetald, 60(2), 21-31.

Ashraf, M., & Harris, P. J. C. (2013). Photosynthesis under stressful environ-
ments: An overview. Photosynthetica, 51(2), 163—190.

Asrar, A. A., Abdel-Fattah, G. M., & Elhindi, K. M. (2012). Improving growth,
flower yield, and water relations of snapdragon (Antirhinum majus L.) plants
grown under well-watered and water-stress conditions using arbuscular my-
corrhizal fungi. Photosynthetica, 50, 305-316.

Babenko, L. M., Kosakivska, 1. V., Akimov, Y. A., Klymchuk, D. O., & Skater-
nya, T. D. (2014). Effect of temperature stresses on pigment content, lipox-
igenase activity and cell ultrastructure of winter wheat seedlings. Genetics
and Plant Physiology, 4, 117-125.

Barkasdjieva, N. T., Chrostov, K. N., & Christina, K. N. (2000). Effect of calcium
and zinc on the acivity and thermostability of superoxide dismuatse. Biologia
Plantarum, 43, 73-78.

Barnabas, B., Jager, K., & Feher, A. (2008). Effect of drought and heat stress on
reproductive processes in cereals. Plant Cell and Environment, 31, 11.

Bita, C. E., & Gerats, T. (2013). Plant tolerance to high temperature in a changing
environment: Scientific fundamentals and production of heat stress-tolerant
crops. Frontiers in Plant Science, 4, 273.

Boskabady, M. H., Shafei, M. N., Saberi, Z., & Amini, S. (2011). Pharmacologi-
cal effects of Rosa damascena. Tran Journal Basic Medical Sciences, 14(4),
295-307.

Cai, X., Starman, T., Niu, G., Hall, C., & Lombardini, L. (2012). Response of
selected garden roses to drought stress. Journal American Society for Horti-
cultural Science, 47(8), 1050-1055.

Capellades, M., Fontarnau, R., Carulla, C., & Debergh, P. (1990). Environment
influences anatomy of stomata and epidermal cells in tissue-cultured Rosa
multiflora. Journal of the American Society for Horticultural Science, 115,
141-145.

Caverzan, A., Casassola, A., & Brammer, S. P. (2016). Antioxidant responses of
wheat plants under stress. Genetics and Molecular Biology, 39(1), 1-6.

Chen, W. R, Zheng, J. S., Li, Y. Q., & Guo, W. D. (2012). Effects of high tem-
perature on photosynthesis, chlorophyll fluorescence, chloroplast ultrastruc-
ture, and antioxidant activities in fingered citron. Russian Journal of Plant
Physiology, 59(6), 732—740.

Cruz, Z., Rodriguez, P., Galindo, A., Torrecillas, E., Ondofo, S., Mellisho, C., &
Torrecillas, A. (2012). Leaf mechanisms for drought resistance in Zizyphus
Jujuba trees. Plant Science, 197, 77-83.

Di Ferdinando, M., Brunetti, C., Fini, A., & Tattini, M. (2011). Flavonoids as anti-
oxidants in plants under abiotic stresses. In: Parvaiz Ahmad, M. N. V. P.
(Ed.). Abiotic stress responses in plants. Springer. Pp. 159-179.

Essiett, U. A., & Iwok, E. S. (2014). Floral and leaf anatomy of Hibiscus species.
American Journal of Medical and Biological Research, 2(5), 101-117.

Ezau, K. (1977). Anatomy of seed plants. 2nd ed., Wiley, New York.

Foyer, C. H., & Harbinson, J. (1994). Oxygen metabolism and the regulation of
photosynthetic electron transport. In: Causes of photooxidative stress and
amelioration of defense system in plants. CRC Press, Boca Raton.

Giannopolitis, C. N., & Ries, S. K. (1977). Superoxide dismutase I. Occurrence in
higher plants. Plant Physiology, 59(2), 309-314.

Gosavi, G. U., Jadhav, A. S, Kale, A. A., Gadakh, S. R., Pawar, B. D., & Chi-
mote, V. P. (2014). Effect of heat stress on proline, chlorophyll content, heat
shock proteins and antioxidant enzyme activity in sorghum (Sorghum bico-
lor) at seedlings stage. Indian Journal Biotechnol, 13, 356-363.

Biosyst. Divers., 2019, 27(3)


http://doi.org/10.1016/j.sjbs.2017.10.015
http://doi.org/10.1016/j.sjbs.2017.10.015
http://doi.org/10.1016/j.sjbs.2017.10.015
http://doi.org/10.1007/s11099-013-0021-6
http://doi.org/10.1007/s11099-013-0021-6
http://doi.org/10.1007/s11099-012-0024-8
http://doi.org/10.1007/s11099-012-0024-8
http://doi.org/10.1007/s11099-012-0024-8
http://doi.org/10.1007/s11099-012-0024-8
http://doi.org/10.1023/A:1026555030284
http://doi.org/10.1023/A:1026555030284
http://doi.org/10.1023/A:1026555030284
http://doi.org/10.1111/j.1365-3040.2007.01727.x
http://doi.org/10.1111/j.1365-3040.2007.01727.x
http://doi.org/10.3389/fpls.2013.00273
http://doi.org/10.3389/fpls.2013.00273
http://doi.org/10.3389/fpls.2013.00273
http://doi.org/10.22038/ijbms.2011.5018
http://doi.org/10.22038/ijbms.2011.5018
http://doi.org/10.22038/ijbms.2011.5018
http://doi.org/10.21273/HORTSCI.47.8.1050
http://doi.org/10.21273/HORTSCI.47.8.1050
http://doi.org/10.21273/HORTSCI.47.8.1050
http://doi.org/10.21273/JASHS.115.1.141
http://doi.org/10.21273/JASHS.115.1.141
http://doi.org/10.21273/JASHS.115.1.141
http://doi.org/10.21273/JASHS.115.1.141
http://doi.org/10.1590/1678-4685-GMB-2015-0109
http://doi.org/10.1590/1678-4685-GMB-2015-0109
http://doi.org/10.1016/j.plantsci.2012.09.006
http://doi.org/10.1016/j.plantsci.2012.09.006
http://doi.org/10.1016/j.plantsci.2012.09.006
http://doi.org/10.3390/ijms14023540
http://doi.org/10.3390/ijms14023540
http://doi.org/10.3390/ijms14023540
http://doi.org/10.12691/ajmbr-2-5-1
http://doi.org/10.12691/ajmbr-2-5-1

Grant, J. J. (2000). Role of active oxygen intermediates and cognate redox signa-
ling in disease resistance. Plant Physiology, 124, 21-29.

Hansen, J., Ruedy, R., Glascoe, J., & Sato, M. (1999). GISS analysis of surface
temperature change. Journal Geophysical Research, 104, 30997-31022.
Harsh, A., Sharma, Y. K., Joshi, U., Rampuria, S., Singh, G., Kumar, S., &
Sharm, R. (2016). Effect of short-term heat stress on total sugars, proline and
some antioxidant enzymes in moth bean (Vigna aconitifolia). Annals of

Agricultural Sciences, 61(1), 57-64.

Hasanuzzaman, M., Fujita, M., Nahar, K., & Biswas, J. K. (2018). Advances in rice
research for abiotic stress tolerance. Woodhead Publishing, Unated Kingdom.

Hasanuzzaman, M., Fujita, M., Oku, H., & Islam, M. T. (2019). Plant tolerance to envi-
ronmental stress: Role of phytoprotectants, CRC Press, Taylor & Francis Group.

He, Y., & Huang, B. (2010). Differential responses to heat stress in activities and
isozymes of four antioxidant enzymes for two cultivars of Kentucky Blue-
grass contrasting in heat tolerance. Journal of the American Society for Hor-
ticultural Science, 135(2), 116-124.

Hemandez, 1., Alegre, J., van Bresugem, F., & Munné-Bosch, S. (2009). How
relevant are flavonoids as antioxidants in plants. Trends in Plant Science, 14,
125-132.

Hickey, M., & King, C. (2001). Xeromorphic. The Cambridge Illustrated Glos-
sary of Botanical Terms. Cambridge.

Huang, B. (2004). Recent advances in drought and heat stress physiology of turf-
grass: A review. Acta Horticulturae, 661, 185-192.

Huseynova, I. M., Aliyeva, D. R., & Aliyev, J. A. (2014). Subcellular localization
and responses of superoxide dismutase isoforms in local wheat varieties subject-
ted to continuous soil drought. Plant Physiology and Biochemistry, 81, 54-60.

Jones, P. D., & Moberg, A. (2003). Hemispheric and large-scale surface air tem-
perature variations: An extensive revision and an update to 2001. Journal of
Climate, 16,206-223.

Khromykh, N., Lykholat, Y., Shupranova, L., Kabar, A., Didur, O., Lykholat, T.,
& Kulbachko, Y. (2018). Interspecific differences of antioxidant ability of in-
troduced Chaenomeles species with respect to adaptation to the steppe zone
conditions. Biosystems Diversity, 26(2), 132-138.

Kong, L., Wang, F., Si, J., Feng, B., Zhang, B., Li, S., & Wang, Z. (2014). Increa-
sing in ROS levels and callose deposition in peduncle vascular bundles of
wheat (Triticum aestivum 1.) grown under nitrogen deficiency. Journal Plant
Interact, 8, 109-116.

Kumar, G. N. M., & Knowles, N. R. (1993). Changes in lipid peroxidation and
lipolitic and free radical scavenging enzyme activities during aging and
sprouting of potato (Solanum tuberosum) seed-tubers. Plant Physiology, 102,
115-124.

Levitt, J. (1972). Responses of plants to environmental stress. New York.

Lichtenthaller, H. K. (1987). Chlorophylls and carotenoids, pigments of photosyn-
thetic biomembranes. Methods in Enzymology, 148, 350-382.

Mittler, R., Vanderauwera, S., Gollery, M., & Van Breusegem, F. (2004). Reac-
tive oxygen gene network of plants. Trends in Plant Science 9, 490-498.
Mori, K., Goto-Yamamoto, N., Kitayama, M., & Hashizume, K. (2007). Loss of
anthocyanins in red-wine grape under high temperature, Journal of Experi-

mental Botany, 58, 1935-1945.

Niu, G., & Rodriguez, D. (2009). Growth and physiological responses of four rose
rootstocks to drought stress. Journal of the American Society for Horticultur-
al Science, 134(2), 202-209.

Nuzhyna, N., Baglay, K., Golubenko, A., & Lushchak, O. (2018). Anatomically
distinct representatives of Cactaceae Juss. family have different response to
acute heat shock stress. Flora, 242, 137-145.

Olmos, E., Sanchez-Blanco, M. J., Ferrandez, T., & Alarcon, J. J. (2007). Subcel-
lular effects of dought stress in Rosmarinus officinalis. Plant Biology, 9, 77-84.

Pshibytko, N. L., Zhavoronkova, N. B., & Kabashnikova, L. F. (2005). Vliyanie
gipertermii na strukturno-funkcional'noe sostoyanie fotosinteticheskih mem-
bran yachmenya s modificirovannym pigmentnym aparatom [The effect of
hyperthermia on the structural and functional state of the photosynthetic
membranes of barley with a modified nutritional apparatus]. Biologicheskie
Membrany, 22(6), 444-449 (in Russian).

Biosyst. Divers., 2019, 27(3)

Raghuwanshi, A., Dudeja, S., & Khurana, A. (1994). Effect of temperature on fla-
vonoid production in pigeonpea (Cajanus cajan (L) Millsp.) in relation to
nodulation. Biology and Fertility of Soils, 17(4), 314-316.

Rai, N., Rai, K. K., Tiwari, G., & Singh, P. K. (2015). Changes in free radical
generation, metabolites and antioxidant defense machinery in hyacinth bean
(Lablab purpureus L.) in response to high temperature stress. Acta Physiolo-
giae Plantarum, 37, 46-57.

Rizhsky, L., Hongjian, L., & Mittler, R. (2002). The combined effect of drought
stress and heat shock on gene expression in tobacco. Plant Physiology, 130,
1143-1151.

Rodriguez, V. M., Soengas, P., Alonso-Villaverde, V., Sotelo, T., Cartea, M. E., &
Velasco, P. (2015). Effect of temperature stress on the early vegetative deve-
lopment of Brassica oleracea L. BMC Plant Biology, 15, 145.

Romeis, B. (1948). Mikroskopische Technik [Microscopic technique]. Miinchen,
R. Oldenbourg (in German).

Savicka, M., & Skute, N. (2010). Effects of high temperature on malondialdehyde
content, superoxide production and growth changes in wheat seedlings (77i-
ticum aestivum L.). Ekologija, 56(1-2), 26-33.

Scandalios, J. G. (2005). Oxidative stress: Molecular perception and transduction
of signals triggering antioxidant gene defenses. Brazilian Journal of Medical
and Biological Research, 38, 995-1014.

Sharifi, G., & Ebrahimzadeh, H. (2010). Changes of antioxidant enzyme activities
and isoenzyme profiles during in vitro shoot formation in saffron (Crocus sa-
tivus L.). Acta Biologica Hungarica, 61(1), 73-89.

Sunkar, R. (2006). Posttranscriptional induction of two Cw/Zn superoxide dismu-
tase genes in Arabidopsis is mediated by downregulation of miR398 and im-
portant for oxidative stress tolerance. Plant Cell, 18(6), 2051-2065.

Tabuchi, T., Hiramatsu, N., & Hida, Y. (2010). Anatomical characteristics of leaf
mesophyll on Rosa rugosa and their hybrid plant. Acta Horticulturae, 870,
137-142.

Talaat, N. B., & Shawky, B. T. (2014). Modulation of the ROSscavenging system
in salt-stressed wheat plants inoculated with arbuscular mycorrhizal fungi.
Journal Plant Nutrition Soil Science, 177, 199-207.

Torre, S., Fjeld, T., Gislerod, H. R., & Moe, R. (2003). Leaf anatomy and stomatal
morphology of greenhouse rose grown at moderate or high air humidity.
Journal of the American Society for Horticultural Science, 128(4), 598-602.

Trineeva, O. V., Slivkin, A. I, & Voropaeva, S. S. (2014). Razrabotka i validaciya
metodiki kolichestvennogo opredeleniya flavonoidov v list'yah krapivy dvu-
domnoj [Development and validation of a technique of quantitative definition
flavonoids in nettle leaves a two-blast furnace]. Vestnik VGU, Himiya, Bi-
ologiya, Farmaciya, 1, 138-144 (in Russian).

Tuteja, N., Gill, S. S., & Tuteja, R. (2013). Improving crop productivity in sustain-
able agriculture. Wiley VCH, Weinheim.

Wang, G., Cao, F., Wang, G., & El-Kassaby, Y. A. (2015). Role of temperature
and soil moisture conditions on flavonoid production and biosynthesis-rela-
ted genes in ginkgo (Ginkgo biloba L.) leaves. Open Natural Products Che-
mistry and Research, 3(1), 1000162.

Warburg, O., & Christian, W. (1941). Isolierung und kristallisation des ga-
rungsferments enolase [Isolation and crystallization of the fermentation en-
zyme enolase]. Biochemistry, 310, 384-421 (in German).

Zandalinas, S. I, Rivero, R. M., Martinez, V., Gomez-Cadenas, A., & Arbona, V.
(2016). Tolerance of citrus plants to the combination of high temperatures
and drought is associated to the increase in transpiration modulated by a re-
duction in abscisic acid levels. BMC Plant Biology, 16, 105.

Zhang, D. H., & Tohtar, V. K. (2011). Issledovanie zasuhoustojchivosti perspek-
tivnyh vidov Momordica charantia L. i M. balsamina L. (Cucurbitaceae)
[Drought resistence study of respective for introduction of Momordica cha-
rantia L. and M. balsamina L. species (Cucurbitaceae)]. Nauchnye Vedo-
mosti, Seriya Estestvennye Nauki, 104(15), 43-47 (in Russian).

Zhang, J., & Kirkham, M. (1994). Drought-stress induced changes in activities of
superoxide dismutase, catalase and peroxidases in wheat leaves. Plant Cell
Physiology, 35, 785-791.

Zhang, X., Wang, K., & Ervin, E. H. (2010). Optimizing dosages of seaweed
extract-based cytokinins and zeatin riboside for improving creeping bentgrass
heat tolerance. Crop Science, 50, 316-320.

199


http://doi.org/10.1104/pp.124.1.21
http://doi.org/10.1104/pp.124.1.21
http://doi.org/10.1029/1999JD900835
http://doi.org/10.1029/1999JD900835
http://doi.org/10.1016/j.aoas.2016.02.001
http://doi.org/10.1016/j.aoas.2016.02.001
http://doi.org/10.1016/j.aoas.2016.02.001
http://doi.org/10.1016/j.aoas.2016.02.001
http://doi.org/10.1201/9780203705315
http://doi.org/10.1201/9780203705315
http://doi.org/10.21273/JASHS.135.2.116
http://doi.org/10.21273/JASHS.135.2.116
http://doi.org/10.21273/JASHS.135.2.116
http://doi.org/10.21273/JASHS.135.2.116
http://doi.org/10.1016/j.tplants.2008.12.003
http://doi.org/10.1016/j.tplants.2008.12.003
http://doi.org/10.1016/j.tplants.2008.12.003
http://doi.org/10.17660/ActaHortic.2004.661.23
http://doi.org/10.17660/ActaHortic.2004.661.23
http://doi.org/10.1016/j.plaphy.2014.01.018
http://doi.org/10.1016/j.plaphy.2014.01.018
http://doi.org/10.1016/j.plaphy.2014.01.018
http://doi.org/10.1175/1520-0442(2003)016%3c0206:HALSSA%3e2.0.CO;2
http://doi.org/10.1175/1520-0442(2003)016%3c0206:HALSSA%3e2.0.CO;2
http://doi.org/10.1175/1520-0442(2003)016%3c0206:HALSSA%3e2.0.CO;2
http://doi.org/10.15421/011821
http://doi.org/10.15421/011821
http://doi.org/10.15421/011821
http://doi.org/10.15421/011821
http://doi.org/10.1080/17429145.2012.712723
http://doi.org/10.1080/17429145.2012.712723
http://doi.org/10.1080/17429145.2012.712723
http://doi.org/10.1080/17429145.2012.712723
http://doi.org/10.1016/j.tplants.2004.08.009
http://doi.org/10.1016/j.tplants.2004.08.009
http://doi.org/10.1093/jxb/erm055
http://doi.org/10.1093/jxb/erm055
http://doi.org/10.1093/jxb/erm055
http://doi.org/10.21273/JASHS.134.2.202
http://doi.org/10.21273/JASHS.134.2.202
http://doi.org/10.21273/JASHS.134.2.202
http://doi.org/10.1016/j.flora.2018.03.014
http://doi.org/10.1016/j.flora.2018.03.014
http://doi.org/10.1016/j.flora.2018.03.014
http://doi.org/10.1055/s-2006-924488
http://doi.org/10.1055/s-2006-924488
http://doi.org/10.1007/s11738-015-1791-1
http://doi.org/10.1007/s11738-015-1791-1
http://doi.org/10.1007/s11738-015-1791-1
http://doi.org/10.1007/s11738-015-1791-1
http://doi.org/10.1186/s12870-015-0535-0
http://doi.org/10.1186/s12870-015-0535-0
http://doi.org/10.1186/s12870-015-0535-0
http://doi.org/10.2478/v10055-010-0004-x
http://doi.org/10.2478/v10055-010-0004-x
http://doi.org/10.2478/v10055-010-0004-x
http://doi.org/10.1556/ABiol.61.2010.1.8
http://doi.org/10.1556/ABiol.61.2010.1.8
http://doi.org/10.1556/ABiol.61.2010.1.8
http://doi.org/10.1105/tpc.106.041673
http://doi.org/10.1105/tpc.106.041673
http://doi.org/10.1105/tpc.106.041673
http://doi.org/10.17660/ActaHortic.,%202010.870.16
http://doi.org/10.17660/ActaHortic.,%202010.870.16
http://doi.org/10.17660/ActaHortic.,%202010.870.16
http://doi.org/10.1002/jpln.201200618
http://doi.org/10.1002/jpln.201200618
http://doi.org/10.1002/jpln.201200618
http://doi.org/10.1071/FP14247
http://doi.org/10.1071/FP14247
http://doi.org/10.1071/FP14247
http://doi.org/10.4172/2329-6836.1000162
http://doi.org/10.4172/2329-6836.1000162
http://doi.org/10.4172/2329-6836.1000162
http://doi.org/10.4172/2329-6836.1000162
http://doi.org/10.1186/s12870-016-0791-7
http://doi.org/10.1186/s12870-016-0791-7
http://doi.org/10.1186/s12870-016-0791-7
http://doi.org/10.1186/s12870-016-0791-7
http://doi.org/10.2135/cropsci2009.02.0090
http://doi.org/10.2135/cropsci2009.02.0090
http://doi.org/10.2135/cropsci2009.02.0090

