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Plant adaptation to climate conditions of certain territories has emerged within the course of evolu-
tion, shows at all organizational levels from morphological-anatomical to biochemical and is embedded into 
the plant genes. Survival of plants in such conditions as rapid temperature drops and rises in the range of 
20 °C or more depends on their biochemical defense system's ability to quickly respond to such stress, as well 
as on the plant's structural features. Therefore, our goal was to analyze changes of biochemical parameters 
under conditions of abrupt hyperthermia in four species of Crassula Linne genus and to establish the connec-
tion between their anatomical and morphological features and the peculiarities of the biochemical reactions. 
Plants of Crassula brevifolia Harvey, Crassula lanuliginosa Harvey, Crassula muscosa Linne and Сrassula 
perfoliata var. minor (Haworth) G.D. Rowley species were held in air thermostats at 40 °C and 50 °C for 3 h, 
the control temperature being 26 °C. Stress response was analyzed by malondialdehyde content, superoxide 
dismutase and peroxidase activity and pigments content. Additionally, anatomical structure of the leaves was 
investigated. Antioxidant response to short-term high temperature varied in different species of the Crassula 
genus by its directionality and intensity, and depended on the anatomical features of the plant. The additional 
protective mechanisms were involved in the least heat-resistant plants, such as increased carotenoids and 
flavonoids contents. More powerful SOD and peroxidase activities under rapid heating in plants with more 
effective protection at the anatomical level were showed.

K e y w o r d s: hyperthermia, peroxidase, superoxide dismutase, pigments, Crassula genus.
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U nder climate change, survival of plants 
depends on a range of their adaptive 
measures. The combination of structural 

adaptive features (anatomical, morphological) with 
biochemical reaction to abrupt temperature changes 
is especially important. Development and inter-
action of these stress defense systems define the 
general strategy of the plant survival. Researchers 
separate two different mechanisms of plant reaction 
to temperature stress. The first one is the avoidance 
mechanism, which includes an anatomical, morpho-
logical and/or physiological level of protection. The 
avoidance mechanism is closely related to the second 
type - biochemical protection. It includes synthesis 
of osmoprotectors, antioxidants, phytohormones, 
change of protein activity and regulation of ionic 

transport [1]. High temperature stress may cause 
overproduction of reactive oxygen species (ROS), 
which can cause oxidative stress. To counter it, ROS 
have to be neutralized by detoxifying enzymes, 
with the first link being established by superoxide 
dismutase (SOD), catalase and peroxidases, and 
also protection of cell components via synthesis of 
metabolites with low molecular mass and seconda
ry metabolites [1-5]. Objects for investigating the 
mechanisms of resistance to heat, drought, and cold 
were, fist and foremost, agricultural plants (corn, 
wheat, soy etc), because their resilience affects yields 
[6-8] or common model plants such as arabidopsis 
[9]. However, one of the crucial factors which en-
sure the survival of rare species is resistance to high 
ambient temperature and to rapid change of tempera
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ture. Plants growing on water-deficient territories 
can be model objects for investigation of this paper. 
Such plants, among others, are species of Crassula 
Linne, family Crassulaceae De Candolle, spread in 
Africa, Madagascar and Arabian peninsula [10]. All 
species of the Crassula genus, of which there are 
almost 200, are leaf or root succulents and vary in 
morphological and anatomical structure. Different 
species have different variations of structural fea-
tures aimed to protect them from intensive exposure 
to sunlight, drought and high temperature, such as: 
specific disposition of leaves (spiral or double-row), 
which facilitates self-shading and conservation 
of moisture, different volume of aquiferous tissue, 
large numbers of trichomes or wax coating on the 
leaf surface, widened epidermal cells, able to store 
water etc. The wide spectrum of adaptive features of 
the Crassula genus might indicate different response 
to high temperature for different species, especially 
to rapid changes in temperature. For example, it has 
not yet been established how SOD activity correlates 
with plant adaptability to extreme conditions, which 
was researched for, among others, plants of Cras-
sulaceae genus [11]. In addition, some other repre-
sentatives of this family don’t show any change in 
content of such osmoprotectors as prolin and sugars 
under hyperthermia [12, 13]. The assumption of high 
specificity of plant reaction to temperature stress is 
partially confirmed, because, according to latest lite
rature data and the results of our previous studies, 
conducted on representatives of such families as As-
phodelaceae, Cactaceae, Rosaceae, hyperthermia 
may cause multi-directional reactions on biochemi-
cal level in plants with different anatomical features 
[14-17]. Thus, the purpose of our work was to es-
tablish the connection between anatomical and mor-
phological features of certain Crassula species with 
peculiarities of biochemical reactions to abrupt tem-
perature increase which are a complex characteristic 
of resistance to hyperthermia. 

Materials and Methods

One-year-old representatives of 4 species 
of Crassula genus were used in the experiment, 
namely - C. brevifolia Harvey, C. lanuliginosa Har-
vey, C. muscosa Linne і С. perfoliata var. minor 
(Haworth) G. D. Rowley [10, 18], which were grown 
in the greenhouse of O. V. Fomin Botanical Garden, 
Taras Shevchenko National University of Kyiv. The 
investigated species are included to the Red List of 
plants of South Africa and have the LC status [19]. 

The species are close by their geographical origin 
but differ in growth conditions and morphological 
structure (Table 1) [18].

Plants were grown at 25-26 °C, under 15,000 lm 
light and 30-80% humidity. Medial leaf parts of the 
plants were used for anatomical studies. Research 
was conducted in the second decade of May with the 
nonadapted to high temperature plants. The control 
group of plants was analyzed without additional tem-
perature influence. The investigated plants together 
with the pots they had grown in were heated in an air 
thermostat at 40 °C and 50 °C during 3 h, the control 
temperature being 26 °C. Biochemical studies were 
conducted using an SF-2000 spectrophotometer. 

Anatomical slices of the leaves were created by 
fixing the latter in an FAA solution and cast in gela-
tin by standard technique [20]. Lateral sections 15-
20 µm thick were made using a freezing microtome. 
The sections were dyed with safranin (as a stain for 
lignin such as in cell wall or xylem), sudan (which 
efficiently stained lipids) and I2-KI (for the visuali-
zation of starch granules) during 5 minutes on every 
dye, washing with distilled water after each one 
[20]. To study the epidermal structures, maceration 
of leaves was performed. Leaf blade epidermis was 
described by methods by Fatemeh Zarinkamar [21]. 
Microscopic measurements were taken using XSP-
146TR microscope and Image J software. 

Lipid peroxidation was determined by malon-
dialdehyde (MDA) content, determined from a color 
reaction with thiobarbituric acid, based on formation 
of tinted trimethine complex in acidic medium, with 
a characteristic absorption spectrum, with maxi-
mum at λ = 533 nm. MDA amount was expressed as 
µmol/g of fresh weight [22].

Superoxide dismutase (SOD) activity was de-
termined by a method based on the SOD ability to 
compete against nitroblue tetrazolium for superoxide 
radicals coming from photooxidation of riboflavin 
at λ = 560 nm [23]. SOD activity was expressed 
as relative activity units per mg of protein. Protein 
content was evaluated according to Warburg O. and 
Christian W. [24], at λ = 280 and λ = 260 nm and 
expressed in mg/g of fresh weight.

Peroxidase activity was determined by speed 
of benzidine oxidation reaction up to formation of 
the blue product of its oxidation in presence of Н2О2 
and peroxidase at λ = 590 nm. Peroxidase activity 
was expressed as relative activity units per mg of 
protein [25].

Total f lavonoid content percentage was ex-
pressed as rutin and absolutely dry substance deter-
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Species Growth conditions 
and location Morphological features

Сrassula brevifolia South Africa – provinces 
of Northern Cape, 
Western Cape, among 
the rocks

Shrub, up to 50 cm high, leaves are wide, egg-like, 10-
16 mm long and 7-12 mm wide, have a red stripe on the 
edge. Leaf configuration is double-row. Leaf surface is 
light green with well-defined convex aquiferous cells.

Сrassula lanuliginosa South Africa – province 
of Eastern Cape, on the 
rocks among cereals

Herbaceous plant with crawling forked stems. Leaf 
configuration is double-row. Leaves are grayish green 
with trichomes, narrow egg-shaped, sharpened in the 
apical part, 8-15 mm long and 5-6 mm wide and thick. 

Сrassula muscosa Southern Namibia, 
South Africa (Northern 
Cape, Western Cape, 
Eastern Cape), among 
the rocks

Herbaceous plant with forked orthotropic stems up to 25 
cm in length. Leaves grow in a spiral, are closely stuck 
together, bright green in color, in shape of elongated 
triangles. They are up to 3 mm long and 2 mm wide and 
thick in the lower part. 

Сrassula perfoliata 
var. minor

South Africa – province 
of Eastern Cape, in dry 
river valleys

Shrub, up to 15 cm high, forked at the base of the 
stem. Spiral leaf allocation. Leaves are in the shape of 
elongated triangles, sharp in the apical part, slightly 
curved, grayish blue in color, 50 mm long, up to 15 mm 
wide and 6 mm thick.

T a b l e  1. Morphological features of 4 species of Crassula genus

mined as described by Payum T. et al. with slight 
modification [26] at λ = 410 nm.

Pigments were extracted from plant material 
with 80% acetone and were determined at λ = 663, 
646, 470 nm in terms of dry weight [27].

The data were analyzed by Prism Graphpad 6. 
The values for different groups were compared by 
ANOVA followed by Tukey’s multiply comparison 
test. A two-way analysis of variance (ANOVA) fol-
lowed by a Bonferroni test was used when two fac-
tors were varied: temperatures (26, 40 or 50 °C) and 
species.

Results and Discussion 

Anatomical studies. Representatives of Cras-
sula genus generally have similar leaf anatomical 
structure [28]. Leaves of the studied species are 
covered in a single-layer epidermis with thickened 
cuticle. Adaxial and abaxial epidermis thickness 
wasn't reliably determined as different, but a certain 
tendency of thickened bottom epidermis is observed 
(Table 2). For the studied species of Crassula genus, 
anisocytic stomata apparatus is typical. The vascu-
lar conductive system is very underdeveloped, the 
mesophile is represented by water-storing tissue with 
large amount of inclusions in idioblasts. Staining 
with iodide and sudan did not reveal starch grains 

and lipid inclusions, respectively. Elements of me-
chanical tissue are almost non-existent.

Among the studied species, some differences in 
anatomical structure were found. Namely, C. mus-
cosa leaf epidermis has no trichomes, the epidermis 
cells have straight, rounded shapes and square or 
elongated projections (Fig. 1, A, B). The stomata on 
both sides are evenly distributed and are the biggest 
among the studied species (Table 2). Leaf thickness 
of C. muscosa is the smallest. 

Leaf surface of C. lanuliginosa on both sides 
is covered with single-cell, non-glandular trichomes 
355±59 µm long (Fig. 2, A, B). On both sides of the 
leaf, epidermal cells with flattened surface projec-
tion and curly shapes are prevalent. 

Epidermal cells are significantly larger for 
C.  lanuliginosa and C. muscosa compared to the 
other two species (Table 2).

С. brevifolia has the thickest leaf, but, however, 
has not the thickest epidermis. Epidermal wall thick-
ness for this species is similar to that of C. muscosa 
and C. lanuliginosa (Table 2), but for С. brevifolia 
the outside cell wall is almost completely lignified, 
which indicates the xerophytism of the species. No 
trichomes are present on the surface, epidermis cells 
are linear and rounded with flattened projections on 
both sides (Fig. 3, A, B). 
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Parameter C. muscosa C. lanuliginosa С. brevifolia С.perfoliata 
var.minor

H leaf, µm 714 ± 102d 2057 ± 105c 3909±103a 3531 ± 122b

H ad, µm 31.42 ± 2.86b 31.65 ± 4.17b 33.41±7.79b 42,05 ± 6.36a

H ad k, µm 8.04 ± 1.68a 7.59 ± 3.38a 7.91 ± 1.90a 6.87 ± 1.88a

H ab, µm 31.41 ± 4.71b 34.59 ± 4.96b 28.37 ± 4.61b 46.89 ± 8.4a

H ab k, µm 8.13 ± 2.27a 9.32 ± 2.81a 9.23 ± 1.87a 7.68 ± 2.48a

L ad st, µm 46.37 ± 2.66a 37.57 ± 3.62b 37.67 ± 5.56b 37.17 ± 4.75b

H ad st, µm 32.43 ± 5.45a 28.25 ± 2.63ab 24.31 ± 5.90b 24.14 ± 2.68b

N ad st, N/mm2 19.47 ± 8.56a 18.44 ± 7.99a 14.34 ± 4.9ab 9.43 ± 6.20b

L ab st, µm 45.46 ± 4.40a 39.60 ± 2.04b 37.53 ± 5.33b 37.90 ± 5.59b

H ab st, µm 44.35 ± 3.19a 29.53 ± 2.16b 22.17 ± 4.51c 22.64 ± 3.07c

N ab, N/mm2 10.37 ± 5.90a 12.68 ± 6.90a 4.15 ± 5.3a 3.32 ± 4.10a

S ad ep, µm2 4855 ± 1509a 4302 ± 685ab 3312 ± 686b 3510 ± 840b

S ab ep, µm2 6665 ± 2470a 6223 ± 1230a 2806 ± 504b 3910 ± 1028b

T a b l e  2. Morphometric parameters of Crassula genus leaves

Different letters indicate significant differences inside the parameters the same letters indicate no difference at P < 0.05. 
H leaf – thickness of the leaf, H ad – thickness of the adaxial epidermis, H ad k – thickness of outer cell wall of the 
adaxial epidermis, H ab – thickness of the abaxial epidermis, H ab k – thickness of outer cell wall of the abaxial epider-
mis, L ad st – length of a stomata of the adaxial epidermis, H ad st – width of a stomata of the adaxial epidermis, N ad 
st – number of stomata of the adaxial epidermis, L ab st – length of a stomata of the abaxial epidermis, H ab st – width 
of a stomata of the abaxial epidermis, N ab st – number of stomata of the abaxial epidermis, S ad ep – area of the adaxial 
epidermal cell, S ab ep – area of the abaxial epidermal cell.

С. perfoliata var. minor has got the thickest 
epidermis on the both leaf sides (essential epidermal 
cells were measured), compared to the other three 
species (Table 2). At the same time, there were no 
significant differences between the thicknesses of the 
outside cell wall of the epidermal cells. Additionally, 
the leaves of this species are covered in a layer of 
cells of epidermal origin with thick cell walls (Fig. 4, 
A, B). The area cross-section of these cells makes 
8702 ± 771 µm2 on the top side and 9444 ± 1751 µm2 

on the underside of the leaf (Fig. 4, B). 
Biochemical studies. Determination of lipid 

peroxidation level is important to understand how 
plants react to stress. MDA concentration depended 
on the species, temperature and the interaction be-
tween temperature and species (Table 3). Accumu-
lation of MDA by C. muscosa and C. lanuliginosa 
at 40°C and by all species at 50 °C showed that 
the plants were stressed by rapid temperature in-
crease. C. muscosa was the most stressed, where-
as C. brеvifolia – the least (Fig. 5, A). In addition, 
C. brеvifolia and С. perfoliata var. minor showed ac-
tivation of SOD when heated to 40 °C, which is one 
of the first antioxidant defense mechanisms in plants. 

Five-time increase of SOD activity in С. perfoliata 
var. minor indicates the availability of a powerful 
defense mechanism through usage of this particular 
enzyme (Fig. 5, B). The increase in temperature to 
50 °C increased SOD activity just in C. muscosa, 
whereas in other species SOD activity remained the 
same as in the control sample. SOD did not partici-
pate in antioxidant defense against hyperthermia in 
representatives of C. lanuliginosa. SOD activity was 
significantly affected by temperature, species and 
their interaction (Table 3).

Pigments content and peroxidase activity were 
significantly affected by temperature, species and 
their interaction (Table 3). 

C. muscosa samples displayed an increase in 
peroxidase activity with slight increase in temper
ture, whereas when rapidly heated to 50 °C, the 
plants showed no signs of its increase (Fig. 5, C). For 
C. lanuliginosa, peroxidase activity increased only 
at 50 °C. A five-time increase of peroxidase activity 
for C. brеvifolia plants both at 40 °C and 50  °C 
shows that the enzyme is the most engaged in an-
tioxidant defense against hyperthermia for this spe-
cies. Peroxidase activity in С. рerfoliata var. minor 
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Fig. 1. Microscope photograph of C. muscosa leaf: A) leaf cross-section (dyed with safranin, sudan, I2-KI), 
B) abaxial leaf epidermis (dyed with safranin): 1 – adaxial epidermis, 2 – water-storage parenchyma; 3– 
idioblasts; 4 – stomata

A B

Fig. 2. Microscope photograph of C. lanuliginosa leaf: A) leaf cross-section (dyed with safranin, sudan, I2-
KI), B) abaxial leaf epidermis (dyed with safranin): 1 – adaxial epidermis, 2 – water- storage parenchyma; 
3– idioblast; 4 – non glandular trichomes

A B

did not change with temperature, although under the 
control conditions the species had a much higher ac-
tivity of the enzyme compared to other species and 
a tendency for its decrease while the temperature 
rises to 50 °C. This may indicate a depletion of the 
available enzyme pool under stressful conditions.

Plants growing in high temperate regions 
are often exposed to stress. Photosynthesis is one 
of the metabolic processes most sensitive to high 
temperature stress, and it is often inhibited before 
other cellular functions [29]. According to the re-

sults of our study, a short-term temperature increase 
had different effects on the pigment systems of the 
plants investigated. Namely, the amount of flavo-
noids rapidly increased at 50 °C in all species except 
С. perfoliata var. minor (Fig. 6, A). At the same time, 
no reliable change in flavonoid content was detected 
at 40 °C. Only a small decrease of these substances 
was detected. It is worth mentioning that for control 
groups under no stress, flavonoid content in C. mus-
cosa and С. perfoliata var. minor was twice more 
than in the other two species.
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Fig. 3. Microscope photograph of C. brevifolia leaf: A) leaf cross-section (dyed with safranin, sudan, I2-KI), 
B) abaxial leaf epidermis (dyed with safranin): 1 – adaxial epidermis, 2 – water- storage parenchyma; 3– idi-
oblast; 4 – stomata

Fig. 4. Microscope photograph of C. perfoliata var.minor leaf: A) leaf cross-section (dyed with safranin, su-
dan, I2-KI), B) abaxial leaf epidermis (dyed with safranin): 1 – adaxial epidermis, 2 – water- storage paren-
chyma; 3– idioblast; 4 – cells of epidermal origin with thick cell walls

A B

A B

In control, leaves of C. brеvifolia and С. per-
foliata var. minor contain less chlorophyll of both 
types and carotinoids compared to the other two 
species (Fig. 6, B, C, D). For C. brеvifolia, neither 
chlorophyll nor carotinoid content changed under 
temperature stress. For C. muscosa and С. perfolia-
ta var. minor, chlorophyll a and b content increased 
when heated to 40 °C, which was almost twice for 
С. perfoliata var. minor. Heating the plants to 50 °C 
caused an increase of chlorophyll a and b content 
in C. muscosa and C. lanulaginosa, and a decrease 
in С. perfoliata var. minor. Hyperthermia has also 

affected the species differently when it comes to 
carotinoid contents. Indeed, an increase of caroti-
noid levels was detected at 50 °C for C. muscosa and 
C. lanulaginosa; a decrease for C. lanulaginosa at 
40 °C and in С. perfoliata var. minor at 50 °C. 

Chlorophyll a to b and chlorophylls to 
carotenoids ratios for C. brеvifolia remained the 
same at both 40 and 50 °C (Fig. 6, E, F). Other three 
investigated species showed a reliable decrease of 
chlorophyll a/b at 40°C. Exposure to 50 °C caused a 
decrease of the parameter related to control only in 
C. lanuliginosa, while no change was observed in 
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Fig.5. State of the antioxidant system and lipid peroxidation under hyperthermia. POX – peroxidase, FM – 
fresh weight. Different letters indicate significant differences inside the parameters and species the same let-
ters indicate no difference at P < 0.05
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the other species. At the same time, when the plants 
were exposed to 50 °C, the amounts of both chloro-
phyll types increased more evenly.

Just as in the previous results, hyperthermia 
did not influence the chlorophylls/carotenoids ratio 
for C. brеvifolia. For the other species, less inten-
sive heating caused an increase of the ratio, while 
short-term exposure to 50 °C didn’t affect it. Thus, 
only chlorophylls concentration increased at 40 °C 
whereas content both chlorophylls and carotenoids 
increased at 50 °C. 

For better understanding adaptive strategies we 
analyzed changes of biochemical parameters under 
conditions of abrupt hyperthermia in four species of 
Crassula L. genus and their anatomical features. 

C. brеvifolia plants have distinguished xero-
morphous features: the thickest leaf with well-de-
veloped water-conducting parenchyma, the small-
est epidermocytes with a lignified outer cell wall 
and a thick cuticle. The latter indicators, in addi-
tion to increasing drought resistance, also increase 

the heat resistance of the plant. Such resilience is 
also confirmed by data coming from our research 
across the years, namely: long-term (week-long) in-
crease of the greenhouse temperature to 50 °C does 
not impact significantly growth and development 
of C. brеvifolia. Also, C. brеvifolia was the most 
resilient to sharp temperature changes on the bio-
chemical level, which manifested in weak increase 
of lipid peroxidation, activation of powerful antioxi-
dant protection mechanisms represented by SOD, 
peroxidase and flavonoids and in the stability of the 
photosynthetic system. Increase of SOD and peroxi-
dase activity under lesser stress (40 °C) occurs, first 
and foremost, due to activation of existing enzymes, 
which was confirmed by our researchers [14, 30]. At 
the same time, according to literature data, a more 
intensive stress caused a faster and stronger activa-
tion of available antioxidant enzymes during the first 
several hours, more intensive usage of the enzyme 
pool for neutralizing of the formed free radicals, 
after which a decrease in activity was observed 



118

ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 4

T a b l e  3. Two-way ANOVA of the parameters 
measured in plants of Crassula brevifolia, C. lan-
uliginosa, C. muscosa and С. perfoliata var. minor, 
exposed to heat stress at temperatures of 40 °C and 
26 °C in control group

Source F (DFn, DFd) P value
Malone dialdehyde

Temperature F (2, 48) = 118.8 P < 0.0001*
Species F (3, 48) = 19.70 P < 0.0001*
Interaction F (6, 48) = 9.446 P < 0.0001*

Superoxide dismutase
Temperature F (2, 44) = 28.44 P < 0.0001*
Species F (3, 44) = 8.874 P = 0.0001*
Interaction F (6, 44) = 34.80 P < 0.0001*

Peroxidase
Temperature F (2, 44) = 4.767 P = 0.0134*
Species F (3, 44) = 22.18 P < 0.0001*
Interaction F (6, 44) = 4.064 P = 0.0025*

Flavonoids
Temperature F (2, 48) = 37.23 P < 0.0001*
Species F (3, 48) = 5.989 P = 0.0015*
Interaction F (6, 48) = 6.980 P < 0.0001*

Protein
Temperature F (2, 48) = 38.27 P < 0,0001*
Species F (3, 48) = 43.50 P < 0.0001*
Interaction F (6, 48) = 26,03 P < 0.0001*

Chlorophyll a
Temperature F (2, 48) = 27.77 P < 0.0001*
Species F (3, 48) = 291.2 P < 0.0001*
Interaction F (6, 48) = 61.31 P < 0.0001*

Chlorophyll b
Temperature F (2, 48) = 36.48 P < 0.0001*
Species F (3, 48) = 85.81 P < 0.0001*
Interaction F (6, 48) = 26.88 P < 0.0001*

Carotenoids
Temperature F (2, 48) = 20.05 P < 0.0001*
Species F (3, 48) = 147.7 P < 0.0001*
Interaction F (6, 48) = 30.38 P < 0.0001*

*Significant differences within one of three variables –
temperature, species, or their interactions.

[30‑32]. Since MDA level at 50 °C was the lowest in 
C. brеvifolia, compared to other species, the lower 
SOD activity level at 50 °C compared to 40 °C might 
be explained as faster depletion of available enzymes 
for antioxidant needs, which might be an indication 
of efficient performance of the antioxidant system at 
this level. Increase of peroxidase activity in response 
to high temperature treatment was also confirmed by 
other researchers [33, 34]. At the same time, other 
species displayed somewhat different results as for 
the role of peroxidase in the antioxidant response to 
high temperature: peroxidase activity increased or 
stayed the same for rhododendrons and haworthias 
[15]; activity increased, decreased or stayed the same 
[16, 34]. 

Anatomical structure studies has shown that 
representatives of С. perfoliata var. minor are the 
most xerophytous by such features as: the thickest 
epidermis, small epidermal cells, the smallest 
amount of stomata, a thick leaf with well-developed 
water-conducting parenchyma, presence of trans-
formed epidermal air-conducting cells with thick 
cell walls, which comprise an additional full layer 
by connecting of apical cell parts. Such air-filled 
cells may also effectively protect the plant internal 
structures from overheating. Such anatomical pro-
tection helps plants withstand a sharp rise in tem-
perature by reducing the stress influence on internal 
leaf structures. In addition, these plants effective 
controlled the oxidative stress by the antioxidant 
system under hyperthermia. С. perfoliata var. mi-
nor plants had an absence of lipid peroxidation at 
40 °C. This fact was influenced by very high SOD 
at 40 °C (like to C. brеvifolia) and peroxidase ac-
tivity under control conditions; also, an increase of 
chlorophyll a and b amounts at 40 °C was noted. 
However, at 50 °C, disruption of the pigments of the 
photosynthetic systems was observed in С. perfo-
liata var. minor plants: chlorophyll a and b amounts 
are halved in comparison with the control sample. 
Therefore it can be stated that rapid increase of 
the temperature to 40 °C does not affect the photo-
synthetic system of the studied species negatively, 
whereas 50 °C is destructive for the said system of 
С. perfoliata var. minor. The pigment system of this 
particular species proved to be the least resistant to 
intensive hyperthermia (50 °C). According to litera-
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Fig. 6. Indicators of pigment complex before and after exposure to high temperature. Different letters indicate 
significant differences inside the parameters and species the same letters indicate no difference at P < 0.05

C
hl

or
op

hy
ll 

A
, m

g/
g D

M

15

10

5

0
C   40   50      C   40  50      C    40  50      C    40  50

C.muscosa         C.lanuliginosa    C.brevifolia        C.perfoliata

B

Fl
av

on
oi

ds
, %

4

3

2

0
C   40   50      C   40   50      C   40   50     C    40   50

C.muscosa      C.lanuliginosa     C.brevifolia        C.perfoliata

A

1

C
hl

or
op

hy
ll 

B,
 m

g/
g D

M
 

6

2

0
C   40   50      C   40   50      C   40   50      C   40   50

C.muscosa      C.lanuliginosa     C.brevifolia        C.perfoliata

C

4
C

ar
ot

en
oi

ds
,m

g/
g D

M
 

4

2

1

0
C   40   50      C   40   50     C    40   50     C    40   50

C.muscosa       C.lanuliginosa     C.brevifolia        C.perfoliata

D

3

C
hl

or
op

hy
ll 

A
/B

4

2

1

0
C   40  50       C   40   50      C   40  50      C    40   50

C.muscosa      C.lanuliginosa      C.brevifolia        C.perfoliata

E

3

C
hl

or
op

hy
lls

/c
ar

ot
en

oi
ds 8

4

2

0
C   40  50       C   40   50      C   40   50      C   40   50

C.muscosa      C.lanuliginosa     C.brevifolia        C.perfoliata

F

6

10

ture sources, negative effect of high temperature on 
the photosynthesis-involved pigments is more com-
mon, especially in case of long-term exposure [29, 
35, 36]. At the same time, our results from studying 
the Crassula genus representatives as well as other 

species [15-17] show varied influence of short-term 
hyperthermia, even among representatives the same 
genus: one species might have an increase of chlo-
rophyll and carotenoid amounts as a stress response 
(for example C. muscosa), while in another the said 
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amounts stay stable (for example in C. brеvifolia) or 
decrease of pigments numbers (С. perfoliata var. mi-
nor at 50 °C). In our opinion, such differences might 
primarily depend on the anatomical structure of the 
species. At the same time, С. perfoliata var. minor 
plants can endure longstanding exposure to high 
temperature in greenhouse conditions during sum-
mer, which can be explained by adaptation of the 
photosynthetic system to such conditions. 

At the same time, the least xerophyte features 
were found in representatives of C. muscosa. C. mus-
cosa has no additional protection on the epidermal 
level, unlike the other three species. It has the larg-
est stomata and epidermal cells, a larger number of 
stomata, which cool the plant by more intense tran-
spiration at the first stades of heating. On the other 
hand, C. muscosa leaves stick closely together, en-
suring protection for the bottom leaves by the top 
ones, which also can improves its heat resistance. 
Absence an additional epidermal protection may be 
accompanied by the stress influence of high tempera
ture on internal leaf structures. Similar results were 
observed on haworthias and representatives of the 
Cactaceae family [15, 16, 37] and rhododendrons, 
where the least heat-resistant species were those 
which had the thinnest leaves, thinner outside cell 
walls and larger epidermal cell surface areas [38]. 
In C. muscosa, hyperthermia caused stress already 
at 40 °C, and at 50 °C the MDA content was tripled. 
With less intensive heating, peroxidase was activated 
and chlorophyll a and b contents increased. Decrease 
of value chlorophyll a/b at 40 °C for this and other 
species (exept C. brеvifolia) is caused by a more in-
tensive synthesis of chlorophyll b than chlorophyll 
a under light temperature stress. However, at 50 °C, 
the species had its SOD (activity tripling), carotenoid 
and chlorophyll protective mechanisms enabled. The 
level of constitutive peroxidase activity in C. mus-
cosa is very low. This might be the reason why per-
oxidase doesn’t take part in the antioxidant reaction 
under intensive high-temperature influence in this 
species (as opposed to C. brеvifolia and С. perfolia-
ta var. minor). On the anatomical level, C. muscosa 
is also worse protected, and therefore more MDA 
is accumulated in comparison to C. brеvifolia and 
С. perfoliata var. minor; as a consequence, it is pos-
sible that under intensive temperature stress (50 °C), 
additional protective measures, such as synthesis of 
additional SOD, flavonoids, carotenoids and chlo-
rophylls are enabled. Compensatory interactions of 
different antioxidants are also described in studies by 

other researchers, namely – when some antioxidant 
enzymes are suppressed, others activate [39]; de-
crease of peroxidase activity is accompanied by ex-
tra carotinoid synthesis [40]. According to literature 
data, the increase of hyper- or hypothermia causes 
a uniform decrease of SOD activity in many plant 
species [15, 16, 41]. Some researchers studied multi-
directional reaction SOD on heat stress in plants of 
different species, indicating different ways to adapt 
[34, 42, 43]. Thus, our research has confirmed the 
species-dependant (Table 3) SOD reaction to high-
temperature stress [15, 16]. 

A specific distinction of the succulent leaves of 
C. lanuliginosa is the presence of simple single-cell 
trichomes on the both sides. However, such pubes-
cence is not dense enough to provide intense pro-
tection against heat. At the same time, these plants 
have the mechanism of overheating protection by 
increasing transpiration and cool the plant (they have 
the largest epidermal cells, a larger number of sto-
mata). However, such a mechanism turned out not ef-
fective enough against short-term high temperature 
action. C. lanuliginosa showed a two-fold increase 
in MDA level at 40 °C and a five-time increase at 
50 °C, which is the highest stress level among the 
studied species. Also, its antioxidant protection 
was insignificant. Indeed, protective mechanisms 
only started working 50 °C: peroxidase activity 
was scarce and increased five times with heating, 
but the activity was very low compared to that of 
other species; flavonoid, chlorophyll and carotenoid 
amounts increase. It can be explained by involving 
of additional protective mechanisms by plants with 
weak protection from high temperature at the ana-
tomical level, similar to C. muscosa. The acquired 
results of flavonoid reaction to temperature stress 
are confirmed in literature: indeed, flavonoid con-
tent increased or stayed the same, had different reac-
tion in different genera of the Cactaceae family [16], 
decreased [15, 44]. Lower resistance to hyperthermia 
of C. lanuliginosa and C. muscosa is also confirmed 
by many years of observation during introduction. 
Namely, week-long exposure to high temperature 
(50 °C) caused burnt leaf edges in C. muscosa and 
decreased growth rate in C. lanuliginosa. We did not 
detect any influence of short-term hyperthermia on 
growth and development of the investigated species: 
within a month after exposure to heat plants of all 
studied species showed morphometric characteris-
tics similar to the control plants.

In conclusion, in can be stated, that antioxidant 
response to short-term temperature impact varies 
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from species to species as well as for different genera 
by its direction and intensity and depends on the an-
atomical structure of the plant. Having analyzed the 
results from studying the species of the Crassula ge-
nus and also other species from our previous studies 
as well as literature data, we have discovered distinct 
trends. С. perfoliata var. minor and C. brеvifolia, 
having the most xerophyte features among the four 
species, which additionally protect against the effects 
of high temperature (thicker leaf blades (improved 
water-storing tissue), thicker epidermis, smaller epi-
dermal cells), showed better heat-resistance than the 
other two species of this genus. More effective pro-
tection at the anatomical level and a powerful anti-
oxidant protection under rapid heating are accompa-
nied by a smaller increase in the lipid peroxidation 
level due to stress. Moreover, thickened leaf and 
epidermis may contribute to the partial avoidance of 
lipid peroxidation. C. lanuliginosa and C. muscosa 
plants are less heat-resistant among the studied spe-
cies. The weak protection from high temperature at 
the anatomical level (thinner leaf blades and epider-
mis, larger epidermal cells and number of stomata) 
and an insufficient activity of SOD and peroxidase 
in C. lanuliginosa were accompanied by a greater 
accumulation of MDA due to hyperthermia. On the 
other hand, additional protective mechanisms were 
involved in these plants, such as increased carote-
noids, chlorophylls and flavonoids contents. 
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Відповідь рослин роду Crassula 
на температурний стрес 
залежить від анатомічної 
структури і антиоксидантної 
системи

Н. В. Нужина, М. М. Гайдаржи, 
А. В. Голубенко

ННЦ «Інститут біології та медицини», 
Київський національний університет 

імені Тараса Шевченка, Україна;
e-mail: nuzhynan@gmail.com

Одним із найважливіших факторів, які за-
безпечують виживання рослин, є стійкість до ви-
сокої температури навколишнього середовища, 
що залежить від біохімічної системи захисту 
рослин, а також від їхніх структурних особли-
востей. Метою роботи було оцінити показники 
антиоксидантної системи та анатомо-морфоло-
гічні особливості чотирьох видів роду Crassula 
Linne в умовах різкої гіпертермії. Рослини 
Crassula brevifolia Harvey, Crassula lanuliginosa 
Harvey, Crassula muscosa Linne and Сrassula 
perfoliata var. minor (Haworth) G. D. Rowley три-
мали в повітряних термостатах при 40 °С та 50 
°С протягом 3 год, температура контролю була 
26  °С. Відповідь на стрес оцінювали за актив-
ністю супероксиддисмутази і пероксидази, ак-
тивними продуктами ТБК та вмістом пігментів. 
Показано, що антиоксидантна реакція на ко-
роткочасну високу температуру відрізняється в 
різних видів роду Crassula і залежить від анато-
мічних особливостей рослин. Підвищену актив-
ність СОД та пероксидази спостерігали в рос-
лин із ефективнішим захистом на анатомічному 
рівні. У менш жаростійких рослин внаслідок 
гіпертермії були залучені додаткові захисні ме-
ханізми, такі як підвищення вмісту каротиноїдів 
і флавоноїдів.

К л ю ч о в і  с л о ва: гіпертермія, перок-
сидаза, супероксиддисмутаза, пігменти, рід 
Crassula.
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