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The formation of chimera is a well-known phenomenon in variegated ornamental and wild plants,
but the biochemical peculiarities of this phenomenon are not well studied. The purpose of this work was to
conduct a comparative study of the photosynthetic apparatus functioning, the content of macro-, microele-
ments, flavonoids and brassinosteroids in the variegated and green leaves of the periclinal chimera Cornus
controversa plant grown in the collection of M. M. Gryshko National Botanical Garden of the NAS of Ukraine.
Sampling was made during the period from June to October 2022. The content of photosynthetic pigments and
brassinosteroids was measured spectrophotometrically, autofluorescence of leaf tissues was studied using
an inverted microscope with a multi-channel fluorescence imaging system, Normalized difference vegetation
index (NDVI) — using GreenSeeker devices and fluorimeter, the level of macro- and microelements — using
plasma emission spectrometer. Phenolic secondary metabolites were separated by HPTLC. To assess the pro-
tective capacity of flavonoids, a bioassay on the germination of radish seeds Raphanus sativus var. radicula in
the presence of AICI, was used. It was shown that green leaves of C. controversa chimera, compared to varie-
gated ones, had a twice as high NDVI index, maintained photosynthetic function longer in autumn, and had
higher content of macronutrients (Mg, Ca and S) but lower concentration of toxic metals (Al, Cu, Fe, Zn, Ti).
Instead, variegated leaves accumulated more brassinosteroids and phenolic metabolites, which were found
not only to reduce the toxic effect of aluminum but also to have a growth-stimulating effect on the roots of
radish seedlings. Such specialization of green and variegated leaves may contribute to better plant chimeras
adaptation to environmental pollution.

Keywords: periclinal chimera, Cornus controversa, photosynthetic pigments, NDVI index, tissue autofluo-
rescence, macroelements, microelements, phenolic metabolites, brassinosteroids.

ariegation is the appearance of differently
V colored zones on the surface of leaves,

stems and fruits of plants. It is a common
phenomenon in the plant world, described for more
than 1,700 plant species [1, 2]. In nature, species with
variegated individuals are usually found in low-light
undergrowth of deciduous forests or in other habi-
tats beyond their ecological optimum, suggesting
the possible adaptive nature of this trait. Variegation
may be both genetically determined and a pheno-
typic response to external conditions [1].

Because of their aesthetic appeal, variegated
forms are widely used in modern horticulture. In this
context, the origin of variegation and the molecular
mechanisms responsible for the inheritance of this
trait are being actively investigated [1]. To date, two
types of variegation have been established: (1) struc-
tural and (2) pigmentary, which is associated with
the formation of abnormal plastids [3].

Despite a considerable number of studies on the
physiological manifestations of variegation, there are
still more questions than answers [2, 4, 5]. Although
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variegation slows plant growth due to reduced photo-
synthetic productivity, it has a number of advantages
under certain conditions. In particular, Abadie et al.
[6] studied the growth and metabolism of the varie-
gated form of Pelargoniumxhortorum L. H. Bailey,
showed that under conditions of nitrogen deficiency,
such plants accumulate leaf biomass more intensive-
ly and age more slowly than green plants. Differen-
ces in carbohydrate and amino acid metabolism of
green and variegated leaves of Coleus blumei Benth.
were found in the studies of Madore [7]. In particu-
lar, raffinose sugars were identified in green tissues,
whereas in variegated tissues, sugars were hydro-
lyzed and converted into amino acids and organic
acids. A comparative analysis of the metabolism in
the mesophyll of non-chlorophyll, variegated and
green leaves of Camellia sinensis showed that the
content of amino acids and tannin was higher in the
tissues of non-chlorophyll leaves than in variegated
and green leaves. Intensification of lipid metabolism,
retardation of sugar synthesis and increased content
of amino acids in non-chlorophyll leaves of Hydran-
gea macrophylla “Maculata” compared to green
leaves were shown by Li et al. [8].

Some differences in the functioning of enzy-
matic and non-enzymatic antioxidant protection
systems were also noted. So, it was shown that the
redox regulatory system in green leaves of Pelargo-
nium zonale was based on ascorbate and activity as-
sociated with thylakoids, ascorbate peroxidase, and
catalase. At the same time, ascorbate was localized
mainly in the nucleus, peroxisomes, plastids, and
mitochondria. On the other hand, chlorophyll-free
leaves contained a higher amount of glutathione,
which was mainly localized in mitochondria. The
enzymatic antioxidant system in these tissues con-
sisted of the ascorbate-glutathione cycle and Mn and
Cu/Zn superoxide dismutase [9].

There is no consensus regarding tolerance to
environmental stresses in variegated and green
forms. On the one hand, due to the lower photosyn-
thetic function and growth, variegated forms are
supposed to be inferior to green ones in this respect
[10]. However, there is evidence that variegation
helps protect plants from ultraviolet radiation and
low temperatures [11, 12].

The aim of our work was to study the peculiari-
ties of photosynthetic function, non-enzymatic anti-
oxidant accumulation and distribution of macro- and
microelements in variegated and green leaves of the
periclinal chimera Cornus controversa Hemsl.
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Chimera refers to the fusion of two different
forms in one individual. It usually arises from a bud,
either apical or lateral. Depending on the location
and nature of the arrangement of heterogeneous cells
in the meristem layers, such plants are divided into
periclinal, mericlinal, sectorial chimeras, and those
with heterogeneous areas of cells without a pattern
[13]. The periclinal chimera is the only stable type,
while the other three are unstable. Periclinal chime-
ras are attractive to breeders because they can be
used to transfer disease resistance and other useful
traits [14].

The phenomenon of heterogenomicity in the
plant kingdom has served as a tool for investigating
fundamental questions of internal communications
between dissimilar parts of a chimera organism. Un-
til now, little understanding has been reached con-
cerning the biological basis for the observed hetero-
genomicity. Today, there is very little knowledge
about the biological sense of heterogenomic compat-
ibility and the beneficial versus detrimental conse-
quences of the observed genomic combinations.

The periclinal chimeras with shoots that dif-
fer in the content of photosynthetic pigments are an
interesting object for in-depth physiological studies
of the relationship between photosynthesis and re-
lated physiological processes. Our analysis of the
literature revealed that no such research had been
conducted using Cornus controversa chimera as a
target plant. Besides, as the object of our study was
cultivated under stressful conditions due to techno-
genic pollution, it was interesting to check whether
heterogenomicity gives any advantage to chimera to
survive in an urbanized environment.

Material and Methods

Plant material. Five plants of the periclinal
chimera of Cornus controversa ‘Variegata’, which
has both natural type shoots with green leaves
and variegated ones and grown in the collection
of the fruit plant acclimatization department of the
M. M. Gryshko National Botanical Garden of the
National Academy of Sciences of Ukraine (Kyiv),
were used for the study.

Cornus controversa is a deciduous tree of the
Cornaceae family (Fig. 1), which is widely used
as an ornamental and medicinal plant. The natural
habitat of this species is East and Southeast Asia
(China, Bhutan, North India, Japan, Myanmar, Ko-
rea, Nepal) [15]. The pharmacological properties of
C. controversa are associated with a rich content of
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ursolic acid, tannin [15-17], flavonoids, terpenoids,
glycosides, including the iridoid loganin [17]. The
content of the latter in the leaves of C. controversa
in the spring period can reach 3.2% [16].

Sampling was made during the period of active
vegetative growth (02.06.2022), fruiting (02.06.2022)
and the end of the growing season (04.10.2022).
Green and variegated leaves (10 green and 10 varie-
gated from each of the 5 chimeras) were collected
together with the rhizosphere soil (depth of sampling
20-30 cm). Photosynthetic pigments, flavonoids and
brassinosteroids were determined in fresh foliar tis-
sues. While air dry plant material was used for mac-
ro- and microelement analysis. Soil samples were
air dried and sieved through a 2 mm sieve before
analytic procedures.

Measurement of foliar tissue autofluorescence.
The autofluorescence of leaf tissues was exam-
ined by inverted microscopy using a multichannel
fluorescence imaging system (EVOS FL System,
ThermoFisher Scientific, USA) with the filters
DAPI (k= 357/44 nm; A = 447/60 nm), GFP
(A, = 482/25 nm; A, = 524/24 nm) and Texas Red
(A, = 585/29 nm; Aem = 628/32 nm). Photographic
documentation and digital image processing were
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performed with the specialized program Image-Pro
Premier 9.0 (Media Cybernetics, USA).

Measurement of chlorophyll content and ef-
fective quantum yield of photochemical energy
conversion in PSII. For the analysis, 30 variegated
and green leaves, located in the middle part of the
crown of the periclinal chimera of C. controversa,
were randomly selected. Chlorophyll content in
leaves was determined using a field Chlorophyll
Meter SPAD 502 (Konica Minolta, Japan) [18]. Pho-
tosynthetic pigments were extracted from the leaves
with dimethyl sulfoxide [19]. The optical density was
measured with a SPECORD 200 (Analytik Jena,
Germany, 2003) at 665 nm for chlorophyll a, 649 nm
for chlorophyll b, and 480 nm for carotenoids [20].

The quantum vyield of electron transport
(Y(II)), which determines the effective quantum
yield of photochemical energy conversion to PSII,
was determined using a field fluorimeter Y(II)
meter&PlantStress Kit (Opti-Sciencesinc., USA)
and calculated using the formula (F'm — Fs)/F'm.
The maximum quantum yield of photosystem Il was
estimated after 20 min of dark adaptation, according
to the formula Fv/Fm = (Fm — Fo)/Fm [21].

Fig. 1. Periclinal chimera Cornus controversa (a), adaxial (b) and abaxial (c) surfaces of green and varie-

gated leaves
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The NDVI index, which reflects the relative
amount of photosynthetically active biomass, was
determined using GreenSeeker (Trimble, Sunnyvale,
California, CA, USA) [22, 23].

Chromatography procedures. The separation
of phenolics was carried out by the method of high-
performance thin-layer chromatography (HPTLC)
on Silicagel G 60 plates (Merck, Germany) in the
solvent system: ethyl acetate-formic acid-acetic ac-
id-water (v/v/v/v — 100:11:11:25). The resulting chro-
matograms were treated with 0.5% NP-reagent in
ethyl acetate followed by treatment with 1.0% PEG
and heating at 90°C for 1 min. Flavonoids and other
polyphenols were detected in the chromatogram
under ultraviolet light (A = 365 nm). The Rf indica-
tor (retention index) of substances was determined
photodensitometrically using the Sorbfil TLC Video-
densitometer program). Purified solutions containing
these flavonoids were obtained by eluting with a
sorbent on a chromatographic plate.

Quantitative measurements of chemical ele-
ments. The preparation of the soil samples for the
analysis of the content of macro- and microelements
was carried out according to the Rinkis & Nolendorf
method [24]. Acid-soluble forms of metal cations and
other chemical elements were extracted usinga 1.0 N
solution of nitric acid (HNO,). Preparation of plant
samples for analysis was done by wet ashing with
a solution of high purity nitric acid using Speed-
wave Xpert DAP-60X (Berghof, GmbH, Germany),
a special system for microwave decomposition of
samples. The concentrations of chemical elements
in the solution were measured using an ICAP 6300
DUO plasma emission spectrometer (Thermo Fisher
Scientific, USA). The relative uncertainty ranged
from 7 to 12% for different chemical elements.

Quantitative assessment of brassinosteroids.
For the analysis of brassinosteroids, samples (leaves)
were transferred to a dark climate chamber at —8°C.
The extraction was carried out in two steps: the first
step with ethyl acetate (three times, 5 ml each) from
the aqueous tissue extract (1 g tissue + 5 ml extrac-
tion solution). The ethyl acetate fraction was evapo-
rated under vacuum, and the residue was extracted
with cyclohexane (5 ml). The second step of extrac-
tion was performed with a mixture of ethanol and
water (4: 1) (three times, 5 ml each) from the phase
containing cyclohexane. The ethanol extract was
evaporated under vacuum, and the residue was dis-
solved in a small amount of ethyl acetate. The con-
tent of brassinosteroids was measured spectrophoto-
metrically at a wavelength of 450 nm [25] using a
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spectrophotometer SPECORD 200 (Analytik Jena,
Germany, 2003).

Assessment of protective effects of C. contro-
versa secondary metabolites. The possible protective
effect of phenolic secondary metabolites of C. con-
troversa against toxic aluminum concentrations
was assessed using bioassay on growth reactions of
Raphanus sativus var. radicula. The choice of rad-
ish as an object is explained by the rapid growth of
its seedlings, high germination rate and fairly high
sensitivity to various toxicants. The radish seeds
were surface sterilized with 1% sodium hypochlo-
rite, washed with sterilized tap water and allowed to
germinate in thermostat (28°C) in the dark for 24 h
on two layers of filter paper saturated with sterilized
tap water. After germination, uniform seedlings with
1-2 mm roots were transferred to Petri dishes with
filter paper disks moistened with AICI, (20 mg/ml)
solution alone (control) or in the presence of puri-
fied C. controversa flavonoids obtained by elution
with a sorbent on a chromatographic plate. Radish
test plants were grown in a controlled environment
chamber at +24-26°C, 14/10 h light/dark cycle and
light at 80 umol photons for 3 days. At the end of the
bioassay the shoot and root lengths of radish seed-
lings were measured.

Statistical analysis. The results are presented
as mean + standard error (m £ SE). The reliability of
the difference (P < 0.05) between the obtained data
was determined by the method of variance analysis
(one-factor variance analysis) using Tukey’s a poste-
riori test in the XLSTAT program (Addinsoft Inc.,
USA, 2010).

Results and Discussion

Comparative micromorphological analysis of
green and variegated leaves. Analysis of the micro-
morphological characteristics of green and varie-
gated leaves of C. controversa chimera revealed
some differences. In particular, cuticular folds up to
18-20 microns high are formed on the lower (abaxial)
surface of green leaves. They surround the stomata
with a dense ring and create a barrier to horizontal
air currents, reducing transpiration moisture loss and
generally improving the microclimatic conditions
on the lower leaf surface. In addition to optimizing
the water regime, cuticular folds may have another
adaptive value, such as reducing insects’ adhesion
to plant surfaces [26]. Interestingly, the described
micromorphological structures are rather rare in de-
ciduous trees and shrubs of the temperate zone [27].
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In variegated leaves, these folds were less pro-
nounced. Ridge height reduced to 10-12 mm. The
diameter of the folds also was reduced. The inten-
sity of autofluorescence of variegated leaves in the
green spectrum (A, = 482/25 nm; A, = 524/24 nm),
which reflects the presence of secondary metabo-
lites such as cuticular waxes and terpenoids was also
lower compared to green leaves. The cuticle of the
upper epidermis in variegated leaves was also less
developed and had less intense fluorescence.

Secondary metabolites, including phenolic
acids and other products of phenylpropanoid synthe-
sis, are normally formed in plastids and accumulate
in the protoplasts of leaf cells, with the exception
of polyphenolic compounds, which are components
of the cell wall [28]. Phenolic secondary metabolites
are usually optically active and their distribution
is well visualized in cross-sections. Microscopic
studies have shown that phenolic compounds in
green leaves of C. controversa chimera were locali-
zed mainly in the cell walls of the upper epidermis
and in the cuticular folds (Fig. 2).

Relative intensity

A different trend was observed in variegated
leaves. In the blue spectrum, the cell walls of the
upper epidermis, as well as individual cells of the
mesophyll, were intensely fluorescent. The distri-
bution of metabolites with intense fluorescence in
variegated leaves was uneven. The intensity of the
autofluorescence of the folds on the lower (abaxial)
surface of the variegated leaves was significantly
lower than that of green leaves.

After processing the leaf samples with a natural
(NP) reagent capable of enhancing the fluorescence
of phenolic compounds (including flavonoids), an
increase in the fluorescence of the folds of the lower
epidermis was observed in green leaves (Fig. 2, c).
At the same time, in variegated leaves, the intensity
of the autofluorescence of the cell walls of the up-
per epidermis and the underlying layer of mesophyll
cells increased in the blue spectrum (Fig. 2, f).

In the red spectrum, the autofluorescence in-
tensity of the leaf tissues is mainly determined by
the ability of chlorophyll and carotenoids to absorb
electromagnetic energy and emit it in the orange and

Relative intensity

0 17 33 50 66 83 99 116
Linear profile, um

132 149

Fig. 2. Profiles of autofluorescence of green (b, c) (green color) and variegated (e, f) (blue color) leaves of
Cornus controversa chimera in the blue spectrum (1, = 447/60 nm); LE — lower epidermis, MF — mesophyll,
UE - upper epidermis: before (a-c) and after (d-f) treatment with NP-reagent
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red spectra. In addition, lignin also exhibits optical
activity in this part of the spectrum. In green leaves,
the most intense fluorescence was observed in the
mesophyll of the upper part of the leaf, as well as
in the cuticular folds of the lower epidermis. At the
same time, less fluorescence was observed in varie-
gated leaves. After tissue treatment with the NP rea-
gent, the fluorescence of the protoplasts of the upper
epidermis and mesophyll in the upper part of the
leaf blade increased in the red part of the spectrum
(Fig. 3).

In variegated leaves, groups of cells containing
optically active products were found. The intensity
of their fluorescence almost did not change along the
foliar blade linear profile. Such groups of cells were
absent in green leaves. Fluorescence profiles in the

80 -
LE MF

green part of the spectrum were similar to the trend
shown in Fig. 3.

To conclude, green leaves have more pro-
nounced ultrastructural formations providing me-
chanical protection against drying out, phytophages,
etc., such as better-developed cuticles of the upper
epidermis with more pronounced folds, which ac-
cumulate higher amounts of protective seconda-
ry metabolites. While variegated leaves have less
developed cuticles, their protective secondary me-
tabolites are evenly distributed along the foliar blade
linear profile.

Functional state of photosynthetic systems. The
contents of chlorophylls and carotenoids in the green
segments of variegated and in green leaves (Table 1)
were not significantly different in June and August.

UE

70 1

Relative intensity

CFE MF

Linear profile, um

Fig. 3. Profiles of autofluorescence of green (green curve) and variegated (blue curve) leaves of Cornus
controversa chimera after treatment with NP-reagent red spectrum (1, = 628/32 nm); LE — lower epidermis,
MF — mesophyll, UE — upper epidermis: a — linear graph, b — dissected green leaf; ¢ — dissected variegated

leaf

Table 1 Content of photosynthetic pigments (mg/g dry weight) in green segments of variegated and in green

leaves of Cornus controversa

Date of sampling
May August October
Sample

Chlorophyll Carote- Chlorophyll Carote- Chlorophyll Carote-

a b noids a b noids a b noids

Greenleaves 214+ 117+ 063+ 221+ 119+ 064+ 217+ 113+ 054 +

0.08 0.03 0.05 0.11 0.06 0.05 0.09* 0.04%* 0.03*

Variegated 234+ 123+ 064+ 231+ 126+ 069+ 254+ 136+ 0.64 +

leaves 0.09 0.05 0.04 0.08 0.05 0.04 0.08* 0.04%* 0.02%*

Note. Significant differences between green and variegated leaves are indicated with at *P < 0.05
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However, in October, the content of photosynthetic
pigments in the green segments of green leaves was
significantly higher than that of variegated leaves,
indicating earlier senescence of variegated leaves
compared to green leaves.

Fractal measurement is a very sensitive method
of obtaining spectral information about the geomet-
ric configuration, shape, reflectivity of leaves and
allows analysis of the adaptive potential of plants
[29-31].

The NDVI index, which reflects the proportion
of photosynthetically active biomass in green leaves
(0.80 = 0.07), was 2 times higher compared with
variegated leaves (0.39 + 0.11). Also, the quantum
yield of electron transport (Y(II)) was significantly
higher in the green leaves of Cornus controversa
compared to the green parts of variegated leaves.
This may be a compensatory mechanism that in-
creases the effective quantum yield of photochemical
energy conversion in PSII, which is affected by the
closure of reaction centers caused by the scattering
of light and heat involved in non-photochemical
guenching mechanisms, and is therefore sensitive to
many types of plant stress. Y(II) allows the process
of photosynthesis to be studied as it occurs. Dark
adaptation is not necessary.

At high levels of air pollution, AQI = 80, in
September 2022, a tendency to decrease the quan-
tum yield of electron transport was observed in the
green segments of variegated leaves (Table 2). In
the white part of the leaves, however, the quantum
yield of electron transport was not identified. With
the restoration of air quality, a tendency to increase
the levels of quantum yield of electronic transport
was observed on the green parts of variegated leaves
compared to green leaves. The quantum yield of
electron transport (Y(I1)) in leaves is also a direct
estimate of the stress state of plants under given en-
vironmental conditions. In conclusion, green leaves
maintained a more stable photosynthetic function
than variegated leaves under air pollution conditions.

In the test, after 20 min of dark adaptation, Fv/
Fm was determined, representing the maximum po-
tential quantum efficiency of PSII when all reaction
centers are open. 0.79-0.85 is an approximate opti-
mal value for most plant species, and lower values
indicate plant stress [32]. In the green part of the
variegated leaves, the value of Fv/Fm did not differ
significantly. The Fv/Fm index was not determined
in the white part of the leaves (Table 3).

To sum up, though the NDVI index in green
leaves was 2-fold as much as in variegated the in-

Table 2. The quantum vyield of electron trans-
port (Y(I)) in leaves of Cornus controversa (date of
analysis 09/05/2022 and 09/09/2022)

Y(I1)
05.09.2022 | 09.09.2022

Sample

Mean air quality
index (AQI)
Green leaves 0.77+0.04* | 0.72+0.05*
Variegated | Green area | 0.71+0.04* | 0.75+0.04*
leaves White area Not detected

Note. Significant differences between green and varie-
gated leaves are indicated with at *P < 0.05. AQI (Air
Quality Index) https://www.saveecobot.com/maps/Kyiv.

80 10

tensity of photosynthetic processes in the green
parts of variegated leaves was only slightly lower as
compared to green leaves during the period from ac-
tive vegetative growth till fruiting. At the end of the
growing season the aging of photosynthetic appara-
tus in green parts of variegated leaves was slower as
compared to green leaves.

Allocation of micro- and macroelements be-
tween the variegated and green leaves of Cornus
controversa chimera. The photosynthetic processes,
to a great extent, depend on mineral nutrition. Chlo-
rosis or weak pigmentation may indicate a deficiency
of certain mineral elements [33]. On the other hand,
it was established that chlorotic areas of variegated
leaves differ from green ones in their chemical com-
position. For example, chlorotic areas of citrus leaves
were deficient in P and K, while concentrations of
Fe, Mn and Zn were significantly higher as com-
pared to green leaves [34]. Although such observa-
tions of differences in the composition of macro- and
microelements in variegated and green leaves are
not rare, this phenomenon does not have a sufficient
physiological explanation today.

Table 3. Maximum quantum efficiency of elec-
tron transport (Fv/Fm) in the green and variegat-
ed leaves of Cornus controversa (date of analysis
09.09.2022)

Sample Fv/Fm = (Fm - Fo)/Fm
Green leaves 0.800%*
Variegated Green area 0.798*
leaves White area | Not detected

Note. Significant differences between green and varie-
gated leaves are indicated with at *P < 0.05
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Table 4. The content of chemical elements in the variegated and green leaves of Cornus controversa (mg/

kg)
Chemical June August
element Variegated Green Variegated Green
Al 403 £ 19%* 219 £ 10%* 182 £ 9** 97.0 £ 4.5%*
B 18.6 + 0.8 191+0.8 43.05 £ 2.01%* 28.13 & 1.24%**
Ba 12.8 £ 0.1%* 17.1 £ 0.8%* 22.35 £ 1.02%* 2974 £ 1.33%*
Ca 11825 + 52%* 16790 £ 792%* 17500 + 811 17540 + 802
Cu 921041 8.57 £0.37 13.34 £ 0.76* 10.45 + 0.49*
Fe 303 + 15%* 167 + 8%* 115 + 6** 94 + 5%*
K 22595 + 1033** 13530 =+ 642%* 12337 & 592%* 8720 + 415%*
Mg 2702 + 13%* 3310 & 154%* 3103 + 147** 2892 + 135%*
Mn 29.1 £ 1.2%* 34.5 + 1.5%* 32.3 + 1.48** 36.78 £ 1.72%*
Na 86.4+4.3 859+ 3.8 18.1 £ 0.9%* 11.5 + 0.5%*
P 3802 £ 182** 2075 £ 99** 2905 £ 144%** 1103 £ 51%*
S 8971 + 432 9476 + 465 12320 + 608 13360 * 632
Si 1281 £ 59** 1009 £ 51%* 1828 + 88** 1142 + 51**
Sr 35.04 £ 1.56** 50.50 & 2.41%** 39.26 + 1.75%* 54.0 £ 2.34%**
Ti 109.6 + 5.1%* 11.80 & 0.47** 11.5 £ 0.5%* 8.07 £ 0.37**
Zn 16.0 = 0.7%* 11.0 £ 0.5%* 22 & I** 14 &+ 1**

Note. Significant differences between green and variegated leaves are indicated with at *P < 0.05 and with at **P < 0.01

The results of our study demonstrated that the
allocation of micro- and macroelements differed
significantly in the variegated and green leaves of
C. controversa chimera. In particular, concentra-
tions of such macronutrients as Mg, Ca, S were sig-
nificantly higher in the green leaves, while content of
K, P as well as micronutrients such as Al, Cu, Fe, Si,
Zn was higher in variegated leaves (Table 4).

At the beginning of vegetation, the content of
rather toxic aluminum in depigmented parts of varie-
gated leaves was 1.8 times higher than in the green
leaves. At the same time, by the end of the growing
season, the content of this element, regardless of
pigmentation, decreased 2.2 times. This proves the
ability of C. controversa to effectively remove the
excess of this toxic metal from the assimilating or-
gans. However, it is interesting to note that the alu-
minum content in the rhizosphere soil under the
studied plant also decreased 1.2 times by the end of
the growing season.

It is known that aluminum prevents the entry of
phosphorus, calcium, and magnesium into plant tis-
sues, although we have revealed a rather interesting
feature regarding the accumulation of phosphorus
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and silicon, the content of which was 1.8 and 1.6
times higher, respectively, in the foliar tissues rich in
aluminum. A higher content of Mg and Ca in green
leaves reflected their higher photosynthetic activity
compared to the variegated ones. The lower content
of toxic metals such as Al, Cu, Fe, Zn, Ti observed in
green leaves compared to variegated leaves suggests
that the latter may extract toxic metals from green
leaves, thus protecting the photosynthetic apparatus
of the latter.

The analysis of the rhizosphere soil under
C. controversa shows a decrease in the concentra-
tion of most macro- and micronutrients towards the
end of the vegetation period, except for iron, sodium
and sulphur, whose content increased 1.2, 5.9 and 2.3
times, respectively (Table 6).

The higher accumulation of silicon in the varie-
gated leaves of C. controversa indicates their higher
tolerance to toxic metals due to the activating effect
of this microelement on enzymatic and non-enzy-
matic protective antioxidant systems, which was
demonstrated in our previous studies on wheat, rice,
corn, soybean and sugar beet, apple, peach, Chinese
magnolia vine and cornelian cherry [35].
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Table 5. Content of chemical elements in the rhizosphere of Cornus controversa chimera (mg/kg)

Chemical element June August
Al 9695 + 452%** 7811 + 379**
B 17.69 £+ 0.81** 9.9 + 0.4%*
Ba 88.9 & 4.1** 484.2 +£22.7%*
Ca 8065 + 375%* 6232 + 296**
Cu 23.9 £ 1.0%* 29.3 £ 1.3%*
Fe 9304 £ 421%* 11040 £ 542%**
K 2732 + 127 2781 + 119
Mg 1602 + 73%* 1166 + 54**
Mn 247 + 12 257+ 12
Na 387 £+ 18%* 2277 £ 106**
P 589 + 28** 504 + 23**
S 453 + 21%* 1039 + 50**
Si 1791 = 83 1651 + 78
Sr 38.96 + 1.54 408+19
Ti 374.5 + 16.2%* 416 + 19**
Zn 97.0 + 4.5%* 187 £ 9**
pH 6.58 6.55
C% 109+0.2 101+0.2

Note. The significant differences between soil samples collected in June and August are indicated with *P < 0.05 and

with **P < 0.01

Table 6. Content of brassinosteroids in the leaves of Cornus controversa (mg/kg)

Sample collection time
Samples
June August \ October
Green leaves 1.50 £ 0.06* 0.60 = 0.01** 0.40 = 0.01**
Variegated leaves 1.30 £ 0.05* 2.30 + 0.08%** 2.50 £ 0.11*+*

Note. Significant differences between green and variegated leaves are indicated with at *P <0.05 and with at **P <0.01

Thus, significant differences in the allocation of
micro- and macroelements between green and varie-
gated leaves have been found. Green leaves concen-
trated higher amounts of Mg and Ca, which reflects
their more intense photosynthetic activity, but lower
content of Al, Cu, Fe, Zn, Ti as compared to varie-
gated ones.

Accumulation of protective antioxidants. The
influx of toxicants adversely affects the membranes
of plant cells through lipid peroxidation and protein
oxidation, and brassinosteroids (Table 6), which
stimulate protective enzymes, mitigate the effects of
toxicity and contribute to the restoration of normal
osmoregulation [36].

The accumulation of elevated concentrations of
toxic metals in plant tissues can trigger antioxidant
defense mechanisms, in which brassinosteroids and
phenolic secondary metabolites play an important
role [36-38]. Therefore, we carried out a comparative
analysis of the concentration of these biomolecules
in variegated and green leaves of C. controversa.

The analysis of the seasonal dynamics of brassi-
nosteroids in green variegated leaves of C. contro-
versa showed that at the beginning of the growing
season, the levels of brassinosteroids in green var-
iegated leaves did not differ significantly. However,
in August and October, the levels of these protec-
tive metabolites were 3.8-fold and 6.3-fold higher
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in variegated leaves compared to green leaves. This
indicates their higher resistance to abiotic and biotic
stresses towards the end of the growing season.

In addition, one of the mechanisms for reducing
aluminum phytotoxicity is to increase the concentra-
tion of sodium and potassium cations [37]. The po-
tassium concentration in variegated leaves was 1.7
and 1.4 times higher at the beginning and the end of
the growing season, respectively and the concentra-
tion of sodium was 1.6 times higher at the end of the
growing season compared to green leaves.

The study of the metabolic profiles of phenolic
compounds in the white area of variegated leaves re-
vealed that one flavonoid (R~ 0.62) was absent in the
green leaves (Fig. 4). In addition, three more specific
phenolic compounds were found in the tissues of
variegated leaves. Considering the higher aluminum
tolerance of the variegated form of C. controversa
and the ability of flavonoids to chelate this metal, we
hypothesized that the detected secondary metabo-
lites might be associated with aluminum resistance.
To test this hypothesis, purified extracts containing
flavonoids with R, ~ 0.62 and 0.64 were tested on
the germination of radish seeds Raphanus sativus
var. radicula in the presence of AICI, (20 mg/ml).
Purified solutions containing these flavonoids were
obtained by elution with a sorbent on a chromato-

0.8
- 0.7

)
L 0.6
L 0.5

- 0.4

1 2 3

- 0.9 *Jf \5-

graphic plate. The eluate obtained was then added to
Petri dishes in which seeds of Raphanus sativus var.
radicula were germinated in the presence of AICI,
solution (20 mg/ml).

As a result, flavonoids isolated from the green
part of variegated leaves were found to not only
reduce the toxic effect of aluminum, but also have
a growth-stimulating effect on the roots of radish
seedlings (Fig. 5).

In toxic concentrations, aluminum prevents
cell division, root formation, contributes to the com-
paction of cell walls and the reduction of polysac-
charide deposition, reduces the activity of enzymes,
inhibits the transport of cytokines, changes the
structure of plasma membranes, disrupts the absorp-
tion and transport of nutrients [38]. The mechanisms
of chemical detoxification of Al are poorly under-
stood, one of them is secretion and chelation by or-
ganic acids, mainly oxalic acid or citrate [39]. The
important role of organic acids in the external and
internal neutralization of phytotoxic concentrations
of aluminum, especially malate in wheat plants,
citrate in leguminous crops, citrate and malate in
triticale, and oxalate in buckwheat, was shown [40].
The protective effect of salicylic acid mixed with
the natural siliceous mineral analcite to ash (Fraxi-
nus excelsior L.), birch (Betula pendula Roth.),

)
: >

The left photo of illustrates the chromatogram of extracts of variegated leaves of Cornus controversa green
part (1) and non-chlorophyll part (2) and green leaves (3); the right photo illustrates the effect of AICI, solution
on seedlings (Raphanus sativus var. radicula): a — control, b — AICI, solution (20 mg/ml), ¢ — AICI, solution
with the addition of flavonoid (R, ~ 0.62) (track 2) isolated from the green part of the variegated leaves
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Fig. 5. Protective effect of flavonoids isolated from the green part of variegated leaves of Cornus controversa
on seedlings of Raphanus sativus var. radicula: control — seedlings germinated in water; AICI, — seedlings
germinated in AICI, solution (20 mg/ml); FII and FI2 — seedlings germinated when flavonoids with R~ 0.62
and R, ~ 0.64 were added to the AICL, solution, respectively, note: the reliability of the difference between the
options was assessed using one-way analysis of variance (ANOVA), *the difference is significant compared to
the control (H,0) and AICI, solution at P < 0.05 (Tukey’s test)

Japanese spirea (Spiraea japonica L.f.), Magnolia
x soulangeana Soul.-Bod., maple (Acer platanoides
L.) and privet (Ligustrum vulgare L.) grown in soil
polluted with toxic metals (Al, Cd, Cr and Pb) was
shown in our previous studies [41].

Thus, variegated leaves accumulated higher
amounts of phenolic secondary metabolites and
brassinosteroids, which are known for their protec-
tive effect against multiple environmental stress fac-
tors, including toxic metals and other technogenic
pollutants.

Conclusions. The conducted studies showed
certain differences in the functioning of photosyn-
thetic systems, redistribution of macro- and micro-
elements, and secondary metabolism between green
and variegated leaves of the periclinal chimera
of Cornus controversa. The NDVI index in green
leaves was 2-fold as much as in variegated ones.
However, comparing the intensity of photosynthetic
processes in the green parts of variegated leaves and
green leaves revealed a slight difference during the
period from active vegetative growth to fruiting.
While at the end of the growing season, the aging

of photosynthetic apparatus in green parts of varie-
gated leaves was slower as compared to green leaves.
The latter have a significantly higher content of Mg
and Ca and a lower content of metal cations (Al, Cu,
Fe, Zn, Ti) compared to variegated leaves. Varie-
gated leaves not only draw off toxic metals from
green leaves, but also accumulate higher amount of
phenolic secondary metabolites and brassinosteroids
with protective effect against multiple environmen-
tal stress factors. Such specialization of green and
variegated leaves may contribute to better adaptation
of the chimeras to urban pollution.

Conflict of interest. The authors have comple-
ted the Unified Conflicts of Interest form at http://
ukrbiochemjournal.org/wp-content/uploads/2018/12/
coi_disclosure.pdf and declare no conflict of interest.

Funding. The study was conducted as a part of
the research project “The role of biogenic elements
in inducing brassinolide synthesis to enhance plant
resistance to stress factors” funded under the KP-
KVK 6541230 program “Support for the develop-
ment of priority areas of scientific research”.

I6)



ISSN 2409-4943. Ukr. Biochem. J., 2024, \Vol. 96, N 5

OYHKIIOHYBAHHA
®OTOCUCTEM, BMICT XIMIYHHUX
EJIEMEHTIB, ®JTABOHOIIIB I
BPACUHOCTEPOIIIB Y JIUCTKAX
XNUMEPHU CORNUS CONTROVERSA
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'Hanjonanpuuil yHiBepcuTeT 6iopecypcis i
IPUPONOKOPUCTYBaHHS Ykpainu, KuiB, Ykpaina
2[acTuTyT (izionorii pOCIUH i FeHETHKH
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SHanionanbpHU OOTaHIYHUN caJl IMEHI
M. M. I'pumuka HAH Vkpainu, Kuis, Ykpaina;
Me-mail: nataliya_didyk@ukr.net

YTBOpeHHS XiMepH € 100pe BiJOMUM SBHUIIIEM
y Bapi€raTHUX JACKOPaTHBHHX Ta IUKHUX POCIHH,
npote iziogoriuni Ta OiOXiMIYHI OCOOJIUBOCTI
BOr0 SBHINA BUBYEHI HEIOCTATHLO. MeETOor0 Iiel
poboTtu Oyno TPOBECTH TOPIBHSJIBHHUN aHali3
(yHKIIOHYBaHHA (DOTOCHHTETHYHOTO  amapary,
BMICTYy MakKpoO-, MiKpOeJIeMeHTiB, (IaBOHOIIB
Ta OpacHHOCTEPOIJiB y BapieraTHUX Ta 3€JCHUX
JUCTKAaX MepeKJIMHANBHOI XuMepu pociua Cornus
controversa koJsexii HarioraiasHOro 00TaHIYHOTO
cany imeni M. M. I'pummika HAH VYxpainu. Bigbip
3pa3KiB TPOBOIUIIN MPOTATOM TEpioy 3 4YepB-
HA 10 x0BTeHb 2022 p. BMmicT doTocuHTETHYHUX
MIrMEHTIB Ta OpacHHOCTEPOiJliB BU3HAYAIHU CIICK-
TpoPOTOMETPUYUHO, ayTODIYyOPECUEHIIII0 TKAaHWUH
JIUCTKIB BHMBYAJIM 3a JIOIIOMOI'OI0 1HBEPTOBAHOTO
MIKpOCKONy 3  0araTokaHallbHOIO  CHCTEMOIO
(dbayopecuieHTHOI  Bi3yaumizaimii, = yYHOpPMOBaHHI
iHJeKe pi3HuLi pocinuHHOCTI iHaeke (NDVI) — 3a
noromororo mipuianie GreenSeeker Ta dayopo-
MeTpa, KUIBKICTh MaKpo- Ta MIKPOEJIEMEHTIB — 3a
JIOTIOMOT'OI0 €MICIHHOTO TIa3MEHHOTO CIIEKTpOME-
Tpa. dOEHONBHI BTOPHHHI METAOONITH pPO3IiIAIN
meronom HPTLC. Jlns OiHKY 3aXHUCHOI 31aTHOCTI
(1aBOHOIAIB  BUKOPHCTOBYBalM  OioTecT  Ha
CXOXICTh HaciHHs peaucku Raphanus sativus var.
radicula 3a npucytnocti AICI,. Ilokasano, mo
3esieHi ucTku xumepu C. controversa manu BaBidi
Bumwuii ingekc NDVI, noBme 36epiramm ¢oTto-
CUHTETUYHY aKTHBHICTh BOCEHU Ta Majd BUIIHM
BMICT MakpoenemeHTiB (Mg, Ca ta S), ane HIXYY
KOHIIeHTpalito TokcuuHux MetaniB (Al, Cu, Fe,
Zn, Ti) nix Bapierarsi. Toxi sk, BapieraTHi JINCTKH
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aKyMyJIIOBalid Oijbilie OpacUHOCTEpoOimiB Ta (Qe-
HOJIBHUX METa0OJIITIB, SKi MPOSBIIIN 3MaTHICTH, HE
TUTBKH 3HWKYBATH TOKCHYHUH BILUIMB aJIFOMiHITO, a
TaKOXK CTUMYITIOBAJIH PiCT KOPIiHITIB MTPOPOCTKIB pe-
nucku. Taka cremiamizaris 3eJICHUX Ta BapieTaTHUX
JIUCTKIB MOXE CIIPHUATH Kpamlii ajamnTarlii pociInH-
HUX XUMep JI0 3a0pyTHEHHS HABKOIUIITHBOTO cepe-
JIOBUIIIA

CIOBa: TMepUKJIiHAJIbHA XU-
mepa, Cornus controversa, ¢oTocHHTETHYHI
nirmMenTd, ingekc NDVI, ayrodmyopecuenii
TKaHWH, (DEHOJNBbHI MeTa0OoNiTH, MaKpOEJIEMEHTH,
MiKpOeJeMEHTH, OpaCHHOCTEPOi IH.
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