ISSN 2409-4943. Ukr. Biochem. J., 2021, Vol. 93, N 1

UDC 581.198:633.12 doi: https://doi.org/10.15407/ubj93.01.075

ORGANO-SPECIFIC ACCUMULATION OF PHENOLIC
COMPOUNDS IN A BUCKWHEAT SEEDLINGS
UNDER ALUMINIUM-ACID STRESS

0. E. SMIRNOQV, A. M. KOSYAN, Yu. V. PRYIMAK,
O. I. KOSYK, N. Yu. TARAN

ESC “Institute of Biology and Medicine”,
Taras Shevchenko National University of Kyiv, Ukraine;
e-mail: plantaphys@gmail.com

Received: 19 September 2020; Accepted: 17 December 2020

Toxic effect of aluminum contamination is one of the causes of valuable crops yield loss all over
the world. It is considered that plants’ phenolic compounds play a key role in aluminium detoxification by
chelation of aluminium ions in the aboveground part of aluminium-accumulating plants. However, recent
evidence shows the chelating ligands involvement in both the internal and external aluminium detoxification
in plants. The aim of the study was to determine the total phenolic compounds, flavonoids, anthocyanins ac-
cumulation and the activity of phenylalanine ammonia-lyase (PAL) as the key enzyme in phenolic compounds
synthesis in seedlings of common (Fagopyrum esculentum Moench.) and tartary (Fagopyrum tataricum (L.)
Gaertn.) buckwheat in response to the chronic aluminium-acid stress. It was recorded that addition of 50 uM
AL(SO,), 18H,0 to the nutrient medium led to the accumulation of phenolic compounds in all organs of both
studied species on the tenth day of the plant exposure to stress. Species-specific and organ-specific accu-
mulation of certain classes of phenylpropanoids was recorded. On the tenth day of stress, PAL activity was
increased in the leaf tissues of both buckwheat species, but was decreased in common buckwheat root tissues
and no statistically significant changes were observed in tartary buckwheat root tissues. Species and organ
specificity of phenylpropanoids accumulation in the studied species is considered to be an adaptive reaction
under conditions of aluminum stress.

Keywords: aluminium phytotoxicity, phenolic compounds, phenylalanine ammonia-lyase, Fagopyrum es-
culentum, Fagopyrum tataricum.

environmental conditions are constantly ex-

posed to influence of different stress factors.
Thereby during evolutionary development, plants
developed a number of mechanisms that promote
adaptation to various stress factors and underlie
adaptive survival strategies. One or another strategy,
in turn, exhibits possibilities of particular species’
adaptive potential.

Protective adaptive mechanisms of plants
under action of biotic and abiotic stressors are
characterized by hefty plasticity and diverseness,
but necessary elements for driving of such mecha-
nisms are: activation of stress signaling — transduc-

P lant organisms growing under unfavorable

tion of the adaptive functionally important signals,
cross-talking between different elaborate multilevel
signaling systems and induction of stress-protective
effects at the level of primary and secondary metabo-
lism [1].

Given this, one of the tasks of the modern sus-
tainable agriculture is interpretation and integration
of data in the cell networks of genome, transcrip-
tome, proteome and metabolome to provide the ho-
listic picture of cumulative expression of organism’s
stress-induced response — forming a unite system of
adaptive strategies or adaptome [2].

In recent years, wide experimental confirma-
tion obtained the hypothesis in which the basis of
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plant adaptive potential under stress is effective
functioning of the protective antioxidant system, be-
cause free-radical damage of biomolecules (oxida-
tive stress) is considered a nonspecific manifestation
of any stressor influence [3].

The base of the antioxidant system is composed
of the high-molecular antioxidants — various forms
of superoxide dismutases, peroxidases, catalases
(enzymes that scavenge free radicals) [4]. The an-
tioxidant properties of the plant metabolites — low-
molecular antioxidants are actively studied, among
them are carotenoids, ascorbic acid, polyamines, free
amino acids, betaine, terpenoids [5], but the most at-
tention is given to research on phenolic compounds
as the free radicals scavengers [6].

It is known that the aluminium in solubilized
form negatively affects plant organism disrupting
the major structures and homeostatic processes of
a plant cell: cell wall, plasma membrane composi-
tion and physicochemical properties, absorption of
Ca?* ions and support of calcium balance, signaling
systems, dynamic changes of cytoskeleton, mitosis
and DNA structure [7]. Toxic effect of aluminium in
acidic soil (@luminium-acid stress) is the main reason
of yield loss of valuable crops all over the world. To-
tal yield loss because of aluminium-acid stress can
reach over 50% [8].

Several studies have revealed that small organic
compounds, such as organic acids and phenolic
compounds play key roles in the uptake, translo-
cation, accumulation, and internal detoxification
of aluminium in different organs of aluminium-
accumulating plants [9]. The internal detoxification
mechanisms include aluminium ions chelation in
the cytosol by organic ligands, transportation and
compartmentation in the vacuoles most often in
the aboveground part of aluminium-accumulating
species. However, recently accumulating evidence
shows that chelating ligands play an important role
in both the internal and external aluminium detoxi-
fication [10].

Aim of the study was to determine the organ-
specific peculiarities of accumulation of the low-mo-
lecular antioxidants and chelating ligands — phenolic
compounds and their certain classes (flavonoids
and anthocyanins) in response to simulation of the
chronic aluminium-acid stress in seedlings of two
species of buckwheat; to study the activity of phe-
nylalanine ammonia-lyase (PAL) in different plant
organs under aluminium toxicity.
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Materials and Methods

Plant material and stress condition prepara-
tion. For analysis were used roots, hypocotyls and
leaves of the 17-day old seedlings of two buck-
wheat species, Fagopyrum esculentum Moench.
cv ‘Rubra’ and Fagopyrum tataricum (L.) Gaertn.
cv ‘Himalaicum’. Seeds were germinated in Petri
dishes containing wet filter paper at 25 °C. Two
days after germination seedlings were transferred
to pots (300 ml) with sterilized sand that were kept
under controlled conditions, at 25°C, 16/8 h (light/
dark) photoperiod and light intensity of about
200 pumol-m2.st, 50% Knop’s solution (Acros
Organics, Belgium) was used for plant nutrition
(200 ml per pot). Aluminium-acid stress was sim-
ulated by adding aluminium in concentration of
50 uM of the Al,(SO,),-18H,0 (Fisher Chemicals,
USA) to the sand culture on the seventh day after
germination, in this case the phosphorus was exclu-
ded from the solution to avoid sedimentation and pH
was lowered to 4.5. The solution was renewed every
day to maintain the medium acidity.

Phenolic compounds profiling and phenyla-
lanine ammonia-lyase activity assay. Quantitative
changes of total phenolic, flavonoid, anthocyanin
content and PAL activity in the root, hypocotyl and
leaf tissues were measured after ten days of plants
exposure (DPE) to the chronic aluminium-acid
stress with spectrophotometer UV-1800 “Shimadzu”
(Japan).

For total phenolic content analysis was used
Folin—Ciocalteu reagent (Acros Organics, Belgium)
by the method [11]. Gallic acid (Acros Organics, Bel-
gium) was used as a standard to make a calibration
curve. Results were expressed in mg of gallic acid
equivalents (GAE) per g of dry weight (DW). To de-
termination flavonoid content 25 mg of dried plant
material were extracted in 1 ml of absolute metha-
nol during the day. From the resulting extract 50 pl
were taken for differential spectrophotometry using
the 0.2% (w/v) agueous solution of zirconyl nitrate,
ZrO(NO,),-2H,0 (Fisher Chemicals, USA). Optical
density was measured at 397.6 nm [12]. Rutin (Acros
Organics, Belgium) as a dominant flavonoid was
used as a standard to make a calibration curve [13].
Results were expressed in mg of rutin equivalents
(RE) per g of dry weight (DW). To determination
of the anthocyanin content was conducted by the
method [14] with slight modifications. For calcula-
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tions there were used cyanidin-3-glucoside molar
extinction coefficient and molecular weight.

PAL activity was measured by the Zucker as-
say [15] with our own modifications [16]. Spectro-
photometric determination of enzyme activity was
based on the change of optical density at 274 nm
wavelength. Results were expressed in umoles of
cinnamic acid per minute per gram of protein (UM
CA'mint.g? PR). Protein content was analyzed by
the Bradford assay [17], using BSA as a standard
(Acros Organics, Belgium).

Statistical analysis. The data were analyzed
using Microsoft Excel 2010 Software and one-way
ANOVA was applied. The results were processed
by comparison of the mean + standard deviation
(M % SD). The obtained data from combined analysis
were subjected to the statistical analysis of variance
and means were compared at 0.05 level according to
Tukey test.

Results and Discussion

Addition of aluminium in concentration of
50 uM to the nutrient media caused statistically
significant increase in total phenolic content in all
organs of common buckwheat seedlings compared
to control on the tenth DPE (Fig. 1, A). Total phe-
nolic content increased in roots by 19% (15.16 mg
GAE/g DW), in the hypocotyl tissues by 15%
(34.35 mg GAE/g DW) and in the leaf tissues by
27% (72.09 mg GAE/g DW). Similar tendency of the
phenolic compounds accumulation in all organs after
addition of 50 uM of aluminium to the nutrient solu-
tion was noted for tartary buckwheat, but intensity of
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the response reaction to aluminium toxicity in syn-
thesis and accumulation of phenolic compounds in
this buckwheat species was much higher (Fig. 1, B).
Total phenolic content increased on the tenth DPE in
roots by 76% (33 mg GAE/g DW), in the hypocotyl
tissues by 26% (40.01 mg GAE/g DW) and in the leaf
tissues in 2 times (71.40 mg GAE/g DW).

On the tenth DPE with 50 pM of aluminium
flavonoid content (Fig. 2, A) increased only in the
leaf tissues of common buckwheat species — by 46%
(41.98 mg RE/g DW). In the hypocotyl tissues of this
species flavonoid content remained at the level of
control — 13.45 mg RE/g DW, in this case in roots
we recorded a sharp decrease in flavonoid content
by 27% (4.56 mg RE/g DW) when aluminium was
added. In the case of adding 50 pM of aluminium
to the nutrient solution flavonoid content in tartary
buckwheat seedlings (Fig, 2, B) increased in the
leaf and hypocotyl tissues by 58% (36.37 mg RE/g
DW) and 10% (12.61 mg RE/g DW) respectively. In
the root tissues of this species flavonoid content de-
creased in the presence of the toxicant on the tenth
DPE by 61% (3.34 mg RE/g DW).

Anthocyanin content increased only in the
hypocotyl tissues of common buckwheat seedlings
(Fig. 3, A) and was 1.54 mg/g DW — 111.5% of the
control content. Anthocyanin content in the leaf tis-
sues remained at the level of control — 0.89 mg/g DW,
and decreased in the root tissues by 64% (0.12 mg/g
DW). Adding of 50 uM of aluminium to the nutrient
solution did not cause any statistically significant in-
crease in anthocyanin content in all studied organs
of tartary buckwheat on tenth DPE (Fig. 3, B).
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Fig. 1. Total phenolic compounds content in seedlings of common buckwheat (A) and tartary buckwheat (B)
under aluminium-acid stress: @ — control; @ — after 10 days of exposure to aluminium (50 uM). Here and
the next figures — columns followed by the same letter are not statistically different according to Tukey test
(P < 0.05%). Vertical bars indicate to standard deviation (£ SD)
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Fig. 2. Flavonoids content in seedlings of common buckwheat (A) and tartary buckwheat (B) under alumi-
nium-acid stress: @ - control; O — after 10 days of exposure to aluminium (50 uM)
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Fig. 3. Anthocyanins content in seedlings of common buckwheat (A) and tartary buckwheat (B) under alumi-
nium-acid stress: @ - control; g — after 10 days of exposure to aluminium (50 uM)

During the study there was found that PAL
activity in roots of common buckwheat was higher
than control level from first till sixth DPE to alu-
minium presence in the nutrient medium (Fig. 4, A).
PAL activity in the leaf tissues of the studied plants
exceeded the control level from sixth until tenth DPE
to the solution with the toxicant (Fig. 4, B).

During first DPE to aluminium-acid stress
there was observed a tendency of increase of PAL
activity in roots of the plants. Peak of the PAL activi-
ty in the root tissues was noted at the fourth DPE,
activity of the studied enzyme was 2 times higher
than the control level. Subsequently there was no-
ticed a decrease in the activity, at the tenth day of
exposure PAL activity declined by 58% compared to
the control. In the leaf tissues of plants grown in the
presence of aluminium, there was observed a reverse
tendency. PAL activity remained at level of the con-
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trol during first stages of stressor influence (first 4
days). On the sixth DPE PAL activity raised by 52%
compared to the control, on the eighth and tenth DPE
there were recorded maximum levels of the enzyme
activity, it increased in 2-2.5 times.

The addition of aluminum exhibited an in-
crease of PAL activity in the roots tissues of tartary
buckwheat from first until eighth DPE (Fig. 4, C).
The maximum level of PAL activity was recorded on
fourth and sixth DPE — enzyme activity increased by
2.5 times relative to the control level. On the eighth
DPE in roots tissues of plants that developed under
conditions of aluminium-acid stress revealed a sta-
tistically significant increase in enzymatic activity
by 35%, with subsequent decrease of activity to the
constitutive level on the tenth DPE.

Investigation of PAL activity in leaves tissues
of tartary buckwheat plants, exposed on solution
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Fig. 4. Activity of phenylalanine ammonia-lyase in the root tissues (A), leaf tissues (B) of common buckwheat
and root tissues (C), leaf tissues (D) of tartary buckwheat seedlings under aluminium-acid stress: @ — con-
trol; @ — during 10 days of exposure to aluminium (50 uM)

with aluminum showed a gradual linear increase in
the activity of enzyme from second until tenth DPE
with maximum values: for eighth DPE - 218%, and
for tenth DPE — 208% of control enzyme activity
level (Fig. 4, D).

The results of the study of phenolic compounds
content indicate an increase of total phenolic com-
pounds in all investigated organs of both species of
buckwheat. At the same time the increase in the con-
tent of phenylpropanoids (flavonoids and anthocya-
nins) was recorded only in the aboveground part of
investigated seedlings. The antioxidant properties of
flavonoids and anthocyanins are inextricably linked
with the ability of these compounds to form stable
complexes with aluminum ions [18]. Flavonoids
are also known to enhance plant tolerance against
different stress factors such as heavy metals. It can
be explained by the involvement of anthocyanins,
low molecular weight endogenous antioxidants and
chelators, in the plant adaptive response processes.

Because it is known that this group of phenylpropa-
noids have the ability to form chelate complexes with
heavy metals ions, transporting them into the vacuo-
le for detoxification, and also affect the membrane
fluidity, reducing the flow of hazardous ions into the
cell [19]. This method of detoxification of toxic ions
is typical for leaf tissues, where the vacuolar space
of cells serves as a depot of inactivated toxic ions.
Root system of plants is first to collide with alu-
minium ions in the rhizosphere soil solution. Phyto-
toxic effect of aluminium is notable during the first
minutes of exposure; root growth by cell elongation
is inhibited. Root growth by cell division is stopped
during the first days of the metal influence [20]. One
of the mechanisms providing aluminium resistance
is the secondary modification of cell walls of root
cells. A number of authors noticed intensified ligni-
fication of cell walls already after the first hours of
exposure [21]. Research on Oryza sativa approves
strong correlation between inhibition of root growth
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and increase in salicylic acid (indusor of the lignin
synthesis) content [22]. In turn intensification of
root cell wall lignification — mediated by oxidative
stress incorporation of phenolic compounds into a
cell wall is one of the most common adaptive reac-
tions on changes of ionic composition and pH level
of substrate medium.

Gradual decrease in PAL activity in the root
tissues that was noted in our study can be related to
the start of mechanism of retrograde inhibition of
the enzyme functioning by products of the reaction.
Subsequent gradual increase in the PAL activity in
leaves can be related to process of aluminium trans-
port into the aboveground part of studied plants.
Leaves are the storage organs in which aluminium
is accumulated in the vacuole [23]. Temporary in-
crease in a PAL activity depends on the time of plant
cell contact with metal ions. Increase in activity of
the enzyme responsible for synthesis of the low-
molecular antioxidants in underground and above-
ground parts of the plants can be a specific adaptive
reaction under aluminium-acid stress.

Conclusions. It was recorded that the addition
of aluminium ions to the nutrient medium leads
to the accumulation of phenolic compounds in the
roots and leaves of both studied species. Analysis of
the content of certain classes of phenylpropanoids
showed that the most intensively accumulation of
flavonoids in the leaves tissues representative both
investigated species. Phenylalanine ammonia-lyase
activity in the dynamics indicate the activation of
this enzyme, depending on the time of action of the
toxicant on the plant — in the first stages of exposure
in the roots tissues and in the later stages — in the
leaves tissues. Such dynamic exertion of enzyme
activity is probably associated with the aluminum
ions transport into vacuoles of leaf cells for internal
detoxification.
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OPTAHOCHEIIU®IYHE
HAKOINMWYEHHS ®EHOJBHUX
CIIOJIYK Y IPOPOCTKAX I'PEUKH
3A JIf ATIOMOKHCJOTHOI'O
CTPECY
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Toxcwanm edekT 3a0pyTHEHHS aTIOMIHIEM €
OJTHI€I0 3 IPUYUH BTPATH BPOXKAIO IIIHHUX KYJIBTYP
y BChOMY CBiTi. BBa)kaeTbcs, 10 PeHONBHI CTIOTYKHT
POCIIMH BiIIrparoTh KIFOYOBY POJb Y JETOKCHKAII]
AJIOMIHIIO TIUISIXOM XeJNaTyBaHHS 10HIB aJIOMiHIO
B Ha/J3eMHIN gacTuHi pocnuH. OqHaK, HEMOAaBHI
JlaHl CBiAYaTh MPO y4acTh XENAaTHUX IITaHIIB K
y BHYTDIIIHIA, Tak i B 30BHINIHIA JETOKCHKAIIl
aJIOMiHIIO B pOCIWH. MeTOI0 JOoCHiKeHHS OYyIo
BHU3HAUYUTH HAKONMYCHHS 3aralbHUX (EeHOIb-
HHX CTONYK, (pJIABOHOIJIIB Ta aHTOIliaHiB, a TaAKOXK
aKTHBHICTh (eHinmanaHiH-amiak-ma3zn (PAL) sx
KJIFOYOBOTO CH3UMY B CHHTE31 )EHONY B MPOPOCT-
Kax Tpeuku 3BuYaiiHOi (Fagopyrum esculentum
Moench.) Tta Tpeukm Tartapcekoi (Fagopyrum
tataricum (L.) Gaertn.) y BiIlOBiIb Ha aJTFOMOKHC-
notHuii ctpec. Jlonaanns 50 mxM AL (SO,),-18H,0
JI0 OKUBHIJIBHOTO CEPEJOBHUINA  CIPUYHHIOBAIIO
301ITBIIIEHHS 3aTaJIbHOTO BMICTY (DEHOIIB B 000X
BUJIaX TPEYKH y BCIX aHAN30BAHMX OpraHax Ha
JECSITUN JIeHb eKCHO3WINl pocauHU. 3adikcoBaHO
BHJIO- Ta  OpraHocnenudiuHy  aKyMyJISIiio
MeBHUX KiaciB (eninmpomanoinxiB. Ha necsTuit
JICHb [ii alFOMOKHCJIOTHOTO CTPeCy aKTHBHICTb
PAL 3pocrana B TKaHWHaX JIUCTKIB B 000X BHUIB
IPEYKH, TPOTE 3HUKYBAJIACh Y TKAHWHAX KOPCHIB
IPEYKH 3BUYANWHOI 1 HE 3MIHIOBAJNACh Y TKAHWHAX
KOpPEHIB TPEYKH Tarapchkoi. J{iWIIM BHUCHOBKY,
0 BUJIO- Ta OpPraHocrenupiqHICTh HAKOMUYCHHS
(heHinmpoONMaHOINIB Yy  JOCHIJUKYBaHMX  BHJIIB
€ aJanTaliifHoI peakIlield B yMOBaxX alllOMO-
KHCIIOTHOTO CTPECY.

KnaouoBi cioBa:  (ITOTOKCUYHICTH
aJOMiHItO, (EHONBbHI CHONYKH, (peHinamaHiH-
amiak-miaza, Fagopyrum esculentum, Fagopyrum
tataricum.
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