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Abstract

The present study investigates the biochemical responses of buckwheat to drought stress, particularly focusing on phenolic
acids and flavonoids, abundant in this crop. We hypothesize that distinct genotypic responses to drought stress will lead to
variations in phenolic acid accumulation. Two common buckwheat cultivars, Panda (East European origin) and PI 482597
(originating from Zimbabwe), were subjected to drought treatment, with biochemical traits, relative water content, and pho-
tosynthetic pigments regularly assessed. While chlorophyll content remained unaffected by dehydration, total carotenoid
content decreased. The unique increase in the chlorophyll to carotenoid ratio suggests a specific role of carotenoids in buck-
wheat's metabolic stress response. While most phenolic acids and flavonoids exhibited increasing trends during progressive
dehydration, their dynamics differed. Notably, rutin content increased early in drought stress, while chlorogenic acid and
kaempferol showed enhanced levels only under severe dehydration. Genotypic differences were observed in chlorogenic
acid, neochlorogenic acid, cryptochlorogenic acid, 4-hydroxybenzoic acid, and quercetin. Conversely, trans-p-coumaric acid,
trans-ferulic acid, vanillic acid, rutin, and kaempferol showed similar trends in both cultivars. By aligning observed drought-
induced changes in phenolic compound contents with biosynthesis pathways, trade-offs between individual compounds were
identified, contributing to the mechanistic understanding of varied stress responses.

Keywords Drought stress - Common buckwheat - Flavonoid - Phenolic acid - Rutin - Chlorogenic acid - Ferulic acid
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Introduction different plant crops (Bhardwaj et al. 2017; Sarker and Oba

2018; Yang et al. 2020; Albuquerque et al. 2021), with fla-

Natural antioxidants found in buckwheat plants, including
specific phenolic acids, flavonoids, and vitamins, play a
crucial role in food production by combating reactive oxy-
gen species (ROS) in the human body (Xu et al. 2017; Sofi
et al. 2022; Hajam et al. 2023). These secondary metabolites
with antioxidant potential offer protection against various
illnesses like atherosclerosis, cancer, emphysema, arthritis,
neurodegenerative and cardiovascular diseases, and retin-
opathy (Liu et al. 2018; Seca and Pinto 2019; Karakaya
et al. 2021). Scientific evidence indicates that environmental
stresses, particularly drought stress, can elevate the levels of
phenolics, flavonoids, vitamins, and antioxidant potential in
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vonol glycoside synthesis playing a role in drought/osmotic
stress resistance through flavonoid biosynthesis regulation
(Baozhu et al. 2022).

Addressing the need for stress-resistant genotypes and
sustainable yield in water-deficient conditions, the adoption
of breeding strategies and cultivation of neglected crops
is of paramount importance (Rosero et al. 2020). Despite
being a minor crop, buckwheat holds significance in certain
countries and is gaining interest in non-traditional regions,
contributing to agrobiodiversity and changing consumer
preferences (Donno and Turrini 2020). Common buck-
wheat cultivars, widely grown in Eastern Europe, China,
and India (Sytar et al. 2016a, b), contain biologically active
compounds that can enhance dietary health.

Compared to Tartary buckwheat (Fagopyrum tataricum),
common buckwheat (Fagopyrum esculentum) generally
exhibits lower water deficit resistance but shows drought
avoidance traits, while F. tataricum displays drought
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tolerance (Aubert et al. 2021). The interplay between UV-B
radiation and drought tolerance in buckwheat has also been
documented, highlighting the role of UV-B responsive com-
pounds, particularly phenolics, in buckwheat's response to
drought (Germ et al. 2013).

Buckwheat cultivars from different origins, both F. escu-
lentum and F. tataricum, exhibit variations in phenolic
and flavonoid content (Sytar et al. 2014; Mikulajova et al.
2016). Genetic backgrounds influence phenolic acid content
in grains, leaves, and flowers of F. esculentum (Vollman-
nové et al. 2021a, b). While limited, evidence suggests that
buckwheat cultivars of African origin might respond differ-
ently to drought compared to those cultivated in Central and
Eastern Europe. Beyond general stress responses, the com-
position of phenolic compounds in response to stress may
differ among accessions of diverse origins. This study aims
to investigate the impact of varying levels of dehydration on
physiological, biochemical, and photosynthetic responses in
buckwheat cultivars of European and African origins, with a
specific focus on phenolic acid and flavonoid composition.

Material and methods
Plant growth conditions

The buckwheat was cultivated at the PlantScreen™ pheno-
typing platform (PSI, Drasov, Czech Republic). The cul-
tivation was conducted within a meticulously controlled
environment, employing an advanced LED-based lighting
system. This lighting configuration encompassed warm
white LEDs specially designed for plant cultivation, supple-
mented by red and far-red LEDs. This combination of LEDs
optimized the light spectra to foster ideal plant growth and
development. The illumination intensity reached 1100 pmol
m~2 57!, while the photoperiod adhered to a 16-h day fol-
lowed by an 8-h night. Temperature conditions alternated
between 25 °C during the day and 20 °C at night, with rela-
tive humidity levels spanning from 30% during the day to
40% at night.

The watering system functioned automatically, guided
by gravimetric measurements to ensure precise regulation.
Every two days, the water level within the pots was main-
tained to achieve 80% of the field water capacity, upholding
optimal hydration levels. Introducing drought stress involved
a deliberate suspension of soil substrate irrigation, leading
to a gradual reduction in water content to 40% of the field
water capacity.

For the experimental trials, two distinct cultivars of com-
mon buckwheat (Fagopyrum esculentum) were selected. The
first was the Panda cultivar originating from East Europe,
and the second was the PI 482597 cultivar with its origins
traced back to Zimbabwe. Vital attributes of these examined
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genotypes were sourced from the Storage and Documenta-
tion of Genetic Resources Genebank at the Crop Research
Institute in Prague, Czech Republic.

Grains were planted in pots with 930 g Klasmann TS
3 soil (soil composition: EDTA-chelated Fe, 140 mg L!
N, 160 mg L~! P,0Os, 180 mg L™! K,0, 100 mg L~' Mg,
micronutrients, pH (H,0) 6.0; Klasmann-Deilmann GmbH,
Geeste, Germany). Plant germination was initiated within a
controlled greenhouse environment (June 2021). After the
germination phase, buckwheat sprouts in individual pots
were transferred to the PlantScreen™ phenotyping system.
Each pot was meticulously labeled with barcodes using the
Photon System Instruments software. The pots were then
placed on moving belts within the phenotyping system. Over
a span of 14 days, the plants underwent cultivation under
standard conditions. During this period, an automated phe-
notyping protocol (not elaborated in this manuscript) was
employed for analysis. To facilitate optimal growth of buck-
wheat seedlings, the pots were regularly watered to maintain
80% of the field water capacity. Approximately 20 days after
sowing, all plants had progressed to the fourth leaf stage,
characterized by substantial solidity and size, which ren-
dered them suitable for assessments and subsequent drought
stress treatment. After reaching the desired leaf stage, dif-
ferent watering treatments were applied to the buckwheat
genotypes. These treatments encompassed full watering at
80% field capacity (control) and inducing water stress by
gradually reducing watering to as low as 40% of the field
water capacity. Leaf samples were systematically collected
on distinct days: 20, 25, 28, 32, and 35 days after sowing
(DAS), respectively. These correspond to dehydration peri-
odsof 1, 5, 8, 12, and 15 days, respectively. To ensure robust
results, each genotype was represented by 4-7 replicates,
constituting biological replications.

Extract preparation

The dried plant material, weighing 2 g, was homogenized.
Such leaf material was extracted using 20 mL of 80% aque-
ous methanol (v/v) for a duration of 8 h. The extraction pro-
cess was carried out on a horizontal shaker at 250 rpm. The
extraction process utilized a Nimax 2010 system (Heidolph
Instruments, GmbH, Schwabach, Germany). The resulting
extract was filtered through Munktell No. 390 filter paper
(Munktell & Filtrak GmbH, Bérenstein, Germany). Finally,
the extract was stored within 20 mL polyethylene (PE) vials.

Preparation of calibration solutions and samples

5 mg of each compound was dissolved in 10 mL of methanol
(HPLC grade) to prepare single-component standard solu-
tions. The samples were prepared via extraction of 0.05 g
of dried milled leaves in 2 mL 80% methanol (V/V). The
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extraction process was done using horizontal shaker for 4 h.
Further step was the filtration of extract to the epindorphes.
The sample extracts were stored in the sampler manager at
4 °C. Before the planned HPLC analysis; the experimen-
tal extract was purified via syringe PTFE filters (0.45 um,
25 mm) (Agilent Technologies, Waldbronn, Germany).

HPLC-DAD determination of selected phenolic
compounds

The HPLC method utilized in this study was initially devel-
oped by Germ et al. (2019). The detection of specific phe-
nolic compounds in the experimental extracts was conducted
using an HPLC-DAD Agilent 1260 system (Agilent Tech-
nologies, Waldbronn, Germany). A C18 reverse-phase Cor-
tecs column (4 mm X250 mm X 5 um) from Merck KGaA
(Darmstadt, Germany) was employed for all experimental
analyses.

For HPLC analysis, analytical standards, chemicals, and
solvents were procured from Sigma-Aldrich (St. Louis, MO,
USA). The mobile phase composition consisted of acetoni-
trile (phase A) and deionized H,O with 0.1% phosphoric
acid (phase B), adjusted to a pH of 3.5 with phosphoric acid.
Sample injection volume was set at 5 uL. Spectral scanning
ranged from 210 to 400 nm. Phenolic acids were identified
at a wavelength of 320 nm, while flavonoids were detected at
372 nm. Spectral data analysis was facilitated by employing
Agilent OpenLab ChemStation software for LC 3D Systems.

Determination of the relative water content
in leaves

The leaf relative water content (RWC) study was performed
to estimate the levels of dehydration. To exclude the damage
to plant tissues, measurements were limited to stage when
the visual symptoms of drought stress arose, the RWC was
estimated. The fresh weight (FW) of flag leaves samples
were analyzed. The leaf parts were put in distilled water for
a period of 4 h and the turgor weight (TW) of the leaf was
estimated. To get the dry weight (DW) measurements, the
leaves were kept in an oven at 80 °C for 3 h. The calculation
of RWC was done using the following formula:

RWC (%) = [FW —DW] x 100
[TW —DW]

Determination of photosynthetic pigments in leaves

Five leaf discs with a diameter of 7 mm were meticulously
excised from fully developed and expanded buckwheat
leaves. These segments were then subjected to homogeniza-
tion through a combination of sea sand, MgCOj5, and 100%

acetone. The ensuing step involved the extraction of photo-
synthetic pigments utilizing an 80% acetone (v/v) solution.

After extraction, the obtained mixture was subjected to
centrifugation at 1500 rpm for 2 min. Subsequently, the
solution's absorbance was measured at 470 nm, 647 nm,
and 663 nm. To account for scattering, readings were also
taken at 750 nm. This measurement was carried out using
a UV-VIS spectrophotometer model Jenway 6405 (Jenway,
UK).

The concentrations of specific pigments including chlo-
rophyll a (Chl a), chlorophyll b (Chl b), and total carote-
noids (CarX) were determined by applying Lichtenthaler's
Egs. (1987). The quantified values were then expressed in
units of mg m~? leaf area.

Statistical analysis

Plant arrangement in the cultivation area of PlantScreenTM
phenotyping platform was full randomized. All data were
presented as the mean values, with + indicating the stand-
ard error of the mean (SEM) and the range of minimum
to maximum values also provided. Statistical analysis was
performed using the Statistica program (version 10 for Win-
dows; Tulsa, OK, USA). Normal distribution and homoge-
neity of experimental dataset were tested using Kolmogo-
rov—Smirnov and Lavene’s statistical test, respectively.
Linear regressions between RWC and contents of chemical
compounds were performed using method of least squares
and coefficient of determination (R?) and standard error
(S.E.) were calculated.

To evaluate the statistical differences between cultivars, a
one-way ANOVA test was conducted, followed by the Tukey
post hoc test for multiple comparisons. The threshold for
statistical significance was set at P <0.05 (¥), P<0.01 (*%),
P<0.001 (***), and P <0.0001 (¥***).

Results

To describe the effect of drought stress, measurements of
leaf RWC during all days of leaf samples collection of the
experiment were performed. The RWC of the leaves of both
experimental buckwheat cultivars tended to decrease under
continuous drought stress. The decline in dehydration level
was more significant with the duration of the experiment
from 25 till 36 DAS. The highest dehydration level was
observed on the 15th day of dehydration at the end of the
investigation. The buckwheat cultivar Panda was character-
ized by a more than 60% dehydration level compared to the
cultivar PI 482597, indicating a faster water loss (Fig. 1).
In the current study, both analyzed buckwheat cultivars
maintained chlorophyll a concentration at control levels and
exhibited a slight increase in chlorophyll b concentration,
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Fig.1 RWC value (A), chlorophyll a (B), chlorophyll 4 (C) and total »
carotenoids (D) contents under drought stress in the leaves of experi-
mental buckwheat cultivars—Panda and PI 482597. Each box and
whiskers represent the mean and min—max values of all 12 individual
samples. The level of statistical significance of differences between
average values measured in individual genotypes was tested by
unpaired t-test and indicated as non-significant (ns) or significant at
p<0.05 (*),p<0.01 (**), p<0.001 (***) and p <0.0001 (****)

ranging between 25 and 30% (Fig. 1). On the contrary, we
observed a slight decrease of carotenoids in PI 482597,
while the values in cultivar Panda remained stable. The
decrease of carotenoids level in the leaves of buckwheat was
also recorded in a previous study (Mibei et al. 2016).

The trends of the relationship between chlorophylls vs.
RWC and carotenoids vs. RWC indicate differences in accli-
mation strategies at the level of photosynthetic structures
between the two genotypes (Fig. 2). Increasing trend of
carotenoids vs. RWC under drought treatment was observed
in both buckwheat cultivars. The ratio chlorophyll vs. RWC
mainly remained unchanged in drought-stressed buckwheat
cultivars.

Considering the contents of phenolic com-
pounds, three types of chlorogenic acids were iden-
tified in the experimental buckwheat cultivars—
cryptochlorogenic acid (4-O-caffeoylquinic acid),
chlorogenic acid (5-O-caffeoylquinic acid), neochlorogenic
acid (3-O-caffeoylquinic acid). Under drought stress, we
observed some changes in the level of chlorogenic acid
formation (Fig. 3). The alterations in the concentrations of
neochlorogenic acid (3-O-caffeoylquinic acid) and chloro-
genic acid (4-O-caffeoylquinic acid) were largely consistent
between the two buckwheat cultivars under investigation.
Notably, their content exhibited a substantial increase in
the cultivar PI 482597, particularly toward the culmina-
tion of the experimental timeline when the plants experi-
enced intense dehydration (on the 12th and 15th days of
dehydration).

Contrarily, within the buckwheat cultivar Panda, the lev-
els of neochlorogenic acid (3-O-caffeoylquinic acid) and
chlorogenic acid (4-O-caffeoylquinic acid) remained rela-
tively stable at control levels. Interestingly, the content of
cryptochlorogenic acid (4-O-caffeoylquinic acid) witnessed
a significant rise in the continuously drought-stressed Panda,
though this was not mirrored in the PI 482597 cultivar.

Furthermore, the East European cultivar Panda dem-
onstrated elevated concentrations of neochlorogenic acid
(3-O-caffeoylquinic acid) and chlorogenic acid, particularly
during the early stages of drought stress, compared to the
African cultivar PI 482597.

The correlation of the chlorogenic acids forms (chloro-
genic acid, neochlorogenic acid, cryptochlorogenic acid)
vs. RWC in the buckwheat cultivars of different origins
under drought stress showed a direct correlation between
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Fig.2 Relationship of chlorophyll a (A), chlorophyll 4 (B) and total
carotenoids (C) content to RWC during drought stress in leaves
of both cultivars Panda and PI 482597. The solid line shows linear

the level of identified chlorogenic acid forms and RWC
(Fig. 6). The differences in the trends of chlorogenic acid
forms under drought stress in the two buckwheat cultivars
were evident.

A noteworthy twofold increase in the content of
4-hydroxybenzoic acid was discernible in the Panda cultivar
specifically on the 12th day of dehydration, when juxtaposed
with the instances of 8 or 15 days of drought-induced dehy-
dration (as depicted in Fig. 4). Intriguingly, in the case of the
buckwheat cultivar PI 482597, an early response to drought
stress was not accompanied by alterations in the level of
4-hydroxybenzoic acid.

Furthermore, the vanillic acid content in the leaves of
cultivar PI 482597 exhibited a propensity to elevate until the
12th day of dehydration. In contrast, within the leaves of the
Panda cultivar, the vanillic acid content remained consistent
at control levels throughout the entire experimental duration.

Amidst the context of drought stress, the alterations in
hydroxybenzoic acids, specifically 4-hydroxybenzoic and
vanillic acids, exhibited divergence between the two buck-
wheat cultivars. Notably, the correlation analysis between
hydroxybenzoic acids (4-hydroxybenzoic acid and vanil-
lic acid) and Relative Water Content (RWC %) revealed a
robust association with the extent of dehydration (Fig. 4). A
significantly higher level of trans-p-coumaric acid during
all stages of drought treatment in the buckwheat cultivar of
African origin was observed. At the same time, the tendency
to raise the trans-p-coumaric acid content in the leaves of
East European buckwheat cultivar was observed only 12th
to 15th days after the start of dehydration (Fig. 4A).

Subsequently, commencing from the 8th day of dehydra-
tion, there was a noticeable augmentation in the concentra-
tion of trans-ferulic acid within the Panda cultivar. In con-
trast, the PI 482597 cultivar demonstrated an elevation in
ferulic acid content specifically on the 12th and 15th days of
the dehydration period (as illustrated in Fig. 4D).

RWC (%)

RWC (%)

regression of the relationship using least squares method. R>—coef-
ficient of determination, p—probability, S.E.—standard error

The data of the presented experiment showed a signifi-
cantly increased level of rutin in both experimental buck-
wheat cultivars compared to the first day of dehydration
(Fig. 5A). In the case of quercetin (Fig. 5B), we observed the
contrasting response in two explored genotypes: the decreas-
ing level in leaves of Panda cultivar and the significantly
enhanced level in PI 482597. The contents of kaempferol
(Fig. 5C) increased significantly only in the last two meas-
urements (days 12—15). The relationships between the rutin
and kaempferol contents and RWC (Fig. 6 A and C) were
mostly linear, indicating a similar increase with decreasing
water content in both genotypes.The response of quercetin
content to dehydration differed between the two cultivars.
In cultivar Panda, quercetin content increased with dehydra-
tion, while in cultivar PI 482597, there was a sharp decrease
in quercetin content when relative water content (RWC) fell
below 80%, showing a non-gradual decline at lower RWC
levels.

Discussion

Drought stress, accompanied by a gradual reduction in leaf
water content, typically triggers physiological responses
at various levels. These responses encompass biochemical
changes, which could arise from drought-induced metabolic
disruptions or serve as an expression of protective mech-
anisms within plant cells. The focus of our study was to
evaluate the levels of photosynthetic pigments, particularly
chlorophylls, to gauge the impact of progressive dehydra-
tion on the photosynthetic apparatus. While some plants
exhibit substantial declines in chlorophyll and carotenoid
levels under drought stress (Mibei et al. 2016; Raja et al.
2020), variations in chlorophyll and carotenoid responses
are influenced by plant sensitivity to drought stress (Rustioni
and Bianchi 2021). Interestingly, some instances, such as
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Fig.3 The content of seven identified phenolic acids (trans-p-
coumaric (A), chlorogenic (B), neochlorogenic (C), trans-ferulic
(D), cryptochlorogenic (E), 4-hydroxybenzoic (F) and vanillic (G)
acids) in the buckwheat cultivars of different origin (Panda and PI
482597) under progressive drought stress. Each box and whiskers

water stress in tataricum buckwheat, can lead to augmented
chlorophyll content (Aubert and Quinet 2022).

In our investigation, chlorophyll a remained relatively
stable amid dehydration, whereas a marginal decrease was
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represent the mean and min—-max values of all 12 individual sam-
ples. The level of statistical significance of differences between aver-
age values measured in individual genotypes was tested by unpaired
t-test and indicated as non-significant (ns) or significant at p <0.05
(*),p<0.01 (¥*), p<0.001 (***) and p <0.0001 (**%*%*)

observed in chlorophyll b levels within the Panda genotype.
Conversely, the African-origin PI 482597 genotype exhib-
ited heightened chlorophyll b content, indicating potentially
elevated stress acclimation and reduced photosynthetic
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(B),neochlorogenic (C), trans-ferulic (D), cryptochlorogenic (E),
4-hydroxybenzoic (F), and vanillic (G) acids content and the leaf
RWC during drought stress in leaves of both cultivars Panda and PI

apparatus damage. These findings deviate from outcomes
reported for buckwheat tataricum (Aubert et al. 2021).
Distinctly, we observed a significant reduction in
carotenoid levels during progressive drought stress. This
finding is intriguing as chlorophylls generally exhibit
higher sensitivity to drought than carotenoids, and the
chlorophyll-to-carotenoid ratio typically decreases under
stress conditions (Zhang et al. 2008). In our experiment,
a stable chlorophyll content accompanied by decreasing
carotenoids led to an apparent increase in the chlorophyll-
to-carotenoid ratio. Carotenoid content is governed by the
equilibrium between biosynthesis and degradation (Nisar

482597. The solid line shows linear regression of the relationship
using least squares method. R%—coefficient of determination, p—
probability, S.E.—standard error

et al. 2015). Given that the decline in carotenoids didn't
correspond to reduced chlorophylls, it seems to be part of
an acclimation response rather than mere damage. This
carotenoid cleavage might trigger the production of hor-
mones, signals, and volatile compounds, all significant
components in drought stress response (Nisar et al. 2015).

Although our study doesn't unravel the metabolic
intricacies of carotenoid transformation, it highlights
buckwheat as a promising model for exploring a unique
carotenoid-related mechanism of plant stress defense.
This aspect warrants deeper exploration in future research
endeavors.
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Fig.6 Relationship of rutin (A), quercetin (B), Kaempferol (C) con-
tents and RWC during drought stress in leaves of both cultivars Panda
and PI 482597. The solid line shows linear regression of the relation-

Our results encompassed the presence of various phe-
nolic compounds in the leaves of both buckwheat cultivars.
Among the flavonoids, quercetin content was notably high-
est. The phenolic acid composition unveiled elevated levels
of trans-p-coumaric acid in cv. Panda, while cv. PI 482597
exhibited predominance of trans-ferulic acid. Neochloro-
genic acid stood out as the prominent chlorogenic acid form
in both cultivars. The dynamics of phenolic content exhib-
ited diversity under drought stress between the two geno-
types, signifying distinct adaptive stress responses.

Earlier investigations on buckwheat emphasized the
impact of abiotic stress on phenolic compounds, par-
ticularly the increased levels of quercetin and rutin
under salinity (Kim et al. 2019). Similar patterns were
evident in other phenolic-rich plants, such as enhanced
chlorogenic acid levels in Achillea pachycephala under
drought stress (Gharibi et al. 2019; Al-Ghamdi and Elan-
sary 2018), and Hypericum pruinatum, a salt-tolerant
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ship using least squares method. R>—coefficient of determination,
p—probability, S.E.—standard error

species (Caliskan et al. 2017). Phenolics are believed to
have a crucial defense role in drought tolerance (Nou-
raei et al. 2018; Moreira et al. 2020). Research indicates
that phenolic acids, including hydroxybenzoic acids and
hydroxycinnamic acids, respond to water scarcity (Sarker
and Oba 2018). Our study further demonstrates diverse
effects of dehydration levels on individual phenolic
compounds.

Phenolic acids can act as antioxidants, scavenging reac-
tive oxygen species (ROS) during abiotic stress (Bistgani
et al. 2019; Chen et al. 2019). Activation of the phenylpro-
panoid biosynthetic pathway during abiotic stress leads to
increased phenolic acid synthesis, including cinamylmalic,
caffeic, gallic, ferulic, and vanillic acids (Bistgani et al.
2019; Al-Ghamdi and Elansary 2018). Key genes in this
pathway, such as chalcone synthase (CHS) and phenyla-
lanine ammonia-lyase (PAL), become upregulated under
abiotic stress, resulting in enhanced phenolic biosynthesis
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(Sharma et al. 2016, 2019) and improved abiotic stress
tolerance (Wang et al. 2019).

Intriguingly, hydroxycinnamic acids (trans-ferulic,
chlorogenic, trans-p-coumaric acids) notably increased in
leaves of both cultivars, albeit cv. PI 482597 exhibited
higher levels of chlorogenic acid and trans-ferulic acid
at the early drought stress stages compared to cv. Panda.
These trends were consistent with the outcomes presented
in Figs. 4 and 9.

Previously, the influence of cultivars on trans-caffeic,
chlorogenic, and trans-sinapic acids, as well as flavonoids
vitexin and kaempferol, in buckwheat crops was explored.
Varied phenolic acid quantities in different parts of common
buckwheat cultivars from distinct origins have indicated
genetic factors regulating phenolic compound biosynthesis
(Vollmannova et al. 2021a, b). Enhanced chlorogenic acid
accumulation, along with related esters involved in lignin
biosynthesis, is recognized under abiotic stress in several
plant species (Wang et al. 2019; Sarker and Oba 2018).
Chlorogenic acids, arising from esterification of caffeic,
ferulic, and p-coumaric acids with quinic acid can exist in
diverse isomeric forms due to structural variations (Sovi-
guidi et al. 2022). Vicinal hydroxyl groups on aromatic resi-
dues characterize chlorogenic acids (Liang and Kitts 2015).
Notably, chlorogenic acid exhibited augmentation since the
12th day of dehydration, suggesting a gradual increase.

Neochlorogenic and chlorogenic acid fractions exhibit
potential scavenging of reactive oxygen species (ROS)
(Thurow 2012). High levels of caffeic acid in certain medici-
nal plants correspond to increased antioxidant potential
(Tajner-Czopek et al. 2020). The content of cryptochloro-
genic acid (4-O-caffeoylquinic acid) increased significantly
in the Panda cultivar during continuous drought stress,
whereas the Zimbabwe-origin cultivar maintained control-
level content throughout dehydration. The East European
cultivar, Panda, demonstrated elevated levels of neochlo-
rogenic and chlorogenic acids during the earlier stages of
drought treatment compared to PI 482597, signifying their
potential role in adaptive stress responses.

Antioxidant potential of phenolic acids and their deriva-
tives often correlates with hydroxyl group numbers (Samec
et al. 2021). The carboxyl group alone lacks electron-scav-
enging abilities, but deprotonated carboxyl enhances elec-
tron donation, favoring H atom relocations, leading to elec-
tron-donating radical scavenging activity (Hendrickson et al.
1994). A higher count of hydroxyl groups and methoxyla-
tion enhances antioxidant potential (e.g., intensified ferulic
acid synthesis proves more defensive than p-coumaric acid)
(Rice-Evans et al. 1996). Ferulic acid exhibits versatility and
responsive scavenging of free radicals, inhibiting enzymes
related to free radical synthesis (Zduriska et al. 2018). The
East European cultivar displayed increased ferulic acid con-
tent on the 8th, 12th, and 15th days of dehydration compared

to day one, while PI 482597 increased content only in the
later stages.

Ferulic acid's covalent bond to cell wall carbohydrates
acts as a light filter, mitigating mesophyll penetration dur-
ing drought stress and modulating leaf growth (Hur et al.
2009). Trans-ferulic acid increase induces stomatal closure
via vascular-to-guard cell signaling, restraining water loss.

In buckwheat, enzymes with low Km values for rutin
metabolism indicate specificity for rutin and rutinosi-
dase (LukSic et al. 2016). Rutin and rutinosidase enhance
defense systems against environmental stressors (Suzuki
et al. 2015). Both cultivars exhibited shifts in flavonoid rutin
levels from the 8th day of dehydration. Rutin content rose
in the early drought stress stages, while quercetin content
changed on the 8th day, decreasing in the East European
cultivar and increasing in PI 482597. Similarly, kaempferol
levels changed on later dehydration days (12—15). Biosyn-
thesis of flavonol glycosides like rutin involves flavonols,
particularly quercetin (Matsui and Walker 2020), explaining
the fluctuations.

Quercetin and kaempferol, both flavonols, aid in mitigat-
ing drought stress (Nakabayashi et al. 2014). The significant
kaempferol increase in PI 482597 suggests its role in stress
acclimation.

Considering biosynthetic pathways, a schematic profile of
phenolic acids and flavonoids in examined buckwheat culti-
vars under drought stress was established (Fig. 8). This out-
lines p-coumaric acid's potential early stress response role.
It appears to be a key metabolite in phenolic acid and flavo-
noid biosynthesis, known for its phytochemical potential in
various edible plants. P-coumaric acid (4-hydroxy-cinnamic
acid) is broadly found in the cell walls of graminaceous
plants and is characterized by its ability to decline low-
density lipoprotein peroxidation (Boz 2015). P-coumaric
acid has antioxidative and osmotic stress response capabili-
ties, indicating its significance in cell-wide transcriptional
changes (Wang et al. 2022).

The scheme (Fig. 7) reveals discernible trade-offs
between certain members of the analyzed phenolic group
across the genotypes. These trade-offs manifest in both indi-
vidual branch comparisons (e.g., 4-hydroxybenzoic acid vs.
vanillic acid) and intra-branch comparisons of metabolites
(e.g., neochlorogenic acid vs. cryptochlorogenic acid).

Contrarily, there appears to be no apparent trade-off
between the biosynthesis branch of rutin or quercetin and
other constituents within the phenolic family.

Correlation analysis (Fig. 8) revealed positive correla-
tions between rutin and compounds like trans-p-coumaric
acid, trans-ferulic acid, vanillic acid, and kaempferol in
both buckwheat cultivars. Rutin biosynthesis is interlinked
with subsequent steps, involving p-coumaroyl-oA > dehy-
hydrokaempferol > dihydroquercetin > quercetin > isoquer-
cetin > rutin (Matsui and Walker 2020; Kianersi et al.
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2020). Drought stress elicits varied changes in rutin con-
tent among different plants—reduction, moderate increase,
or significant rise (Lucci and Mazzafera 2009; Yang et al.
2020). Flavonoid accumulation shifts under drought stress
were documented in Arabidopsis thaliana (Nakabayashi
et al. 2014). Our study displays differing quercetin and
rutin alterations in experimental buckwheat cultivars. In
Panda, quercetin and rutin levels significantly increased,
largely maintaining control levels. In the Zimbabwe-origin
cultivars, quercetin decreased, while specific flavonoid lev-
els increased significantly.

The alternation of chlorogenic acids forms in the exper-
imental buckwheat cultivars under drought stress was also
observed (Fig. 7). Chlorogenic acids showed an increase
in water stress in Chrysanthemum morifolium L. as well
(Hodaei et al. 2018). Chlorogenic acid had a dynamic
trend in response to the drought stress in Morus alba L.
Variety Yu-711 (Ackah et al. 2021).

Drought may disrupt the shikimate-mediated secondary
metabolism system, triggering changes in other metabolic
networks (Guo et al. 2018). Salinity stress elevated chloro-
genic acid accumulation in honeysuckle (Lonicera japon-
ica Thunb.) (Yan et al. 2016); similarly, drought stress
boosted its presence in Achillea pachycephala Rech.f
(Gharibi et al. 2019). Limited studies have confirmed
drought's enhancement of bioactive compounds, phenolic
acids, and flavonoids, yet their accumulation mechanisms
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remain unclear (Sarker and Oba 2018; Yang et al. 2020;
Albuquerque et al. 2021).

Summarizing effects, we offer a heatmap of relative
parameter values on different days (Fig. 9). The dendrogram
groups' values based on genotypes, with measurement day
being the dominant factor for all compounds. Drought's
impact on phenolic compound contents cannot be general-
ized from a few selected molecules, highlighting the com-
plexity of metabolic responses to environmental constraints
and the significance of genotype x environment interaction
studies.

Conclusion

In current study, we compared photosynthetic pigment,
phenolic acid, and flavonoid content changes in two com-
mon buckwheat genotypes under progressive drought
stress. Chlorophyll levels remained stable, while total
carotenoid content decreased with dehydration. The
elevated chlorophyll to carotenoid ratio was attributed
to metabolic carotenoid conversion during stress adap-
tation. Phenolic acid and flavonoid contents generally
increased, with variations in dynamics. Genotypic dif-
ferences were observed in several compounds. African
drought-tolerant cultivar exhibited specific increases in
quercetin, neochlorogenic, and chlorogenic acids, unlike
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Fig.8 The visualized correla-
tion matrix of analyzed phenolic

A

Panda

acids and flavonoids with the
characteristic of changes in their
content in buckwheat cultivars
Panda (East European origin)
(A) and PI 482597 (Zimbabwe
origin) (B) during the period of
dehydration
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the drought-susceptible genotype. These findings shed
light on phenolic responses to drought, offering insights
into potential trade-offs and genotypic patterns. This
study enhances understanding of drought effects on
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stress-related compounds in buckwheat, suggesting ave-
nues for further comprehensive research across diverse
germplasm.
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Fig.9 Heatmap of identified
pigments, phenolic acids, and
flavonoids with the character-
istic of changes in their content
in buckwheat cultivars Panda
(East Europe) and PI 482597
(Zimbabwe) during the period
of dehydration
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