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Abstract

The development of new environmentally friendly plant growth regulators (PGRs) to accelerate the growth of important agricultural crops
such as wheat (Triticum aestivum L.), increase yields, improve the quality of this crop and enhance tolerance to biotic and abiotic stressors is a
priority task in modern agriculture. In recent years, increased attention has been paid to the development of new environmentally friendly PGRs
based on synthetic low-molecular-weight azaheterocyclic compounds as novel effective physiological analogues of natural plant hormones. The
study presented in this article is devoted to chemical screening of new PGRs for wheat (T. aestivum L.) of the Kuyalnik variety among synthetic
azaheterocyclic compounds, thienopyrimidine derivatives. As a result of the screening, the most active synthetic azaheterocyclic compounds,
thienopyrimidine derivatives were selected, which showed a similar or higher regulatory effect with the plant hormone auxin IAA (1H-indol-3-yl)
acetic acid, or known synthetic PGRs based on sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-
2-mercapto-4-hydroxypyrimidine (Kamethur) with auxin-like and cytokinin-like activity, on the growth of wheat plants, photosynthesis, protein
synthesis, and catalase activity in wheat plants. Structure-activity relationship (SAR) analysis showed that the regulatory activity of synthetic
azaheterocyclic compounds, thienopyrimidine derivatives, is associated with the presence of certain substituents in their chemical structure.
The practical application of the selected most active synthetic azaheterocyclic compounds, thienopyrimidine derivatives, as new environmentally
friendly plant growth regulators is proposed.

Keywords: Triticum aestivum L; PGRs; IAA; Methyur; Kamethur; Thienopyrimidine derivatives

Abbreviations: PGRs: Plant Growth Regulators; PGPR: Plant Growth-Promoting Rhizobacteria; GAs: Gibberellins; CKs: Cytokinins; ETH:
Ethylene; ABA: Abscisic Acid; JA: Jasmonic Acid; SA: Salicylic Acid; SLs: Strigolactones; BRs: Brassinosteroids; [AA: (1H-Indol-3-yl) Acetic Acid;
Methyur: Sodium Salt of 6-Methyl-2-Mercapto-4-Hydroxypyrimidine; Kamethur: Potassium Salt of 6-Methyl-2-Mercapto-4-Hydroxypyrimidine;
SAR: Structure-Activity Relationship Analysis; Cchl: Concentration of Chlorophylls; FW: Fresh Weight; SD: Standard Deviation

Introduction
fats, carbohydrates, dietary fiber, and minerals (including P,

Wheat (Triticum aestivum L.) is an ancient cereal crop grown
in various climatic zones [1]. It is a major global crop with an
estimated production of 768.9 million metric tons (2020-2021)
[2]. Wheat is used in the manufacturing of bread, pasta, noodles,
flat, cakes, cookies, couscous and bakery products for human
consumption and as animal feed [2]. Wheat contains nutrients like
vitamins B-group (thiamine, riboflavin) and E, proteins (gluten),

K, Ca, Cu, Zn, Mg and Fe), and other vital elements that provide
antioxidants, antimicrobial, and antidiabetic properties [3,4]. Due
to increasing urbanization, changing dietary habits and population
growth, there is a constant demand for wheat. Therefore, it is
important to understand the value chain of wheat agriculture to
ensure food security, promote sustainable production methods
and improve the overall efficiency of the wheat sector. By 2050,
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the world population is projected by the United Nations to grow to
about 10 billion people, increasing the demand for wheat by about
1.7 per year [3,4]. Therefore, developing an appropriate response
to the supply will remain a policy challenge throughout the 21st
century. Wheat growth and yield depend on various environmental
factors, such as light intensity, temperature and humidity, and soil
chemistry and biotic composition. Biotic and abiotic stressors,
such as global climate change, soil salinity and heavy metal
pollution, industrialization that reduces soil fertility, extreme
temperatures, water scarcity, and emerging phytopathogens and
pests that damage this crop, are known factors leading to the
deterioration in wheat grain quality and reduced yields [5,6]. A
priority issue in wheat cultivation is to improve the quality of this
crop through breeding methods to create superior wheat varieties
with increasingly high yields and tolerance to biotic and abiotic
stressors [1,2,5,7-11].

Due to the need to reduce the harmful impact of agriculture
on the environment in accordance with one of the priorities of the
European Union’s agricultural policy (the European Green Deal),
which recommends the sustainable use of only natural methods
(the organic system), organic and mineral fertilizers are applied
as environmentally friendly agrochemicals to intensify wheat
cultivation, increase its production and help in improving the
plant’s tolerance to drought or salinity stresses [4,6,12,13]. In
addition to organic and mineral fertilizers, natural phytohormones
and synthetic plant growth regulators (PGRs) are used to
improve wheat seed germination, the formation and subsequent
organogenesis of roots, shoots, leaves, flowers, fruits, and seeds in
the vegetative and reproductive phases, provide plants with water,
micro- and microelements, as well as organic matter from the soil,
activate photosynthesis and delay leaf senescence, increase plant
productivity and adapt to stressful environmental conditions, such
as elevated ozone levels, temperature fluctuations, soil salinization
and heavy metal pollution, nutrient and water deficiency and
drought, as well as enhance wheat tolerance to biotic stressors
[14-21].

Today, it has been proven that plant biostimulants containing
humic and fulvic acids, protein hydrolysates, seaweed or plant
extracts, amino acids, chitosan, inorganic substances, and
beneficial mycorrhizal and non-mycorrhizal fungi, bacterial
endophytes, and Plant Growth-Promoting Rhizobacteria (PGPR)
promote wheat growth, enhance plant performance, stimulate
the carbon and nitrogen metabolism, enhance antioxidant
defense and production of metabolites, activate photosynthesis,
and refine water relations,
physical characteristics, improve epiphytic and rhizosphere
microbial populations and modulate root system, increase
crop yield, improve product quality and protect plant against
phytopathogens and pests, as well as enhance plant resistance to
abiotic stress factors [22-28]. Biofertilizers, considered a subset
of biostimulants, improve nutrient use efficiency and open new
pathways for nutrient acquisition in plants [27,29].

augmente soil chemical and
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There 1is currently an increased demand for novel
environmentally friendly plant growth regulators (PGRs) that
can improve plant growth in the face of global climate change
on contaminated soils with low fertility, which negatively affects
crop productivity, as evidenced by data that global sales of PGRs
have increased to US$2-3 billion in 2022 [30]. A major challenger
in modern agriculture is the chemical screening of new synthetic
compounds that can exhibit the physiological effects similar to
natural phytohormones, including auxins, gibberellins (GAs),
cytokinins (CKs), ethylene (ETH), abscisic acid (ABA), jasmonic
acid (JA), salicylic acid (SA), strigolactones, (SLs), brassinosteroids
(BRs), and peptide hormones to more effectively regulate plant
growth processes in order to improve yield and product quality,
as well as increase plant adaptation to abiotic and biotic stresses

[31].

Currently, new classes of synthetic compounds belonging
to low-molecular-weight azaheterocyclic compounds are
promising for chemical screening novel effective physiological
analogues of natural plant hormones for their use in agriculture
as PGRs, herbicides, pesticides, and insecticides [32,33]. Among
the various classes of low-molecular-weight azaheterocyclic
compounds, the most promising are synthetic environmentally
friendly PGRs based on pyrimidine derivatives, which mimic
the physiological regulatory effect on plant growth similar to
natural phytohormones, stimulating seed germination, formation
and growth of shoots, adventitious and lateral roots of plants in
the vegetative stage, enhancing photosynthesis in plant leaves,
increasing plant productivity and their resistance to abiotic
stress factors [32,33]. Beside their application as PGRs, synthetic
low-molecular-weight azaheterocyclic compounds, pyrimidine
derivatives, can be practically used as herbicides, pesticides,
fungicides and insecticides, inhibiting various enzymes of weeds
and insects [34-42]. It is also known that, in addition to being
used in agriculture, pyrimidine derivatives are a promising
source for the development of therapeutic agents against various
human diseases, which allows them to be used in medicine as
antibacterial, antifungal, antiviral, anti-inflammatory, anticancer,
antituberculosis, antidiabetic, antimalarial
and anthelmintic drugs [42-55]. Due to these unique biologically
active properties, pyrimidine derivatives represent the greatest
potential for the development of new environmentally friendly
PGRs for the regulation of plant growth and productivity.

antihypertensive,

Our previously published works devoted to the chemical
screening of new synthetic low-molecular-weight azaheterocyclic
compounds related to physiological analogues of phytohormones
auxins and cytokinins confirmed that environmentally friendly
synthetic PGRs based on sodium salt of 6-methyl-2-mercapto-
4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-
2-mercapto-4-hydroxypyrimidine (Kamethur), as well as new
pyrimidine derivatives, when exogenously applied low molar
concentrations from10°M to 10°M, which are in non-toxic to
the environment and human and animal health, for the pre-
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sowing seed treatment, accelerate the growth and development
of various agricultural crops, including wheat, during the
vegetative phase, increase plant productivity and enhance plant
resistance to abiotic stresses such as heat and drought, as well as
soil pollution with heavy metals [32,33,56-66]. Considering the
above, the development of new environmentally friendly plant
growth regulators based on synthetic azaheterocyclic compounds,
pyrimidine derivatives, which can be used in non-toxic low
molar concentrations to improve the growth and development
of an economically important grain crop, such as wheat, in
order to increase its productivity, is an extremely relevant issue
for modern agricultural industry. The goal of this work is the
chemical screening of new PGRs among synthetic azaheterocyclic
compounds, thienopyrimidine derivatives, capable of regulating
the growth and development of wheat (Triticum aestivum L.)
during its vegetative phase.

Materials and Methods

Chemical names, structures and relative molecular weight of
the compounds studied. Synthetic azaheterocyclic compounds
such as sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine
(Methyur), potassium 6-methyl-2-mercapto-4-
hydroxypyrimidine (Kamethur), and new thienopyrimidine
derivatives (compounds Ne 1-13), were synthesized according
to methods described in published works [56,67,68]. The plant
growth regulatory effect of synthetic PGRs based on sodium salt of

salt  of

6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium
salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur),
and new thienopyrimidine derivatives (compounds N2 1 - 13) was
compared with the regulatory effect of the plant hormone auxin
IAA (1H-indol-3-yl) acetic acid produced by Sigma-Aldrich, USA.

Chemical structures of the studied synthetic PGRs, such
as sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine
(Methyur),
hydroxypyrimidine (Kamethur),
derivatives (compounds Ne 1 - 13) are described in Table 1.

potassium  salt of  6-methyl-2-mercapto-4-

and new thienopyrimidine

Plant treatment with studied and

conditions of their growth

compounds

The seeds of winter wheat plants (T aestivum L.) of the Kuyalnik
variety were sterilized with 1 % KMnO, solution for 15min, then
treated with 96 % ethanol solution for 1min, after which they
were washed three times with sterile distilled water. After this
procedure, wheat seeds were placed in the plastic cuvettes (each
containing 20 - 25 seeds) on the artificial substrate - perlite
moistened with distilled water (control sample) or water solutions
of plant hormone auxin IAA, or synthetic PGRs, such as sodium
salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur),
potassium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine
(Kamethur), or new thienopyrimidine derivatives (compounds Ne
1 - 13) at a concentration of 10°M (experimental samples). Then
the wheat seeds were placed in a thermostat for germination in the
dark at a temperature of 20-22°C for 48 hours. After germination,
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the wheat seedlings were placed in a climate chamber, where they
were grown for 4 weeks at the 16/8h light/dark conditions, at the
temperature 20-22 °C, light intensity of 3000 lux, and air humidity
60-80%. Comparative analysis of morphometric parameters of
wheat plants (average length of shoots and roots (mm), average
biomass of 10 plants (g)) was carried out at the end of the 4-week
period according to methodological guidelines [69]. Morphometric
parameters determined on experimental plants, in comparison
with similar parameters of control plants, were expressed as %.

Determination of chlorophyll and carotenoid content
in plant leaves

The content of photosynthetic pigments such as chlorophylls
a,b and carotenoids in plant leaves was analyzed according to the
guidelines [70,71]. To perform the extraction of photosynthetic
pigments, we homogenized a sample (500mg) of plant leaves
in the porcelain mortar in a cooled at the temperature 10°C 96
% ethanol at the ratio of 1:10 (weight:volume) with addition
of 0,1-0,2g CaCO, (to neutralize the plant acids). The 1 ml of
obtained homogenate was centrifuged at 8000 g in a refrigerated
centrifuge K24D (MLW, Engels Dorf, Germany) during 5min
at the temperature 4°C. The obtained precipitate was washed
three times, with 1 ml 96 % ethanol and centrifuged at above
mentioned conditions. After this procedure, the optical density of
chlorophyll a, chlorophyll b and carotenoid in the obtained extract
was measured using spectrophotometer Secord M-40 (Carl Zeiss,
Germany).

The content of chlorophyll a, chlorophyll b, and carotenoids in
plant leaves was calculated in accordance with formula:

Cchla =13.36xA664.2 - 5.19xA648.6,

Cchlb =27.43xA648.6 - 8.12Ax664.2,

Cchl (a+b) =5.24xA664.2 + 22.24xA648.6,

Ccar = (1000xA470 - 2.13xCchl a - 97.64xCchlb) /209,
Where,

Cchl - concentration of chlorophylls (pg/ml), Cchl a -
concentration of chlorophyll a (ng/ml), Cchl b - concentration of
chlorophyll b (pg/ml), Ccar - concentration of carotenoids (png/
ml), A - absorbance value at a proper wavelength in nm.

The chlorophyll and carotenoids content per 1g of fresh
weight (FW)of extracted from plant leaves was calculated by the
following formula (separately for chlorophyll a, chlorophyll b and
carotenoids):

A,=(CxV)/(1000xa,),

Where, A, - content of chlorophyll a, chlorophyll b, or
carotenoids (mg/g FW),

C - concentration of pigments (pug/ml),
V - volume of extract (ml),

a, - sample of plant leaves (g).
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The content of photosynthetic pigments (mg/g FW)
determined in experimental plants was calculated relative to
control plants and expressed as %.

Determination of total soluble protein content in plants

The total soluble protein content in plants was measured using
the Bradford technique [72]. To obtain plant extracts, a sample
(100mg) of plant leaves was homogenized in a porcelain mortar
in a 0.1 M sodium phosphate buffer (pH 6.0-8.0) at a weight-
to-volume ratio of 1:5 at 4°C for 1h. The obtained homogenates
were centrifuged at 8000 g in a refrigerated centrifuge K24D
(manufactured by MLW, Engels Dorf, Germany) at 4°C for 15 min.
A volume of 1.5mL of distilled water and 1.5 mL of Coomassie
Brilliant Blue G-250 reagent (manufactured by Bio-Rad, 500-0006)
were added to 50mL of the obtained supernatant. The resulting
mixture was stirred for 10 min. The optical density (OD) of total
soluble protein was then determined using spectrophotometer
Secord M-40 at a wavelength of 595nm. The total soluble protein
content (g/100g FW) in the sample was quantified using a
calibration curve based on the optical density (OD) measurements
of standard samples containing 1.5mL of bovine serum albumin
(BSA) solution and 1.5mL of Coomassie Brilliant Blue G-250
reagent (manufactured by Bio-Rad, 500-0006). The total soluble
protein content (g/100g FW) in experimental plants was
calculated relative to control plants and expressed as %.

Determination of catalase activity

The study of catalase activity in plant leaves was carried out
by the spectrophotometric method [73], the principle of which is
based on the ability of hydrogen peroxide to form a stable-colored
complex with molybdenum salts. For this purpose, a cell-free
extract was obtained from plant leaves, which was prepared by
grinding a sample (100mg of plant leaves) in a porcelain mortar
with the addition of 0.1 M sodium phosphate buffer (pH 7.0) in
a ratio of 1:5 (weight: volume) at a temperature of 25°C for 1
h. The obtained homogenates were centrifuged at 8000g in a
refrigerated centrifuge K24D (MLW, Engels Dorf, Germany) at 4°C
for 15 min. The supernatant was used for analysis. Then, 2ml of
0.03% H,0, solution was added to 0.1ml of the cell-free extract
supernatant. In the control sample, the same amount of distilled
water was added instead of the cell-free extract. The reaction was
stopped after 10min by adding 1ml of 4% ammonium molybdate
((NH4)6M07024
spectrophotometer Secord M-40 at a wavelength of 410 nm,
relative to a control sample, in which 2ml of distilled water was
added instead of H,0,.

*4H,0). The color intensity was measured using

Catalase activity was calculated by the formula:
A = (Econtr. - Eexp.) - 146,04/ (t- V),
where

A - catalase activity (pmol/min-ml);
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Econtr. and Eexp. - absorbance of the control and experimental
samples, respectively;

t - incubation time (10min);
V - volume of the added sample (0.1ml);
146.04 - conversion factor for catalase activity in pmol.

Catalase activity (mmol of decomposed H,0,/min per 1mg
of protein) determined in experimental plants was calculated
relative to control plants and expressed as %.

Statistical processing of the experimental data was carried
out using Student’s t-test with a significance level of P<0.05;
mean values * standard deviation (+ SD). Each experiment was
performed three times [74].

Results

Comparative analysis of the regulatory effect of the
studied compounds on the growth of wheat plants

In this work, screening of new synthetic PGRs for wheat plants
(T aestivum L.) of the Kuyalnik variety was carried out among
new synthetic low-molecular-weight azaheterocyclic compounds,
thienopyrimidine derivatives. Morphometric parameters of
experimental wheat plants grown laboratory conditions treated
with thienopyrimidine derivatives, were compared with wheat
plants treated with the planthormone auxin IAA, or synthetic PGRs,
such as sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine
(Methyur), salt of 6-methyl-2-mercapto-4-
hydroxypyrimidine (Kamethur), or control wheat plants treated
with distilled water. As a result of the screening, the most active
synthetic compounds among thienopyrimidine derivatives that
accelerate growth of wheat plants were selected, similar to or
higher active than auxin IAA or synthetic PGRs, such as sodium
salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur),

potassium

potassium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine
(Kamethur). The regulatory effect of studied compounds on
morphological parameters (shoots and roots) of wheat plants is
illustrated in Figure 1.

The highest intensification of shoot growth was observed
when wheat plants were treated with synthetic PGRs - Methyur
and Kamethur, or the most active synthetic compounds,
thienopyrimidine derivatives Ne 2-4,6,7,10-13 compared to control
plants. Morphometric parameters of the average length of shoots
of wheat plants increased: by 22.83% - under treatment with
Methyur, by 25.12% - under treatment with Kamethur, by 18.78-
27.26% - under treatment with thienopyrimidine derivatives Ne
2-4,6,7,10-13, compared to control plants (Figure 2).

The lower intensification of the shoot growth was observed
when wheat plants were treated with the synthetic compounds,
thienopyrimidine derivatives Ne 1,5,8,9 compared to control
plants. Morphometric parameters of the average length of shoots
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of wheat plants increased: by 10.63-16.97% - under treatment
with thienopyrimidine derivatives Ne 1, 5, 8,9 compared to control
plants (Figure 2). The lower intensification of the shoot growth
was also observed when wheat plants were treated with the plant

hormone IAA, morphometric parameters of the average length
of shoots of wheat plants increased: by 7.96% - under treatment
with auxin [AA, but the difference was not statistically significant,
compared to control plants (Figure 2).

Control Methyur Kamethur 2

3 4 7 &

10

Figure 1: The 4-week-old winter wheat plants (T. aestivum L.) of the Kuyalnik variety, grown under treatment with auxin IAA, synthetic
PGRs — sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine
(Kamethur), and the most active thienopyrimidine derivatives (compounds Ne 2, 3, 4, 7, 8, 10) at a concentration of 10°M, compared to
control plants treated with distilled water.

Lengdh of the shoots, mm
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Figure 2: The average length of shoots (mm) of 4-week-old winter wheat plants (T. aestivum L.) of the Kuyalnik variety, grown under
treatment with auxin IAA, synthetic PGRs — sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-
2-mercapto-4-hydroxypyrimidine (Kamethur), and new thienopyrimidine derivatives (compounds Ne 1 — 13) at a concentration of 10-°M,
compared to control plants treated with distilled water. Note. *Significant differences from control values, p < 0.05, n=3, the values are mean
+ SD.

The highest intensification of root growth was observed
when wheat plants were treated with synthetic PGRs - Methyur
and Kamethur, or the most active synthetic compounds,
thienopyrimidine derivatives Ne 3,4,7,8,10 , compared to control
plants. Morphometric parameters of the average length of roots
of wheat plants increased: by 219.05% - under treatment with
Methyur, by 150.48% - under treatment with Kamethur, by 126.67-

235.24% - under treatment with thienopyrimidine derivatives N2
3,4,7,8,10, compared to control plants (Figure 3).

The lower intensification of root growth was observed when
wheat plants were treated with the planthormone IAA, or synthetic
compounds, thienopyrimidine derivatives Ne 1,2,5,6,9,11,12,13
, compared to control plants. Morphometric parameters of the
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average length of roots of wheat plants increased: by 94.29% -
under treatment with auxin [AA, by 20-88.13% - under treatment
with thienopyrimidine derivatives N2 1,2,5,6,9,11,12,13, compared
to control plants (Figure 3).

The highest increase in plant biomass was observed when
wheat plants were treated with synthetic PGRs - Methyur

and Kamethur, or the most active synthetic compounds,
thienopyrimidine derivatives Ne 2,4,5,7,8,10 , compared to control
plants. Morphometric parameters of the average biomass of
10 wheat plants increased: by 61.78% - under treatment with
Methyur, by 53.78% - under treatment with Kamethur, by 52-
63.12% - under treatment with thienopyrimidine derivatives Ne
2,4,5,7,8,10 , compared to control plants (Figure 4).

Length of the roots, me

130
120

10

+ SD.

Figure 3: The average length of roots (mm) of 4-week-old winter wheat plants (T. aestivum L.) of the Kuyalnik variety, grown under
treatment with auxin IAA, synthetic PGRs — sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-
2-mercapto-4-hydroxypyrimidine (Kamethur), and new thienopyrimidine derivatives (compounds Ne 1 — 13) at a concentration of 10-°M,
compared to control plants treated with distilled water. Note. *Significant differences from control values, p < 0.05, n=3, the values are mean

Biomass, g
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Figure 4: The average biomass (g) of 4-week-old winter wheat plants (T. aestivum L.) of the Kuyalnik variety, grown under treatment with
auxin IAA, synthetic PGRs — sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-2-mercapto-
4-hydroxypyrimidine (Kamethur), and thienopyrimidine derivatives (compounds Ne 1 — 13) at a concentration of 10-°M, compared to control
plants treated with distilled water. Note. *Significant differences from control values, p<0.05, n=3, the values are mean + SD.

The lower increase in plant biomass was observed when
wheat plants were treated with plant hormone [AA, or synthetic
compounds, thienopyrimidine derivatives Ne 1,3,6,9,11,12,13
, compared to control plants. Morphometric parameters of the
average biomass of 10 wheat plants increased: by 40.89% - under
treatment with auxin [AA, by 13.34-47.56% - under treatment
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with thienopyrimidine derivatives Ne¢ 1,3,6,9,11,12,13 , compared
to control plants (Figure 4).

Thus, the obtained results showed that the highest regulatory
effect among the studied compounds on the morphometric
parameters of wheat was demonstrated by synthetic PGRs
- Methyur and Kamethur, and the most active compounds,
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thienopyrimidine derivatives Ne¢ 2,3,4,7,8,10 and lower
regulatory effect on the morphometric parameters of wheat was
demonstrated by the plant hormone IAA and thienopyrimidine

derivatives N2 1,5,6,9,11,12,13, compared to control plants.

Comparative analysis of the regulatory effect of the studied
compounds on photosynthesis in wheat plants. The regulatory
effect of new synthetic compounds, thienopyrimidine derivatives,
on the content of photosynthetic pigments, such as chlorophylls

a, b and carotenoids in the leaves of wheat plants (T aestivum
L) of the Kuyalnik variety was analyzed and compared with
similar effect of the plant hormone auxin IAA, or synthetic PGRs -
Methyur and Kamethur. The chlorophyll and carotenoids content
increased in experimental wheat plants treated with auxin IAA,
synthetic PGRs - Methyur and Kamethur, or synthetic compounds,
thienopyrimidine derivatives, compared to control plants (Figure
5).

Concentration of chlorophylls
and carotenoids, pg'ml
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Figure 5: The content of chlorophyll a, chlorophyll b, chlorophylls a+b, and carotenoids (ug/ml) in 4-week-old winter wheat plants (T.
aestivum L.) of the Kuyalnik variety, grown under treatment with auxin IAA, synthetic PGRs — sodium salt of 6-methyl-2-mercapto-4-
hydroxypyrimidine (Methyur), potassium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur), and thienopyrimidine derivatives
(compounds Ne 1 — 13) at a concentration of 10°M, compared to control plants treated with distilled water. Note. *Significant differences

from control values, p < 0.05, n=3, the values are mean + SD.
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Figure 6: The content of total soluble protein (%) in 4-week-old winter wheat plants (T. aestivum L.) of the Kuyalnik variety, grown under
treatment with auxin IAA, synthetic PGRs — sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-
2-mercapto-4-hydroxypyrimidine (Kamethur), and thienopyrimidine derivatives (compounds Ne 1 — 13) at a concentration of 10-°M, compared
to control plants treated with distilled water. Note. *Significant differences from control values, p<0.05, n=3, the values are mean+SD.
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The highest increase in chlorophyll a content in wheat plants
was observed: by 83.43% - under treatment with auxin [AA,
by 45.32% - under treatment with Methyur, by 49.38% - under
treatment with Kamethur, by 42.32-76.83% - under treatment
with most active compounds, thienopyrimidine derivatives N
1-7,10,11,13 , compared to control plants (Figure 5). The lower
increase in chlorophyll a content in wheat plants was observed: by
17.3-32% - under treatment with compounds, thienopyrimidine
derivatives N2 8,9, 12, compared to control plants (Figure 5).

The highest increase in chlorophyll b content in wheat plants
was observed: by 82.41% - under treatment with auxin [AA,
by 43% - under treatment with Methyur, by 45.45% - under
treatment with Kamethur, by 34.97-76.65% - under treatment
with most active compounds, thienopyrimidine derivatives N
1-5,10,11,13, compared to control plants (Figure 5). The lower
increase in chlorophyll b content in wheat plants was observed: by
7.7-20.72% - under treatment with compounds, thienopyrimidine
derivatives N¢ 8,9,12 compared to control plants (Figure 5). The
compounds, thienopyrimidine derivatives N2 6, 7, did not show
any regulatory effect on the chlorophyll b content, compared to
control plants (Figure 5).

The highest increase in chlorophylls a+b content in wheat
plants was observed: by 83.13% - under treatment with auxin IAA,
by 44.64% - under treatment with Methyur, by 48.22% - under
treatment with Kamethur, by 41.04-74.12% - under treatment
with most active compounds, thienopyrimidine derivatives
Ne 1-7,10,11,13 , compared to control plants (Figure 5). The
lower increase in chlorophylls a+b content in wheat plants was
observed: by 14.46-28.66% - under treatment with compounds,
thienopyrimidine derivatives N2 8,9,12 compared to control
plants (Figure 5).

The highest increase in carotenoids content in wheat plants
was observed: by 29.99% - under treatment with auxin IAA,
by 18.8% - under treatment with Methyur, by 21.31% - under
treatment with Kamethur, by 30.07-127.12% - under treatment
with most active compounds, thienopyrimidine derivatives Ne
3,4,5,6,7, compared to control plants (Figure 5). The lower increase
in carotenoids content in wheat plants was observed: by 10.73-
27.35% - under treatment with compounds, thienopyrimidine
derivatives Ne 1,2,8-13 , compared to control plants (Figure 5).

Thus, the obtained results showed that the highest regulatory
effect among the studied compounds on the content of chlorophyll
a, chlorophyll b, chlorophylls a+b, and carotenoids in wheat
plants was demonstrated by the plant hormone IAA, synthetic
PGRs - Methyur and Kamethur, and the most active compounds,
thienopyrimidine derivatives Ne 1-7,10,11,13 and lower regulatory
effect on the content of chlorophyll a, chlorophyll b, chlorophylls
a+b, and carotenoids in wheat plants was demonstrated by the
thienopyrimidine derivatives Ne 8,9,12, compared to control
plants.

Comparative analysis of the regulatory effect of the studied
compounds on protein synthesis in wheat plants. The regulatory
effect of new synthetic compounds, thienopyrimidine derivatives,
on the content of total soluble protein in the leaves of wheat plants
(T aestivum L.) of the Kuyalnik variety was analyzed and compared
with similar effect of the plant hormone auxin IAA, or synthetic
PGRs - Methyur and Kamethur. The total soluble protein content
increased in experimental wheat plants treated with auxin IAA,
synthetic PGRs - Methyur and Kamethur, or synthetic compounds,
thienopyrimidine derivatives, compared to control plants (Figure
6).

The highest increase in total soluble protein content in wheat
plants was observed: by 48.99% - under treatment with auxin IAA,
by 43.89% - under treatment with Methyur, by 54.36% - under
treatment with Kamethur, by 10.4-24.35% - under treatment
with compounds, thienopyrimidine derivatives Ne 1,2,4-7,10,12,
13, compared to control plants (Figure 5). The lower increase in
total soluble protein content in wheat plants was observed: by
6.15-9.7% - under treatment with compounds, thienopyrimidine
derivatives N2 8, 9, 11, compared to control plants (Figure 5). The
compound, thienopyrimidine derivatives Ne 3, did not show any
regulatory effect on the total soluble protein content, compared to
control plants (Figure 6).

Thus, the obtained results showed that the highest regulatory
effectamong the studied compounds on the content of total soluble
protein in wheat plants was demonstrated by the plant hormone
IAA, synthetic PGRs - Methyur and Kamethur, and the most active
compounds, thienopyrimidine derivatives Ne 1,2,4-7,10,12,13
and lower regulatory effect on the content of total soluble protein
in wheat plants was demonstrated by the thienopyrimidine
derivatives N2 8,9,11, compared to control plants.

Comparative analysis of the regulatory effect of the
studied compounds on catalase activity in wheat plants.

The regulatory effect of new synthetic compounds,
thienopyrimidine derivatives, on the catalase activity in the leaves
of wheat plants (T aestivum L.) of the Kuyalnik variety was analyzed
and compared with similar effect of the plant hormone auxin [AA,
or synthetic PGRs - Methyur and Kamethur. The catalase activity
increased in experimental wheat plants treated with auxin [AA,
synthetic PGRs - Methyur and Kamethur, or synthetic compounds,
thienopyrimidine derivatives, compared to similar indicators in

control plants (Figure 7).

The highest increase in catalase activity in wheat plants was
observed: by 33.28% - under treatment with Methyur, by 33.59-
46.6% - under treatment with compounds, thienopyrimidine
derivatives Ne 4,6,7,10,13 , compared to control plants (Figure
7). The lower increase in catalase activity in wheat plants was
observed: by 18.91% - under treatment with auxin IAA, by 23.9%
- under treatment with Kamethur, by 16.34-25.57% - under
treatment with compounds, thienopyrimidine derivatives Ne

How to cite this article: Tsygankova VA, Vasylenko NM, Andrusevich Ya V, Kopich VM, Bondarenko OM, et al. Chemical Screening of New Environmentally

008
DOI: 10.19080/0MCIJ.2026.14.555888

Friendly Plant Growth Regulators Among Thienopyrimidine Derivatives. Organic & Medicinal Chem 1J. 2026; 14(3): 555888.


http://dx.doi.org/10.19080/OMCIJ.2026.14.555888

Organic and Medicinal Chemistry International Journal

2,3,5,8,9,11,12, compared to control plants (Figure 7). The lowest
increase in catalase activity in wheat plants was observed: by 2.2%
- under treatment with compound, thienopyrimidine derivative

Ne 1, but the difference was not statistically significant compared
to control plants (Figure 7).
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Figure 7: The catalase activity (umol/min-ml) in 4-week-old winter wheat plants (T. aestivum L.) of the Kuyalnik variety, grown under
treatment with auxin IAA, synthetic PGRs — sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-
2-mercapto-4-hydroxypyrimidine (Kamethur), and thienopyrimidine derivatives (compounds Ne 1 — 13) at a concentration of 10-°M, compared
to control plants treated with distilled water. Note. *Significant differences from control values, p < 0.05, n=3, the values are mean + SD.

Thus, the obtained results showed that the highest regulatory
effect among the studied compounds on the catalase activity in
wheat plants was demonstrated by the synthetic PGR - Methyur,
and the most active compounds, thienopyrimidine derivatives Ne
4,6,7,10,13 and lower regulatory effect on the catalase activity
in wheat plants was demonstrated by the plant hormone IAA,
synthetic PGR - Kamethur, and thienopyrimidine derivatives N
2,3,5,8,9,11,12 ,compared to control plants.

Discussion

As is known, there are currently two main approaches to large-
scale screening that underlie the discovery of biologically active
compounds capable of regulating plant growth and development
[31]. These two approaches include: forward (direct) chemical
screening, focused on the plant phenotype (i.e, compounds
from chemical libraries are tested for their ability to alter a
developmental or physiological outcome, followed by extended
validation), and reverse (indirect) chemical screening focused
on the target factor and aimed at identifying ligands that interact
with a specific protein or enzyme. Each strategy follows a distinct
workflow and provides different types of information. In forward
screening, a principal challenge is identification of the target
compounds, which requires genetic, biochemical, and chemo
proteomic methods [31]. Furthermore, extensive structure-
activity relationship (SAR) analysis of designed synthetic
analogs of natural phytohormones, and a study of their selective
affinity for target phytohormonal signaling pathways, as well as
exploration of fluorescent labeled/tagged hormone analogs have
allowed for a better understanding of the molecular mechanisms
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of phytohormone responses, hormone signaling and transport
mechanisms [75-77].

Our numerous studies conducted over the last decade have
been devoted to forward (direct) chemical screening of new
PGRs that exhibit phytohormonal (auxin-like and cytokinin-like
effects) on plant phenotypic traits during growth among synthetic
low-molecular-weight azaheterocyclic compounds, pyrimidine
derivatives, synthesized at the Department for Chemistry of
Bioactive Nitrogen-Containing Heterocyclic Compounds, V.P.
Kukhar Institute of Bioorganic Chemistry and Petrochemistry,
National Academy of Sciences of Ukraine [32,33].

The conducted field and laboratory studies have shown a
high regulatory effect of synthetic azaheterocyclic compounds,
pyrimidine derivatives, used in low concentrations that are non-
toxic to the environment and human and animal health in the
range from 10°M to 107M, on accelerating plant growth during
the growing season, intensification photosynthesis and protein
biosynthesis in plant leaves, increasing crop yields, increasing the
activity of antioxidant enzymes in plant leaves, enhancing plant
resistance to abiotic stresses, such as drought, heat, soil salinity,
soil contamination with heavy metals, and enhancing the efficiency
of phytoremediation of soils from heavy metals [32,33,56-66].
Due to the broad specificity of the regulatory action on different
plant species and varieties and the absence of toxic effects on the
environment and human health, the synthetic azaheterocyclic
compounds, pyrimidine derivatives, can be considered as effective
and environmentally friendly regulators of plant growth and
development.
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Summarizing the results obtained in this work, as a result of
the chemical screening, the most active synthetic compounds were
selected - known synthetic PGRs such as sodium salt of 6-methyl-
2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of
6-methyl-2-mercapto-4-hydroxypyrimidine  (Kamethur),
new synthetic compounds, thienopyrimidine derivatives Ne
2,3,4,6,7,10,13 that improve wheat growth, increase the content
of chlorophylls, carotenoids, and total soluble proteins, and
enhance the activity of the protective anti-stress antioxidant
enzyme catalase in wheat plants [78]. Based on SAR analysis, it
can be concluded that the highest regulatory effect of synthetic
compounds, thienopyrimidine derivatives Ne¢ 2,3,4,6,7,10,13
on the growth, photosynthesis, protein synthesis and catalase
activity of wheat plants may be associated with the presence
of substituents in their chemical structure Table 1: compound
Ne 2 contains phenyl group in position 5, tetrahydrofuran-2-

and

ylmethyl group in position 3 of the 3H-thieno[2,3-d]pyrimidin-
4-one ring; compound N¢ 3 contains a phenyl group in position
5, a cyclopentyl group in position 3 of the 3H-thieno[2,3-d]
pyrimidin-4-one ring; compound Ne 4 contains phenyl group
in position 5, pyridin-3-ylmethyl group in position 3 of the
3H-thieno|[2,3-d]pyrimidin-4-one ring; compound N2 6 contains
p-tolyl group in position 5, 2-methoxyethyl group in position 3
of the 3H-thieno[2,3-d|pyrimidin-4-one ring; compound Ne¢ 7
contains a p-tolyl group in position 5, a 3-methoxypropyl group
in position 3 of the 3H-thieno[2,3-d]|pyrimidin-4-one ring;
compound N2 10 contains methyl group in position 5, benzyl
group in position 3, carboxyl group in position 6 of the 4-oxo-3,4-
dihydrothieno[2,3-d]pyrimidine ring; compound N¢ 13 contains
benzyl group in position 3, 4-chlorophenyl group in position 4 of
the 3H-thieno[2,3-d]pyrimidin-4-one ring.

Table 1: Chemical structures of the plant hormone auxin IAA (1H-indol-3-yl) acetic acid), synthetic azaheterocyclic compounds: sodium salt of
6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur), and thienopyrimidine

derivatives (compounds Ne 1-13).

Chemical Compound Chemical Structure

Chemical Name and Relative Molecular Weight (g/mol)

x,l-l\_

H,C ™ N7 ST K

OH
1AA | o (1H-indol-3-yl)acetic acid MW=175.19
N
H
OH
Methyur = ﬂ\ sodium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine MW=165.17
HC ™ N7 S TNae
OH
Kamethur = N potassium salt of 6-methyl-2-mercapto-4-hydroxypyrimidine

MW=181.28

o
1 5-Phenyl-3H-thieno[2,3-d]pyrimidin-4-one
4 | N MW=228.274
s
o) 5-Phenyl-3-(tetrahydrofuran-2-ylmethyl)-3H-thieno[2,3-d]pyrimidin-4-
2 one
MW=312.393

3 %/@
Al

3-Cyclopentyl-5-phenyl-3H-thieno[2,3-d]pyrimidin-4-one MW=296.394
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2 5-Phenyl-3-pyridin-3-ylmethyl-3H-thieno[2,3-d]pyrimidin-4-one
NN MW=319.388

one

o /\/@/’ 3-[2-(4-Methoxyphenyl)-ethyl]-5-phenyl-3H-thieno[2,3-d]pyrimidin-4-
/7 MW=362,454

3-(2-Methoxyethyl)-5-p-tolyl-3H-thieno[2,3-d]pyrimidin-4-one
MW=300.382

3-(3-Methoxypropyl)-5-p-tolyl-3H-thieno[2,3-d]pyrimidin-4-one
MW=314.409

6-Ethyl-2-mercapto-3-phenyl-3H-thieno[2,3-d]pyrimidin-4-one
MW=288.393

o
N/© (6-Ethyl-4-o0x0-3-phenyl-3,4-dihydrothieno|2,3-d]pyrimidin-2-ylsulfanyl)
9 / \ )\ acetic acid
=

S N SWO MW=346.43
(o]
3-Benzyl-5-methyl-4-oxo0-3,4-dihydrothieno[2,3-d|pyrimidine-6-
(o] . .
10 Vi ‘ )N/\© carboxylic acid
4 s NS MW=300.339
o
o 5-Methyl-4-ox0-3-pyridin-4-ylmethyl-3,4-dihydrothieno[2,3-d]
11 74 ‘ N ‘ o pyrimidine-6-carboxylic acid
d s N/) N MW=301.326

Cl
12 o) 5-(4-Chlorophenyl)-3-furan-2-ylmethyl-3H-thieno[2,3-d]pyrimidin-4-one
MW=342.806
a N/\\@
s N/) o/
cl
13 3-Benzyl-5-(4-chlorophenyl)-3H-thieno[2,3-d]pyrimidin-4-one

MW=352.845

(o]
Y N/\©
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The lower regulatory effect of synthetic compounds,
thienopyrimidine derivatives Ne 1,5,8,9,11,12 on the growth,
photosynthesis, protein synthesis and catalase activity of wheat
plants may be associated with the presence of substituents
in their chemical structures Table 1: compound Ne 1 contains
phenyl group - in position 5 of the 3H-thieno[2,3-d]pyrimidin-
4-one ring; compound N2 5 contains phenyl group in position
5, 2-(4-methoxyphenyl)ethyl group in position 3 of the
3H-thieno[2,3-d]pyrimidin-4-one ring; compound N2 8 contains
ethyl group in position 6, phenyl group in position 3, mercapto
group in position 2 of the 3H-thieno[2,3-d]|pyrimidin-4-one ring;
compound N2 9 contains an ethyl group in position 6, a phenyl
group in position 3, a sulfonyl acetic acid residue in position 2 of
the 4-oxo-3,4-dihydrothieno[2,3-d]pyrimidine ring; compound
Ne 11 contains methyl group in position 5, pyridin-4-ylmethyl
group in position 3, carboxyl group in position 6 of the 4-oxo-3,4-
dihydrothieno[2,3-d|pyrimidine ring; compound N2 12 contains
4-chlorophenyl group in position 5, furan-2-ylmethyl group in
position 3 of the 3H-thieno[2,3-d]pyrimidin-4-one ring.

The results obtained in this work, correlate with our previously
published work [62], which indicates the auxin- and cytokinin-like
regulatory effects of synthetic PGRs - sodium salt of 6-methyl-2-
mercapto-4-hydroxypyrimidine (Methyur), potassium salt of
6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur), as well
as new synthetic compounds, thienopyrimidine derivatives at a
concentration of 10°M on the growth and development of sorghum
plants. As a result of the screening, the most active synthetic
compounds were selected - synthetic PGRs such as sodium salt of
6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium
salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur), as
well as new synthetic compounds, thienopyrimidine derivatives
Ne 1,2,4,5,7,10,13 that improve the growth of shoots and roots,
increase the content of key plant productivity indicators, such
as chlorophylls and carotenoids in sorghum plants. These new
synthetic compounds, thienopyrimidine derivatives, have been
shown to act as plant growth regulators, likely modulating auxin
and cytokinin signaling, similar to synthetic PGRs - sodium salt of
6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium
salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur),
to optimize sorghum growth, development and photosynthesis,
acting through the regulation of endogenous hormone levels,
specifically by mimicking cytokinin-like effects to increase the
biosynthesis of leaf photosynthetic pigments (chlorophylls a, b,
and carotenoids) and delay leaf senescence [62].

Comparing the results of this work with the results of
our previously published work [62], it can be concluded that
new synthetic compounds, thienopyrimidine derivatives Ne
2,4,7,10,13 showed the highest regulatory effect on both sorghum
and wheat plants, the synthetic compounds, thienopyrimidine
derivatives Ne 8,9,11,12 showed a lower regulatory effect on
both sorghum and wheat plants, while the synthetic compounds,
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thienopyrimidine derivatives Ne 1,3,5,6, showed a selective
regulatory effect on sorghum and wheat plants. Apparently, the
selective regulatory effect of thienopyrimidine derivatives on
sorghum and wheat plants is explained by specific sensitivity of
different plant species (genotypes) to these substances, as well as,
possibly, their different intracellular effects (similar to synthetic
analogues of phytohormones, including auxins and cytokinins)
on the modulation of biosynthesis, conjugation, oxidation,
transport, metabolism, and signaling networks of endogenous
phytohormones, thereby changing the level of endogenous
phytohormones in plant cells [31,75-77,79-90].

Conclusion

The regulatory effect of synthetic PGRs such as sodium salt of
6-methyl-2-mercapto-4-hydroxypyrimidine (Methyur), potassium
salt of 6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur), as
well as new synthetic compounds, thienopyrimidine derivatives
on the morphometric parameters, the content of chlorophylls,
carotenoids, total soluble protein and catalase activity in wheat
plants (T aestivum L.) of the Kuyalnik variety was studied.
The conducted study showed that the regulatory effect of new
thienopyrimidine derivatives used at a concentration of 10°M
on wheat growth is similar to or exceeds the regulatory effect of
auxin IAA or synthetic PGRs such as sodium salt of 6-methyl-2-
mercapto-4-hydroxypyrimidine (Methyur), potassium salt of
6-methyl-2-mercapto-4-hydroxypyrimidine (Kamethur) used at
a similar concentration of 10°M, and differs depending on their
chemical structure. The obtained results indicate the prospects
for the practical application of the identified most active synthetic
compounds, thienopyrimidine derivatives Ne 2,3,4, 6,7,10,13 to
improve the growth and development of wheat plants, increase
photosynthesis, protein synthesis and catalase activity in wheat
plants in the vegetative phase.
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