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applied to analyse nutrient dynamics in Sorghum bicolor and Triticum spelta, revealing that maintaining this
sequence ensures metabolic stability and sustainable soil fertility. The practical significance of the study lies in
its applicability for agronomists, soil scientists, and researchers in plant physiology, as well as for agricultural
enterprises seeking to improve nutrient management efficiency, optimise fertilisation strategies, and increase

crop productivity under sustainable farming systems

Keywords: biochemical sequence; plant nutrition; sulphur; boron; silicon; calcium; nitrogen; photosynthesis;

metabolism; agroecosystem

INTRODUCTION

The rational organisation of plant mineral nutrition is
one of the central priorities of modern agriculture, as
the biochemical sequence of nutrient assimilation de-
termines both yield quality and ecosystem stability. Im-
balanced application of fertilisers, without taking into
account the functional order of macro- and microele-
ments, often leads to the accumulation of nitrates, pro-
tein synthesis disruption and weakening of plant immu-
nity. Consequently, contemporary agronomic research
increasingly focuses on the interdependence and meta-
bolic hierarchy of mineral elements that regulate pho-
tosynthesis, enzymatic activity,and antioxidant defence.

Sulfur is considered the initiating element of met-
abolic activation. According to R.K. Sharma et al. (2024),
sulfur plays a fundamental role in amino acid synthe-
sis, chlorophyll formation and oxidative stress control,
and its deficiency disrupts the assimilation of nitrogen
into proteins, causing metabolic imbalance. The au-
thors emphasise that optimal sulfur supply improves
both yield and the nutritional quality of crops. In turn,
C. Boubakry et al. (2023) experimentally confirmed that
the agronomic efficiency of elemental sulfur depends
on particle size and soil microbial activity, which de-
termine oxidation rates and the availability of sulfates
to plants. This work substantiates the need for complex
sulphur-nitrogen management strategies. Complemen-
tary findings were obtained by T. Bruulsema and R. Ol-
son (2024), who demonstrated that sulfur management
following the 4R stewardship concept - “right source,
right rate, right time, and right place” - enhances crop
productivity and contributes to sustainable soil fertility.
These studies collectively highlight sulfur as the starting
pointinthe biochemical sequence of nutrient activation.

Equally important is the synergistic interaction
between boron and silicon. H. Sheng et al. (2024) es-
tablished that these elements share structural and
physiological roles in cell wall stability, membrane in-
tegrity and assimilate transport. Their analogy in plant
nutrition reveals that silicon partially compensates for
boron deficiency by maintaining turgor and mechanical
strength. E. Réthoré et al. (2023) experimentally verified
this relationship in Brassica napus, showing that silicon
enhances tolerance to boron deficiency by stimulat-
ing the remobilisation of boron and the expression of
its transporter genes. A.C. Buchelt et al. (2020) further
proved that the inclusion of silicon in nutrient solutions
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mitigates nitrogen, potassium, calcium, magnesium,and
sulfur deficiencies, normalising ionic balance and im-
proving enzymatic activity. These findings position sili-
con as a biochemical catalyst that stabilises metabolic
processes and reinforces other nutrients’ functions. Cal-
cium, traditionally perceived as a structural component,
has recently been identified as a signalling regulator
in nutrient transport. T. Wang et al. (2023) showed that
calcium ions mediate the transmission of stress and nu-
trient uptake signals, linking cellular transport systems
and metabolic feedback. O. Sahin et al. (2024) comple-
mented this view by demonstrating that ecological na-
no-calcium derived from eggshells increases lettuce
tolerance to salinity and boron toxicity, reducing oxi-
dative stress and stabilising antioxidant enzymes. Thus,
calcium serves as both a mediator and modulator in the
biochemical sequence of mineral nutrition.

Another critical relationship concerns the inter-
action between sulfur and nitrogen. A.A. Rahman et
al. (2025) established, through multi-site field trials on
soybean, that the combined application of these ele-
ments increases the content of sulfur-containing amino
acids and improves seed quality. This reinforces the hy-
pothesis that nitrogen utilisation efficiency depends on
prior sulfur activation.M.I.R.Khan et al. (2023) extended
this concept theoretically, asserting that plant nutrition
efficiency is determined not only by the quantity of ele-
ments but by their chronological participation in meta-
bolic cycles. Such a sequence ensures homeostatic bal-
ance and resilience under environmental fluctuations.

Ukrainian research supports these findings in a re-
gional context. V. Gamayunova and O. Sydiakina (2023)
analysed the nitrogen imbalance in Ukrainian agroe-
cosystems, noting that excessive nitrogen fertilisation
without sulfur or calcium supplementation reduces soil
microbiological activity and leads to nutrient leaching.
L.Harbar et al. (2021) confirmed that fertiliser efficiency
in sunflower cultivation depends on the coordination of
calcium, boron and sulfur supply during the reproduc-
tive phase, which directly influences productivity. Col-
lectively, these studies outline a coherent scientific par-
adigm: effective plant growth and productivity result
from the biochemical sequence of nutrient interaction,
not from isolated fertiliser application. The synchro-
nised supply of sulfur, boron, silicon, calcium, nitrogen,
magnesium and phosphorus forms a metabolic chain




that activates enzymatic systems, enhances stress re-
sistance and ensures sustainable yield formation. Pur-
pose of the study - to substantiate the biochemical
sequence of plant mineral nutrition and define the
functional interaction of key macro-and microelements
in metabolic activation.

This review is based on a systematic analysis of in-
ternational and Ukrainian scientific publications from
2020 to 2025, focusing on biochemical mechanisms
and functional interactions of sulfur, boron, silicon, cal-
cium, nitrogen, magnesium, and phosphorus in plant
metabolism. The methodological framework included
comparative and analytical synthesis of peer-reviewed
studies indexed in Scopus, Web of Science, and leading
agronomic journals such as Frontiers in Plant Science,
Physiologia Plantarum, Agronomy Journal, and Journal
of Agriculture and Food Research. Priority was given
to works combining physiological, biochemical, and
agroecological approaches. The sources were critically
evaluated for methodological transparency, reproduci-
bility, and consistency of results. This integrative analy-
sis allowed the identification of functional hierarchies
among nutrients, establishing the conceptual model
of a biochemical sequence of mineral nutrition as the
foundation for sustainable crop production. This pub-
lication proposes a generalised model of biochemical
sequence that takes into account both classical scien-
tific approaches and empirical data from field studies.
The aim is to create a structured view of the interaction
of the main elements - sulphur, boron, silicon, calcium,
nitrogen, magnesium, phosphorus, carbon and potassi-
um - and their functional inclusion in plant metabolic
processes. Such a model is not absolute, but it can serve
as a guideline for planning crop nutrition in different
agroecological conditions.

FUNCTIONAL HIERARCHY OF NUTRIENTS
AND BIOCHEMICAL SEQUENCE OF ACTIVATION

In international scientific literature, particularly in the
works of foreign researchers, the complexity of nutri-
ent interactions at the level of cellular metabolism
and plant anatomical and physiological responses is
emphasised. Their studies highlight the importance
of maintaining an optimal balance between nutrients
and their mutual influence on uptake efficiency (Her-
nandez et al., 2024). At the same time, some authors
focus on the molecular-genetic mechanisms of nutrient
transport as well as species-specific sensitivity to de-
ficiencies of particular elements. A practical approach
to structuring the sequence of nutrient uptake was
proposed by Hugh Lovel, whose concept suggests that
nutrients are incorporated into metabolic processes not
simultaneously but according to the plant’s functional
needs at different developmental stages. This allows
the design of agrotechnologies not only by growth
phase but also by considering the biochemical logic of
plant development. Such a model is widely applied in
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biological farming systems (Bruulsema & Olson, 2024).
In the Ukrainian agrochemical and plant physiology
research tradition, the interdependence of nutrients
and their sequential activation has been actively stud-
ied, particularly within the research of specialised ac-
ademic institutions. Works by scientists affiliated with
the National Scientific Centre “O.N. Sokolovsky Institute
for Soil Science and Agrochemistry” and the Institute
of Plant Physiology and Genetics of the National Acad-
emy of Sciences of Ukraine examine issues of calcium
bioactivation, the role of silicon in enhancing tolerance
to abiotic stress factors, and the physiological and bio-
chemical mechanisms of nitrogen and phosphorus up-
take. Special attention is devoted to the regional spec-
ificity of nutrient balance in the agroecosystems of the
Forest-Steppe and Steppe zones of Ukraine, especially
in the context of organogenesis (Trembitska et al., 2020).

The study of mechanisms regulating nutrient func-
tioning in soil and their influence on plant growth in-
dicates the existence of a clear hierarchy or “biochem-
ical sequence” of nutrients (Sharma et al., 2024). This
sequence determines which elements must act first to
create favourable conditions for the efficient assimila-
tion of subsequent nutrients. It is based on the com-
plex interaction of chemical and biological processes
in the soil that form the foundation of plant vitality.
The fundamental idea of this hierarchy is that elements
participating in reactions at the early stages establish
the basis for soil biological activity and, consequently,
for effective plant growth. Sulphur, boron, silicon, and
calcium are critical initiating elements, while nitrogen,
phosphorus, and potassium - despite their convention-
al prominence in crop nutrition - occupy the final stag-
es of this biochemical sequence (Sheng et al., 2024;
Sahin et al., 2024) (Fig. 1).
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Figure 1. Biochemical foundation of nutrient sequence
Source: developed by the authors based on H. Sheng et
al. (2024) and O. Sahin et al. (2024)

Sulphur is a key catalyst of biochemical reactions
occurring on the surface of soil particles. It interacts
with essential compounds of carbon, hydrogen, oxygen,
and nitrogen, activating the surfaces where chemi-
cal reactions take place. However, its role extends far
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beyond the soil environment. In plants, sulphur is an
indispensable component of amino acids such as me-
thionine and cysteine, as well as of vitamins (biotin and
thiamine) and enzymes that regulate metabolism. Sul-
phur participates in protein synthesis, chlorophyll for-
mation, stimulates photosynthetic activity, and enhanc-
es nitrogen assimilation. Without sufficient sulphur,
nitrogen cannot be converted into amino acids, leading
to nitrate accumulation in plant tissues and impaired
protein metabolism. Therefore, sulphur and nitrogen
must act synergistically — sulphur opens the pathway
for the full incorporation of nitrogen into biochemical
chains. In this context, sulphur is not merely a nutrient
but a trigger mechanism for protein synthesis (Shar-
ma et al., 2024). Furthermore, sulphur plays a crucial
role in plant resistance to stress factors - it is involved
in the synthesis of glutathione, one of the key cellular
antioxidants that protects the plant against oxidative
stress, diseases, and toxic substances. In rhizobial bac-
teria, sulphur is essential for the synthesis of enzymes
responsible for nitrogen fixation, making it particularly
critical for leguminous crops. Under sulphur deficiency,
plants display symptoms similar to nitrogen shortage:
chlorosis of young leaves, growth inhibition, reduced
protein content, and decreased yield. However, unlike
nitrogen, sulphur is poorly redistributed within the
plant, so its deficiency appears primarily in young tis-
sues (Buchelt et al., 2020). Thus, sulphur is not only a
structural element but a true metabolic “switch” that
regulates nitrogen metabolism, energy balance, and
plant defence mechanisms. Its presence is a prerequi-
site for proper growth, development, and the formation
of high-quality yields.

Boron plays a vital role in the formation of cellu-
lar structures and tissue differentiation processes, en-
suring mechanical strength and elasticity. It facilitates
the effective uptake of nutrients by the root system
and improves the synthesis, transport, and distribution
of carbohydrates from photosynthetic organs to mer-
istematic zones, roots, and generative organs. One of
boron’s important functions is its involvement in cal-
cium uptake, the formation of the primary root system,
and the development of nodules in leguminous crops.
Adequate boron supply promotes the formation of gen-
erative organs, stimulates flowering, and improves fer-
tilisation by enhancing pollen viability and germination
quality. This, in turn, positively affects seed productivity
and quality parameters (Vera-Maldonado et al., 2024).
Boron is an essential element in the plant’s metabol-
ic processes, and its deficiency leads to physiological
and biochemical imbalances. Unlike many other min-
eral nutrients, boron cannot be remobilised within the
plant - it does not move from senescing or older organs
to younger tissues. Therefore, its supply must be contin-
uous throughout the growing season, with special at-
tention during critical growth and development phases
(Réthoré et al., 2023). In addition, boron increases plant
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resistance to phytopathogens of both fungal and bac-
terial origin and enhances tolerance to abiotic stresses,
including extreme temperature conditions.

Silicon is also one of the most important mineral
nutrients that positively influences the physiological
and biochemical processes in plants. It participates in
the formation of cell walls, strengthening their struc-
ture and increasing tissue mechanical stability. Accu-
mulating in epidermal cells, silicon creates a protective
barrier that reduces water loss, lowers pathogen and
pest damage, and enhances tolerance to adverse en-
vironmental conditions such as drought, temperature
stress, and soil salinity (Calero Hurtado et al., 2019;
2020). Silicon contributes to the enhancement of pho-
tosynthetic efficiency by improving the plant’s water
balance, ensuring balanced uptake of macro- and mi-
croelements, and stabilising chloroplast structures.
Adequate silicon supply increases the activity of enzy-
matic systems involved in nitrogen, phosphorus, and
potassium metabolism. It also promotes root growth,
stimulates the development of root hairs, improves nu-
trient uptake from the soil, and reduces the toxic ef-
fects of heavy metals and excessive concentrations of
ions such as sodium and aluminium. Through its role
in metabolic processes, silicon indirectly affects plant
generative development - improving fruit and seed
setting, increasing quality and storage potential. In ce-
reals, silicon contributes to the formation of full ears,
reduces stem brittleness, and minimises yield losses
during ripening (de Melo Peixoto et al., 2022; de Farias
Guedes et al., 2022).

Boron and silicon together form the basis of the
plant’s transport system. Boron, in combination with
silicon, is responsible for the functionality of the plant’s
vascular system - it increases cell wall permeability and
facilitates the movement of nutrients through vascular
tissues. When boron or silicon are deficient, especially
under hot conditions, plants wilt rapidly even with suf-
ficient soil moisture, indicating nutrient transport fail-
ure rather than water deficit (Sheng et al., 2024). Boron
is also essential for maintaining sap pressure within
plant tissues, influencing active growth, particularly in
crops with branched venation systems (e.g., beans, to-
matoes, courgettes). In contrast, crops with parallel vas-
cular structures (e.g., cereals) tolerate boron deficiency
better due to their higher silicon content (Réthoré et
al., 2023). Modern agricultural practices — particularly
‘clean farming” and the excessive use of soluble nitro-
gen fertilisers — can accelerate the depletion of boron
and silicon reserves. This occurs because microbial ac-
tivity decreases, and humus-clay complexes that retain
these elements are destroyed. As a result, nutrients are
easily leached, and soil biological activity declines.

Calcium is another key element, acting as a major
transport agent in plant nutrition systems, working in
combination with magnesium, potassium, and sodium.
It provides structural stability to cells and is crucial for




cell division processes, which are necessary for fruit
and seed formation. Calcium plays a special role in its
interaction with nitrogen for the synthesis of amino
acids - the basis of the protein structure that governs
enzyme and hormone function. Calcium is also a vital
component of cell walls, particularly of pectic substanc-
es, where it forms calcium-pectate bonds, ensuring
tissue integrity and mechanical strength. Its presence
supports normal growth of meristematic tissues, es-
pecially root and shoot tips where metabolic activity
is high (Wang et al., 2023). In addition, calcium has a
regulatory function in intracellular signal transduction,
participating in stress signalling, stomatal regulation,
and plant adaptation to adverse environmental con-
ditions. Calcium also reduces cell membrane permea-
bility, limiting pathogen invasion and thus enhancing
disease resistance. Calcium deficiency, especially during
active growth phases, leads to impaired development
of growth points, tissue deformation, necrosis of young
parts,disrupted water balance,and reduced productivity.
Continuous calcium supply, particularly during critical
phases of development (growth spurts and reproductive
organ formation), is essential for stable growth, normal
metabolism, and high-quality yields (Sahin et al., 2024).

Above all, calcium interacts with nitrogen to form
amino acids, which are the basis of DNA, RNA, and pro-
teins. These nitrogen compounds, in turn, sustain the
complex chemistry of enzymes and vital hormones in-
volving all elements from sulphur and silicon to mag-
nesium, iron, phosphorus, zinc, manganese, and copper.
Most importantly, nitrogen provides amino acids in
chlorophyll, which is crucial for photosynthesis - the
highly efficient mechanism of energy capture (Rah-
man et al., 2025). For instance, in maize (Zea mays), cal-
cium deficiency results in incomplete kernel formation,
while in soybean (Glycine max), adequate calcium levels
prevent pod abscission. Overall, calcium is a critically
important element for normal plant growth and devel-
opment. It provides structural stability to cells, supports
enzymatic function, participates in cell division and the
formation of reproductive organs, and enhances stress
and pathogen resistance. Its interaction with nitrogen
underpins the synthesis of proteins and chlorophyll.
Continuous calcium supply throughout the vegetation
period is the key to high-quality yields.

FUNCTIONAL INTERRELATIONS
OF NITROGEN, MAGNESIUM, PHOSPHORUS,
CARBON AND POTASSIUM

Nitrogen: the driving factor of biochemical activity. As
mentioned above, where calcium goes, nitrogen fol-
lows. Nitrogen is the foundation for amino acid forma-
tion, protein chemistry, and the replication and expres-
sion of DNA. Once nitrogen becomes active, all types
of proteins, enzymes, and hormones are produced, in-
itiating highly complex processes that involve micro-
nutrients (Sharma et al., 2024). Unfortunately, soluble
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nitrogen fertilisers stimulate only the final part of this
process, disregarding the priority of sulphur, boron, sili-
con, and calcium. Such fertilisers accelerate vegetative
growth, but they act similarly to stimulants, providing
weak yields dependent on high weed competition, pest
infestation, and disease pressure (Bruulsema & Ol-
son, 2024). All parts of plant protein chemistry require
amino acid-based nitrogen. Nitrogen lies at the inter-
section between chemically neutral silicon and calci-
um, with a large portion of amino acids being utilised
for chlorophyll formation - the key to energy capture.
Energy accumulation is vital, as without photosynthe-
sis, plant life would cease to exist (Alves et al., 2020).
Nitrogen is not merely a growth source but a trigger
for synchronising metabolic pathways that ensure full
functionality of cellular structures. In agrobiological
terms, nitrogen initiates the biosynthesis of nucleo-
tides, alkaloids, vitamins, and secondary metabolites
that play a critical role in plant defence mechanisms
and adaptation to environmental stressors (Hernan-
dez et al., 2024).

Furthermore, nitrogen bioavailability influences
the equilibrium between vegetative and generative de-
velopment. Excessive nitrogen results in the overaccu-
mulation of green biomass at the expense of fruit and
seed formation. Conversely, nitrogen deficiency causes
growth retardation, chlorosis, protein synthesis inhibi-
tion, and general physiological suppression. Therefore,
efficient nitrogen nutrition must not rely solely on the
quantity of applied compounds but should be balanced
with elements that ensure full expression of its met-
abolic function - specifically sulphur (for amino acid
synthesis), boron (for sugar transport and growth reg-
ulation), silicon (for tissue resilience), and calcium (for
cellular stability). Only under such a system does nitro-
gen truly become the viable foundation of a productive
and resilient plant organism (Boubakry et al., 2023).
Hence, nitrogen is a key element of protein and energy
metabolism that activates the primary biochemical pro-
cesses in plants. Its effectiveness, however, depends on
balanced interactions with calcium, sulphur, boron, and
silicon. Under such conditions, nitrogen supports not
only growth but also crop resistance and productivity
(Bruulsema & Olson, 2024).

Since photosynthesis requires magnesium, it ranks
fifth in the biochemical sequence, preceding all oth-
er less critical microelements. Photosynthesis is not
merely the accumulation of energy in chlorophyll; this
energy must be transferred from chlorophyll to silicon
to produce sugars from carbon dioxide and water, a
process that demands phosphorus for energy transport.
Without sufficient phosphorus, chlorophyll becomes
unstable, leading to leaf discolouration and premature
senescence (Buchelt et al., 2020). If phosphorus is avail-
able, carbon is released from carbon dioxide to combine
with water, producing sugars and releasing oxygen.
Magnesium acts as the central atom of the chlorophyll
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molecule - without it, light absorption and its conver-
sion into chemical energy would be impossible. Yet
the role of magnesium extends beyond photosynthe-
sis. It activates more than 300 enzymatic systems, in-
cluding those responsible for the synthesis of nucleic
acids, proteins, carbohydrates, and lipids. Magnesium
maintains ribosomal stability, participates in ATP syn-
thesis, and facilitates phosphate transport within the
plant (Wang et al., 2023). In addition, magnesium is es-
sential for carbohydrate mobilisation, particularly for
transporting assimilates from leaves to growing points,
generative organs, and the root system. Magnesium de-
ficiency leads to carbohydrate accumulation in leaves,
premature ageing, disrupted nitrogen metabolism, and
reduced overall productivity. It also exhibits antagonis-
tic interactions with calcium and potassium, so overap-
plication of one without balancing magnesium can dis-
turb ionic equilibrium and cause secondary deficiencies
(Hernandez et al., 2024). Thus, magnesium is indispen-
sable for photosynthesis and general plant metabolism,
as it forms part of chlorophyll and activates numerous
enzymes. It enables ATP synthesis, phosphate and car-
bohydrate transport, and maintains the balance of nu-
trient elements. Its deficiency disrupts energy exchange,
reduces photosynthesis, and limits plant productivity.
Phosphorus. Photosynthesis is not only the capture
of light energy by chlorophyll - this energy must be
converted into sugars from carbon dioxide and water,
a process requiring phosphorus. Otherwise, chlorophyll
“burns out”, and leaves acquire a reddish hue. Phos-
phorus is a key element in cellular energy transfer and
storage since it forms part of ATP - the main energy
carrier in biochemical reactions. It allows energy cap-
tured during photosynthesis to be used for synthesising
carbohydrates, proteins, nucleic acids, and other organ-
ic compounds (Wang et al., 2023). Phosphorus is also
an essential component of phospholipids forming cell
membranes and of RNA and DNA, ensuring genetic in-
formation transfer and regulation of cell division. It par-
ticipates in coenzyme and regulatory molecule synthe-
sis, coordinating primary metabolic pathways, including
nitrogen and carbohydrate metabolism. Phosphorus is
particularly crucial in early plant development, stimu-
lating root system growth, accelerating establishment,
enhancing water efficiency, and improving the uptake
of other nutrients. During the generative phase, phos-
phorus ensures full flowering, fruit set, and seed filling.
Hence, phosphorus is critical for energy metabolism,
synthesis of nucleic acids, proteins, carbohydrates, and
cell structures. Its deficiency results in energy depletion
and metabolic disturbances (Bolokhovsky et al., 2024).
Carbon. When phosphorus levels are adequate, car-
bon participates as carbon dioxide, and energy is trans-
ferred from chlorophyll through phosphorus to bind
CO, with water, forming sugar and releasing oxygen.
Carbon is the fundamental building block of all organic
molecules in plants - from simple sugars to complex
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proteins, lipids, nucleic acids, and cell wall structures.
About 45% of plant dry matter consists of carbon, as-
similated from the atmosphere as CO, through stomata.
Using photosynthetic energy, this carbon dioxide is con-
verted into glucose, the primary molecule for synthe-
sising structural and storage compounds (Khan, 2025).
Carbon is also a key component of cellulose, hemicel-
lulose, and lignin — materials that form cell walls and
vascular tissues. In the form of organic acids, it partic-
ipates in pH buffering, mineral transport, and osmot-
ic regulation. The accumulation of carbon compounds
such as sugars and starch provides plants with energy
and affects root development, stress adaptation, and
yield quality. Furthermore, the carbon-to-nitrogen bal-
ance determines the growth direction - vegetative or
generative - and directly influences resistance to dis-
eases and drought (Khan et al., 2023). Thus, carbon is
not merely a passive element absorbed from the air but
an active regulator and structural component of all vi-
tal plant processes. Its assimilation and utilisation are
closely linked to the efficient functioning of the photo-
synthetic apparatus, phosphorus and magnesium avail-
ability, and optimal water balance. Carbon underlies
organic plant life, forming structures, energy reserves,
and metabolic compounds. Its assimilation through
photosynthesis drives the synthesis of sugars, proteins,
nucleic acids, and cell walls. The carbon balance with
other nutrients defines plant growth direction, stress
resistance, and yield quality.

Potassium. At this stage, sugars move into plant sap,
where potassium - as an electrolyte - directs them to
where they are most needed. Potassium plays a crucial
role in regulating osmotic pressure, stomatal opening,
and the transport of assimilates, particularly sugars,
from photosynthetic leaves to growth points, roots, and
reproductive organs. Through potassium, the efficient
movement of nutrients through the phloem is ensured,
which is particularly critical during grain filling or fruit
development (Bolokhovsky et al., 2024). Potassium ac-
tivates more than 60 enzyme systems, including those
responsible for protein synthesis, carbohydrate metab-
olism, and energy accumulation. Although it does not
form part of organic molecules, it is indispensable for
their biochemical activity. Potassium also regulates
starch synthesis, water balance, and membrane integri-
ty, enhancing resistance to mechanical stress and path-
ogen attack (Hernandez et al., 2024). Adequate potassi-
um levels strengthen plant tissues, improve tolerance
to drought and low temperatures, and enhance resist-
ance to fungal and bacterial diseases. It also plays a vi-
tal role in stress adaptation by maintaining turgor and
reducing damage under unfavourable conditions. Thus,
potassium is a critical element for sugar transport, wa-
ter balance regulation, and enzymatic activity in plants.
While not part of organic compounds, it ensures their
effective functioning, promoting growth, energy accu-
mulation, stress resistance, and yield formation.




APPLIED BIOCHEMICAL MODEL

FOR SORGHUM BICOLOR AND TRITICUM SPELTA
All these processes unfold only when the biochemi-
cal sequence is activated by the initiating elements.
To sustain this biochemical sequence, it is crucial to
use mineral supplements such as gypsum, silicate rock
powders, lime, and dolomite, which help restore and
maintain elemental balance in the soil. In addition,
organic methods of soil enrichment - such as com-
posting with the addition of rock powders - contribute
to the restoration of natural soil biology and increase

Trembitska et al.

fertility (Drobitko & Kachanova, 2023). Considering
the interrelations of elements in plant nutrition and
their functional sequence, a diagram of biochemical
interactions among macro- and microelements was
constructed. Using two crops - common sorghum
(Sorghum bicolor) (Table 1) and spelt wheat (Triticum
spelta) (Table 2) - the dynamics of nutrient incorpo-
ration into metabolic processes were illustrated, al-
lowing observation of the stages of productivity for-
mation and plant adaptive stability (Khan et al., 2023;
Bruulsema & Olson, 2024).

Table 1. Functional role of key elements in the biochemical nutrition system of common sorghum

Element Function Critical period
Activates protein metabolism, stimulates photosynthesis, . -
Sulphur (S) reduces nitrate accumulation Early vegetation, tillering stage
Boron (B) Forms the vascular system, increases pollen viability Before stem elongation
Silicon (Si) Strengthens cell walls, reduces moisture loss Throughout vegetation

Calcium (Ca)

Forms cell membranes, improves nitrogen uptake

Tillering — stem elongation

Nitrogen (N)

Ensures growth and protein synthesis

Vegetation, grain filling

Magnesium (Mg)

Central atom of chlorophyll, energy metabolism

All photosynthetic phases

Phosphorus (P)

Root system growth, energy metabolism

Early development, reproductive phase

Carbon (C)

Forms organic matter, photosynthesis

Constantly

Potassium (K)

Assimilate transport, drought resistance

Grain filling, ripening

Source: authors’ data based on T. Bruulsema and R. Olson (2024), M. Khan et al. (2023)

Table 2. Biochemical activity of major elements during key ontogenetic phases of spelt wheat

Element Function Critical period
Sulphur (S) Stimulates protelp and glut-en synthesis, enhances Spring regrowth
disease resistance
Boron (B) Ear formation, pollen fertility improvement Stem elongation - heading
Silicon (Si) Stem strengthening, lodging reduction Throughout vegetation

Calcium (Ca)

Increases cell wall stability, nutrient transport

Tillering - heading

Nitrogen (N)

Growth, protein formation, ear and grain development

Spring - grain filling

Magnesium (Mg) Chlorophyll formation, photosynthesis Vegetation
Phosphorus (P) Root system development, energy supply Autumn vegetation - spring regrowth
Carbon (C) Organogenesis, energy potential All phases

Potassium (K)

Resistance to lodging, frost, and disease

Tillering - grain filling

Source: authors’ data based on T. Bruulsema and R. Olson (2024), M. Khan et al. (2023)

The analysis of the biochemical nutrient sequence
in Sorghum bicolor and Triticum spelta showed that the
efficiency of metabolic processes in these crops directly
dependsonthesequentialand balanced supply of macro-
and microelements. A key role in initiating biochemical
activity is played by sulphur, boron, silicon, and calcium,
which create the prerequisites for the full assimilation
of nitrogen, magnesium, phosphorus, carbon,and potas-
sium. This sequence determines the stability of growth
processes, photosynthetic activity, and crop quality. Ap-
plying this model not only enhances the efficiency of
mineral nutrition but also ensures the ecologically bal-
anced functioning of agroecosystems (Sun et al., 2024).

In general, the results of the study confirmed that
the effectiveness of plant growth and productivity is
determined by the sequence and balance of nutrient
supply. The active interaction of sulphur, boron, silicon

and calcium creates conditions for the absorption of ni-
trogen, magnesium, phosphorus, carbon and potassium,
ensuring metabolic stability and crop resilience.

CONCLUSIONS

The conducted analytical study confirmed that the
functional hierarchy of nutrients and their biochemical
sequence of activation form the physiological basis of
effective plant growth and productivity. The research
summarised both classical and modern concepts of nu-
trient interactions, emphasising the critical role of sul-
phur, boron, silicon, and calcium as initiating elements
that activate metabolic pathways and prepare the bi-
ochemical environment for the effective utilisation of
nitrogen, magnesium, phosphorus, carbon, and potassi-
um. These primary elements not only initiate enzymatic
and photosynthetic activity but also enhance structural
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integrity, transport processes, and stress resistance in
plants. The analysis of the applied biochemical model
for Sorghum bicolor and Triticum spelta demonstrated
that the balanced and sequential uptake of macro- and
microelements directly determines the metabolic sta-
bility and adaptive potential of crops. In both species,
the functional order of nutrient activation ensures a
synergistic relationship between energy metabolism
and protein synthesis, maintaining photosynthetic ef-
ficiency and reproductive success. The implementation
of this sequence in agronomic practice contributes to
the optimisation of fertilisation systems, reduces nutri-
ent losses, and supports sustainable soil fertility. The
results also highlight the importance of integrating
mineral and organic soil amendments such as gypsum,
dolomite, silicate powders, and composts enriched with
rock dusts. These materials restore the natural balance
of nutrient elements, enhance soil microbial activity,
and promote the development of biologically active
agroecosystems. The proposed model provides a uni-
versal framework for adapting biochemical nutrient
sequences to specific crop requirements and regional
agroecological conditions.

Future investigations should focus on quantitative
modelling of nutrient activation kinetics under varying
climatic and soil conditions, as well as on identifying
molecular mechanisms that regulate the biochemical
synchronisation of nutrient uptake. Special attention
should be given to the integration of this model into
precision agriculture technologies, which would allow
for dynamic adjustment of fertilisation regimes and
real-time monitoring of plant physiological responses.
This direction of research will ensure the practical ap-
plication of biochemical nutrient hierarchy principles in
the development of resilient, high-yield, and environ-
mentally sustainable crop production systems.
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AHoTauif. MeTolo [aHOro JoCnigXeHHs 6yno oBrpyHTYBaHHS (YHKLIOHANbHOI i€Epapxii MOXMBHUX PEYOBMH Ta
po3pobka npuknagHoi BioximMiyHOi Momeni Ang onTMMI3auii ynpaBniHHA MOXMBHMMMU PEYOBMHAMM B POCIAMHAX.
MeToponoria AOCNiIIKEHHS NOEAHYBANA KOMMAEKCHUI aHani3 MiKHapOAHWX Ta HaLiOHAZbHUX HAayKOBUX AKepen
i3 cucTeMaTM3auieto H6ioxiMiYHMX B3aEMOAINM MidK Makpo- Ta MikpoenemeHTamu. byno BCTaHOBNEHO, WO NOMIMHAHHS
Ta aKTMBALLig NOXMBHMUX PEYOBMH Y POC/IMHAX BiAOYBAETbCS 33 NEBHOK BGIOXiMIYHOK NOCNILOBHICTHO, B SKiM CipKa,
60p, KpeMHIl i KanbLiid BUCTYNaKTb iHiLiaTOpamMu, WO aKTUBYKOTb MeTaboniyHi Wnsxu, 3abesnedyoun edekTMBHe
3aCBOEHHS a30Ty, MarHito, pocdopy, ByrneL Ta Kanit. Y fLocniokKeHHI NpoaHani3oBaHo @i3ionorivHi Ta HioxiMivHi
MEXaHi3MM B3aEMO3B'A3KIB MK MOXMBHUMW pEYOBMHAMK Ta MPOLEMOHCTPOBAHO, WO Taka NOCAIA0BHA aKTMBaLLif
3abe3neyye 6GanaHC MiX CTPYKTYPHUM PO3BUTKOM, (OTOCMHTETUYHOK aKTMBHICTHO Ta CTpecocTilkicTio. byno
BCTAHOBJ/IEHO, WO epeKTUBHICTb MeTabonivyHMx npoueciB 6e3nocepeaHbo 3aNeXuTb Bif CMHXPOHI3aLii NOMMHAHHS
eneMeHTIB BIANOBIAHO A0 a3 pocTy pocauH. JocnifxeHHs y3aranbHWNO eKCNepuMeHTanbHi Ta TEOPETUYHI AaHi
Npo pofib KanbLito B TPAHCMOPTI Ta CMrHani3auii, Cipku B cuHTe3i 6inkiB, KpEMHIO B 3MiLHEHHI KNiTUH Ta 6opy B
penpoaykKTMBHOMY pPO3BMTKY. Ha OCHOBI LMX BMCHOBKIB Oyn0 po3pobneHo dyHKUioHanbHY 6ioxiMiuHy Monenb,
SKa NOKa3ye, K MOCNiAOBHA aKTMBaLisS MOXMBHMX PEYOBMH MOKPALLYE BPOXKAMHICTb Ta MNiABMULLYE CTiMKiCTb 4O
ekonoriyHoro ctpecy. Mogenb 6yna 3acTocoBaHa A1 aHani3y AMHAMIKM NMOXMBHUX pevyoBuH Yy Sorghum bicolor Ta
Triticum spelta, Wo [,03BOAUNO BUSBUTU, LLO LOTPUMAHHS €T MOCNIAOBHOCTI 3abe3neyye MeTaboniuHy cTabinbHicTb
Ta CTiAKY pOAYICTb IpyHTY. [TpakTUYHE 3HAYEHHS AOCNIAKEHHS MONSIra€ B MOro 3aCTOCOBHOCTI AN arpOHOMIB,
IPYHTO3HAaBLIB Ta AOCNIAHUKIB Y ranysi disionorii pocanH, a Takox Aa9 CibCbKOroCnoAapcbkUX MignpUEMCTB, AKi
nparHyTb NiABUWMTM edeKTUBHICTb YNPaBiHHSA MOXMBHUMM pEYOBMHAMM, OMTUMI3yBaTK CTpaTerii yoobpeHHs Ta
36iNbLUINTK BPOXKAWHICTb KyNbTYp Y paMKax CMCTEM CTanoro 3emMnepobcTea

KniouoBi cnoBa: 6ioxiMiuHa MOCNIAOBHICTb; XXMBNEHHS POC/IMH; Cipka; 60p; KPeMHIl; KanbLili; a30T; GOTOCUHTES;
MeTaboni3M; arpoekocmncTemMa
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