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BIOLOGICAL CHARACTERISTICS OF MELILOTUS OFFICINALIS (L.) PALL.
DEVELOPMENT AND ENVIRONMENTAL SAFETY OF MEDICINAL PLANT RAW MATERIAL

Actuality. Growing interest in phytotherapy and the use of plant-derived preparations in modern medicine has made it essential
to examine the biological development of yellow sweet clover (Melilotus officinalis (L.) Pall.), one of the most widespread medicinal
species in the temperate zone. As demand for herbal raw materials rises, so does concern over their environmental safety — particularly
the ability of plants to accumulate heavy metals from soil. Insufficient knowledge of M. officinalis ecology and physiology can result in
poor yields of high-quality raw material and in the build-up of toxic elements.

Aim of the study. To characterise the growth and developmental traits of M. officinalis and to quantify the accumulation of heavy
metals in its leaf biomass.

Material and methods. Field trials were conducted on grey podzolic medium-loam soils at the Agronomichne Research Farm
(Vinnytsia National Agrarian University, Ukraine). The low-coumarin cultivar Luhansk of M. officinalis was sown. Phenological
stages were recorded according to a standard protocol, and plant height was measured on ten permanently marked individuals.
Concentrations of Pb, Cd, Cu and Zn in the leaf mass were determined in a certified analytical laboratory. Heavy metal accumulation
coefficients were calculated as the ratio of each metal s concentration in plant tissue to its content in the mobile fraction of the soil.

Research results. Full emergence of M. officinalis was recorded on day 11, when the sum of active temperatures reached 179 °C
and the mean daily air temperature was 17,3 °C. In the sowing year, the crop did not enter budding or flowering stages, following a
winter-annual growth pattern and producing aerial biomass up to 130 cm in height. In the second year of vegetation, budding occurred
after 87 days and flowering after 93 days, with plants attaining a height of 174 cm. Following biomass harvest, the plants senesced.
Heavy-metal analysis revealed that only lead exceeded the maximum permissible concentration by 16,7%. Accumulation coefficients
rose with plant age: Pb by 35,3%, Cu by 5,4%, and Zn by 52,8%.

Conclusion. M. officinalis exhibits a two-year developmental cycle, achieving peak biomass in the second vegetation year. Under
early spring, non-cover sowing, the species behaves as a winter-type crop. The plant selectively accumulates heavy metals, with the
highest coefficients observed for Zn and the lowest for Cd and Pb — an aspect that must be considered when using the species as
medicinal raw material.

Key words: yellow sweet clover, Melilotus officinalis (L.) Pall., medicinal raw material, heavy metals, accumulation coefficient,
Pb, Cd, Cu, Zn.
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BIOJIOI'TYHI OCOBJIMBOCTI PO3BUTKY MELILOTUS OFFICINALIS (L.) PALL.
TA EKOJIOTTYHA BE3NEKA JIKAPCHKOI POCJIMHHOI CHPOBUHHA

Axmyansnicms. 3pocmanns inmepecy 00 ¢pimomepanii ma GUKOPUCMANHA POCIUHHUX NPENAPAMIE Y CYUACHIT MeOUYUHi 3yMO8-
JIOE HEOOXIOHICIb KOMNILEKCHO20 O0CHIOdICeH sl DionociuHux ocobnusocmeil po3eumky Oypryny sicosmozco (Melilotus officinalis (L.)
Pall.) — oouiei 3 HatlbinbuL nowUpeHUx TKAPCOKUX POCIUH NOMIPHO20 KAIMAMUuuHo20 noscy. Pasom 3i spocmarnusm nonumy Ha Jikap-
CbKY POCIUHHY CUPOBUIY AKMYANbHOIO CMAE npodrema ii exonoziunoi besnexu, 30kpema, 30amHicms pocaun HAKONUYY8amu 6adlcKi
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memanu i3 tpyHmy. Biocymuicmu 3uans npo xynemypy M. officinalis moce npuzsecmu 00 ompumanHs 3amanoi KiitbKocmi sKiCHOT
JUKApCbKOI CUpOGUHU A HAKONUYEHHS MOKCUYHUX PEUOBUH.

Mema 0ocniorcennsn — susuumu 0ion02iuHi ocobnueocmi pocmy i pozsumky pociun M. officinalis ma inmencusnicmos nHaxonu-
YeHHs 8 U020 JUCMOGIN MACI BAICKUX MEMAIG.

Mamepian i memoou. [lonvogi docniodxcenHs npoeoounU Ha Cipux onio301eHUX cepeOHbOCY2IUHKOSUX TpyHmax Haykoeo-docnio-
HOo20 2ocnodapcmea «Aeporomiuney Binnuyvkoco HayionanrbHo2o azpaprozo yHigsepcumemy. Bucisanu copm M. officinalis Jlyean-
coKull Manokymapunosuil. I1Ipogoounu ghenonociuni cnocmepedlcents 3a poCIUHAMU 32I0HO 3 MEMOOUKOIO, BUSHAYANU BUCONTY POCTUN
Ha decsimu nocmitinux pocaunax. Bmicm easickux memanie (Pb, Cd, Cu ma Zn) y aucmosiu maci euznauanu 6 cepmuixosaniii 1a60-
pamopii. Po3paxosyeanu Koepiyicum HaAKONUYEHHS GANCKUX MEeMAi6 1K GIOHOWEHH S IX YMICMY 6 POCTUHAX 00 8MICIY PYXOMUX (opm
¥y IpyHmI.

Pesynomamu oocnioscenns. [losni cxoou M. officinalis 3 sieunuce na 11-my 000y, 3a HakonuuenHs cymu aKmusHux memnepantyp
179 °C i cepeonbooobosoi memnepamypu 17,3 °C. V pix ciebu pociunu ve docsieaiomsv ¢haz 6ymonizayii ma yeiminHs, po3eUusaryucs
30 O3UMUM MUNOM 3 ITHMEHCUBHUM HaO3eMHUM pocmom 00 130 cm. Ha opyauil pix eecemayii ¢paza 6ymonizayii nacmae 3a 87 0io, ysi-
minns — 3a 93 006u, 3 eucomoro pocaun 174 cm. Ilicna 36upanns cuposunu pociunu ioMuparmy. AHAni3 6axcKUx Memanie noKa3ae
nepeeuwgernns IJ[K nuwe ons Pb na 16,7%. Koegiyienmu naxonuuenns 3pocmaioms 3 gikom pociun: 0 Pb — na 35,3%, Cu — na
5,4%, Zn —na 52,8%.

Bucnoeok. Bcmanosneno 0eopiunuii yuxn pozeumxy M. officinalis 3 makcumanonoio npooykmuenicmio Ha Opyeull pik gecemayii.
3a be3noxkpusHoi pannbo8eCcHAROI Ci6OU KYTbMYPa PO36UBAEMbCS 34 O3UMUM Mmunom. Pociuna nposensiec 30amuicms 00 ceneKmusHO20
HAKONUYEHHS PI3HUX 8ANCKUX MEMAi8, Wo MAE 8PAX08YEAMUC NI0 4ac BUKOPUCIAHHA iT AK JiKapcvKkoi cuposunu. Hatisuwi koeghiyi-
EHMU HAKONUYEHHA XapakmepHi 014 Zn, navnudxcyi — ons Cd ma Pb.

Knrwuosi crnosa: 6ypryn scosmuii, Melilotus officinalis (L.) Pall., nikapcvka cupoguna, 6asicki memanu, Koe@iyieHm HaKonuyeHHs,

Pb, Cd, Cu, Zn.

Introduction. Actuality. Yellow sweet -clover
(Melilotus officinalis (L.) Pall.) belongs to the legume
family (Fabaceae) and is one of the most widespread
medicinal plants in the temperate climate zone (Cornara
et al., 2016; Doletska et al., 2023). The growing inter-
est in phytotherapy and the use of herbal preparations in
modern medicine necessitates a comprehensive study of
the biological characteristics of this valuable medicinal
species.

The phytochemical profile of M. officinalis is distin-
guished by a high concentration of biologically active
compounds, foremost among which are coumarins —
specifically coumarin and dicoumarol (Liu et al., 2018).
In addition, the plant contains flavonoids (quercetin,
kaempferol, rutin), saponins, tannins, essential oils, and
ascorbic acid (Ilhan et al., 2020). This diverse ensem-
ble of constituents underpins the broad pharmacological
potential of M. officinalis (Yildiz et al., 2024).

Therapeutically, M. officinalis exhibits pronounced
antimicrobial, antioxidant, anticancer, anti-inflammatory,
neuroprotective, sedative, spasmolytic, and hypotensive
activities (Horvath et al., 2021). Preparations based on
this species are traditionally employed to manage chronic
venous insufficiency and varicose veins and to enhance
microcirculation, owing to the anticoagulant properties
of its coumarins (Sun et al., 2020). Contemporary studies
further corroborate the efficacy of M. officinalis extracts
against various cancers (particularly prostate cancer)
attributed to newly identified benzoic-acid derivatives
(Liu et al., 2018; Parvizpour et al., 2021).

In traditional medicine across various countries, M.
officinalis is used as an anticonvulsant, analgesic, and
expectorant (Ilhan et al., 2020). In modern pharmaceuti-
cal industries, dicoumarol — a naturally occurring com-
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pound derived from certain plants, including M. officina-
lis — is widely utilized in the production of anticoagulant
medications (Ge et al., 2024). Advances in metabolomic
research have also identified key bioactive substances,
such as oleamide, palmitic acid, and stearic acid, among
other valuable metabolites, that significantly influence
physiological processes in the human body (Sun et al.,
2020; Horvath et al., 2021).

The aerial parts of M. officinalis are harvested during
the flowering stage for medicinal purposes. The primary
raw material consists of the plant’s upper shoots (Hor-
vath et al., 2021), although lateral branches may also
be cut. The optimal segment for collection includes the
top 30 cm of the stems. After cutting, the plant material
should be carefully sorted and dried in a well-ventilated
area away from direct sunlight or using a mechanical
dryer. When using artificial drying methods, stems are
typically processed at 40 °C until fully dried. The dried
plant mass is then threshed to remove coarse stems.
The finished herbal material can be stored for up to two
years. It is essential to remove thick stem sections from
fresh cuttings, as they contain minimal concentrations of
beneficial compounds.

Along with the increasing demand for medicinal
plant raw materials, the issue of their environmental
safety is becoming increasingly relevant. Of particu-
lar concern is the ability of plants to accumulate heavy
metals from the soil, which can lead to contamination
of the final products (Glavac et al., 2017; Santos et al.,
2018; Guo et al., 2023). Research has demonstrated that
medicinal plants are capable of accumulating significant
amounts of cadmium, zinc, cobalt, manganese, nickel,
and lead in concentrations that exceed normal levels by
several times (Yao et al., 2019).
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The contamination of medicinal plant raw materials
with heavy metals is especially pressing in light of the
deteriorating environmental conditions and the growing
anthropogenic pressure on ecosystems (Asgari Lajayer et
al., 2017; Razanov et al., 2020). The accumulation of toxic
elements in medicinal plants not only reduces their thera-
peutic efficacy but also poses a potential threat to human
health due to their possible entry into the food chain (Hli-
hor et al., 2022). Phytoremediation, as an environmentally
sound and cost-effective technology, employs plants to
remove, degrade, or detoxify hazardous metals (Snityn-
skyi et al., 2024; Razanov et al., 2024).

Moreover, changes in climatic conditions and
anthropogenic impacts on natural ecosystems may affect
the biological development characteristics of medicinal
plants, including M. officinalis, necessitating a detailed
study of the plant’s adaptive mechanisms and the opti-
mization of its cultivation technologies (Tkachuk et
al., 2025). The composition of bioactive compounds in
M. officinalis can also vary under the influence of fer-
tilizer application, highlighting the need for scientifi-
cally grounded approaches to its agricultural production
(Doletska et al., 2023).

The growing interest in medicinal plants, particularly
M. officinalis, has led to an expansion of its cultivated
area in agricultural lands. However, a lack of compre-
hensive knowledge about this crop may result in insuffi-
cient yields of leaf-based medicinal raw material and the
accumulation of toxic substances. Therefore, a compre-
hensive study of the biological development characteris-
tics of M. officinalis in conjunction with environmental
safety concerns is of utmost relevance and significance
for the advancement of modern pharmacy and public
health protection.

The aim of the study. This study aimed to investi-
gate the biological characteristics of growth and devel-
opment in M. officinalis and to assess the intensity of
heavy metal accumulation in its leaf biomass.

Materials and research methods. Field experiments
were conducted on grey podzolic medium loamy soils at
the Ahronomichne Research Farm of Vinnytsia National
Agrarian University. The sown variety was M. officina-
lis Luhanskyi malokumarynovyi (low-coumarin).

Observations focused on the germination and growth
features of M. officinalis and the prevalence of harmful
organisms in its crops. Phenological observations were
carried out in accordance with the “Research Methodol-
ogy” (Razanov et al., 2020). The number of plants enter-
ing each growth phase was counted in two consecutive
replications of 10 plants each, with the results expressed
as a percentage. The onset of a phase was defined as
when 10% of plants exhibited changes, and the full
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phase was marked by 75% of plants reaching it. Visual
assessments of M. officinalis conditions were performed
by monitoring key stages of plant development.

The height of the plants was measured on ten fixed
plants using a measuring tape. Air temperature data were
provided by the Vinnytsia Regional Hydrometeorolog-
ical Center. The content of heavy metals (Pb, Cd, Cu,
Zn) in the leaf biomass of M. officinalis was determined
at the certified Scientific Analytical Agrochemical Lab-
oratory of the Educational and Scientific Institute of
Agrotechnologies and Environmental Management at
Vinnytsia National Agrarian University. The accumula-
tion coefficient of heavy metals in the leaf biomass of M.
officinalis was calculated as the ratio of the heavy metal
content in the plants to the content of mobile forms of
heavy metals in the soil.

Research results and their discussion. Germination
of M. officinalis began on the 7th day after sowing, when
the mean daily air temperature was 16 °C and the accu-
mulated growing degree days (GDD) reached 112 °C.
Full emergence was recorded on the 11th day, at a cumu-
lative total of 179 °C and a mean daily temperature of
17,3 °C (table 1). At this stage, the plants formed their
first simple leaf. The crop stand showed initial infesta-
tions of the Sitona lineatus Germ. and weed contamina-
tion by Setaria glauca L.

The first trifoliate leaf appeared on day 21 after sow-
ing, when the accumulated growing degree days (GDD)
reached 365 °C. The third trifoliate leaf formed
on day 24, at a cumulative total of 421 °C.

Branching began once six leaves had developed, on
day 35 after sowing, with an accumulated heat sum of
612 °C. A notable morphological feature is that the lat-
eral branches emerge at right angles to the main stem.

During the sowing year, M. officinalis does not reach
budding or flowering; instead, it follows a winter-annual
growth pattern. The absence of reproductive stages is
offset by vigorous aerial biomass production — typical
for spring-sown, non-cover crops.

After mowing, regrowth commenced 4-8 days later
(depending on soil moisture) when the heat sum reached
166 °C. New shoots arose from buds located on the
remaining stubble, but initial growth was slow because
the emerging leaves were small and elongation minimal.

Overall, the growth of M. officinalis in the first year
can be divided into three distinct periods, each charac-
terised by a different rate of height increase (table 2).

In the year of sowing, the growth of Melilotus offici-
nalis follows three distinct phases. During the initial stage
(0-30 days after sowing), plant height increases slowly,
with an average daily increment of about 0,2 cm, reaching
a maximum of approximately 5 cm. At this stage, the
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Table 1

Progression of growth-and-development phases and accumulated growing degree days (GDD)
of M. officinalis in the year of sowing

Growth and Development Phases
g - — o0 = op op
= 5] = < = = R £
2 5 £ | 2 | 2 5| 2 |5 3
Indicator g g” *q";, ‘:'3 E %n E & E E g El
£ 5} = = S = = @ =° =°
@ £ S S = = = — - -
= ) = = < = e ° o = o =
© — = & = =2} = - - -
T E |z || " 2| 5 |2 | ¢
Z = ~ - S| & |6 |68
Days after sowing to reach phase 7 11 21 24 35 - 8 - -
Accumulated GDD, °C 112 179 365 421 612 - - 166 - -
Dash (-) indicates that the phase was not reached during the observation period.
Table 2
Dynamics of M. officinalis plant height during the sowing year
Plant height, cm (days after sowing)
Days after sowing | 20 30 40 50 60 70 80 90 100 110 120 130 140
Plant height, cm 3 5 26 42 95 118 130/* 20 20 27 62 69 69/*
*Note: An asterisk (*) indicates that mowing of the aerial biomass took place.
Table 3.
Timing of growth and development phases and accumulated growing degree days (GDD)
for M. officinalis in the second vegetation year
Days to reach the growth-and-development phase
Indicat
ndicator . Start of Tillering Branching Budding Onset.of
spring regrowth flowering
Days to reach phase 12,03 37 42 87 93
Accumulated GDD, °C 5,0% 275 343 1119 1201

*Note: 5,0 °C is the mean daily air temperature at the onset of regrowth.

plants are highly vulnerable to weed competition because
their above-ground biomass is still poorly developed.

The second phase, marked by intensive growth
(30-60 days), shows a sharp rise in daily increments — to
roughly 3,0 cm per day, five to six times higher than in
the initial period. By day 60, plant height reaches about
95 cm. In the subsequent phase (60—80 days), growth
slows: the average daily increment decreases to around
1,2 cm. This deceleration reflects a delay in the transi-
tion to generative stages (budding and flowering) which
is typical of a winter-annual growth habit under spring,
non-cover sowing conditions.

When M. officinalis is mown 80 days after sowing
at a height of 130 cm, vegetative regrowth begins about
30 days later, initiated by the unfolding of leaves from
buds left on the remaining stubble. With a cutting height
of 20 cm, four viable buds remain at different levels: the
lowest 1 cm above the soil surface, the others positioned
3, 5, and 8 cm higher, respectively.
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Regrowth is uneven: plants along plot margins
(within = 1 m of the edge) recover more vigorously
because of increased light availability. Only 35-40 days
after mowing does growth accelerate markedly, and by
60 days plants reach 69 cm. During this second cut, the
mean daily height increment is about 1,15 cm. A third
cut is not formed. Plants that were not mown in the first
cut begin to desiccate in early August (approximately
110 days after sowing) without ever entering the bud-
ding or flowering stages.

Spring regrowth of Melilotus officinalis typically
begins around March 12, when the average daily tem-
perature reaches 5,0 °C (table 3). The plants exhibit high
frost resistance: ground-level frosts down to — 6 °C in
early April cause no damage, and even frosts of —2 °C in
early May do not harm the plants.

Thirty-seven days after the onset of spring regrowth,
the formation of shoots (stem elongation) was observed in
the plants. This phase occurred on April 1819, according
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to the calendar, when the average daily air temperature
reached 9,3—10,0 °C and the accumulated active temper-
atures totaled 275 °C. The branching phase, characterized
by the emergence of lateral branches on the central shoot,
occurred 42 days after the beginning of spring regrowth
(April 23). The bud formation phase was recorded 87
days after regrowth commenced (June 7), and the flower-
ing phase began on the 93rd day (June 13), when the sum
of active temperatures reached 1 201 °C.

A noteworthy feature is that the onset of tillering
(marking the start of rapid vegetative growth) is governed
less by the cumulative heat sum than by the attainment of
an average daily air temperature of 9,0—-10,0 °C. From the
budding stage onward, plant development slows mark-
edly. After the first-cut harvest in the second vegetation
year, M. officinalis plants senesce and do not regrow,
which is a characteristic biological trait of this species.

Because the mean daily temperature at the begin-
ning of spring regrowth was only 5,0 °C and did not
rise above 8,0 °C for the following 30—40 days, growth
intensity during this period remained low (table 4).

During the first 30 days of the second vegetation
year, M. officinalis stands grew slowly, with mean daily
height increments of 0,20-0,25 cm — slightly higher than
in the sowing year, owing to the later onset of spring
regrowth.

Once tillering began, growth intensity increased
markedly. Average daily increments ranged from 0,6
to 6,2 cm. The highest rates (up to 6,2 cm day™') were
recorded on days 80-90, during the budding stage, while
substantial increments of 2,6-3,6 cm day' were also
observed on days 40-50 and 6080, corresponding to
the tillering-branching phases.

In calendar terms, the highest growth increments
were recorded throughout May, when the mean daily air
temperature averaged 15,0 °C. Plants ultimately reached
a maximum height of 174 cm, with mean daily gains of

1,87 cm during the first cut — 25,2% greater than in the
first vegetation year (130 cm).

Comparing the growth patterns of the sowing year
and the subsequent vegetation year reveals that the ini-
tial 3040 days of each season were similar: average
daily height increments ranged from 0,1 to 0,5 cm in
both years. Likewise, mean daily gains during the first
cut were comparable across the two seasons.

Like many perennial legumes, M. officinalis can actively
absorb soilborne contaminants owing to its pronounced phy-
tomeliorative and phytoremediation capacities. This ability
becomes a liability under highly chemical-intensive crop-
ping systems, where the plant readily accumulates toxicants
(especially heavy metals) in its tissues. As a result, the medic-
inal raw material may become contaminated, undermining
both the quality and safety of derived products. Among the
various pollutants, heavy metals pose a particular hazard:
their excessive accumulation in plant material is linked to
disturbances in human physiological functions.

The analysis of heavy metal content in the leaf
biomass of M. officinalis revealed that only lead (Pb)
exceeded the maximum permissible concentration
(MPC) by 16,7%, with a measured value of 0,60 mg/kg
compared to the allowable limit of 0,50 mg/kg. The lev-
els of other metals were below the MPC: cadmium (Cd)
by 40,0% (0,06 mg/kg vs. 0,10 mg/kg), copper (Cu) by
53,0% (4,7 mg/kg vs. 10,0 mg/kg), and zinc (Zn) by
66,0% (17,0 mg/kg vs. 50,0 mg/kg) (table 5).

To evaluate the plant’s capacity for heavy-metal
uptake, accumulation coefficients (AC) were calcu-
lated — the lower the AC, the less the metal migrates
from soil to plant tissue. These coefficients rose as the
plants aged (table 6), showing that M. officinalis dis-
plays an enhanced ability to accumulate heavy metals in
its second year of vegetation.

In the first vegetation year, the accumulation coef-
ficients were 0,11 for Pb, 0,10 for Cd, 0,70 for Cu, and

Table 4
Dynamics of M. officinalis plant height during the second vegetation year
Days after the onset of spring 10 20 30 40 50 60 70 80 90
regrowth
Plant height, cm 4 5 8 14 40 50 76 112 174/*
* Note: biomass was mown at this stage.
Table 5

Content of heavy metals in the leaf biomass of M. officinalis (air-dry basis), M £ m

Heavy metal Actual content, mg/kg MPC*, mg/kg Exceedance/Below MPC (%)
Pb 0,60 £ 0,04 0,50 +16,7
Cd 0,06 +0,01 0,10 —40,0
Cu 4,7+0,1 10,0 =530
Zn 17,0 £ 0,4 50,0 —66,0

*MPC — Maximum Permissible Concentration according to national health standards.
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Table 6
Accumulation coefficient of heavy metals in the leaf biomass of M. officinalis depending
on the year of vegetation, M + m
Vegetation year Pb Cd Cu Zn
First year 0,11+ 0,01 0,10 = 0,01 0,70 = 0,01 1,87+ 0,01
Second year 0,17 +0,01 0,10 £0,01 0,74 £ 0,01 3,96 +0,03

1,87 for Zn. In the second year, the coefficients increased
by 35,3% for Pb (to 0,17), 5,4% for Cu (to 0,74), and
52,8% for Zn (to 3,96), while the Cd coefficient remained
unchanged at 0,10. Zn exhibited the highest accumula-
tion coefficients, indicating a pronounced ability of M.
officinalis to concentrate this element — particularly in
the second vegetation year. Cd and Pb showed the low-
est coefficients, which is favourable from the standpoint
of the ecological safety of the medicinal raw material.

The results of our study confirm the complexity of the
developmental cycle of Melilotus officinalis and reveal
key patterns that are of practical importance for cultivat-
ing this Fabaceae medicinal plant (Cornara et al., 2016).
Notably, we found that under early spring, non-cover
sowing, the crop follows a winter-annual growth habit —
a valuable agronomic trait that has not been described in
detail for the Forest-Steppe zone of Ukraine.

The critical threshold for the onset of M. officina-
lis vegetation was a mean daily temperature of 5,0 °C,
underscoring the species’ pronounced cold tolerance and
its adaptation to the climate of the temperate zone. Peak
growth rates (up to 6,2 cm per day during the budding
stage) indicate an intensive mobilization of the plant’s
energy reserves as it transitions to the generative phase,
a pattern typical of monocarpic developmental strategies.

The detected exceedance of the maximum permissi-
ble concentration (MPC) for Pb by 16,7 % is cause for
concern, given the widespread use of M. officinalis in
phytotherapy. Comparable findings were reported by
(Santos et al., 2018), who documented Cd accumulation
in Phyllanthus niruri, and by (Razanov et al., 2020), who
observed intensive uptake of heavy metals by Silybum
marianum L. under crop-rotation conditions — evidence
that underscores a broader trend toward heavy-metal
bioaccumulation in medicinal plants.

The age-related rise in accumulation coefficients
(particularly the 52,8% increase for Zn) aligns with the
observations of (Glavac et al., 2017), who reported a
greater propensity of perennial medicinal plants to accu-
mulate heavy metals compared with annual species. This
phenomenon can be attributed to their more developed
root systems and the longer time span available for
absorbing elements from the soil.

The selective accumulation of different metals (high-
est coefficients for Zn and lowest for Cd and Pb) may be
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linked to the plant’s physiological requirements and its
metal-transport mechanisms (Hlihor et al., 2022). These
findings are critical for the pharmaceutical sector, because
M. officinalis is widely used to produce anticoagulant
preparations owing to its dicoumarol content (Sun et al.,
2020). Any exceedance of the MPC for Pb could negate the
plant’s therapeutic benefits and pose health risks to patients.

The phytoremediation properties identified in M.
officinalis are consistent with the findings of (Razanov
et al., 2024), who documented the capacity of perennial
legumes to remove heavy metals from soils. This points
to the potential of the species for use in ecological reha-
bilitation programs on contaminated sites.

The growth and developmental traits identified for M.
officinalis provide a basis for optimizing its cultivation
technology. Because the crop does not enter generative
stages during the first vegetation year, a two-year produc-
tion cycle should be planned, with the main biomass har-
vest scheduled for the second year. This recommendation
aligns with the guidelines proposed by (Doletska et al.,
2023) for improving sweet-clover cultivation practices.

Given the rise in heavy-metal accumulation coef-
ficients during the second vegetation year, rigorous
soil-quality monitoring is essential, along with agro-
nomic measures that limit the uptake of toxic elements.

Conclusions. Based on the results of the conducted
study, specific features of the development of yellow
sweet clover (Melilotus officinalis (L.) Pall.) and its abil-
ity to accumulate heavy metals have been established.
Complete seedling emergence of M. officinalis occurs
on the 11th day after sowing, at a cumulative active
temperature of 179 °C and an average daily tempera-
ture of 17,3 °C. Branching begins after the formation of
six leaves. In the year of sowing, M. officinalis does not
reach the budding and flowering stages, which is com-
pensated by intensive above-ground vegetative growth
up to 130 cm. Thus, under spring no-cover sowing, M.
officinalis exhibits a winter-type development. In the
second year of vegetation, the budding phase begins 87
days after the onset of regrowth, and flowering starts
after 93 days, with plants reaching a height of 174 cm.
After harvesting the medicinal biomass during the first
cut in the second year, M. officinalis plants die off and
do not regenerate. The accumulation coefficients for
heavy metals in the first vegetation year were: Pb—0,11;
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Cd-0,10; Cu—0,70; Zn —1,87. In the second year, these
coefficients increased by 35,3% for Pb, 5,4% for Cu,
and 52,8% for Zn, while the Cd coefficient remained
unchanged. These findings confirm that M. officinalis
follows a two-year growth cycle, achieving peak pro-
ductivity in its second vegetation year, and demonstrate
the plant’s selective accumulation of different heavy
metals — an important consideration when using it as
medicinal raw material.

Prospects for further research. The findings
obtained broaden our understanding of M. offici-
nalis biology but require further verification under
diverse soil-climate conditions. A key avenue for
future research is to examine how different agro-
nomic practices affect the quality of the medicinal
raw material and to develop strategies that mini-
mize heavy-metal accumulation without lowering
the levels of bioactive compounds.
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