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Abstract. The influence of various concentrations of Mn?* (100-800 mg/l) and Cd?* (10—-80 mg/l) on spring
barley Hordeum vulgare L., variety ‘Rodnik Prikamya’ was studied in the roll culture under laboratory
conditions. Seed germination, seedling biomass, and the content of free and bound polyphenols in plant
biomass were estimated. The effect of low-dose manganese (100 mg/l) turned out to be stimulating:
seed germination and biomass of barley seedlings increased by 35 and 51% compared to the control.
Elevated concentrations of Mn?* (200—-800 mg/l) suppressed seed germination and biomass (by 55-75%
and 60-79%). Cadmium (10-80 mg/l) made solely inhibitory impact: seed germination decreased by
20-70% and seedling biomass by 23—78%. Biochemical responses of plants to stress caused by these
elements differed. For instance, application of Mn?* increased the proportion of bound polyphenols in
the total polyphenol of seedlings by 8, 12, 7, and 8% compared to the control. Cadmium stress was
compensated by polyphenols only at its lowest tested concentration (20 mg/L); the proportion of bound
polyphenols increased by 3.3%, as compared to the control. In case with the highest concentrations of
the studied metal ions (500-800 mg/L for Mn?* and 50-80 mg/L for Cd?*), the content of polyphenols
dropped to control values thereby indicating the depletion of adaptive reserves of plants.
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BnsaHue MapraHua v KagMums Ha
MmopdodbmusnonormMiecKme um 6UMoXmMmUecKme
NOKa3aTes/iIv NPOPOCTKOB AYMEHS
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AHHoTauusi. B nabopaTtopHOM onbiTe uccregoBany OeNCcTBME PasfMyHbIX KOHUEeHTpauui Mn2*
(100-800 mr/n) n Cd?* (10-80 mr/n) Ha pacTteHust sspoBoro sumeHst Hordeum vulgare L., copT ‘PogHuk
Mpukambs’. OnbIT NpoBoAUNM B PyrioHHOM Kynbrype. OueHuBanm BCXOXECTb ceMsH, Guomaccy
NPOPOCTKOB, coaepaHne CBOOOAHbLIX U CBA3aHHbIX nonud)eHonos B Bromacce pacteHun. ekt
MapraHua B HU3KoW KoHueHTpaummn (100 mMr/n) 6b1n CTUMYNUPYIOLWLUMM: BCXOXECTb ceMsH 1 Briomacca
NPOPOCTKOB SAYMeHs1 yBenuuunacbe Ha 35 u 51% no cpaBHeHUIO C KOHTponem. [loBblleHHas
KOHUeHTpauma Mn?* (200-800 mr/n) mHrMbupoBana BCXOXeCTb CeMsiH U GMomMaccy NpopOCTKOB
suMeHst (Ha 55-75% n 60-79%). Oenctene Cd?* B npegenax 10-80 mr/n 6bIN0 TOMLKO YyrHETAOLWMM:
BCXOXECTb CeMsiH cHu3unacb Ha 20-70%, Guomacca npopocTkoB — Ha 23—78%. Buoxumuyeckune
peakunmn pacTeHui Ha CTpeCC, Bbi3BaHHbIM MapraHuem 1 kKagMmmem, pasnuyanuce. MapraHel Bbi3biBan
yBernuyeHne 4onun cBa3aHHbIX NonudeHonos B ob6LLem nonngeHonbHoM npodune NpopocTkoB Ha 8, 12,
7 n 8% no cpaBHeHUIO € KOHTponeM. KaamueBbli cTpecc Bbin KOMNEHCMPOBaH NonmMdeHonamMmm Tornbko
B HAaUMeHbLLEN TeCTUPYEeMOM KOHLieHTpaumu (20 mr/n): gons cBa3aHHbIX NonngeHonoB Bo3pocna Ha
3.3% Kk koHTpomnto. Mpu Hanbornee BLICOKUX KOHLEHTpaumMsX MOHOB muccriegyemMbix metannos (500—
800 mr/n Mn?*1 50-80 mr/n Cd?*) npoMcxoamno CHMXeHNe cogepkaHus oM eHoNoB A0 KOHTPOSbHbIX
3Ha4YeHU, YTO cBUAETENBCTBYET 06 UCTOLLEHNN adanTauMOHHbLIX Pe3ePBOB PACTEHUN.

KnioueBble cnoBa: dutotecTnpoBaHue, Hordeum vulgare, ©uomacca, BCXOXECTb, MONMEEHONbI,
TOKCMYHOCTb

ORCID:
E.B. ToscTuk, https://orcid.org/0000-0003-1861-6076
A.C. OnbkoBa, https://orcid.org/0000-0002-5798-8211

Ona uutupoBaHusa: Toectuk, E.B., OnbkoBa, A.C., 2025. BnuaHne mapraHua W Kagmusa Ha
Mopdodusmnonormdeckne n BGuoxummyeckne nokasatenu nPOpPOCTKOB suMeHd. TpaHcgopmauyus
akocucmem 8 (3), 198-208. https://doi.org/10.23859/estr-240410

MocTtynuna B pegakumio: 10.04.2024
MpuHaTa k neyatun: 02.08.2024
Ony6nukoBaHa oHnaiiH: 29.08.2025


https://orcid.org/0000-0003-1861-6076
https://orcid.org/0000-0002-5798-8211

200 Tovstik, E.V., Olkova, A.S., 2025. Ecosystem Transformation 8 (3), 198—208

Introduction

In laboratory biotesting, plants are often used as test organisms due to their high sensitivity to a wide
range of environmental conditions (Agrawal and Agrawal, 1999; Qaderi et al., 2023). Studies suggest
that plants quickly respond to changes in lighting, temperature, humidity, carbon dioxide concentration
and other parameters (Driesen et al., 2020). In plant cultivation, the assessment of characteristics of
seed germination and further growth of seedlings is an integral part of diagnostics of plant resistance to
various stress factors (Alekseychuk and Laman, 2005).

Both, in national and international practices, numerous certified phytotesting methods are based
on accounting the alterations of major morphophysiological parameters of plants. Among them, seed
germination and root length of plants are most often assessed (Terekhova et al., 2016). Suppression
of seed germination and root length reduction were recorded in response to oil and salt pollution
(Arzamazova et al., 2020), while inhibition of root and shoot elongation — to antibiotics present in
soil (Kosmacheva, 2020). Toxicity and dose-dependent effect of fungicides (Saneeva et al., 2022),
heavy metals (Alyabysheva, 2023), contaminated sludge sediments (Bostubaeva and Nauanova,
2022), and other toxicants (Koval and Ogorodnikova, 2023) were determined from a set of germination
indicators, i.e. the seed germination energy, root and shoot length of plants. Therefore, the use of
plants in the environmental monitoring of technogenically disturbed soils (Krasnoperova, 2015),
urbanozems (Zykova et al., 2017), natural ecosystems and agrocenoses (Morozova et al., 2020) has
been scientifically substantiated.

In biotesting, the employment of morphophysiological reactions of plants to stress factors as test
functions is considered to be a simple and reliable approach. However, various stressors can be
responsible for a reduced germination, slower growth of roots and seedlings, their external damage
and death of plants at the beginning of ontogenesis. It is worth noting that biochemical responses are
the first stage of plant adaptation to the changing environment, preceding the morphophysiological
transformations. When stress is low, biochemical alterations may occur without external deviations in
plant development. In some cases, biochemical indicators form specific combinations corresponding
to a certain impact or its level. This is the scientific basis for biomarking. Radicals (reactive oxygen
species), ions (Na*, Ca** NO,~, NH,*, H*), inorganic (H,0, CO,) and organic molecules (phytohormones,
volatile compounds, pigments, RNA molecules) can serve as plant biomarkers (Tan et al., 2023).

Polyphenols are among the low-molecular secondary metabolites that exert a protective effect in
response to biotic and abiotic stresses. The spectrum of polyphenolic compounds in plants is quite wide.
In plant tissues, they exist both in the form of glycosides (bound fraction) and aglycones (free fraction).

The role of polyphenols in plant resistance has not been fully understood. On the one hand, it is
associated with the species- and variety specificity of plants. At the same time, non-specific hormetic
activation of various protective systems by low concentrations of toxicants is insufficiently studied
(Erofeeva, 2022). Of practical interest is also a comparison of classical morphophysiological responses
of plants to chemical stress and biochemical changes in plant test organisms.

Despite the accumulated data on characteristics of individual heavy metals and their impact on living
organisms, identification of differences and similarities in the behavior of these elements still remains an
urgent task in solving the problems of environmental pollution.

This study is aimed at the comparison of morphophysiological and biochemical reactions of spring
barley seedlings Hordeum vulgare L. to various concentrations of manganese and cadmium in order to
supplement the information about the mechanisms of plants’ protection from chemical effects.

Materials and methods

Model experiment

In laboratory experiments, we studied the influence of various concentrations of manganese and
cadmium ions on spring barley seedlings Hordeum vulgare L. For testing, barley seeds of the ‘Rodnik
Prikamya’ variety (originator: FGBNU FANTS Severo-Vostok) were used. Laboratory seed germination
made up 92%".

Phytotesting was implemented according to the method described in GOST 12038-84 with some
modifications. Seeds were germinated in the roll culture. Before testing, barley seeds were soaked

" GOST 12038-84 Seeds of agricultural crops. Methods for determining germination.
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in a distilled water for 16 hours. Then, swollen seeds (35 pcs.) were laid out on sheets of filter paper
(15x50 cm), preheated in a dry-heat oven for 2 hours at a temperature of 105 °C. Seeds were oriented
with the embryos down (2—3 cm from the upper edge) and covered with a similarly prepared filter paper
of 5x50 cm size. Paper strips with seeds were loosely rolled and placed vertically in 500 ml glass
beakers filled with salt solutions of manganese (MnSO, - 5 H,0) and cadmium (CdSO, - 2.7 H,O) of
various concentrations (Table 1).

Cadmium was chosen for experiments due to its toxicity and hazard for human health (Wang et al.,
2021), while manganese because of its prevalence and high content in soils (from 221 to 1428 mg/kg)
(Simonova et al., 2019). Modeling of the increased manganese concentration was explained by its lower
hazard class (class 3) compared to cadmium (class 1)2.

A distilled water served as a laboratory control. Seed germination and subsequent plant cultivation
were carried out at room temperature of 20 + 2 °C with a photoperiod of 16 hours of light / 8 hours of
darkness. The 10-day experiment was repeated three times.

Evaluated indicators

Following the exposure, we removed seedlings from rolls, counted normally germinated seeds and
estimated raw biomass of seedlings.

After drying and grinding the sprouts, a combined sample of plant material was prepared, and
polyphenols were extracted. The total content of polyphenols was determined in alkaline (2N NaOH
solution, t = 80 °C, 1 = 2 h) and free polyphenols in aqueous-alcoholic extracts (70% C,H,OH solution,
t =5 °C, 1 = 16 h). The substrate/extractant ratio was 1 : 100. The polyphenol content was defined
spectrophotometrically®. Gallic acid was employed as a standard. The mass fraction of bound
(glycoside) polyphenol forms was found from the difference between the total content and free fraction
of polyphenols.

Reliability and mathematical treatment of results

Each experimental variant was performed in triplicate with the result represented as the mean value
and its standard deviation.

Marked on the graphs with Latin letters, significance of differences between the data sets was
proved by the one-way analysis of variance (ANOVA) method. The significance level made up 0.05.

Pearson correlation coefficients (r) were calculated using Microsoft Excel 2007.

Results

Seed germination and biomass of barley seedlings
under chemical stress

The negative effect of Mn?* and Cd?* on barley plants was determined from the reduced (compared
to the control) seed germination and seedling biomass (Figs. 1A, B). Note that with the increase in ions
concentration, the studied parameters in solutions decreased.

In experiments with the lowest concentration of Mn?* (100 mg/l), we observed a stimulating effect
expressed in the growing seed germination and seedling biomass (by 35 and 51%, respectively). At higher
concentrations (200-800 mg/l), manganese, on the contrary, negatively affected the morphophysiological
indices of barley growth, i.e. seed germination dropped by 25-75% and seedling biomass by 21.4-79%.

The influence of Cd?* and Mn?* on test organisms was similar. However, in the experiment with
cadmium, all the studied concentrations made an inhibitory effect on seed germination (by 20-70%) and
seedling biomass (by 23-78%). It should be noted that the obtained morphophysiological parameters
significantly differed from the control values in all experiments, except for that with the lowest tested
concentration of Cd?* (10 mg/l).

The conducted series of experiments suggests that the selected dose ranges for Mn?* and Cd?*
are efficient, i.e. they do make an effect on test organisms. The use of the same bioassays has made it
possible to find out the way of changing the phenolic status of a phytoobject.

2 GOST 17.4.1.02-83. Environmental protection, classification of chemicals for pollution control.
3 GOST R 55488-2013. Propolis. Method for determining polyphenols.
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Table 1. Experimental variants. Dash means the absence of a standard.

MPC / APC in soil (total

lon Estimated concentration, mg/I form), mg/kg*
Mn(ll) 100 200 500 800 1500/ -
Cd(ln 10 20 50 80 -/0.5-2.0

Phenolic status of barley under chemical stress

It is known that inhibition of barley seedling growth influenced by heavy metals largely occurs due
to non-specific oxidative stress (Juknys et al., 2012). In this regard, among the studied parameters,
polyphenols, as markers of chemical stress, are of particular interest.

Manganese and cadmium in the selected concentration ranges had a similar effect on the polyphenol
profile of barley seedlings (Figs. 2A, B).

In experiments with the lowest concentrations (100 mg/I for Mn?* and 10 mg/I for Cd?*), no significant
differences in the polyphenol content in barley biomass were recorded. With a 2-fold increase in the
concentration (relative to the lowest one), the studied parameter significantly increased, as compared to
the control (by 4 and 2.2 mg/g, respectively).

At higher concentrations of Mn?* in the medium, the content of total polyphenolic compounds in
biomass dropped to the control level. In the variant with maximum Cd?* concentrations (80 mg/l), a
tendency towards a decrease (compared to the control) in the study parameter was noted.

To clarify the mechanism of biochemical adaptation of plants to chemical stress, the proportional
ratio of free and bound polyphenols in their total pool was estimated (Figs. 3A, B).

In the experiment with Mn?*, as its concentration increased, the proportion of free polyphenols in the
total content significantly decreased, whereas the share of bound ones in seedlings, on the contrary,
increased (by 8, 12, 7, 8% compared to the control).

Bearing in mind that free polyphenols have a higher complex-forming potential than the bound
ones (Eghbaliferiz and Iranshahi, 2016), excess manganese could bind to aglycones and increase the
proportion of the bound fraction, including the total polyphenols in seedlings (Fig. 2).

Unlike manganese, cadmium did not have a significant effect on the ratio of polyphenol fractions.
The exception was the experiment with the lowest concentration of Cd?* in the solution (10 mg/l). Here,
the proportion of free polyphenols in barley seedlings increased by 3.3% compared to the control.

Discussion

The roll culture-based phytotesting in the medium with manganese and cadmium sulfate solutions
(100-800 and 10-80 mg/l by metal cations) demonstrates that seed germination and biomass of barley
seedlings evidently and consistently change with increasing concentrations of the studied metal ions.
In response to Cd** and Mn?* effects, biomass (r = —0.82 and r = —0.86) and seedling germination (r =
-0.82 and r = —0.86) significantly decrease.

In terms of total polyphenols and its components, the biochemical reaction of barley appears to be
smoothed (as compared to the morphophysiological indexes) that is logical since the reaction norm of
plant growth characteristics within one species is, of course, wider than that of biochemical indicators
ensuring internal homeostasis. However, this fact makes the identified fluctuations in the phenolic status
of phytoobjects extremely important. With a consistent elevation of concentrations of Mn?* (to 200 mg/l)
and Cd?* (to 20 mg/l), the total content of polyphenols in seedlings grows. Itis due to the property of plants
to increase the content of polyphenolic compounds under stress conditions (Tuladhar et al., 2021). The
researchers explain this phenomenon by the pronounced antioxidant features of polyphenols, protecting
cells from oxidative damage by metals (Chen et al., 2020).

In the culture medium, a subsequent increase in concentrations of Mn?* and Cd?* (above 200 mg/!
and 20 mg/l, respectively) results in the total polyphenols decline in seedlings to the control level.

4 SanPiN 1.2.3685-21. On approval of sanitary rules and regulations "Hygienic standards and requirements for ensuring safety and
(or) harmlessness of environmental factors for humans".
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Fig. 1. Changes in morphophysiological parameters of barley sprout growth influenced by various concentrations of manganese
and cadmium. * — a significant level of differences in parameters compared to the control (p < 0/05).
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Fig. 2. Changes in the total content of polyphenols in barley sprouts influenced by various concentrations of manganese and
cadmium. Different letters indicate significant differences (p < 0.05).
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Fig. 3. The ratio of free and bound fractions of polyphenols in barley sprouts influenced by various concentrations of manganese
and cadmium. Different letters indicate significant differences (p < 0.05).
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Apparently, chemical loads (that excess the adaptive plant reserves) bring to a complex disruption of
the antioxidant system and biosynthesis slowdown of polyphenols (Goncharuk and Zagoskina, 2023).

The mechanism of the biochemical response to a chemical stress shows low correlation coefficients
with the studied metal concentrations: r = -0.023 (p = 0.93) for Mn?* and r = -0.07 (p = 0.82) for Cd?".

The distribution of free and bound forms of polyphenols in their total pool differed, depending on
active ions. As a biogenic element, manganese was neutralized by barley through the complexation with
polyphenols resulting in the increase of bound polyphenols compared to free ones. Such a pattern was
not established in experiments with cadmium. This fact and the tendency towards the falling content of
total polyphenols in plants (Fig. 2) against the background of significant inhibition of morphophysiological
indicators (Fig. 1) is evidence of a plant inability to neutralize the toxic effect of cadmium because of
its binding with polyphenols. Thus, as a xenobiotic, cadmium disrupts the adaptive capabilities of the
organism.

It is common knowledge that induction of biosynthesis of non-enzymatic antioxidants may depend
on the type of metal and its concentration. Previously, in experiments with wheat seedlings, anthocyanin
production rise was detected under moderate cadmium (25 umol CdCl,) — induced stress, whereas
suppression of their antioxidant properties and drop in protective effect under severe one (50 umol
CdCl,) (Shoeva and Khlestkina, 2018).

Conclusion

The conventional group of chemical elements classified as heavy metals includes both essential
elements necessary for living organisms (Mn, Cu, Zn) and highly toxic ones (Cd, Pb, Hg). The significance
of the latter for biotas is not fully understood. In this study, an attempt was made to compare the effect
of needed for living organism manganese and cadmium, being at the same time potentially toxic even
in low concentrations. When exposed to Mn2* (100-800 mg/l) and Cd?* (10-80 mg/l) solutions, biomass
of barley seedlings decreased and polyphenol profile changed.

The sensitivity of barley seedlings to increasing concentrations of Mn?* and Cd?* was revealed
from transformations of morphophysiological indexes. For instance, the correlation coefficients of
"germination-concentration" and "biomass-concentration" parameters made up r=-0.90 and r = -0.55
for manganese, r = —0.91 and r = -0.81 for cadmium, respectively. Therefore, an excessive essential
element (manganese) in plants causes the reactions similar to the effects of a highly toxic element
(cadmium).

Adifference in biochemical reactions of plants to stress induced by Mn?* and Cd?* is shown. In barley
seedlings, manganese increases the proportion of bound polyphenols in the total polyphenol profile
(by 8, 12, 7 and 8% for successively increasing concentrations). This suggests the antioxidant system
response to manganese stress and worsening of its performance with growing chemical loads. Cadmium
provides the increased proportion of bound polyphenols only at the lowest tested concentration (by
3.3% compared to the control). At maximum concentrations of Cd?* (500—800 mg/l and 50-80 mgl/l,
respectively), the content of polyphenols drops to control values thereby indicating the depletion of
adaptive reserves of plants.

Thus, the mechanisms of the toxic effect of elevated concentrations of Mn?* and Cd? were revealed
due to morphophysiological and biochemical reactions of plants.
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