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Increased levels of UV-B radiation represent an important environmental factor affecting the physiology of woody plants
and determining their resilience under changing climatic conditions. This study investigated the biochemical and metabolic re-
sponses of microclonally propagated Populus pyramidalis x P. laurifolia cv. ‘Novoberlinska-3’ and Salix sp. cv. ‘Zhytomyrska-
1’ following acute UV-B irradiation at a dose of 17 kJ/m2 A broad set of metabolic parameters was assessed, including the con-
tent of nucleic acids, total proteins, total lipids, total carbohydrates, amide I and amide I protein domains, starch, cellulose, hemi-
cellulose, lignin, phenylpropanoids, as well as biochemical markers of stress responses, using ATR-FTIR spectroscopy.
The results revealed significant, species-specific differences in stress response pathways and dynamics. In poplar, an increase in
the content of nucleic acids, lipids, starch, and aliphatic fatty acid esters was observed at an early stage, accompanied by an in-
crease in the esterification index and activation of the phenylpropanoid pathway. An increase in the amide 1/ amide Il ratio indi-
cated the formation of misfolded proteins, which may represent an element of proteomic modification during stress. At a later
stage, a decrease in cellulose, hemicellulose and phenylpropanoid content was observed, indicating a transition to a phase of long-
term adaptation in poplar. In contrast, willow demonstrated a rapid intense response, characterised by a sharp increase in the
content of lipids, carbohydrates, starch, cellulose, and hemicelluloses, accompanied by a decrease in the amide 1 / amide 1l ratio
and inhibition of protein synthesis. A significant increase in the content and proportion of phenylpropanoids indicated intense
activation of secondary metabolism as well as the induction of a potent antioxidant response. Therefore, willow implements a
model of rapid resource mobilisation, whereas poplar employs a slower, more structurally oriented adaptation strategy. The ob-
tained data demonstrate the high species-specificity of response mechanisms to UV-B radiation stress in Salicaceae tree species
and highlight the potential of using a combination of spectroscopic methods to characterise clones based on their resistance to

abiotic stress.
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Introduction

Ultraviolet radiation at the Earth’s surface is tightly linked to the
condition of the stratospheric ozone layer, which experienced prono-
unced depletion in the latter half of the twentieth century, particularly
at mid and high latitudes (McKenzie et al., 2011; Bernhard et al.,
2023). Although the Montreal Protocol has slowed further ozone loss,
recovery remains spatially uneven, and ongoing atmospheric pollu-
tion continues to influence UV transmission (Fang et al., 2019; Solo-
mon et al., 2021). As a result, UV-B (280-320 nm) levels can be ele-
vated and highly variable, with local patterns often diverging from
model predictions due to differences in cloud cover and air quality
(Bernhard et al., 2023).

UV radiation is readily absorbed by nucleic acids, proteins, and
lipids, initiating photochemical reactions that alter cellular structure
and function (Reisz et al., 2014). Increased UV exposure enhances
the formation of reactive oxygen species (ROS) and activates signal-
ling pathways associated with enzyme induction, gene regulation, and
programmed cell death (Rai & Agrawal, 2017; Bornman et al., 2019).
Excessive UV-B can damage DNA, proteins, and membrane lipids,
disrupt the cell cycle, reduce pollen viability, and impair root and
shoot development (Bornman et al., 2019). Numerous studies have
shown that such stress affects plant morphology, reproduction, physi-
ology, and metabolism across diverse taxa (Zlatev et al., 2012; Katar-
iaetal., 2014; Rai & Agrawal, 2017).

Plants respond to UV-B by activating antioxidant systems and
enhancing the activity of detoxification and DNA repair enzymes,
including photolyases (Hui et al., 2013; Czégény et al., 2016). At the
same time, UV exposure promotes the accumulation of secondary
metabolites that absorb short wavelength radiation and protect cellular

structures (Yao et al., 2013; Ledn-Chan et al., 2017). High UV-B do-
ses can interfere with chlorophyll biosynthesis, modify pigment com-
position, and impair photochemical reactions and Calvin cycle enzy-
mes, ultimately reducing photosynthetic efficiency (Wang et al.,
2010; Hu et al., 2013; Hui et al., 2013). Structural and functional
changes in photosystem Il and altered stomatal behaviour further con-
tribute to these declines (Lidon & Ramalho, 2011; Singh et al., 2012).
UV-induced effects also extend to nitrogen metabolism, influencing
pigment levels, enzyme activity, and nitrogen allocation among or-
gans (Kataria et al., 2014; Klemet al., 2022).

The magnitude and direction of plant responses depend on wave-
length, irradiance, genotype, and environmental context. Excessive
UV-B typically suppresses growth, reduces leaf area, biomass, and
yield, whereas UV-A can exert either stimulatory or inhibitory effects
depending on species and exposure regime (Kataria et al., 2014; Ver-
daguer et al., 2017). In barley, UV combined with intense photosyn-
thetically active radiation reduced leaf area, increased the root to shoot
ratio, and stimulated flavonoid accumulation (Singh et al., 2015;
Klem et al., 2022). Conversely, excluding UV components from
sunlight enhanced root growth, nodule formation, nitrogenase activi-
ty, and leghemoglobin content in soybeans and alfalfa, indicating a
limiting role of natural UV in symbiotic nitrogen fixation (Baroniya et
al.,, 2014). Rice grown at high altitude, under increased UV-B levels,
showed reduced biomass and disrupted nitrogen distribution, whereas
elevated temperature partially compensated by promoting nitrogen
redistribution to vegetative organs (Li et al., 2026).

Moderate UV exposure, however, can act as a regulatory signal
rather than a purely damaging factor. Early work already suggested
that low UV-B doses may stimulate plant development (Jansen et al.,
1998), and subsequent studies have shown that activation of the UV-
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B-specific photoreceptor UVR8 triggers signalling cascades that en-
hance DNA repair and antioxidant capacity (Nassour & Ayash,
2021). Under such conditions, plants often accumulate flavonoids,
phenolics, anthocyanins, and carotenoids, which improve photopro-
tection and limit oxidative damage (Jadidi et al., 2023; Ali et al,,
2024). UVR8 mediated signalling involves COP1, HY5, HYH,
RUP1, and RUP2 proteins as well as integrates with hormonal path-
ways, including auxin, gibberellins, brassinosteroids, and salicylic
acid, thereby linking light perception with growth and stress respons-
es (Xie et al., 2019; Podolec et al., 2021).

In parallel with these physiological considerations, there is rising
interest in fast growing woody species as renewable biomass sources.
Bioenergy production from plant material is viewed as a more sus-
tainable alternative to fossil fuels (Hangs et al., 2011; Khudolieieva
etal., 2016; Dimitriou & Mola Yudego, 2017). Willows and poplars
are particularly attractive in this context due to their high biomass
productivity and suitability for bioenergy systems (Stolarski et al.,
2013; Van Slycken et al., 2013). Willow wood can be used for solid
fuel and methanol production (Dou et al., 2016; Volk et al., 2016).
Members of the Salicaceae family also exhibit substantial functional
and biochemical diversity, including secondary metabolites with
ecological, pharmacological, and biotechnological relevance (Taw-
feek et al., 2021; Roviello et al., 2025). Hybrids such as Salix pur-
purea x S. daphnoides combine high biomass yield with elevated
salicin content, making them promising both as bioenergy feedstock
and as sources of bioactive compounds (Warminski et al., 2021).
Their phytoremediation potential is enhanced by rhizosphere micro-
organisms that promote heavy metal uptake and antioxidant activity
(Guarino et al., 2018). Additional studies report species specific phe-
nolic profiles with antibacterial, antioxidant, antihypertensive, and
neuroprotective properties (Gligori¢ et al., 2019; Ramos et al., 2019;
Jang et al., 2023). The aim of this study was to investigate the species
specific metabolic and adaptive responses of poplar ‘Novoberlinska
3’ (Populus pyramidalis x P. laurifolia) and willow ‘Zhytomyrska 1’
(Salix sp.) plants obtained through in vitro microclonal propagation to
acute UV-B irradiation using ATR-FTIR analysis.

Materials and methods

Plant material and microclonal propagation. The high-yielding
poplar clone 'Novoberlinska-3' (Populus pyramidalis x P. laurifolia)
and the willow clone Zhytomyrska-1' (Salix sp.) were used as the ex-
perimental material (Kutsokon et al., 2022). To obtain uniform, large-
scale plant material, microclonal propagation in vitro was performed
according to a protocol previously developed by Khoma et al. (2022).
Seedlings were cultivated in sterile glass test tubes on a nutrient medi-
um containing Murashige and Skoog (MS) salts and indole-3-butyric
acid (IBA) at a concentration of 5 mg/L. The detailed composition of
the medium is recently described by Yatsiv et al. (2025).

Acclimatisation and cultivation in soil. The well-developed pop-
lar seedlings were carefully removed from the glass test tubes and cle-
aned of any agar residue. They were then rinsed with distilled water
and transplanted into Jiffy-7 peat pellets. The seedlings were placed in
plastic bags to allow them to acclimatise gradually; the roots took two
months to develop. The plants, along with the peat pellets, were then
transplanted into one-litre pots containing a soil mixture of cherno-
zem, peat and vermiculite at a ratio of 10:10:1.5 (by volume). After
transplanting, the plants were grown in a greenhouse for one month at
a constant temperature and humidity (Fig. 1). They were watered
every two to three days to avoid moisture deficiency or excess.

UV-B irradiation treatment. The acclimatised poplar and willow
plants were each divided into two groups (control and experimental),
resulting in four groups in total. The experimental groups were irra-
diated with UV-B at a dose of 17 kJ/m2 while the control groups
were not exposed to ultraviolet radiation. The radiation source was a
TL 20W/12 RS ultraviolet lamp in the B range (Philips, Heerlen,
Netherlands, 2016). There were 7 poplar plants and 3 willow plants in
each group. All the plants in the experimental and control groups
were kept indoors under identical temperature and humidity conditi-
ons. The plants were watered every 2-3 days.
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Sample collection and preparation. Leaf samples were collected
on the 2nd and 34th days of the experiment, with 3 leaves taken from
each plant. The properly labelled samples were dried at room temper-
ature until they reached a constant weight over a period of 7 days.
50 mg-samples of the dried leaves were then placed in Eppendorf
tubes and ground for 5 minutes using a Genie homogeniser (Scientific
Industries, USA).

b

Fig. 1. Potted plants of the willow clone ‘Zhytomyrska-1" (Salix sp.)
(a) and the poplar clone “Novoberlinska-3” (Populus pyramidalis x
P. laurifolia) (b) obtained through in vitro microclonal propagation

a

Measurement of poplar and willow samples by ATR-FTIR spect-
roscopy. Samples of poplar and willow were analysed using Fourier
transform infrared spectroscopy. The optical densities of aliphatic fat-
ty acid esters, total lipids, triglycerides, amide bands (amide I and
amide ), cellulose, total nucleic acids, hemicellulose, starch and lig-
nin were determined by analysing the corresponding peaks in the
FTIR spectra (Fig. 2). ATR-FTIR spectra in the mid-infrared range of
400-4000 cm™ were recorded using a Nicolet IS50 FTIR spectrome-
ter (Thermo Fisher Scientific, USA). The spectra were processed
using the OMNIC software package (Thermo Fisher Scientific,
USA). Twenty measurements were performed for each sample (vari-
ant). Spectra were obtained by averaging 32 scans of the same field
with background spectrum filtering. The spectra were baseline-alig-
ned and smoothed using the Savitzky-Golay function to filter out
spectral noise. The relative concentration of the corresponding com-
ponents was estimated based on the peak area within the range of the
peak centre = 12 cm™ on the absorption spectrum. All spectra were
recorded with a resolution of 4 cm .

Statistical analysis of the data was performed using the method of
relative change compared to the corresponding unirradiated control,
where the error is calculated as the standard error of the mean (SEM).
The results of measurements in samples of unirradiated leaves of the
“Novoberlinska 3’ poplar clone (Populus pyramidalis x P. laurifolia)
on 2nd day were used as the control for all variants. The statistical
significance of differences between groups was assessed using the
nonparametric Mann—Whitney U test, with results considered signifi-
cant at P <0.05.

To visualise the statistical differences between the experimental
groups, the data points in the figures were assigned Latin letters (a, b,
¢, d, ). According to the Mann—-Whitney U test, groups sharing the
same letter did not differ significantly. The letters were assigned in
alphabetical order, beginning with the group exhibiting the highest
mean value for each parameter. Distinct letters indicate statistically
significant differences between samples within a given biochemical
parameter. All pairwise comparisons were performed exclusively
within the same parameter.

Results

In the leaves of the Populus pyramidalis x P. laurifolia clone
‘Novoberlinska-3', the nucleic acid content was 30.7% higher on the
2" day of the experiment than on the 34" day, indicating a significant
decrease in this parameter during the vegetative phase of development
(Fig. 3). Following UV-B irradiation at a dose of 17 kJ/m? the nucleic
acid level in the poplar leaves increased on the 2™ day, exceeding
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control values by 17.3%. This indicates the activation of nucleic acid willow clone Zhytomyrska-1', where the nucleic acid content on the
synthesis in the early period following UV-B irradiation. However, in 2 day after irradiation exceeded the control by 62.0% (Fig. 3).
poplar leaves, this increase was less pronounced than in the Salix sp.
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Fig. 2. Identification of peaks in a typical FTIR spectrogram of dried leaves of the studied poplar and willow plants:
1 —asymmetric CHz stretching of aliphatic fatty acid esters; 2 — symmetric CHz stretching of aliphatic fatty acid esters; 3 —triglycerides and fatty

acids; 4 —amide I; 5—amide II; 6 — cellulose; 7 — nucleic acids; 8 — hemicelluloses; 9 — C-O and C-C stretching of total polysaccharides;
10 —starch; 11 — skeletal vibrations of a-glycosidic linkages of total polysaccharides; 12 — lignin; 13 — phenylpropanoids
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Fig. 3. Primary metabolic compounds in the leaves of the ‘Novoberlinska-3” poplar clone on the 2nd and 34th days and the ‘Zhytomyrska-1’
willow clone on the 2nd day after exposure to UV-B radiation at an intensity of 17 kJ/m2: all comparisons between groups were made within
one biochemical parameter; on box and whisker plots, lines indicate the median; cross symbol is the mean; the box represents values within
the 25-75% quartiles, and the whiskers show minimum and maximum values; values for unirradiated leaves of the ‘Novoberlinska 3’ poplar
clone on 2™ day were set as 100%; different letters indicate values that are significantly different, as determined by the nonparametric
Mann-Whitney U test (P < 0.05); n = 12 measurements
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The total protein content on 2™ day in the ‘Novoberlinska-3' pop-
lar was 19.3% higher than on day 34, indicating the suppression of
protein metabolism in mature leaves. UV-B irradiation at a dose of
17 kJ/mz did not affect the protein content of poplar leaves on 2" day
compared to the control. However, on day 34, the leaves of irradiated
plants contained 15.7% less protein than the leaves of non-irradiated
poplars. In irradiated willow leaves, protein content decreased by 23.9%
below the control level by the 2 day after irradiation (Fig. 3).

The lipid level in poplar leaves on 2™ day after irradiation had in-
creased by over 50% compared to the control, likely reflecting the
accumulation of lipids, a key component of the protective cuticle, in
response to UV-B. On day 34, regardless of irradiation, the lipid con-
tent in poplar was lower than on 2™ day but higher than in the control,
indicating accumulation of lipids in the cuticular layer of the leaves as
they developed and grew (Fig. 3). Compared to willow on 2™ day,
both poplar variants had lower lipid content values on 2™ day, while
irradiated willow had the highest lipid level of all the variants. How-

ever, the difference between the control and irradiated willow plants
was not statistically significant. The increase in total lipid content
(Fig. 3) observed in the experiment was associated with the short-
term accumulation of aliphatic fatty acid esters (which increased by
87.4% in poplar leaves) and triglycerides and fatty acids, which in-
creased by 27.8% in willow leaves (Fig. 4).

The total carbohydrate content in the leaves of the “Novoberlin-
ska-3’ poplar was twice as high on the 2nd day of the experiment in
control plants compared to the 34th day, indicating a pronounced de-
cline in this parameter during leaf growth and plant development
(Fig. 3). Although irradiated poplar plants exhibited an 11% increase
in total carbohydrate content on the 2™ day after irradiation compared
to the control, these differences were smoothed out by the 34th day
(Fig. 3). This suggests that ontogenetic changes exert a substantially
stronger influence on carbohydrate content than UV-B radiation.
In willow leaves, by contrast, the total carbohydrate content increased
more sharply by 67.7% on the 2nd day after irradiation.
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Fig. 4. The content of aliphatic fatty acid esters (AFAE), triglycerides and fatty acids in the leaves of the ‘Novoberlinska-3’ poplar clone
on the 2nd and 34th days and the ‘Zhytomyrska-1" willow clone on the 2nd day after exposure to UV-B radiation at an intensity of 17 kJ/mz
all comparisons between groups were made within one biochemical parameter; on box and whisker plots, lines indicate the median;
cross symbol is the mean; the box represents values within the 25-75% quartiles, and the whiskers show minimum and maximum values;
values for unirradiated leaves of the ‘Novoberlinska 3’ poplar clone on 2™ day were set as 100%; different letters indicate values
that are significantly different, as determined by the nonparametric Mann-Whitney U test (P < 0.05); n = 12 measurements

On the 2™ day of the experiment, the leaves of the irradiated 'No-
voberlinska-3' poplar plants showed a 13.6% increase in amide |
protein content compared to the control values. In contrast, the amide
I protein content in the leaves of the Zhytomyrska-1' willow decrea-
sed by 52.9% relative to the control (Fig. 5). By the 34th day, the
amide | level in the irradiated poplar leaves was 25.2% lower than the
control value. Meanwhile, the amide Il content in the proteome did
not change significantly in either poplar or willow leaves on the

4

2" day after UV-B exposure. In both the control and irradiated 'No-
voberlinska-3' poplar plants, the amide 11 domain content decreased
by almost twofold on the 34th day compared to the 2nd day of the ex-
periment, possibly due to age-related proteome remodelling (Fig. 5).
The amide | / amide Il ratio, considered a marker of the accumulation
of amyloid, prion-like and misfolded proteins in plants, also changed
accordingly (Fig. 6).

Regulatory Mechanisms in Biosystems, 2026, 17(3), 26058



190 130
170
150
g OPoplar Novoberlingka-
g 3", day 2. control
= .
g BPoplar Novoberlinska-
2 130 3", day 34, control
3 .
e OPoplar Novoberlinska-
5 ¥, day 2, UV-B
= 3
2 110 )
= OPoplar Novoberlinska-
s 3, day 34, UV-B
w
ﬁ OWillow 'Zhytomyrska-1',
20 day 2. control
BWillow 'Zhytomyrska-1',
day 2, UV-B
70
. 30
50 20
Amide I protein domain Amide IT protein domain

Fig. 5. Protein domains content in the leaves of the “Novoberlinska-3’ poplar clone on the 2nd and 34th days and the ‘Zhytomyrska-1’
willow clone on the 2™ day after exposure to UV-B radiation at an intensity of 17 kJ/m2: all comparisons between groups were made within
one biochemical parameter; on box and whisker plots, lines indicate the median; cross symbol is the mean; the box represents values
within the 25-75% quartiles, and the whiskers show minimum and maximum values; values for unirradiated leaves
of the “Novoberlinska 3’ poplar clone on 2™ day were set as 100%; different letters indicate values that are significantly
different, as determined by the nonparametric Mann—Whitney U test (P < 0.05); n = 12 measurements
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Fig. 6. Conformation of total proteins in the leaves of the ‘Novoberlinska-3” poplar clone on the 2nd and 34th days and the ‘Zhytomyrska-1
willow clone on the 2nd day after exposure to UV-B radiation at an intensity of 17 kJ/m2 on box and whisker plots, lines indicate the median;
cross symbol is the mean; the box represents values within the 25-75% quartiles, and the whiskers show minimum and maximum values;
different letters indicate values that are significantly different, as determined by the nonparametric Mann—Whitney U test (P < 0.05);

n = 12 measurements; value for unirradiated leaves of the ‘Novoberlinska 3’ poplar clone on 2™ day was set as 100%

The starch content in both poplar and willow leaves increased by in both control and irradiated plants. Similar trends were observed for
27.3% and 81, respectively on 2" day after UV-B irradiation, which the total content of carbohydrates (Fig. 3) detected by ATR-FTIR in
is a typical stress response in plants (Fig. 7). On the 34th day of the poplar and willow leaves (starch, polysaccharides, cellulose and hem-
experiment, the starch content of poplar leaves decreased significantly icelluloses).
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cross symbol is the mean; the box represents values within the 25-75% quartiles, and the whiskers show minimum and maximum values;
different letters indicate values that are significantly different, as determined by the nonparametric Mann—Whitney U test (P < 0.05);

n = 12 measurements; value for unirradiated leaves of the ‘Novoberlinska 3’ poplar clone on 2™ day was set as 100%

The cellulose content, the main component of plant cell walls, de-
creased by 21.0% in poplar leaves following UV-B irradiation and by
56.5% with plant age. The content of another major component, hem-
icellulose, in poplar decreased with age by 13.9% in control and
43.4% in irradiated plants. Conversely, the cellulose content of willow
leaves increased by 44.6% on the 2 day after UV irradiation, while the
hemicellulose content remained largely unchanged (Fig. 8).

The lignin content of the leaf tissues of irradiated poplars and wil-
lows did not differ significantly from that of the control group. How-
ever, a 32.3% and 95.2% higher accumulation of lignin was observed

in the leaves of both irradiated and non-irradiated poplars during de-
velopment (on the 34th day compared to the 2nd day of the experi-
ment). Additionally, on 2™ day of experiment irradiated poplars ex-
hibited an increase by 26.8% in phenylpropanoid content, substances
that protect plants from UV radiation and are also monomers of lig-
nin. On the 34th day of the experiment, the level of phenylpropanoids
in poplar leaves decreased below control values, confirming the hypo-
thesis that these substances interact with stress-induced active radi-
cals, breaking down in the process but preventing damage to biologi-
cally significant macromolecules (Fig. 8).

220 133
g 200 123
z
% 180 115
£ 160 105
o
Z 10 95
5| .
=120 85
g - OPoplar
E] 100 ) Novoberlinska-3',
= . 9 §
g w0 65 day 2, control
2 0 <z BPoplar
£ @ - "Novoberlinska-3',
- 40 45 day 34, control
20 35 OPoplar
- . "Novoberlingka-3',
Hemicelluloges day 2. UV-B
OPoplar
230 Novoberlinska-3',
24z = a day 34, UV-B
245 -
2
2 i 10 OWillow
QE' 225 190 "Zhytomyrska-1',
= day 2, control
£ 205 170 -
E BWillow
o 188 150 'Zhytomyrska-1',
= day 2, UV-B
g 165 130 ’
! 110
E 145
El 90
= 125
o 70
L
= 105 <
= 50
o
85 30
65 10

Lignin

Phenylpropanoi ds

Fig. 8. Content of major cell wall components in the leaves of the ‘Novoberlinska-3’ poplar clone on the 2nd and 34th days and the ‘Zhyto-
myrska-1” willow clone on the 2nd day after exposure to UV-B radiation at an intensity of 17 kJ/mz: all comparisons between groups
were made within one biochemical parameter; on box and whisker plats, lines indicate the median; cross symbol is the mean; the box represents
values within the 25-75% quartiles, and the whiskers show minimum and maximum values; values for unirradiated leaves of the ‘Novoberlinska
3’ poplar clone on 2™ day were set as 100%; different letters indicate values that are significantly different, as determined
by the nonparametric Mann-Whitney U test (P < 0.05); n = 12 measurements
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Following irradiation, the fatty acid esterification index increased
twofold in poplar leaves, whereas it decreased by 13.9% in willow
leaves. Furthermore, UV-B irradiation inhibited the age-related incre-
ase in the fatty acid esterification index in poplar by 19.6% (Fig. 9).
Therefore, the cuticular lipid layer in the leaves of the ‘Novoberlinska-
3' poplar is more sensitive to a UV-B dose of 17 kJ/m? than that in the
Zhytomyrska-1' willow. We observed similar trends on 2™ day in
irradiated poplar and willow leaves with an increased phenylpropano-
ids / lignin ratio of 18.7% and 11.8%, respectively. This reflects the

225

known plant response to reorganise the metabolism of phenolic com-
pounds, converting them from macromolecular lignin to monomeric
antioxidants that protect the photosynthetic apparatus from UV-B
radiation. An increase in the ratio of nutritive to structural carbohydrates
by 40.0% in poplar and 10.5% in willow also indicates the stress re-
sponse of both plant species. The decrease in the ratio of two abiotic
stress-sensitive parameters, total proteins to nucleic acids (Fig. 9) by
10.1% in poplar and 46.1% in willow, also indicates a stress response
in irradiated plants of both species.
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Fig. 9. Biochemical markers of stress responses in the leaves of the ‘Novoberlinska-3’ poplar clone on the 2nd and 34th days and the ‘Zhyto-
myrska-1 willow clone on the 2nd day after exposure to UV-B radiation at an intensity of 17 kJ/m2: all comparisons between groups were made
within one biochemical parameter; on box and whisker plots, lines indicate the median; cross symbol is the mean; the box represents values with-

in the 25-75% quartiles, and the whiskers show minimum and maximum values; values for unirradiated leaves of the ‘Novoberlinska 3’ poplar
clone on 2™ day were set as 100%; different letters indicate values that are significantly different, as determined by the nonparametric Mann—
Whitney U test (P < 0.05); n = 12 measurements

Discussion

Biochemical and metabolic changes in the ‘Novoberlinska-3’
poplar under the influence of UV-B. The results obtained indicate that
the Populus pyramidalis x P. laurifolia cv. ‘Novoberlinska-3’ hybrid
exhibits a distinct phasic pattern in response to acute UV-B exposure,
combining early metabolic shifts with long-term adaptive changes.
This organisation of the response over time is consistent with FTIR
data from other species, in which short-term changes to the lipid and
protein spectra precede stabilisation processes in the cell wall and
secondary metabolism (Zhao et al., 2013; Sharma & Uttam, 2017a;
Nikalje et al., 2019).

At the early stage (day 2), an increase in total lipid content, ali-
phatic fatty acid esters and the fatty acid esterification index was ob-
served in poplar. As this index is a marker of lipid oxidation, which is
directly linked to ROS-induced processes, its increase indicates the
activation of the antioxidant response and the reorganisation of mem-
brane structures. Similar patterns have been observed in plants ex-
posed to salinity, heavy metals or drought, where FTIR spectra sho-
wed an increase in the intensity of the 28502860 cm™ and 2920—

2930 cm™! bands, which are associated with the CH groups of lipids
(Ogbaga et al., 2017; Willick et al., 2018; Nikalje et al., 2019). Fur-
thermore, studies by Liu et al. (2018) and Willick et al. (2018) de-
monstrate that comparable alterations to the aliphatic chain bands are
indicative of cuticular wax restructuring, which aligns with our obser-
vation of elevated aliphatic fatty acid ester content in poplar.

Concurrently, an increase in starch and nutritious carbohydrate
content was observed in poplar, corresponding to a typical metabolic
response to stress involving the mobilisation of energy resources to
sustain recovery processes. Studies of other species have also demon-
strated an increase in the intensity of the 10201080 cm™" bands asso-
ciated with carbohydrates in response to stress factors (Sharma & Ut-
tam, 2017b; Yuetal., 2020; Yun et al., 2024).

Compared to willow, the protein / nucleic acid ratio in poplar de-
creased by a smaller amount, indicating less inhibition of protein syn-
thesis. The phenylpropanoids / lignin ratio in poplar increased on the
2" day after UV irradiation, indicating a shift in phenolic metabolism
and the activation of antioxidant synthesis — compounds that protect
the photosynthetic apparatus from UV damage. Similar changes have
been observed in studies of stressed plants, where a decrease in the
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intensity of the 1510-1525 cm™ band (lignin) has been accompanied
by an increase in bands associated with phenolic groups (Osman et
al., 2022; Shaaib et al., 2022). This reaction is typical for species of
the genus Populus: UV-B stimulates the synthesis of flavonoids, con-
densed tannins and other antioxidants (Wong et al., 2022; Gourlay
etal., 2022). Phenolic compounds play a key role in protecting
against ROS.

On the 34th day of the experiment, a decrease in cellulose and
hemicellulose content was observed in poplar, which corresponds to
the ‘structural economy’ model during stress. FTIR spectroscopy
often detects a decrease in the intensity of the 10301160 cm™ bands,
which are associated with polymeric polysaccharides in plant cell
walls, when plants are exposed to stress factors (Sharma & Uttam,
2017a; Shoaib et al., 2022).

At the same time, an age-related increase in lignin content oc-
curred on the 34th day in control plants, whereas this process was less
pronounced in irradiated plants, indicating a prolonged reorganisation
of the phenylpropanoid pathway.

One of the most significant findings was the increase in the amide
I/ amide I ratio in poplar two days after UV irradiation. An increase
in this ratio is a recognised marker of amyloid-like and misfolded
protein formation. This is consistent with the findings of Kryvokhy-
zha et al. (2024) that ionising radiation stimulates the accumulation of
amyloid aggregates in plant tissues. Therefore, poplar demonstrates
early activation of the accumulation of protein structures that are
resistant to proteolysis, which may be part of a universal plant stress
response.

Thus, the response of the ‘Novoberlinska-3' poplar to acute UV-B
radiation at the selected intensity was characterised by a combination
of early metabolic shifts and subsequent stabilisation processes for-
ming an adaptive response. Initially, the plants activated lipid and
carbohydrate metabolism and the phenylpropanoid metabolic path-
way, showing signs of amyloid-like/misfolded proteins accumulation,
consistent with existing data on early stress responses in tree species.
At a later stage, a gradual change in biochemical indicators character-
ising the composition and structure of the cell wall was observed,
alongside a decrease in the intensity of metabolic fluctuations relative
to the non-irradiated control. However, a statistically significant mod-
ification of both primary metabolism (an increase in simple polysac-
charide content and a decrease in cellulose and protein content) and
secondary metabolism (a decrease in phenylpropanoid and lignin
content) was maintained, indicating a transition to a phase of long-
term adaptation. These changes demonstrate the poplar's high meta-
bolic plasticity and its ability to maintain functional stability under
conditions of acute ultraviolet irradiation.

Biochemical patterns and metabolic changes in the ‘Zhytomyr-
ska-1" willow under the influence of UV-B. The response of the wil-
low ‘Zhytomyrska-1" to acute UV-B exposure differed significantly
from that of the poplar, characterised by a rapid, metabolically intense
response within the first two days after acute irradiation. Unlike the
more balanced, structured adaptation of the poplar, the willow exhib-
its a rapid resource mobilisation' model involving a sharp increase in
primary and secondary metabolic activity, aimed at immediately
compensating for the effects of stress. Similar rapid responses have
been observed in studies of stressed plants, where initial alterations in
lipid and carbohydrate profiles indicate the activation of energy me-
tabolism and ROS-dependent processes (Ogbaga et al., 2017; Sharma
& Uttam, 2017a; Nikalje et al., 2019).

In particular, a significant increase in total lipid content, aliphatic
fatty acid ester content and the fatty acid esterification index was
observed in willow on the 2nd day after irradiation. As this index is a
marker of lipid oxidation and is directly linked to the formation of
lipid peroxidation products, the increase indicates an intense ROS-
induced response. Similar trends have been reported in studies where
the FTIR spectra of stressed plants showed an increase in the intensity
of the 2850-2930 cm™" bands, which are associated with the lipid CHz
groups. This reflects a restructuring of membrane and leaf cuticle
structures (Zhao et al., 2013; Willick et al., 2018; Liu et al., 2018; Yu
et al., 2020). At the same time, the total carbohydrate and starch con-
tent of the willow increased sharply. The increase in the ratio of nutri-
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tive to structural carbohydrates indicates the active accumulation of
energy reserves, which is caused by a reduction in the synthesis of
structural cell wall polysaccharides. This response is common in
plants experiencing acute stress and has been extensively studied in
salt- and metal-tolerant species (Sharma & Uttam, 2017a; Nikalje
etal., 2019; Yunet al., 2024).

A more significant decrease in the protein / nucleic acid ratio was
observed in willow leaves than in poplar leaves, indicating the sup-
pression of protein synthesis alongside RNA accumulation. This me-
chanism is characteristic of plants that switch to a ‘resource-saving'
mode, in which energy expenditure on translation decreases while
transcriptional activity increases in order to maintain stress signalling
pathways. Similar patterns have been observed in studies of plants ex-
posed to heavy metals or drought (Ogbaga et al., 2017; Osman et al.,
2022). On the 2nd day of the experiment, the phenylpropanoid / lig-
nin ratio in willow increased significantly. This could be explained by
a shift in secondary metabolic pathways, such as the shikimate and
polyketide pathways, towards synthesising protective phenylpropano-
ids. This is a typical response in woody plants to UV-B radiation,
whereby phenylpropanoids act as antioxidants and stabilisers of chlo-
roplast membranes, thereby protecting photosystems I and I1. Studies
of stressed plants often show that an increase in the intensity of bands
associated with phenolic groups (1510-1600 cm™) is accompanied by
a decrease in lignin signals (Shoaib et al., 2022; Yun et al., 2024).
This reaction is particularly characteristic of willows, as members of
the genus Salix have a high capacity for the rapid synthesis of phenol-
ic compounds, including salicylates, flavonoids and condensed tan-
nins. This is consistent with data on the high phenolic plasticity of
willows in response to stress factors.

Unlike the poplar, the willow showed an increase in the content
of structural polysaccharides (cellulose and hemicellulose) on the
2" day of the experiment, accompanied by a simultaneous increase in
nutritive carbohydrate content. This indicates the activation of carbo-
hydrate metabolism. Similar changes have been observed in studies
on plants exposed to salinity or heavy metals, where a reduction in the
intensity of the 1030-1160 cm™ bands indicates a weakening of the
cell wall's structural component (Sharma & Uttam, 2017a; Shoaib
etal., 2022).

In the context of protein metabolism, the response of the ‘Zhyto-
myrska-1' willow to UV-B radiation was found to differ fundamental-
ly from that of the poplar, reflecting the species-specific regulation of
protein structure in Salix species. The decrease in the amide 1/ amide
1 ratio observed on the 2nd day after irradiation indicates a reduction
in the formation of B-structural/amyloid proteins and an increase in
processes associated with the inhibition of protein synthesis. Similar
changes to FTIR spectra have been observed in plants exposed to
intense oxidative stress, particularly that associated with heavy metal
exposure. In these cases, a decrease in amide | is accompanied by
reduced protein domain stability and cells entering an energy-saving
mode (Zhao et al., 2013; Yu et al., 2020). In this case, such dynamics
may reflect a temporary restriction of translational activity and a re-
distribution of resources in favour of rapid signalling and metabolic
responses aimed at neutralising the effect of stress. The absence of
signs of an amyloidogenic response, which is characteristic of poplar,
highlights that willow employs a distinct strategy for adapting prote-
ins, prioritising the rapid reorganisation of metabolic fluxes and main-
taining cellular metabolic flexibility over stabilising protein structures.

Thus, the Zhytomyrska-1' willow exhibits a rapid and energy-
intensive model of adaptation to UV-B. This includes a sharp increase
in lipid and carbohydrate metabolism, activation of the phenylpropa-
noid pathway and suppression of protein synthesis. Unlike poplar,
willow does not develop an amyloidogenic response. This strategy in-
dicates a high metabolic response rate, but less pronounced structural
stabilisation than poplar.

Comparison of the biochemical responses of two species of the
Salicaceae family to UV-B radiation. A comparative analysis of the
responses of ‘Novoberlinska-3’ poplar and ‘Zhytomyrska-1" willow
to acute UV-B exposure revealed significant differences in the struc-
ture and dynamics of metabolic responses between the two species.
Despite belonging to the same family (Salicaceae) and being charac-
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terised by high plasticity of adaptive processes, the two species exhib-
ited different biochemical adaptation strategies (Lahlali et al., 2014;
Sharma & Uttam, 2017a; Nikalje et al., 2019). These differences
encompass primary and secondary metabolism, as well as the struc-
tural components of cell walls and conformational changes in pro-
teins. This is consistent with data from studies of other tree species, in
which stress responses exhibit distinct species specificity (Ren et al.,
2010; Kutsokon & Khoma, 2025).

Poplar demonstrated a balanced adaptation model, combining an
early increase in lipid, starch and aliphatic fatty acid ester content with
the maintenance of protein synthesis, despite a decrease in cellulose
and hemicellulose content. This indicates the maintenance of metabo-
lic stability, even under conditions of acute stress. In contrast, willow
exhibited a model of rapid resource mobilisation, characterised by a
sharp increase in available carbohydrates, lipids, the fatty acid esterifi-
cation index and cellulose and hemicellulose content, accompanied
by the suppression of protein synthesis. This strategy is typical of
plants that direct resources towards immediate compensation for the
effects of stress (Zhao et al., 2013; Ogbaga et al., 2017; Sharma &
Uttam, 2018).

An increase in the phenylpropanoids / lignin ratio was observed
in both species, indicating the activation of phenolic compound syn-
thesis. However, this process was significantly more intense in wil-
low, consistent with its ability to rapidly accumulate phenolic metabo-
lites, including salicylates and condensed tannins. In poplar, this pro-
cess was less pronounced, stabilising gradually in the late stage of
adaptation at a level close to the control. This is consistent with previ-
ous studies, which have shown that Populus exhibits a longer-lasting
but less pronounced phenoalic response to UV-B, whereas Salix reacts
rapidly and intensely (Gourlay et al., 2022; Wong et al., 2022).

In Populus, gradual stabilisation of the content of cellulose, hem-
icellulose and lignin was observed in the late stage of the stress re-
sponse (day 34 of the experiment), indicating a transition to the phase
of structural stabilisation. In contrast, Salix demonstrated an accumu-
lation of structural polysaccharides as early as day 2 after irradiation.

One of the most significant differences observed between the stu-
died species relates to the dynamics of the amide I / amide Il ratio.
In poplar, this ratio increased, indicating the formation of p-structural
proteins and the possible accumulation of amyloid-like proteins. This
is consistent with the proteomic stress response described by Kryvo-
khyzha et al. (2024). Conversely, in willow, the amide | / amide Il
index decreased, indicating the suppression of protein synthesis and
the absence of an amyloidogenic response. These results demonstrate
the different strategies employed by the two species to adapt their pro-
teins: poplar stabilises protein structures, while willow maintains me-
tabolic flexibility by reducing translational activity.

In summary, the ‘Novoberlinska-3” poplar and the ‘Zhytomyr-
ska-1 willow implement two distinct yet effective biochemical adap-
tation strategies in response to acute UV-B exposure. The poplar ex-
hibits a more prolonged response, involving moderate activation of
primary metabolism alongside the formation of amyloid-like protein
structures and the gradual stabilisation of cell wall components. In
contrast, willow is characterised by a rapid response involving proba-
ble cell wall renewal/thickening, as well as a sharp increase in lipid
and carbohydrate metabolism, intense activation of the phenylpropa-
noid pathway and inhibition of protein synthesis. These findings high-
light the high species-specificity of metabolic strategies within the
Salicaceae family, demonstrating that even closely related species can
follow fundamentally different biochemical adaptation trajectories in
response to elevated UV-B radiation levels.

Conclusions

A study investigating the impact of elevated UV-B levels
(17 kI/m?) on microclonally propagated Populus pyramidalis x P.
laurifolia “Novoberlinska-3” poplar and Salix sp. ‘Zhytomyrska-1’
willow plants revealed significant variations in primary and secondary
metabolic processes, as well as protein conformational changes.
The results suggest that two distinct adaptation strategies are employ-

yed in response to acute UV-B stress, reflecting species-specific me-
tabolic plasticity in Salix and Populus species.

In the poplar “Novoberlinska-3,” exposure to UV-B radiation at
an early stage triggered the activation of several metabolic processes,
including an increase in the levels of nucleic acids, total lipids, starch
and aliphatic fatty acid esters. The increase in the fatty acid esterifica-
tion index within the species indicates enhanced lipid oxidation and
the formation of a ROS-dependent response, consistent with FTIR da-
ta from studies of stressed plants. An early increase in the amide 1 /
amide Il ratio in poplar suggests the accumulation of amyloid-like
proteins may be a mechanism of stress adaptation through proteome
stabilisation. Concurrently, an increase in the phenylpropanoids /
lignin ratio was observed, suggesting a shift in the phenylpropanoid
pathway towards synthesising UV-B protective compounds. At the
late stage, the poplars exhibited decreased starch, cellulose, hemicel-
lulose and phenylpropanoid content, indicating a transition from an
acute metabolic response to a stabilisation phase involving the sup-
pression of primary and secondary metabolism. An increase in lignin
content in control plants on the 34th day of the experiment confirms
an age-related increase in cell wall stiffness; however, this process
was less pronounced in irradiated plants.

The willow ‘Zhytomyrska-1" demonstrated a different response
pattern, characterised by a rapid response to UV-B irradiation. In irra-
diated plants, significant increases were observed in the content of
nucleic acids, total lipids, aliphatic fatty acid esters, total carbohydra-
tes, starch, cellulose and hemicellulose. Unlike poplar, the amide | /
amide 11 ratio in willow decreased, alongside a reduction in the pro-
tein / nucleic acid ratio. This may be associated with the inhibition of
protein synthesis, consistent with known mechanisms of stress-indu-
ced plant responses. An increase in the phenylpropanoid / lignin ratio
in irradiated willow indicates the activation of secondary metabolism
and the synthesis of defensive phenolic compounds.

A comparison of the two species revealed that poplar exhibits a
less intense adaptation model, involving early metabolic shifts follo-
wed by moderate metabolic suppression. In contrast, willow demon-
strates a rapid and intense metabolic response aimed at mobilising
energy and defence resources. Overall, both species exhibited signs of
stress tolerance. Combining FTIR spectroscopy with primary and se-
condary metabolic analysis enabled species-specific adaptation me-
chanisms to be identified, which is important for further selecting Sa-
licaceae clones with optimal stress tolerance characteristics.
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