
28

INTRODUCTION

Plants are constantly exposed to various en-
vironmental stresses during growth and develop-
ment. Drought and soil salinity are the most im-
portant abiotic stresses from an agronomic point 
of view (Nazari et al., 2023). As a result of climate 
change, extreme droughts of increasing duration 
are becoming more common, often leading to 
soil salinization, erosion, and desertification (Spi-
noni et al., 2018). It is estimated that by 2025, up 
to two-thirds of the Earth’s surface will be under 
drought stress, and by 2050, more than 50% of ar-
able land will be over-salinized (Shrivastava et al., 

2015; Marien et al., 2023). Both drought and salin-
ity stress lead to stunted plant growth, abnormal 
leaf color, defoliation or death of the growing tip 
(Fan et al., 2023), reduced biomass (Huanhe et al., 
2024), impaired chlorophyll synthesis (Kiran et al., 
2023), as well as production of primary metabo-
lites (Sharif et al., 2018) and secondary metabolites 
(Najjaa et al., 2018). Drought and elevated levels 
of soluble salts are common environmental stress-
ors that often induce similar toxic effects in plants 
(Garcia-Caparros et al., 2022). Solutions to coun-
teract the effects of drought and salinity stress are 
being intensively sought (Shrivastava and Kumar, 
2015; Nephali et al., 2020; Wahab et al., 2022). 
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Most works focus on evaluating single stresses on 
plant growth and physiology (Babaei et al., 2022; 
Du et al., 2023; Fan et al., 2023). The effects of 
multiple stressors on plants are still too rarely ad-
dressed simultaneously in the research streams of 
plant biology and ecology. 

Biostimulants are compounds that can modify 
the growth and development of plants as well as 
increase their resistance to stresses (Nephali et 
al., 2020; Mystkowska et al., 2023). The use of 
biostimulants in crop cultivation can reduce the 
use of fertilizers, synthetic plant growth regula-
tors and chemical pesticides, thereby reducing 
production costs. Sodium alginate, an anionic 
polysaccharide, is recognized as a plant biostimu-
lant with significant application potential due to 
its bioactivity, biocompatibility, and biodegrad-
ability (Martínez-Cano et al., 2022; Samdurkar 
et al., 2024). Sodium alginate is an eco-friendly 
and cheap biopolymer obtained from the marine 
brown algae and bacteria. The degradation of so-
dium alginate produces derivatives that often ex-
hibit properties distinct from those of the native 
compound (Rosiak et al., 2021; Salachna 2023). 
It has been shown that alginate oligosaccharides 
can positively affect plant growth (El Idrissi et 
al., 2023), increase plant tolerance to salinity 
(Salachna et al., 2018; Golkar et al., 2019), and 
drought stress (Zhang et al., 2024). Most research 
on the use of sodium alginate and its fractions 
has focused on seed plants. There is currently 
no knowledge regarding how plants from lower 
taxonomic groups respond to sodium alginate and 
oligosaccharides derived from algae. 

Ferns are some of the oldest plants on Earth, 
dating back over 360 million years and currently 
number about 10,000 species (Gerrienne et al., 
2016). Ornamental and edible ferns are the most 
important economically (Cao et al., 2017). Orna-
mental ferns are widely valued as popular pot-
ted plants, as well as garden and park perennials 
(Marimuthu et al., 2022). Many species of tropi-
cal ferns are produced as attractive cut greens 
(McCulloch-Jones et al., 2021). Edible ferns are 
offered on the market in the form of young leaves 
and rhizomes which are abundant in polysaccha-
rides, proteins, vitamins, minerals, polyphenols, 
as well as valuable ω-3 and ω-6 fatty acids (Zhu 
et al., 2019). Ferns are also used in folk medicine 
(Muhammad et al., 2020; Moussa et al., 2024). 
Fern extracts exhibit various medicinal effects and 
contain antioxidants with potential applications in 
the pharmacology, food, and cosmetic industries 

(Rosso, 2019; Dvorakova et al., 2024). The ge-
nus Athyrium Roth belongs to the Dryopterida-
ceae family and includes 230-300 species of ferns 
found mainly in Asia (Wyatt et al., 2022). Many 
are ornamental, edible, and medicinal plants 
(Salehi et al., 2019). Japanese goldenrod (Athy-
rium nipponicum (Mett.) Hance) is found in the 
forests of Japan, Korea, and Manchuria (Wyatt et 
al., 2022). The species includes many ornamental 
varieties with different leaf colors: metallic, light 
purple, dark purple, or burgundy (Dehgan, 2023). 
The leaves change their colors depending on the 
stage of development, season, growing condi-
tions, and plant age. Numerous varieties of A. 
nipponicum are among the most beautiful garden 
ferns and, for this reason, are increasingly sought 
after on the ornamental plant market. 

Knowledge regarding the effects of abiotic 
stresses and biostimulants on the growth of or-
namental garden plants within the fern group 
remains limited. Therefore, the present study 
aimed to determine the effects of drought, salinity 
stress, and depolymerized sodium alginate on the 
growth, photosynthetic pigments, and metabolite 
content of A. nipponicum cv. Metallicum. The 
study poses the following research hypothesis: 
1) There is a differential response of plants to sin-

gle drought and salinity stress versus combined 
stress.

2) Depolymerized sodium alginate can alleviate 
the deleterious effects of abiotic stresses in 
ferns. 

MATERIAL AND METHODS 

Plant material and growing conditions

3-year-old plants of A. nipponicum cv. Me-
tallicum with an average height of ~25 cm and a 
width of ~30 cm were planted on 14.04.2021 into 
round PVC pots 18.5 cm high, 21 cm wide, and 
with a capacity of 5 dm3 (Maxiplast, Poland) filled 
with TS1 peat substrate (Klasmann-Deilmann, 
Germany) with a pH of 6.0, mixed with Complex 
fertilizer (Yara International ASA, Norway) with 
a composition of N 12%, P2O5 11%, K2O 18%, 
MgO 2.7%, S 8%, B 0.015%, Fe 0.2%, Mn 0.02% 
and Zn 0.02% at a dose of 1.5 g dm–3 of substrate. 
Pots with plants were set in an unheated plastic 
tunnel with shades installed (~25% of the ambient 
sunlight), nine pots per 1 m2. Plants were watered 
with a tap water drip system with an EC of ~0.63 
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mS·cm–1. Plants were grown under natural day-
length. The average, maximum, and minimum air 
temperatures in the tunnel during the experiment 
were 20.7 °C, 36.0 °C, and 12.9 °C, respectively, 
and were regulated by a temperature-control sys-
tem using a Type Z-AGRO 24-2 climate computer 
(Agrosur, Poland). Relative humidity was moni-
tored and ranged between 65 and 85%. 

Experimental design

The experiment was set up in a randomized 
block design. The experiment included eight 
treatments (Table 1), comprising a total 144 pot-
ted plants, with 18 potted plants each treatment.

In total, 72 potted plants were assigned ran-
domly to each of four DA treatments. Plants were 
sprayed seven times with a depolymerized algi-
nate (DA) solution at 100 mg·dm-3, starting June 
1st, 2021, every 3 days, and each plant received 
~20 ml of solution each time. Control plants were 
sprayed with water. The DA selected for the study 
with a molecular weight of 42,000 g·mol−1 was 
obtained by acid hydrolysis (Salachna, 2023). 

The plants subjected to salinity stress (72 
potted plants) were drenched with CaCl2 so-
lution (Chempur, Poland) at a concentration 
of 10 mmol·dm–3 (9.07.2021), 30 mmol·dm–3 

(12.07.2021), 60 mmol·dm–3 (14.07.2021) and 
100 mmol·dm–3 (16.07 and 21.07. 2021), to avoid 
osmotic shock, using 100 ml of solution per plant 
each time. The increasing concentration of CaCl2 
was established based on previous studies (Ete-
hadnia et al., 2010). The plants not treated with 
CaCl2 were watered with water. To prevent solu-
tion and water leaching, a plastic dish was insert-
ed under each pot.

The plants subjected to drought stress from 
21.07.2021 to 15.09.2021 were watered manually 
every 7 days with 100 ml of water per pot (72 

potted plants). The plants not subjected to drought 
stress (72 potted plants) were watered with a drip 
system every 3 days, providing ~500 ml of water 
per pot each time. The substrate water potential 
read from the readings of tensiometers placed in 
the pots was approximately -400 hPa under wa-
ter deficit conditions and approximately -100 hPa 
under drip irrigation conditions.

Determination of morphometric parameters 

After the end of the drought stress 
(15.09.2021), morphological parameters were as-
sessed, including plant height (from the substrate 
surface to the tallest part of the plant), plant width 
(measured at the widest part), number of leaves 
per plant, length of the longest leaf, as well as the 
fresh weight of leaves and rhizomes per plant. 
Plant rhizomes were washed free of substrate. 
The collected plant material was dried at 25 °C 
in a ventilated and shaded place for 3 weeks, after 
which the dry weight of leaves and rhizomes was 
determined. The dried leaves and rhizomes were 
ground in an electric grinder for further analysis.

Determination of photosynthetic pigments 

The assessment of assimilation pigment con-
tent in leaves was conducted following the pro-
cedure proposed by Lichtenthaler and Wellburn 
(1983), with minor modifications, as described by 
Grzeszczuk et al. (2018). Pigments were extract-
ed using 80% acetone (Merck, Germany). The 
samples underwent ultrasonic bath treatment for 
five minutes and were subsequently centrifuged 
at 13,000 × g for ten minutes. The absorbance of 
the resulting solutions was measured at 441, 646, 
652, and 663 nm, and the concentrations of chlo-
rophyll a, chlorophyll b, total chlorophyll, as well 
as carotenoids were calculated.

Table 1. Description of the treatments applied
Treatments Description

Control Cultivation under normal growing conditions

CaCl2 Salinity stress induced by calcium chloride anhydrous

DS Drought stress

CaCl2+DS Salinity stress + drought stress

DA Depolymerized alginate

CaCl2+DA Salinity stress + depolymerized alginate

DS+DA Drought stress + depolymerized alginate

CaCl2+DS+DA Salinity stress + drought stress + depolymerized alginate
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Determination of reducing sugars content, 
total free amino acids content, total 
polyphenols and total flavonoids content

The content of primary and secondary metab-
olites in leaf and rhizome samples was analyzed 
using an extract preparation method described by 
Grzeszczuk et al. (2018). Plant material (0.5 g) 
was combined with a solution consisting of 80% 
methanol (Chempur, Piekary Śląskie) and deion-
ized water in a 7:3 ratio (v/v). The mixture was 
sonicated for 15 minutes in an ultrasonic bath 
(Elmasonic S30H, Elma Schmidbauer GmbH, 
Germany). Subsequently, the mixture was centri-
fuged for 5 minutes at 5000 × g (Centrifuge 5418, 
Eppendorf, Poland) and filtered through nylon 
membrane filters (0.22 µm, Merck, Germany). 
The resulting extracts were stored in a freezer 
at -20 °C. Three independent test samples were 
prepared from each extract, and all measurements 
were performed using a spectrophotometer (Syn-
ergy LX, USA).

The content of reducing sugars was deter-
mined colorimetrically using the reaction with 
3,5-dinitrosalicylic acid (DNS method) as de-
scribed by Łopusiewicz et al. (2019). The extract-
ed samples were combined with 0.05 M acetate 
buffer (pH 4.8) (Merck, Germany) and DNS re-
agent (Merck, Germany). The mixture was then 
heated at 96 °C for 5 minutes using an Eppen-
dorf Thermomixer Compact 5350 (Eppendorf 
AG, Germany). Subsequently, the samples were 
cooled to room temperature, and absorbance was 
measured at 540 nm.

The content of free amino acids was deter-
mined using the colorimetric reaction of amino 
acids with ninhydrin (Merck, Germany), as de-
scribed by Łopusiewicz et al. (2019). The extract 
was mixed with Cd-ninhydrin reagent and heated 
for 5 minutes in a heat block at 84 °C. The mixtures 
were then cooled on ice, transferred to a 96-well 
plate, and the absorbance was measured at 507 nm.

The total polyphenol content was determined 
using the Folin-Ciocalteu reagent (Chempur, Po-
land), while the total flavonoid content was as-
sessed according to the methodology described 
by Tong et al. (2019). For polyphenol determi-
nation, distilled water, Folin-Ciocalteu reagent, 
and Na₂CO₃ (Sigma-Aldrich, Germany) were 
added to the extract. The samples were incubated 
in the dark at 40 °C for 30 minutes, and the ab-
sorbance was measured at 765 nm. For flavonoid 
determination, H₂O, 5% NaNO₂, 10% AlCl₃, and 

1 M NaOH (Merck, Germany) were added to the 
extract. Finally, distilled water was added, and the 
absorbance was measured at 510 nm. Each analy-
sis was performed in triplicate.

Statistical analysis 

The results were statistically verified with 
ANOVA using TIBCO Statistica™ Profession-
al 13.3.0 software (TIBCO Software, USA). 
Tukey’s multiple comparison tests assessed the 
significance of mean value variation at a signifi-
cance level of p ≤ 0.05.

RESULTS AND DISCUSSION

Morphological parameters

From the data presented in Table 2 and Fig-
ures 1–3, it can be seen that both stress factors 
and depolymerized alginate (DA) had a signifi-
cant effect on the morphological characteristics of 
the ferns. Potent growth inhibition was observed 
in the plants growing under combined stress con-
ditions (CaCl2+DS). These plants were the low-
est, had the smallest width, produced the fewest 
leaves, and were the shortest among all treat-
ments. The plants at CaCl2, DS and CaCl2+DS 
showing foliar damage (Fig. 3). In the case of 
leaf biomass, both stress factors and depoly-
merized alginate reduced it, with significant dif-
ferences from the control shown in all variants 
with drought (DS; DS+DA and CaCl2+DS+DA). 
Similarly, drought showed a negative effect on 
rhizome biomass in this trait. Drought-stressed 
ferns (DS) produced rhizomes with the lowest 
fresh and dry weight among all treatments. The 
results confirm previously observed adverse ef-
fects of drought on fern growth (Xia et al., 2013; 
Salachna et al., 2021). Most ferns grow in shad-
ed, humid habitats and exhibit low tolerance to 
drought stress. In the plants under the conditions 
of water deficit in the substrate, hydrostatic pres-
sure decreases, as a result of which cell elonga-
tion growth is inhibited and dehydration occurs. 
These changes led to a reduction in the volume of 
plant cells and, as a result, a reduction in growth 
and biomass gain (Coussement et al., 2021). Re-
search by other authors (Wang et al., 2019) shows 
that there are fern genotypes that can tolerate sub-
strate water deficiency to some extent. As climate 
change indicates that droughts will become more 
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severe, more research is needed to understand the 
adaptive mechanism of fern species and cultivars 
tolerating drought stress. 

Stresses in plants caused by unfavorable en-
vironmental factors often overlap, compound-
ing their harmful effects. The obtained results 
confirm that the growth of ferns was most se-
verely reduced by combined stress (drought 

and salinity). Salinity alone (CaCl2) reduced the 
height of ferns and slightly reduced the fresh and 
dry weight of leaves (Fig. 1) and rhizomes (Fig. 
2). A similar negative effect of salinity stress on 
biomass was shown in A. nipponicum cv. Red 
Beauty (Pietrak et al., 2023). The observed 
adverse effect of CaCl2 on the height of ferns 
may have been mainly due to ionic imbalance 

Table 2. Effects of salinity stress, drought stress and depolymerized alginate on morphometric parameters of fern 
A. nipponicum cv. Metallicum

Treatment Plant height (cm) Plant width (cm) Number of leaves Leaf length
(cm)

Control 41.5 ± 4.60 a 63.3 ± 5.25 a 52.8 ± 6.70 a 48.2 ± 2.79 a

CaCl2 28.0 ± 0.82 d 60.5 ± 2.08 ab 51.0 ± 8.41 a 38.0 ± 3.58 ab

DS 32.0 ± 3.74 bd 60.0 ± 2.16 ab 40.5 ± 2.08 ab 42.9 ± 4.55 ab

CaCl2+DS 26.5 ± 0.58 d 48.5 ± 4.80 c 37.5 ± 6.03 b 35.8 ± 3.52 b

DA 36.5 ± 0.58 abc 50.5 ± 3.49 bc 46.5 ± 4.93 ab 40.9 ± 4.01 ab

CaCl2+DA 37.9 ± 1.31 ab 58.1 ± 1.77 abc 43.8 ± 3.30 ab 41.5 ± 4.65 ab

DS+DA 37.1 ± 5.04 ab 56.1 ± 3.84 abc 42.5 ± 6.45 ab 39.7 ± 6.52 ab

CaCl2+DS+DA 29.9 ± 1.75 d 49.0 ± 8.98 c 45.8 ± 0.96 ab 37.3 ± 4.35 b

Note: means ± S.D. (n = 18) within a column followed by the same letter(s) are not significantly different according 
Tukey`s multiple range test at p ≤ 0.05.

Figure 1. Effects of salinity stress, drought stress and depolymerized alginate on fresh weight and dry weight A. 
nipponicum cv. Metallicum leaves. Vertical bars indicate S.D. (n = 18). Bars marked by letter(s) show significant 
differences for fresh weight (lower-case letters) and for dry weight (capital letters) at p ≤ 0.05 according Tukey`s 

multiple range test
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Figure 2. Effects of salinity stress, drought stress and depolymerized alginate on fresh weight and dry weight 
A. nipponicum cv. Metallicum rhizomes. Vertical bars indicate S.D. (n = 18). Bars marked by letter(s) show 

significant differences for fresh weight (lower-case letters) and for dry weight (capital letters) at p ≤ 0.05 
according Tukey`s multiple range test

Figure 3. Effect of drought, salinity and depolymerized sodium alginate on visual quality 
of Athyrium nipponicum cv. Metallicum

and reduced water availability resulting from 
ions lowering the osmotic potential of the soil 
solution, leading to reduced growth (Wahab et 
al., 2022). In the literature, most studies on the 
effects of salt on plants focus on using NaCl 

(Grzeszczuk et al., 2018; Du et al., 2023; Fun 
et al., 2023). In the conducted study, CaCl2 was 
chosen, a concentration higher than NaCl in soil 
and groundwater in many areas of the world, as 
a source of salt stress. 
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The application of DA in the cultivation of 
ferns had no apparent effect on the aboveground 
part of the plants, i.e., height, number of leaves, 
leaf length, and fresh and dry weight of leaves. 
DA had a different effect on the underground 
part of the ferns. The rhizomes of the DA-treat-
ed plants had the highest fresh and dry weights. 
Compared to the control, the fresh and dry weight 
of rhizomes after DA application increased 
by 48.1% and 51.0%, respectively. Moreover, 
when DA was applied under stress conditions 
(CaCl2+DA; DS+DA; CaCl2+DS+DA), the fresh 
and dry weights of rhizomes were higher than in 
the control and in the treatments without DA (Fig. 
2). The plants under stress conditions and treated 
DA did not exhibit foliar damage (Fig. 3). The re-
sults demonstrate the biostimulatory effect of DA 
on the weight gain of fern rhizomes and, in part, 
confirm the previous reports that sodium algi-
nate fractions and derivatives mitigate the effects 
of stress on plants (Du et al., 2023; Zhang et al. 
2023). It is noteworthy that plant responses to the 
biostimulant depends on the species or cultivar, 
concentration and application method, substrate 
fertility, and environmental conditions, such as 
light, temperature and humidity.

Physiological parameters

As shown in Table 3, the applied stress 
factors and DA stimulated the content of as-
similation pigments in fern leaves. The leaves 
of the plants treated with DA and CaCl2 + DA 
had the most chlorophyll a, 56.3% and 53.1% 
more than the control, respectively. The leaves 
of DA-treated plants had the most chlorophyll b 
and total chlorophyll (an increase of 53.0% and 

48.2%, respectively). Increased chlorophyll con-
tent in leaves due to DA application may have 
improved photosynthetic efficiency, increasing 
rhizosphere biomass production under optimal 
and stress conditions. Research results confirm 
the positive effect of sodium alginate and its de-
rivatives on chlorophyll biosynthesis in plants 
(Gamel et al., 2023; Aly et al., 2024). It should 
be noted that the plants characterized by efficient 
chlorophyll metabolism and photosynthesis can 
better adapt to adverse environmental conditions 
(Yong et al., 2024). 

Under the influence of stress factors and DA, 
fern leaves showed a significant increase in carot-
enoid content. The ferns treated with CaCl2 had 
the highest carotenoid content, 40.6% more than 
the control (Table 3). Similarly, He et al. (2020) 
showed an increased content of carotenoids, in-
cluding lutein and zeaxanthin, in maize under 
CaCl2 stress. In addition, they showed that CaCl2 
promoted the expression of all essential caro-
tenogenic genes and thus increased carotenoid 
formation. Increased carotenoid biosynthesis in 
response to salinity stress may be part of the plant 
defense mechanism that allows plants to mini-
mize the effects of stress and maintain homeo-
stasis (Babaei et al., 2022). As non-enzymatic 
antioxidants, carotenoids may help protect cells 
from reactive oxygen species and minimize the 
harmful effects of stress (Li et al., 2024).

The data presented in Figure 4 indicate sig-
nificant changes in the content of reducing sug-
ars and total free amino acids in the leaves and 
rhizomes of A. nipponicum cv. Metallicum, de-
pending on the treatments applied. The plants 
growing under drought conditions (DS) had 
the highest amount of reducing sugars in their 

Table 3. Effects of salinity stress, drought stress and depolymerized alginate on photosynthetic pigments of A. 
nipponicum cv. Metallicum

Treatment Chlorophyll a
(mg·g-1 DW)

Chlorophyll b
(mg·g-1 DW)

Total chlorophyll
(mg·g-1 DW)

Carotenoids
(mg 100 g-1 DW)

Control 0.32 ± 0.00 d 0.17 ± 0.03 d 0.56 ± 0.01 d 15.90 ± 0.29 d

CaCl2 0.48 ± 0.01 ab 0.22 ± 0.01 bc 0.79 ± 0.03 abc 22.35 ± 0.74 a

DS 0.44 ± 0.00 bc 0.20 ± 0.01 c 0.72 ± 0.01 c 20.63 ± 0.18 abc

CaCl2+DS 0.47 ± 0.01 ab 0.24 ± 0.01 ab 0.80 ± 0.03 ab 21.79 ± 0.59 ab

DA 0.50 ± 0.02 a 0.26 ± 0.01 a 0.84 ± 0.05 a 21.80 ± 0.88 ab

CaCl2+DA 0.49 ± 0.03 a 0.24 ± 0.01 ab 0.83 ± 0.04 ab 20.72 ± 1.11 abc

DS+DA 0.42 ± 0.03 c 0.21 ± 0.02 c 0.71 ± 0.05 c 19.89 ± 1.16 c

CaCl2+DS+DA 0.44 ± 0.01 bc 0.21 ± 0.01 c 0.73 ± 0.03 c 20.57 ± 0.30 b

Note: means ± S.D. (n = 3) within a column followed by the same letter(s) are not significantly different according 
Tukey`s multiple range test at p ≤ 0.05.
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Figure 4. Effects of salinity stress, drought stress and depolymerized alginate on reducing sugar content (RSC) 
and total free amino acids level (TFAAL) of A. nipponicum cv. Metallicum. Vertical bars indicate S.D. (n = 3). 
Bars marked by letter(s) show significant differences for leaves (lower-case letters) and for rhizomes (capital 

letters) at p ≤ 0.05 according Tukey`s multiple range test

leaves. The most total free amino acids in leaves 
were found in control plants and CaCl2+DA and 
DS+DA treatments. The lowest content of reduc-
ing sugars and amino acids in the leaves was ob-
served in the plants subjected to combined stress 
(CaCl2+DS). Analyzing the composition of un-
derground organs showed that the rhizomes of 
plants subjected to salinity stress (CaCl2) had the 
most reducing sugars, and the rhizomes of con-
trol plants had the most total free amino acids. 
The elevated levels of reducing sugars in fern 
leaves and rhizomes shown in these studies de-
pending on the source of stress may be due to the 
protective role of soluble sugars in the osmotic 
regulation of ferns exposed to drought or salinity 
(Voytena et al., 2015; Wang et al., 2019). 

The data presented in Figure 5 show that both 
stress factors and DA significantly affected the 
content of secondary metabolites in A. nipponi-
cum cv. Metallicum. The content of total poly-
phenols and total flavonoids in leaves decreased 
due to stress and DA. A similar trend was ob-
served for rhizomes, except for the plants ex-
posed to salinity stress (CaCl2), which showed 
increased total polyphenols and total flavonoids 
content by 22.1% and 15.0%, respectively, com-
pared to the control. The leaves of ferns subject-
ed to combined stress (CaCl₂ + drought stress) 
had the lowest levels of total polyphenols and 
total flavonoids. In contrast, the lowest levels 
of secondary metabolites in the rhizomes were 
observed in the DA-treated plants. Increased 

biosynthesis of polyphenolic compounds under 
drought stress was shown in earlier studies in 
the edible ferns Athyrium multidentatum (Doll.)
Ching and Matteuccia struthiopteris (L.) Todar. 
The demonstrated increased accumulation of 
polyphenols and flavonoids in drought-exposed 
ferns may indicate the involvement of this com-
pounds in plant adaptation processes to water 
deficit conditions (Bagniewska-Zadworna et al., 
2008). Secondary metabolites constitute a vast 
and diverse group of chemical compounds, of-
ten characterized by unique biological activity. 
While they do not play a direct role in primary 
metabolism, they are crucial for plant resistance 
mechanisms against various stresses. (Tuladhar 
et al., 2021; Zawadzińska et al., 2021; Ahlawat 
et al., 2024). Surprisingly, the stimulating effect 
of DA on rhizome biomass in fern was accompa-
nied by a clear drop in the levels of total polyphe-
nols and total flavonoids. The decrease content of 
secondary metabolites may be a result of a trade-
off between the production of plant biomass and 
secondary metabolism (Xu et al. 2024). 

Comparing the average content of secondary 
metabolites in the organs of A. nipponicum cv. Me-
tallicum showed that the fern rhizomes contained, 
on average, 4.8 times more total polyphenols and 
3.6 times more total flavonoids than the leaves. In 
most studies on the evaluation of polyphenols of 
ferns, the raw material is the leaves (Langhansova 
et al., 2021). Flavonoids, especially flavonols, are 
the largest group of polyphenolic compounds in 
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many fern species and are particularly interest-
ing due to their antioxidant properties (Vetter, 
2018). The flavonoids found in ferns may be used 
as natural compounds to develop new drugs to 
prevent and treat various diseases. These can also 
become leading ingredients in cosmetics and di-
etary supplements (Cao et al., 2017; Szypuła and 
Pietrosiuk, 2021).

CONCLUSIONS

In summary, the morphological response of 
A. nipponicum cv. Metallicum to combined stress 
(CaCl₂ + drought stress) was more pronounced 
compared to its response to single stress factors. 
When analyzing biomass losses and changes in 
the levels of total polyphenols and total flavo-
noids it was found that plants tolerated salinity 
stress better than drought stress. The DA biostim-
ulant mitigated the deleterious effects of salinity 
and drought on plants by increasing leaf chloro-
phyll content and stimulating biomass growth of 
rhizomes. Future research on the evaluation of 
A. nipponicum as a source of biologically active 
compounds should prioritize the rhizomes, as they 
contain significantly higher levels of secondary 
metabolites compared to the leaves. The findings 
presented in this study contribute to the current 
body of knowledge on the use of eco-friendly DA 
as alleviators of abiotic stress in plants and have 
potential applications in the cultivation of other 
perennial species. 
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