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ARTICLE INFO ABSTRACT

Keywords: Algae offer a rich source of bioactive compounds suitable for food products and bioenergy. Environmental
Algae challenges such as nutrient scarcity, extreme pH and temperature, high light intensity, and UV radiation usually

Carotenoids trigger algae to produce excess of lipids, antioxidants, and other bioprotective molecules as part of their adap-

Eﬁfle:;s ds tations for survival. Algal cultivation provides proteins, lipids, carbohydrates, vitamins, antioxidants, and trace
Uv-g stress elements. This study focused on understanding how UV-B irradiance, as an abiotic stressor, can influence the

growth and metabolite production of two green algal species, Edaphochlorella mirabilis (Chlorophyta) and Kleb-
sormidium flaccidum (Charophyta). Using a temporary immersion system bioreactor for in-vitro algal growth, the
results showed no significant difference in biomass for both algal species after the exposure to UV-B rays.
However, the assessment of malondialdehyde levels revealed a significantly higher tendency towards lipid
peroxidation in treated E. mirabilis (+ 90 %) compared to control. Conversely, K. flaccidum did not display
significant differences, thereby highlighting a more advanced adaptive capacity against UV-B radiation. Overall,
both algal species treated with UV-B showed increased pigment accumulation. K. flaccidum exhibited an average
pigment increase of over 53 %, while E. mirabilis showed a lower increase, over 30 % on average. The notable rise
in antioxidant compounds (lutein, p-carotene, and chlorophyll a) in UV-B exposed K. flaccidum samples also
suggested a more suitable adaptive strategy to mitigate oxidative stress in Charophyta. In K. flaccidum, the in-
crease in polyunsaturated fatty acids can be associated with increased production of antioxidant compounds.
Conversely, E. mirabilis appeared to protect itself by decreasing polyunsaturated fatty acids in favor of saturated
ones. In both algal species, the increase in secondary metabolites under UV stress highlighted potential as a novel
food source for human consumption, deserving further investigation.

1. Introduction metabolites that could be used in various biotechnological applications

[6,7,10]. Algae also exhibit great adaptability to abiotic stressors, which

A wide range of bioactive molecules and nutrients including pro-
teins, lipids, carbohydrates, vitamins, and trace nutrients are present in
algae [1-3]. In recent years, algae have drawn significant attention due
to their potential applications in chemical, pharmaceutical, nutraceuti-
cal, and food production industries [4-7]. Large-scale cultivation of
algae, thanks to their photoautotrophic nature, presents several advan-
tages, such as ease of implementation, climate neutrality, and carbon
sequestration capacity, thus making it a promising climate change
mitigation strategy [3,8,9]. Furthermore, microalgae exhibit rapid
growth rates, doubling in size every 1-2 days, as well as possessing wide
phylogenetic diversity, which could lead to a wider array of valuable

allow them to thrive in harsh environmental conditions. In addition,
they can produce a variety of biomolecules, including carotenoids,
phenolic compounds, and polyunsaturated fatty acids (PUFAs), which
possess protective and antioxidative properties.

Consequently, the study of algal physiology and growth has attracted
increasing interest [11-14]. The demand for algal bioactive molecules is
increasing and the global market value for algal biomass has reached
billions of dollars. PUFAs and carotenoids, renowned for their antioxi-
dant properties, are particularly sought after in food and nutraceutical
industries [2,11,15-17]. Additionally, extraction of antioxidant sub-
stances from algae provides the building blocks to produce plant-based
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compounds, thus catering for the growing demand for non-animal-
derived products.

Algal pigments are grouped into chlorophylls, carotenoids, and
phycobiliproteins. Different types of chlorophylls are present in different
algal species (chlorophyll a, b, c, d, and f); despite these pigments all
being green, a slight variability in hue can be observed depending on
their different molecular structures [18,19]. They can be used as col-
orants and antioxidants in food and dietary supplements. Carotenoids
have a physiological photoprotective role and accumulate after expo-
sure to specific environmental stress, thus playing a specific role in
scavenging the reactive oxygen species (ROS) and dissipating excessive
energy [20,21]. Over 400 different carotenoid molecules have been
identified in phototrophic organisms; among these, f-carotene and
astaxanthin are widely commercialized, followed by lutein, zeaxanthin,
and lycopene [17,22].

Certain PUFAs derived from algae are considered essential and
therefore, have a noteworthy role in animal and human nutrition. Once
ingested, PUFAs can be converted into bioactive compounds, which are
important for human health: eicosanoids regulate various physiological
processes such as inflammation, blood clotting, and blood pressure;
resolvins, protectins, and maresins, have been found to have potent anti-
inflammatory properties and promote resolution of inflammation and
immune regulation; endocannabinoids and lipid compounds affect
mood, appetite, pain perception, and cognitive functions by acting on
cannabinoid receptors [3,23-25]. Moreover, algal oils are rich in omega-
6 and omega-3 essential fatty acids, including docosahexaenoic acid
(DHA), which can be used in cosmetic products, such as skin protection
formulations [26,27]. Unsaturated fatty acids extracted from microalgae
have also been considered as potential candidates for biodiesel pro-
duction [28].

The growth of algae and their primary and secondary metabolite
accumulation can be influenced by cultivation conditions and possible
exposure to environmental stress, such as changes in light intensity,
temperature, salinity levels, nutrients availability, pH, and exposure to
UV-radiation [1,13,15]. UV-B radiation can alter physiological and
biochemical algal activities depending on the algal species, UV-B in-
tensity, and exposure time. Recently, a UV-B photoreceptor already
known in plants (Arabidopsis thaliana) has also been identified in green
algae [29].

For all the above reasons, this study took into consideration the
metabolic responses to UV-B light exposure of two green algal species:
Edaphochlorella mirabilis (Chlorophyta Division) and Klebsormidium
flaccidum (Charophyta Division). UV-B light was applied through an in
vitro culture photobioreactor system. Both these freshwater algae can
grow in terrestrial environments. Edaphochlorella mirabilis is currently
accepted as a “Chlorella” species but a recent study suggested its affili-
ation to Prasiola clade within core Trebouxiophyceans [30]. Edapho-
chlorella mirabilis specifically has spherical cells with a mean diameter of
5 pm and its reproduction occurs via autosporulation. Despite literature
not providing information on cell structure and ultrastructure, many
studies have described the cell organization and cell wall composition of
genus Chlorella. Generally, Trebouxiophyceans cells are characterized
by a multilayered cell wall structure, mainly composed of poly-
saccharides with a single cup-shaped parietal chloroplast and a pyrenoid
matrix crossed by a single double-layered thylakoid [31,32].

Charophyta are characterized by a very simple thallus, either uni-
cellular or filamentous, and are phylogenetically very close to terrestrial
plants [33]. This character is physiologically translated into the pres-
ence of structures that allow them to cope with abiotic stresses [34].
Among these, morphological and ultra-structural observations of
K. flaccidum species describe the presence of a thick and multilayered
cross-wall, a lobed plate-shaped chloroplast with smooth, undulating or
variously dissected edges and several polymorphic mitochondria, which
are located around the nucleus and along the chloroplast lobes. Cells
have a central pyrenoid surrounded by several or many starch grains.
The nucleus is located opposite the pyrenoid [34]. The typical
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organization of the filamentous thallus in multi-layered aggregates can
ensure high protection [35]. Recent studies have shown that Klebsor-
midium possesses genes similar to those found in terrestrial plants, which
thanks to their adaptation to terrestrial environments, offer protection
against the harmful effects of intense light. These findings align with the
theory suggesting the gradual colonization of land by descendants of
streptophyte algae [36,37].

This study aimed at evaluating the effectiveness of UV-stress treat-
ment in enhancing the mass production of biomolecules of algal origin
[38]. In particular, UV-B exposure was used to assess the production of a
stress marker, malondialdehyde (MDA), which is derived from the
oxidation of polyunsaturated fatty acids, as well as the production of
protective metabolites, such as pigments and fatty acids [1,15,35].

2. Materials and methods
2.1. Algal species

The two algae species used in this study were Edaphochlorella mir-
abilis and Klebsormidium flaccidum. E. mirabilis (V.M. Andreyeva)
Darienko et al. [69] is a unicellular green alga belonging to the Regnum
Plantae - Viridiplantae - Chlorophyta Division, Trebouxiophyceae Class
[70]. K. flaccidum (Kiitzing) Silva et al. [71], is a pluricellular green alga
with a filamentous thallus, belonging to the Regnum Plantae - Vir-
idiplantae - Charophyta Division Klebsormidiophyceae Class [70],
widely studied for its tolerance to UV light [39].

The algal strains involved in the research were provided by the Algal
Collection University Federico II (ACUF). The details of the source of
species collection are reported in Table 1.

2.2. Invitro culture system

The two algal species were separately grown in a temporary im-
mersion system (TIS) photobioreactor (Plantform), which was slightly
modified in this study (Fig. 1) [72]. TIS photobioreactors, currently used
for plant micropropagation [40], are characterized by a growth vessel
made of transparent polycarbonate (180 x 160 x 150 mm). Each
Plantform was filled with 500 mL of sterile Bold's Basal Medium (Phyto
Tech Lab, USA, 0.705 g/L) and buffered at pH 6.6. The growth medium
inside each photobioreactor was inoculated with 25 mL of sterile algal
culture. In each bioreactor, the starting cell concentration was analyzed
using a Sedgewick rafter chamber: in both species the value was within a
range of 150 £ 50 cell/mL.

Each vessel was connected to a pumping system, in which a PTFE
filter allowed a change of sterile air in the bioreactor. In particular, a
timer automatically activated the pump for 10 min, 6 times per day. The
experimental protocol required the hermetic plastic photobioreactor lid
to be replaced with a layer of transparent film in order to allow the UV-B
rays to pass through the bioreactor, thus reaching the algal culture. Each
preparatory step was performed under a vertical laminar flow hood
(Thermo Scientific).

Table 1

Algal taxonomy and source of collection provided by National Center for
Biotechnology Information (GenBank by NCBI: https://www.ncbi.nlm.nih.gov/
genbank/).

Genus and Phylum Culture collection GenBank Accession

Species strain number
http://www.acuf.

R net/ .

E mirabilis Chlorophyta Strain n° 038 GenBank:KM462865
SAG:38.88
http://www.acuf.

K. flaccidum Charophyta net/ -

Strain n° 065



https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.acuf.net/
http://www.acuf.net/
http://www.acuf.net/
http://www.acuf.net/

G. Santunione et al.

PTFE filters

Fig. 1. Temporary immersion system photobioreactor filled with 500 mL of
Bold's Basal Medium and inoculated with K. flaccidum during the last week
of growth.

The experimental plan consisted of independent trials repeated three
times. Each trial involved the setting up of four photobioreactors for
each algal species (4 x 2 = 8). Two photobioreactors were exposed to
the treatment (UV-B rays), whilst the other two photobioreactors were
not exposed and therefore used as controls (CTRL).

All photobioreactors were placed inside a growth chamber (Frigor-
Box, Reggio Emilia, Italy), kept at 24 + 1 °C and equipped with one LED
lamp for each shelf providing a light intensity of 18,000 1x, measured
using a Luxmeter (HD8366, Eldes Instruments, Sesto San Giovanni,
Italy). The photoperiod was set at 14 h/day. The amount of photosyn-
thetically active radiation (PAR) was measured and maintained at 100
+ 10 pmolm™~2 5! on each shelf of the incubator. The UV-B rays were
applied as treatment to the photobioreactors 2 h per day, for two weeks
using a UV-B lamp (TL-20 W/01, Philips) with narrow waveband of
between 305 and 315 nm, which peaks at 311 nm. The control photo-
bioreactors were exposed exclusively to LED light. Each trial lasted two
weeks.

2.3. Biomass growth

Over the course of all the experimental trials, algal growth was
monitored by measuring the biomass dry weight. An aliquot of 30 mL of
the liquid growth medium was collected on cellulose ester filter mem-
branes (0.22 pm pores), then dried with a gentle stream of pure N and,
finally, weighed. Results were expressed as gdry biomass/L. After culture
medium collection, no medium solution was added to the bioreactor to
not influence the algal cell concentration. During the experimental trial,
a total of three medium samplings were taken, for a total withdrawal of
90 mL before the final sampling on the 15th day of trial. Measurements
were carried out two times a week, and a growth curve was plotted using
values from t0 (1st day of trial) up to t4 (15th day). At the end of the
growth period, the remaining amount of liquid medium was entirely
filtered under vacuum using a Biichner funnel, and the algal biomass
was collected on cellulose ester filter membranes for further analysis.

2.4. Metabolites extraction analyses

The effects of exposure to UV-B ray on the algal samples were
analyzed through the quantification of malondialdehyde (MDA), a
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useful chemical marker of lipid peroxidation. Moreover, a thorough
determination of pigments and fatty acids was carried out.

2.4.1. MDA extraction and analyses

The MDA extraction from algal biomass was performed according to
the protocol described by Hodges et al. [41]. An amount of 0.2 g of algal
biomass fresh weight (FW) was homogenized together with inert sand in
a 2 mL ethanol:water solution 80:100 (v/v). Then, 2 mL of an acidic
solution of trichloroacetic acid at 20.0 % (w/v) and thiobarbituric acid at
0.5 % (w/v) were added to each sample. Samples were then vigorously
mixed, heated at 95 °C in a block heater for 25 min, then cooled down,
and finally centrifuged at 3000g for 10 min. Absorbance was read with a
UV-Vis spectrophotometer (V-730, Jasco Europe Srl, Cremella, Italy) at
532 nm and corrected for nonspecific turbidity by subtracting the
absorbance at 600 nm. MDA equivalents were calculated according to
Heath & Packer [42].

2.4.2. Total lipid extraction and analyses and fatty acids' profile

Lipid extraction from algal biomass was carried out following the
Folch method and adjusted with subsequent modifications [43]. This
protocol included an extraction with a 1 mL chloroform:methanol 2:1
(v/v) solution and saturated NaCl solution, which facilitates the sepa-
ration of the samples into two distinct phases: a polar phase (methanol
and a watery upper layer) and a lower lipophilic phase (CHCl3). The
latter contains the extracted lipid fraction.

The lipophilic phase was transferred into another tube and a second
extraction cycle was performed on the solid residue. Then, the extracts
pooled together were then dried using a gentle stream of pure Na. The
total amount of lipid was weighed (expressed as mgotal lipid/gbiomass
FW), then 1 mL of hexane was added to the sample to redissolve lipid
material, hence 20 pL of nonadecanoic acid methyl ester (1 % w/v
hexane) was added and used as an internal standard.

Triglycerides were trans-esterified by adding a water-free alkaline
solution (KOH 2 M in MeOH) [44]. After vigorous mixing and centri-
fugation (3000 g, 10 min), fatty acid methyl esters (FAME) were sepa-
rated. The FAME fraction (1 pL) of each sample was withdrawn from the
upper phase of the tube and injected into a gas chromatograph (8860 GC
System, Agilent Technologies Italia SpA, Milan, Italy) coupled with a
mass spectrometer (5977B GC/MSD, Agilent Technologies), and
equipped with a Crossbond® acid-deactivated Carbowax® polyethylene
glycol capillary column (Stabilwax®-DA, Restek, Bellefonte, USA, 30-m
length, 0.25 mm i.d., 0.25 pm f.t.).

Injections were performed via a split/splitless injection port, oper-
ating in splitless mode at 230 °C. The carrier gas was ultrapure helium
(with a constant flow rate of 1 mL/min). The temperature of the GC oven
was set at 90 °C, held for 1 min and then ramped at 10 °C/min to 180 °C.
Subsequently, the temperature was ramped at 50 °C/min to 230 °C and
held for 8 min. The total chromatographic run time was 20 min.

Electron ionization (EI) was used to obtain molecular fragmentation.
The data were obtained in full-scan mode and the mass to charge ratio
(m/z) was recorded between 33 and 350 at 70 eV. Chromatograms were
captured using “Enhanced Chem Station” software (GA170AA version
A.03.00). Peaks were identified using three strategies: i) comparison of
peak retention times with those of the Supelco 37 Component FAME Mix
(Supelco, Merck); ii) scanning using deconvolution software (Agilent);
iii) comparison of the peak mass spectra with those present in the system
libraries dedicated to FAs (Famedb23.] and Famedbwax.l; Agilent
Technologies). Quantification was performed using the internal stan-
dard method (nonadecanoic acid methyl ester, 1 % w/v hexane). Each
fatty acid was expressed as mgfatty acid/8biomass FW.

2.4.3. Pigments extraction and analyses

Pigments were extracted from fresh algal biomass using the solvent-
based method outlined by Masino et al. [45], with adaptations made to
suit the specific characteristics of the samples. Briefly, an aliquot of 20
mg of algal biomass was suspended into 1 mL of absolute ethanol, then
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shaken for 30 min, and centrifuged for 10 min at 4000g. The extraction
cycle was repeated on the residue further two times, using the same
volume but different solvents (absolute acetone in the second cycle and
hexane in the third cycle). The pooled supernatants were concentrated
to dryness using a gentle stream of pure Nj. The residue was finally
redissolved and made up to 1 mL with acetone. The extract was then
subjected to pigment determination.

All pigments contained in the samples were quantified using an
HPLC system (PU 4180, Jasco Europe Srl, Cremella, Italy), equipped
with a 250 x 4.6 mm, 5 pm particle size C3p column for carotenoids
(YMC Europe, Dinslaken, Germany), placed in a column oven set at
25 °C. The solvent system consisted of phase A, MeOH/MTBE/H,0
(6:90:4) (v/v/v); and phase B, MeOH/MTBE/H,0 (81:15:4) (v/v/v).
The elution (75 min run) was carried out according to the following
gradient: 0 % B (0.0 min), 66.6 % B (60.0 min), 0 % B (75.0 min), with a
flow rate of 1.0 mL/min. Samples (20 pL) were injected through an
autosampler (AS-4050 A, Jasco) and chromatograms were captured
using a UV/Vis detector (4070, Jasco) set at 450 nm [46].

Identification was performed through the comparison of the peak
retention times with those obtained by injecting pure standards solu-
tions of p-carotene (f-car), lutein (Lut), and chlorophylls (Chl) a and b.
Analytes were quantified using calibration curves built through five
concentration levels of p-car, Lut, Chl a, and Chl b (Table 2). The con-
centration of each substance was expressed as pg/mg of fresh algal
biomass (FW).

2.4.4. Statistical analysis

All the data were subjected to statistical analyses (one-way ANOVA
and t-student test) to compare repeated data sets using PAST3 software
(freeware data analyzer app and calculator developed by Oyvind
Hammer for Windows, 2017).

3. Results and discussion

The two algal species, E. mirabilis and K. flaccidum, were selected in
the present study for their high growth rate and high speed of adaptation
to external environmental factors, which make them a useful model for
experimental applications [1].

3.1. Algal biomass growth results

Fig. 2 shows that there were no significant differences (p-value >
0.05) in algal biomass collected over the course of the experiment be-
tween control and treated samples. Algal biomass produced on average
at the end of two-weeks trial growth was 0.29 + 0.11 g/L and 0.33 +
0.06 g/L in control samples (E. mirabilis and K. flaccidum, respectively);
and 0.22 + 0.02 g/L and 0.29 + 0.09 g/L in treated samples (E. mirabilis
and K. flaccidum, respectively).

The growth curves had similar trends: both algal species showed a
slight increase over the course of the first three days, which corre-
sponded to the “lag phase”. Then, biomass production increased more
rapidly, until the end of the 10th day in the E. mirabilis culture and the

Table 2
Concentration range of each standard substance, max absorbance wavelengths,
straight line equations, and coefficients of determination R?).

Concentration range Absorbance Equation R?
(pg/mL) wavelength (1)
p-Car  6.9-46 453 Z 9:52?’709X t 0.9989
. y=17,687x +
Chla 10-150 430 243,353 0.8899
Chlb  10-150 462 i 6:6;;’13% * 0.9981
Lut  10-150 446 g ;:ios'ﬁx ' 0.9969
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7th day in the K. flaccidum culture (Fig. 2). This common behavior could
be attributed to the tendency of both species to aggregate rather than
disperse evenly throughout the culture medium. Consequently, biomass
production for both algal species under both cultivation conditions
(control and treated) remained lower than the growth rates reported in
other studies [47,48], where the peak biomass was reached after 15 days
of abiotic stress exposure and was between 2 and 4 times higher.

These outcomes highlighted that the UV-B rays did not significantly
inhibit the growth of algae in culture. As above described, the ability of
algae to deploy various resilience mechanisms and rapid regulatory
processes, such as a ‘photoprotective network’, indicates their adaptive
capacity to overcome potential UV stress and other challenges. This
capability allows algae to maintain normal biological functions, as
thoroughly described by Rastogi et al. [49]. In particular, certain algal
species have developed various tolerance mechanisms against environ-
mental UV stress [50].

The resilience is related to the activation of multiple photo and dark
repair mechanisms, antioxidant systems and biosynthesis of UV-
photoprotectants such as mycosporine-like amino acids, carotenoids,
and polyamines [49].

3.2. MDA results

MDA is a secondary metabolite produced through an oxidative
phenomenon involving polyunsaturated fatty acids. For this reason, it is
considered a useful chemical marker to assess the lipid peroxidation
process.

In the present investigation, higher MDA levels emerged only in
treated samples of E. mirabilis (p < 0.05), where the production of MDA
was 90 % higher (0.27 + 0.07 pmol/g and 0.14 + 0.03 pmol/g,
respectively) than in the control samples. In treated samples of
K. flaccidum, MDA production increased by 34 % compared to controls.
However, this difference was not statistically significant (0.20 + 0.06
pmol/g and 0.15 + 0.03 pmol/g, respectively) (Fig. 3).

The higher values of MDA found in algal biomass of E. mirabilis
exposed to UV-B indicated increased lipid peroxidation, which is a clear
phenomenon of stress in the living cells. On the contrary, the lower in-
crease of MDA in treated K. flaccidum samples suggested a peculiar
ability to activate an effective protective mechanism against UV-B stress.
Based on the obtained data, K. flaccidum confirmed its status as an algal
species resistant to harsh environmental conditions, as it can grow even
in terrestrial habitats exposed to high-intensity sunlight [36,51].

3.3. Lipid determination and fatty acids' profile

The exposure to UV-B radiation did not considerably affect the total
amount of lipids in both algal species. In E. mirabilis, the lipid content
was on average 191.7 £ 78.0 mgotal lipid/8biomass FW in the control
samples and 160.5 + 67.8 mgotal lipid/Ebiomass FW in the treated samples,
while K. flaccidum produced 116.0 + 38.7 and 147.3 + 95.3 mgiotal lipid/
8biomass FW in the control and treated samples, respectively. The t-stu-
dent test did not highlight any significant difference (p-value > 0.05).
Considering that samples used for metabolite extraction (fresh biomass)
contained 50 % water (determined by calculating the average dry matter
content of several algal biomass samples after drying them in an oven at
70 °C for 2 h), the total amount of fatty acids achieved was similar to that
obtained in other studies, where the FA production remained within a
wide range of between 10 and 250 mg/g DW [14,24]. Some algal species
specifically grown for oil production, such as Monoraphidium contortum,
Chlorolobion braunii, and Neochloris oleoabundans could accumulate even
higher amounts of lipids in cells, up to 40 to 70 % of the biomass
[44,52].

A thorough evaluation of the fatty acid profile (Fig. 4a and b)
revealed some interesting findings. Palmitic acid (Cje.0) was the most
abundant fatty acid in both algal species. This finding is coherent with
other study outcomes, where Ci4.0 was the most represented fatty acid
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Fig. 2. Growth curves of biomass produced by E. mirabilis (a) and K. flaccidum (b). Data were collected on the sampling days 0, 3, 7, 14, which correspond to t0, t1,
t2, and t3. The data shown are the mean values of three completed repeated trials (n = 6). Standard deviations are shown using error bars.

K. flaccidum Treated

K. flaccidum Control

E. mirabilis Treated

E. mirabilis Control B a

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
umol MDA/g FW

Fig. 3. Malondialdehyde (MDA) production (umol/g FW) in E. mirabilis and
K. flaccidum after two weeks of growth. The data shown are the mean values of
three completed repeated trials (n = 6). Standard deviations are shown using
error bars. Significant differences (p-value < 0.05) are shown with
different letters.

[14]. Indeed, the biosynthesis of palmitic acid (Cy¢.0) is one of the most
common fatty acid synthesis pathways described in plants and micro-
algae and supported by enzymatic systems. Further chain elongations
and desaturations usually occur as part of the n-3 and n-6 pathways to
produce more complex polyunsaturated fatty acids [53]. The control

samples of E. mirabilis produced 65.0 + 23.0 mg/g FW of Ci¢:, while
treated samples produced 46.8 + 8.7 mg/g FW. In contrast, control
samples of K. flaccidum produced 44.8 + 16.6 mg/g FW of Cye.0, with
treated samples producing 57.0 + 31.7 mg/g FW. In this case, the
treatment did not significantly influence palmitic acid production,
which remained similar to previous studies [25,53].

Among the unsaturated fatty acids, a-linolenic acid (Cjg:3,) and
linoleic acid (Cyg:2) were the most abundant. Notably, the amount of
Cig:3¢ in treated K. flaccidum was significantly higher than in the control
samples (p-value < 0.05), showing concentrations of 33.0 + 17.4 mg/
Zbiomass FW in treated samples and 14.0 + 3.7 mg/gbiomass FW in control
samples. E. mirabilis also exhibited a significant increase (p-value < 0.05)
in eicosapentaenoic acid (EPA) (Cgq:5) in treated samples compared to
control samples. However, the absolute amount of EPA was fairly low:
0.60 + 0.1 mg/g biomass FW in control samples and 1.2 + 0.5 mg/gbiomass
FW in treated samples. Although some freshwater algae can synthesize
PUFAs, they are generally less efficient in producing EPA compared to
their marine counterparts [54,55]. These results align with previous
findings, suggesting that these algal species mainly contain Cj¢0 and
Cig:0 fatty acids, with a number of double bonds from 0 to 4 [15,53,56].
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Fig. 4. Fatty acid profile found in E. mirabilis (a) and K. flaccidum (b) species. Data are expressed as mg of fatty acid/g of fresh biomass (FW). The data shown are the
mean values of three completed repeated trials (n = 6). Standard deviations are shown using error bars. * p < 0.05.
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The results showed a decreasing trend of polyunsaturated fatty acids
in E. mirabilis samples exposed to UV-B radiation, although ANOVA did
not show significant differences due to a wide dispersion of the data
around the mean values. This shift may be attributed to the suscepti-
bility of polyunsaturated lipids to peroxidation under such conditions.
The notable loss of polyunsaturated fatty acids could result directly from
the effects of UV-B radiation. As described by Kumar et al. [57], PUFA
synthesis requires a significant amount of ATP. However, under UV light
stress, ATP is needed by various cellular mechanisms to protect against
intracellular oxidative stress caused by UV light. This observation aligns
with the parallel increase in MDA values, especially prominent in
E. mirabilis [15].

On the contrary, K. flaccidum showed a differentee behavior. In fact,
the amount of the main polyunsaturated acids increased in treated
samples compared with controls. This could be due to the stronger
resilience of K. flaccidum to the radiation stressor, probably linked to an
increased production of antioxidant substances.

The different results achieved by the two different algal species could
be also explained through the production of the so-called mycosporine-
like amino acids (MAAs) by genus Klebsormidium, rather than the Eda-
phoclorella one. MAAs are photochemically stable molecules and act as
passive shielding biomolecules by dissipating the energy of the previ-
ously absorbed UV rays as harmless heat, thereby avoiding any photo-
chemical reaction [36].

The presence of EPA (Cyg.5) in E. mirabilis has a great nutritional
value, as it is an essential fatty acid in human nutrition belonging to the
omega-3 (03) series. Cohort studies have reported that EPA intake is
associated with lower rates of all-cause mortality and adverse cardiac
outcomes [58]. In a broader context, it can be asserted that 3 fatty acids
have the potential to positively impact human health, particularly
related to cardiovascular function.

The significant increase of EPA in E. mirabilis when exposed to UV-B
radiation could explain the interest shown by food companies in
obtaining »3 fatty acids from a plant-based source. This could reduce the
reliance on fish products as the primary source of ®3 fatty acids in the
human diet. However, the absolute production of EPA by E. mirabilis in
response to UV-B stress was very low compared to the control samples,
representing only 0.6 % of the total lipid production by this species.

When algae experience stress induced by intense solar radiation,
temperature variations, salinity changes, chemical contaminants or
nutrient deficiencies, their lipid metabolism undergoes adaptive
changes to protect cells from stress-induced damage. These adaptations
often involve modifying the membrane lipid composition to maintain
fluidity and stability. For instance, increasing the amount of unsaturated
lipids enhances membrane fluidity [3]. Paliwal et al. [13] described how
specific limiting stress conditions (including light intensity and UV ra-
diation) may induce microalgae to accumulate structural lipids, phos-
pholipids and/or starch, which serve as an energy source and strengthen
the cell membrane and enhance its structural integrity under stress
[59,60]. This observation can explain the increased levels of an impor-
tant PUFA (Cjg:34, @-linoleic acid) in K. flaccidum after the application of
UV-B rays in this study. However, during high UV-B ray exposure, un-
saturated fatty acids are more susceptible to oxidative degradation, in
particular when organisms lack UV-shielding molecules, leading to
detrimental effects on the cell membranes, DNA, proteins, and other
metabolic alterations [27]. This typically leads to the decrease of
monounsaturated and polyunsaturated fatty acids following the increase
of irradiance and light duration, as observed on E. mirabilis response and
as already supported by other Authors [61,62].

3.4. Determination of pigments

The algal species studied showed lutein as the most abundant
xanthophyll, as already described in previous works [49,63]. In
E. mirabilis, there was a significant reduction in lutein in treated samples
(p-value < 0.05), indeed it decreased from 50.2 + 5.3 Bg/g biomass FW in
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control samples to 32.6 + 3.2 pg/mg biomass FW in treated ones.
Conversely, in K. flaccidum, this value significantly increased after
exposure to UV-B rays (p-value < 0.05) (Fig. 5). The production of lutein
averaged 30.2 + 8.2 ug/mg piomass FW in treated K. flaccidum samples,
compared to 13.2 + 4.1 pg/mg piomass FW in control samples. The con-
tent of chlorophyll a significantly increased in both algal species grown
under UV-B exposition (p-value < 0.05) (Fig. 5). The mean values of Chl
a in treated and control samples of E. mirabilis were 58.7 + 10.5 pug/mg
biomass FW and 33.1 + 4.6 pg/mg piomass FW, respectively; while the
mean values of Chl a in treated and control samples of K. flaccidum were
26.7 + 5.9 pg/mg piomass FW and 12.6 + 8.2 ug/mg piomass FW,
respectively.

The amount of Chl b obtained in the present study aligns with the
results of previous investigations [64]. The mean values of Chl b in
treated and control samples of E. mirabilis were 16.7 + 10.8 pg/mg
biomass FW and 11.0 + 4.3 pg/mg biomass FW, respectively, whereas the
mean values of Chl b in treated and control samples of K. flaccidum were
9.0 £+ 4.7 pg/mg biomass FW and 3.8 + 2.5 ug/mg piomass FW, respec-
tively. The observed differences in both cases were not statistically
significant (p-value > 0.05).

Carotenoids are a group of pigments known for their protective role
against oxidative stress. Their increased production is a strong indicator
of the microalgae's capacity to employ preventive strategies to limit UV-
B damage [1]. The results found in the present work indicated that
pB-carotene accumulated after the exposure to UV-B radiation reaching a
concentration of 21.3 + 5.3 pg/mg biomass FW in K. flaccidum, while in
control samples it was 10.6 + 7.0 pg/mg biomass FW. By contrast, in
E. mirabilis, there was no significant difference in concentrations of
p-carotene in the treated and control samples that were 21.4 + 11.0 pg/
Mg biomass FW and 14.8 £ 1.7 pg/mg viomass FW respectively.

The increase of Chl a in both algal species is explained by previous
findings: the increased levels obtained by E. mirabilis could be correlated
with the higher initial content of lutein, known as a powerful antioxi-
dant xanthophyll, which could work as a UV-stress screen, as proposed
by Figueroa et al. [65]. In general, a higher increase of Chl a content
after short-term exposure to UV-B flux (not >2 h/day) has already been
described as a response in microalgae [1,65]. Notably, UV-B radiation
induces an over excitation of Chl a, which can potentially transfer en-
ergy to oxygen, thus leading to the production of reactive oxygen species
(ROS) [66]. The increased levels of ROS in microalgae induce an anti-
oxidant defense system consisting of enzymatic and non-enzymatic
protection to mitigate organelle damage instigated by ROS: examples
of non-enzymatic production, are antioxidant compounds, which play
important roles in cellular metabolism, helping protect cells from
oxidative stress [15]. The antioxidant compounds are represented by
photoprotective pigments and compounds known for their filtering,
quenching, and scavenging roles in preventing prevent cell damage:
pB-carotene and lutein, which significantly increase in K. flaccidum, are all
included in these types of molecules [67].

The outcomes of this study suggest that, while in E. mirabilis the
production of ROS induces a higher level of cell damage (identified by
the increase of MDA and decrease of lutein), K. flaccidum is capable to
activate a stronger defense system. The metabolites production
described through this study in K. flaccidum is consistent with the
evolutionary history of Klebsormidiophyceae, which has been identified
among the “basal Charophytes” genera. Becker and Marin [68] have
suggested that Charophyta represents the algal ancestor of land plants,
since this taxon started to colonize moderately moist habitats in the
proximity of water, thus promoting a gradual transition to dry lands. For
this reason, Klebsormidiophyceae are considered ideal model organisms
for studying stress tolerance mechanisms connected with transition to
land, one of the most important events in plant evolution and the earth's
history [35]. Then, the combined effect of accumulation of carotenoids
and PUFAs after UV-B exposure highlights the tolerance of K. flaccidum
to stressed environmental conditions, confirmed also by the fact that
there was not a significant variation of MDA production. Genetic
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Fig. 5. Average total pigment contents in control and treated samples of E. mirabilis (a) and K. flaccidum (b). The data shown are the mean values of three completed
repeated trials (n = 6). Standard deviations are shown using error bars. Significant differences (p-value < 0.05) are shown with different letters.

evidence suggests that various plant protective mechanisms (such as
accumulation of UV-screening compounds) originated in Charophyta
green algae [35].

4. Conclusions

UV-B radiation applied as abiotic stress on the growth of E. mirabilis
and K. flaccidum showed significant effects on their metabolisms.
Growth data show that exposure to UV-B rays did not inhibit algal cul-
ture growth. However, MDA determination revealed oxidative processes
in E. mirabilis, with a 90 % increase in treated samples compared to the
control. Conversely, treated samples of K. flaccidum activated various
adaptation strategies to minimize oxidative stress, showing no signifi-
cant differences between control and treated samples. Exposure to UV-B
rays can stimulate the production of certain metabolites in both algal
species, helping counteract the negative effects on cell physiology. This
indicates their ability to respond and adapt to UV-B radiation.

Notably, K. flaccidum showed a higher increase in total pigment
content (+53 %) compared to E. mirabilis (430 %), indicating a greater
adaptive capacity.

The increase in PUFAs in K. flaccidum is associated with the presence
of more effective cell defense strategies and the enhanced production of
antioxidant substances, while E. mirabilis seems to protect itself by
increasing Chl a production and by reducing polyunsaturated fatty
acids.

The secondary metabolites found in the present study, such as ca-
rotenoids (lutein and p-carotene), and polyunsaturated fatty acids (EPA,
a-linoleic acid), have potential applications in both pharmaceutical and
food industries due to their antioxidant function.
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