
plants

Article

Sunscreen Effect Exerted by Secondary Carotenoids and
Mycosporine-like Amino Acids in the Aeroterrestrial
Chlorophyte Coelastrella rubescens under High Light and
UV-A Irradiation

Anna Zaytseva 1 , Konstantin Chekanov 1,2,* , Petr Zaytsev 1,3, Daria Bakhareva 1, Olga Gorelova 1 ,
Dmitry Kochkin 4,5 and Elena Lobakova 1,5

����������
�������

Citation: Zaytseva, A.; Chekanov, K.;

Zaytsev, P.; Bakhareva, D.; Gorelova,

O.; Kochkin, D.; Lobakova, E.

Sunscreen Effect Exerted by

Secondary Carotenoids and

Mycosporine-like Amino Acids in the

Aeroterrestrial Chlorophyte

Coelastrella rubescens under High

Light and UV-A Irradiation. Plants

2021, 10, 2601. https://doi.org/

10.3390/plants10122601

Academic Editors:

Laura Medina-Puche, Suresh Awale,

Ruth Welti and Juan Antonio

García Alvarez

Received: 8 November 2021

Accepted: 23 November 2021

Published: 26 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Bioengineering, Faculty of Biology, Lomonosov Moscow State University, 1-12 Leninskie Gory,
119192 Moscow, Russia; kublanovskaya@mail.bio.msu.ru (A.Z.); zaitsev@mail.bio.msu.ru (P.Z.);
snow.winter99909@gmail.com (D.B.); ogo439@mail.ru (O.G.); elena.lobakova@gmail.com (E.L.)

2 Centre for Humanities Research and Technology, National Research Nuclear University MEPhI,
31 Kashirskoye Highway, 115522 Moscow, Russia

3 N.N. Semyonov Federal Research Center for Chemical Physics, Russian Academy of Science,
4 Kosygina Street, Building 1, 119192 Moscow, Russia

4 Department of Plant Physiology, Faculty of Biology, Lomonosov Moscow State University,
1-12 Leninskie Gory, 119192 Moscow, Russia; dmitry-kochkin@mail.ru

5 Timiryazev Institute of Plant Physiology, Russian Academy of Science, Botanicheskaya Street 35,
127276 Moscow, Russia

* Correspondence: chekanov@mail.bio.msu.ru

Abstract: The microalga Coelastrella rubescens dwells in habitats with excessive solar irradiation;
consequently, it must accumulate diverse compounds to protect itself. We characterized the array
of photoprotective compounds in C. rubescens. Toward this goal, we exposed the cells to high
fluxes of visible light and UV-A and analyzed the ability of hydrophilic and hydrophobic extracts
from the cells to absorb radiation. Potential light-screening compounds were profiled by thin
layer chromatography and UPLC-MS. Coelastrella accumulated diverse carotenoids that absorbed
visible light in the blue–green part of the spectrum and mycosporine-like amino acids (MAA) that
absorbed the UV-A. It is the first report on the occurrence of MAA in Coelastrella. Two new MAA,
named coelastrin A and coelastrin B, were identified. Transmission electron microscopy revealed the
development of hydrophobic subcompartments under the high light and UV-A exposition. We also
evaluate and discuss sporopollenin-like compounds in the cell wall and autophagy-like processes
as the possible reason for the decrease in sunlight absorption by cells, in addition to inducible
sunscreen accumulation. The results suggested that C. rubescens NAMSU R1 accumulates a broad
range of valuable photoprotective compounds in response to UV-A and visible light irradiation,
which indicates this strain as a potential producer for biotechnology.

Keywords: photoprotection; carotenoids; mycosporine-like amino acids; sunscreens; autophagy;
aeroterrestrial algae

1. Introduction

The surfaces of stones, buildings and tree bark can be covered by an orange or red crust.
This crust is of a biological nature: it is formed by aeroterrestrial microalgae. These algae are
among the most ubiquitous microbes on the aerial surface [1]. Aeroterrestrial microalgae
exist under harsher and more variable environmental conditions than freshwater, marine,
and soil species; therefore, they have to exhibit effective protective mechanisms against
adverse abiotic factors [2,3].

Microalgae are oxygenic phototrophic organisms. On the one hand, light is vitally
important for their existence, because it promotes electron transport in the photosynthetic
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electron transport chain (ETC), a main source of assimilatory power for the synthesis of
organic substances in the cell. On the other hand, it is the cause of photodamage, a set of
processes leading to light-driven destructions in the cell. Thus, phototrophic organisms
must constantly avoid and dispose of the harmful power of electromagnetic radiation.
Being exposed to the sunlight directly falling on the surface of the earth, aeroterrestrial
species are especially vulnerable to photodamage [2–4]. In the process of evolution, they
have acquired effective photoprotective mechanisms, including the synthesis of screening
compounds that effectively absorb solar radiation (sunscreens). The repertoire of sunscreen
substances generated by the cell must reflect the spectral composition of the absorbed
light [1–3,5]. Although there are annual, seasonal and diurnal changes in sunlight spectral
quality, strongly depending on geographical region [6–8], some common trends in its
spectral features are detectable. Sunlight that directly falls on the earth surface contains the
whole spectrum of photosynthetic radiation (PAR), in the range of 400-700 nm, as well as
UV radiation.

UV radiation, in accordance with CIE (Commission Internationale de l’Eclairage,
International Commission on Illumination), is divided into UV-C (190–280 nm) UV-B
(280–315 nm) and UV-A (315–400 nm). A significant part of UV-B is absorbed by the
stratospheric ozone layer. Therefore, the light near the surface of the earth is enriched by
UV-A [9]. UV radiation is well-known for its destructive effect on living organisms [10–12].
It is absorbed by aromatic rings of nucleotides and amino acids that cause DNA and pro-
tein damage, respectively [9,13]. Disulfide bonds of proteins are also a target of UV [9,13].
Besides that, UV promotes photochemical reactions of reactive oxygen species (ROS) for-
mation. It results in photo-oxidative damage, especially in the cell membranes, where free
radical chain reactions involving ROS and unsaturated fatty acid residues occur [9,11,13].
Additionally, in photosynthetic oxygenic organisms, UV-A induces the degradation of
catalytic Mn-cluster of water-oxidizing complexes, D1 and D2 proteins of the PS II RC, as
well as PS II QA- and QB-binding sites [10]. Following UV-screening compounds could be
listed. Many terrestrial cyanobacteria accumulate the pigment scytonemin, a product of the
condensation of tryptophan and phenylpropanoid subunits, with the absorption maximum
at 370 nm [12,13]. Mycosporines and mycosporine-like amino acids (MAA) are represen-
tatives of a diverse group of UV-protecting compounds [2,4,9,12–24]. They are produced
by fungi, bacteria (including Cyanobacteria) and eukaryotic microalgae. MAA have been
also found in animal organisms (most likely due to their diet or the horizontal transfer of
the genes of their synthesis) [4,11–23]. They exhibit a maximum in the UV-A region due to
cyclohexenone or cyclohexenimine structural elements in their molecules [4,9,12,14–18].
Phenylpropanoids including flavones, flavanols, cinnamoyl esters, and anthocyanins are
typical sunscreens of higher plants [10,12,13]. Streptophytes accumulates phenolic com-
pounds [3,9,12,13,25]. Polyphenolics were suggested to occur also in the cell wall of the
cyst stages of the snow alga Chloromonas krienitzii [26]. Animals and fungi accumulate
melanins, highly stable polymeric substances, effectively absorbing radiation from visible
and UV regions [12]. Carotenoids are accumulated as protective substances in a response
to UV radiation in several species of higher plants and microalgae [10], particularly in
aeroterrestrial species [2,27]. Many UV-protective metabolites, such as usnic acid, atranorin,
nephrarctin, and phenarctin, have been found in lichens [28–30]. The lichen Xanthoria
parietina synthesizes parietin [31]. Screening compounds are produced by mycobiont and
protect lichen photobionts [28].

Under suboptimal conditions, absorbance of PAR by photosynthetic pigments in-
creases the risk of photodamage, mainly due to ROS production [9,32]. There are following
main pigments shielding photosynthetic apparatus (PSA) against visible light. Particularly,
plants produce anthocyanins [33–35] and betalains [27,34]. In Aloe, Cryptomeria, Metase-
quoia, Taxodium, Chamaecyparis, Buxus, and Thuja [34,36,37], screening is realized through
ketocarotenoids. In the cells of some green microalgae (Chlorophyceae), carotenoids
also play a role of PAR absorbing sunscreens. Particularly, the microalga Haematococcus
lacustris (Chlorophyceae, Volvocales) accumulates high amounts of the ketacarotenoid
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astaxanthin shown to have a photoprotective effect as a shielding agent [37–45]. Another
microalga, Dunaliella salina (Volvocales), accumulates β-carotene that protects its cells
against damage from high irradiation by screening through absorption in the blue region
of the spectrum [42,46,47]. Such carotenoids are usually produced in large quantities under
stressed conditions, e.g., nitrogen source deficiency and high light intensity, and located
independently on PSA [48]. Members of some other genera of green microalgae have also
been reported as carotenoid accumulating, e.g., Bracteacoccus [49–51], Chloromonas [26],
Sanguina [52], Chromochloris [44,53], and Coelastrella [42,51,54–60].

Coelastella rubescens (Chlorophyceae, Scenedesmaceae) (Vinatzer) Kaufnerová & Eliás
is a typical aeroterrestrial microalga [57]. It forms a dry crust on the soil, on either human-
made or natural surfaces. We selected the strain defined as C. rubescens NAMSU R1, isolated
from the crust on the tree bark, as a typical representative of aeroterrestrial photoautotrophs.
We attempted to draw a full picture of the sunscreen effects in it, and summarized the results
based on the previous data and our findings. Toward this end, we subjected C. rubescens
to UV-A and excessive PAR and revealed the repertoire of its possible photoprotection
compounds providing the vitally important ability to screen the sunlight, enabling the
algae to dwell in the aeroterrestrial environment.

2. Results and Discussion
2.1. Identification and Characterization of a New Strain Coelastrella Rubescens NAMSU R1

The strain NAMSU R1 was obtained from the surface of the bark from an apple
tree (Malus × domestica) in Rastorguevo Village, Moskovskaya oblast, Russia (Figure 1a).
After a series of reseedings on the medium, it was represented by monoalgal cultures
of green-colored spherical cells of 5–10 µM in diameter, as well as dividing cells with
parietal chloroplast containing a pyrenoid (Figure 1b). In some cells, two pyrenoids
were observed (Figure 1b), which is unusual for Coelastrella species [54,55]. In some
cases, cells formed clusters. Additionally, cells with two polar thickenings of the cell wall
(Figure 1c)—common for algae from Scenedesmaceae, including Coelastrella [57]—were
observed in the young culture in the liquid medium. Sporangia with 2–8 aplanospores were
present. All these results were in accordance with the literature data on Coelastrella [55]
(Figure 1d).

SEM observations revealed the presence of prominent meridional ribs on the surface
(Figure 1e), which is typical for the Coelastrella genus of green algae (Sphaeropleales,
Scenedesmaceae) [57–59]. According to these and light microscopy data, the microalga was
primarily identified as Coelastrella sp. NAMSU R1. Based on the analysis of the fragment
of the nuclear ribosomal gene cluster, including internal transcribed spacers (internal
transcribed spacer, ITS) 1 and 2, as well as the 5.8S rRNA gene (ITS1-5.8S rRNA-ITS2), it
clustered with representatives of the species C. rubescens (Vinatzer) Kaufnerová and Eliás,
including the type of strain (Figure 1f). Thus, the strain was defined as C. rubescens NAMSU
R1. This species is a typical example of aeroterrestrial microalgae inhabiting terrestrial
surfaces with a different humidity [58]. The sequence of the ITS1-5.8S rRNA-ITS2 fragment
was submitted to the NCBI GenBank database under the accession number MZ230619.1.

2.2. Sunscreen Effect in the Visible Region of the Spectrum

In the current work, we have followed an effect of sunscreen compounds in the re-
sponse to UV-A and PAR, which are the main components of solar radiation near the
surface of the earth. To reveal this effect in the aeroterrestrial chlorophyte C. rubescens,
we followed the main criteria of sunscreen compounds proposed by Cockell and Know-
land [12]. The compound should absorb the light from the range of PAR and/or UV;
accumulation of such compound should be radiation-inducible, and the sunscreen effect
should be demonstrated in vivo [12]. Moreover, the accumulation of sunscreens should
prevent the possible negative effects of photodamage, such as photoinhibition [12].

After 21 days of cultivation under high light (HL) or HL and UV-A (HL+UV-A),
the C. rubscens NAMSU R1 cells became orange (Figure 2a). Based on the shape of the
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absorbance spectra of C. rubescens NAMSU R1 chloroform extracts, a peak in the range of
480–485 nm characterizing ketocarotenoids was observed, as well as a peak in the UV region
(about 280 nm) (Figure 2b). The profile of carotenoids was determined by their separation by
thin layer chromatography (Figure 2c). The absorbance spectra of the C. rubescens NAMSU
R1 suspensions compensated to light scattering were also characterized by increasing the
absorbance in the blue–green region (Figure 3a).

Figure 1. The characterization of a new strain NAMSU R1: (a) algal colonies in the natural habitat
represented by a reddish crust on the surface of the tree bark; (b) features of the vegetative cells with
one or two pyrenoids (arrows); (c) cells with polar thickenings (arrows); (d) aplanosporangium with
aplanospores; (e) a surface of the cells investigated by scanning electron microscopy, meridional ribs
are pointed out by arrows; (f) phylogenetic tree of the strain NAMSU R1, based on the ITS1-5.8S
rRNA-ITS2 fragment inferred by the Maximum Likelihood (ML) algorithm. The percentages of
the bootstrap support are shown near corresponding nodes; names of species and strain as well as
GenBank accession numbers are shown for taxa; authentic strains are marked by ‘A’; studied strain
is marked by red; tree is drawn to scale in the units of substitution number per the total number of
positions in the multiple alignment. Scale bars: 500 µM (a), 5 µM (b–d), 1 µM (e).
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Figure 2. Carotenoid accumulation in the cells of Coelastrella rubescens NAMSU R1: (a) typical orange-colored cells after
HL+UV-A treatment, scale bar: 7 µm; (b) representative absorbance spectrum of the chloroform extract of C. rubescens
NAMSU R1 after HL+UV-A treatment; (c) separation of the chloroform extract of C. rubescens NAMSU R1 cells after HL+UV-
A treatment by thin layer chromatography, absorbance spectra in the acetone and Rf are shown for pigment fractions.

Analysis of differential spectra (exposed to HL or HL+UV-A minus control) revealed
the presence of peaks with the maximum at c.a. 495 nm (Figure 3b). It was a sign of
the accumulation of ketocarotenoids in the cell. In terms of carotenoid amount, their
content increased from 0.4 ± 0.1% to 2.8 ± 0.3%, and to 2.3 ± 0.1% of cell dry mass
during HL and HL+UV-A treatment, respectively. Ketocarotenoid accumulation is a typical
response of some green algae to high levels of irradiation and some other stress factors,
e.g., nutrient deficiency and ROS generation [37,38,44,45]. PSA is the structure of the
photosynthetic cell, which is most vulnerable to PAR [32,61]. After high light intensity
and other stress factors, the processes of light absorption by photosynthetic pigments and
the utilization of assimilation reactions were imbalanced. This rendered an increase in the
risk of photodamage, occurring mainly in the result of ROS production (photooxidative
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damage). The reaction centers (RC) of PS I and PS II were the main sites of their generation.
Light-induced formation of excited dimers 3P680* led to the production of 1O2 [32], although
the formation of H2O2 in PS I RC has also been described [62]. Previously, it has been shown
for H. lacustris that high photosynthetic activity in terms of PS II photochemical quantum
yield led to the death of algal cultures [63]. Thus, it is vitally important to decrease the light
absorption by PSA under HL. Excitation spectra of C. rubescens NAMSU R1 cells treated by
HL or HL+UV-A were characterized by the decreasing of the fluorescence intensity in the
violet, blue and blue–green region of the visible regions of the spectrum (Figure 3c). An
analysis of the differential spectra (control minus treated) revealed the presence of a peak at
485 nm, corresponding to the absorbance of ketocarotenoids (Figure 3d). The comparison
of absorbance and excitation spectra provided ground for the conclusion that carotenoids
were involved in the optic shielding of PSA against HL.

Figure 3. Spectral characteristics of Coelastrella rubescens NAMSU R1 cells and their water–methanol extracts: (a) absorbance
spectra of cell suspensions compensated to light scattering normalized to the red maximum; (b) differential absorbance
spectra of the cells compensated to light scattering; (c) excitation spectra of the cells normalized to the red maximum
(detection at 750 nm); (d) differential excitation spectra of the cells. HL—cells and extracts of the cells after HL treatment.
HL+UV-A—cells and extracts of the cells after HL and UV-A treatment. Control—cells treated by LL.
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Separation of the pigment extracts revealed that eight fractions corresponded with the
carotenoids (Figure 2c). Two fractions with the highest Rf (0.92 and 0.86) values were repre-
sented as most likely by β-carotene and α-carotene (Figure 2c; Table 1), because they were
characterized by spectral details of these carotenoids. This was in accordance with previous
data on the highest mobility of these carotenes, used in a separation system [41,51,56].
Other fractions were represented by xanthophylls (Figure 2c; Table 1). Four of them
contained the pigments characterized by one maximum in the blue–green region of the
spectrum, which is typical for ketocarotenoids and their esters with fatty acid [41,50,56].
The highest fraction of C. rubescens NAMSU R1 after treatment by HL or HL+UV-A was
represented by astaxanthin, predominantly in the form of mono- and diesters (Rf of 0.48
and 0.20–0.26, respectively) of fatty acids (Figure 2c; Table 1). This was determined by
absorbance spectra and previous data on pigment distribution on the chromatogram [56].
Due to their higher hydrophobicity, astaxanthin diesters were characterized by higher mo-
bility than monoesters. It was difficult to determine the exact Rf value of the astaxanthin
monoester fraction, due to large size of the spot that corresponded with it (Figure 2c). It
could reflect high diversity of fatty acid residues of the esters. Minor fractions of astax-
anthin biosynthesis intermediates (canthaxanthin, Rf = 0.37, and echinenone, Rf = 0.71)
also presented in the chloroform extracts (Table 1). Minor fractions of carotenoids with the
lowest mobility, i.e., high polarity, most likely, were represented by free astaxanthin and
primary xanthophylls (Figure 2c, Table 1). It was difficult to obtain fractions of purified
carotenoids in this case, because they were not well-separated. Nevertheless, we provided
absorbance spectra of their fractions (Figure 2c). Based on the spectra, they contained
chlorophyll impurities. Thus, the spectra were compensated to chlorophyll content for
determination of the content of carotenoids. The pigment profile of C. rubescens NAMSU
R1 after carotenoid synthesis induction was similar to that of another strain of C. rubescens,
CCALA 475 [56]. In that case, most of the pigments were represented by astaxanthin
esters, and the fraction of monoesters was the highest [56]. Similar data were obtained for
other Coelastrella, e.g., C. astaxanthina Ki-4 [58], C. aeroterrestrica HELL-2 [51], Coelastrella sp.
FGS-001 [59] and C. oocystiformis SAG-277/1 [60]. Particularly, Minyuk et al. [56] observed
relatively high fractions of adonixanthin, echinenone and canthaxanthin in their extracts.
Astaxanthin accumulation is a canonical mechanism of acclimation to adverse conditions
in chlorophytes. Protection of cells of green microalgae against photodamage by the mech-
anism of optic shielding of PSA has previously been demonstrated for the carotenogenic
chlorophyte H. lacustris [38–40]. In this microalga, astaxanthin accumulation leads to a
decrease in the level of photoinhibition and cell viability [38] and affects the shape of chloro-
phyll excitation spectra [40]. In H. lacustris, astaxanthin esters represent up to 99% of total
carotenoids [41,43–45,60], whereas some other microalgae accumulate significant fractions
of other carotenoids, such as β-carotene, adonixanthin and adonirubin [51,56,60]. These
pigments are intermediates of astaxanthin biosynthesis. A difference in carotenoid compo-
sition may be explained by a difference in the linkage between enzymes of ketocarotenoid
synthesis pathways [64].

H. lacustris accumulates astaxanthin in cytoplasmic oil bodies (OB) [39,65]. These
structures are subject to light-induced migration in the cell. This mechanism is mediated
by actin microfilaments of the cytoskeleton [39]. Under high irradiation, oil globules with
astaxanthin are located beyond the chloroplast. Such co-localization provides effective
shielding of PSA against light. Another green microalga, D. salina, accumulates β-carotene
in plastoglobuli [47,66].

The cells of C. rubescens NAMSU R1 before HL or HL+UV-A treatment (Figure 4a,b)
were characterized by a well-developed PSA and the presence of numerous mitochondria
reflecting high metabolic activity. After irradiation by HL, the increase of the area occupied
by lipid inclusions on the ultrathin cross-section was observed. These inclusions were local-
ized at the cell periphery and tended to reduce the chloroplast compartment (Figure 4c,d).
The cell wall became a more complex multi-layered spongiosum structure and a number
of vacuoles increased. TEM observations revealed both types of lipid inclusions, cyto-
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plasmic (Figure 4c,d) and plastidic (Figure 4d), in the cells after HL treatment. A small
number of OB also presented in the cells before the HL treatment (Figure 4a,b). The shape
of the cytoplasmic OB was irregular, whereas the plastoglobuli, located in chloroplast
stroma, were round (Figure 4c,d). These inclusions also differed by their co-aggregation
tendency: cytoplasmic OB (Figure 4c) merged, whereas plastoglobuli were located sepa-
rately and did not tend to fuse (Figure 4d). These two types of lipid inclusions also differed
in terms of electron opacity on TEM cross-sections: plastoglobuli had a higher electron
density than OB. According to the commonly accepted paradigm, carotenes form de novo
in chloroplasts of green algae, whereas their oxygenation—resulting in ketocarotenoid
formation—takes place in the cytoplasm [37,42,67,68]. We speculated that carotenes were
deposited in the plastoglobuli of C. rubescens NAMSU R1, whereas ketocarotenoids accu-
mulated in the cytoplasmic OB. Despite the presence of a high percentage of β-carotene in
the C. rubescens NAMSU R1 carotenoid profile (Table 1), and the presence of its features
in the extract absorbance spectra (Figure 2b), no significant attenuation of chlorophyll
fluorescence was observed in its absorption band. This might be explained by a higher
fraction of xanthophylls, and a specific mutual localization of cytoplasmic globules and
photosynthetic membranes, providing effective shielding of the PSA, which was not the
case for plastoglobuli.

Table 1. Fractions of carotenoids obtained after separation of the extracts from the cells of Coelastrella
rubescens NAMSU R1 after an induction of carotenoid synthesis by HL and UV-A. Values of the
retardation factor (Rf ), putative pigment name and its mass fraction (of total carotenoid content) in
the extract are provided.

Rf Pigment Content (%-of Total
Carotenoid)

0.92 β-carotene 7.65
0.86 α-carotene 0.62
0.71 Echinenone 1.96
0.48 astaxanthin diesters 27.99
0.37 Canthaxanthin 0.97

0.20–0.26 astaxanthin monoesters 35.32

0.07 free ketocarotenoids +
photosynthetic xanthophylls 1 4.94

0.06 photosynthetic xanthophylls 20.55
1 Xanthophylls of photosynthetic apparatus: zeaxanthin, antheraxanthin, violaxanthin, neoxanthin and lutein.

2.3. Sunscreen Effect in the UV Range

The absorbance spectra of the water–methanol extracts of C. rubescens NAMSU R1
cells treated by HL or HL+UV-A (Figure 5a) were characterized by two bands in the UV
region, compared with the control extracts: the maximums were at 260 nm and 324 nm.
In other words, the water–methanol extracts of the C. rubescens NAMSU R1 cells treated
by HL+UV-A and HL showed enhancement of the absorption in the UV-range, compared
with the control. This increase was more pronounced in the case of HL+UV-A, than HL
only (Figure 5a). We hypothesized, based on the shape of the spectrum in the UV-A range,
and based on the notion that the rise of the absorption was HL- and UV-A-inducible, that it
corresponded with the MAA accumulation. No changes of the absorbance in the visible
range of the spectrum were detected in the water–methanol extracts, compared with the
control (Supplementary File S1). According to Karsten et al. [19], different lineages of
green microalgae are characterized by different MAA composition, in terms of absorption
characteristics: there are MAA with absorbance maximum at 322 and 324 nm. Notably,
324 nm-MAA have been reported in some Trebouxiophyceae, e.g., Prasiola spp. (Prasio-
laceae), Watanabea spp. (Trebouxiaceae), Pabia signiensis (Trebouxiaceae), Stichococcus spp.
(Stichococcaceae) and Chlorella luteoviridis (Chlorellaceae) [2,19]. The microalga Lobosphaera
incisa (Trebouxiaceae) accumulates 322 nm-MAA [2]. The authors suggested that mem-
bers of Ulvophyceae and Chlorophyceae did not accumulate in these compounds [2,19].
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In addition, 324 nm-MAA also have been found in the charophyte Klebsormidium spp.
(Klebsormidiaceae) [9,21,25].

Figure 4. The ultrastructural features of the cells of C. rubescens NAMSU R1 before the treatment by HL (a,b) and after
it (c,d); (a) common view of a cell before the stress; (b) enlarged fragment of the image (a) with a detailed view of the
cell wall; (c) a common view of the cell after the stress; (d) enlarged fragment of the image (c) with special attention to
plastoglobuli in the chloroplast. Ch—chloroplast; ChE—chloroplast envelope; M—mitochondrion; N—nucleus; OB—oil
bodies; Pr—pyrenoid; TL—trilaminar layer. Asterisks point to plastoglobuli. Scale bars: (a,c)—0.5 µM, (b,d)—0.2 µM.

The results from the separation of the water–methanol extracts from C. rubescens
NAMSU R1 by ultra-performance liquid chromatography (UPLC) showed that they were
characterized by the presence of highly hydrophilic components, which eluted by water
with a minimal fraction of organic compounds. At least three components at the retention
times (Rt) of 0.30, 0.39 and 0.41 min were revealed in the extracts (Figure 5b). This was
in accordance with existing data on MAA. Due to high hydrophilicity, MAA are eluted
from reverse-phase columns in UPLC experiments by CH3CN or H2O solvents near the
retention volume of non-sorbing components [2,16,19,69].

Nearly 30 types of MAA have been identified [14]. The chemical nature of MAA from
green algae is relatively poorly studied [4]. Often, they are distinguished based on ab-
sorbance maximum and chromatographic retention times, Rt, only [2,4,5,9,15–17,19,20,25].
Structures of some known molecules are presented, e.g., in [12,18,20,22], but most of them
are characterized by the maximum of 330 nm or higher (such as palythene, palythinol,
shinorine); the maximum of palythine, mycosporine-glycine and gadusol is at 320, 310 and
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294 nm, respectively [2,9,12–16,35]. Two recently reported 324 nm-absorbing MAA named
klebsormidin A (mycosporine-[glycosyl serine]) and klebsormidin B (mycosporine-serine)
were purified by UPLC; their structure was resolved by 2D 1H/13C-NMR [21].

To reveal the chemical nature of MAA from C. rubescens NAMSU R1, treated by HL and
UV-A, we studied them by UPLC, coupled to electrospray ionization (ESI) and quadrupole
time-of-flight (TOF) mass spectrometry (MS), UPLC-ESI-TOF-MS (or briefly, UPLC-MS).
The protonated molecules, [M+H]+, of most natural compounds in the ESI-MS undergo
fragmentation in an ionization source. This results in the formation of characteristic
fragment ions [70], making it possible to use obtained mass spectra for a viable primary
identification of compounds in the mixture [70,71]. The value m/z = 343.1 of the protonated
molecule [M+H]+ in the fraction with Rt = 0.39 min (Table 2, Figure 5c) corresponded with
the molecule M, with the mass of 342 Da. This is supported by the presence of the signal of
additional cations, [M+NH4]+, [M+Na]+, and [M+K]+ (Table 2). Moreover, the signals of
cluster ions [nM+H]+, [nM+NH4]+, [nM+Na]+, and [nM+K]+, where n = 2–5, were presented
in the spectrum (Figure 5c, Table 2). The spectrum also contained characteristic fragment
ions (Table 2). Comparison of the obtained spectrum with published data [17,21,69,72–74]
suggested the fraction with Rt = 0.39 min was represented by a aminocycloheximine-type
MAA, namely, mycosporine-glycine:valine, with an additional double bond. Since MAA
with an additional double bond in the cyclohexene ring had not been reported [4,9,13,17,24],
an additional unsaturated bond had to be localized in the valine radical. Similarly, an
analysis of the mass spectrum of the fraction with Rt = 0.35 min (Figure 5d) showed the
presence of the protonated ion [M+H]+ with m/z = 505.1 (Table 2). Its molecular mass was
162 Da higher than in the previous case, which corresponded to the mass of dehydrated
hexose [70,71]. Thus, it might be represented by glycosylated form of the compound
from the fraction with Rt = 0.39 min. This was also supported by the fact of its higher
hydrophilicity than in that fraction. The signal at the m/z = 432 was presented in the mass
spectrum of the compound from the fraction with Rt = 0.35 min (Table 2, Figure 5d), which
could be identified as the glycine fragment of the ion [M+H]+. This meant that the hydroxyl
group at the 5th C atom of cyclohexenimine ring might be glycosylated. Glycosylation in
this position is commonly found in MAA from fungi and algae [15,18,23,75]. The mass
spectrum of the fraction with Rt = 0.41 min (Figure 5e) did not contain enough information
for identification of the compound in this fraction. The presence of the characteristic ion
with m/z = 236 indicated that this compound related to the oxocyclohexene type MAA [17].
It was impossible to determine the structure of the radical at 3rd C bonded N atom.

Table 2. Main characteristics detected by ESI-MS in the water–methanol extract of C. rubescens
NAMSU R1 cells in different fractions, obtained after separation by UPLC. The retention times of
UPLC fractions and m/z ratios are shown. M—studied MAA molecule.

Retention
Time, Min.

m/z

[M+H]+ [M+NH4]+ [M+Na]+ [M+K]+ Cluster Ion Fragment Ions

0.35 505.1 522.1 527.1 543.1 [2M+Na]+ 1031.3
[2M+NH4]+ 1026.3

487
365
325
432

0.39 343.1 360.1 365.1 381.1

[2M+Na]+ 707.2
[2M+NH4]+ 702.2

[2M+H]+ 685.2
[3M+Na]+ 1049.3

[3M+NH4]+ 1044.3
[3M+H]+ 1027.3
[4M+Na]+ 1391.4

[4M+NH4]+ 1386.4
[4M+H]+ 1369.4
[5M+Na]+ 1733.6

[5M+NH4]+ 1728.6
[5M+H]+ 1711.6

325
307
289
271
297
279
281
275
328

0.41 236.1 - 258.1 - - -
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Figure 5. Analysis of mycosporine-like amino acids (MAA) from Coelastrella rubescens NAMSU R1 cells; (a) absorbance
spectra of the water–methanol extracts of C. rubescens NAMSU R1 after treatment by HL and HL+UV-A registered against
the control (C. rubescens NAMSU R1 cells treated by LL); (b) UPLC-separation of water–methanol extracts of C. rubescens
NAMSU R1 cells treated by HL+UV-A; mass-spectra of UPLC fraction (c) at the retention time of 0.39 min; (d) at the
retention time of 0.35 min; (e) at the retention time of 0.41 min (Y-axis is the ion flow intensity as a per cent of maximal value,
X-axis is the m/z ratio), and (f) possible structures of MAA from each fraction of water–methanol extracts of C. rubescens
NAMSU R1 cells obtained by UPLC, X is an unknown radical. cps—counts per second; HL—cells and extracts of the cells
after HL treatment; HL+UV-A—cells and extracts of the cells after HL and UV-A treatment.
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We propose the structure of the MAA of the C. rubescens NAMSU R1, based on
mass spectra analysis (Figure 5f). The fraction with Rt = 0.39 min might be presented
by mycosporine-glycine with either β- or γ-dehydrovaline radical (compounds Ia and
Ib). Saturated mycosporine-glycine:valine has an absorption maximum at 335 nm in 80%
methanol [20]. It was previously found in some marine invertebrates [18], vertebrates [20],
and in the haptophyte Phaeocystis [4], but was absent in green algae. Appearance of one
additional double bond in the β-position of valine radical increases the size of the system
of the conjugated double bonds in the molecule. It had to lead to a batochromic shift of
the absorption maximum. At the same time, the C. rubescens NAMSU R1 water–methanol
extract exhibited the maximum at a shorter wavelength (324 nm, Figure 5a). Therefore,
the structure of the compound from the fraction with Rt = 0.39 was Ib (Figure 5f), i.e.,
mycosporine-glycine:γ-dehydrovaline. We propose the name coelastrin A for this com-
pound. A hypsochromic shift of the absorption maximum of C. rubescens NAMSU R1,
compared with the maximum of mycosporine-glycine:valine from [20], could be explained
by the difference in the methanol-to-water ratio and pH [76]. Similarly, the compound from
the fraction with Rt = 0.35 min was (7-O-hexosyl)-mycosporine-glycine:γ-dehydrovaline
(compound II, Figure 5f). We propose the name coelastrin B for this. Unidentified oxocy-
clohexene type MAA with unknown radical (compound III, Figure 5f) was the compound
from the fraction with Rt = 0.41 min.

Collectively, we found two MAA with a determined chemical formula in C. rubescens
(coelastrin A and coelastrin B) that had not previously been reported [15,17–21,69,72–74].
Characteristic ions (including cluster and fragment ions) in the mass spectra for their
identification were found, which can be used on MAA identification by ESI-MS. It should
be noted, however, that justification of found structures should be done in further research,
e.g., by NMR analysis.

From an ecological point of view, MAA are an adaptation to a harmful effect of UV
irradiation and other stress factors, such as osmotic or drought stress. In the case of or-
ganisms inhabiting the deep of seas and oceans, the task of photoprotection is partially
solved, due to shielding beneath the surface water layers. By contrast, phototrophs in the
upper water layers with high irradiation (photic zone), as well as aeroterrestrial species,
should have more effective photoprotective mechanisms [2,4]. Indeed, MAA content in
terrestrial microorganisms and microorganisms from upper layers of the sea is higher than
in the depths [4]. Aeroterrestrial environments are characterized by harsher conditions
(particularly, desiccation and high insolation) compared to water [2,3,17]. Thus C. rubescens
might be an interesting model object for the studying of adverse effects on phototrophs.
The UV-protective role of MAA has been shown in many studies previously [9,13,14].
These compounds are characterized by a high extinction coefficient and chemical stabil-
ity [4,9,13,17,24], which make them excellent sunscreens [9,14–17,24]. Moreover, they are
powerful antioxidants [13,14,16,24]; C. rubescens are known as a UV-tolerant alga [5]. At the
same time, according to previous data, UV exposure has not been accompanied by MAA
accumulation in some other chlorophycean microalgae [5]. We have, however, shown their
presence in C. rubescens NAMSU R1.

The increase in the absorbance of the characteristic band of MAA in C. rubescens
NAMSU R1 cells after HL and HL+UV-A treatment indicated that their synthesis in the
microalga was HL- and UV-A-inducible. It could also be concluded that visible light and
UV-A had a synergetic effect in this microalga, because a higher absorbance increase was
observed in the case of HL+UV-A treatment, rather than in the case of HL only. This was
in accordance with previous observations, that both high light and UV-A induce MAA
accumulation [14]. There is no still clear answer as to whether UV-B promotes MAA
synthesis [4,14,24]. For example, its accumulation is stimulated by both UV-A and UV-B in
the rhodophyte Agarophyton tenuistipitatum [14], in the cyanobacterium Aphanothece [24]
and in some chlorophytes, e.g., Chlorella, Stichococcus, and Pseudococcomyxa [2,5]. At the
same time, another red alga, Porphyra columbina shows a decrease in MAA levels under
HL+UV-A+UV-B, rather than under HL+UV-A only [14]. The same is true about the
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chlorophyte Lobosphaera incisa SAG 2007 [2]. Moreover, in Mazzaella laminarioides, treatment
by both UV-A and UVA+UV-B leads to a reduction in MAA content [14]. The effect of
UV-B on the synthesis of MAA in C. rubescens could be a matter of further works. MAA
synthesis might be mediated by photoreceptors, e.g., phytochrome A, cryptochromes and
phototropins. Their chromophore groups absorb UV-A radiation [10,11]. Nevertheless, the
mechanisms of MAA synthesis regulation in microalgae are still poorly understood [24].

The absorbance spectra of C. rubescens NAMSU R1 cell suspensions that compensated
to light scattering were characterized by a strong band at 250–350 nm (Figure 3a,b). A
comparison of the spectra of cells (Figure 3a,b) and extracts (Figures 2b and 5a) indicated
that it could not be explained by only MAA presence. It seemed to be that the cells
contained unextracted UV-absorbing compounds. Some studies were addressed to UV-
absorbing properties of sporopollenin-like and algaenan-like polymers that accumulated in
the cell walls of some species of microalgae [5,12,25,26]. Sporopollenin is a product of the
phenylpropanoid pathway, whereas the acetate–malate pathway leads to algaenans [25]. It
is a group of insoluble biopolymers characterized by high stability [25,77]. UV-absorption
by sporopollenin-like compounds was previously shown for C. rubescens and some other
green microalgae [5]. An evaluation of the C. rubescens NAMSU R1 cells by TEM (Figure 4b)
revealed the presence of a specific three-layer (or trilaminar layer, TL) structure in the cell
wall, characterized by the sizes of 19.9± 0.7 nm, corresponding with the literature data [78].
Such a layer has been previously observed for the strains of other species of the genus
Coelastrella [55,59], which has corresponded with sporopollenin-like substances [25,55,59].
They are crucial for UV protection in some chlorophytes and charophytes [5,12,25,26].
An algaenan-like polymer was detected in the cell wall of H. lacustris, and also found in
aeroterrestrial environments [79]. Sporopollenin-like and algaenan-like substances seem to
be the key protectors of some microalgae against UV. Due to high stability, sporopollenin-
or algaenan-like compounds provide a constant UV protection, whereas MAA synthesis is
inducible [5,16,22,77].

The strong band with the maximum of 260–265 nm (Figure 5a) might correspond to
aromatic residues of proteins. At the same time, increasing absorbance in this spectral range
after HL+UV-A treatment might indicate the synthesis of phenolic compounds and flavonoids.
These substances were identified previously in some close-related microalgae [3,9,80], but a
more detailed analysis was required to determine their chemical nature.

Collectively, we have demonstrated the UV-inducible accumulation of MAA in Chloro-
phyceae for the first time. However, this was not the case of sporopollenin and algaenan-like
substances. This could be explained by the absence of an increase in absorption in differen-
tial spectra, with and without the induction by HL or HL+UV-A (Figure 3b). This was in
accordance with the previous concept of constitutive protection by these biopolymers [5,9].

2.4. Possible Photoprotective Mechanisms Additional to Sunscreen

Oxygenic phototrophic microorganisms (microalgae) exhibit a wide range of pro-
tective mechanisms against sunlight. They include ROS-neutralizing enzymes, cycles of
carotenoid oxydation/de-epoxidation and DNA reparation [4,12,13,32]. However, the
protection of cells by sunscreen has a serious advantage over enzymatic systems. Decreas-
ing the amount of energy absorbed by photosynthetic pigment-protein complexes is a
common strategy for aeroterrestrial phototrophs [9]. The first type of mechanisms is aimed
at damage which has already occurred, whereas shielding behind sunscreen prevents
photodamage [12]. However, we proposed that mechanisms preventing light absorption
by PSA were additional to inducible sunscreen accumulation.

The representative chlorophyll induction curves of C. rubescens NAMSU R1 are shown
in Supplementary File S2. The cells of C. rubescens NAMSU R1 treated by HL or HL+UV-A
demonstrated lower values of the PS II maximal photochemical quantum yield (Fv/Fm)
than the cells treated by LL (Figure 6a). Such a decrease in Fv/Fm accompanying light-
induced carotenoid accumulation has been reported for H. lacustris [38,40,81,82] and
D. salina [83]. This could reflect the disassembly of PSA under stress conditions. Low
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Fv/Fm might be important to prevent a destructive photochemical reaction in the plastid
ETC. Non-photochemical quenching of the excited chlorophyll states also plays a very
important role in the photoprotection of PSA in higher plants and algae [32,50,84–86]. As
a rule, this is up-regulated under stress conditions in order to shift the consumption of
the absorbed light energy from chemical reactions to thermal dissipation and thus reduce
the risk of photodamage. C rubescens NAMSU R1 cells treated by HL were characterized
by the increase in NPQ, compared with LL-treated cells (Figure 6b). A sharp, short-term
rise of NPQ has previously been well-documented for H. lacustris, cultured under the
conditions of carotenoid synthesis induction (high light and/or depletion of the nitrogen
source) [40,81,87]. It was a typical reaction of carotenogenic microalgae to stress factors. At
the same time, buildup of the non-photochemical quenching was not observed after the
treatment with HL+UV-A (Figure 6b). This could be explained by UV-induced damage of
the proteins involved in non-photochemical quenching, or the significant contribution of
slow-relaxing NPQ components, which did not relax during the time of dark acclimation.
The latter could be reliable, considering the low values of Fv/Fm.

Figure 6. The parameters of the chlorophyll fluorescence induction curves of Coelastrella rubescens NAMSU R1 cells after
15 min dark acclimation. (a) Maximal photochemical quantum yield of PS II in the dark-acclimated state (Fv/Fm); (b) the
Stern–Volmer parameter of non-photochemical quenching of the excited chlorophyll states (NPQ), as the function of the
number of saturation light pulses during the illumination by actinic light. LL—cells treated by the low light; HL—cells
treated by high light; HL+UV-A—cells treated by high light and UV-A. Average values from three replicates and standard
deviations are shown.

Absorption of PAR and UV by photosynthetic pigments causes the destruction of
intracellular structures. The damaged chloroplast is a source of ROS and is not able to
neutralize their high amount [32,86]. Thus, the turnover of non-functional plastids is
vitally important to prevent the risk of photo-destruction. Autophagy is a process of self-
regulation in the cell, consisting of selective isolation and the destroying of old, damaged, or
abnormal substances and organelles in vacuoles. Chlorophagy, a complete degradation of
damaged chloroplasts in vacuoles, is recognized as a special type of autophagy [88]. It has
been described for a range of oxygenic photoautotrophic organisms, e.g., higher plants [88]
and microalgae [89]. However, this is not the case of single-chloroplast microalgae, which
cannot utilize whole chloroplast and perform the utilization of its fragments [84].

That mechanism is conditioned by the rearrangement of membrane structures in the
cell PSA and could be considered an autophagy-like process. In that case, thylakoids and
sometimes whole chloroplasts are degraded to decrease the ability of cells to absorb light en-
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ergy, which decreases the risk of photooxidative damage under stress conditions [84,85,88].
Under fluorescent microscope a reduction in the chloroplast after HL treatment can be
seen in comparison with the cells, before it was observed, due to chlorophyll autofluores-
cence analysis (Figure 7a,b). That process, resulting in chloroplast content degradation,
could be also visualized by TEM. The twirling pattern of the chloroplast envelope were
observed on the TEM images of the cells of C. rubescens NAMSU R1, after their irradia-
tion. They were similar to the epichloroplast membrane structures (EMS), described by
Gorelova et al. [84]. HL-treated cells were also characterized by the presence of four types
of vacuoles (Figure 7c). The first type (V1) contained plastoglobuli-like inclusions and
membranes. The thickness of these membranes was similar to that of thylakoid membranes:
6.3 ± 0.3 nm and 6.2 ± 0.2 nm, respectively. The tonoplast of such vacuoles was in close
proximity with the chloroplast outer membrane. According to Gorelova et al. [84] the
transporting of membranes and stroma (due to the plastoglobuli-like structures presence
in the vacuole) to a vacuole is one of the autophagy manifestations. The second type (V2)
contained a loose material without membranes. The areas of amorphous inclusions were
observed in the third type-vacuoles (V3). The inclusions exhibited variable electron density:
the electron-dense areas alternated with transparent stripes of equal width. The complex of
three “dark-light-dark” stripes (as in a membrane) observed in these vacuoles did not corre-
spond to a thylakoid membrane, due to a significant difference in their width: 4.1 ± 0.2 nm
vs. 6.2 ± 0.2 nm, respectively. These structures were similar to the previously described
polyphosphate inclusions [90]. The last type (V4) contained twisted membranes, also simi-
lar to the EMS. Among described types of vacuoles, V1 and V4 were probably connected
with autophagosome-like vesicles, because the fusion of autophagosome-like vesicles and
tonoplast was detected. Moreover, they contained autophagic bodies. It is considered that
the degree of chloroplast content degradation is to be dictated by the power and a type
of stress affecting the cell [84,91,92]. The literature indicates that the observed features of
the C. rubescens cells pointed to the emergency evacuation of the thylakoid membranes,
and the chloroplast envelope was caused by the harsh effects of irradiation. The matter
formed after the disassembly of PSA and other chloroplast components, with the resulting
autophagy most likely being intended to fill in part the pool of neutral lipids [93–95]. Fatty
acid residues may become the part of triacylglycerols of lipid inclusions. Later, under
conditions favorable for photosynthesis, they can be used to assemble PSA [84,93]. The
described process is also a marker of a cell autophagy and was detected in the studied cells
(Figures 4c,d and 7c ).

Being the main site of photodamage, photosynthetic membranes should be reduced un-
der HL, in order to avoid the irreversible destruction of the cell. In carotenoid-accumulating
microalgae, the disassembly of PSA plays an important role in photoprotection along with
carotenoid accumulation. Indeed, in H. lacustris, the reduction in PSA is important for
the viability of cells under light, after their freezing [63]. The inhibition of autophagy in
H. lacustris leads to an increase in carotenoid accumulation. This indicates competition
between these photoprotective mechanisms [96]. The same was shown in the carotenogenic
chlorophyte Chromochloris zofingiensis [53]. At the same time, the coexistence of different
mechanisms, such as inducible sunscreen accumulation, the presence of a UV-absorbing
sporopollenin-like layer and autophagy enhancement, is directed to the decrease in the
level of the light potentially being absorbed by PSA.
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Figure 7. Photosynthetic apparatus reduction in the cells of Coelastrella rubescens NAMSU R1: (a,b) chlorophyll autofluores-
cence in the cells before HL treatment (a) and after it (b); (c) the ultrastructural features of an autophagy-like process in the
cell after the treatment by HL. The image was compiled by combining images of two cell fragments. Twisted membranes in
the cytoplasm ((a) double arrowhead) and vacuoles of four types are detected. V1—containing plastoglobuli-like globules
and thylakoid-like membranes ((a) single arrowhead); V2—containing a loose material without membranes; V3—containing
areas of amorphous inclusions of variable electron density with striped non-membrane structures (a single arrow);
V4—with twisted membranes ((a) double arrow). Ch—chloroplast; ChE—chloroplast envelope; OB—oil bodies;
V—vacuoles; T—thylakoids. Asterisks point to plastoglobuli-like globules. Scale bars: 5 µm (a,b), 0.2 µm (c).

3. Materials and Methods
3.1. Strain Isolation and Identification

The strain NAMSU R1 was isolated from the dry reddish crust (Figure 1a) on the
Malus × domestica bark in the Rastorguevo Village, Moskovskaya oblast, Russia (55.55 N
37.70 E), in July of 2020. Strain isolation and maintenance were performed, based on
previously developed protocol for the isolation of green carotenogenic microalgae [51].

To estimate the algal biomass accumulation, the strain NAMSU R1 was cultivated in
500 mL of the BG-11 media [97] in two 1 L Erlenmeyer flasks under continuous illumination,
at a surface incident irradiance of 40 µmol/m2/s at 24 ◦C at 85 r.p.m in the New Brunswick
Innova 44 shaking incubator (Eppendorf, Hamburg, Germany).



Plants 2021, 10, 2601 17 of 24

Primary identification and detailed morphological characterization and ultrastructure
were performed by the evaluation of the culture by light and electron microscopy.

A precise identification was based on the sequence of ITS1-5.8S rRNA-ITS2. DNA
extraction, fragment amplification and sequencing were performed, as previously de-
scribed [98]. Sequences for the analysis were taken from the phylogenetic studies by
Chekanov et al. [51], Kawasaki et al. [54], Kaufnerová and Eliáš [57], Wang et al. [58],
and Goecke et al. [59]. The sequence JQ082314 of Pectinodesmus pectinatus CCAP 276/40
(Scenedesmaceae) was taken as an outgroup. Data analysis for the study of phylogenetic
relationships was performed in MEGA X [99]. Sequences were aligned by the Muscle
iterative algorithm [100]. Phylogeny was inferred by the Maximum Likelihood (ML) algo-
rithm [101]. The Kimura two-parameter DNA evolution model [102] with an assumption
of Gamma-distribution of substitution rates was selected for the ML analysis, under the
Bayesian Information Criterion. Initial tree was constructed by the neighbor-joining al-
gorithm [103] and the heuristic search was performed by the subtree pruning-regrafting
method. The robustness of the tree topology was assessed by the bootstrap method [104],
with 1000 replicates.

3.2. Induction of Photoprotectants’ Synthesis

The following LEDs were used in the work: UV-A LED (spectral range of 380–415 nm,
power of 2.9 W/m2) and a cold-white LED (emission spectrum is presented in Supple-
mentary File S3) with the photon flux density of 50 µmol/m2/s (“low light”, LL), and of
150 µmol/m2/s (“high light”, HL). Photon flux density of the visible light was measured at
the level of cell suspensions by a LI-COR LI-250A quantum meter, with a cosine-corrected
sensor (LI-COR Inc., Lincoln, NE, USA).

Suspensions of C. rubescens NAMSU R1 were taken from the stationary growth phase
(15 days). The cells were transferred to 50 mL of BG-11 medium and diluted to the final
optical density at 660 nm (D660) of 0.51 units. The strain NAMSU R1 was cultured in the
250 mL T-75 TC-treated cell culture flasks (Eppendorf, Hamburg, Germany) at 25 ◦C for
three weeks. Two experimental variants were considered: cells were illuminated by HL
(HL-variant) and by HL and UV-A (HL+UV-A). The variant of the cells illuminated by LL
only was used as a control. The experiments were performed in three replicates.

3.3. Microscopy
3.3.1. Light Microscopy

Microalgal cultures were evaluated by bright-field and fluorescent microscopy. This
was performed using a Leica DM2500 microscope (Leica Microsystems, Wetzlar, Germany),
equipped with the attached Leica DFC 700T camera. Chlorophyll autofluorescence was
excited by a UV-lamp HXP 120 of the same manufacturer, using the band-pass filter Y3
(565–610 nm). The fluorescence was excited by a UV-shutter.

3.3.2. Electron Microscopy

For scanning electron microscopy (SEM) the algal cells were fixed in 2% (v/v) glu-
taraldehyde and dehydrated through the graded ethanol series. Then, they were transferred
to anhydrous acetone and dried at the CO2 critical point in a dryer HCP-2 (Hitachi, Tokyo,
Japan). The samples then were sputter-coated with gold-palladium in an IB Ion Coater
(Eiko, Tokyo, Japan) and examined with a JSM-6380LA (JEOL, Tokyo, Japan) scanning
electron microscope at an accelerating voltage of 15 kV.

For transmission electron microscopy (TEM), the samples were fixed and dehydrated
following the standard protocol described in Gorelova et al. [105]: fixed in 2% (v/v)
glutaraldehyde solution in 0.1 M sodium cacodylate buffer, at room temperature for 0.5 h,
and then post-fixed for 4 h in 1% (wt/v) osmium tetroxide in the same buffer. The samples
were embedded in the epoxy resin araldite (Sigma-Aldrich, St. Louis, MO, USA). Ultrathin
cross-sections were made using an ultramicrotome Leica EM UC7 (Leica Microsystems,
Wetzlar, Germany) and a diamond knife Ultra 45◦ (DiATOME, Nidau, Switzerland). They
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were placed on a formvar-coated electron microscopy grids and contrasted with lead
citrate [106]. Cross-sections were examined on JEM-1011 or JEM-1400 (JEOL, Tokyo, Japan)
electron microscopes. The subcellular structures were measured (from 20 cells) on the TEM
micrographs of the cell ultrathin sections using a Fiji (ImageJ) v. 20200708-1553 software
(NIH, Bethesda, MA, USA). The data are shown as an average and their standard errors.

3.4. Spectroscopy
3.4.1. Absorbance Spectra of Cell Suspensions

Absorbance spectra were registered in the range of 250–800 nm on an Agilent Cary
300 (Agilent, Santa Clara, CA, USA) spectrophotometer with a 150 mm integrative sphere
CA30I (Agilent, Santa Clara, CA, USA) in 1 cm quartz cuvettes. The measured optical
density compensated for the interferences from the incomplete collection of scattered light,
as previously described [107,108].

The absorbance corrected to the effect of light scattering, Aλ, was calculated as:

Aλ = D f
λ − D f

NIR
D f

λ − Dc
λ

D f
NIR − Dc

NIR

, (1)

where D f
λ and Dc

λ are the optical densities at the wavelength λ of the sample placed at a
certain distance apart from the integrative sphere and as close as possible to it, respectively,
D f

NIR and Dc
NIR are the optical densities in the NIR region (at 800 nm) registered for

the sample at a certain distance to the integrative sphere and close to the integrative
sphere, respectively.

3.4.2. UV-VIS-Absorbance Spectra of Cell Extracts

Putative sunscreens were extracted from the cells according to Folch et al. [109].
Before extraction, the microalgal cells were centrifuged at 12,000× g. The supernatant was
removed, the biomass was frozen at the temperature of N2 boiling, and then the cells were
disrupted using a ceramic mortar and a pestle.

Both water–methanol (hydrophilic) and chloroform (hydrophobic) fractions were col-
lected and analyzed. The spectra of the fractions were recorded in the range of 250–800 nm
on an Agilent Cary 300 (Agilent, Santa Clara, CA, USA) spectrophotometer in 1 cm quartz
cuvettes. For HL and HL+UV-A-treated cells, the spectra were registered against the
water–methanol extracts of the LL-treated C. rubescens NAMSU R1 cells as a blank. The
carotenoid content in the biomass was determined as described in [50].

3.4.3. Excitation Spectra

The excitation spectra of the microalgal cells were registered on an Infinite m200
microplate reader (Tecan, Grödig, Austria). Cell suspensions (2 mL) were transferred to
a 24-well polypropylene plate (Corning Costar, Corning, NY, USA). Fluorescence was
excited by the light in the UV and visible range of the spectrum (250–700 nm, bandwidth
9 nm); emission was detected at 750 nm (bandwidth 20 nm)—the band of chlorophyll a
fluorescence. To compensate for the effect of fluorescence reabsorption due to the high
density of cell suspension, the spectra were registered in a series of dilutions. The dilution
range characterized by the linear correlation of the dilution and fluorescence intensity was
eventually selected for the analysis (Supplementary File S4).

3.5. Chromatography
3.5.1. Thin Layer Chromatography

The chloroform fraction of cell extracts (see Section 3.4.2) was analyzed by thin layer
chromatography on a silica gel plate, Sulifol (Kavalier, Prague, Czech Republic). A pre-
viously developed mobile phase was used [41]. Pigment fractions obtained after the
separation were analyzed, as has previously been described [50]. The chromatographic
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mobility factor (the retardation factor, Rf ) was calculated for the pigment fractions obtained
after separation.

3.5.2. Ultra-Performance Liquid Chromatography—Mass Spectrometry

Analysis of the sunscreens from the hydrophilic (methanol–chloroform) fraction (see
Section 3.4.2) was performed by UPLC-ESI-TOF-MS. The samples were incubated at 40 ◦C
in a rotary evaporator to remove methanol, dissolved in 1 mL of deionized water prepared
on a Simplicity UV water purification system (Millipore, Molsheim, France), and filtered
using 0.45 µm CAMEO 17F (Sigma-Aldrich, St. Louis, MO, USA). The obtained samples
were separated by an ACQUITY UPLC H-Class PLUS (Waters Corporation, Milford, MA,
USA), equipped with hybrid TOF mass spectrometer Xevo G2-XS Tof (Waters Corporation,
Milford, MA, USA). A column ACQUITY UPLC BEH C18, 50 × 2.1 mm, 1.7 µM, (Waters
Corporation, Milford, MA, USA) was used. The samples were separated at the temperature
of 40 ◦C and the volumetric flow rate of 0.4 mL/min. The optimal protocol for separation
was selected (Supplementary File S5), which was as follows. The system of solvents
was used: 0.1% (v/v) HCOOH in H2O (component A) and 0.1% HCOOH in CH3OH
(component B). Elution profile: 1% (v/v) A in B (0–1 min), 1→5% (v/v) A in B (1–5 min).
The MS analysis was done in positive-mode ESI MS: m/z in the range of 100–2000, the
ion source temperature of 150 ◦C, the desolvatation temperature of 200 ◦C, the capillary
voltage of 4.5 kV, the ESI voltage of 30 V, and the desalvation gas (N2) flow rate of 461 L/h.
Data were analyzed in a MassLynx software (Waters Corporation, Milford, MA, USA).

3.6. The Analysis of Chlorophyll Fluorescence Induction

Stationary chlorophyll fluorescence induction curves for the assessment of non-
photochemical quenching of the excited chlorophyll states were recorded in a quartz
cell (2 mm pathlength) with Fluorpen FP100 s PAM-fluorimeter (Photon System Instru-
ments, Drásov, Czech Republic) after 15 mins dark adaptation, according to previously
reported protocol [110]. The following parameters were calculated at each saturation light
pulse during acclimation to the actinic light, according to Lazár [86]: the Stern–Volmer
NPQ parameter,

NPQ =
Fm− Fm′

Fm′
, (2)

where Fm and Fm’ are maximal chlorophyll fluorescence intensity in the dark-acclimated
and light-acclimated state, respectively. In addition, maximal PSII photochemical quantum
yield in the dark-acclimated state [86] was calculated as:

Fv/Fm =
Fm− Fo

Fm
, (3)

where Fo is the minimal chlorophyll fluorescence intensity in the dark-acclimated state.

4. Conclusions

A sunscreen effect provided by secondary carotenoids and MAA in response to HL
and UV-A was described using a new strain of aeroterrestic microalga C. rubescens NAMSU
R1. A complex of protective mechanisms, including shielding by chemical substances, and
autophagy acting through a partial chloroplast reduction, were shown.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10122601/s1, Supplementary File S1: absorbance spectra of the water-methanol fraction
of the Coelastrella rubescens NAMSU R1 extracts in the UV and visible range, Supplementary File S2:
chlorophyll a fluorescens induction curves of Coelastrella rubescens NAMSU R1 cells, Supplementary
File S3: emission spectrum of the light emitting diodes used in the work, Supplementary File S4:
selection of an optimal dilution range of Coelastrella rubescens NAMSU R1 suspensions for recording
chlorophyll excitation spectra, Supplementary File S5: selection of the elution parameters for the
analysis of the water-methanol extracts of Coelastrella rubescens NAMSU R1 by UPLC-MS.
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