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Abstract

Chroococcidiopsis sp. was isolated from the endolithic habitat of the Atacama Desert (north-
ern Chile), one of the most challenging-to-life polyextreme environments on Earth. The
photosynthetic machinery of microorganisms inhabiting this environment is supposed
to be highly adapted to cope with the intense solar radiation of the area. Thus, PAR-red
light ranging from 100 to 900 umol photon-m~2-s~! has been investigated as a strategy
to enhance culture productivity and stimulate the synthesis of bioactive molecules in
Chroococcidiopsis sp. A control culture was maintained under white light at 100 umol

2.571. The results revealed that red light was utilized more efficiently than white

photon-m™
light of similar irradiance, and its modulation enhanced both growth and photosynthetic
activity of the cyanobacterium. Furthermore, Chroococcidiopsis sp. appeared to activate
mechanisms to mitigate photooxidative stress produced by excess light energy. Specifically,
increasing light irradiance induced photoacclimation responses, characterized by a de-
crease in chlorophyll content and a concomitant increase in carotenoid accumulation, likely
aimed at reducing photon flux transduced to photosynthesis. Additionally, scytonemin
synthesis was enhanced under high irradiances, contributing to dissipating excess light
energy. Overall, this study demonstrates that modulation of red-light irradiance effec-
tively improves the growth of Chroococcidiopsis sp. while promoting the accumulation of
antioxidant compounds—primarily carotenoids and, to a lesser extent, scytonemin.

Keywords: polyextreme environment; cyanobacterium; photooxidative stress; photoaccli-
mation mechanisms; antioxidants; photosynthesis; cellular respiration

1. Introduction

Cyanobacteria or blue-green algae are among the first organisms that appeared on
Earth, approximately 3.5 billion years ago, and are responsible for the accumulation of
oxygen in the atmosphere through their photosynthetic activity [1]. They are prokaryotic mi-
croorganisms belonging to the group of Gram-negative bacteria [2], and perform oxygenic
photosynthesis, although some species are also capable of anoxygenic photosynthesis [3].

The photosynthetic apparatus of cyanobacteria comprises phycobilisomes (PBS), and
two large chlorophyll-associated protein complexes—photosystems (PS) PS I and PS II—,
which absorb and convert light energy into stored chemical energy [4]. The phycobil-
isome acts as a light-harvesting antenna, enhancing light capture and transferring the
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absorbed energy to chlorophyll molecules, which subsequently deliver it to the reaction
centers. Each PBS core contains the phycobiliprotein allophycocyanin (AP), connected
to the phycobiliproteins phycocyanin (PC) and phycoerythrin (PE), forming an efficient
light-harvesting complex. In addition, carotenoids are present in the light-harvesting
complexes, where they transform light absorption into chemical energy, but with lower
efficiency than chlorophylls [5].

The efficiency of photosynthetic activity depends on the wavelength of incident
light [5]. The quantum yield—defined as the amount of oxygen produced or CO; assimi-
lated per absorbed light unit in the absence of photorespiration—represents the maximum
efficiency of photosynthetic light conversion into chemical energy [6]. In cyanobacteria, the
maximum quantum yield typically occurs near 600 nm, decreasing rapidly at wavelengths
below 400 nm and above 680 nm [7]. Red light can be absorbed more efficiently by pho-
tosynthetic pigments than other wavelengths within the photosynthetic active radiation
(PAR) range [5]. However, due to its long wavelength (600-700 nm), red light penetrates
less deeply into dense microalgal cultures [8]. For instance, in species such as Phormidium
sp., Cyanothece sp., Nostoc sp., and Microcystis aeruginosa, red light has been shown to stimu-
late greater biomass and pigment production, while white light induces mixed responses
depending on the intensity [9].

Cyanobacteria have evolved diverse strategies to cope with variations in light irra-
diance and spectral quality. These include structural and compositional adjustment in
compounds of the photosynthetic apparatus, i.e., phycobiliproteins—particularly phyco-
cyanins, with absorption peaks between 610 and 665 nm—and photo-protective compounds
such as scytonemin, carotenoids and chlorophylls, among others. These molecules dis-
sipate excess absorbed energy, thereby limiting the energy reaching the reaction centers
and preventing oxidative damage [10,11]. These metabolites, in addition to fulfilling es-
sential functions in cellular photoprotection, have high added value for their application
in industrial sectors such as agricultural biotechnology and the nutraceutical, cosmetics,
and pharmaceutical industries, where they are used as natural colorants and antioxidant
compounds in various formulations [12].

Certain microorganisms thrive under extreme environmental conditions and are clas-
sified as extremophiles. The study of these organisms has gained increasing attention,
as it enhances our understanding of the limits of life and adaptive mechanisms enabling
survival under extreme stress, while also providing insights into the origin, distribution,
and evolution of life [13]. Extremophiles, to adapt to extreme environments, often acti-
vate metabolic pathways leading to the synthesis of bioactive compounds of industrial
relevance [14], making them attractive for biotechnological applications [13,15,16].

The genus Chroococcidiopsis is particularly notable for its extremotolerant character,
being capable of surviving conditions of extreme aridity, high salinity, temperature fluc-
tuations and intense ionizing radiation. Species of this genus colonize gypsum rocks
at the Atacama Desert, one of the most inhospitable environments on Earth [17]. This
desert is characterized by minimal precipitation and low stratospheric ozone concentra-
tions, resulting in extremely intense solar irradiance. Consequently, the photosynthetic
microorganisms inhabiting the Atacama Desert are exposed to conditions that may lead to
photoinhibition and photooxidative stress [18]. To survive these harsh conditions, Chroococ-
cidiopsis sp. synthesizes protective and biotechnologically valuable molecules, including
the UV-screening indole-alkaloid pigment scytonemin, which has attracted attention for its
potential applications in human health and photoprotection [19,20].

Given the extreme light conditions of the Atacama Desert, the photosynthetic ma-
chinery of Chroococcidiopsis would be expected to tolerate or adapt to high irradiances.
In microalgae and cyanobacteria, excess light irradiance not utilized in photosynthesis
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induces the biosynthesis of photoprotective pigments, such as carotenoids, xanthophylls
and scytonemin, to dissipate the excess energy and mitigate photooxidative stress [21].
Although studies have explored its response to ultraviolet radiation and different white
light irradiance [19,22], information on how Chroococcidiopsis sp. responds to variations
in irradiance combined with different PAR-red light remains limited, particularly with
regard to the activation of antioxidant mechanisms. Detailed evaluation of these responses
in Chroococcidiopsis sp. may provide valuable information for further biotechnological
applications. In this sense, although the strain of Chroococcidiopsis used in this study is
not a known high producer of scytonemin, its capacity for carotenoid accumulation under
red-light irradiance has been scarcely explored [23] and might be of applied value.

2. Materials and Methods
2.1. Biological Material and Culture Conditions

The microorganism used in this study was the extremotolerant cyanobacterium
Chroococcidiopsis sp. The cyanobacterium was isolated from the gypsum rock fragments of
the Atacama Desert (23°53’ S, 068°08’ W and 2720 m a.s.l.) located in the north—south trend-
ing depression of the Cordon de Lila range, in northern Chile. The isolated cyanobacterium
was supplied by researchers from the National Museum of Natural Sciences, CSIC, Madrid,
to the Biotechnology of Extremophiles research group of the Department of Chemistry
“Profesor José Carlos Vilchez Martin” from the Faculty of Experimental Sciences and CIQSO
of the University of Huelva, Spain. Chroococcidiopsis sp. was cultivated at pH 7 in a sterile
BG11 culture medium, which is widely used for the growth of freshwater green algae and

cyanobacteria [24]. The constituents of BG11 are presented in Table 1.

Table 1. Constituents of BG11 culture medium.

Chemical Concentration (g-L—1)
NaNO; 1.5
KH,PO,-3H,0 0.04
MgSO,-7H,0 0.075
CaCl,-2H,0 0.036
Citric acid 0.006
Ferric ammonium citrate 0.006
ZnS0,-7H,O 0.222 (ug-L1)
CuSO,-5H,0 0.079 (nug-L~1)
MnCl,-4H,0 1.81 (ugL7h
H3BO; 2.86 (ug-L™1)
NapMoOy-2H,O 0.391 (ng-L1)
Co(NO;3),-6H,0 0.049 (ug-L~1)
Na,EDTA 0.001

The experiment aimed to evaluate the effect of different red-light irradiances on the
growth and production of valuable molecules in the cyanobacterium Chroococcidiopsis sp.
as a physiological response to light-induced stress. For this purpose, different cultures of
400 mL were prepared at pH 7 in 500 mL glass bottles using BG11 as a culture medium,
each with an initial optical density of 0.8, measured at 750 nm. The cultures were grown
in an algal cultivation room at 25 & 2 °C, continuously bubbled with a gas mixture of
air enriched with 2.5% (v/v) CO,, which served as the sole carbon source. Continuous
agitation was provided using magnetic stirrers. Each culture was positioned at a predeter-
mined distance from the light source provided at a constant 24 h irradiance to achieve the

desired irradiance: red light at irradiances of 100, 300, 600 and 900 umol photon-m’z-s’l,

https://doi.org/10.3390/pr14081301


https://doi.org/10.3390/pr14081301

Processes 2026, 14, 1301

40f17

respectively (see Figure 1) and a control culture receiving PAR-white light irradiance of

100 pmol photon-m~2-s~ 1.

P
—
S

Figure 1. Conditioning of Chroococcidiopsis sp. cultures in the culture room at different light irradiances
and qualities: (a) red light, ordered from the highest to the lowest light irradiance from left to right;
(b) white light.

2.2. Extraction of Valuable Compounds

The extraction and subsequent determination of the target antioxidant molecule con-
tent (chlorophylls, carotenoids and scytonemin) of the cultures of Chroococcidiopsis sp. was
carried out using the modified Lichtenthaler method [25]. Thus, a culture sample of 2 mL
was harvested by centrifugation at 4400 rpm for 2 min in a MiniSpin micro-centrifuge model
(Eppendorf, Hamburg, Germany). The pellet obtained was resuspended in an appropriate
volume of methanol and shaken in a vortex, model ZX3 (Velp Scientifica, Usmate Velate,
Italy). Then, the samples were placed in an ultrasound bath at 60 °C for 5 min, and vortexed
after that. The samples were subjected to a sudden change in temperature, from 60 °C to
0°C, in a freezer for 10 min. Finally, the samples were centrifuged at 4400 rpm for 5 min
and the supernatant was used for the subsequent determination of the target molecules.

The determination of target molecules was carried out by measuring the absorbance of
the supernatant, after extraction, at 384, 470, 490, 652, 663 and 665 nm in a Cary 60 UV-Vis
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) using methanol as a
blank. The concentrations of target molecules present in the extract were calculated using
the following equations, the results of which are expressed in mg-L~1.

Chl = (1672 X A665 —9.16 x A652) x Dilution factor

Dilution factor x 1000 X Ag7g — 1.63 x Chl
221

Scytonemin = (1.04 x Azgs — 0.79 X Aggz — 0.27 x Aggg) x Dilution factor

Carotior =

2.3. Photosynthetic and Respiratory Activities

The measurement of photosynthetic and respiratory activities was performed using a
Clark electrode (Hansatech, King’s Lynn, Norfolk, UK). The working temperature of the sys-
tem was maintained at 25 °C, which received light irradiance of 110 pmol photon-m=2-s7L.
A culture sample of 2.5 mL was placed into the electrode cuvette and 30 uL of bicarbonate
0.2 M was added. Net oxygen consumption by endogenous respiration was recorded in
darkness, while the net oxygen production was recorded during the illumination period.
The photosynthetic activity was calculated as the sum of slopes obtained under both light

and dark oxygen evolution kinetics. The evolution of oxygen was quantified as umoles of
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O, produced (photosynthetic activity) or consumed (endogenous respiratory activity) per
unit of time (h) and chlorophyll (mg).

2.4. Specific Growth Rate

Specific growth rate was calculated according to the following logarithmic expression:
b =1In(C;/Co)/t

where C; and Cy represent the cell density for times t = 3 and ¢ = 1, respectively, and u
represents the specific growth rate, expressed in d~!. Cell density was determined by
measuring the dry weight (dw) of the biomass contained in 2 mL of the culture medium.

2.5. Statistics

Unless otherwise indicated, the presented data indicates the means of three indepen-
dent experiments while standard deviations are represented in the corresponding figures
and tables. Analysis of variance (ANOVA) was used to analyze the data with univariate
statistical models, ensuring a 95% confidence level. Significant differences were evaluated
using Tukey’s range test with a confidence level of 95% (p < 0.05). Additional statistical
details are provided in Tables S1-S6 of the Supplementary Materials. The Minitab 17
software was used to perform the statistical analysis.

3. Results

Our study aims to investigate, on a laboratory scale, the effect of different light irra-
diances and qualities on the growth and photosynthetic viability of the extremotolerant
cyanobacterium Chroococcidiopsis sp. Due to the proximity of the red-light emission spec-
trum to the maximum absorption wavelengths of chlorophylls and phycobiliproteins
(particularly phycocyanin), we expect red light to be absorbed more efficiently by cyanobac-
terial cells than other PAR irradiances. This would, hypothetically, lead to greater biomass
productivity of cyanobacterial cultures. Additionally, the production of the target an-
tioxidant compounds produced by the cyanobacterium (chlorophylls, carotenoids and
scytonemin) was also assessed in response to the light irradiance and quality.

3.1. Growth and Photosynthetic Viability as a Function of Light Irradiance and Quality

This section focuses on the growth and photosynthetic viability of the cyanobacterium
Chroococcidiopsis sp. under different light irradiances and qualities, using the culture
exposed to white light at the lowest irradiance tested (100 pmol photon'm 257 1) as a
control culture. The early growth dynamics (4-day experiment) of the cyanobacterium are
presented in Figure 2 based on dry weight (expressed in g-L~!) and specific growth rate.

According to Figure 2, a significant increase in the growth rate was obtained as red-
light irradiance increased (Table S1 of Supplementary Materials), with the maximum value
of about 0.115 d ! reached between 100 and 300 umol photon-m~2-s~!, approximately 20%
higher than that of the control culture, 0.091 d ! (white light, 100 pmol photon-m~2-s~1).

The culture exposed to red light at 600 tmol photon-m~2-s~!

exhibited a growth dynamic
similar to that of the control culture. Nevertheless, at the highest irradiance (900 pmol
photon-m~2-s71), biomass concentration barely increased, resulting in the lowest specific

growth rate, 0.018 d 1.
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Figure 2. (a) Time-dependent evolution of the biomass concentration, expressed as dry weight
parameter, dw, for the Chroococcidiopsis sp. culture exposed to white light at 100 umol photon-m—2-s~!
(control culture) (-A-) and red light at 100 (-4-), 300 (-M-), 600 (-O-) and 900 (-e-) mol photon-m~2-s~1,
and (b) the specific growth rate, obtained between days 1 and 3 of incubation; symbol C corresponds
to control culture. (*) represents the significant differences in all treatments with respect to the control
culture with 95% confidence.

These results suggest that red light can be modulated to enhance the growth of
the cyanobacterium Chroococcidiopsis sp. Culture viability was evaluated by measuring
cyanobacterial photosynthetic efficiency in the use of red light, through measurements
of light-dependent oxygen production (photosynthetic activity, light phase) and oxygen
consumption (endogenous respiratory activity). The results are presented in Figure 3.

200
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Cc
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(a)

0 J:I |—I |_I
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Figure 3. Evolution of the (a) photosynthetic and (b) respiratory activity, measured by means of
a Clark electrode, of Chroococcidiopsis sp. cultures as a function of different light irradiances and
qualities. Data was taken from living cyanobacterial samples on day 1 (white bars) and 3 (gray bars)
of incubation; symbol C corresponds to the control culture. (*) represents the significant differences
in all treatments with respect to the control culture with 95% confidence.

Overall, two main observations can be inferred from the data plotted for photosyn-
thetic activity (Figure 3a): (i) an increasing trend was observed on day 1 as red-light
irradiance increased, whereas a decreasing trend was obtained at later growth stages, on
day 3; (ii) light-dependent oxygen production on day 3 was significantly higher than on day
1 (Table S2 of Supplementary Materials). Unlike photosynthetic activity, the data obtained
for endogenous respiratory activity showed an increasing trend at both stages (day 1 and 3)
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as light irradiance increased (Figure 3b). In addition, the values obtained for respiratory
activity were consistently lower than the corresponding photosynthetic activity, except for
the culture exposed to 900 pmol photon-m~2-s~ 1.

Interestingly, the increase in photosynthetic activity from day 1 to 3 was markedly
greater than the corresponding increase in respiratory activity over the same period. This
suggests that cells in the early growth stages—which individually experience higher light
irradiance compared to those in later stages—are closer to the photosynthetic compensation
point than cells in later stages, as shown in Figure 4 by the ratio between photosynthetic
and respiratory activity. Therefore, under the experimental conditions tested, the photosyn-

2,571 for

thetic compensation point appears to lie between 600 and 900 pmol photon-m™
Chroococcidiopsis sp. regardless of growth stage (Table S3 of Supplementary Materials). The

implications of this finding will be discussed in Section 4.
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Figure 4. Effect of light irradiance and quality on the ratio of photosynthetic to respiratory activity
in the cultures of Chroococcidiopsis sp. Data was taken from living cyanobacterial samples at day 1
(white bars) and 3 (gray bars). (*) represents the significant differences in all treatments with respect
to the control culture with 95% confidence.

The consequence of the increased light irradiances is the induction of the biosynthesis
of antioxidant molecules. These molecules, including carotenoids, act to dissipate excess
energy, thus reducing photooxidative damage. Accordingly, the accumulation of target an-
tioxidant compounds in this study would be expected in the cultures exposed to moderate
to high irradiances. This aspect is examined in the following section.

3.2. Production of Antioxidant Molecules as a Function of Light Irradiance and Quality

This section focuses on the variation in the biochemical composition of the cells regard-
ing target antioxidant molecules (chlorophylls, carotenoids and scytonemin), as a function
of the light irradiance and quality to which the cyanobacterial cultures were exposed.

Figure 5 shows the variation in the intracellular concentrations of chlorophylls and
carotenoids in the Chroococcidiopsis sp. cultures exposed to different light irradiances and
qualities. Regarding total chlorophylls (Figure 5a), a progressive decrease in the time-
dependent evolution of chlorophyll was obtained as light irradiance increased, with the
lowest values recorded in the culture exposed to the maximum light irradiance tested.
Additionally, at any red-light irradiance, the chlorophyll concentrations were lower than
those of the control culture (white light), except for the culture grown under 100 pmol
photon-m~2:s~! of red light, which showed a 37% higher chlorophyll content. In contrast,
the time-dependent evolution of intracellular carotenoid concentration in the cultures

https:/ /doi.org/10.3390/pr14081301
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Chlorophylls (mg-g~ dw)

grown under red light displayed a significant increase compared to the control culture
(Figure 5b) (Table S4 of Supplementary Materials). The highest intracellular carotenoid con-
centration was recorded in the culture grown under red light at 600 mol photon-m 2.5~
on day 4 of incubation, reaching approximately 2.68 mg of carotenoid-g~! dw, 67% higher

than the control culture.

E3 —_—
3
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o
c
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0 2 3 4 0 1 2 3 4
Time (d) Time (d)
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Figure 5. Evolution of the intracellular concentration of (a) chlorophyll and (b) carotenoids of the
Chroococcidiopsis sp. cultures exposed to different light irradiances and qualities. Symbols: control
culture (white light of 100 umol photon-mfz-sfl) (-A-); cultures exposed to red light of 100 (-4-),
300 (-M-), 600 (-O-) and 900 (-e-) umol photon-m~2-s~1. (*) represents the significant differences in
all treatments with respect to the control culture with 95% confidence.

Figure 6 illustrates the increasing carotenoid-to-chlorophyll ratio as red-light irra-
diance increased, paralleling the enhanced carotenoid-like pigmentation of the cultures.
These results are consistent with the expected carotenoid-protective role in mitigating
ROS accumulation and dissipating excess light energy. According to Figure 6, the culture
exposed to red light at 100 umol photon-m~2-s~! (left) exhibited the most intense blue-
green pigmentation (Figure 6a), corresponding to the lowest carotenoid-to-chlorophyll ratio
(approximately 1.1) (Figure 6b). As red-light irradiance increased, a progressive change
in pigmentation was observed—brown pigmentation in the cultures exposed to 300 and
600 ptmol photon-m~2-s~1, and orange pigmentation at 900 pmol photon-m~2-s~1. Accord-
ingly, the carotenoid-to-chlorophyll ratio significantly increased with red-light irradiance
(Table S5 of Supplementary Materials), reaching a value of approximately two for the
cultures exposed to 300 and 600 pmol photon-m~2-s~!, whereas for the culture exposed to
900 umol photon~m_2's_1, a ratio of three was obtained. This trend, clearly inferred from
Figure 5, is the result of both a pronounced decrease in the chlorophyll content per cell and
a substantial increase in carotenoids, which may have practical applications for producing

carotenoid-rich, low-chlorophyll extracts.
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Figure 6. Effect of light irradiance and quality on the pigmentation of the Chroococcidiopsis sp. cultures.
(a) Photograph taken on day 4 of cultivation; from left to right: 100 umol photon-m~2-s~1 white light
and 100, 300, 600 and 900 pmol photon-m~2-s~! red light. (b) Carotenoid to chlorophyll ratio on
day 4, symbol C corresponds to the control culture. (*) represents the significant differences in all
treatments with respect to the control culture with 95% confidence.

Scytonemin is also involved in dissipating excess photons to mitigate photooxidative
damage. Figure 7 presents the variations in scytonemin intracellular concentration as a
function of the light conditions the cultures were exposed to.

Figure 7 shows the variation in scytonemin concentration in the cultures of Chroococ-
cidiopsis sp. as a function of different light irradiances and qualities. According to Figure 7,
a significant increase in the intracellular concentration of scytonemin was obtained as
light irradiance increased (Table S6 of Supplementary Materials), reaching the maximum
value in the culture exposed to the highest irradiance tested, where the concentration
was approximately 100-fold higher than in the control culture (white light). Additionally,
scytonemin accumulation was enhanced in the cyanobacterial cultures grown under red
light, as evidenced by the higher intracellular content measured in the culture grown
under 100 pmol photon-m~2-s~! red light—about 39-fold higher than that observed in the
cultures exposed to the same irradiance of white light (control culture).
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Figure 7. Effect of light irradiance and quality on the scytonemin intracellular concentration of
the Chroococcidiopsis sp. cultures, symbol C corresponds to the control culture. (*) represents the
significant differences in all the treatments with respect to the control culture with 95% confidence.

Thus, the acclimation of the extremophilic cyanobacterium Chroococcidiopsis sp. to
increasing red-light irradiances has been proven to occur under low to moderate irradiances.
The proposed mechanisms of excess light dissipation are further discussed in the next
section through analysis and comparison of the main changes obtained in target molecules
(chlorophylls, carotenoids and scytonemin) and cell viability markers (photosynthetic and
respiratory activities).

4. Discussion
4.1. Growth and Photosynthetic Viability as a Function of Light Irradiance and Quality

The results of this study reveal that red light appears to be used more efficiently
than white light by the cyanobacterium Chroococcidiopsis sp. This is inferred from the
increased biomass productivity of the cultures grown under red light compared to white
light (Figure 2a). This fact could be explained based on previous literature (see Section 1), in
which photosynthetic activity is dependent on the radiation wavelength to which cultures
are exposed [5]. For instance, red light has a narrow wavelength range between 600 and
700 nm, corresponding to the absorption peaks of chlorophyll (665-680 nm) and phyco-
cyanin (610 and 665 nm). In this context, red light should be absorbed by cyanobacteria
more efficiently than light from other PAR ranges, minimizing energy losses and thereby
leading to greater biomass productivity [8].

This is coherent with the results obtained in this study, which allows us to suggest
that the PAR-light wavelength range has a stronger effect on the growth of Chroococcidiopsis
sp. than the photon flux density reaching the cells. This is supported by the fact that

2.5~ 1 of white light (control culture) showed a

the culture grown at 100 umol photon-m™
lower growth rate than the culture grown at higher red-light irradiances (300 and 600 pmol
photon-m~2.s~1). Similar observations have been reported in other cyanobacteria. For
instance, the effect of light quality on Nostoc sp. ATCC 53789 was studied in [26], and
they found that an orange-red filter increased the growth of the cyanobacterium compared
to blue light. Likewise, white and red LEDs in Cyanobium sp. were reported in [27]
to increase photosynthetic activity and pigment content (ca. 1.8-fold) under red light.
Our results are consistent with this observation, showing that red light induced higher
photosynthetic activity in the Chroococcidiopsis sp. cultures. Interestingly, photosynthetic

activity increases as light irradiance increases on day 1 of cultivation, until 600 pmol
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2.s71, whereas at later growth stages the maximum photosynthetic activity

photon-m™
was observed at 100 pmol photon-m 2571, followed by a decline at higher irradiances.
This behavior can be interpreted as a photoprotective mechanism to limit light absorption
in growing cultures, thereby reducing the photon flux transduced into chemical energy
through the photosynthetic chain [28].

Unlike O, production (photosynthetic activity), O, consumption (respiratory activity)
showed an increasing trend, whatever the growth stage evaluated, day 1 or 3. Respiration is
one of the most important biological processes, even in oxygenic phototrophs that produce
NAD(P)H and ATP via photosynthesis [15]. However, the physiological interactions
between respiration and photosynthesis are not yet fully understood in photosynthetic
organisms [29], making it challenging to interpret the observed differences in respiratory
activity as light irradiance increases. In this study, the compensation point, the light
irradiance at which the rate of carbon fixation via photosynthesis equals the rate of carbon
release through respiration [30], was obtained between 600 and 900 pmol photon-m 2.5~
(Figure 4). Beyond the compensation point, photosynthetic rates generally increase, leading
to higher biomass productivity [31]. However, our results showed lower growth at this
range, indicating reduced culture viability.

Accordingly, the observed increase in O, consumption with increasing light irradiance
could be attributed to elevated oxidative pressure in cyanobacterial cells, corroborated
by the activation of the non-enzymatic system observed in this study (Figures 5-7). In
all aerobically living organisms, respiration is thought to be a source of ROS produced
inside the cells. In addition to ROS produced by respiratory machinery, photosynthetic
organisms are challenged by ROS generated by the photosynthetic electron transport
chain [32]. Light provides the energy necessary for NADPH and ATP generation, but
excessive photon flux can lead to photoinhibition, saturating primary electron acceptors
in the photosynthetic chain [33]. Similarly, the rate of oxygen consumption per volume
of aphotic mat in Microcoleus chthonoplastes increased at high irradiances, probably as a
consequence of increased rates of photosynthate exudation, stimulating respiration [34].

Considering that the cultures were exposed directly to the aforementioned light
irradiances without prior adaptation, the lowest photosynthetic activity recorded in the
culture exposed to 900 pmol photon'm~2-s~! would be justified by the collapse of PSII
reaction centers and, subsequently, photoinhibition, leading, therefore, to growth cessation
(Figure 2). The oxidative damage induced by excess light likely exceeded the capacity of
photoprotective mechanisms [35], increasing ROS production and partially explaining the
elevated O, consumption [32]. In addition, when light irradiance exceeds the capacity of the
photosynthetic electron flow, oxygen rather than ferredoxin can act as an electron acceptor,
producing superoxide anion via the Mehler reaction [36]. Compared to algae and higher
plants, cyanobacteria reduce a larger proportion of O, consuming 50% of photosynthetic
electrons instead of only 15% in plants [37]. Several additional mechanisms have also
been described to explain the increase in O, consumption in cyanobacteria exposed to
increasing light irradiances. As is the case with alternative oxidase (AOX), one of the
terminal oxidases of the plant mitochondrial electron transport chain. AOX acts as a safety
valve by transferring excessive electrons to oxygen, thereby preventing the generation of
harmful radicals, contributing to a decrease in O; levels within the cells [38,39]. In addition,
another light-dependent energy-dissipating mechanism in photosynthetic organisms is
photorespiration [40]. In microalgae, photorespiration oxidizes ribulose diphosphate to
lower intracellular oxygen levels, thereby reducing oxidative stress.

Although deeper analyses are required to confirm these hypotheses, the above-
mentioned mechanisms, schematically represented in Figure 8, may partly explain the
observed increase in O, consumption with increasing light irradiance. However, consider-
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ing that the physiological functions of respiration in association with photosynthesis have
not yet been fully understood in photosynthetic organisms [29], it becomes difficult to un-
derstand the variations in O, consumption obtained in this study and to hypothesize which
mechanisms are activated in a major proportion. The only clear evidence is that an excess
of NAD(P)H produced under high irradiance led to higher ROS production, which acts as a
signaling cascade to induce antioxidant biosynthesis [21,41]. These antioxidant molecules,
including carotenoids, dissipate excess energy, therefore reducing photooxidative damage.
Accordingly, the accumulation of target antioxidant molecules in this study increased in
the cultures exposed to moderate excess irradiance, as analyzed in the following section.

PHOTOOXIDATIVE

DAMAGE
CHLOROPHYLLS ANTIOXIDANTS
(photoacclimation) I (carotenoids, scytonemin)

-

H,0 ¢ 0, et

A

14 g .

J5°

<

= l&l? m
H 0, k= 4>
. = RESPIRATORY

ACTIVITY

PHOTOSYNTHETIC
Thylakoid membrane ACTIVITY

|

Figure 8. Proposed photoacclimation mechanism of Chroococcidiopsis sp. in response to increased
light irradiances. Symbols: orange color in frames represents oxidative stress (ROS generation) and
oxidative damage, green color in frames represents the proposed photoacclimation mechanism to
reduce oxidative pressure in the cells, solid arrows indicate evidence from our results, and discontinu-
ous arrows correspond to the suggested processes described in the literature for cyanobacteria under
increased light irradiance. Abbreviations: photosystem I (PSI), photosystem II (PSII), phycoerythrin
(PE), phycocyanin (PC), allophycocyanin (APC), reactive oxygen species (ROS), ferredoxin (Fd),
alternative oxidase (AOX).

4.2. Production of Antioxidant Molecules as a Function of Light Irradiance and Quality

Increasing red-light irradiance caused a decrease in the chlorophyll content in the
Chroococcidiopsis sp. cultures (Figure 5), evidencing the downregulation of chlorophyll
biosynthesis at high irradiance levels, as represented in Figure 8. Interestingly, the growth
rates of the cultures incubated under moderate to high irradiances (300 and 600 umol
photon-m~2.s~!) remained close to that of the control culture (only 8% lower), whereas
the cellular chlorophyll content noticeably decreased (by more than 30% compared to the
control culture). Consequently, an apparent reduction in chlorophyll antenna size with
increasing light irradiance is expected, thereby limiting the photon flux transduced into
chemical energy through the photosynthetic chain and reducing the oxidative pressure
generated [28]. Conversely, at the highest irradiances tested (900 pmol photon-m’z-s’l),
the large decrease in the chlorophyll concentration could be attributed to the decline in
metabolic activity derived from photosynthesis (photo)inhibition. This is supported by
the pronounced drop in photosynthetic activity (Figure 3). Photoinhibition arises from
excessive ROS production and its oxidative impact on the photosynthetic machinery, as
elegantly described by [42] in the classical short review entitled “Too many photons”.

Accordingly, the reduced chlorophyll content obtained in the cultures exposed to
high light irradiance would allow the production of extracts with a higher carotenoid-to-

https://doi.org/10.3390/pr14081301


https://doi.org/10.3390/pr14081301

Processes 2026, 14, 1301

13 of 17

chlorophyll ratio (Figure 6). This higher ratio highlights the antioxidant and photoprotective
role of carotenoids in mitigating photooxidative damage caused by excess irradiance.
Microalgae and cyanobacteria have developed additional protective strategies against
excess light referred to as “photoacclimation” mechanisms. These include alterations
in cellular pigmentation, typically manifested as a decrease in the chlorophyll content
and a concomitant increase in carotenoids [40]. Such acclimations have been described
in various microalgal species exposed to oversaturating light irradiances as a means of
minimizing non-photochemical quenching, thereby reducing photooxidative damage in
the chloroplasts by lowering the cellular light absorption capacity. This, in turn, limits the
excess electron flux through the photosynthetic electron transport chain, preventing an
increase in ROS production [28].

As red light induced higher photosynthetic activity (Figure 3), under increased red-
light irradiances, Chroococcidiopsis sp. might reduce the abundance of its primary light-
harvesting pigments, namely chlorophylls (Figure 5), probably to minimize both non-
photochemical and photochemical quenching-related photosynthesis damage derived from
excess light absorption [42]. Consequently, to reduce the photon flux transduced through
the photosynthetic chain, the cyanobacterium may downregulate chlorophyll biosynthesis,
as reported for Synechocystis sp. PCC6803 [43].

Conversely, an opposite trend was obtained for the time-dependent evolution of
carotenoids. The increase in the intracellular carotenoid content with increasing red-light
irradiance indicates enhanced carotenoid biosynthesis activity. Since the absorption spec-
trum of carotenoids does not overlap with the red-light emission range, most of the increase
in the carotenoid content is not expected to be directly associated with photosynthetic per-
formance. Consequently, this intracellular accumulation is hypothesized to be linked to the
antioxidant nature of carotenoids and their role in mitigating photooxidative damage [44].
This behavior has been previously described in microalgal cultures exposed to saturating
light irradiances [21,45]. The lowest carotenoid content obtained in the cultures exposed to
the highest light irradiance can again be attributed to growth cessation which is induced by
oversaturating light conditions. Accordingly, modulation of light irradiance variation can
be applied to regulate carotenoid production in Chroococcidiopsis, although the maximum
intracellular concentrations obtained in this study can be considered moderate compared
with those typically found in carotenoid-producing strains [46].

Overall, the results obtained for the extremotolerant cyanobacterium Chroococcid-
iopsis sp. may have practical applications for producing carotenoid-enriched extracts
with low chlorophyll content, suitable for the formulation of antioxidant-rich dietary
supplements [15]. Additionally, it has been described that Chroococcidiopsis produces an
exopolysaccharide (EPS) layer surrounding its cells, which promotes the formation of
cellular aggregates enabling the cyanobacterium to dissipate part of the incident light and
consequently reduce the oxidative damage [47]. Within this outermost EPS sheath, cells ac-
cumulate the UV-screening phenolic pigment scytonemin [19,48]. Scytonemin has received
increasing attention for its biochemical and ecological roles owing to UV-absorption and an-
tioxidant functions, and also for its anti-inflammatory and anti-proliferative properties [49].
Therefore, the observed increase in the scytonemin content with rising red-light irradiance
(Figure 7) is consistent with these protective strategies, enhancing the biotechnological
potential of Chroococcidiopsis sp. biomass.

This discussed adaptability of Chroococcidiopsis sp. when growing under high light
irradiance likely reflects its extremophilic nature, which enables this cyanobacterium to
thrive under the harsh environmental conditions of its natural habitat Photosynthetic
microorganisms inhabiting the Atacama Desert must therefore possess photosynthetic sys-
tems capable of coping with the extreme solar radiation. In this study the photoacclimation
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response of Chroococcidiopsis sp. is hypothesized to involve: (i) an intracellular decrease
in chlorophylls to reduce the photon flux density entering the photosynthetic electron
transport chain, and (ii) an increase in carotenoid and scytonemin accumulation serving
as a photoprotective mechanism to dissipate excess light energy in the cultures exposed
to high irradiance. Thus, the ability of this cyanobacterium to increase the content of an-
tioxidant compounds highlights its potential as a promising resource for biotechnological
applications, particularly in the development of compounds with photoprotective and
antioxidant properties. Additionally, the remarkable extremotolerance of Chroococcidiopsis
sp. highlights its potential as a model organism for space research, particularly for NASA
missions. Its ability to survive radiation, desiccation, and Mars-like conditions, together
with its role in oxygen production and carbon fixation, supports its use in developing
bioregenerative life support systems for future space exploration [50].

5. Conclusions

In the polyextremophilic cyanobacterium Chroococcidiopsis sp. red light is absorbed
more efficiently than white light, resulting in increased photosynthetic activity. Conse-
quently, red-light irradiance can be modulated to stimulate the growth of Chroococcidiopsis
sp. However, red-light irradiances equal to or greater than 900 umol photon-m~2-s~! lead
to photoinhibition and consequently to growth cessation. In this study, Chroococcidiopsis sp.
has been suggested to undergo photoacclimation as a mechanism to reduce light absorption
and dissipate excess energy, probably in response to photooxidative stress. This mechanism
involves a reduction in the total chlorophyll content—thereby limiting the photon flux
transduced into chemical energy through photosynthesis—and an increase in carotenoid
concentration, presumably as a photoprotective mechanism. Additionally, the intracellular
scytonemin content increases with irradiance, further contributing to the dissipation of
excess light energy. Overall, modulation of red-light irradiance in cultures of the extremo-
tolerant cyanobacterium Chroococcidiopsis sp. can be used to enhance both the biomass
productivity and the biosynthesis of antioxidant compounds of biotechnological interest.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/pr14081301/s1. Table S1. Effect of light irradiance and quality
on the growth of Chroococcidiopsis sp.; symbol C corresponds to the control culture. Table S2. Effect
of light irradiance and quality on the photosynthetic and respiratory activity of Chroococcidiopsis
sp.; symbol C corresponds to the control culture. Table S3. Effect of light irradiance and quality on
the photosynthetic to respiratory activity ratio of Chroococcidiopsis sp.; symbol C corresponds to the
control culture. Table S4. Effect of light irradiance and quality on the intracellular concentration of
chlorophylls and carotenoids of Chroococcidiopsis sp.; symbol C corresponds to the control culture.
Table S5. Effect of light irradiance and quality on the chlorophyll to carotenoid ratio of Chroococcidiopsis
sp.; symbol C corresponds to the control culture. Table S6. Effect of light irradiance and quality on
the intracellular concentration of scytonemin of Chroococcidiopsis sp.; symbol C corresponds to the
control culture.
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