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Abstract

Blue-green light is known to maximize the degree of fatty acid (FA)
unsaturation in microalgae. However, knowledge on the particular waveband
responsible for this stimulation of FA desaturation and its impact on the pig-
ment composition in microalgae remains limited. In this study, Acutodesmus
obliquus was cultivated for 96 h at 15°C with different light spectra
(380-700 nm, 470-700 nm, 520-700 nm, 600-700 nm, and dark controls).
Growth was monitored daily, and qualitative characterization of the microalgal
FA composition was achieved via gas chromatography coupled with electron
impact ionization mass spectrometry (GC-EI/MS). Additionally, a quantitative
analysis of microalgal pigments was performed using high-performance liquid
chromatography with diode array detection (HPLC-DAD). Spectra that included
wavelengths between 470 and 520 nm led to a significantly higher percentage
of the polyunsaturated fatty acids (PUFA) 18:3 and 16:4, compared to all other
light conditions. However, no significant differences between the red light culti-
vations and the heterotrophic dark controls were observed for the FA 18:3 and
16:4. These results indicate, that exclusively the blue-green light waveband
between 470 and 520 nm is responsible for a maximized FA unsaturation in
A. obliquus. Furthermore, the growth and production of pigments were impaired
if blue-green light (380-520 nm) was absent in the light spectrum. This knowl-
edge can contribute to achieving a suitable microalgal pigment and FA compo-
sition for industrial purposes and must be considered in spectrally selective
microalgae cultivation systems.
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INTRODUCTION

Microalgae are considered a promising source of prod-
ucts for the food and fuel industry (Adarme-Vega

Abbreviations: CDW, cell dry weight; DAD, diode array detector; El, electron
impact; FA, fatty acid; FAME, fatty acid methyl ester; GC, gas chromatography;
HPLC, high-performance liquid chromatography; IS, internal standard; MS,
mass spectrometry; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; rpm, rounds per minute; RT, retention time; SFA,
saturated fatty acids; SIM, selected ion monitoring.

et al.,, 2012; Ahmad et al., 2011; Rosch et al., 2019;
Schenk et al, 2008; Singh et al., 2011; Tang
et al., 2020). Compared to land-based crops, micro-
algae have several advantages, such as higher growth
rates, a lower water demand, and no requirement for
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arable land (Ho et al.,, 2014; Miranda et al., 2018).
Microalgal biomass can be used to produce green
biofuels (Anto et al., 2020). Different components of the
microalgal biomass are suitable for biogas production
via anaerobic digestion, whereas lipids can be used to
produce biodiesel (Chhandama et al., 2021; Zabed
et al., 2020). For the production of biodiesel, a higher
degree of fatty acid (FA) saturation is desirable
(Piligaev et al., 2015). Additionally, microalgae might
also serve as a production platform for valuable bioac-
tive compounds in food and feed production (Goiris
et al., 2012; Gong et al., 2011; Kusmayadi et al., 2021).
For instance, carotenoids such as astaxanthin, lutein,
and beta carotene are produced by microalgae and
have a high value as supplements in the food, feed,
and pharmaceutical industry (Gong et al., 2011; Vaz
et al., 2016). Primarily lutein is frequently found in sev-
eral microalgal species (Ho et al., 2014). Owing to its
color and antioxidative properties, it has many different
applications in the food, pharmaceutical, and cosmetic
industry (Sun et al., 2014). Another group of essential
components for the human diet, produced by micro-
algae, are specific FA (Behrens & Kyle, 1996). The
optimal FA composition is a decisive factor for the nutri-
tional value of food products. A high ratio of omega-3/
omega-6 FA is required for healthy nutrition, whereas a
lower omega-3/omega-6 ratio is supposedly associated
with adverse health effects (Fabiani et al., 2021;
Simopoulos, 2002). In western diets, high contents of
omega-6 FA are prevailing, which might be related to
several diseases of affluence, such as cardiovascular
diseases, cancer, and autoimmune diseases (Shanab
et al., 2018; Simopoulos, 2002). In contrast, higher
chained omega-3 FA, such as eicosapentaenoic acid
and docosahexaenoic acid, are important precursors of
hormones and can be protective against neurodegener-
ative diseases such as Alzheimer’s, Parkinson’s, and
multiple sclerosis disease (Shanab et al., 2018). These
higher chained polyunsaturated fatty acids (PUFA) are
biosynthesized from linoleic acid (18:2) and linolenic
acid (18:3) precursors. A relatively high content of
these FA can be found in fish oil (Shanab et al., 2018).
However, several adverse environmental effects are
related to the fishery industry (Blanco Gonzalez
et al, 2017; Worm et al.,, 2006). Therefore, novel
approaches for the production of PUFA are required.
The use of microalgae for PUFA production is
viewed as a greener alternative in the food industry
(Adarme-Vega et al., 2012). Furthermore, the metabo-
lism of microalgae can be influenced by cultivation
parameters (Aussant et al, 2018; EI-Sheekh
et al., 2012; Hultberg et al., 2014). This, in turn, may be
used for the targeted production of specific FA and
other valuable compounds (Abomohra et al., 2013;
Abomohra & Almutairi, 2020; EI-Sheekh et al., 2012).
For example, phytohormones and the pretreatment of
microalgae with low-dose atmospheric plasma can

increase growth and FA production (Almarashi
et al., 2020; Esakkimuthu et al., 2020). It is also well-
known that the cultivation temperature greatly impacts
the FA composition of microalgae, whereby lower culti-
vation temperatures are related to a higher PUFA con-
centration and a higher degree of FA unsaturation
(Degraeve-Guilbault et al., 2021; Patterson, 1970).
Another abiotic parameter that impacts the FA compo-
sition is the intensity and spectral composition of light
(Hultberg et al., 2014; Nzayisenga et al., 2020; Shu
et al., 2012). A recent study showed that different light
intensities strongly impact the PUFA and pigment com-
position in the microalga Chlorella sorokiniana
(Krimech et al., 2022). Moreover, blue and green light
can influence FA composition and content in micro-
algae (Hultberg et al., 2014; Shu et al., 2012). This
coincides with a higher observed content of photosyn-
thetic pigments and xanthophylls upon blue light treat-
ment (Fu et al.,, 2013; Ho et al., 2014; Sharmila
et al., 2018). Furthermore, it was postulated that a max-
imum FA unsaturation in microalgae requires blue or
blue-green light (Helamieh et al., 2021; Poliner et al.,
2021). However, the detailed activating waveband was
only roughly estimated between 450 and 550 nm
(Helamieh et al., 2021). Although the underlying cause
is unclear, it is assumed that the higher degree of FA
desaturation upon blue-green light treatment might be
caused by a rearrangement of the thylakoid system of
the microalgal chloroplasts, which contain high percent-
ages of highly unsaturated FA (Helamieh et al., 2021;
Hugly & Somerville, 1992; Hultberg et al., 2014). If this
is the case, the increase of highly unsaturated FA
should be coupled with increased photosynthetic pig-
ments. Besides the effects of blue light, the impact of
red light on many metabolic processes and the FA
composition in eukaryotic microalgae is not yet well
understood (Helamieh et al., 2021; Poliner et al., 2021).

In addition to the fundamental scientific interest in a
detailed understanding of the spectral impact on
microalgal metabolism, this knowledge can be practi-
cally applied in photovoltaic-photosynthesis hybrid
systems. These systems combine spectrally selective
solar cells with photobioreactors to concomitantly har-
vest sunlight to produce microalgal biomass and elec-
tricity in one comprehensive system. For example, a
recently developed, germanium-based semitranspar-
ent solar cell enables a high transmission of specific
wavebands and can be spectrally adjusted, depending
on the layer thickness (Osterthun, Neugebohrn,
et al., 2021). Thus, detailed knowledge of the stimulat-
ing light waveband is required to adjust the transmis-
sion of the photovoltaic to the microalgal demands
accordingly. Besides producing electricity and bio-
mass in these systems, selected light wavelengths
might modulate microalgal metabolism to produce a
desirable FA and pigment composition for biofuel,
food, and feed applications.
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To close this knowledge gap, the impact of different
light spectra on the growth, FA, and pigment composi-
tion of the microalga Acutodesmus obliquus was stud-
ied. The respective light spectra were chosen to
identify the stimulating light wavebands that trigger a
high degree of unsaturation and pigment production in
microalgae. Biomass production of A. obliquus was
assessed, and qualitative characterization of the FA
profiles was analyzed by gas chromatography coupled
with electron impact ionization mass spectrometry
(GC-EI/MS). Additionally, the pigment composition was
determined by high-performance liquid chromatography
with diode array detection (HPLC-DAD).

MATERIAL AND METHODS
Microalgae preparation

The microalga strain A. obliquus (syn. Scenedesmus
obliquus; Tetradesmus obliquus) (No. U169) from the
Microalgae and Zygnematophyceae Collection Ham-
burg (MZCH, previously SVCK) of the University of
Hamburg was used (von Schwartzenberg et al., 2013).
The cultivation medium was composed of Flory Basis
Fertilizer 1 (Euflor, Germany) and KNOj; (Fisher Scien-
tific, Germany). The pH was adjusted at 7.0 using HCI
(Fisher Scientific, Germany) and NaOH (Fisher Scien-
tific, Germany). To study heterotrophic growth, 2 g L™’
of glucose (Sigma-Aldrich, Taufkirchen, Germany) was
added in the heterotrophic dark control. The determina-
tion of cell dry weight (CDW) was done gravimetrically.
Microalgae inoculum was obtained in a pre-culture in
1 L Schott flasks at 25°C and a constant photon flux
density of 150 ymol m~2 s~ emitted by a Sylvania T9
circline 32 W fluorescent tube with a white light spec-
trum. A CO,-enriched air (5% v/v) was used for the aer-
ation of the pre-culture. A magnetic stirrer constantly
homogenized the microalgae suspension at 200 rpm
stirring speed. In order to obtain a factor to convert opti-
cal density into dry weight, a defined volume,
depending on the optical density, of algae suspension
was taken from each pre-culture and four dilution steps
of the sample were prepared. The dilutions were filtered
and subsequently dried at 80°C for 24 h. It was previ-
ously tested that a constant weight was reached after
3-8 h. In parallel, a subsample of each dilution was
used to measure the optical density at 750 nm(OD-s5p).
A conversion factor was calculated from the linear cor-
relation between OD;5o and dry weight.

Cultivation unit
Microalgae were cultivated as a batch in bubble column

reactors. For that purpose, glass tubes of a length of
490 mm and a diameter of 40 mm each holding a

volume of 350 ml, were used. Twelve glass tubes were
submerged into an optical transparent acrylic glass
water bath in black acrylic brackets. These brackets
kept the tubes vertically and prevented ambient light
from reaching the back and the sides of the tubes.
All tubes were exclusively irradiated from the front side
of the water bath with metal halide lamps (Philips
MSR HR CT, 575 W), with a sun-like light spectrum
(Figure 1a) (Helamieh et al., 2021; Osterthun,
Helamieh, et al., 2021). The metal halide lamps gener-
ated the applied white light spectrum (380—700 nm). Al
wavelengths below 380 nm emitted by the metal halide
lamps were absorbed by the acrylic glass water bath.
For all other spectra, the optical filter foils “light red,”
“deep straw,” and “medium yellow” (LEE-Filters,
England) were used in combination with the metal
halide lamps. These optical filters were fixed to the
outer front side of the water bath. The resulting light
spectra are further referred to as “red light” (600—
700 nm), “orange light” (520—700 nm), and “yellow
light” (470-700 nm) (Figure 1b—d). All spectra were
measured and adjusted to the same photon flux density
for each experiment (Table 1). Absolute photon fluxes
were determined by a UV-Vis spectrometer (BLACK-
Comet, StellarNET, Tampa, USA) within a range of
400-700 nm. Additionally, one section of the front side
was shaded with aluminum foil for the dark control
samples.

Test conditions

Pre-cultures were diluted to an OD;s9 of 0.5 for each
experiment, measured with a UV/VIS spectrometer
(Pharmacia LKB Ultrospec lll). All cultivation experiments
were started by using a volume of 350 ml of microalgae
suspension. The growth was monitored via the ODz5q,
which was measured directly after sampling (Admirasari
et al., 2022; Helamieh et al., 2021; Osterthun, Helamieh,
et al., 2021; Reymann et al., 2020). The CDW was deter-
mined via the linear correlation between OD,55 and CDW
as established by the measurements.

CDW=0.873 x OD750 —0.156

All experiments were performed as batch experiments
for 96 h, with triplicates for each test condition in two
experiments. The microalgae were irradiated constantly
with a photon flux density of 195 + 20 pmol m 2 s~ in
experiment 1 and 209 + 24 ymolm~2 s~ in experi-
ment 2 for all light spectra, respectively (Table 1). The
dark control was cultivated in the absence of light. In
one dark control, 1 gL~ of glucose was added at the
start to compensate for the absence of light and enable
a heterotrophic microalgal growth. In previous tests,
under similar conditions, it was observed that glucose
was depleted after 72 h of cultivation. Therefore, 1g L~
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FIGURE 1 The light spectrum of the MSR 575 HR CT metal halide lamp. Unfiltered (white light) (a); in combination with the optical foils:
medium yellow (yellow light) (b); deep straw (orange light) (c), and light red (red light) (d) (Lee filters, England). The relative emission spectra
(JA,rel in counts) were determined by a UV—-vis spectrometer (Black-comet, StellarNET, Tampa, USA) within a range of A = 300-800 nm

(integration time = 10 ms)

TABLE 1 Test conditions during the different experiments

Experiment Light conditions White light Yellow light Orange light Red light Repeated
1 Photon flux [umol m=2 s~ "] 188 + 11 195 + 20 195+ 10 184 + 10 2x
Exp. Light conditions White light Dark control Dark + GLc Red light Repeated
2 Photon flux [pmol m™2 s~ "] 209 + 24 0 0 210 + 1 3x

Note: The temperatures and the estimated accuracies of measurement. Values for the photon fluxes represent the means + standard deviation of triplicates.

of glucose was added at 72 h upon cultivation started.
These dark controls were used to observe if red light
impacts the FA and pigment composition. A detailed
description of all conditions is summarized in Table 1.
The bubble column reactors were aerated and mixed
by humidified and CO»-enriched air (5% v/v) at an air-
flow of 0.2 L min~". The temperature in the water bath
was kept at 15° + 0.5°C by a chiller (AD15R-30, VWR,
Pennsylvania, USA) in all experiments to enable a
maximum of unsaturated FA. Samples for the FA analy-
sis were taken from the pre-culture. After the cultivation
was started, 3—20 ml (depending on the biomass con-
centration) samples were taken after 24 h and 96 h of

cultivation for FA and pigment analysis and subse-
quently stored at —80°C prior to analysis. The FA com-
positions of samples taken after 24 h and 96 h of
cultivation were subsequently analyzed by GC-EI/MS.
Additionally, the pigment composition of the samples
taken after 96 h of cultivation was analyzed by
HPLC-DAD.

Fatty acid analysis

Details of the analytical method can be found else-
where (Helamieh et al., 2021).
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FA extraction: The frozen samples were thawed and
0.0025 g CDW was used for the FA-extractions. 20 pmol
heptadecanoic acid (Sigma Aldrich, Taufkirchen,
Germany) dissolved in hexane was used as internal stan-
dard (IS). A modified Folch extraction was employed to
extract the FA (Ichihara & Fukubayashi, 2010; Reich
et al., 2012, 2013). The solvents of the extraction were
evaporated under a constant and gentle stream of nitro-
gen and the transesterification was done according to
(Helamieh et al., 2021).

Instrumental conditions (GC): The samples were
analyzed according to (Helamieh et al., 2021).

GC/EI-MS was performed with a Thermo Scientific™
ISQ™ 7000 Single Quadrupole GC-MS system. The
samples (1 pl) were injected with a sampler and the injec-
tor was operated in splitless mode and kept at 260°C. To
separate the target compounds, a TRACE™ TR FAME
fused silica capillary column (0.25 mm, 0.25 pm x 30 m)
with helium as carrier gas was used with a constant pres-
sure of 100 kPa, with a flow rate of 1.5 mI min~'. The
oven temperature was set to start at 60°C, plateau for
1 min, followed by a ramp rate of 6.5°C min~" until the
final temperature of 260°C was reached and then held for
8 min. The electron energy was 70 eV. The ion source
was set to 270°C and the mass range of m/z 60—400 was
recorded in the full scan mode. Fragment ions included
miz 74, miz 79, miz 81, and m/z 87 for the fatty acid
methyl ester (FAME) detected during the measurement in
the GC/EI-MS selected ion monitoring (SIM) mode.

Pigment analysis

The microalgal pigments were analyzed by HPLC
according to (van Heukelem & Thomas, 2001). A HPLC
Ultimate 3000 (Thermo Fisher) equipped with a DAD-
3000 diode array detector, an FLD-3400RS fluores-
cence detector, a pre-column (Eclipse XDB-C8 Grd
Crtds 4.6 x 12.5), and a separation column (Eclipse
XDB-C8 3.5u 4.6 x 150) were used for the analysis of
pigments. Spectra were recorded with a wavelength
range of 380—-800 nm. Separation was done isocratic,
whereby solvent A (70:30 Methanol: 28 mM Tetra-
butylammonium acetate, pH 6.5) and solvent B (100%
Methanol) were added linearly with a flow-rate of
1.1 mlmin~", from 5% to 95% within 22 min. The col-
umn oven temperature (TCC-3000SD) was set at 60°C.

Data evaluation and statistical analyses

The mass spectra and the RT were used for the qual-
itative analysis of the separated FAME. The data
obtained from the SIM mode measurement were
used to set the peak area ratios (sum of the four
recorded m/z values) of the identified FAME into rela-
tion with the respective area of the I1S. Heptadecanoic

AOCS&_WILEYL 2

acid was used as IS. Finally, the proportion of each
FA (in %) was calculated. All samples were taken in
triplicates. The mean values + standard error were
calculated. Experiment 1 was repeated three times,
and experiment 2 was repeated twice for the biomass
production and FA analysis. The pigment analysis
was repeated twice for experiment 1 (Table 4) and
once for experiment 2 (Table 5). Statistical analyses
were carried out using RStudio (version 1.2.5033),
and the programming language R (version 3.6.2).
Data import, visualization, and analysis were
supported using the tidyverse, ggpubr, and rstatix
packages. To examine whether the observed effects
are statistically significant, a One-way ANOVA with
Tukey post hoc test was performed.

RESULTS
Growth of A. obliquus

The produced biomass of A. obliquus, cultivated under
all light conditions, was compared in two experiments. In
experiment 1, the CDW reached a maximum value of
1.4 g L~ for the white light treated samples after 96 h of
cultivation. However, the maximum CDW of the red light
treated samples reached a slightly but significantly lower
value during the same cultivation time (Figure 2a). In the
dark control, to which glucose was added to partially
compensate for a decreased synthesis in the absence
of light, a CDW of 1 g L~" was reached after 96 h. No
biomass increase was observed in the absence of light
without glucose (Figure 2a). In experiment 2, the red
light treated approaches reached a significantly lower
maximum CDW, compared to all other tested spectral
approaches, accordingly (Figure 2b).

Impact of the light conditions on the fatty
acid composition

In this study, 15 FA were identified in A. obliquus (see
supplementary). The main variations were observed in
the FA 16:1, 16:2, 16:3, 16:4, 18:1, 18:2, and 18:3.
Therefore, the focus was set on these FA.

It was found that the tested light conditions had a sig-
nificant effect on the FA composition of A. obliquus
(Figure 3, Tables 2, and 3). In experiment 1, the highest
relative percentages of the FA 164 and 18:3 were
observed upon cultivation with white light, compared to all
other conditions. The dark controls and red light treated
cultivations reached a significantly lower percentage of
16:4 and 18:3 at the same time (Figure 3a and b). In
experiment 2, the highest relative percentages of the FA
16:4, and 18:3 were observed upon cultivation with white
light and yellow light, compared to the red light and orange
light treated approaches (Table 3, Figure 3a and b).
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FIGURE 2 Biomass production of A. obliquus exposed to (a) white light (380—700 nm), red light (600—700 nm), dark controls with, and
without 2 gL~ glucose (experiment 1), and (b) white light (380-700 nm), yellow light (470—-700 nm), orange light (520-700 nm), and red light
(600-700 nm) (experiment 2). Both experiments were done at 210 pmol m~2 s~ (if light was applied) and 15°C temperature. The cell dry weight
(CDW) was determined by a correlation with the optical density at 750 nm. Values represent means and standard errors. Experiment 1 was
repeated three times and experiment 2 was repeated two times. Different superscript letters (A—D) mean significant differences between

groups (p < 0.05)
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FIGURE 3 Relative percentage of the fatty acids 16:4 and 18:3 in A. obliquus exposed to (a) white light (380—700 nm), red light (600—

700 nm), dark controls with, and without 2 gL~ glucose (experiment 1), and (b) white light (380-700 nm), yellow light (470-700 nm), orange light
(520-700 nm), and red light (600—700 nm) (experiment 2). Both experiments were done at 210 pmol m~2 s~ (if light was applied) and 15°C
temperature. The measurement of fatty acid were carried using GS-MS. all values shown are the means + standard errors of two (experiment 1)
and three independent experiments (experiment 2). Data were analyzed by using one-way ANOVA, followed by Tukey’s multiple comparison
test. Different superscript letters (A—C) mean significant differences between groups (p < 0.05)

Notably, no significant differences could be observed
between the white light and yellow light treated
cultivations, as well as between the red and orange
light treated groups (Figure 3a and b). Furthermore,
no significant differences were observed between
the red light treated samples and the heterotrophic
dark control samples (Figure 3a). No significant
impact of the light conditions on the relative percent-
age of 18:4 in A. obliquus was observed (data
not shown). Additionally, the percentage of 16:1

increased considerably after adding glucose in the
absence of light (Table 2).

Impact of the light conditions on the
pigment concentration

In the pigment analysis, two photosynthetic pigments
(chlorophyll a and chlorophyll b) and four xanthophylls
(lutein, violaxanthin, neoxanthin, and beta carotene)
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TABLE 2 Fatty acids. Results of the fatty acid analysis of experiment 1. The analysis was repeated three

16:1 [%] 16:2 [%] 16:3 [%] 16:4 [%] 18:1 [%]
w 1.4 +0.1°° 0.1+0.1° 2.3+0.1° 15.2 +0.42 23+0.1°
D 2.04+0.2° 0.4+0.1° 4.8+0.3° 10.1 £ 0.8° 4.8+0.2°
D + Glc 48+0.1° 0.7 +£0.12 3.7+0.1° 117 £ 0.2° 48+0.1°
R 1.3+0.1° 0.3+0.1° 4.5+ 0.1 11.6 + 0.2° 4.8+0.3°

18:2 [%] 18:3 [%] SFA [%] MUFA [%] PUFA [%]
w 17 +0.1° 36.8 +0.92 37.7+£0.1 3.7+0.1° 58.6 +0.92
D 74 +042 252 4+ 1.5° 43.0+ 1.0 6.8+0.2° 50.2 + 1.0°
D + Glc 5.7 +0.1° 28.67 + 0.3%¢ 37.8+0.3 9.5+0.12 52.6 + 0.13°
R 5.5+ 0.1° 31.2+0.3° 38.0 £ 0.1 6.1+0.2° 55.9 + 0.3

Note: Values represent the means + standard errors. W, white light; D, dark control; D + Glc, dark with additional glucose. The isomers (c/t) of 16:1 were summed
up. Different superscript letters (a—c) mean significant differences between groups (P < 0.05).

TABLE 3 Fatty acids. Results of the fatty acid analysis of experiment 2

16:1 [%] 16:2 [%] 16:3 [%] 16:4 [%] 18:1 [%]
w 1.3+0.1 0.1+0.1° 2.440.1° 14.1+0.12 24+0.1°
Y 1.1+£01 0.2+0.1° 3.14+02° 13.4 +0.1° 28+0.1°
0 12 +0.1 0.4 +0.12 4.7 +0.1° 10.7 £ 0.1° 4.8 +0.3°
R 13+01 0.4 +0.1° 4.9+0.12 104 + 0.2° 52+ 0.2°

18:2 [%] 18:3 [%] SFA [%] MUFA [%] PUFA [%]
w 1.8+ 0.1 35.1+£0.3% 405+ 0.2 3.7+0.1° 55.8 +0.2
Y 29+0.1° 35.4 + 042 384405 40+0.1° 57.7+04
0 57+ 0.1° 30.1+0.2° 39.8+04 6.0 +£0.2° 542+0.2
R 6.4 + 0.1° 29.1 +0.5° 39.6 + 0.6 6.5+ 0.12 53.9 + 0.4

Note: The analysis was repeated two times. Values represent the means =+ standard errors. W, white light; R, red light; O, orange light; Y, yellow light. The isomers
(c/t) of 16:1 were summed up. Different superscript letters (a—d) mean significant differences between groups (P < 0.05).

TABLE 4 Results of the pigment analysis of experiment 1

Chlapgg™ Chibpgg™ Lutein pg g~ Viopg g™ Neopg g™’ Betapg g™’
cbw cbhw cbhw cbw chw Ccbw
w 18,003 + 2099 5345 + 579 1594 + 250 300 + 45 857 + 119 855 + 141
D 14,049 + 404 4345 + 164 975 + 135 219 + 32 769 + 73 372 + 83
D + Glc 6720 + 679 2249 + 249 449 + 35 85+ 11 390 + 36 132 £ 2
R 15,646 + 5408 4549 + 1620 1188 + 356 250 + 80 805 + 260 651 + 87

Note: The analysis was performed once. Values represent means of triplicates + standard deviation. Chl a, Chlorophyll-a; Chl b, Chlorophyll-b; Vio, Violaxanthin;
neo, Neoxanthin, beta, Beta carotene; W, white light; D, dark control; D + Glc, dark with additional glucose; R, red light; O, orange light; Y, yellow light.

were identified in A. obliquus (Tables 4 and 5). The pig-
ment composition in A. obliquus is explained in detail
for experiment 2. Under white light treatment in experi-
ment 2 the photosynthetic pigment, chlorophyll-a, was
identified in concentrations of 14,939 + 332 pg g™’
CDW. The second porphyrin pigment, chlorophyll b,
was identified in concentrations of 5794 + 309 pg g™’
CDW. Lutein was found in concentrations of
1529 + 58 ug g~ ' CDW. It is known that A. obliquus is
a lutein-rich microalga (Ho et al., 2014). Furthermore,
the xanthophylls violaxanthin, neoxanthin, and beta
carotene were identified in amounts of 269 + 31 pg g™’
CDW, 907 + 78 uygg~ ' CDW, and 428 + 18 ugg’

CDW, respectively (Table 5). A similar pigment compo-
sition was also observed in experiment 1 (Table 4).
Similar to the results received for the FA, a strong
impact of the light spectrum on the pigment concentra-
tion was observed. The concentration decreased suc-
cessively with the decreasing share of blue light in the
yellow, orange, and red light spectra, respectively
(Table 5, Figure 1). Under red light conditions, only
47.1% of the lutein concentration was found, compared
to white light conditions (Table 5). The same tendency
was also observed for the pigments chlorophyll a,
violaxanthin, neoxanthin, and beta carotene (Table 4).
A similar effect was also observed in the pigment data
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TABLE 5 Results of the pigment analysis of experiment 2
Chlapgg™ Chibpgg™ Lutein pg g’ Viopgg™’ Neopgg™ Betapgg™’
cbw cbhw cCbw cbw cbhw chw
w 14,939 + 332 5794 + 309 1529 + 58 269 + 31 907 £ 78 428 + 18
Y 10,490 + 2085 4265 + 520 1034 + 216 188 + 46 603 + 170 326 + 100
(0] 7910 + 1835 3435 + 251 747 + 157 132 + 28 464 + 119 207 + 64
R 8355 + 2572 5090 + 1082 721 £ 189 133 £33 541 + 161 163 + 44

Note: The analysis was repeated two times for the samples of experiment 2. Values represent the means + standard error in the experiment. Chl a, Chlorophyll-a;
Chl b, Chlorophyll-b; Vio, Violaxanthin; neo, Neoxanthin, beta, Beta carotene; W, white light; D, dark control; D + Glc, dark with additional glucose; R, red light; O,

orange light; Y, yellow light, CDW, cell dry weight.

of experiment 1. The highest concentrations were
observed for the white light cultivation, compared to the
red light and dark treatments (Table 4).

DISCUSSION

In this study, A. obliquus was cultivated at 15°C under
different light conditions. The low temperature was cho-
sen to maximize the FA-unsaturation. Microalgae raise
the PUFA content with lowered environmental tem-
peratures to maintain the fluidity of cell membranes
(Degraeve-Guilbault et al., 2021; Patterson, 1970). How-
ever, the used cultivation temperature is lower than the
optimum temperature of this species, which is around
30°C (Hindersin et al., 2012). Therefore, the biomass
production was lower than in previous studies with the
same strain, which were performed around the optimum
temperature of this species (Admirasari et al., 2022;
Helamieh et al., 2021; Reymann et al., 2020). In addi-
tion, the growth under monochromatic red light was sig-
nificantly lower compared to all other tested light spectra
(Figure 2). This finding is also supported by a recent
study on the same algae strain. It was shown that wave-
lengths below 500 nm combined with red light (600—
700 nm) lead to higher photosynthetic efficiency and
growth in A. obliquus, compared to monochromatic red
light (600—700 nm) (Osterthun, Helamieh, et al., 2021).

The FA composition is in accordance with several
published data on the same microalgal strain
(Abomohra et al., 2013; Helamieh et al., 2021). How-
ever, due to the lower cultivation temperature, a higher
relative percentage of PUFA, such as 18:3 and 16:4
was observed in this study. The relative percentage of
the PUFA 18:3 and 16:4 reached up to 36.8%, and
15.2% of the relative FA percentage under white light
conditions (Table 2, Figure 3).

This study observed a significant impact on the FA
composition (Figure 3, Tables 2 and 3). We have
already postulated that light wavelengths between
450 and 550 nm are required for maximum FA
unsaturation in A. obliquus (Helamieh et al., 2021). This
was confirmed in the present study. Moreover, this
study’s results can contribute to localizing the required
waveband with a higher spectral resolution. The

highest percentages of the PUFA 16:4 and 18:3 were
observed upon white light (380—700 nm) and yellow
light (470-700 nm) treatments, whereas red light (600—
700 nm), orange light (520-700 nm), and dark treated
samples reached significantly lower values in all experi-
ments (Figure 3a and b). The highest percentage of
16:4 and 18:3 were found upon white and yellow light
treatment. Both light spectra share the wavelength
range between 470 and 520 nm. Based on these data,
it can be concluded that this 50 nm broad waveband is
relevant for the FA unsaturation in A. obliquus.

Accordingly, the red light and orange light treated
group, as well as the dark controls, showed the lowest
percentage of 16:4 and 18:3. No significant differences
could be observed between the red and orange light
treated cultivations (Figure 3a and b). Additionally, no
significant differences were observed between the red
light treated samples and the heterotrophic dark control
samples (Figure 3a). Therefore, no impact of the wave-
lengths between 520 and 700 nm (contained in orange
and red light) on the FA desaturation was found.

The elevation of the FA16:1 in the heterotrophic
dark treated samples is remarkable, even though no
immediate explanation for it can be found in the litera-
ture. In addition, different from (Helamieh et al., 2021),
no impact of the light conditions on the relative percent-
age of 18:4 in A. obliquus was observed (data not
shown).

The photosynthetic pigments were identified in pro-
portions and concentrations that are typical for
A. obliquus (Admirasari et al., 2022; Ho et al., 2014;
Wiltshire et al., 2000). Previous work showed that
exposure to specific light spectra is decisive for the pro-
duction of pigments in microalgae (Chainapong
et al.,, 2012; Ho et al., 2014). Our results confirm that
the light conditions strongly impact the pigment compo-
sition. A stable tendency was observed for the caroten-
oid, lutein. The highest concentration was detected
under white light treatment. A higher concentration of
pigments in microalgae upon white light exposition was
already observed (Ho et al., 2014). We assume, that
similar to the FA data, the blue light component in the
white light spectrum is decisive for the maximum pig-
ment production (Figure 1). Blue light is associated with
the synthesis of chlorophyll-a and is additionally involved
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in rearrangements of chloroplasts (Sanchez-Saavedra &
Voltolina, 2002). The carotenoids and xanthophylls have
their absorption maximum in the waveband between
400 and 500 nm (Peterman et al., 1997). The impact of
the applied spectra on the pigment concentrations
shows similar patterns to the described blue-green light
effect on the FA unsaturation. Though different from the
FA composition, the concentrations of the pigments
decrease successively, rather than abruptly, with the
decreasing blue light content in the spectra (Tables 2-5,
Figure 1, Figure 3).

Blue-green light effects on the metabolism
of A. obliquus

The results show that blue-green light has an important
function in the metabolism of A. obliquus: The growth
under red light was reduced compared to all other tested
light spectra. It was reported that supplementation of blue
light could substantially improve the growth of A. obliquus
compared to monochromatic red light (Osterthun,
Helamieh, et al., 2021). Although the physiological reason
for this finding is not apparent, we assume that blue light
has vital functions in the metabolism required for high bio-
mass production. However, several functions of blue light
in organisms are already known in literature and can give
some insights into putative mechanisms behind the find-
ing. For instance, it is already known that the cell division
of microalgae is regulated via blue light (Minzner &
Voigt, 1992). Furthermore, blue light is essential for the
entrainment of the circadian clock in many organisms
(Hajdu et al., 2018; Li et al., 2016).

If the spectrum contained blue light, not only the
CDW but also the concentration of the carotenoids and
chlorophyll a in A. obliquus reached higher values com-
pared to the treatment with monochromatic red light
(Tables 4 and 5). Furthermore, also the FA metabolism
is impacted by blue-green light. Only if light with wave-
lengths between 470 and 520 nm was applied, a signifi-
cantly higher percentage of the FA 16:4 and 18:3 was
observed compared to all other light treatments
(Figure 3). Moreover, the higher concentration of pig-
ments upon blue-green appears to be paralleling with
the increase of FA unsaturation. Both effects are
putatively related to rearrangement processes in the
chloroplasts (Ho et al.,, 2014; Séanchez-Saavedra &
Voltolina, 2002). Higher unsaturated FA can be found
in thylakoid membranes of chloroplasts in high percent-
ages (Hugly & Somerville, 1992; Hultberg et al., 2014;
Poliner et al., 2021). Therefore, this part of the light
spectrum might increase the thylakoid membrane sys-
tems, with a concomitant elevation of pigments and
specific PUFA in A. obliquus.

Blue light is also involved in posttranscriptional acti-
vations of different enzymes. For example, in the green
microalga Monoraphidium braunii, the import of nitrate

and the nitrate reductase is activated by blue light
(Aparicio et al., 1976; Aparicio & Quifiones, 1991; Qui-
flones & Aparicio, 1990). Recently, a blue light-driven
decarboxylation of FA to alkanes in Chlorella variabilis
was reported (Huijbers et al., 2018). It was suggested
that this spectrally selective photoactivation of the
decarboxylase could be harnessed for the enzymatic
production of biodiesel. Another group of light-
dependent enzymes are FA desaturases. It is well
known that these enzymes in plants and microorgan-
isms are activated by environmental cues, such as light
(Kis et al., 1998). In A. obliquus and the stramenopile
microalga Nannochloropsis oceanica, this activation of
FA desaturases is assumed to be triggered by blue-
green light exclusively (Helamieh et al., 2021; Poliner
et al., 2021). This study on A. obliquus also supports
this assumption. Moreover, the responsible part of the
light spectrum was further localized and narrowed
down to a 50 nm broad waveband between 470 nm
and 520 nm.

SUMMARY AND OUTLOOK

The variety of blue light effects on the metabolism of
A. obliguus and the important function for FA
desaturation shows the need for further research. Many
light perceiving processes in organisms are highly con-
served in the evolution of life. Therefore, it might be
interesting to elucidate if the requirement of blue light
for FA unsaturation is a widespread effect in plants and
microalgae. Besides the basic scientific research, this
knowledge can be used for industrial applications. For
example, the selective illumination with supplementa-
tion of blue-green light can be harnessed for a maxi-
mized production of PUFA and bioactive compounds,
such as lutein in microalgae. This is especially desir-
able for microalgal feed and food products. Vice versa,
the relative percentage of PUFA can be reduced for the
production of biofuels from microalgal FA, applying
a spectrally selective illumination that lacks the
waveband between 470 and 520 nm. One technical
application of this knowledge is possible in photovol-
taic-photosynthesis hybrid systems.

This study evaluated the impact of different light
spectra on the growth, FA composition, and pigment
concentration of A. obliquus. We were able to show that
blue-green light (380-520 nm) is crucial for a maxi-
mized production of pigments and a high percentage of
the PUFA 16:4 and 18:3. Especially, the narrow light
waveband between 470 and 520 nm is important for a
high degree of FA unsaturation. Therefore, the impor-
tance of blue-green light should be taken into account
in spectrally selective illumination microalgae cultiva-
tion systems. This knowledge might be the base for a
light stimulated production of microalgal pigments and
specific FA for the food and biofuel production.
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