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Peculiar proteome of dark-
cultivated Euglena gracilis
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Euglena gracilis is a flagellate photosynthetic microalga that, thanks to its metabolic adaptability,
can grow under both autotrophic and heterotrophic conditions. This adaptability makes euglena an
interesting species for applied biotechnology. We focused on the proteome of E. gracilis cultivated in
Cramer-Myers medium (supplemented with ethanol) in dark and light conditions. Cultures grown in
the light showed a characteristic green coloration, while cultures incubated in the dark were bright
yellow. When cultured in the dark, microalga showed reduced concentration of chlorophylls (a, b, and
total) and carotenoids compared to cells cultured in the light. Conversely, there was an increase in
proline content in the dark compared to light cultivation. Using proteomic approach, we revealed 162
differentially accumulated proteins in light- and dark-grown cells classified into 12 functional groups.
Notably, alterations in the metabolism of fatty acids and amino acids, secondary metabolism, and
accumulation of stress- and detoxification-related proteins in microalgal cells cultivated in darkness
with ethanol as a carbon source may help euglena adapt to these conditions. Based on our results and
literature, we hypothesize that vitamin B12 potentially plays an important role in light/dark metabolic
switch, similarly as in bacteria.
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The phylum Euglenozoa represents a widely branched group of unicellular eukaryotic protists'. The order
Euglenida includes a species-rich group of individually living flagellates characterized by diverse and even
unique properties. Among the characteristic features of these protists is the presence of a pellicle composed
of parallel protein bands and microtubules, which are located under the cytoplasmic membrane. They ensure
cellular plasticity during movement. Type species Euglena gracilis (thereupon euglena) is one of the most highly
studied eukaryotes because of the ease it can be cultured and its high potential for biotechnology?.

Inside the cytosol, euglena has a photosensitive receptor—stigma (eyespot) containing derivatives of B-
carotene and other carotenoid pigments, which filter light and concentrate it on the paraflagellar body while
participating in phototaxis. It reacts to the direction and intensity of light using a photoreceptor located inside the
dorsal flagellum’. The adaptability of the metabolism allows it to grow in different cultivation conditions, such as
autotrophy (using sunlight), heterotrophy (using an external carbon source), and mixotrophy (combining both
modes)*. Euglena is metabolically versatile thanks to its genome, encoding numerous enzymes and enabling it
to utilize various organic compounds as a source of carbon and energy. Most of metabolically active enzymes are
regulated post-transcriptionally, allowing cells to adapt quickly to environmental changes?°.

Euglena cells change their shape in response to different nutrition and growth conditions. In light-
adapted cells, mitochondria are more randomly distributed in the cytosol, with a tendency to localize near
the plastids, which may be related to local oxygen production in the plastids®. Chloroplasts are easily lost and
become permanently bleached under various cultivation conditions. In dark-adapted euglena, the network of
mitochondria is located near the surface of the cell and is adjacent to other organelles®. These cells contain also
undeveloped proplastids, and, after 3 days of exposure to light, they again become developed green chloroplasts’.

In different cultivation conditions, euglena shows various levels of light harvesting and photosynthesis, which
is related to its metabolic pathway. Euglena grown in the light shows an elevated level of pyruvate and a low level
of UDP-glucose, glycerate 1-3-bisphosphate, 2-phosphoglycerate, and ATP compared to microalga cultivated in
the dark. Euglena grows much faster in the light (mixotrophy) than in the dark (heterotrophy)*® and even faster
than under autotrophic conditions due to the limited amount of CO,’.
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Furthermore, microalgae show strong adaptability to various abiotic stresses, constantly fine-tuning their
cellular mechanisms to cope with adverse conditions and achieve homeostasis. They accumulate stress metabolites
that are closely related to the changes in their metabolic pathways'’. Light is the most critical environmental
factor for the growth of microalgae. High light intensity can significantly increase lipid accumulation in
microalgae!!. One of the first metabolic responses to abiotic stress is inhibition of growth and protein synthesis.
As stress becomes more severe, energy metabolism (sugars, lipids, photosynthesis) is affected. Thus, in response
to stress, gradual complex changes occur in the metabolism!2.

Polar lipids play an essential role in the structure and fluidity of membranes and are modified by changes in
their environment. If the environmental stress acting on the microalgae is mild, only the length of the fatty acid
chains and the degree of their deposition will change. On the other hand, if microalgae are exposed to many
stresses, the ratio of various polar lipids is modified with higher energy requirements'>.

Chlorophyll a is the most widespread pigment in photosynthetic organisms. Chlorophyll b is the second
most abundant pigment in eukaryotic microalgae and plants. In addition to Chl a and Chl b, other types of Chls
are also known in microalgae ¢, d, and f. An enhanced Chl a/Chl b ratio is associated with higher photosynthetic
activity and faster cell growth. In unfavorable conditions, the Chl content decreases'*. Both low light intensity
and too high light intensity can have a limiting effect on the growth of microalgae!'®. Light intensity directly
affects the rate of photosynthesis. With excessive illumination, microalgae can experience photooxidative
damage to the photosynthetic apparatus and photoinhibition—a reduction in the efficiency and speed of
photosynthesis!'®. During photoinhibition, increased production of reactive oxygen species (ROS) can occur in
cells. In tiny amounts, they fulfill a signaling function and trigger various anti-stress mechanisms, but their high
concentrations lead to damage to cellular structures and the transformation of physiological and biochemical
processes. As a result of the stress response, there are changes in the composition and ratio of Chls, carotenoids,
lipids, and fatty acids!”. Erickson et al.!°. reported that high cell density prevents light penetration, which, in
turn, reduces the intensity of photosynthesis. In photosynthetic organisms, carotenoids participate in light
harvesting and prevent photooxidative damage!®. Carotenoids are divided into carotenes, oxygen-free pigments,
and xanthophylls, oxygen-containing pigments'®. The most common carotenoids in microalgae are B-carotene
and xanthophylls—lutein, violaxanthin, and zeaxanthin'”.

Proline is a multifunctional amino acid and an effective osmoprotectant, which can have a significant role
not only in plant development but also in responses to biotic and abiotic stress®’. The amount of proline reflects
a certain physiological state through which we can assess the resilience of plants to stress. It helps microalgae to
cope with stress conditions by adjusting the cellular osmotic pressure. Proline contributes to ROS detoxification,
membrane integrity, and protein stabilization?!. Free proline, as well as its end groups in polypeptides, can
directly react with hydrogen peroxide and singlet oxygen, neutralizing them. The antioxidant effect of proline is
also related to its ability to protect protein-lipid complexes of membranes and indirectly reduce the intensity of
lipid peroxidation by inactivating hydroxyl radicals and other ROS. During stress, proline begins to accumulate,
its biosynthesis increases, and degradation decreases?2.

The transcriptome datasets, coupled with a draft proteome of E. gracilis grown in light and dark conditions,
have been generated recently at the descriptive level?>. The main goal of our work was to monitor the effect of
light and dark cultivation of euglena with ethanol as a carbon source on the proteome. This approach can provide
a global perspective on the comparison of mixotrophic versus heterotrophic culturing modes. We complemented
proteomic data by determining the photosynthetic pigments and proline concentration (stress marker in plants).

Materials and methods

Experimental material and cultivation conditions

Euglena gracilis strain Z (Pringsheim strain Z, SAG 1224-5/25 Collection of Algae, Géttingen, Germany) was
used in this study. Approximately 2 x 10° cells were diluted in Erlenmeyer flasks containing 50 mL of liquid
Cramer and Myers (CM) medium?* supplemented with ethanol (final concentration 0.8%°), and pH adjusted to
4.9. The cultures were statically cultivated for 7 days in a cultivation chamber at 23 °C under constant light at an
illumination intensity of 30 umol photons-m~2s~! and the second part of the cultures was grown under the same
conditions in the dark. After 7 days of cultivation, the cells were pelleted by centrifugation at 3350 x g, 10 min at
24 °C, and stored at —80 °C until analysis.

Light microscopy

All culture samples were observed under a binocular biological microscope CX23 (Olympus, Hamburg,
Germany) at 400-fold magnification. We used 100 pL of formaldehyde to immobilize the cells. Likewise, to
observe and compare changes in cellular motility, we observed cells without the addition of formaldehyde in
both types of cultures.

Protein extraction and digestion
Proteins were extracted in five independent experiments from both samples (dark and light), according to%.
Briefly, frozen cells were ground in liquid nitrogen with mortar and pestle. Then 5 mL of extraction buffer (0.1 M
Tris-HCI pH 8.8; 10 mM EDTA; 0.9 M sucrose), 20 pL of 2-mercaptoethanol, and 5 mL of basic phenol, pH
8.8 were added. The mixture was placed on a swinging shaker, stirred for 30 min at 4 °C, and then centrifuged
at 6000 x g at 4 °C for 15 min. Proteins from the phenol phase were precipitated using five volumes of ice-cold
0.1 M ammonijum acetate in 100% methanol and incubated overnight at — 20 °C. The precipitate was collected by
centrifugation for 20 min, 4000 x g at 4 °C. Finally, the pellet was washed 2 times with 0.1 M ammonium acetate
in methanol, 2 times with ice-cold 80% acetone, and once with 70% ethanol.

Protein digestion with trypsin on beads was performed according to?”. Protein samples were solubilized in
SDT buffer (4% sodium dodecyl sulfate, SDS; 0.1 M dithiothreitol; 0.1 M Tris-HCI, pH 7.6) at 1000 rpm mixing,
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room temperature. Protein concentration was measured using Pierce reducing agent-compatible BCA assay
(Thermo Scientific, Waltham, MA USA). 60 ug of protein samples were alkylated with 20 mM iodoacetamide
in the dark for 30 min at 24 °C and 600 rpm on thermoshaker TS-100 C (Biosan, Riga, Latvia) and quenched
with 5 mM dithiothreitol. Next, the mixture (1:1) of beads was prepared: Sera-Mag Carboxylate-Modified
Beads (Cytiva, Marlborough, MA, USA), hydrophilic solids 50 pg/puL, and hydrophobic solids 50 pg/uL. On
the magnetic rack MagneSphere (Promega, Madison, WI, USA), the beads were pelleted for 1 min, and the
supernatant was removed by pipette. Off the rack, the beads were reconstituted in bidistilled water and pipette
mixed. The prepared stock of beads was 20 pg/uL. Following, 30 pL (60 pg) of the bead stock was added to the
whole volume of the alkylated/quenched protein sample and pipette-mixed to homogenize the beads and lysate.
For binding, 70 pL of 100% ethanol was added to the suspension to achieve 50% final ethanol concentration.
The tubes were incubated in the thermoshaker for 10 min at 24 °C and 1000 rpm. On the magnetic rack, the
beads were pelleted for 2 min; then, the supernatant was removed and discarded by pipette. Bond proteins were
washed 5 times with 140 pL of fresh 80% ethanol.

For digestion, 10 pL of 0.1 ug/uL trypsin (Promega) and 50 uL 50 mM ammonium bicarbonate were added,
making the final digestion volume 60 pL. The samples were incubated in the thermoshaker for 18 h at 37 °C
and 1000 rpm. On the magnetic rack, the beads were pelleted for 2 min, and the supernatant was recovered
into a fresh 2 mL tube, followed by a second elution with 60 pL of 50 mM ammonium bicarbonate. The peptide
concentration was measured with a microvolume spectrophotometer DS-11 FX+ (Denovix, Wilmington, DE,
USA).

Identification and quantification of proteins by mass spectrometry

Quantitative proteome analysis was done as described earlier?® 500 ng of purified peptides per sample was
loaded onto a trap column (PepMap100 C18, 300 um x 5 mm, 2-um particle size, Dionex, Germering, Germany)
and separated with an EASY-Spray PepMap RSLC C18 analytical column having integrated nanospray emitter
(75 um x 500 mm, 5-pm particle size) (Thermo Scientific) on Ultimate 3000 RSLCnano system (Dionex) in a
120-min gradient (3-43% of 80% acetonitrile with 0.1% formic acid), and flow rate 250 nL/min. Eluted peptides
were sprayed into Orbitrap Elite mass spectrometer (Thermo Scientific), equipped with EASY-Spray ion source,
and spectral datasets were collected in the data-dependent mode using Top15 strategy to select precursor ions.
Precursors were measured in the mass range 300-1700 m/z with a resolution 120,000, and fragments were
obtained by the HCD mechanism with a normalized collision energy 25 and resolution 15,000.

Obtained datasets were processed by MaxQuant v1.6.17.0 with a built-in Andromeda search engine and the
following parameters: (i) carbamidomethylation cysteine as permanent and oxidation methionine as variable
modifications; (ii) 20 ppm peptide tolerance in the first search, 4.5 ppm in the main search upon recalibration,
and 20 ppm fragment tolerance; (iii) 1% peptide and protein false discovery rates based on reverse decoy database
search; (iv) match between the runs and label-free quantification (LFQ intensities). The search was performed
against euglena translated transcriptome referenced in?*, available in the supporting proteomic dataset at ebi.
ac.uk/pride/archive/projects/PXD009998 (36,526 sequences).

The statistical analysis was performed using Perseus v1.6.15.0. Output protein Group table from MaxQuant
was filtered for reverse proteins, contaminants, and low-confidence proteins. After the log2 transformation of
the LFQ intensities, only proteins with 4 or more valid values out of 5 biological replicates in any experimental
group were retained. Consequently, the missing values were imputed from the normal distribution. Principal
component analysis (PCA) was used to evaluate sources of variability among samples and replicates. Next, the
Student’s test was performed with permutation correction for multiple testing with a g-value threshold at 0.01.

Protein sequences were functionally annotated using BLASTP with an e-value cut-off at 2x 10~ querying
NCBI non-redundant protein database. Not annotated proteins were additionally searched for predicted
protein domains and families using InterPro (ebi.ac.uk/interpro/)*. We used eggNOG-mapper for functional
enrichment*® and KEGG-mapper to obtain metabolic pathway map?'.

Determination of the concentration of photosynthetic pigments and proline

The concentration of photosynthetic pigments was determined in 5 independent replicates from each culture
(light and dark). From 1 mL of sample, cells were collected by centrifugation at 5800 x g for 5 min and intensively
mixed for 2 min in ImL of 80% (v/v) acetone. After centrifugation at 10,000 x g for 5 min, the concentration of
photosynthetic pigments, chlorophylls and carotenoids, was determined spectrophotometrically (Spectroquant
UV/VIS Spectrophotometer Pharo 300, Merck, Darmstadt, Germany) at three wavelengths 470 nm, 645 nm, and
662 nm. The concentrations were calculated according to®.

The proline concentration was determined according to* in 3 replicates. We added 1.5 mL of 95% ethanol to
each frozen cell sample and thoroughly homogenized with mortar and pestle. After centrifugation for 10 min at
2650 x g room temperature, we added a reaction mixture containing 1% ninhydrin, 20% ethanol, and 60% acetic
acid. After intensive mixing for 1 min and incubation at 95 °C for 20 min, we determined the concentration of
proline spectrophotometrically based on the calibration curve by measuring the absorbance at 520 nm.

Statistical analysis was done in Excel (Microsoft) using Student’s test with a p-value threshold at 0.05.

Results and discussion

Different phenotypes in light versus darkness

As a result of the changed cultivation conditions (light versus darkness), we observed the growth of euglena
cells in both types of cell cultures but with different coloring. Microalgal cells cultivated in the light showed a
typical green coloration, while euglena cells grown in the dark were bright, without the typical green coloration
(Fig. 1A-B). Green microalgae absorb light energy through the main photosynthetic pigment chlorophyll a (b)
in the range of 450-475 nm and 630-675 nm>.
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Fig. 1. Phenotype of Euglena gracilis. Cultures in light (A) and dark (B) conditions after 7 days of incubation
in Cramer-Meyers medium. Cells cultured in the light showed a characteristic green color, while cells cultured
in the dark were yellowish. Microscopy images with 400 x magnification in light (C) and dark (D) cultivation
conditions. Cells cultured in the dark changed shape from oblong to spherical.

Based on microscopic observations, we can conclude, cells cultured in the dark moved significantly slower
than those cultured in the light (data not shown). There were visible also significant changes in morphology.
Cells cultured in the dark changed shape from oblong to spherical. In the light-grown sample, we noted a higher
cellular density (Fig. 1C-D). According to the biological clock, euglena changes its shape twice per day, enacting
a circadian rhythm in cell shape. The mean cell length of the population increases to a maximum in the middle
of the light period when photosynthetic capacity is highest, and then decreases for the remainder of the 24-hour
period. The population becomes spherical by the end of the 24-hour period when the cycle reinitiates®.

Opposing content of photosynthetic pigments and proline

In cells cultivated in the dark, the concentration of total Chl, Chls a/b, and carotenoids significantly decreased
compared to microalgal cells cultivated in the light. Chlorophyll a was reduced at least 40-fold, Chl b 3.3-fold,
total Chl 24-fold, and carotenoids 3.8-fold in euglena cells cultivated in the dark (Fig. 2A-B). Photosynthetic
pigments are essential compounds for energy absorption and conversion in phototrophic organs. An optimal
amount of these pigments in the thylakoid membrane is necessary for a balanced energy state and vitality of
phototrophs. Cultivation in the dark affected the efficiency of photosynthesis and, thus, cell survival. Azizullah et
al.%. reported that Chl b is more resistant to environmental stresses in euglena than Chl a and carotenoids. The
ratio Chl a/Chl b is relatively stable under standard conditions and usually around 3 in the plants®”. However,
when plants are exposed to stress, there can be alterations in this ratio. In our experiments, the ratio Chl a/Chl b
(16.6) was influenced by (light) cultivation conditions.

Middepogu et al.*® observed a significant decrease in Chl a/Chl b content in Chlorella pyrenoidosa at different
concentrations of titanium dioxide nanoparticles. Chlorophyll content decreased with increasing nanoparticle
concentration. The shielding effect of nanoparticles can affect photosynthetic productivity due to the reduction
of light penetration into algal cells*. During cultivation in the dark, there is a significant decrease in the content
of Chl in euglena cells. Subsequently, the cells acquire a yellow color, primarily attributed to the presence of
carotenoids*.

We observed an increase in proline content in cultures maintained in the dark compared to cultures grown in
the light (Fig. 2C). In the case of cultivation in the light, the proline concentration was 5.6 pg/mL, and in the case
of cultivation in the dark, 11.4 ug/mL. As a result of the changed culture conditions, there was a 2-fold increase
in proline in cells cultured in the dark compared to the light. Also interesting are the results in Scenedesmus
sp. exposed to high salt concentration, where a significant increase in proline content was recorded; however,
decreased with prolonged exposure to stress, suggesting a possible dynamic regulation of its metabolism®*'.
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Fig. 3. Principal component analysis of quantified proteins showing separation and distribution of the
microalgal samples cultivated in light (green, L1-L5) and dark (blue, D1-D5) conditions. The figure shows 5
independent samples for each variant. The first component, explaining a major share of the total data variance,
aligned with different experimental conditions—cultivation in light versus darkness. The second component
explained much lower proteome-level variance between biological replicates, particularly in light cultivation.

Mitochondria in euglena are known to contain a higher level of proline*>. Mitochondrial proline catabolism is
linked to oxidative respiration and provides energy for resuming growth after stress*’.

Light-cultivated microalga showed more heterogenic proteome profile

We identified 2449 proteins by mass spectrometry (Table S1). At the 99% confidence level (g-value is 0.01), we
revealed 162 differentially abundant proteins (Table S2), classified into 12 functional groups: primary metabolism
(23), energy (62), protein destination and storage (13), transcription (3), cell growth and division (4), protein
synthesis (11), disease/defence (19), transporters (7), signal transduction (6), secondary metabolism (3), unclear
characterization (3). Due to the genetic and metabolic specificity of euglena, some potentially important
proteins still remain annotated/uncharacterized (8). Overall, 102 proteins accumulated in the light and 60 in the
dark (Table S3). Based on the PCA analysis (Fig. 3), 1st component explained 62% of the total variance in the
data, clearly separating experimental groups. Samples cultivated in the dark showed high homogeneity of the
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overall protein profile. The group of samples cultivated in the light showed higher heterogeneity aligned with
component 2, explaining only 12% of data variance.

Due to the high specificity of euglena genome, we used several tools for the functional annotation of proteins,
first we used BLASTP search against the NCBI database (Table S3), InterPro for functional domains, and
eggNOG-mapper (Table S4). Finally, we created metabolic maps based on KEGG annotations**3! (Fig. 4).
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Identified proteins Light ® Dark

Fig. 5. Functional distribution of differentially abundant proteins accumulated in light (light grey) and dark
(black) cultivated Euglena gracilis.

The highest difference we observed in the functional groups related to the energy, metabolism of fatty acids
and amino acids, defence and antioxidant mechanism (Fig. 5).

When cultivated in the dark with oxygen availability, euglena switches to a heterotrophic way of life, where it
relies on various organic substances from the environment as a source of carbon and energy instead of sunlight.
In anaerobic or hypoxic conditions, euglena degraded and converted paramylon, the storage polysaccharide,
into wax esters, process called wax ester fermentation*. High variability was observed even in the level of ability
to tolerate hypoxia; some strains can just survive, a few can grow heterotrophically even under anoxia in the
dark®.

Dark cultivation caused the accumulation of numerous defense-related proteins in microalga
We also observed the accumulation of proteins active in stress and detoxification in euglena cultured in the dark.
The most represented proteins are 3 entries of glutathione-S-transferases and 2 glutathione transferase (super)
family (Table S3), Hsp70 (2 entries more abundant in the dark).

The regulation of ROS is essential for improving plant stress tolerance and is mediated by an antioxidant
defense system consisting of several antioxidant enzymes and non-enzymatic antioxidants. Enzymatic
antioxidants in microalgae include ascorbate peroxidase (APX), and glutathione-S-transferase. Non-enzymatic
antioxidants consist of metabolites such as vitamin C (AsA), glutathione, carotenoids, phenolics, and proline46.
APX has the ability to synthesize AsA in plants and algae?’. Water-soluble thiol, glutathione, increases the
tolerance of plants to various abiotic stresses, such as cultivation in the dark, and helps keeping ROS under
control*®. Hsp70 (2 entries more abundant in the dark) is a vital chaperone protein involved in protecting cells
from stress conditions and helping to maintain protein functions. It binds to damaged and normal proteins and
protects them from aggregation and degradation. Hsp70 helps proteins to fold correctly during synthesis or after
exposure to stress®. In the dark, we identified 7 stress response proteins, while in the light, only 2. Almost the
same ratio of identified proteins between dark and light is in the subgroup detoxification, 8:2. Peroxiredoxins (1
accumulated in the dark and 1 in the light) are vital components of the cellular defense against oxidative stress.
They catalyze the reduction of peroxides and reduce the level of ROS, thereby protecting and maintaining cellular
homeostasis. They may be involved in various cellular processes, including the protection of cell membranes, the
regulation of growth, and stress response®. Fine details of ROS metabolism still remain unclear in euglena and
should be a focus of deep investigation.

Essential changes in amino acid and fatty acid metabolism caused by the absence of light

Among the proteins accumulated in dark-cultured microalga, 8 proteins were involved in the metabolism of
amino acids, fatty acids, and sugars (Table S3). We focus on discussing plausible functional implications of
the modified amino acids and fatty acids metabolism and secondary metabolism. Amino acid metabolism is
crucial for various cellular processes, including DNA and RNA synthesis, energy flows, and signaling pathways.
Amino acids can be degraded to tricarboxylic acid cycle intermediates through oxidation. The metabolism of
alanine, aspartic acid, and glutamate not only contributes to protein synthesis but also generates intermediates
for various metabolic processes. Changes in the metabolism of these amino acids upon exposure to stress can
have significant consequences for energy metabolism, redox balance, and production of key metabolites®!.
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Aspartate semialdehyde dehydrogenase, accumulated in dark-grown cells, catalyzes the conversion of aspartate
semialdehyde to aspartate, a key step in the biosynthesis of the amino acids, lysine, and tyrosine. This enzyme
is essential for maintaining the balance of amino acids in euglena cells. Another protein, more abundant in
dark conditions, L-aspartate oxidase, catalyzes the conversion of L-aspartate to oxaloacetate in the presence
of oxygen, releasing hydrogen®”. In green algal and plant cells, aromatic amino acids (phenylalanine, tyrosine,
and tryptophan) are primarily produced in plastids, but the shikimate pathway functions in both chloroplasts
and cytosol. The preferred pathway depends on the conditions of cultivation. The cytosolic pathway dominates
when cultured in the dark, and the plastidic pathway is preferential when cultured in the light. Tryptophan is
synthesized from chorismate by a series of reactions via anthranilate’. In the dark, we revealed the accumulation
of anthranilate phosphoribosyltransferase, which catalyzes the second step in tryptophan synthesis. It ensures
the transfer of the phosphoribosyl group to anthranilate to form phosphoribosyl anthranilate. Tryptophan
synthesis is essential for proper growth and physiological processes™.

Another essential process affected by dark cultivation is fatty acid metabolism (Fig. 4). In dark cultivated
euglena, accumulated proteins active in this process showed chloroplastic localization. In euglena grown in
dark accumulated proteins active in fatty acid metabolism localized in mitochondria (L-3-hydroxyacyl-
CoA dehydrogenase subunit precursor, acetyl-CoA acetyltransferase (2 entries), known also as thiolases).
Mitochondria in euglena are very interesting organelles such as they are facultatively anaerobic and allow to
generate ATP both with and without oxygen. One of five systems for fatty acid synthesis occurs in mitochondria
- wax ester fermentation?2. However, the enzymes that accumulated in dark are also active in the B-oxidation
of fatty acids in euglena. Together with cytosolic acyl coenzyme A thioester hydrolase isoform X4, which also
accumulated in dark, we found 3 of 4 enzymes active in this pathway. Therefore, we interpret that f-oxidation is
vital for euglena grown in heterotrophic conditions.

Fatty acid P-oxidation is an important catabolic process providing energy for cells. In the darkness,
photosynthesis is not feasible, so cells must rely on alternative energy sources. Activation of acyl-CoA by
the enzyme acyl-CoA synthetase initiates p-oxidation in the peroxisomal membrane. The basic reaction
of B-oxidation of fatty acids requires a cyclic enzymatic reaction in four steps, namely oxidation, hydration,
dehydrogenation, and cleavage of acetyl-CoA. The products of this pathway are acetyl-CoA, NADH, and FAD®.

Secondary metabolism potentially regulates light/dark metabolic switch

We found enzymes active in secondary metabolism accumulated in euglena grown in the dark. Notably, we
found a protein (EG_transcript_16043) that was not functionally annotated in the previous study?’. However,
due to increased data availability, InterPro analysis now showed similarity of this sequence to corrinoid
adenosyltransferase PduO-type. This enzyme, accumulated in cells grown in dark, catalyzes the conversion of
cobalamin (vitamin B, ,) into its coenzyme form, adenosylcobalamin (AdoB,,). This may lead to an increased
level of available vitamin B , coenzyme form, which has various regulatory functions in bacteria. As a
cofactor, it influences the activity of several enzymes such as isomerases, methyltransferases, and reductases®.
Adenosylcobalamin, as a part of a specific transcriptional repressor, is involved in down-regulation of a light-
inducible promoter in Myxococcus xynthus®. Finally, photoreceptors use adenosylcobalamin to sense light
and mediate light-dependent gene regulation in Thermus thermophilus°®>’. Therefore, we hypothesize that
accumulation of this enzyme in dark-grown cells may represent one of mechanisms involved in light/dark
metabolic switch in euglena. However, the exact mechanism should be examined.

Finally, spermidine/spermine synthase, active in polyamine (spermidine and spermine) synthesis, also
accumulated in dark-grown cells. Polyamines are crucial for cell survival and function. They play essential roles
in various cellular processes such as cell growth, cell division, and adaptation to environmental conditions,
especially through the protection of cells from oxidative stress®>>°.

Several energy-related proteins accumulated in dark conditions

During cultivation in the dark, we revealed 4 accumulated proteins that belong to the energy category. The main
cellular function of B-phosphoglucomutase, exclusive to bacteria and protists, is to catalyze the conversion of
B-D-glucose 1-phosphate to f-D-glucose 6-phosphate, which is a universal source of cellular energy and leads to
the generation of ATP and NADPH through glycolysis and the pentose phosphate pathway. It also links glycolysis
and gluconeogenesis® 2,3-biphosphoglycerate-independent phosphoglycerate mutase (gpmA) catalyzes the
reversible conversion of 3-phosphoglycerate to 2-phosphoglycerate in glycolysis®!. The enzyme glucose-6-
phosphate 1-dehydrogenase belongs to the pentose phosphate pathway and catalyzes the dehydrogenation of
glucose 6-phosphate, contributing to intracellular redox homeostasis®. Aldo-keto reductases comprise a large
group of NADPH-dependent enzymes that catalyze redox reactions involved in detoxification, biosynthesis,
and intermediate metabolism. Aldo-keto reductases reduce aldehydes, ketones, ketosterols, monosaccharides,
and prostaglandins and oxidize trans-dihydrodiols of aromatic hydrocarbons and hydroxysteroids. Plants are
associated with the aldo/keto reductase family four, related to the detoxification of aldehydes/ketones and
xenobiotics to ascorbic acid biosynthesis®.

Conclusion

Biochemical parameters and proteome profiles of dark-cultivated cells of Euglena gracilis compared with light-
grown ones indicated that cultures experienced environmental stress. Notably, enhanced proline content and
accumulation of defense-related proteins in dark conditions corroborated such idea. Particularly, we detected
glutathione-S-transferases, peroxiredoxins, and heat-shock proteins among defense-related proteins. As a part
of amino acid metabolism, we highlighted 4 proteins, more abundant in the dark, involved in the metabolism of
aspartic acid, tryptophan, and purines. Amino acid metabolism is involved in energy metabolism in plants and
is crucial for various cellular processes, including DNA and RNA synthesis, energy flow, and signaling pathways.
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During cultivation in the dark, changes in amino acid metabolism might occur because the lack of light affects
energy balance and cellular processes. Particular attention deserves fatty acid metabolism. In the dark, we
revealed an accumulation of protein involved in the B-oxidation of fatty acids. Under dark culture conditions,
photosynthesis does not occur, requiring cells to rely on alternative energy sources. Euglena can oxidize fatty
acids to produce ATP, which is essential for survival. We hypothesize that this process is a vital adaptation to
heterotrophic cultivation in the dark. Our proteomic results indicate a putative role of adenosylcobalamin in the
regulation of light/dark metabolic switch in euglena, similarly as in bacteria. Direct functional verification of
hypothesized scenarios will be the subject of follow-up studies.
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