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. Euglena gracilis is a microalga, which has been used as a model organism for decades. Recent

. technological advances have enabled mass cultivation of this species for industrial applications such as

. feedstock in nutritional foods and cosmetics. E. gracilis degrades its storage polysaccharide (paramylon)

. under hypoxic conditions for energy acquisition by an oxygen-independent process and accumulates

- high amount of wax-ester as a by-product. Using this sequence of reactions referred to as wax-ester

. fermentation, E. gracilis is studied for its application in biofuel production. Although the wax-ester

. production pathway is well characterized, little is known regarding the biochemical reactions underlying

© the main metabolic route, especially, the existence of an unknown sulfur-compound metabolism

. implied by the nasty odor generation accompanying the wax-ester fermentation. In this study, we show

. sulfur-metabolomics of E. gracilis in aerobic and hypoxic conditions, to reveal the biochemical reactions

© that occur during wax-ester synthesis. Our results helped us in identifying hydrogen sulfide (H,S) as

. the nasty odor-producing component in wax-ester fermentation. In addition, the results indicate that

. glutathione and protein degrades during hypoxia, whereas cysteine, methionine, and their metabolites
increase in the cells. This indicates that this shift of abundance in sulfur compounds is the cause of H,S
synthesis.

Biofuel produced from algae is categorized as a third generation biofuel and is expected to attain high yields in
. the future!. The high potential of third generation biofuel is due to the diversity of algae in environment, the need
. of non-arable land for its growth, higher algal biomass and oil yields, which allows the biofuel production for
- various purpose'. Many algal species are already evaluated for its biomass productivity and studied for industrial
- application®. One such microalgae is Euglena gracilis, which is a species that is extensively used for decades as
a model organism to study the mechanisms of photosynthesis and metabolism. E. gracilis is a unicellular and
eukaryotic flagellate with secondary plastids for photosynthesis®. In hypoxia, E. gracilis produces wax-ester which
includes myristyl myristate (C14:0-C14:0Alc) as a main component; this is suitable as a feedstock for bio-jet
fuel*®. The fast proliferation speed, tolerance to low pH (~3.5), and ease of inducing lipid production benefit the
application of this species to biofuel production®. E. gracilis has already been industrially cultivated to be used
as feedstock for functional foods and cosmetics’, and is further studied to be applied for biofuel production®'°.
E. gracilis produces wax-ester in hypoxia as a result of anaerobic synthesis of ATP by decomposition of par-
amylon®!!, a storage polysaccharide specific to Euglena'?. In hypoxia, paramylon is degraded to glucose units
and metabolized to pyruvate, which is oxidized by the O,-sensitive enzyme pyruvate:NADP" oxidoreductase
to produce acetyl-CoA in mitochondria’®. The acetyl-CoA produced in mitochondria is used as C2 donor in
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a reversal reaction of beta-oxidation to form acyl-CoA!. Acyl-CoA is exported to the endoplasmic reticulum,
reduced to fatty alcohol, and is esterified with another acyl-CoA to form wax-ester!®. This series of processes is
well characterized as wax-ester fermentation; however, other metabolic processes are surmised to progress in
the background. Consistent with this, a recent study revealed that organic acids such as succinate and lactate are
excreted outside the cells in hypoxial®. Although no report exists so far, wax-ester fermentation is empirically
known to accompany the generation of a nasty odor, which is predicted to be of sulfur compounds, indicating that
sulfur metabolism occurs at the background of wax-ester fermentation.

The sulfur metabolism includes a wide variety of reactions that form a complicated metabolic network!”.
L-cysteine plays a pivotal role in this network as cysteine is a metabolic hub, and its reduced sulfur and thiol
groups are strongly nucleophilic. Animals require sulfur-containing amino acids as essential nutrients, while
plants can assimilate inorganic sulfate (SO,2") to form sulfide (5?7), which is incorporated in cysteine. In E. gra-
cilis, although sulfate is assimilated, the reduction of sulfate does not occur in the chloroplasts; instead, it takes
place in the mitochondria'®"®. An important role of sulfur in biological systems is that it controls redox state in
the cells; for example, glutathione (GSH), which is a tripeptide composed of glutamate, cysteine, and glycine,
reduces the reactive oxygen species to protect cells from free radical damages. In this reaction, GSH is altered to
an oxidized form of glutathione (GSSG), which is formed by a covalent disulfide bond between two GSHs and can
be restored to separate GSHs by the activity of NADPH-glutathione reductase'”?’. In healthy cells, more than 90%
of the total glutathione is in the form of GSH, while most of the remaining glutathione is in the form of GSSG to
balance the redox state in the cells!”".

The recent development of a method for LC/MS has enabled analysis of sulfur metabolomics even in small
sample volumes?!. This method detects and compares around 87 chemical compounds related to sulfur metabo-
lism so far. To achieve deeper understanding of wax-ester fermentation mechanism in E. gracilis, we studied the
basis for nasty odor production during wax-ester fermentation by performing sulfur metabolomics. Our results
show that the primal cause of nasty odor in wax-ester fermentation is the excretion of hydrogen sulfide (H,S).
The synthesis of H,S in hypoxic conditions was not affected by the extracellular sulfate, indicating that it was not
due to the sulfate-reducing respiration observed in sulfate-reducing bacteria®”. In addition, the results indicate
that the metabolism of sulfur-containing compounds is altered in hypoxic condition, suggesting a process of H,S
synthesis from intracellular sulfur-containing compounds.

Results

Sulfur metabolomics of E. gracilis in aerobic condition and hypoxia. To study the regulation of sul-
fur-containing compounds in hypoxia, we conducted sulfur metabolomics of E. gracilis cells, and its extracellular
medium in aerobic as well as in hypoxic conditions. The experiment was designed to analyze the samples which
are hypoxically incubated for 24 hours as enough wax-ester accumulates in the first 24 hours'" and the cells start
dying at that period (Supplementary Fig. 1). Specifically, after 3 days of heterotrophic cultivation of E. gracilis in
triplicate, the samples were prepared by incubating the cells for 24 hours at four different conditions, viz. aerobic
and hypoxic incubation in phosphate buffer, hypoxic incubation in phosphate buffer with the addition of 1 mM
sulfate (SO,*7), and with the addition of 1 mM thiosulfate (S,0527) (Supplementary Fig. 2A,B). The cell pellet and
supernatant were subjected to sulfur-metabolomics independently. In addition, the residual cells were dried and
subjected to the quantification of lipid content to verify the progress of wax-ester production (Supplementary
Fig. 2C,D). Among the sulfur compounds that can be analyzed with this method, 36 compounds were detected
either in the cell pellet or supernatant (Supplementary Fig. 3).

Generation of hydrogen sulfide from E. gracilis in hypoxia. The cause of the nasty odor of E. gracilis
in hypoxia was identified as hydrogen sulfide (H,S), by examining the result of sulfur metabolomics. Eighteen
compounds were detected in the supernatant of any one of the aforementioned conditions (Supplementary
Fig. 3). Among these compounds, 11 sulfur-containing compounds were increased by hypoxic conditioning
in phosphate buffer (Fig. 1A). Sulfide, which includes H,S, hydrosulfide ion (HS™), and sulfide ion (S*7), was
detected as the sole compound, which increased under hypoxia and could emit an odor. This indicates that H,S
generation is the primary cause of the nasty odor of hypoxic-conditioned E. gracilis culture.

Our sulfur metabolomics data suggest that H,S synthesis is not due to sulfate-reducing respiration.
Sulfate-reducing microorganisms respire in anaerobic conditions using sulfate instead of oxygen and generate
H,S as the result of respiration’?*. To examine whether E. gracilis performs anaerobic respiration, we analyzed
the sulfur metabolome data, to study the effect of sulfate addition to the hypoxic incubation (Fig. 1B,C). The addi-
tion of sulfate showed no effect on the value of sulfide, both in the cells and in the supernatant, thus suggesting
that the generation of H,S is not a consequence of sulfate-reducing respiration. Instead, the results imply that
sulfur-containing compounds in the cells are metabolized to synthesize H,S in hypoxia.

Our data also indicate that the generation of H,S was not sufficient for enhancing wax-ester production in
hypoxia. We further examined the effect of thiosulfate, which is assimilated by microorganisms by a different
pathway other than sulfate, and is easily metabolized to H,S in sulfur-redundant condition?* under hypoxia
(Fig. 1B,C). The amount of sulfide in the cells unexpectedly decreased while that in the supernatant increased,
suggesting that thiosulfate was aggressively metabolized to H,S and the synthesis of sulfide from intracellular
sulfur-containing compounds was suppressed under hypoxia. The lipid productivity in hypoxic condition was
affected by neither sulfate nor thiosulfate addition (Supplementary Fig. 2D). These results are consistent with the
fact that E. gracilis does not use sulfate for anaerobic respiration. In addition, the results suggest that the genera-
tion of H,S is not directly linked to the wax-ester production process.

Decrease of glutathione in hypoxic condition.  Our quantification of GSH-related compounds indicates
that they are degraded in hypoxic conditions with the shift to oxidized forms. To evaluate the redox status of the
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Figure 1. Upregulation of sulfide in hypoxia. (A) Upregulated extracellular sulfur-containing compounds
in hypoxia. Eleven sulfur-containing compounds were identified as compounds upregulated in hypoxia.

The data for both aerobic condition and hypoxia are derived from the cell supernatant in phosphate buffer
medium. “Bimane modified” indicates the compounds detected as bimane-modified compounds. Procedure
defined unit is calculated by normalizing the LC/MS signals to that of aerobic conditions for each compound.
Error bars indicate SD. N.D. indicates that the compound was not detected in the condition. n=3, *p < 0.05
t-test, **p < 0.05 t-test with Bonferroni’s correction, fcompounds were not detected in aerobic condition.
(B,C). Detailed quantification of sulfide in cell pellet (B) and supernatant (C) for each condition is shown at
the bottom of the graphs. Procedure defined unit is calculated by normalizing the LC/MS signals by that of
the aerobic condition for each graph. Error bars indicate SD. n =3, a, b, c: means with the different character
indicates significant difference, p < 0.05 Tukey’s multiple test.
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Figure 2. Decrease of total glutathione in hypoxia. (A) Relative quantification of glutathione (GSH)-related
compounds in the cells in aerobic condition and hypoxia. The detected GSH compounds are reduced GSH,

its oxidized form synthesized by covalent disulfide bond between two GSH molecules (GSSG), and their
persulfidated derivatives GS-SH, GS-S2H, GS-S-SG, and GS-S2-SG. Procedure defined unit is calculated

by normalizing the LC/MS signals to that of aerobic conditions for each compound. Error bars indicate SD.
n=3, *p <0.05 t-test, **p < 0.05 t-test with Bonferroni’s correction. (B) An illustration of the reduction

and oxidization network of glutathione. Red and blue arrows indicate the alteration in redox state of the
compounds. The superscript for each compound indicates its upregulation (UP) or downregulation (DOWN)
with or without a mark indicating the significant difference (*p < 0.05 t-test, **p < 0.05 t-test with Bonferroni’s
correction).

cells in hypoxic condition, we focused on the increase and decrease of GSH compounds in the sulfur metabo-
lomics data (Fig. 2A,B). GSH and its major oxidized form GSSG decreased in hypoxic conditions, indicating
that the total quantity of GSH-related compounds decreases. Although GS-S-SG, a persulfide form of GSSG,
also decreased, another persulfide form of GSSG, i.e., GS-S2-SG, increased more than ten times. In addition,
persulfide forms of GSH, GS-SH, and GS-S2H, did not decrease even when there was a decrease in total GSH
compounds, thus suggesting that the ratio of persulfide forms among GSH compounds increased and the intra-
cellular environment is in oxidized state. As GSH compounds are the most abundant low molecular weight thiol
compounds synthesized in the cells, degradation of the compounds in hypoxic condition is a potential cause of
H,S generation.
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Figure 3. Increased and decreased sulfur compounds in hypoxia. (A,B) Relative quantification of increased

(A) and decreased (B) sulfur-containing compounds in the cells in aerobic conditions and hypoxia. Procedure
defined unit is calculated by normalizing the LC/MS signals to that of aerobic condition for each compound.
Error bars indicate SD. N.D. indicates that the compound is not detected in the condition. n =3, *p < 0.05 t-test,
**p < 0.05 t-test with Bonferroni’s correction, fcompounds are not detected in either of the conditions. (C) An
illustration of the metabolic network of sulfur compounds. The arrows between compounds indicate metabolic
reactions. The superscript for each compound indicates the upregulation (UP) or downregulation (DOWN) of
the compound with or without a mark indicating the significant difference (*p < 0.05 t-test, **p < 0.05 t-test
with Bonferroni’s correction, ‘compounds are not detected in either of condition). (D) Quantification of protein
in the cells in aerobic conditions and hypoxia. Error bars indicate SD. n =3, *p < 0.05 t-test.

Alteration of sulfur metabolism in hypoxia. Our sulfur metabolomics data indicate that cysteine and
its metabolites increase in hypoxia, suggesting that H,S is generated through this alteration in metabolic activ-
ity. Among the 21 sulfur-containing compounds in the cells other than GSH and its derivatives, the quantity
of the 15 and 6 compounds increased and decreased in hypoxia, respectively (Fig. 3A,B). Most of the metabo-
lites of cysteine and methionine increased, suggesting that this upregulation was the primal source of H,S gen-
eration (Fig. 3C). The degradation of GSH compounds (Fig. 2A) contributes to this supply of cysteine, while
another large source of sulfur-containing amino acids is protein in the cells. Our quantification of the protein in
the cells revealed its decrease in hypoxia (Fig. 3D), suggesting that the protein acts as another supply source of
sulfur-containing amino acids, which are, in turn, decomposed to generate H,S (Fig. 3C).

The analyses of the publicly available RNA-seq data of E. gracilis suggest that the amount of GSH is altered
via the upregulation of GSH degrading genes. GSH is synthesized by a sequential reaction catalyzed by two
enzymes, v-glutamylcysteine synthetase (GCS) and GSH synthetase (GS), while its degradation is initiated by
~-glutamyltransferase (y-GT) which removes a ~-Glutamyl residue from GSH?. Although the degradation of
GSH by ~-GT primarily occur at the extracellular space in animal, recent studies showed that yeast possesses
a~-GT independent pathway to degrade GSH in the cell and uses the synthesized amino acid as nutrient. In
the alternative pathway, GSH degradosome composed of Duglp, Dug2p, and Dug3p participates®. By BLAST
search of the previously reported transcriptome assembly data of E gracilis, GDJR00000000.1%, we found that the
contigs, GDJR01097307.1, GDJR01026204.1, GDJR01056462.1, and GDJR01091960.1, encode the orthologues
of GCS, GS, ~-GT, and GSH degrardosome proteins, respectively (Supplementary Fig. 4A). We further used the
deposited RNA-seq data?’ to estimate the expression abundance of each contig under aerobic and hypoxic condi-
tions based on reads per million (RPM) value. The results indicate that the contigs of GCS and GSH degradosome
are increased under hypoxic condition (Supplementary Fig. 4B). The upregulation of GCS is consistent with the
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increase of the intermediate, y-glutamylcysteine, while the upregulation of GSH degradosome suggests that the
GSH degradation in hypoxic condition is accomplished by this degradation pathway.

Discussion

Negative effect of H,S generation. The generation of H,S possibly hampers the progress of wax-ester
fermentation in E. gracilis owing to its toxic effects. The generation of nasty odor in the course of wax-ester fer-
mentation was empirically known; however, to the best of our knowledge, no details had been reported on this
phenomenon so far. In this study, we have revealed the identity of nasty odor as H,S, which is generated through
the degradation of GSH and protein. In the course of hypoxic conditioning for wax-ester production, the cells
gradually start dying after 24 hours of exposure, which is a result of the shortage of polysaccharide as energy
source. As H,S is known to damage cells by inhibiting cytochrome C oxidase and exposing the cells to oxidative
stress”®, our results suggest that the death of cells in wax-ester fermentation may be also partly due to the toxic
effect of H,S. In that case, the productivity of wax ester may be improved by developing a method to suppress the
H,S generation or removing it from the medium effectively.

In addition to the negative effects discussed above, H,S produces negative effects on the environment and on
the value of defatted residue produced in a process for biofuel production. H,S is an undesirable byproduct as it
possibly causes odor pollution and health problems. In addition, the reduction of GSH and protein along with the
production of H,S detracts from the value of the defatted residue, which are to be used as feed and fertilizer”. The
addition of thiosulfate to the hypoxic incubation enhanced the production of H,S outside the cells (Fig. 1C), while
the lipid content was not affected by it (Supplemental Fig. 1C), suggesting that the conversion of thiosulfate to H,S
is not sufficient to forward the wax-ester production process. In addition, although the degradation of glutathione
and protein results in H,S synthesis in the background of wax-ester production (Figs 2A,B, 3C,D), it is not obvi-
ous whether this process is necessary for wax-ester production. Therefore, the suppression of H,S generation is an
important criterion for future engineering to succeed in biofuel business using E. gracilis.

Physiologic reason for the degradation of GSH and protein. The reduction of GSH-related com-
pounds in hypoxia resembles the results reported in culture cells, suggesting that the reduction is a consequence
of a widely conserved mechanism. In culture cells, GSH-related compounds are reduced in hypoxic conditions
because of the reaction with reactive oxygen species synthesized in the mitochondrial electron transport chain
and the prevention of new synthesis®. In addition to the reduction of GSH, our sulfur-metabolomics data show
an increase in v-glutamylcysteine, which is the precursor of GSHY, in E. gracilis cells under hypoxic conditions
(Figs 2A,B, 3A,C). This result was consistent with our analysis of publicly available RNA-seq data which suggested
that the enzyme for ~-glutamylcysteine production, GCS, is upregulated in hypoxia. In addition, GS was not
downregulated in E. gracilis cells under hypoxic condition, suggesting that the mechanism to reduce GSH-related
compounds in hypoxic condition is different between culture cells and E. gracilis cells. Our analysis also suggested
that GSH degradosome are upregulated in hypoxic condition, suggesting that the decrease of GSH in hypoxic
condition is due the action of this degradation pathway. Although GSH is present in cytosol, chloroplasts, and
mitochondria, our result does not distinguish between the locations of the metabolites. In order to understand the
metabolism of GSH in depth, quantification of GSH by compartmenting the organelle is required.

A conceivable reason for the degradation of GSH and protein is that the produced amino acids are required for
energy acquisition by oxygen-independent manner. In the experiments, although the samples were shielded from
light to prevent the synthesis of oxygen by photosynthesis and ensure hypoxia, the control group in aerobic con-
dition was also shielded from light, indicating that the degradation of protein is not a result of dedifferentiation
of chloroplast in the dark®. Instead, GSH and protein may be degraded for anaerobic catabolism of amino acids
as well as polysaccharides for energy acquisition, such as that in anaerobic bacteria®"*2. For cysteine, multiple
degradation pathways which accompany the production of H,$ are reported in a wide variety of organisms®>*,
supporting the idea that the production of H,S in hypoxia-conditioned E. gracilis is a result of cysteine catabolism.
As per this point of view, the introduction of transporters of cysteine or its metabolite to the cells will contribute
to the reduction of H,S generation.

Materials and Methods

Strains and sample preparation. The E. gracilis (WT Z) strain provided by IAM (JAPAN) was used in this
study. The E. gracilis Z strain was maintained in CM medium (pH 3.5)*, whereas the culture for sample produc-
tion was performed in KH medium (pH 3.5)%. Pre-culture was conducted for a week in a conical flask, at a 200-
mL scale, with rotary shaking at 100 rpm, constant temperature of 29 °C, and with constant illumination of 100
pmol/m?s. Then, the pre-culture was washed twice with KH medium and diluted to 4.5 x 106 cells/mL to be used
for the main culture. The main culture was conducted in triplicate at a 200-mL scale with the same conditions as
the pre-culture. After 3 days of culture, each culture was washed twice with a phosphate buffer and divided evenly
into four parts. Three of the four parts were suspended in 50 mL of phosphate bufter, phosphate buffer with 1 mM
MgSO,, and phosphate buffer with 1 mM Na,S,05 in 50 mL centrifuge tubes, respectively. These were subjected
to hypoxic conditioning by screwing the cap tightly and by light shielding. The fourth part was suspended in
50 mL of phosphate buffer in a conical flask and was incubated at 29 °C with rotary shaking at 100 rpm and with
light shielding. After 24 hours of incubation, samples at the four conditions, each in triplicate, were used for
sulfur metabolomics and other analyses. Phosphate buffer (67 mmol/L, pH 6.8) was prepared, by using aqueous
solutions of Na,HPO, and KH,PO,.

Sulfur metabolomics.  Sulfur metabolomics was performed by Sulfur Index service in JAPAN (http://www.
euglena.jp/sulfurindex/). Briefly, the sulfur-containing compounds in the samples were extracted by adding
MeOH and were converted to fluorescent derivatives with mono-bromobimane. The samples were then dried,
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re-dissolved in water, and analyzed with sensitive LC-MS/MS as reported®'. The MS signal was identified and
quantified manually and was corrected with respect to the number of cells subjected to the sample preparation.
Then, the value was normalized as shown in the legend of each graph.

Quantification of lipid and protein content. The cell density and liquid volume of each leftover culture
were preliminarily examined. Then, the cells were collected by centrifugation (1,000 g, 3 min) and dried in a freeze
dryer (FDV-1200, EYELA). Approximately 10 mg and 50 mg samples of the dried cells were used for quantifying
their intracellular protein and lipid content, respectively. Protein was extracted from the cells by suspending the
dried cells in 200 uL of RIPA buffer (WAKO) and homogenizing it for 10sec in a sonicator (UD-201, TOMY).
After removing the debris by centrifugation (10,000g, 5 min), the protein content was evaluated by using a BCA
protein assay kit (Takara) following the manufacturer’s instructions. The neutral lipid was extracted from the
dried cells by using n-hexane as a solvent®’. The dried cells were suspended in 10 mL of n-hexane and were
homogenized for 90 sec by using a sonicator (UD-201, TOMY). The debris was removed by filtering the soni-
cated solution with a glass fiber filter paper and subjected to another round of n-hexane extraction. The collected
n-hexane solution was evaporated in a rotary evaporating system (N-1100 and NVC-2100, EYELA). The weight
of the residue left in the flask was quantified as total neutral lipid.

Gene expression profiling. The publicly available RNA-seq data of E. gracilis, SRP060591, was retrieved
from the NCBI Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra). The raw reads of the RNA-seq
data was trimmed and filtered using Trimmomatic (v.0.36)*® with the following settings: LEADING: 20
TRAILING: 20 MINLEN: 50. Then, the clean reads were mapped to the transcriptome assembly data of E gracilis,
GDJR00000000.1, retrieved from the GenBank, using the BWA program (v. 0.7.17)* with the mem -M setting.
The expression abundance of each contig was estimated in the transcriptome assembly based on reads per million
(RPM) values. To represent expression pattern of transcripts that encode enzymes involved in the GSH metabo-
lism in E. gracilis, contigs homologous to those of Saccharomyces cerevisiae were identified by BLAST search with
the parameter settings of -v5-b5-m 9 -F F -e 1e-05, and analyzed expression pattern of their closest transcripts
for each enzyme.
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