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Abstract

Microalgae species encounter oxidative stress in their natural environments, prompting the development of species-specific
adaptation mechanisms. Understanding these mechanisms can offer valuable insights for biotechnological applications in
microalgal metabolic manipulation. In this study, we investigated the response of Tetraselmis chuii, an industrially important
microalga, to H,0,-induced oxidative stress. Exposure to 0.5-mM H,O, resulted in reduced cell viability, and higher concen-
trations led to a drastic decline. After 1 h of exposure to H,0,, photosynthetic capacity (Qy) was negatively impacted, and
this reduction intensified after 6 h of continuous stress. Global multi-omics analysis revealed that 7. chuii rapidly responded
to H,O,-induced oxidative stress within the first hour, causing significant changes in both transcriptomic and metabolomic
profiles. Among the cellular functions negatively affected were carbon and energy flow, with photosynthesis-related PSBQ
having a 2.4-fold downregulation, pyruvate kinase decreased by 1.5-fold, and urea content reduced by threefold. Prolonged
exposure to H,0O, incurred a high energy cost, leading to unsuccessful attempts to enhance carbon metabolism, as depicted,
for example, by the upregulation of photosystems-related PETC and PETJ by more than twofold. These findings indicate
that 7. chuii quickly responds to oxidative stress, but extended exposure can have detrimental effects on its cellular functions.

Key points

e 0.5-mM H,0,—induced oxidative stress strongly affects T. chuii

e Distinct short- and long-term adaptation mechanisms are induced
e Major metabolic adaptations occur within the first hour of exposure

Keywords Microalgae - T. chuii - Oxidative stress - H,0, - Multi-omics

Introduction

Microalgae are unicellular organisms that inhabit all aquatic
realms on Earth (Park et al. 2022). As they have adapted to
different environments, microalgae can tolerate extreme
conditions by utilizing their metabolic plasticity including
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biosynthesis of a wide range of different metabolites (Park
et al. 2022). This attribute can lead to their potential applica-
tion as feedstocks, for producing nutraceuticals, pharmaceuti-
cals, and biofuels (Bhalamurugan et al. 2018). The induction
of oxidative stress responses is a common metabolic adaptation
strategy for all microorganisms, controlled either by intracel-
lular processes or by environmental stimuli, as reactive oxygen
species (ROS) are well-known molecules accumulating under
stress conditions (Cirulis et al. 2013). ROS, like hydrogen per-
oxide (H,0,), act via the oxidation of cellular nucleic acids,
proteins, and fatty acids and lead to imbalance of cell life if
not properly neutralized (Almeida et al. 2017). Due to their
particular and diverse lifestyles and habitats, green microalgal
species have developed a substantial repertoire of antioxidant
mechanisms, which scavenge excess oxidants or free radicals
to prevent the deleterious effects of ROS (Barone et al. 2021).
This repertoire includes anti-ROS enzymes such as catalase,
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superoxide dismutase, and glutathione peroxidase as well as
various antioxidant compounds, like astaxanthin and lutein
(Mishra and Jha 2011; Lu et al. 2021).

Understanding how oxidative stress reprograms metabolic
machinery of microalgal cells is of particular interest for indus-
try, as long-term exposure to ROS can lead to the collapse of
a culture (Lu et al. 2021). Additionally, within the concept of
metabolic manipulation, induced oxidative stress represents
a promising strategy in order to enhance the production and
accumulation of desired high-value biomolecules with potent
antioxidant activity. Several stressors can be utilized for the
induction of oxidative stress, including hydrogen peroxide
(Qiao et al. 2021). In this scenario, it has been reported that
the green microalga Chlamydomonas reinhardtii responded by
inducing global alterations in its cellular and metabolic machin-
ery within 6 h upon H,0O,-induced oxidative stress, a regulatory
process involving the CrSBP selenium-binding protein (Koletti
etal. 2022). Similarly, H,O,-induced oxidative stress resulted in
the differential regulation of several transcripts in C. reinhardtii
(Blaby et al. 2015). During the past years, it has been shown
for different microalgal species that H,O, effectively induces
stress and initiates metabolic alterations, yet in a clearly species-
specific manner (Barone et al. 2021). Environmental studies
proved that green microalgae, like Chlorella sp., degrade H,0,
much faster than various cyanobacteria species (Weenink et al.
2021). Furthermore, inclusion of Tetraselmis chuii on Litope-
naeus vannamei post larvae feed had a positive effect on oxida-
tive stress status, survival, and resistance to salinity stress, con-
stituting a promising option for the improvement of aquaculture
production of this crustacean (Rahman et al. 2017).

In this study, we have employed a multi-omics approach
to gain insights into the molecular and biochemical adap-
tations of T. chuii under H,O,-induced oxidative stress. T.
chuii is a flagellated microalgal species belonging to Chlo-
rophyta and is commonly utilized as feedstock due to its rich
composition of antioxidants (Rahman et al. 2017). Despite
the increasing interest in 7. chuii in recent years, its specific
molecular and metabolic adaptation strategies against abiotic
stresses remain elusive. Our results demonstrate that 7. chuii
can initiate both rapid and effective responses as an adapta-
tion to H,O,-induced stress. However, prolonged exposure
to H,0, leads to metabolic dysregulation.

Materials and methods

Strains and growth conditions, H,0,-induced
oxidative stress

T. chuii CCFM-03 (deposited and available at the Culture
Collection of the company Fitoplancton Marino, S.L., Cadiz,
Spain) was grown on f/2 culture medium (Guillard and
Ryther 1962). Liquid cultures (1-L final volume) were grown
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under constant illumination (30 pmol m~2s71), with constant
supplementation of filtered air and stirring at 25 °C. Stock
cultures at exponential growth were used for flask inoculation
and initial cell density of the cultures was 1x 10° cells mL™".
Based on a pilot experiment (data not shown), it was decided
to use the concentrations of 0-mM (control), 0.5-mM, 0.7-
mM, 1-mM, and 1.5-mM H,0, including three biological
replicates. When cultures reached exponential phase (2 x 10°
cells mL™!), the corresponding amount of freshly aliquoted
H,0, (AppliChem, Gatersleben, Germany) was added to each
culture for the respective concentration. For the identifica-
tion of cell density and culture viability assay, samples were
collected right before the addition of H,O, (0 h), 6, and 12 h
later (6 h, 12 h). At time points 0, 1, and 6 h after the addition
of H,0,, biomass was collected and was instantly lyophilized.

Cell growth kinetics

Determination of cell density and viability (in cells mL™")
was performed with a Neubauer chamber (HBG, Giessen,
Germany) and a fluorescent microscope Zeiss AX10 (Carl
Zeiss, Oberkochen, Germany) with FITC filter (excitation
450-490 nm, emission 515-565 nm). More specifically,
for the determination of cell viability, fluorescein diac-
etate (Sigma-Aldrich, Steinheim, Germany) was utilized,
with final concentration 5 pg mL™' and incubation for
5 min at room temperature alongside with 1 pL Lugol
(Sigma-Aldrich, Steinheim, Germany). The cell number
was calculated following the manufacturer’s instructions
and expressed as 10° cells mL™!.

Chlorophyll fluorescence measurements
and photometric assays

Photosystem II (PSII) maximum quantum yield (Qy) was
determined by measuring the chlorophyll fluorescence in
a portable pulse amplitude modulation (PAM) fluorimeter
(AquaPen AP-100, Photon Systems Instruments, Drasov,
Czech Republic) according to the user’s manual. Cultures were
adapted to dark conditions for 10 min prior to measurement.
Freeze-dried microalgal biomass and the Infinite 200
PRO plate reader (Tecan, Minnedorf, Switzerland) were
utilized for the photometric assays. Total lipid content
was determined with the sulfo-phospho-vanillin reaction
(SPV) method, as described by Mishra et al. (2014). The
total polysaccharide content was determined through the
phenol—sulfuric acid method, following the procedure out-
lined by DuBois et al. (1956). To estimate the content of
total carotenoids and chlorophylls a and b, pigment extrac-
tion was performed using 80% acetone, as per the protocol
by Lichtenthaler and Wellburn (1983). For assessing the
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antioxidant capacity, the ferric reducing antioxidant power
(FRAP) assay was conducted using 100% methanol as the
solvent, in accordance with the method of Re et al. (1999).
The same solvent was used to estimate the phenolic content
using the Folin-Ciocalteu method (Jan et al. 2013).

RNAseq transcriptomic analysis

At each timepoint and for each culture, total RNA was isolated
using NucleoZOL (Macherey—Nagel, Dueren, Germany) fol-
lowing the manufacturer’s protocol. A DNAse reaction (Turbo
DNase, Invitrogen, Carlsbad, CA, USA) followed, and RNA
was quantified by spectrophotometry (NanoDrop ND-1000,
Thermo Fischer Scientific, Waltham, MA, USA) and agarose
gel electrophoresis. Illumina TruSeq RNA Sample Prepara-
tion Kit v2 (Illumina, San Diego, CA, USA) was used for the
preparation of RNA libraries, according to the manufacturer’s
protocol. For sequencing, a NextSeq 500 unit (Illumina, San
Diego, CA, USA), 150 single-end run was used. Trimming
ligands, adapters, and quality filtering followed up, and clean
reads were mapped under Geneious platform (R10 version;
Biomatters Ltd., Auckland, New Zealand (Kearse et al. 2012))
to the T. chuii strain PLY429 transcriptome, available in the
iMicrobe database (https://www.imicrobe.us/). Quantification
of gene expression levels was estimated by reads per kilobase
of transcript per million fragments mapped method (RPKM).
Deseq?2 software was utilized for differential expression and
statistical analysis of mapped reads (Love et al. 2014).
BlastKOALA was used to perform KO (KEGG Orthol-
ogy) assignments and characterize DEGs (differentially
expressed genes) (Kanehisa et al. 2016). Annotated KOs
and gene IDs were complemented with results from eggnog-
mapper v2 annotation (Cantalapiedra et al. 2021). The asso-
ciated KEGG pathways were retrieved using KEGG mapper
(Kanehisa et al. 2022), and enrichment analysis for KEGG
pathways was done with g:Profiler (Kolberg et al. 2023).
Functional characterization of DEGs for GO terms was done
with PANTHER classification system (Mi et al. 2021).

RT-qPCR-based transcript analysis

To confirm the observed transcriptome profiles, real-time
RT-qPCR analysis was performed. Five genes involved in
several metabolic pathways or coding for key proteins were
selected, and their relative expression patterns are presented
in Supplemental Fig. S1.

Total RNA was isolated from a new batch of cultures, as
already described, with three biological replicates. For cDNA
synthesis, Super-Script II (Invitrogen, Carlsbad, CA, USA)
and oligo (dT) primers were used, with 5 ng of RNA as a
starting material. For the RT-qPCR analysis, StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City,

CA, USA) was employed, with SYBR Green with ROX PCR
Master Mix (Applied Biosystems, Foster City, CA, USA)
and gene-specific primers. Primers were designed with
Primer Express software (Applied Biosystems, Foster City,
CA, USA) (Supplemental Table S1). Primer specificity and
formation of primer dimers were monitored by dissociation
curves. PCR cycling started at 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s and 60 °C for 1 min, with reaction
volume set at 10 pL. For the calculation of the relative change
in transcript levels, the 272" method based on the cycle
threshold values was used, normalized to the internal control
genes, TccdkA and TcUBCE (Torres et al. 2021). Amplifica-
tion efficiency was calculated by employing the linear regres-
sion method on the log (fluorescence) per cycle number data,
using LinRegPCR software (Ramakers et al. 2003).

Gas chromatography-mass spectrometry (GC-MS)-
based untargeted metabolomic analysis

Microalgal cells were harvested by centrifugation (4 min,
2,800 rpm, 4 °C), resuspended in 1-mL /2, and the collected
biomass was lyophilized and stored at—20 °C. Metabolites
of each lyophilized sample were extracted from 50 mg as
previously described (Patelou et al. 2020). For each of the
three independent biological replicates, two metabolite pro-
files were obtained (n=06).

For GC-MS analysis, the methanol extraction method was
used. Liquid nitrogen was employed to pulverize 50 mg of
lyophilized microalgal biomass, which was further grounded
with 395 pL of ice-cold methanol and 5 pL of 1 mg/mL ribitol.
Incubation at 70 °C for 15 min under continuous shaking fol-
lowed, and then, 200 pL chloroform was added to the samples,
followed by incubation at 37 °C for 5 min under continuous
shaking. Thereafter, 400 pL of ddH,0 was added, and sam-
ples were vigorously vortexed and centrifuged at 13,000 rpm
for 5 min at room temperature. The aqueous phase containing
the polar metabolite fraction was evaporated under nitrogen
conditions to avoid oxidation of metabolites from atmospheric
oxygen. For derivatization, dried samples were resuspended
in methoxyamine-HCI (20 mg mL~! pyridine) and incubated
for 90 min at 30 °C with vigorous shaking. After centrifuging
at 13,000 rpm for 30 s, 75 pL of N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (MSTFA, Sigma-Aldrich, Steinheim, Ger-
many) was added. A final incubation for 30 min at 37 °C fol-
lowed, with centrifugation at 13,000 rpm for 2 min at room
temperature. GC-MS analysis was carried out on a gas chro-
matographer (Agilent 7890A, Santa Clara, CA, USA) cou-
pled to a mass spectrometer (Agilent 5973C, Santa Clara, CA,
USA). For the separation of the metabolite fragments, the cap-
illary column HP-5MS (30 m, 0.25 mm ID, film thickness
0.25 pm, Agilent) was used. The carrier gas was helium, with a
flow rate of 1 mL min~!. A FAME mix (Sigma-Aldrich, Stein-
heim, Germany) was injected separately for the determination
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of retention indexes (RIs). Pulsed split mode of injection was
used, with the injection volume at 1 pL. The GC inlet tem-
perature was 230 °C and total run time was 61 min. The oven
temperature program was as follows: initial temperature 80 °C
for 3 min, followed by increase with rate 5 °C/min to 320 °C
and held for 10 min. The MS source was held at 250 °C and
the quadruple at 150 °C, scanned from m/z 83 to 500. For the
extraction of the compounds analyzed by GC-MS, AMDIS
(Automated Mass Spectral Deconvolution & Identification
System) software, provided by the NIST (Gaithersburg, MD,
USA), was used. The Fiehnlab compound libraries (Fiehn et al.
2011) were used for the identification of each component,
according to its mass spectrum and retention time.

Statistical analysis

To evaluate statistical significance, the IBM SPSS Statistics 23
(IBM, Armonk, NY, USA) was used to accomplish analysis of
variance (ANOVA), followed by Tukey’s HSD (honestly sig-
nificant difference) multiple comparison test at a 95% level of
significance (p <0.05). Partial least squares discriminant analy-
sis (PLS-DA) and principal component analysis (PCA) were
performed using the Multibase 2015 add-in for Excel (Micro-
soft, Redmond, WA, USA). Graphical representations were cre-
ated with software SigmaPlot 12.0 (Systat software; SSPS Inc,
Chicago, IL, USA) and pie charts with Excel. Pathway map rep-
resentation and summarizing figure were created in BioRender.
com (YE2656HHTO, GO264QHOSI; https://www.biorender.

com/). In regard to RNA sequencing, thresholds of the signifi-
cant differential expression were set as adjusted p <0.05 and
differential expression absolute confidence > 6.

Results

H,0,-induced oxidative stress effect on T. chuii cell
viability

To elucidate the effects of H,O,-induced oxidative stress on
cell growth of T. chuii, five different concentrations of H,0,
were assessed. Exposure to 0.5 mM H,0, for 6 h resulted in a
statistically significant decrease in cell viability compared to
the control. However, the viability remained higher than that
observed at concentrations of 0.7-mM, 1-mM, and 1.5-mM
of H,0, (Fig. 1). Prolonged exposure to H,O, for 12 h led
to a further statistically significant decrease in cell viability.
Cultures exposed to 0.5-mM H,0, reached only 45% of the
viability observed in control cultures. Moreover, viability for
cultures exposed to higher H,0O, concentrations was lower than
20% (Fig. 1). Based on these findings, the application of 0.5-
mM H,0, for up to 6 h was considered an optimal condition
to induce oxidative stress for further study of 7. chuii response.

As an indicator of photosynthesis capacity, the maximal
photosystem II quantum yield (Fv/Fm) was used to measure
the conversion efficiency of light energy in the PSII reaction
center. Exposure to 0.5-mM H,0, for 1 h led to a statistically
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Fig.1 Cell viability of 7. chuii exposed to different H,0O, concen-
trations. 7. chuii cells were grown on f/2 medium in a bioreactor at
25 °C with constant supplementation of filtered air and illumina-
tion. When cultures reached exponential phase (timepoint O h start-
ing point), H,0, was added at final concentrations of O (control), 0.5,
0.7, 1, and 1.5 mM. Cell viability measurements were performed
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after 6 h and 12 h. All cultures were grown starting from the same
inoculum density. Experiments were performed on batch cultures
and viability was monitored with fluorescence microscopy. Data are
shown as average + SE of three biological repeats (n=3). Statistically
significant differences are indicated by different letters (Tukey’s HSD,
p<0.05)
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significant decrease in the Fv/Fm ratio, from 0.67 in the con-
trol cultures to 0.51 in the H,O,-stressed cultures. Prolonged
exposure for 6 h caused a further decrease to 0.37, as shown
in Table 1. A similar pattern of great decrease, as duration
of exposure increases, was observed for the total carotenoids
content of the cells. Also, chlorophyll b was decreased from
6.57 mg/g dry biomass in the control cultures to 4.97 mg/g dry
biomass after 6 h of exposure to 0.5-mM H,O,. These results
indicated a significant decrease in photosynthesis after 6 h
under these mild oxidative stress conditions. An indication of
the changes that occurred in the cells’ antioxidant potential was
the decrease in FRAP values after 6-h exposure. In addition,
a similar decline was observed in the important biochemical
compositions of lipids and polysaccharides. Specifically, total
lipid content of the cells remained stable for the first hour, at
the levels of 14% of dry weight, while it dropped to 10.8%
after 6 h. Total polysaccharides were 35.85% of dry weight in
control cultures and were decreased to 28.51% 6 h later.

Global comparative transcriptomic responses
upon H,0,-induced oxidative stress

To gain an insight into the molecular adaptation mecha-
nisms that govern the oxidative stress responses of 7. chuii,
RNAseq-based global transcriptomic profiling was utilized.
For this purpose, high-quality total RNA samples were iso-
lated from T. chuii cultures exposed for 1 and 6 h to 0.5-mM
of H,0,. Cultures without the addition of the stressor were
used as control. For each of the constructed libraries at least
12 million clean reads were generated with an average of
41% being successfully mapped to the reference transcrip-
tome. Mapping resulted in the quantification of over 22,500
unique coding sequences (CDSs) in total (Supplemental
Table S2). Out of these, 1761 CDSs were highlighted as dif-
ferentially expressed genes (DEGs) between different treat-
ments. Further analysis revealed that 501 DEGs were anno-
tated with KOs (KEGG Orthology identifiers) and mapped
to pathways (Supplemental Fig. S2). In addition, the func-
tional annotation results, based on Gene Ontology (GOs),
indicated that 41.4% of the DEGs were unclassified, while

the remaining were involved in several molecular functions,
with binding and catalytic activity being the most preva-
lent (Supplemental Fig. S3). To clarify the global response
of T. chuii to the oxidative stress, enrichment analysis for
GO annotation in the three categories biological process,
cellular component, and molecular function as well as for
KEGG pathways was obtained (Supplemental Fig. S4, S5).
For 1-h exposure, in the KEGG pathways, ribosome was
upregulated, while metabolic pathways and biosynthesis of
secondary metabolites were highly downregulated. In the
GO biological process category, protein metabolic process
was enriched, and generation of precursor metabolites and
energy was greatly decreased. In the GO molecular func-
tion category, structural molecule activity was the mostly
upregulated. In the GO cellular component category, cytosol
and ribonucleoprotein complex were highly enriched while
plastid and chloroplast were severely downregulated. For 6-h
exposure to oxidative stress, in the KEGG pathways, ribo-
some was enriched, and metabolic pathways were decreased.
In the GO biological process category, protein metabolic
process was highly upregulated, and photosynthesis was
decreased. In the GO molecular function category, structural
molecule activity was enriched. In the GO cellular compo-
nent category, protein-containing complex was upregulated,
while plastid and chloroplast were downregulated.

When comparing the DEGs of 7. chuii cultures exposed
to 0.5-mM H,O0, for 1 h to the control growth conditions,
an extensive transcriptomic reprograming, affecting several
cellular processes, was observed. A total of 1005 DEGs were
reported (differential expression adjusted p <0.05), with 547
being up-regulated, and 458 down-regulated (Fig. 2A). Inter-
estingly, the prolonged exposure of the microalgal cells to
the stressor for 6 h resulted in less profound effects, as 756
DEGs were identified, including 531 up-regulated, and 225
down-regulated (Fig. 2A). A principal component analysis
(PCA) revealed a tight grouping of the studied transcriptomes
(Fig. 2B). By plotting PC1 and PC2, representing a total con-
tribution of 80.7% to the total variability, biological replicates
for every treatment were clearly grouped (Fig. 2B). In the
Euclidean space defined by PC1 and PC2, transcripts of 1-h

Table 1 Values (+ SE) of photometric and colorimetric assays after exposure to H,O, for O h, 1 h, and 6 h'

FRAP TPC (mg gal- TL (% ofdw) TS (% of dw) TC (mg/g dw) Chl a Chl b Fv/Fm

(mg ascorbic lic acid/g dw) (mg/g dw) (mg/g dw)

acid/g dw)
Treatment AVG SE AVG SE AVG SE AVG SE AVG SE AVG SE AVG SE AVG SE
Oh 24.00* 086 3.59 009 1572* 021 35.85* 141 5.67° 0.1 8.86 027 6.57° 011 0.67* 0.02
1h 24.05* 074 333 007 1387 04 3027°  0.44 5.09° 007 753 021 6.01° 02 0.51°* 0.01
6h 1455 085 2.06 006 10.79° 049 2851° 074 255 0.1 558 023 497° 02 0.37°  0.04

'FRAP ferric-reducing antioxidant power; TPC total phenolic content; TL total lipids; TS total polysaccharides; TC total carotenoids; Chl a
chlorophyll a; Chl b chlorophyll b; dw dry weight. For each treatment, ratio was calculated from the average of two biological and two technical
repeats (n=4). Different superscript letters indicate statistically significant difference among treatments
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Fig.2 Overall differentiation of 7. chuii transcriptome. A Num-
ber of log2-normalized significant (p<0.05) transcripts with
affected expression levels between different treatment comparisons
(n=1005). B Principal component analysis of transcripts following

exposure and 6-h exposure were placed on the longest route,
while the control was at an intermediate position (Fig. 2B).
When focusing the analysis on specific metabolic bio-
chemical processes (Supplemental Fig. S6), a wide array
of transcription responses was observed, as inferred from
the mapping of the identified differentially expressed genes
(DEGs). Nine genes participating in purine metabolism
(map00230) were found to be significantly down-regulated
at 1 h, while four were up-regulated at 6 h and six were
down-regulated. In relation to photosynthesis (map00195),
ten genes were down-regulated at 1 h, and two were up-
regulated at 6 h. Carbon metabolism (map01200) displayed
15 genes down-regulated at 1 h, eight down-regulated at 6 h,
and four up-regulated at 6 h. Genes associated with glyco-
lysis (map00010) showed down-regulation, with seven at
1 h and two at 6 h. Biosynthesis of amino acids (map01230)
exhibited significant down-regulated activity at 1 h, with 22
genes, and five at 6 h. Interestingly, biosynthesis of second-
ary metabolites (map01110) experienced a notable decrease,
with 48 being down-regulated at 1 h and 18 at 6 h. These
results highlighted the reduced metabolic activity observed
at 1 h in several major pathways, as well as the attempted
reactivation of photosynthesis and carbon metabolism at 6 h.
Delving into greater detail, the comparison of relative
transcript levels between cells exposed to 0.5-mM H,O, for
1 h and control cultures not exposed to the stressor (0 h)
revealed an extensive early transcriptional reprogramming
of the cells (Fig. 3, Table 2, Supplemental Table S2). Among
the up-regulated DEGs, 15 played a role in protein process-
ing in the endoplasmic reticulum (ER), including the genes
for nucleotide exchange factor SIL/, Dnal heat shock protein
family (Hsp40) member C10 (DNAJC10), heat shock pro-
tein family A (Hsp70) member 5 (HSPAS5), and heat shock
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exposure to 0.5-mM H,O,. For a given treatment, each biological
replicate is shown separately (n=3). The dashed line separates the
upper positive quartile of PC1

protein 90 p (HSP90B), all of them involved in protein
recognition by luminal chaperons, displaying 3-, 3-, 2.3-,
and 1.8-fold higher levels than in the control, respectively.
In addition, endoplasmic reticulum oxidoreductase 1 f
(EROILB) and protein disulfide isomerase family A member
6 (PDIAG) transcripts, both responsible for protein targeting
in the ER, were found significantly up-regulated. Several
transcripts coding for the ubiquitin ligase complex and the
subsequent ER-associated degradation towards proteasome
were also up-regulated, including heat shock protein family
(Hsp70) member 1 (HSPA Is), ubiquitin conjugating enzyme
E2 D (UBE2D) and heat shock protein 90 a (HSP90A) genes
which showed a 2.5-, 1.2-, and 4.9-fold increased transcript
accumulation. Furthermore, genes related to peroxisome
function were significantly up-regulated, including those
for 3-hydroxymethyl-3-methylglutaryl-CoA lyase (HMGCL)
and mitochondrial inner membrane protein (MPV17) (2.8-
and 2.3-fold, respectively). H,O,-induced transcripts also
included invertase (INV) and p-glucosidase (BGLB) genes
involved in starch and sucrose metabolism. Exposure to
H,0, demonstrated a beneficial effect on galactose metab-
olism, as evidenced by the induction of three transcripts,
notably including an impressive 8.6-fold up-regulation of
galactinol synthase gene (GOLS) expression. Moreover,
among the induced DEGs were the genes for ring finger
protein 41 (RNF41), charged multivesicular body protein
1 (CHMP1), vacuolar protein sorting protein 29 (VPS29),
and IST1 factor associated with ESCRT-III (IST1), all of
them playing pivotal roles in the mechanism of endocytosis.
The expression of genes associated with the biosynthesis
of secondary metabolites exhibited a substantial increase,
while the biosynthesis of cofactors and the MAPK signaling
pathway were also positively affected.



Applied Microbiology and Biotechnology (2024) 108:138

Page70f21 138

RK
" Ribose-5P % “—
Adenine«---
: PRP, RPIA|RI 5P <-- Glucos
//QA:'PRPP“’—SRibUbse-‘],SP: Ribulose-5P «-- Glucose
Histidine<-- - - l

Xylulose-5P

\TYRB l
[ Tyrosine <«-- Arogenate <-----

RP-L14e, RP-L20
RP-L23, RP-L23e
RP-L.38e, RP-1L.39%¢
RP-LP2, RP-S21e
RP-S26e

Fructose-1,6P,

\7PI
Glycerone-P «<—— Glyceraldehyde-3P
GAPDH 1
Glycerate-1,3P,

l HSPAT1s,HSP90A, VCP
UBE2D , DNAJAZ, UFD1

tHSP20

//SK’QU/?, HSPAS, PDIA6, §» Gl te-2P
DNAJC10, EROTLB, SILT ycerate:

VENO

TXNDCS ¥

SKP1, RBX1 ' Phosphoenolpyruvate

UBE2D, RNF5

pPC |

"/\iamnewj r-»>Isoleucine

Cellobiose
tinv | f6oLs
Sucrose «-----

Fructose-6P —— Fructose

VSERA phos .
§ phono
Glycerate-3P —» oxypyruvate

1Pk .

11 1h/0h p<0.05
114 6h/0h p<0.05

L
Galactose

AMY
Glucose-6P —» Glucose-1P ----» Starchlu» Maltose

IMALQ
------ » Mannitol T 1 PSBM, PSBW, PSAQ
LHCAT, LHCA4, LHCAS |
PETCEN
PETUT
Mimosine 1

fCysteine — Methioninet

| BAGXT
------ +* Serine — Glycine

ATPEVOB, NDUFAT
NDUFAS, NDUFB9
NDUFB10, NDUFA13

SDHD,'QCRY, COX68 I

Glycine

....>Threonme'

Asparagine® t

V10D, Pyruvate :
H ASNAY
- Valine® APA L
) Lactate aline t1Aspartate --------- Lysine 11 ROCFIL
RP-L13 GoT14 Ficitrulline----+ Arginine —Urea | §
-------- Acetyl-CoA—» 1 T Malate — Oxaloacetate — Citrate 1 1 1o7C ROCFIL
: l ‘FUMAl J 1 Ornithine —» Putrescine T1
H Fumarate —»Tartaric acid ¥ Isocitrate A
: Acetate gy ICARAML
H " : AS ' ALY
! ¥ Succinate —’SUEC'RY" —2-Oxoglutarate —— Glutamate T ——— Glutamine
: )
Fatty acid biosynthesis : Acetaldehyde lGADAl
FABH, FABF, FABDY | =-=ssseee-ni  WIADH GABA
FABG, ACSL | Ethanol

Fig.3 Global effect of different H,O, concentrations on 7. chuii tran-
scriptome and metabolome. Pathway map representation of significant
changes in transcriptome (n=3 biologically independent experiments,
p<0.05) and metabolome (n =6, three biologically independent experi-
ments and two technical repeats each, p<0.05). Genes and metabolites
identified in this study are shown in blue. Metabolites in black are not
measured in this study. Arrows next to genes or metabolites represent
statistically significant up-regulation/accumulation and down-regu-

Exposure of the microalgal cells to 0.5-mM H,0, for
1 h resulted in a significant down-regulation of several
transcripts involved in central cellular processes. Carbon
metabolism was profoundly affected, as 15 of the down-
regulated DEGs participate in this process. These included
the genes for the key factors of glycolysis/gluconeogenesis
pyruvate kinase (PK) and enolase (ENO), which were both
found to be 1.5-fold down-regulated, and other genes like
for glutathione-dependent formaldehyde dehydrogenase
(FRMA), pyruvate dehydrogenase E1 subunit o (PDHA) and
triosephosphate isomerase 1 (TPI). The down-regulation of
carbon metabolism was also depicted in the reduction of
carbon fixation, as indicated by the reduced expression levels
of several transcripts, including a 1.8-fold decrease observed
for the gene for ribose 5-phosphate isomerase A (RPIA).
Regarding photosynthesis, the impact of the stress was acute,
as four genes coding for subunits of PSI (photosystem I) and
five genes coding for subunits of PSII were down-regulated,
with expression levels of oxygen evolving enhancer protein

lation/depletion. Red arrows indicate relative transcript or metabo-
lite levels of T. chuii grown in the presence of 0.5-mM H,0, for 1 h
in comparison to corresponding levels of the same strain grown under
control conditions (1 h/0 h). Green arrows indicate relative transcript or
metabolite levels of 7. chuii grown in presence of 0.5-mM H,0, for 6 h
in comparison to corresponding levels of the same strain grown under
control conditions (6 h/0 h). The whole data set of fold changes and the
statistical analysis are available in Supplemental Table S2

3 (PSBQ) gene reduced by 2.4-fold. Expression of plasto-
cyanin-coding gene PETE and ferredoxin-NADP™ reductase
gene PETH was also downregulated by 1.7-fold and 1.4-
fold, respectively. In addition, the expression of several tran-
scripts coding for the light harvesting complexes was down-
regulated. The transcription of genes involved in fatty acid
metabolism was also negatively affected by the exposure to
H,0,, as lower expression levels of the genes for malonyl
CoA-acyl carrier protein transacylase (FABD), p-ketoacyl-
acyl carrier protein synthase III (FABH), and f-ketoacyl-acyl
carrier protein (ACP) synthase II (FABF) were observed.
Biosynthesis of amino acids was severely affected, as 22
down-regulated DEGs were identified. Among them, the
most profound down-regulation in their respective transcript
levels was observed for the genes for ornithine transcarba-
mylase (OTC), phosphoribosyl pyrophosphate synthetase
1 (PRPS), and 1-(5-phosphoribosyl)-5-[(5-phosphoribo-
sylamino) methylideneamino] imidazole-4-carboxamide
isomerase (HISA), exhibiting 2.6-, 2.4-, and 2.3-fold lower
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transcripts. Several genes coding for ribosome structural
proteins were also found to be down-regulated, including
RP-L3, RP-L6, and RP-L13, as well as five genes involved
in ribosome biogenesis. Exposure to 0.5-mM H,0, for 1 h
also had a negative impact on other pathways, as purine and
porphyrin metabolism.

The prolonged exposure to 0.5-mM H,0, for 6 h resulted
in a lower number of identified DEGs (Table 3, Supplemen-
tal Table S2). Among the up-regulated DEGs, nine were
associated with oxidative phosphorylation, including the
twofold up-regulated genes for NADH ubiquinone oxi-
doreductase subunits Al and A8 (NDUFAI, NDUFAS). In
addition, the genes for cytochrome c6 (PETJ) and Rieske
iron-sulfur protein (PETC), whose products are both impli-
cated in photosynthesis, were found to be more than two-
fold up-regulated in comparison with the control. Multiple
transcripts involved in carbon metabolism were positively
affected, among which the gene for glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) exhibited a notable up-reg-
ulation of at least twofold. Furthermore, ribosome forma-
tion was strongly enhanced, as 16 genes encoding structural

proteins of both small and large ribosomal subunits were
significantly up-regulated, including RP-L38e, RP-L35e,
and RP-L23e transcripts, all exhibiting at least a 2.1-fold
increase. Thioredoxin domain containing 5 (TXNDC5) tran-
scripts, responsible for protein targeting to the ER, were
found to be more than twofold up-regulated, while heat
shock protein 20 (HSP20) transcripts, involved in the ER-
associated degradation, were also up-regulated. The ubiq-
uitin ligase complex was also affected with S-phase kinase
associated protein 1 (SKPI), ring-box 1 (RBX1I), ring finger
protein 5 (RNF5), and UBE2D genes being slightly overex-
pressed. Expression levels of several genes participating in
nucleotide excision repair were up-regulated, including the
genes for RNA polymerase II (RPABC2) and proliferating
cell nuclear antigen (PCNA) with observed 2.5- and 1.8-
fold higher transcript levels, respectively. Other up-regulated
DEGs were coding for proteasome subunits.

In contrast to previous results, exposure to 0.5-mM H,0,
for 6 h led to the down-regulation of several biosynthetic
pathways. Specifically, 18 of the identified down-regulated
DEGs participate in biosynthesis of secondary metabolites,

Table 2 Log,-normalized fold changes of well-annotated transcripts with significantly affected expression levels (p <0.05) between 1 and 0 h.!

Log2 | Log Adj
Gene ID Encoded protein Pathway Ratio | 2 SE p-
value
GOLS Galactinol synthase Galactose metabolism 8.6 0.3 0.00
HSP90A Heat shock protein 90 a ER-associated degradation 4.9 0.3 0.00
GALA a-Galactosidase Galactose metabolism 4.5 0.3 0.00
UFD1 Ubiquitin recognition factor in ER ER-associated degradation 43 | 03 | 0.0
associated degradation 1
HSPBP1 Heat shock protein B 1 ER-associated degradation 33 0.3 0.00
SIL1 Nucleotide exchange factor ey e el (57 (e ] 3.0 0.3 0.00
chaperones
DNAJC1 Dnal heat shock protein family (Hsp40) Protein recognition by luminal
3.0 0.3 0.00
0 member C10 chaperones
ERO1 Endoplasmic reticulum oxidoreductase 1 Protein targeting in ER 3.0 0.5 0.00
HMGCL 3-Hydroxymethyl-3-methylglutaryl-CoA Peroxisome )8 04 0.00
lyase
DUSP10 Dual specificity phosphatase 10 MAPK signaling pathway 2.6 0.3 0.00
RNF41 Ring finger protein 41 Endocytosis 2.6 0.5 0.00
HSPA1S Heat shock protein family (Hsp70) Ubiquitin ligase complex 2.5 0.4 0.00
member 1
MPV17 Mitochondrial inner membrane protein Peroxisome 2.3 0.4 0.00
HSPAS Heat shock protein family A (Hsp70) Protein recognition by luminal 23 03 0.00
member 5 chaperones
SC5DL Sterol-C5-desaturase Biosynthesis of 'secondary 2.0 0.4 0.00
metabolites
PYRP2 . '5-Am|'no-6-(5-[.:>hospho-D- Biosynthesis of'secondary 18 0.2 0.00
ribitylamino)uracil phosphatase metabolites
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Table 2 (continued)

HSP90B Heat shock protein 90 B Protein ri%c;gp";:':n"ei’y luminal 3 ¢ 1 93 | 0.00
CHMP1 Charged multivesicular body protein 1 Endocytosis 1.7 0.3 0.00
VPS29 Vacuolar protein sorting protein 29 Endocytosis 1.6 0.3 0.00
INV Invertase Starch and sucrose metabolism 1.5 0.3 0.00
PDXH Pyridoxine 5'-phosphate oxidase Biosynthesis of cofactors 1.5 0.2 0.00
pnajaz | D@l heatshock protein family (Hsp40) Ubiquitin ligase complex 15 | 02 | 0.00
member A2
IST1 IST1 factor associated with ESCRT-III Endocytosis 1.4 0.2 0.00
CHMP5 Charged multivesicular body protein 5 Endocytosis 1.4 0.2 0.00
NADB L-Aspartate oxidase Biosynthesis of cofactors 1.3 0.2 0.00
BGLB B-Glucosidase Starch and sucrose metabolism 1.2 0.2 0.00
UBE2D Ubiquitin conjugating enzyme E2 D Ubiquitin ligase complex 1.2 0.2 0.00
PDIA4 AR LIRS Protein targeting in ER 12 | 02 | 0.00
member 4
vCcpP Valosin containing protein ER-associated degradation 1.2 0.2 0.00
SPS Suc-phosphate synthase Blosyntnflzst:b(:ﬂistzzondary 1.1 0.2 0.00
ISCS Cysteine desulfurase Biosynthesis of cofactors 1.1 0.2 0.00
PSAD Photosystem | reaction center subunit Il Photosynthesis -1.1 0.2 0.00
RPE Ribulose-phosphate 3-epimerase photccir\/bncfcz:t:'(stclcr)gal:isms -1.2 0.2 0.00
ASNA Asparagine synthetase Biosynthesis of amino acids -1.2 0.2 0.00
PPOX Protoporphyrinogen oxidase Porphyrin metabolism -1.2 0.2 0.00
PGM Phosphoglucomutase Glycolysis / gluconeogenesis -1.2 0.2 0.00
MDH2 Malate dehydrogenase 2 photcoasrybncch:t:'(sno?;al:isms -1.2 0.2 0.00
BCHM RGN RRID © Porphyrin metabolism 13 | 02 | 0.00
methyltransferase
PSB27 Photosystem Il D1 processing protein Photosynthesis -1.3 0.3 0.00
PSAO Photosystem | subunit O Photosynthesis -1.3 0.2 0.00
PWP2 Periodic tryptophan protein 2 Rlbosoemuia?;oogtzze5|s n -1.3 0.3 0.00
RP-L15 Ribosomal protein L15 Ribosome -14 0.2 0.00
FRMA Glutathione-dependent formaldehyde Glycolysis / gluconeogenesis -14 0.2 0.00
dehydrogenase
HIS7 Imidazoleglycerol-phosphate synthase Biosynthesis of amino acids -14 0.2 0.00
PSAF Photosystem | reaction center subunit IlI Photosynthesis -1.4 0.2 0.00
PURD Phosphoribosylglycinamide synthetase Purine metabolism -14 0.3 0.00
RP-S5 Ribosomal protein S5 Ribosome -14 0.2 0.00
PSBM Photosystem Il reaction center protein M Photosynthesis -14 0.3 0.00
PETH Ferredoxin-NADP* reductase Photosynthesis -14 0.2 0.00
PURM >'-Phosphoribosyl-5-aminoimidazole Purine metabolism -1.5 0.3 0.00
synthetase
UTPE Small nucleolar RNA-associated protein 6 Ribosome biogenesis in 15 0.3 0.00
homolog eukaryotes
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Table 2 (continued)

PAT Phosphinothricin N-acetyltransferase Biosynthesis of amino acids -1.5 0.3 0.00
RP-L13 60S ribosomal protein L13 Ribosome -1.5 0.2 0.00
DAPA SR Rl I Biosynthesis of amino acids -1.5 0.3 0.00
synthase
ADK Adenosine kinase Purine metabolism -1.5 0.2 0.00
PK Pyruvate kinase Glycolysis / gluconeogenesis -1.5 0.2 0.00
PSAG Photosystem | subunit G Photosynthesis -1.5 0.3 0.00
ENO Enolase Glycolysis / gluconeogenesis -1.5 0.2 0.00
FABD Malonyl-CoA transacylase Fatty acid metabolism -1.5 0.3 0.00
PRK Phosphoribulokinase photc;:/bn"tz:;:t;‘r’g;:isms 16 | 03 | 0.00
NOL Nucleolar protein Porphyrin metabolism -1.6 0.2 0.00
SERC Phosphoserine aminotransferase Biosynthesis of amino acids -1.6 0.3 0.00
RP-L6 RP-L6 Ribosome -1.6 0.2 0.00
ARGAB Amino-acid acetyltransferase Biosynthesis of amino acids -1.6 0.3 0.00
PSBW Photosystem Il reaction center W Photosynthesis -1.6 0.2 0.00
RP-L22 Ribosomal Protein L22 Ribosome -1.6 0.3 0.00
PFAS G U AT Tl Purine metabolism 1.7 | 03 | 0.00
synthase
PETE Plastocyanin Photosynthesis -1.7 0.2 0.00
SERA D-3-Phosphoglycerate dehydrogenase Biosynthesis of amino acids -1.7 0.3 0.00
ASD Aspartate-semialdehyde dehydrogenase Biosynthesis of amino acids -1.8 0.2 0.00
LEUB 3-Isopropylmalate dehydrogenase Biosynthesis of amino acids -1.8 0.2 0.00
RP-L3 Ribosomal protein L3 Ribosome -1.8 0.3 0.00
CHLG Chlorophyll synthase Porphyrin metabolism -1.8 0.3 0.00
RPIA Ribose 5-phosphate isomerase A Carbon fixation -1.8 0.3 0.00
PDHA Pyruvate dehydrogenase E1 subunit a Glycolysis / gluconeogenesis -1.8 0.2 0.00
TPI Triosephosphate isomerase 1 Glycolysis / gluconeogenesis -1.9 0.3 0.00
FABF B-Ketoacyl-acyl synthase Il Fatty acid metabolism -1.9 0.3 0.00
LEUA 2-Isopropylmalate synthase Biosynthesis of amino acids -1.9 0.4 0.00
DVR AN e LA DT Porphyrin metabolism -1.9 0.3 0.00
reductase
GDA Guanine deaminase Purine metabolism -2.0 0.3 0.00
TRPA Transient receptor potential ankyrin 1 Biosynthesis of amino acids -2.0 0.3 0.00
DKC1 Dyskerin pseudouridine synthase 1 RibosoenJEat;Lchtee:esis n -2.1 0.3 0.00
EARS Glutamyl-tRNA synthetase Porphyrin metabolism -2.1 0.3 0.00
RP-S1 Ribosomal protein S1 Ribosome -2.1 0.2 0.00
NOP56 NOP56 ribonucleoprotein Rm“";ﬂﬁ;;ﬁi’;es's n 21 | 03 | 0.00
FABH GG R G Fatty acid metabolism 23 | 03 | 0.00
synthase llI
1-(5-Phosphoribosyl)-5-[(5-
HISA phosphoribosylamino)methylideneamino Biosynthesis of amino acids -2.3 0.3 0.00
] imidazole-4-carboxamide isomerase
HEMC Hydroxymethylbilane synthase Porphyrin metabolism -2.4 0.3 0.00
PRPS B R AR R RIS Biosynthesis of amino acids -2.4 0.4 0.00
synthetase 1
PSBQ Oxygen evolving enhancer protein 3 Photosynthesis -2.4 0.2 0.00
oTC Ornithine transcarbamylase Biosynthesis of amino acids -2.6 0.3 0.00
NOP5 Ribonucleoprotein Bl ek e el 29 | 04 | 0.00

eukaryotes

"For each treatment, ratios were calculated from the average of three biological repeats (n=3)

Red color indicates significantly upregulated DEGs, blue color indicates significantly downregulated DEGs
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with genes for glycogen branching enzyme (GBEI) and
alanine-glyoxylate aminotransferase (AGXT) exhibiting the
most significant decrease, with respective reduction of 2.0-
and 2.1-fold. In addition, down-regulation was observed in
the expression levels of genes involved in amino acid metab-
olism, including alanine, aspartate, and glutamate, depicted
in the significantly reduced levels of glutamic-oxaloacetic
transaminase 2 (GOT?2) transcripts. Moreover, down-regu-
lation was observed in three transcripts involved in arginine
and proline metabolism, as well as in DEGs participating in
the biosynthesis of cofactors, including the twofold decrease
of the gene for carbamoyl-phosphate synthase large chain
(CARB). Similarly, the gene for pyruvate kinase (PK), which
plays a key role in glycolysis, and the gene for phosphoglu-
comutase (PGM), were identified among the down-regulated
DEGs. In addition, down-regulation was observed in fatty

acid metabolism, as 3-ketoacyl-acyl carrier protein (ACP)
reductase (FABG) and acyl-CoA synthetase long chain fam-
ily member 1 (ACSL) transcript levels were 1.6- and 1.3-fold
lower compared to the control treatment, respectively. Pho-
torespiration exhibited a significant decrease, as evidenced
by the down-regulation of several transcripts involved in this
metabolic process, including the aminomethyltransferase
gene GCVT. Among the identified down-regulated DEGs
were also several participating in purine metabolism, includ-
ing phosphodiesterase 4D interacting protein (PDE-4).

Global metabolomic responses upon H,0,-induced
oxidative stress

To gain a better understanding of how the observed tran-
scriptional reprogramming during H,0,-induced oxidative

Table 3 Log,-normalized fold changes of well-annotated transcripts with significantly affected expression levels (p <0.05).!

Log2 | Log2 Adj
Gene ID Encoded protein Pathway Ratio SE p-
value
Heat shock protein 20 Protein processing in
HSP20 endoplasmic reticulum 2.7 0.4 0.00
RPABC2 RNA polymerase Il Nucleotide excision repair 2.5 0.4 | 0.00
PETJ Cytochrome c6 Photosynthesis 24 | 04 | 0.00
Thioredoxin domain containing 5 Protein processing in
TXNDC5 endoplasmic reticulum 2.2 0.3 0.00
RP-138e Large subunit ribosomal protein L38e Ribosome 2.1 02 | 0.00
RP-L35e Large subunit ribosomal protein L35e Ribosome 2.1 02 | 0.00
PETC Rieske iron-sulfur protein Photosynthesis 21 | 03 | 0.00
Glyceraldehyde-3-phosphate
GAPDH dehydrogenase Carbon metabolism 2.1 0.4 0.00
RP-L23e Large subunit ribosomal protein L23e Ribosome 2.1 03 | 0.00
NADH ubiquinone oxidoreductase
NDUFA8 subunit A8 Oxidative phosphorylation 2.0 0.3 0.00
NADH ubiquinone oxidoreductase
NDUFA1 subunit Al Oxidative phosphorylation 2.0 0.2 0.00
50S3 Salt overly sensitive 3 MAPK signaling pathway 1.9 | 03 | 0.00
RP-LP2 Large subunit ribosomal protein LP2 Ribosome 1.9 02 | 0.00
RP-120 Large subunit ribosomal protein L20 Ribosome 1.9 02 | 0.00
PCNA Proliferating cell nuclear antigen Nucleotide excision repair 1.8 0.2 | 0.00
RP-L39e Large subunit ribosomal protein L39e Ribosome 1.8 03 | 0.00
NADH ubiquinone oxidoreductase
NDUFB10 subunit B10 Oxidative phosphorylation 1.8 0.2 0.00
RP-L22e Large subunit ribosomal protein L22e Ribosome 1.8 03 | 0.00
RP-L32 Large subunit ribosomal protein L32 Ribosome 1.8 02 | 0.00
Succinate dehydrogenase complex
SDHD subunit D Oxidative phosphorylation 1.8 0.2 0.00
uBe2m | Ubiquitin-conjugating enzyme E2ZM | ypiquitin mediated proteolysis | 1.7 | 0.2 | 0.00
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Table 3 (continued)

Large subunit ribosomal protein L14e

RP-L14e Ribosome 1.7 0.3 0.00
SNRPD2 Small nuclear ribonucleoprotein D2 Spliceosome 1.7 03 | 0.00
POLD4 DNA polymerase delta subunit 4 Nucleotide excision repair 1.7 0.2 | 0.00
Subunit 9 of ubiquinol cytochrome-c
QCR9 reductase (complex IlI) Oxidative phosphorylation 1.6 0.3 0.00
V-type H+-transporting ATPase 21kDa
ATPEVOB proteolipid subunit 04142 Oxidative phosphorylation 1.6 0.2 0.00
UBE2D Ubiquitin conjugating enzyme E2 D Ubiquitin mediated proteolysis 1.6 0.3 | 0.00
Hsp70-interacting protein Protein processing in
HSPBP1 endoplasmic reticulum 1.6 0.2 0.00
RP-L30 Large subunit ribosomal protein L30 Ribosome 1.6 0.3 0.00
Ring finger protein 5 Protein processing in
RNF5 endoplasmic reticulum 1.6 0.3 0.00
RP-S12E Ribosomal protein S12e Ribosome 16 | 0.2 | 0.00
SNRPG Small nuclear ribonucleoprotein G Spliceosome 1.5 0.2 0.00
NADH ubiquinone oxidoreductase
NDUFB9 subunit B9 Oxidative phosphorylation 1.5 0.3 0.00
POLE4 DNA polymerase epsilon 4 Nucleotide excision repair 1.5 0.2 | 0.00
POMP Proteasome maturation protein Proteasome 15 02 | 0.00
RP-S26e Ribosomal protein S26e Ribosome 1.5 | 02 | 0.00
RP-123 Large subunit ribosomal protein L23 Ribosome 1.5 0.3 0.00
RP-L36 Large subunit ribosomal protein L36 Ribosome 1.5 0.2 | 0.00
COX6B Cytochrome c oxidase 6B Oxidative phosphorylation 1.4 | 03 | 0.00
SKP1 S-phase kinase associated protein 1 Ubiquitin mediated proteolysis 1.4 | 0.2 | 0.00
ILVA Threonine dehydratase Carbon metabolism 14 | 03 | 0.00
CYN22 Peptidyl-prolyl cis-trans isomerase Spliceosome 1.3 0.3 0.00
NADH ubiquinone oxidoreductase
NDUFA13 subunit A13 Oxidative phosphorylation 1.3 0.2 0.00
RBX1 Ring-box 1 Ubiquitin mediated proteolysis 1.3 0.2 | 0.00
DUSP10 Dual specificity phosphatase 10 MAPK signaling pathway 1.3 | 02 | 0.00
PSMA2 20S proteasome subunit alpha 2 Proteasome 12 | 02 | 0.00
RP-S24E Ribosomal protein 524 Ribosome 12 | 02 | 0.00
RP-S21E Ribosomal protein 521 Ribosome 12 | 02 | 0.00
4-a-Glucanotransferase Biosynthesis of secondary
MALQ metabolites -1.1 0.2 0.00
GLYA Glycine hydroxymethyltransferase Biosynthesis of amino acids -13 | 0.2 | 0.00
Acyl-CoA synthetase long chain family
ACSL member 1 Fatty acid metabolism -1.3 0.3 0.00
Phytoene synthase Biosynthesis of secondary
CRTB metabolites -1.3 0.2 0.00
HPR1 Glycerate dehydrogenase Carbon metabolism -13 | 03 | 0.00
Protoporphyrinogen oxidase Biosynthesis of secondary
PPOX metabolites -1.3 0.2 0.00
Adenosine monophosphate Biosynthesis of secondary
AMPD deaminase 1 metabolites -1.4 0.3 0.00
METE Methylene tetrahydrofolate reductase Carbon metabolism 14 | 02 | 000
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Table 3 (continued)

PK Pyruvate kinase Glycolysis / gluconeogenesis -14 | 0.2 | 0.00

ALDH18A1 Aldehyde dehydrogenase 18 Arginine and proline metabolism | -1.5 0.3 0.00
CRISPR-associated protein 1 Biosynthesis of secondary

CAS1 metabolites -1.5 0.3 0.00

3-Ketoacyl-acyl carrier protein (ACP)
FABG reductase Fatty acid metabolism -1.6 0.3 0.00
Phosphodiesterase 4D interacting

PDE-4 protein Purine metabolism -1.6 0.3 0.00

PGM Phosphoglucomutase Glycolysis / gluconeogenesis -1.7 0.3 0.00

GOT2 Glutamic-oxaloacetic transaminase 2 Biosynthesis of amino acids -1.7 | 0.3 | 0.00

ARG1 Arginase Arginine and proline metabolism | -1.7 | 0.3 | 0.00
Amylase a 1 Biosynthesis of secondary

AMY1 metabolites -1.7 0.3 0.00

GCVT Aminomethyltransferase Carbon metabolism -1.8 | 0.2 | 0.00
Glycine dehydrogenase Biosynthesis of secondary

GLDC metabolites -1.9 0.2 0.00

Carbamoyl-phosphate synthase large

CARB chain Biosynthesis of cofactors -2.0 0.3 0.00
Glycogen branching enzyme Biosynthesis of secondary

GBE1 metabolites -2.0 0.3 0.00
Alanine-glyoxylate aminotransferase Biosynthesis of secondary

AGXT metabolites -2.1 0.2 0.00

'For each treatment, ratios were calculated from the average of three biological repeats (n=3)

Red color indicates significantly upregulated DEGs, blue color indicates significantly downregulated DEGs

stress reflects on the overall metabolic homeostasis of the
cell, we utilized an untargeted metabolomic approach with
a GC-MS platform. This analysis enabled the identification
and relative quantification of over 70 metabolites, including
amino acids, sugars, organic acids, and nitrogen-containing
compounds (Fig. 4A, Supplemental Table S3). When com-
paring the metabolite content of cultures exposed to 0.5-mM
H,0, for 1 h with the content in control cells, we were able
to identify 41 metabolites showing a significant increase in
their content, while only three exhibited reduced content
under stress conditions. Similarly, comparing the content
after 6 h of exposure, we observed a significant increase
in 28 metabolites, while five identified metabolites showed
reduced accumulation under stress conditions. To study the
overall response of the metabolome, we performed PLS-DA
analysis. This analysis effectively demonstrated the group-
ing and separation of metabolites from all treatments, with
the metabolites from control cells being the farthest from
those of both 1-h and 6-h exposures (Fig. 4B). This pattern
starkly resembled with the respective PLS-DA transcriptome
analysis.

Comparison of the metabolomic profiles of 7. chuii
cultures exposed to 0.5-mM H,0, for 1 h revealed several

differentially accumulated metabolites (Fig. 3, Table 4).
Amino acids were strongly affected, as 13 of them showed
increased contents at these early stages of the cell responses,
including methionine, valine, and asparagine, which showed
10.7-, 3.8-, and 3.8-fold increased metabolite content,
respectively, when compared to the control. In response to
oxidative stress, the content of eight organic acids increased.
Citric acid and malic acid showed the highest accumula-
tion with a 7.5- and 5.9-fold increase, respectively. Addi-
tionally, glucose exhibited a significant increase (5.7-fold).
Among the nitrogen-containing compounds, adenine exhib-
ited a threefold increase in accumulation, while putrescine
increased by 1.5-fold. Conversely, the content of urea was
threefold lower compared to control cultures. Furthermore,
polyol content, like mannitol, was increased in cultures
exposed to 0.5-mM H,O, for 1 h.

Interestingly, the effects of 0.5-mM H,0O, exposure for
6 h on T. chuii metabolome were less pronounced (Fig. 3,
Table 5). Regarding the amino acids, asparagine, alanine, and
lysine exhibited a 2.6-, 3.4-, and 1.8-fold increase in stressed
cells, whereas citrulline content was 1.5-fold lower. Among the
seven significantly affected organic acids, citric acid displayed
the highest accumulation with an 11.7-fold change, while
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Fig.4 Overall differentiation of 7. chuii metabolome. A Number of
metabolites with affected content between different treatment com-
parisons (n=74). B PLS-DA analysis of metabolites following expo-

oxalic acid was the only one exhibiting a decrease (fivefold)
in content. In the case of sugars and polyols, glucose content
showed a significant increase with a 14.2-fold change, and
mannitol also increased by 1.5-fold. Furthermore, four nitro-
gen-containing metabolites were found to accumulate, with
adenine, methylalanine, putrescine, and spermidine showing
a2.5-,4-, 1.6-, and 3.2-fold increase, respectively. Conversely,
urea content experienced a substantial decrease in stressed
cells with a 12-fold change. Additionally, the total content of
organic acids was higher after exposure to H,0O,. Specifically,
the highest content was observed after 1 h, gradually decreas-
ing in subsequent hours, while remaining at elevated levels
compared to the 0-h control (Supplemental Table S3).

Discussion

Microalgae are continually exposed to abiotic stresses as a con-
sequence of the constantly changing habitat (Odjadjare et al.
2017). In order to ensure their successful adaptation and sur-
vival, they have evolved a multitude of adaptations, which differ
among species, due to their unique morphological, physiologi-
cal, and genomic characteristics (Barone et al. 2021). In the pre-
sent study, the effects of H,O,-induced oxidative stress on the
microalga 7. chuii have been examined, providing new insights
on its molecular and biochemical adaptation mechanisms.

Altered physiology strongly dictates a metabolic
reprogramming upon oxidative stress in T. chuii

As indicated by the observed cell viability, all used H,O,
concentrations led to induction of oxidative stress to 7. chuii
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sure to 0.5-mM H,0,. For a given treatment, each biological and
technical replicate is shown separately (n=6). The dashed line sepa-
rates the upper positive quartile of PC1

cultures within a relatively short period of time (Fig. 1). The
addition of 0.5-mM H,0, affects the cells’ viability signifi-
cantly, although a tolerance antioxidant mechanism appears
to be activated. Higher concentrations led to an immediate
dramatic reduction in cell viability and the eventual collapse
of the cultures. This quick reaction to H,O, corroborates with
the sensing ability of green microalga C. reinhardtii, whereas
a higher H,0O, dosage up to 2-mM H,0, was required for
reducing cell viability (Koletti et al. 2022). This observation
highlights the differences among green microalgal cells, with
T. chuii being more sensitive to oxidative stress.

As our results revealed, early responses of green micro-
algae to oxidative stress include the significant reduction
of photosynthesis and the total carotenoids content, as well
as an observed slight decline on total lipids, total phenolic
content, and chlorophylls. The utilization of carotenoids has
been shown as an antioxidative strategy of green microal-
gae in the past, able to cease oxidation reactions, reveal-
ing their crucial role as an early antioxidative reaction in 7.
chuii (Gauthier et al. 2020; Sansone and Brunet 2019). In
addition, the reprogramming of their metabolism towards
ROS tolerance corroborated the previous studies (Chen et al.
2020). The exposure of cells to 0.5-mM H,0, indicated that
the early microalgal response to stress occurs within the
Ist hour, resulting in the observed metabolic adaptations
after long term exposure, although photosynthetic capacity
of PSII keeps declining. This is evident from the RNAseq
analysis whereas a higher number of DEGs for the 1 h vs
0 h comparison than the 6 h vs 0 h were reported, suggesting
the initial global transcriptomic responses occurred within
the 1st hour (Fig. 2). One-hour exposure treatment showed
a totally different transcriptome profile, while 6-h profile
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Table 4 Relative response ratios of identified metabolites with statistically significant differences (p <0.05, ANOVA) for 1 h and 0 h.!

l m/z ‘ Ratio 1 h/C | p-value

RT
Amino acids
L-Ornithine 26.3882 174 1.60 0.01
L-Valine 12.0452 144 3.85 0.00
L-Threonine 16.52835 218 2.78 0.00
Citrulline 26.48755 157 1.30 0.05
L-Norleucine 13.4872 158 6.48 0.00
L-Asparagine 23.2636 231 3.79 0.00
B- Alanine 17.3783 248 2.38 0.02
Tyrosine 28.78545 218 129.21 0.00
L-Methionine 19.62155 176 10.72 0.00
L-Lysine 28.457 317 1.91 0.00
L-Glutamine 254187 156 2.38 0.00
DL-Isoleucine 14.0454 158 4.80 0.00
B-Cyano-L-alanine 16.0309 141 1.78 0.00
Organic acids
Succinic acid 14.46285 148 2.78 0.00
Maleic acid 14.266 147 3.21 0.04
D-Malic acid 19.0292 147 591 0.00
Citric acid 26.58325 347 7.54 0.00
Maleamic acid 19.57335 244 1.87 0.00
Aspartic acid 19.7722 232 3.57 0.00
L-Glutamic acid 22.07675 246 2.81 0.00
Glyceric acid 15.08935 189 2.88 0.00
Sugars
D-Glucose 28.3958 ‘ 319 ‘ 5.79 0.02
Nitrogen-containing
Adenine 27.2088 264 3.05 0.00
Urea 12.4749 147 0.38 0.00
Putrescine 24.57765 174 1.53 0.00
Polyols
D-Mannitol 29.1167 ‘ 319 ‘ 1.43 0.00
Others
Methyl-B-D-galactopyranoside 36.03205 204 3.65 0.02
DL-3-Aminoisobutyric acid 11.3469 102 4.00 0.02

"For each treatment, ratios were calculated from the average of three biological and two experimental repeats for each (n=6)

Red color indicates metabolites with significantly accumulated content, blue color indicates metabolites with significantly depleted content

was more similar to the control group (Fig. 2). This could
suggest a fast-response metabolic reprogramming mecha-
nism in green microalgae responsible form the initial adap-
tation reactions upon externally induced oxidative stress.

Global untargeted metabolomic analysis also revealed that
the majority of the significantly affected metabolite profiles
corresponded to the early stages of H,0,-induced oxidative
stress (Fig. 3). This observation is consistent with previous
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Table 5 Relative response ratios of identified metabolites with statistically significant differences (p <0.05, ANOVA) for 6 h and 0 h.!

RT ‘ m/z ‘ Ratio 6 h/C | p-value

Amino acids

Citrulline 26.48755 157 0.68 0.03
L-Asparagine 23.2636 231 2.57 0.00
- Alanine 17.3783 248 3.44 0.00
L-Lysine 28.457 317 1.76 0.00
Organic acids

Tartaric acid 25.626 147 2.29 0.00
D-Malic acid 19.0292 147 4.72 0.01
Citric acid 26.58325 347 11.72 0.00
Maleamic acid 19.57335 244 1.87 0.00
Oxalic acid 6.7197 147 0.19 0.02
Aspartic acid 19.7722 232 2.28 0.05
L-Glutamic acid 22.07675 246 2.82 0.00
Sugars

D-Glucose 28.3958 ‘ 319 ‘ 14.15 0.00
Nitrogen-containing

Adenine 27.2088 264 2.55 0.00
Urea 12.4749 147 0.05 0.00
N-Methylalanine 10.9415 130 4.04 0.02
Putrescine 24.57765 174 1.59 0.00
Spermidine 34.5784 174 3.16 0.01
Polyols

D-Mannitol 29.1167 ‘ 319 ‘ 1.51 0.00

"For each treatment, ratios were calculated from the average of three biological and two experimental repeats for each (n=6)

Red color indicates metabolites with significantly accumulated content, blue color indicates metabolites with significantly depleted content

work in C. reinhardtii, in which microalgal cultures decom-
pose H,0, rapidly, within 4 h, and persistent transcriptional
responses to oxidative stress occur as early as the first hour
of exposure to the stressor (Blaby et al. 2015).

T. chuii attenuates carbon fixation upon short-term
oxidative stress

The induction of short-term oxidative stress in 7. chuii was
shown to significantly affect several cellular processes. Spe-
cifically, expression levels of chaperone genes in the ER
were increased, as also shown in previous reports (Ma et al.
2020). A typical example is the increased transcript levels
of heat shock proteins (HSPs) which are well described
molecular chaperones responding to various environmen-
tal niches, having a similar function in microalgal cells
as well (Akerfelt et al. 2010; Lee et al. 2014). Similarly,
in C. reinhardtii cells exposed to 2-mM H,0, for 1 h, the

@ Springer

up-regulation of several HSPs was observed (Koletti et al.
2022). Several, DNAJ domain-containing heat sock tran-
scripts, including DNAJA2 and DNAJC10, were found up-
regulated, which belong to the four families of evolutionar-
ily conserved H,0,-sensitive eukaryotic proteins among all
kingdoms (Vandenbroucke et al. 2008). In addition, genes
such as HSPA s and UBE2D involved in targeting proteins
for degradation, by catalyzing the attachment of ubiquitin in
a lysine residue, were found up-regulated, possibly indicat-
ing an increase in protein recycling in order to meet with
a decreased availability in amino acids (Ma et al. 2020).
Furthermore, upon 1-h exposure to H,0,, peroxisome-asso-
ciated transcripts like from gene MPV17 were significantly
up-regulated, depicting the activation of the cell integral
ROS detoxification (Kao et al. 2018).

Interestingly, in parallel to the observed increased
transcription of protein degradeosome genes, a decrease
in the expression levels of genes, including RP-L3 and
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RP-L6, coding for ribosomal subunits was observed upon
1 h of H,0,-induced oxidative stress. In addition, our results
revealed that the accumulation of 22 transcripts involved
in the biosynthesis of basic amino acids, including from
the genes for tyrosine aminotransferase (TYRB), HISA, and
4-hydroxy-tetrahydrodipicolinate synthase (DAPA), signifi-
cantly decreased. In contrast, our global untargeted metabo-
lomic analysis revealed that the content of several amino
acids, including tyrosine, methionine, asparagine, and lysine,
was significantly higher upon H,O,-induced oxidative stress.
In the case of methionine, its increased content could also
account for its protein-protective role upon oxidative stress
(Luo and Levine 2009). In total, our results provide support
to the hypothesis that protein degradation and the reduction
of protein synthesis, which subsequently leads to amino acid
accumulation, could represent a first line of defense upon
oxidative stress allowing the microalgal cells to fuel gluco-
neogenesis (Blaby et al. 2015). Evidence of protein degrada-
tion is also provided by observed accumulation of various
nitrogen-containing compounds, such as nitrogen-contain-
ing mimosine, which was detected only in the presence of
stressor and has been shown to act as antioxidant under
abiotic stress the plant Leucaena leucocephala (Honda and
Borthakur 2021). Similarly, the accumulation of adenine is
also known to trigger stress tolerance (Sukrong et al. 2012).
The increased content of citrulline and ornithine is also in
agreement with previous results, with the former being an
indicator of tolerance to several abiotic stresses in Cucumis
melo, while the latter has been shown to accumulate in Chlo-
rella vulgaris during cadmium stress (Kusvuran et al. 2013).
Finally, putrescine is one of the polyamines found in micro-
algae and known to participate in several molecular mecha-
nisms employed by the cell in order to mitigate the adverse
impacts from the environment (Xu et al. 2021).

Overall, H,0,-induced oxidative stress had a strong
effect on carbon and energy flow and metabolism in 7.
chuii, shown also by the slight reduction of total sugars.
Among the most biochemically profound adaptations, PK
transcripts, coding for the key glycolytic enzyme pyruvate
kinase, were found to be significantly down-regulated upon
1 h of exposure to H,0,. Similarly, in the Chlorophyta Ulva
compressa pyruvate kinase was inhibited as a consequence
of copper-induced oxidative stress (Laporte et al. 2020). The
reduced energy production via glycolysis early upon expo-
sure to H,0O, is exacerbated by a decrease in the expression
of ENO transcripts, which encode enolase, the pre-pyruvate
kinase enzyme, and several other genes participating in
the glycolysis pathway. In general, glucose can act as an
important antioxidative metabolite due to its involvement
in NADPH production (Cherkas et al. 2020). It also owns
a pivotal role in stress signaling and stress acclimation in
plants. The increased glucose content enhances tolerance to
ROS-related abiotic stress, as previously reported in plants

exposed to high salinity (Sanchez et al. 2007; Skliros et al.
2018). It could be that glucose accumulation can have a
multilevel role in ROS-stressed photosynthetic organisms
when carbon fixation is attenuated, as depicted in the present
study by the down-regulation of RPIA coding for the ribose
5-phosphate isomerase A. In addition, starch metabolism
was up-regulated due to oxidative stress, a stress response
previously also reported to several microalgae (Li et al.
2015). In addition, 1-h exposure to H,O, led to the down-
regulation of several genes coding for proteins of the light-
harvesting complex, and the down-regulation of PSBM,
PSBW, and PSAO of the PSI and PSII, alongside with the
decrease of the maximal PSII quantum yield. These obser-
vations are in line with the reported limited rate of photo-
synthesis in C. reinhardtii as a result of abiotic stress (Pillai
et al. 2014; Koletti et al. 2022) and corroborate well with
the shift towards intracellular gluconeogenesis as energy
source, possibly also utilizing the excess of free amino acids
resulting from protein degradation. GOLS transcripts, par-
ticipating in galactose metabolism were highly up-regulated,
a finding in line with the strong increase of this pathway
in C. vulgaris as a response to free ammonia stress (Dai
et al. 2023). Also, the observed up-regulation of transcript
expression levels associated with endocytosis is a common
response of green microalgae to short-term stress (Barten
et al. 2022).

Some photosynthesis-related genes of T. chuii
are up-regulated upon long-term oxidative stress
exposure

The prolonged exposure to the stressor led to distinct
long-term molecular adaptation mechanisms to exter-
nally induced oxidative stress in 7. chuii. In general,
the long-term oxidative stress had a profound effect on
antioxidant potential, total phenolic content, total lipids,
total sugars, and total carotenoids, indicating a global
reprogram towards utilization of potent antioxidant
properties of secondary metabolites and consumption
of intracellular carbon (in the form of sugars and lipids)
to withstand the stress, which appear depleted over time
(Goiris et al. 2012). At the same time, PSI-related gene
PET]J transcripts were significantly increased, while tran-
scripts associated with photorespiration were significantly
decreased. Additionally, enrichment analysis revealed a
cascade shut down of the photosynthesis pathway under
6-h exposure to the stress. Contrary to these results, the
expression levels of PSII-related gene PETC were found
significantly increased, although measurements of PSII
efficiency kept declining. Based on these results, it is
plausible to assume that on both the molecular and meta-
bolic levels, cells with depleted intracellular carbon and
fatty acids are trying to merely reset their photosynthetic
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capacity and subsequently carbon fixation, but possibly
the observed effect of ROS on protein synthesis act as a
drawback towards achieving their initial photosynthetic
homeostasis (Khorobrykh et al. 2020). Due to a possible
convergence of H,0,-signals in chloroplasts and mito-
chondria (Dourmap et al. 2020), various transcripts asso-
ciated with oxidative phosphorylation were up-regulated.
After facing 6 h of oxidative stress, T. chuii endeavors to
resume carbon fixation, leading to increased expression
levels of the glycolysis-participating GAPDH. However,
this progress is hindered by the down-regulation of PK and
PGM. Interestingly, while expression of FUMA coding for
fumarase A was down-regulated, the contents of succinic,
malic, and citric acids, all participating in the tricarboxylic
acid (TCA) cycle, were significantly increased compared
to the control. It is possible that after 6-h exposure to
H,0,-induced oxidative stress, the gluconeogenesis capac-
ity of microalgal cells is depleted and microalgal cells are
actively trying to revert their energy metabolism towards
photosynthesis and glycolysis for survival.

Additionally, the induction of long-term oxidative stress
in the T chuii significantly affected transcripts related to the
ER processes, as expression levels of heat shock mRNAs
were found to be significantly increased upon this treat-
ment as well. In contrast to the observed effects after 1-h
exposure to external H,0,, long-term exposure to H,0,
led to increased expression of genes coding for ribosomal
subunits, also indicating the differential cellular responses to
prolonged oxidative stress. Nitrogen-containing putrescine,
adenine, and spermidine content was also higher after 6 h to
H,0, exposure, with the later previously suggested to exhibit
an extensive protective effect against oxidative damage in
the microalga Chlorella sp. (Wang et al. 2020).

Fig.5 Schematic representation
of main metabolic alterations
taking place inside the cell
during short-term exposure to
oxidative stress. Red arrows
depict upregulation, accumula-
tion, and induced metabolic
activity; blue arrows depict
downregulation, depletion, and
reduced metabolic activity

-
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Interestingly, a consistent adaptation response in both
long- and short-term oxidative stress in 7. chuii cells was
the significant increase in nitrogen-containing compounds
content. This is a response often observed as a conse-
quence of exposure to environmental stresses and occurs
in the cells' attempt to detoxify the excess of free ammonia
(Rare 1990). Furthermore, the significant reduction of urea
in the presence of H,O, can be interpreted as a result of
the accumulation of all the aforementioned nitrogen-con-
taining compounds, as urea is both considered an efficient
nitrogen source (Witte 2011) and a scavenging agent of
ROS in higher organisms. Green microalgae can efficiently
degrade urea and subsequently utilize it as a source of
carbon and nitrogen, as observed in C. vulgaris (Barros
et al. 2017). However, compared to 1-h H,0,-induced
oxidative stress, the amino acids content was depleted in
6 h. This could depict the cellular attempt to revert to the
normal metabolic homeostasis at this time point. Finally,
organic acids are known to be the major carbon source
upon abiotic stresses in higher plants. Here we observed a
depletion of organic acids from 1 to 6 h except from citric
acid, which is well described that can confer abiotic stress
tolerance in microalgae and plants (Li et al. 2013; Tahjib-
Ul-Arif et al. 2021).

In summary, our results indicate that 0.5-mM
H,0,-induced oxidative stress strongly affects 7. chuii
molecular and metabolic homeostasis, resulting in distinct
short- and long-term adaptation mechanisms (Fig. 5). Within
the first hour of exposure, cellular transcriptome and metab-
olome were shifted towards a stress survival mode, while
during a long-term exposure of at least 6 h an adaptation
attempt is observed aiming towards the maintenance of long-
term metabolic homeostasis. Based on these observations,
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an intriguing hypothesis could be that 7. chuii has developed
a quick sense response for regulating a metabolic reprogram-
ming against oxidative stress, but long exposure has detri-
mental effects in cellular physiology and protein malforma-
tion, requiring a more robust metabolic reprograming. This
could constitute an evolutionary well-orchestrated adapta-
tion strategy of green microalgae to short-term oxidizing
conditions of their fast-changing microenvironment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-023-12936-z.

Author contribution E.F. designed the project. A.K. conducted experi-
ments. S.M. and M-E.Z. conducted photometric and colorimetric
assays. A.K., D.S., C.K., and EF participated in sample measurements
and data analysis. A.K. and D.S. wrote the initial manuscript draft.
AK., DS, CK,LM,ClI., and E.F. reviewed and edited the manu-
script. All authors have approved the submitted version.

Funding Open access funding provided by HEAL-Link Greece.

Data availability All data supporting the findings of this study are pro-
vided within the paper and its Supplemental information. We deposited
all RNAseq data to the European Nucleotide Archive under accession
number PRJEB61814.

Declarations

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Akerfelt M, Morimoto RI, Sistonen L (2010) Heat shock factors:
integrators of cell stress, development and lifespan. Nat Rev
Mol Cell Biol 11(8):545-555. https://doi.org/10.1038/nrm2938

Almeida AC, Gomes T, Langford K, Thomas KV, Tollefsen KE
(2017) Oxidative stress in the algae Chlamydomonas reinhardtii
exposed to biocides. Aquat Toxicol 189:50-59. https://doi.org/
10.1016/j.aquatox.2017.05.014

Barone ME, Parkes R, Herbert H, McDonnell A, Conlon T, Ara-
nyos A, Fierli D, Fleming GTA, Touzet N (2021) Compara-
tive response of marine microalgae to H,0,-induced oxidative
stress. Appl Biochem Biotechnol 193(12):4052-4067. https://
doi.org/10.1007/s12010-021-03690-x

Barros A, Guerra LT, Simoes M, Santos E, Fonseca D, Silva J, Costa
L, Navalho J (2017) Mass balance analysis of carbon and nitro-
gen in industrial scale mixotrophic microalgae cultures. Algal
Res 21:35-41. https://doi.org/10.1016/j.algal.2016.10.014

Barten R, Kleisman M, D’Ermo G, Nijveen H, Wijffels RH, Barbosa
MJ (2022) Short-term physiologic response of the green micro-
alga Picochlorum sp. (BPE23) to supra-optimal temperature. Sci
Rep 12(1):3290. https://doi.org/10.1038/541598-022-06954-6

Bhalamurugan GL, Valerie O, Mark L (2018) Valuable bioproducts
obtained from microalgal biomass and their commercial appli-
cations: a review. Environ Eng Res 23(3):229-241. https://doi.
org/10.4491/eer.2017.220

Blaby IK, Blaby-Haas CE, Pérez-Pérez ME, Schmollinger S, Fitz-
Gibbon S, Lemaire SD, Merchant SS (2015) Genome-wide
analysis on Chlamydomonas reinhardtii reveals the impact of
hydrogen peroxide on protein stress responses and overlap with
other stress transcriptomes. Plant J 84(5):974-988. https://doi.
org/10.1111/tpj.13053

Cantalapiedra CP, Hernandez-Plaza A, Letunic I, Bork P, Huerta-
Cepas J (2021) eggNOG-mapper v2: functional annotation,
orthology assignments, and domain prediction at the metagen-
omic scale. Mol Biol Evol 38(12):5825-5829. https://doi.org/
10.1093/molbev/msab293

Chen S, Wang L, Feng W, Yuan M, Li J, Xu H, Zheng X, Zhang
W (2020) Sulfonamides-induced oxidative stress in freshwater
microalga Chlorella vulgaris: evaluation of growth, photosyn-
thesis, antioxidants, ultrastructure, and nucleic acids. Sci Rep
10(1):8243. https://doi.org/10.1038/541598-020-65219-2

Cherkas A, Holota S, Mdzinarashvili T, Gabbianelli R, Zarkovic N
(2020) Glucose as a major antioxidant: when, what for and why it
fails? Antioxidants 9(2):140. https://doi.org/10.3390/antiox9020140

Cirulis JT, Scott JA, Ross GM (2013) Management of oxidative
stress by microalgae. Can J Physiol Pharmacol 91(1):15-21.
https://doi.org/10.1139/cjpp-2012-0249

Dai J, Zheng M, He Y, Zhou Y, Wang M, Chen B (2023) Real-time
response counterattack strategy of tolerant microalgae Chlo-
rella vulgaris MBFJNU-1 in original swine wastewater and
free ammonia. Bioresour Technol 377:128945. https://doi.org/
10.1016/j.biortech.2023.128945

Dourmap C, Roque S, Morin A, Caubriere D, Kerdiles M, Béguin K,
Perdoux R, Reynoud N, Bourdet L, Audebert P-A, Moullec JL,
Couée I (2020) Stress signalling dynamics of the mitochondrial
electron transport chain and oxidative phosphorylation system
in higher plants. Ann Bot 125(5):721-736. https://doi.org/10.
1093/aob/mcz184

DuBois M, Gilles KA, Hamilton JK, Rebers PT, Smith F (1956)
Colorimetric method for determination of sugars and related
substances. Anal Chem 28:350-356

Fiehn O, Barupal DK, Kind T (2011) Extending biochemical databases
by metabolomic surveys. J Biol Chem 286(27):23637-23643.
https://doi.org/10.1074/jbc.R110.173617

Gauthier MR, Senhorinho GNA, Scott JA (2020) Microalgae under
environmental stress as a source of antioxidants. Algal Res
52:102104. https://doi.org/10.1016/j.algal.2020.102104

Goiris K, Muylaert K, Fraeye I, Foubert I, De Brabanter J, De Cooman
L (2012) Antioxidant potential of microalgae in relation to their
phenolic and carotenoid content. J Appl Phycol 24:1477-1486

Guillard RRL, Ryther JH (1962) Studies of marine planctonic diatoms:
L. Cyclotella nana Hustedt, and Detonula confervacea (Cleve) Gran.
Can J Microbiol 8(2):229-239. https://doi.org/10.1139/m62-029

Honda MDH, Borthakur D (2021) Mimosine is a stress-response mol-
ecule that serves as both an antioxidant and osmolyte in giant
leucaena (Leucaena leucocephala subsp. glabrata) during envi-
ronmental stress conditions. Plant Stress 2:100015. https://doi.
org/10.1016/j.stress.2021.100015

@ Springer


https://doi.org/10.1007/s00253-023-12936-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrm2938
https://doi.org/10.1016/j.aquatox.2017.05.014
https://doi.org/10.1016/j.aquatox.2017.05.014
https://doi.org/10.1007/s12010-021-03690-x
https://doi.org/10.1007/s12010-021-03690-x
https://doi.org/10.1016/j.algal.2016.10.014
https://doi.org/10.1038/s41598-022-06954-6
https://doi.org/10.4491/eer.2017.220
https://doi.org/10.4491/eer.2017.220
https://doi.org/10.1111/tpj.13053
https://doi.org/10.1111/tpj.13053
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1038/s41598-020-65219-2
https://doi.org/10.3390/antiox9020140
https://doi.org/10.1139/cjpp-2012-0249
https://doi.org/10.1016/j.biortech.2023.128945
https://doi.org/10.1016/j.biortech.2023.128945
https://doi.org/10.1093/aob/mcz184
https://doi.org/10.1093/aob/mcz184
https://doi.org/10.1074/jbc.R110.173617
https://doi.org/10.1016/j.algal.2020.102104
https://doi.org/10.1139/m62-029
https://doi.org/10.1016/j.stress.2021.100015
https://doi.org/10.1016/j.stress.2021.100015

138 Page 20 of 21

Applied Microbiology and Biotechnology (2024) 108:138

Jan S, Khan MR, Rashid U, Bokhari J (2013) Assessment of antioxi-
dant potential, total phenolics and flavonoids of different solvent
fractions of Monotheca buxifolia fruit. Osong Public Health Res
Perspect 4:246-254

Kanehisa M, Sato Y, Morishima K (2016) BlastKOALA and Ghost-
KOALA: KEGG tools for functional characterization of genome
and metagenome sequences. J Mol Biol 428(4):726-731. https://
doi.org/10.1016/j.jmb.2015.11.006

Kanehisa M, Sato Y, Kawashima M (2022) KEGG mapping tools
for uncovering hidden features in biological data. Protein Sci
31(1):47-53. https://doi.org/10.1002/pro.4172

Kao Y-T, Gonzalez KL, Bartel B (2018) Peroxisome function, bio-
genesis, and dynamics in plants. Plant Physiol 176(1):162-177.
https://doi.org/10.1104/pp.17.01050

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S,
Buxton S, Cooper A, Markowitz S, Duran C, Thierer T, Ashton B,
Meintjes P, Drummond A (2012) Geneious Basic: an integrated
and extendable desktop software platform for the organization
and analysis of sequence data. Bioinformatics 28(12):1647-1649.
https://doi.org/10.1093/bioinformatics/bts 199

Khorobrykh S, Havurinne V, Mattila H, Tyystjarvi E (2020) Oxygen
and ROS in photosynthesis. Plants 9(1):91. https://doi.org/10.
3390/plants9010091

Kolberg L, Raudvere U, Kuzmin I, Adler P, Vilo J, Peterson H (2023)
g:Profiler—interoperable web service for functional enrichment
analysis and gene identifier mapping (2023 update). Nucleic Acids
Res 51(W1):W207-W212. https://doi.org/10.1093/nar/gkad347

Koletti A, Dervisi I, Kalloniati C, Zografaki M-E, Rennenberg H,
Roussis A, Flemetakis E (2022) Selenium-binding protein 1
(SBD1): a stress response regulator in Chlamydomonas rein-
hardtii. Plant Physiol 189(4):2368-2381. https://doi.org/10.1093/
plphys/kiac230

Kusvuran S, Dasgan HY, Abak K (2013) Citrulline is an important
biochemical indicator in tolerance to saline and drought stresses
in melon. Sci World J 2013:1-8. https://doi.org/10.1155/2013/
253414

Laporte D, Gonzalez A, Moenne A (2020) Copper-induced activation
of MAPKs, CDPKs and CaMKs triggers activation of hexokinase
and inhibition of pyruvate kinase leading to increased synthesis
of ASC, GSH and NADPH in Ulva compressa. Front Plant Sci
11:990. https://doi.org/10.3389/fpls.2020.00990

Lee M-A, Guo R, Ki J-S (2014) Different transcriptional responses of
heat shock protein 20 in the marine diatom Ditylum brightwellii
exposed to metals and endocrine-disrupting chemicals: transcrip-
tional responses of Hsp20 in the diatom D. brightwellii. Environ
Toxicol 29(12):1379-1389. https://doi.org/10.1002/tox.21868

Li C, Yang H, Xia X, Li Y, Chen L, Zhang M, Zhang L, Wang
W (2013) High efficient treatment of citric acid effluent by
Chlorella vulgaris and potential biomass utilization. Bioresour
Technol 127:248-255. https://doi.org/10.1016/j.biortech.2012.
08.074

Li T, Gargouri M, Feng J, Park J-J, Gao D, Miao C, Dong T, Gang DR,
Chen S (2015) Regulation of starch and lipid accumulation in
a microalga Chlorella sorokiniana. Bioresour Technol 180:250—
257. https://doi.org/10.1016/j.biortech.2015.01.005

Lichtenthaler HK, Wellburn AR (1983) Determinations of total carot-
enoids and chlorophyllsaandbof leaf extracts in different solvents.
Biochem Soc Trans 11(5):581-592. https://doi.org/10.1042/bst01
10591

Love MI, Huber W, Anders S (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15(12):550. https://doi.org/10.1186/s13059-014-0550-8

LuQ, Li H, Zou Y, Liu H, Yang L (2021) Astaxanthin as a microal-
gal metabolite for aquaculture: a review on the synthetic mecha-
nisms, production techniques, and practical application. Algal Res
54:102178. https://doi.org/10.1016/j.algal.2020.102178

@ Springer

Luo S, Levine RL (2009) Methionine in proteins defends against oxi-
dative stress. FASEB J 23(2):464-472. https://doi.org/10.1096/
fj.08-118414

Ma X, Zhang B, Miao R, Deng X, Duan Y, Cheng Y, Zhang W, Shi
M, Huang K, Xia X-Q (2020) Transcriptomic and physiologi-
cal responses to oxidative stress in a Chlamydomonas reinhardtii
glutathione peroxidase mutant. Genes 11(4):463. https://doi.org/
10.3390/genes 11040463

Mi H, Ebert D, Muruganujan A, Mills C, Albou L-P, Mushayamaha
T, Thomas PD (2021) PANTHER version 16: a revised family
classification, tree-based classification tool, enhancer regions and
extensive API. Nucleic Acids Res 49(D1):D394-D403. https://
doi.org/10.1093/nar/gkaal 106

Mishra A, Jha B (2011) Antioxidant response of the microalga
Dunaliella salina under salt stress. Bot Mar 54(2):195-199.
https://doi.org/10.1515/bot.2011.012

Mishra SK, Suh WI, Farooq W, Moon M, Shrivastav A, Park MS, Yang JW
(2014) Rapid quantification of microalgal lipids in aqueous medium
by a simple colorimetric method. Bioresour Technol 155:330-333

Odjadjare EC, Mutanda T, Olaniran AO (2017) Potential biotechnolog-
ical application of microalgae: a critical review. Critl Rev Biotech-
nol 37(1):37-52. https://doi.org/10.3109/07388551.2015.1108956

Park YH, Han S-I, Oh B, Kim HS, Jeon MS, Kim S, Choi Y-E (2022)
Microalgal secondary metabolite productions as a component of
biorefinery: A review. Bioresour Technol 344:126206. https://doi.
org/10.1016/j.biortech.2021.126206

Patelou M, Infante C, Dardelle F, Randewig D, Kouri ED, Udvardi
MK, Tsiplakou E, Mantecén L, Flemetakis E (2020) Transcrip-
tomic and metabolomic adaptation of Nannochloropsis gaditana
grown under different light regimes. Algal Res 45:101735. https://
doi.org/10.1016/j.algal.2019.101735

Pillai S, Behra R, Nestler H, Suter MJ-F, Sigg L, Schirmer K (2014)
Linking toxicity and adaptive responses across the transcriptome,
proteome, and phenotype of Chlamydomonas reinhardtii exposed
to silver. Proc Natl Acad Sci USA 111(9):3490-3495. https://doi.
org/10.1073/pnas.1319388111

Qiao T, Zhao Y, Zhong D, Yu X (2021) Hydrogen peroxide and salinity
stress act synergistically to enhance lipids production in micro-
alga by regulating reactive oxygen species and calcium. Algal Res
53:102017. https://doi.org/10.1016/j.algal.2020.102017

Rahman NA, Khatoon H, Yusuf N, Banerjee S, Haris NA, Lananan F,
Tomoyo K (2017) Tetraselmis chuii biomass as a potential feed
additive to improve survival and oxidative stress status of Pacific
white-leg shrimp Litopenaeus vannamei postlarvae. Int Aquat Res
9(3):235-247. https://doi.org/10.1007/s40071-017-0173-2

Ramakers C, Ruijter JM, Deprez RHL, Moorman AFM (2003)
Assumption-free analysis of quantitative real-time polymerase
chain reaction (PCR) data. Neurosci Lett 339(1):62-66. https://
doi.org/10.1016/S0304-3940(02)01423-4

Rare E (1990) Stress physiology: The functional significance of the
accumulation of nitrogen-containing compounds. J Hortic Sci
65(3):231-243. https://doi.org/10.1080/00221589.1990.11516052

Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans C
(1999) Antioxidant activity applying an improved ABTS radical
cation decolorization assay. Free Radic Biol Med 26:1231-1237

Sanchez DH, Lippold F, Redestig H, Hannah MA, Erban A, Krdamer U,
Kopka J, Udvardi MK (2007) Integrative functional genomics of
salt acclimatization in the model legume Lotus japonicus: systems
analysis of Lotus japonicus under salt stress. Plant J 53(6):973—
987. https://doi.org/10.1111/j.1365-313X.2007.03381.x

Sansone C, Brunet C (2019) Promises and challenges of microalgal
antioxidant production. Antioxidants 8:199. https://doi.org/10.
3390/antiox8070199

Skliros D, Kalloniati C, Karalias G, Skaracis GN, Rennenberg H,
Flemetakis E (2018) Global metabolomics analysis reveals dis-
tinctive tolerance mechanisms in different plant organs of lentil


https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1002/pro.4172
https://doi.org/10.1104/pp.17.01050
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.3390/plants9010091
https://doi.org/10.3390/plants9010091
https://doi.org/10.1093/nar/gkad347
https://doi.org/10.1093/plphys/kiac230
https://doi.org/10.1093/plphys/kiac230
https://doi.org/10.1155/2013/253414
https://doi.org/10.1155/2013/253414
https://doi.org/10.3389/fpls.2020.00990
https://doi.org/10.1002/tox.21868
https://doi.org/10.1016/j.biortech.2012.08.074
https://doi.org/10.1016/j.biortech.2012.08.074
https://doi.org/10.1016/j.biortech.2015.01.005
https://doi.org/10.1042/bst0110591
https://doi.org/10.1042/bst0110591
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.algal.2020.102178
https://doi.org/10.1096/fj.08-118414
https://doi.org/10.1096/fj.08-118414
https://doi.org/10.3390/genes11040463
https://doi.org/10.3390/genes11040463
https://doi.org/10.1093/nar/gkaa1106
https://doi.org/10.1093/nar/gkaa1106
https://doi.org/10.1515/bot.2011.012
https://doi.org/10.3109/07388551.2015.1108956
https://doi.org/10.1016/j.biortech.2021.126206
https://doi.org/10.1016/j.biortech.2021.126206
https://doi.org/10.1016/j.algal.2019.101735
https://doi.org/10.1016/j.algal.2019.101735
https://doi.org/10.1073/pnas.1319388111
https://doi.org/10.1073/pnas.1319388111
https://doi.org/10.1016/j.algal.2020.102017
https://doi.org/10.1007/s40071-017-0173-2
https://doi.org/10.1016/S0304-3940(02)01423-4
https://doi.org/10.1016/S0304-3940(02)01423-4
https://doi.org/10.1080/00221589.1990.11516052
https://doi.org/10.1111/j.1365-313X.2007.03381.x
https://doi.org/10.3390/antiox8070199
https://doi.org/10.3390/antiox8070199

Applied Microbiology and Biotechnology (2024) 108:138

Page210f21 138

(Lens culinaris) upon salinity stress. Plant Soil 429(1-2):451-468.
https://doi.org/10.1007/s11104-018-3691-9

Sukrong S, Yun K-Y, Stadler P, Kumar C, Facciuolo T, Moffatt BA,
Falcone DL (2012) Improved growth and stress tolerance in the
Arabidopsis oxt] mutant triggered by altered adenine metabolism.
Mol Plant 5(6):1310-1332. https://doi.org/10.1093/mp/sss065

Tahjib-Ul-Arif Md, Mstl Z, Karim MdM, Imran S, Hunter CT, Islam
MdS, Mia MdA, Hannan MdA, Rhaman MS, Hossain MdA, Bres-
tic M, Skalicky M, Murata Y (2021) Citric acid-mediated abiotic
stress tolerance in plants. IJMS 22(13):7235. https://doi.org/10.
3390/ijms22137235

Torres S, Lama C, Mantec6n L, Flemetakis E, Infante C (2021)
Selection and validation of reference genes for quantitative real-
time PCR in the green microalgae Tetraselmis chui. PLoS ONE
16(1):e0245495. https://doi.org/10.1371/journal.pone.0245495

Vandenbroucke K, Robbens S, Vandepoele K, Inze D, Van de Peer
Y, Van Breusegem F (2008) Hydrogen peroxide-induced gene
expression across Kingdoms: a comparative analysis. Mol
Biol Evol 25(3):507-516. https://doi.org/10.1093/molbev/
msm276

Wang Z, Cheng J, Zhang X, Yang W, Park J-Y, Kim H-T, Xu L-H
(2020) Spermidine protects Chlorella sp. from oxidative damage

caused by SO 2 in flue gas from coal-fired power plants. ACS
Sustain Chem Eng 8(40):15179-15188. https://doi.org/10.1021/
acssuschemeng.0c04527

Weenink EFJ, Matthijs HCP, Schuurmans JM, Piel T, van Herk MJ,
Sigon CAM, Visser PM, Huisman J (2021) Interspecific protection
against oxidative stress: green algae protect harmful cyanobacteria
against hydrogen peroxide. Environ Microbiol 23(5):2404-2419.
https://doi.org/10.1111/1462-2920.15429

Witte C-P (2011) Urea metabolism in plants. Plant Sci 180(3):431-438.
https://doi.org/10.1016/j.plantsci.2010.11.010

Xu B, Bo Y, Sun X, Wang H, Guo H, Zhou C, Ruan R, Yan X, Cheng
P (2021) Review of the effect of polyamines in microalgae when
ingested by shellfish. Algal Res 58:102409. https://doi.org/10.
1016/j.algal.2021.102409

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s11104-018-3691-9
https://doi.org/10.1093/mp/sss065
https://doi.org/10.3390/ijms22137235
https://doi.org/10.3390/ijms22137235
https://doi.org/10.1371/journal.pone.0245495
https://doi.org/10.1093/molbev/msm276
https://doi.org/10.1093/molbev/msm276
https://doi.org/10.1021/acssuschemeng.0c04527
https://doi.org/10.1021/acssuschemeng.0c04527
https://doi.org/10.1111/1462-2920.15429
https://doi.org/10.1016/j.plantsci.2010.11.010
https://doi.org/10.1016/j.algal.2021.102409
https://doi.org/10.1016/j.algal.2021.102409

	Global omics study of Tetraselmis chuii reveals time-related metabolic adaptations upon oxidative stress
	Abstract   
	Key points
	Introduction
	Materials and methods
	Strains and growth conditions, H2O2-induced oxidative stress
	Cell growth kinetics
	Chlorophyll fluorescence measurements and photometric assays
	RNAseq transcriptomic analysis
	RT-qPCR-based transcript analysis
	Gas chromatography-mass spectrometry (GC–MS)–based untargeted metabolomic analysis
	Statistical analysis

	Results
	H2O2-induced oxidative stress effect on T. chuii cell viability
	Global comparative transcriptomic responses upon H2O2-induced oxidative stress
	Global metabolomic responses upon H2O2-induced oxidative stress

	Discussion
	Altered physiology strongly dictates a metabolic reprogramming upon oxidative stress in T. chuii
	T. chuii attenuates carbon fixation upon short-term oxidative stress
	Some photosynthesis-related genes of T. chuii are up-regulated upon long-term oxidative stress exposure

	References


