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Introduction

Summary

¢ The coupling between mitochondrial respiration and photosynthesis plays an important role
in the energetic physiology of green plants and some secondary-red photosynthetic eukary-
otes (diatoms), allowing an efficient CO, assimilation and optimal growth.

e Using the flagellate Euglena gracilis, we first tested if photosynthesis—respiration coupling
occurs in this species harbouring secondary green plastids (i.e. originated from an endosym-
biosis between a green alga and a phagotrophic euglenozoan). Second, we tested how the
trophic state (mixotrophy and photoautotrophy) of the cell alters the mechanisms involved in
the photosynthesis—respiration coupling.

e Energetic coupling between photosynthesis and respiration was determined by testing the
effect of respiratory inhibitors on photosynthesis, and measuring the simultaneous variation
of photosynthesis and respiration rates as a function of temperature (i.e. thermal response
curves). The mechanism involved in the photosynthesis—respiration coupling was assessed by
combining proteomics, biophysical and cytological analyses.

e Our work shows that there is photosynthesis—respiration coupling and membrane contacts
between mitochondria and chloroplasts in E. gracilis. However, whereas in mixotrophy adjust-
ment of the chloroplast ATP/NADPH ratio drives the interaction, in photoautotrophy the cou-
pling is conditioned by CO, limitation and photorespiration. This indicates that maintenance
of photosynthesis—respiration coupling, through plastic metabolic responses, is key to E. gra-
cilis functioning under changing environmental conditions.

flow from oxidation of water to reduction of O, (Cardol ez al,
2011; McDonald ez al, 2011; Raven et al., 2020).

In photosynthetic organisms, it is a commonly accepted view that
the ATP/NADPH ratio generated by photosynthetic linear elec-
tron flow is insufficient to sustain CO, import into the plastid
and assimilation by the Calvin—Benson—Bassham cycle (Allen,
2002; Allen ez al., 2008; Bailleul ez al., 2015). In this respect, the
activities of several plastid-localized alternative electron pathways
(AEPs) contribute to establishing the proton motive force neces-
sary to produce additional ATP without net NADPH generation.
These AEPs include cyclic electron flow around photosystem I
(PSII) (Feikema ez al., 2006) or around photosystem I (PSI) and
the water-to-water cycles (i.e. flavodiiron proteins, Mehler-
ascorbate peroxidase, plastoquinol terminal oxidase, oxygenase
activity of RuBisCO (photorespiration)) that mediate electron
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Besides AEPs localized in the chloroplasts, optimization of
ATP/NADPH budget can also rely on the sharing and rerouting
of ATP and NADPH between chloroplasts and mitochondria.
This has been shown in several species of photosynthetic eukary-
otes, including flowering plants (Raghavendra & Padmasree,
2003; Noguchi & Yoshida, 2008), primary green algae (Chlamy-
domonas reinbardti; Cardol et al., 2003; Dang ez al., 2014) and
complex algae bearing plastids of red origin such as the diatom
Phaeodactylum tricornutum (Bailleul eral, 2015; Murik etal,
2019) or the dinoflagellate Symbiodinium sp. (Pierangelini et al.,
2020). It thus appears that the energetic chloroplast—mitochon-
drion coupling occurs in microalgal species with different
evolutionary origins or from different ecological niches.

Euglena gracilis (Euglenozoa, Discoba, Excavata) is a unicellu-
lar photosynthetic eukaryote originating from an endosymbiosis
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between a green alga (Pyramimonadales) and an ancient
phagotrophic euglenozoan species (Turmel ez al., 2009; Jackson
etal., 2018). Lateral gene transfer events from other microorgan-
isms (Novak Vanclovd ez al., 2020) enriched the evolutionary his-
tory of Euglenoids with respect to the ‘green’ and ‘red’ primary
algae. Because of this, E. gracilis has become increasingly relevant
to understanding the changes that the ‘green’ secondary
endosymbiosis has caused to both chloroplastic metabolism
(Bennett etal., 2012; Novak Vanclova etal., 2020) and mito-
chondrial machinery (Perez eral, 2014; Yadav eral, 2017;
Hammond ezal., 2020). Euglena gracilis chloroplast has three
envelope membranes (Larkum eral, 2007) and a reticulated
mitochondrial network (Pellegrini, 1980). In relation to the res-
piratory apparatus, additional atypical domains have been found
in complex I (CI) and complex IV (CIV) of the respiratory elec-
tron transport chain (Miranda-Astudillo ezal, 2018), and the
Krebs cycle has an alternative pathway from 2-oxoglutarate to
succinate (via 2-oxoglutarate decarboxylase) (Raven & Beardall,
2016). In the chloroplast, Shimakawa ez al. (2017) suggested the
possible presence of two (or more) AEP mechanisms, including
an AEP with low affinity for O, (e.g. photorespiration). Yet, it is
still not known whether, during evolution, E. gracilis retained the
mechanisms connecting photosynthetic activity to respiration
(e.g. NADPH and ATP exchange). The primary aim of our work
is thus to investigate the chloroplast-mitochondrion energetic
coupling in E. gracilis, thereby expanding on the role of chloro-
plast—mitochondrion coupling in regulating the cell ATP/
NADPH budget in phylogenetically distant species (Wilken
etal., 2014), and thus on its possible multiple and independent
appearances.

In addition to its key evolutionary history, E. gracilis represents
an interesting model related to its ability to grow in the presence
of both inorganic carbon (C;) and organic carbon sources (e.g.
acetate, ethanol) (Perez et al., 2014). The presence of organic sub-
strates promotes mixotrophic growth and may reduce the need
for an active photosynthetic apparatus (Chapman ezal, 2015),
for example, involving less pigments, RuBisCO, PSII or PSI
biosynthesis (Wilken eral, 2014; Kamalanathan eral, 2017;
Cecchin ez al., 2018), or a CO,-concentrating mechanism activ-
ity (Polukhina ezal., 2016; Treves etal, 2016). This shifts the
role of photosynthesis from providing both carbon and energy to
mainly providing energy (Wilken ezal., 2014). Contemporane-
ously to these alterations, organic substrates stimulate cell respira-
tion (Perez eral, 2014), potentally altering the mechanisms
whereby the mitochondria interact with the chloroplasts. Our
second aim is thus to determine how the cell trophic state influ-
ences the coupling and the exchange of metabolites between
chloroplasts and mitochondria in E. gracilis.

Materials and Methods

Strain and culture conditions

Euglena gracilis strain (SAG 1224-5/25, obtained from the
University of Goéttingen (Sammlung von Algenkulturen, Ger-
many), was grown under low photosynthetic photon flux density
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(PPFD) (LL, 50 pmol photons m 2s™', white light-emitting
diode (LED)) at 25°C in Tris-minimal-phosphate (TMP) liquid
medium (Perez ezal, 2014). Unless specified, TMP +LL was
chosen to set the photoautotrophic condition, whereas TMP
added to acetate (17 mM) as an exogenous organic carbon source
(i.e. Tris-acetate-phosphate, TAP) was chosen as the mixotrophic
condition. The effects of different carbon sources (60 mM
acetate, 22-220 mM ethanol, in combination with darkness or
moderate PPFD (ML, 200 umol photons m s 1Y), were tested
after 48 h after their addition to TMP cells grown in LL. All
media were supplemented with vitamins (biotin, 10~/ %; vitamin
B12, 107 7%; vitamin B1, 2 x 107°% (w/v); Perez ez al., 2014).
For each experiment, cell concentration was determined with a
Beckman Coulter Z2 Counter Analyser (Z2; Beckman, Indi-
anapolis, IN, USA).

Oxygen exchange measurements

Rates of photosynthesis and dark respiration (Ry) were measured
on exponentially growing cells using a Clark-type oxygen elec-
trode (Hansatech, King’s Lynn, UK). Briefly, cells were harvested
from the culture by centrifugation (3500 g, 2 min), resuspended
in fresh culture medium (TAP or TMP), and placed into the oxy-
gen electrode chamber. For each measurement, temperature was
kept at 25 £ 1°C. For cells grown photoautotrophically, 2 or
10 mM of NaHCOj; was added during the experiment to guaran-
tee a sufficient supply of C; (Iglesias-Prieto ezal., 1992; Karsten
& Holzinger, 2012). Respiration rates were measured after 5—
10 min in the dark. Photosynthesis was measured under a red
light source (provided by LED peaking at 660 nm; see figure
legends for each PPFD and duration). Gross oxygen production
(Eo) was calculated as the difference between net photosynthesis
and Ry. To test the impact of respiratory inhibitors on photosyn-
thesis, inhibitors of mitochondrial complexes were added at the
beginning of the measurements. These included oligomycin
(50 uM, blocking mitochondrial F{Fq ATP synthase), antimycin
A (AA, 10 uM, blocking CIII), rotenone (100 pM, blocking CI),
potassium cyanide (KCN, 1 mM, blocking CIV) and salicylhy-
droxamic acid (SHAM, 1 mM, blocking mitochondrial alterna-
tive oxidase (AOX)) (Perez etal, 2014). Stock solutions of
oligomycin, AA, rotenone and SHAM were prepared in dimethyl
sulfoxide. Stock solution of KCN was prepared in deionized
water. Aminooxyacetic acid (AOAA, O-(carboxymethyl) hydrox-
ylamine hemihydrochloride, 5 mM) was also used as an inhibitor
of the aspartate aminotransferase (Cornell ezal., 1984) involved
in the malate-aspartate shuttle. Aminooxyacetic acid was added
to cells maintained in darkness for 2 min before measurements.

Thermal response curves (TRCs) were carried out as in
Karsten & Holzinger (2012) and Pierangelini eral (2020).
Euglena gracilis was exposed to rising temperatures from 10 to
40°C. At each temperature, cells were initially incubated in the
dark for 25 min, and the last 10 min of this incubation period
was used to measure Ry. After the dark period, cells were exposed
to a PPED of 400 umol photons m?s~" (LED light source
peaking at 660 nm) for 10 min, with the final 5 min used to cal-
culate £o -

© 2021 The Authors
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Growth

To determine the growth of E. gracilis under mixotrophic and
photoautotrophic conditions in the absence or presence of respi-
ratory inhibitors (rotenone (100 uM) and AA (10 pM)), batch
cultures (25 ml of medium in a flask of 100 ml) were started with
exponentially growing cells, at an initial cell concentration <4 x
10% cells ml™". Cell concentration was measured daily until the
end of the exponential phase. Cell-specific division rate (1) was
calculated from the slope of the natural logarithm plot obtained
from the exponential phase of the growth curve.

Spectroscopic measurements

Chlorophyll content Cells were harvested by centrifugation
(2500 g 1 min) and resuspended in cold 100% methanol. This
suspension was then centrifuged (2500 g 1min) and the
absorbance of the supernatant measured in a spectrophotometer
(Lambda 265; Perkin Elmer, Waltham, MA, USA) at 665 and
652 nm. Total Chl(2+ b) concentration was calculated using
equations for chlorophytes from Ritchie (2006). When needed,
cells were resuspended in medium supplemented with ficoll 10%
to a final Chl concentration of 10 ugml™', and were dark-
acclimated for at least 20 min with constant stirring.

Electrochromic shift The development of the light-induced
thylakoid electric field (Ayy) was followed iz vivo by monitoring
changes in absorption of membrane-embedded pigments (com-
monly referred to as electrochromic shift; ECS) (Bailleul ezal,
2010). Measurements were carried out with a Joliot-Type Spec-
trophotometer (JTS-10; Biologic, Seyssinet-Pariset, France)
equipped with a white probing LED and interference filters
(10 nm bandwidth). The ECS signal was recorded within the
440-600 nm region as the changes of absorption from a baseline
in the darkness to the signal 150 ps after applying a saturating
single turnover flash (duration ¢ 7 ns; Nd-YAG laser Minilite II,
Continuum, Milpitas, CA, USA). The ECS spectrum response
was similar for E. gracilis cells grown mixotrophically and pho-
toautotrophically (Supporting Information Fig. S1a), with a max-
imum at 510 nm. The ECS at 510 nm was used to monitor the
linearity of the signal increase (Fig. S1b) and the maximum elec-
tric field generated by a series of charge separations induced by
the laser flash fired each 100 ms until the maximum signal was
reached. When used, the mitochondrial respiratory inhibitors
KCN (1 mM) and SHAM (1 mM) were added 1 min before
measurements. The presence of mitochondrial inhibitors had
only a minor effect on the signal increase corresponding to one
charge separation (92 +4% and 85 4 5% of the control values
in photoautotrophic and mixotrophic conditions, respectively).

Chlz fluorescence Measurements were carried out in the JTS-
10 spectrophotometer with a detecting probe providing short
blue flashes (10 ps duration, 440—470 nm) and fluorescence was
recorded after light was filtered by a long-pass filter (680 nm).
Actinic light was provided by red LEDs (660 nm) either as a satu-
rating pulse (9000 pmol photons m s} during 150 ms) or as
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continuous illumination to maintain steady photosynthesis. The
potential direct effect of inhibitors on photosynthetic electron
transfer was monitored during the Chl fluorescence increase as a
result of strong illumination (2750 pmol photons m s Y dur-
ing 500 ms followed by a 150 ms saturating pulse. Each inhibitor
tested was added less than 2 min before the measurements to
TAP or TMP dark-acclimated cells (Fig. S2). The impact of
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, 10 pM, pre-
pared in methanol), and DBIMB (2,5-Dibromo-6-isopropyl-3-
methyl-1,4-benzoquinone, 5 UM, prepared in ethanol) were eval-
uated as controls (Fig. S2).

Post-illumination Chl fluorescence recordings were obtained
after 12 min of light acclimation in the JTS-10 (100 pmol pho-
tons m 2s ') with constant stirring. Rotenone (100 pM),
AOAA (5 mM) or sodium bicarbonate (10 mM) were added at
the fourth minute of the light phase followed by the addition (or
the absence in the case of control measurement) of octyl gallate
(OG, 10 uM, prepared in dimethyl sulfoxide), blocking the plas-
tidial terminal oxidase (PTOX). The changes of Chl fluorescence
between 5 and 60 s of the post-illumination phase were calculated
after normalization of the fluorescence traces by setting Fo to 1.
At the end of the light phase, the nonphotochemical quenching
of Chl fluorescence (NPQ, calculated as (F,,—F,.)/F,', where
E,, is the maximum fluorescence of cells before illumination and
F, is the maximum fluorescence before light is switched off)
were very low and identical in the presence or absence of OG in
mixotrophy or in photoautotrophy (Fig. S3) (two-way ANOVA;
P>0.1) so the contribution of NPQ relaxation to F, changes (if
any) should be negligible. Relative electron transport rate
through PSII (tETR-PSII, pmol electrons m 2s ") was calcu-
lated as PPFD x (F,/—F)/F,,, where F, is the steady-state fluo-
rescence of cells in the light.

Transmission electron microscopy (TEM)

In addition to the standard mixotrophic and photoautotrophic
conditions under low light, E. gracilis cells were grown in pho-
toautotrophy + 5% CO;: 95% air mixture bubbled in the cul-
ture. Cells were fixed for 60 min at room temperature in 2.5%
glutaraldehyde in 0.1 M Sorensen’s buffer (pH 7.4). After wash-
ing in Sorensen’s buffer, cells were postfixed in 2% osmium
tetroxide (CAS: 20816-12-0), dehydrated through graded
ethanol-propylene oxide series and embedded in epoxy resin
(SPI-PON 812; Spichem, West Chester, PA, USA). The resin
was then polymerized at 60°C for 48 h. Ultrathin sections
(80 nm) were mounted on colloidin-coated grids and stained
with uranyl acetate and lead citrate before examination in a JEM
1400 transmission electron microscope at 80 kV.

Statistical analyses

Experiments were performed with at least three (unless otherwise
stated) biological replicates. Comparisons between two treat-
ments were made using two-tailed #tests. When comparison
involved more than two treatments, one-way ANOVA was used.
Changes of parameters as a function of increasing temperature or
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changes during exposure to respiratory inhibitors were tested
using repeated-measures (RM) ANOVA. The variation among
means in relation to treatments was tested by using two-way
ANOVA. The analyses were performed using GRAPHPAD PRrisMm 5
(GraphPad Software, San Diego, CA, USA), setting the threshold
of significance at 0.05.

Comparative proteomics

Preparation of protein samples In addition to the standard
mixotrophic and photoautotrophic conditions under low light,
we analysed mixotrophic cells under moderate light (TAP ML)
and photoautotrophic cells in the presence of the 5% CO,: 95%
air mixture bubbled in the culture (TMP CQO,). The membrane
and soluble proteins were obtained as outlined in Remacle ez al.
(2006). All steps were performed at 4°C. Briefly, 20 ug of pro-
teins (quantified by the Bradford assay (Bradford, 1976)) from
each sample were precipitated in cold chloroform-methanol
(Wessel & Flugge, 1984). Each sample was transferred to a
1.5 ml tube and adjusted to 100 pl with H,O. Chloroform (100
pl) and methanol (400 pl) were added and the mixture vortexed
for 30 s. Samples were then added with 300 pl of H,O and the
mixture was vortexed again for 30 s. Each sample was then cen-
trifuged (4°C, 20 000 g, 15 min) and after removing the upper
phase, 800 pl of methanol was added. The samples were then re-
centrifuged (4°C, 20000 g 15 min), and the protein pellet
vacuum-dried (SC 200 Savant Speed Vac Concentrator; Ther-
moscientific, Waltham, MA, USA) and then stored at —20°C.
Before analysis, proteins were trypsin-digested according to
Szopinska et al. (2011).

Shotgun proteomics and protein quantification Full details of
this procedure, including comments about the total number of
proteins identified, are given in Methods S1 and other supple-
mentary materials. The relative abundance of proteins in each
condition was determined using iTRAQ isobaric labelling. The
iTRAQ marking was carried out according to the protocol sup-
plied by the manufacturer (AB Sciex, Foster City, CA, USA).
After isobaric labelling, the four samples were mixed and the mix-
ture dried under vacuum in an SC 200 Savant Speed Vac concen-
trator. Sixteen microgramsl of proteins for each labelled sample
were then dissolved in 0.025% trifluoroacetic acid and 5% ace-
tonitrile and subjected to reverse phase chromatography accord-
ing to Szopinska eral (2011), using an LC Ultmate
nanochromatography system 3000 (Thermoscientific). The
eluted peptides were analysed using an AB Sciex 4800 matrix-
assisted laser desorption/ionization-time of flight MS as described
in Szopinska ez al. (2011). Each sample was analysed in three rep-
etitions.

Peptides and proteins were inferred from the spectrum identi-
fication results using PEPTIDESHAKER v.1.16.43 (Vaudel ezal,
2015). Spectrum counting abundance indexes were estimated
using the normalized spectrum abundance factor (Powell ezal.,
2004) adapted for better handling of protein inference issues and
peptide detectability. Finally, protein quantification was per-
formed with REPORTER v.0.7.20 (beta). Normalized protein
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abundance was then log,-transformed and significant changes
(P<0.05) between samples were computed using a linear model
framework with LIMMA empirical Bayes approach (Kammers
et al., 2015; Ritchie et al., 2015).

Results and Discussion

Mixotrophy increases the Ry : Eo max ratio

We compared dark respiration (&) to maximal gross oxygen evo-
lution (Eo) of E. gracilis growing in the presence and absence of
organic substrates. The total Chl
15.9 £ 1.8 pg per cell in mixotrophy with no significant differ-
ence with respect to cells in photoautotrophy (18.3 £ 4.3 pg Chl
per cell; one-way ANOVA, P=0.20) (Table 1), allowing us to
express any metabolic activity on a cell or a Chl basis. In mixotro-

concentration  was

phy, the Ry : Eo max ratio for E. gracilis was significantly higher
than in photoautotrophy (0.40 £ 0.03; one-way ANOVA,
P=0.01), probably because of the involvement of Ry in
heterotrophic metabolism to provide the energy for biosynthesis
(Geider & Osborne, 1989). These Ry : Eq may ratios in E. gracilis
are in the range of values (0.1-0.5) previously reported for other
microalgal species (Geider & Osborne, 1989; Raven & Beardall,
2016; Pierangelini ez al., 2019). We then investigated whether a
sudden change in respiratory capacity was reflected by a change
of photosynthesis in E. gracilis.

Reduction in photosynthetic performance following
inhibition of mitochondrial respiration

We evaluated the impact of inhibition of the mitochondrial res-
piratory complexes (I, III and IV), mitochondrial AOX, and
mitochondrial F1Fo ATP synthase on Ry and Eo. In mixotrophy,
addition of rotenone (blocking complex I), AA (blocking com-
plex III), KCN (blocking complex IV), KCN + SHAM (blocking
complex IV and AOX, respectively), or oligomycin (blocking
mitochondrial FiFo ATP synthase) caused significant reductions
in Ry (50%, 71%, 91%, 91%, 67%, respectively) (Fig. 1a), simi-
lar to those previously reported by Perez eral (2014). The
absence of effect of SHAM addition (Fig. 1a) or octyl gallate
(Fig. S4) on KCN-resistant Ry indicated that the apparent capac-
ity of AOX (SHAM-sensitive rate) is null or extremely low as pre-
viously reported (Castro-Guerrero et al., 2004; Perez ez al., 2014;
Krndcova eral., 2015). Conversely, the large KCN-sensitive res-
piration indicated a high capacity of the CIII + CIV pathway in
mixotrophic conditions. In photoautotrophy, addition of
rotenone and AA caused a 30-40% decline in Ry. Addition of
every inhibitor (except SHAM) caused a significant decrease in
Eo max (Fig. 1a). In mixotrophy, the Ry : Eo may ratio was not
altered by the presence of rotenone, oligomycin, KCN or SHAM,
reflecting the fact that the extent of the inhibition of Ep ., was
proportional to the inhibition of Ry (Fig. 1b). This ratio was,
however, lower in presence of AA and KCN + SHAM as a result
of a lesser inhibition of Eg gy than Ry. In photoautotrophy, the
Ry : Eo max ratio decreased by 20% (Fig. 1b). For cells in both
trophic conditions, a linear relationship (# = 0.90, P=0.0003)

© 2021 The Authors
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Table 1 Parameters extrapolated from the transmission electron micrographs of Euglena gracilis cells cultured in mixotrophy, photoautotrophy and

photoautotrophy + 5% CO, (Figs 8, S7).

Mixotrophy Photoautotrophy Photoautotrophy +5% CO,
Chl content (pg per cell) 15.9 (1.8)2 18.3 (4.3)* 20.5 (4.6)?
Cell length (um) 13.8 (2.5)% 14.6 (2.6)* 14.2 (5.2)%
Mitochondrial section area (um?) 0.2 (0.04)? 0.3 (0.08)? 0.3 (0.07)?
Number of mitochondrial sections per cell 14.2 (4.3 7.7 2.4)° 8.2(5.7)°
Chloroplast section area (um?) 1.8 (0.6)* 3.4 (1.7)% 3.7 (0.6)°
Number of chloroplastic section per cell 4.5(1.4) 59@3.7) 7.6 (3.8
Chloroplast/mitochondria total area ratio 3.0(1.4)% 8.2 (3.0)° 9.6 (4.0)°
Mitochondrial sections in contact with chloroplast contact (%) 58 (25)? 78 (16)* 74 (16)?
Membrane contact sites length (um) 0.50(0.12)* 0.43 (0.10)* 0.55 (0.13)?
Pyrenoid/chloroplast section area 0.04 (0.03)* 0.07 (0.04)* 0.03 (0.01)*
Number of intrapyrenoid thylakoids 4.5 (0.5)? 3.4(2.5) 6.3 (3.6)2

Values in brackets represent SD. Different letters identify significantly different means (one-way ANOVA, P <0.05) among treatments.

was found between the reduction of Ry and Eg .., caused by the
addition of respiratory inhibitors (Fig. 1¢). Because there is no
direct immediate effect of these inhibitors on Chla fluorescence
induction curves (Fig. S2), the inhibition of Eq ., thus resulted
from indirect effects, very likely caused by direct inhibition of
mitochondrial respiration. Eo was also measured at sub-
saturating light intensities, and the general trends were similar
(Fig. S5). However, differences in the extent of Ry and Eq inhibi-
tion between light intensities were observed (see legend text of
Fig. S5 for details), and they might indicate the occurrence of
either some compensatory/alternative pathways or various non-
specific inhibitory effects (Roberty ezal, 2014). In two distant
species, the diatom P. #ricornutum and the green alga C. rein-
hardtii, the photosynthetic electron transfer rate also linearly fol-
lowed changes in respiration upon inhibition of mitochondrial
respiration (Cardol ezal, 2003; Bailleul ezal, 2015). In both
species, the AOX has been identified as an electron sink for
photosynthetic-reducing equivalents (Bailleul ezal, 2015; Kaye
etal., 2019). In E. gracilis, the apparent null capacity of AOX in
mixotrophy (see earlier), but also in photoautotrophy (Fig. S5),
rather suggests a strong dependence of photosynthetic electron
transfer chain on mitochondrial respiratory electron flow coupled
to ATP synthesis.

Similar changes of photosynthesis and respiration during
rapid temperature exposure

In the next step, we tested the effect of rapid changes in tempera-
ture (from 10 to 40°C) on respiratory and photosynthetic capaci-
ties. We observed an overall similar increase of Eg . and Ry
with temperature, whether cells were grown mixotrophically or
photoautotrophically (e.g. about five times between 10°C and
35°C; rtest, £<0.01) (Fig. 2a,b). This increase reflects the tem-
perature sensitivity of electron-transport components and enzy-
matic machinery involved in both metabolic processes (Berry &
Bjorkman, 1980; Atkin & Tjoelker, 2003). In agreement with
the results reported in Fig. 1(b), the Ry : Eo max ratio for E. gra-
cilis growing photoautotrophically was lower than for cells grow-
ing mixotrophically (Fig. 2c). These Ry : £ max ratios were stable
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from 10 to 35°C (one-way ANOVA; mixotrophy, 2= 0.67; pho-
toautotrophy, P=0.98), which reflects the fact that both £p .
and Ry were equally sensitive to the increase of temperature, and
indicative of a coupling between respiration and photosynthesis.
By contrast, dissimilar temperature-dependent increases of pho-
tosynthesis and respiration (varying Ry : Eo may) were observed in
several other species of green algae (Padfield ¢z 4/, 2016; Schaum
eral., 2017; Pierangelini ezal, 2019), diatoms (Prelle eral,
2019) and dinoflagellates (Pierangelini ez a/., 2020), and these are
an indication that photosynthesis may be less dependent on Ry in
those species (Pierangelini ez al., 2020). Finally, in E. gracilis, the
increase in Ry : Eo max at the high temperature tested (40°C)
(Fig. 2¢) could reflect the disruption of the photosynthesis—respi-
ration coupling as a result of thermal stress, as was previously
observed in dinoflagellates (Pierangelini ez al., 2020).

Parallel photosynthetic and respiratory capacities under
different mixotrophic conditions

We then exposed photoautotrophic E. gracilis cells to changes in
trophic conditions by modifying the light regime or adding an
exogenous organic carbon source. Rates of Ry and Ey were mea-
sured after 36 h and are reported in Fig. 3(a). The presence and
availability of different organic substrates (acetate or ethanol)
caused a two- to 12-fold increase in the rates of Ry and Ep, in
comparison to cells grown in photoautotrophic conditions. In
agreement with the results reported in Fig. 1(c) for the Ry :
Eo max> the Ry : Eg for cells growing mixotrophically was higher
than that for cells growing photoautotrophically (Fig. 3b). Inter-
estingly, despite the large changes in the rates of Ry and Ep, the
Ry : Eo ratio was similar under different organic substrates (one-
way ANOVA, P=0.38). This result again suggested that the cou-
pling of the chloroplast with the mitochondrion is essential and
has to be maintained regardless of the trophic conditions, to
guarantee cell photosynthetic functioning. In relation to growth,
in mixotrophy, addition of rotenone and AA caused ¢. 15% and
40% reductions of u, respectively. When E. gracilis was grown
photoautotrophically, u was reduced ¢ 10% and 20% with
rotenone and AA, respectively (Fig. S6). This u reduction reflects
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the involvement of the respiratory metabolism in the production
(from carbohydrates produced during photosynthesis) of cellular
metabolites used in the construction of cells (Falkowski ezal.,
1985; Geider & Osborne, 1989).

Exchange of energy currency compounds between
chloroplasts and mitochondria

As the interdependence between respiratory and photosynthetic
activities often involves an energetic exchange between chloroplasts
and mitochondria (Cardol etal, 2009; Bailleul ezal, 2015), we
determined whether ATP of mitochondrial origin could be
imported into the chloroplasts. For dark-acclimated E. gracilis cells
in both mixotrophic and photoautotrophic conditions, the maxi-
mum trans-thylakoid electric field (Ay, that can be built under a
10 Hz single-turnover flash train) was about 5 r.u. (threshold value
corresponding to a membrane potential reference (Joliot & Joliot,
2008)). In the presence of mitochondrial inhibitors (AA or
KCN+SHAM), Ay increased to ¢ 6 and 8 r.u., respectively
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(Fig. 4a). This indicated that the Ay obtained in the absence of
inhibitors was superimposed on a Ay component present in the
dark (AY/gu ¢ up to 3 r.u.), which is disrupted following the
inhibition of mitochondrial respiratory electron transfer chain. In
flowering plants and diatoms, it was proposed that the Ay, was
the result of hydrolysis of ATP imported from mitochondria by
the chloroplastic ATP synthase (Joliot & Joliot, 2008; Bailleul
etal., 2015). Accordingly, we also conclude that the Ay g,y in E.
gracilis indicates export of ATP from mitochondria into the
chloroplast. In this respect, an ATP/ADP translocase isoform has
been identified in the chloroplast proteome of E. gracilis (Novik
Vanclovd etal, 2020). Such ATP import may be useful during
light exposure when ATP shortage occurs following the imbalance
between the amount of ATP and NADPH produced by the activ-
ity of the photosynthetic electron transfer chain (Allen, 2002;
Allen et al, 2008; Bailleul ezal, 2015).

Previous studies (on diatoms, green algae and flowering plants)
suggested that besides ATP, the energetic coupling between
chloroplasts and mitochondria involves an exchange of reducing

© 2021 The Authors
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equivalents by the malate-aspartate shutte (Cardol eral, 2003;
Allen et al., 2008; Noguchi & Yoshida, 2008; Bailleul ez 4/, 2015).
This shuttle system comprises two soluble enzymes in each com-
partment, a malate dehydrogenase and an aspartate aminotrans-
ferase. In E. gracilis, isoforms of malate dehydrogenase have been
identified in the chloroplast and mitochondrial proteomes (Ham-
mond ezal, 2020; Novik Vanclova etal, 2020) and aspartate
aminotransferase activity has been identified in both the
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mitochondrial and chloroplastic fractions (Collins ezal., 1975).
AOAA, an inhibitor of the aspartate aminotransferase (Cornell
etal., 1984), had an inhibitory effect of ¢. 40% and 70% on Ry
and Ep, respectively, in mixotrophy (Fig. 4b,c) (rtest; Ry,
P=0.04; Eomao P=0.0001). This indicated that exchange of
reducing equivalents by malate-aspartate shuttle between cell com-
partments is critical in the interaction between photosynthesis and
respiration in mixotrophic conditions. By contrast, in the
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photoautotrophic condition, the absence of an effect of AOAA on
photosynthesis (Fig. 4¢) (#test; £ maw £=0.73) despite a 40%
decrease of Ry (Fig.4b) (#test, P=0.003) may indicate that
exchange of reducing equivalents could occur through a different
pathway (e.g. glycerol-3-phosphate shuttle (Shen ezal, 2003) or
the glycolate/glycerate transporter involved in photorespiration
(Dellero et al., 2016)). Alternatively, this result suggests that in the
photoautotrophic condition, ATP import or CO, availability in
the chloroplast is limiting for photosynthesis, rather than the
capacity to export reducing equivalents out of the chloroplast. To
test this latter hypothesis, we assessed the photosynthetic activity in
the presence and absence of extemporaneous NaHCOj3 addition
(using a higher cell concentration in the oximeter chamber) during
consecutive long steps of increasing light intensity. CO, limitation
in the photoautotrophic condition was indicated by the progressive
decrease of Eq in the absence of NaHCOj; (from 16 to 2 fmol O,
min~" per cell at saturating light intensity) (two-way ANOVA,
P<0.0001), a decline that did not occur in mixotrophy (Fig. 4d).
In a next step, we probed the redox poise in the stroma in the
light. In green plants, the accumulation of reducing power (i.e.
reduced ferredoxin (Fd) or NADPH) in the stroma occurs notably
under high light regime. As a consequence, post-illumination
NADPH (or Fd) plastoquinone oxidoreductase activity leads to
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nonphotochemical reduction of the plastoquinone pool in the
dark. Therefore, the accumulation of reducing power can be evi-
denced as changes in the post-illumination fluorescence (Gotoh
etal., 2010). The use of an inhibitor of the plastoquinol terminal
oxidase (PTOX), octyl gallate (Josse eral, 2003), further reveals
the extent of nonphotochemical reduction of the plastoquinone
pool. In E. gracilis, in mixotrophic conditions, post-illumination
Chl fluorescence increase was observed only in the presence of
rotenone or AOAA (Fig. 5a,¢). This indicates that reducing power
is accumulated in the stroma when the mitochondrial respiration
or the malate shuttle were inhibited. In photoautotrophic condi-
tions, post-illumination increase in Chl fluorescence was observed
even in the absence of rotenone or AOAA and was abolished in
the presence of bicarbonate (Fig. 5b,c). These results reinforce the
idea that the limiting step of photosynthetic electron transport is
CO, availability in photoautotrophy, while balancing ATP/
NADPH ratio is critical in mixotrophy.

Different mechanisms of chloroplast-mitochondrion
energetic coupling in mixotrophy and photoautotrophy

We investigated the main responses of central carbon

metabolism and electron transfer pathways in E. gracilis grown
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in mixotrophy or in photoautotrophy. iTRAQ-based compara-
tive proteomics identified a total of 544 proteins, including sev-
eral enzymes involved in the central carbon metabolism
pathways (Krebs cycle, Calvin cycle, glycolysis, beta-oxidation of
fatty acid, lipid synthesis, respiratory and photosynthetic elec-
tron transfer chains, etc.) (Table S1). Among them, 112 proteins
showed a significant log,-fold increase or decrease (in the ratio
of normalized protein abundance) depending on the trophic
state (Table S2). In the mixotrophic condition, among the 53
proteins involved in carbon metabolism and electron transfer,
mitochondrial proteins were more abundant, while chloroplastic
and cytoplasmic proteins (Calvin cycle, glycolysis, and AA
biosynthesis pathways) were relatively less abundant (Fig. 6).
This mirrors the higher Ry : Eo . ratio (Figs 1b, 3¢). The
TEM micrographs of E. gracilis (Figs8, S7) also revealed a
higher number of mitochondrial sections per cell in mixotrophy
and larger individual chloroplastic section area in photoautotro-
phy (Table1). This translated into a lower ratio (c. 60%)
between total area of chloroplastic sections per cell relative to
mitochondrial sections in mixotrophy (one-way ANOVA,
P<0.01) (Table 1). The absence of difference in the Chl con-
tent per cell suggests that the stroma is relatively larger in pho-
toautotrophy. Among mitochondrial proteins, the ATP-
dependent acetyl-CoA synthase (ACS, which converts acetate to
acetyl-CoA) and bifunctional isocitrate lyase/malate synthase
(ICL-MAS, which cleaves isocitrate into succinate and glyoxy-
late, and further synthesizes malate from glyoxylate and acetyl-
CoA) were found to be more abundant in mixotrophy. This
increase of ACS and ICL-MAS reflects a shift in the metabolism
to assimilate acetate into 4C compounds by bypassing the two
decarboxylating steps of the Krebs cycle. Several components of
the respiratory chain CI, CII (succinate dehydrogenase), CIII,
CIV and CV (FFo ATP synthase), along with the ADP/ATP

translocase and the inorganic phosphate carrier, were also more
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abundant in mixotrophy. This increase of ATP synthesis capac-
ity by oxidative phosphorylation is in agreement with the higher
respiratory rates in mixotrophy than in photoautotrophy
(Figs 1a, 2, 4b), and may fuel anabolic reactions inside the mito-
chondria (e.g. for acetate assimilation), in the cytosol (e.g.
neoglucogenesis) and/or in the chloroplast (e.g. for CO, assimi-
lation). In Chlorella sorokiniana, mixotrophy was not associated
with an increase in the transcript abundance of ICL and
respiratory-chain components, but with an upregulation of gly-
colate oxidase and serine hydroxymethyltransferase (SHMT),
two enzymes involved in photorespiration (Cecchin ezal,
2018). By contrast, mixotrophy in E. gracilis caused a decline in
glycine cleavage system (P and H proteins) and SHMT. In
E. gracilis, these proteins are present in the mitochondrial frac-
tions (Hammond eral, 2020) and participate in photorespira-
tion by catalysing oxidative decarboxylation of glycine into
serine. Only two photosynthetic electron transfer chain compo-
nents (PSII H subunit and beta subunit of CFFo ATP syn-
thase) were more abundant in mixotrophy (Fig.6). These
changes were not, however, accompanied by a difference in the
Eo max between cells in mixotrophy and photoautotrophy
(Figs 2, 4c,d) (provided that NaHCOj is added to the photoau-
totrophic cells during the measurement to limit RuBisCO oxy-
genase activity). On average, there is twice the number of
pyrenoids (relative to the chloroplastic sections) in photoau-
totrophy than in mixotrophy or photoautotrophy + 5% CO,
(Table 1). Although not stadistically significant, this difference is
supported by higher amounts of RuBisCO large subunit,
Rubisco activase and RuBisCO large subunit-binding protein
subunit beta specifically in photoautotrophy (Table S1). Alto-
gether, this indicates that E. gracilis cells in photoautotrophy are
more prone to photorespiration than when cells rely on an
exogenous reduced carbon source (here acetate). Decarboxylat-
ing enzymes (isocitrate dehydrogenase and malic enzyme) are
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also more abundant specifically in TMP (Table S1). This may
reflect the cellular need for CO, uptake and CO,-concentrating
mechanism activity (Giordano et al., 2005). During photorespi-
ration, RuBisCO oxygenase activity generates phosphoglycolate
in addition to phosphoglycerate. Phosphoglycolate is converted
to glycolate which can be imported into the mitochondrion in
E. gracilis (Collins et al., 1975). Glycolate dehydrogenase and
glyoxylate-glutamate aminotransferase, two other photorespira-
tory enzymes which are usually localized in the peroxisome in
other species, are also localized in the mitochondrion in E. gra-
cilis and convert glycolate into glycine (Collins ez al., 1975; Hor-
rum & Schwartzbach, 1980; Hammond eral, 2020).
Interestingly, glyoxylate-glutamate aminotransferase is not
inhibited by AOAA (Horvdth & Wanders, 1995). The lack of
effect of AOAA addition on Eq specifically in photoautotrophy
(Fig. 4c) is therefore in line with an active photorespiration,
rather than an export of reducing equivalents through the
malate shuttle that occurs in mixotrophy. Together with NADH
produced by oxidation of glycine by glycine cleavage system and
SHMT, glycolate oxidation may contribute directly to fuel
mitochondrial electron transfer chain and ATP synthesis. This
suggestion is in line with the observation that glycolate-
dependent O, uptake by E. gracilis mitochondria is inhibited by
AA or cyanide (Collins eral, 1975). The negative impact of Ry
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median expression.

inhibition on £y in photoautotrophic condition (Fig. 1a) could
thus be caused by the loss of mitochondrial capacity to reoxidize
NAD(P)H produced by photorespiratory enzymes inside the
mitochondria. Concomitantly, the expected slowing down of
the decarboxylative enzymes of the Krebs cycle and of photores-
piration should limit the amount of CO, available for
RuBisCO. A metabolic scheme summarizing how mitochondrial
respiratory activity interacts with photosynthesis in mixotrophy
and photoautotrophy in E. gracilis is presented in Fig. 7.

Membrane contact sites between chloroplasts and
mitochondria

In diatoms, it has been suggested that the chloroplast—mito-
chondrion energetic coupling could be favoured by an intracel-
lular placing of the mitochondrial network in close proximity to
the single chloroplast (Prihoda ezal, 2012; Flori ezal., 2017). It
was recently shown that the extent of chloroplast—mitochon-
drion physical interaction varies greatly among phytoplanktonic
species of different lineages, being high in the diatom P. #ricor-
nutum and low in Symbiodinium sp. or Nannochloropsis sp.
(Uwizeye eral., 2021). In E. gracilis, TEM micrographs (Figs 8,
S7) also showed that ¢. 60-80% of mitochondprial sections local-
ize close to chloroplasts, often at margins of chloroplast sections,
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Fig. 7 Model of mitochondrial participation to photosynthesis regulation in mixotrophy and autotrophy in Euglena gracilis. Metabolic pathways reported in
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Supporting Information Table S1). Red, blue, brown and grey arrows depict production/consumption of reducing equivalents (NAD(P)H, Quinone), ATP,
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aminotransferase; 11, glycine cleavage system + serine hydroxymethyltransferase.

with no difference among the mixotrophic, photoautotrophic
and photoautotrophic + 5% CO, conditions (Table 1) (one-
way ANOVA, P=0.18). This confirmed previous observations
that mitochondrial sections of E. gracilis tend to localize adja-
cent to the chloroplast in light-adapted cells (Wolken, 1967),
but at the cell periphery in dark-adapted cells (Wolken, 1967;
Pellegrini, 1980), which might relate to local concentration of
oxygen (Wolken, 1967). The average distance between external
membranes of chloroplasts and mitochondria was < 20-30 nm
over 0.5 um membrane segments (with no significant difference
among conditions; one-way ANOVA, P=0.22), and no outer
membrane fusion between organelles was observed (Figs 8, S7).
Such membrane contact sites (MCSs) have been described to
create microdomains that favour exchange of molecules between
endoplasmic reticulum and different organelles in the photosyn-
thetic cell (Pérez-Sancho eral, 2016). Thus, we suggest that
ATP, ADP and reducing equivalents, along with other
molecules (including, e.g., glycolate, glycerate, HCO;3™), under-
lying the energetic coupling between respiration and photosyn-
thesis, might be efficiently transported across MCSs between
chloroplasts and mitochondria in E. gracilis. Protein tethering
complexes are required for the establishment of MCSs between
endoplasmic reticulum and different organelles (Helle ezal,
2013) but it is not known if chloroplast—mitochondrion MCSs
also depend on such complexes in photosynthetic organisms.
Because E. gracilis chloroplasts are surrounded by three mem-
branes, rather than two as in green plants or four as in diatoms,
it will be of interest to elucidate the configuration of the MCSs
and the diversity of transporters.
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Conclusions

Following the evolutionary course of E. gracilis, which consisted
of the acquisition of photosynthesis by a heterotrophic ancestor
(euglenozoan) from a eukaryotic donor (green alga), the activities
of mitochondria and chloroplasts are intimately coupled. This
ensures the cell has an export of reducing equivalents from the
chloroplasts towards mitochondria and an import of ATP into
the chloroplasts to sustain photosynthetic CO, fixation. Under
the mixotrophic condition, the energetic coupling of E. gracilis is
very similar to what is proposed to occur in diatoms, for which
the main driver of this interaction is thought to be the adjustment
of the ATP/NADPH ratio in the chloroplast (Bailleul ezal,
2015). By contrast, other photosynthetic organisms (and espe-
cially those bearing green plastids), may rely primarily on AEPs
located in the chloroplasts for controlling the cellular ATP/
NADPH budget (Scheibe, 2004; Roberty eral, 2014; Raven
etal., 2020). In the green alga C. reinbardtii, mitochondrial
cooperation supplies extra ATP for photosynthesis when the
chloroplast capacity of AEPs to supply ATP for CO, assimilation
is compromised (Dang eral, 2014). Information on AEPs in
E. gracilis in the literature is, however, still scarce (e.g. Shimakawa
etal., 2017). The linear relationship between PSI relative electron
transport rate and PSI + PSII photochemical rate, their insensitiv-
ity to AA (Fig. S8a,b), and the very low photochemical rate
2.5+ 1.457Y) in the presence of DCMU suggest, however, that
the cyclic electron flow around PSI is not prominent in E. gracilis.
Similarly, the linear relationship between PSII relative electron
transport rate and Eo (Fig. S8¢) suggests that cyclic electron flow
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around PSII does not occur. Overall, these findings reinforce the
idea that the energetic coupling between chloroplasts and mito-
chondria is crucial in E. gracilis. The mechanisms whereby the
energetic coupling between photosynthesis and respiration occurs
vary in relation to the trophic state of the cell (mixotrophic vs
photoautotrophic). Under the photoautotrophic condition, the
ATP demand for photorespiration and the CO,-concentrating
mechanism takes precedence over the chloroplastic NADPH
excess. In E. gracilis, as in diatoms, the evolutionary and physio-
logical advantages and/or disadvantages of relying mainly on the
chloroplast to mitochondrion coupling are not clear. Such strong
chloroplast—mitochondrion interdependence could make these
organisms sensitive to any impairment of the respiratory activity,
which would cause negative consequences on the photosynthetic
apparatus as well. Cell ability to ensure that photosynthesis—res-
piration coupling is maintained through plastic metabolic
responses (as we have shown for mixotrophic vs photoau-
totrophic conditions in E. gracilis) is therefore key to guarantee
cell functioning. In addition, the presence of AEP in the chloro-
plast could help cells to compensate for possible respiratory
impairments. Further studies are required to establish the role of
AEPs (if any) in the regulation of the cellular ATP/NADPH bud-
get (e.g. during conditions impairing respiration) in species such

New Phytologist (2021)
www.newphytologist.com

New
Phytologist

Fig. 8 Transmission electron micrographs
illustrating subcellular organization of
Euglena gracilis cultured in mixotrophy

(a, b), photoautotrophy (c, d) and
photoautotrophy +5% CO; (e, ). Bars,

2 um. (a, ¢, e) Arrows show the
mitochondrial-chloroplastic contacts; C,
chloroplast; M, mitochondrion; P, pyrenoid.
(b, d, f) Cell compartments are highlighted in
colour (chloroplasts in light green, pyrenoids
in dark green and mitochondria in red).

as E. gracilis or P. tricornutum (diatom), characterized by having
photosynthesis—respiration coupling as a major regulator of pho-
tosynthesis.
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Fig. S1 Electrochromic shift spectrum and linearity in Euglena
gracilis cultivated mixotrophically and photoautotrophically.

Fig. S2 Impact of inhibitors on Chl fluorescence in Euglena gra-
cilis cultured in mixotrophy and in photoautotrophy.

Fig. S3 NPQ in Euglena gracilis cells grown in mixotrophy or in
photoautotrophy.

Fig. S4 Impact of octyl gallate (OG) and salicylhydroxamic acid
(SHAM) on dark respiration (Ry) in Euglena gracilis cultivated in
mixotrophic and photoautotrophic conditions.

Fig. S5 Impacts of the inhibitors of mitochondrial respiratory
complexes (I, III, IV), ATP synthase and AOX on respiratory
(Ry) and photosynthetic gross oxygen evolution (Ep) rates for
Euglena gracilis cultivated in mixotrophic and photoautotrophic
conditions.

Fig. S6 (a) End of exponential phase of batch cultures of Euglena
gracilis cultivated in mixotrophic (TAP) and photoautotrophic
(TMP) conditions, and in the presence of rotenone (Rot, 100
UM) or antimycin A (AA, 10 pM).
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Fig. S7 Transmission electron micrographs illustrating subcellu-
lar organization of Euglena gracilis cultured in mixotrophy, pho-
toautotrophy and photoautotrophy + 5% CO,.

Fig. S8 Relationship between PSI relative electron transport rate
and PSI+PSII photochemical rate, and relationship between
PSII relative electron transport rate and Eq in Euglena gracilis
cultivated in mixotrophic and photoautotrophic conditions.

Method S1 Detailed procedure of the proteomics analysis.

Table S1 Table containing the 544 proteins identified in Euglena
gracilis, including several enzymes involved in the central carbon
metabolism pathways.

Table S2 Table containing 112 proteins showing significant log,-
fold increase or decrease (in ratio of normalized protein abun-
dance) depending on the trophic state in Euglena gracilis.
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