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Abstract

The bioenergetic crosstalk between mitochondria and chloroplasts plays a key role in maintaining
metabolic integrity and controlling metabolite production for growth and regulation of cell
concentration. Dark respiration and photosynthesis were studied in the green alga Chlamydomonas
reinhardtii at varying oxygen concentrations and three cell concentrations. Light-enhanced dark
respiration LEDR was measured after light-dark transitions (Shimakawa et al. 2020). Algae were grown
photoautotrophically at 25 °C and a light intensity of 100 pmol-s-1'm-2. High-resolution respirometry
based on the Oroboros 02k is extensively applied to the study of mitochondrial physiology in the
biomedical field (Doerrier et al. 2018; Gnaiger 2020). Real-time net O production rate (net
photosynthesis NP) was measured with the NextGen-02k. Light intensities (blue) were controlled with
the O2k-PhotoBiology-Module in the range from 0 to 350 pmol-s-1-m-2. Dark respiration DR— determined
initially at normoxia— was independent of cell concentration when expressed as O flow per cell. At
stepwise increments of light intensity NP was stimulated to a maximum while O, concentration
increased from 220 uM to 350 up to 650 uM depending on cell count per volume in the closed reaction
chamber. Alternatively, O, concentration was prevented from reaching severe hyperoxia by
intermittent downregulation of O, concentration in the chamber. Independent of cell concentration, NP
was inhibited gradually from normoxia to severe hyperoxia by up to 40 %. LEDR was a sharp (negative)
maximum of respiration at approximately 30-60 s after light-dark transitions, increasing 3- to 4-fold
compared to DR. No O, dependence could be assigned to LEDR measured at normoxia and hyperoxia.
Taken together, the present results indicate that the decline of net O production under hyperoxia was
not caused by compensatory light-enhanced photorespiration LEPR, if LEDR is proportional to LEPR

(Shimakawa et al. 2020), but was due to inhibition of photosynthesis at high O, concentrations.
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Kurzfassung

Der gegenseitige, bioenergetische Einfluss zwischen Mitochondrien und Chloroplasten stellt eine
Schliisselrolle fiir die Aufrechterhaltung eines intakten Zellstoffwechsels dar sowie fiir die Regulierung
von Stoffwechselprodukten fiir Zellwachstum und Zellzahl. Die sogenannte Dunkelatmung und
Photosynthese wurden in der Griinalge Chlamydomonas reinhardtii bei variierenden
Sauerstoffkonzentrationen und drei verschiedenen Zellzahlkonzentration im Rahmen der vorliegenden
Bachelorarbeit untersucht. Durch Licht erhéhte Dunkelatmung LEDR wurde nach Ubergingen von
Belichtungs- zu Dunkelphasen gemessen (Shimakawa et al. 2020). Die Algenkultur wurde
photoautotroph bei einer Temperatur von 25°C und einer Lichtintensitit von 100 umol-s-1-m-2
inkubiert. Die hochauflosende Respirometrie basierend auf dem Oroboros 02k wird extensiv im
biomedizinischen Forschungsbereich der mitochondrialen Physiologie angewendet (Doerrier et al.
2018; Gnaiger 2020). Echtzeitmessungen von Sauerstoffproduktionsraten (netto Photosyntheserate
NP) erfolgten anhand des NextGen-O2k. Lichtintensititen wurden mittels des O2k-PhotoBiologie-
Moduls im Bereich von 0 bis 350 umol-s-1-m-2 kontrolliert. Die Dunkelatmung DR, welche zu Beginn der
Versuche bei Normoxie jeweils bestimmt wurde, war unabhdngig von der Zellkonzentration. DR wurde
als Sauerstofffluss pro Zelle ausgedriickt. Bei schrittweiser Steigerung der Lichtintensititen wurde NP
auf ein Maximum stimuliert, wobei Sauerstoffkonzentrationen von 220 pM auf 350 pM bis auf 650 uM
anstiegen, abhingig von der Zellkonzentration innerhalb der geschlossenen Reaktionskammer.
Alternativ dazu wurden Sauerstoffkonzentrationen durch wiederholtes Offnen der Reaktionskammern
reduziert und Hyperoxie vermieden. Unabhdngig von Zellkonzentration wurde NP sukzessiv von
Normoxie bis zu ausgeprégter Hyperoxie um bis zu 40 % inhibiert. LEDR wurde als scharfes (negatives)
Maximum der Zellatmung innerhalb von 30 bis 60 s nach dem Wechsel von Licht- auf Dunkelphasen
verzeichnet. Dabei wurde LEDR verglichen mit DR um das 3- bis 4-fache verstarkt und wies keine
Sauerstoffabhangigkeit auf. Kombiniert deuten die Ergebnisse darauf hin, dass die Abnahme von NP bei
Hyperoxie durch Photoinhibition bei hohen Sauerstoftkonzentrationen erfolgte und nicht durch eine

kompensierende erhohte Zellatmung LEPR verursacht wurde (Shimakawa et al. 2020).



Inhaltsverzeichnis

INIETOAUCTION wovctretteeeesseseer et sssees e e s es b s b RS E SRR R RS R R R e R e 1
ChlamYdOMONAS FEINMAAT QLI cc.u.cuueemeeereeereeeseeseesseesseessessessseessess s sssess s s ss s s R E e e s R 1
Interactions of chloroplasts and MitOChONATIA. ... ——————— 2
PR OtOTINTDITION . c1vu ettt s bR a e bbb R 4
g 00T 0) /TSy o) 1 ¢ L (o) o PR 5
Light-enhanced dark reSPITation ... ssssssssesssssss s sss s bbb s s bbb anasnb s 5
THE NEXEGENM-O 2K ceuieeeeereeeeeeseeseesseessesssesssesssesssssssse s s s e ss s s s RS REE R R bR AR 6
PB-MOTULE «..ooeeeeectreeeeeeneese s ese s sssees s ssse s s s s RS8R R SRR R 7

Materials ANd METNOMS ....ovueeeereereereieeeeeect ettt ss s s s s bbb s R R bR R 8
REQUITEA M ATETIALS.c.civirereresresresreisesses e s bbb e 8
Strains and roWth CONAITIONS ... sees s s ss e s e s s e s e n R 8
P Fot T 0 ) (=] 0= o U (o) PP 9
Photosynthetic and respiratory MeaSUIEIMEINLES ... ceeeerersreesseessresssessseesseesssesssesssesssesssessssesssesssessssssssssssessees 12
DIALA ANIALYSIS coueuirurersreurerreesserseessersses s sesse e s seesse s ess s s s E R R RS AR R AR R AR 13

RESUILS .ottt sss e esse bbb s R R EaEER R s e R e s 14
02 flow as a function of the light regime and 02 cONCENTratioN......ciirisnnss s 14
D EE D E) 0] 1 = L (o) O 16
Maximum net photosynthesis as a function of cell concentration and O, concentration.........ocouue 18
Oxygen dependence of net photosynthesis and light-enhanced dark respiration ... 21

) L0183 1o ) ¢ U 22
Oxygen dependence of net photosynthesis and its potential cause of photoinhibition........cc.cceuueniu 22
Oxygen independence of light-enhanced dark reSpiration ... eeeeenserneseeeesseeseesseesseesseessessessens 24
Maximum net photosynthesis as a function of cell concentration and O, concentration ... 25

Conclusions and fULUTE PETSPECLIVES .......wuiemreereeereeeseessesssesssssssesssess st sssss s s sssess s s sssas s ssssssesssassssssane 25

LSO NoY o= N T0) oW o) Lo] V0T o4 =1 0] 00D VII

LIST Of fIGUTES ooueereeurenseeseessetseseseessecsses s asse s s s ss s b4 R R AR bbbt XVII

LIST Of TADIES ettt st AR A R R XVIII

LIST Of QD DTE@VIATIONS cuvveeuceuieuieerectreeteeeseeseeseessesb e sees bbb s ss bbb RS a et XIX

Y00 0] 0] (=] 44 1= 4 1 FF PP XX

VI



Introduction

This thesis is the extended version of the preprint “Oxygen dependence of photosynthesis and light-
enhanced dark respiration studied by High-Resolution PhotoRespirometry” with a more detailed
approach (Wentetal. 2021). Under the framework of the H2020 EIC-SMEInst-2018-2020 NextGen-02k
project, sponsored by the European Union, this study is contributing to the market release of the
NextGen-02k, the next generation of the O2k core technology in High-Resolution Respirometry of
Oroboros Instruments. In addition to the prior developed 02k-FluoRespirometer, amongst several new
features the O2k-PhotoBiology-Module (PB-Module) was integrated for the conduction of oxygen (02)
production measurements and other bioenergentic parameters at different light intensities. This
innovation is targeting fields in algal biotechnology and environmental physiology. The results gained
through this thesis demonstrate the possible exploitation of the NextGen-O2k for O evolving
mechanisms coupled to illumination. The PB-Module facilitates the physiological characterization of
different algal species as the NextGen-O2k simultaneously measures O, consumption and production

both involved in metabolic pathways in response to changing light intensities (Doerrier et al. 2021).

Biotechnological advances are proving the necessity of the utilization of biological processes, such as
photosynthesis, for alternative energy production addressing energy supply in a time of global warming
(Melis 2007; Scoma et al. 2014; Nagy et al. 2018). In order to exploit photosynthesis, a better
understanding of its association with respiration is needed (Shimakawa et al. 2020). In this study, the
crosstalk of chloroplasts and mitochondria was examined by investigating the rate of dark respiration
DR and of net photosynthesis NP at varying light intensities in the range of 0 to 350 pmol photons m-2 s-1

and after light-dark transitions at three cell concentrations of the green alga Chlamydomonas reinhardtii.

Chlamydomonas reinhardtii

The unicellular alga Chlamydomonas reinhardtii is a widely used model organism due to its well-known

genetic properties (Rochaix 1995; Harris 2001). It can grow autotrophically, mixotrophically and



heterotrophically. The oval shaped cells measure a length of 10 pm and a width of 3 pum with two
flagellae. 40 % of the cell volume consists of one chloroplast and multiple mitochondria (Rochaix 2014).
The organism gained importance with the development of methods in the field of nuclear and
chloroplast transformation, creating an opportunity to examine the chloroplast-mitochondrial
interactions that are of the interest in this study (Rochaix 1995). Thus, this microalga was well fitted for

this study.

Interactions of chloroplasts and mitochondria

Both cell organelles, mitochondria and chloroplasts, possess similar features in terms of ATP synthesis
by translocating protons (H*) by a proton motive force initiated by electron transfer in enzymatic
Complexes to provide energy to the cell (Campbell and Reece 2005). In algal mitochondria, two types of
pathways are known following coenzyme Q (Finnegan et al. 2004; Millar et al. 2011). One pathway
transfers electrons from coenzyme Q to cytochrome c oxidase, translocating H* simultaneously through
Complexes CIII and CIV (Millar et al. 2011). The other one is a bypass of these two Complexes, where
alternative oxidase (AOX) reduces O, (Finnegan et al. 2004; Moore et al. 2013). This pathway is also
called the cyanide-resistant alternative respiratory pathway, which is genetically expressed by two
genes in Chlamydomonas reinhardtii (Dinant et al. 2001). Using this pathway, electron flow is uncoupled
from ATP synthesis as no membrane potential is developed (Millar et al. 2011). Free energy is won by
the electron transport, dispersed as heat, resulting in a smaller yield of respiratory energy (Affourtit et
al. 2002; Mathy et al. 2010). In case of highly reduced components of the electron transfer system, AOX
eliminates energized electrons, preventing excess production of reactive oxygen species (ROS)
(Maxwell et al. 1999). ROS are radicals containing oxygen, such as the hydroxyl radical ‘OH, or oxygen
ions, such as singlet oxygen 10; or superoxide Oz, as well as their reaction products, like hydrogen
peroxide H20; (Auten and Davis 2009). Depending on the context, the function of ROS varies (Lambeth

2007; Auten and Davis 2009).



Furthermore, in the process of photosynthesis ROS are by-products due to the oxidative stress
generated by light radiation (Apel and Hirt 2004). Still, light functions as a prerequisite for
photosynthesis. The electron transport in chloroplasts is initiated by light energy from H,0 to NADP+* in
photosystem II (PS II) to the cytochrome bsf Complex to photosystem I (PS I) (Stern and Uno 2005). This
pathway induces proton translocation from the stroma into the thylakoid lumen in the chloroplast,
creating ATP by ATP synthase using transmembrane electrochemical potential (Apel and Hirt 2004;
Campbell and Reece 2005). Alternative pathways can be used by electrons that are crucial at fluctuating
light intensities, resulting in different requirements of ATP and NADPH (Kramer and Evans 2011). A
reorganization of respiratory pathways in mutants of Chlamydomonas reinhardtii occurred, such as the
activation of CEF, the cyclic electron flow around PS I, an alternative electron flow pathway (AEF)

(Cardol et al. 2003; Cardol et al. 2011).

The scientific establishment of the Calvin-Benson cycle, the dark reaction of photosynthesis, and the
isolation of chloroplasts without mitochondrial contamination - showing similar rates of CO:
assimilation as in vivo samples - indicated the independence of chloroplasts from mitochondria
(Bassham et al. 1950; Jensen and Bassham 1966). After Mehler discovered the photoreduction of O, to
H20; in 1951, Forti and Jagendorf further investigated the Mehler reaction and found that ascorbate
enhanced the electron transport from H;O to Oz, which was coupled to ATP synthesis (Mehler 1951;
Forti and Jagendorf 1961). Further findings showed that the Mehler reaction produced the superoxide
anion radical Oz in PS I at its reducing side, where the oxidization of ascorbate to its free radical (AFR)
occurs (Mehler 1951; Miyake and Asada 1992). As AFR acts as an alternative electron acceptor to NADP+,
it can ensure the ATP formation rate that is necessary for CO; assimilation in the Calvin-Benson cycle
(Forti and Ehrenheim 1993; Forti et al. 2006). Thus, O; is assumed to be permanently consumed in
isolated chloroplasts at steady-state photosynthesis (Egneus et al. 1975). Forti concluded after his
experiments in 2008 that mitochondrial respiration initiates photosynthesis, allowing oxidation of
electron carriers at stages where the Mehler reaction is inhibited due to lacking O until enough O; is

produced and the Mehler reaction replaces mitochondrial respiration. Thus, Forti assumed that



chloroplasts functioned autonomously at steady-state photosynthesis due to the Mehler reaction (Forti
2008). More recent findings demonstrate that mitochondria influence the cells on metabolic reactions
and on photosynthetic pathways and that a cross-talk between mitochondria and chloroplasts is
undeniable (Lemaire et al. 1988; Cardol et al. 2003; Forti 2008), especially when cells are put under
stressing conditions. Larosa et al. have shown a crosstalk between mitochondria and chloroplasts by
putting mutants of Chalmydomonas reinhardtii cells under excess illumination, inducing photo damage

and photoinhibition (Larosa et al. 2018).

Photoinhibition

Production of toxic ROS during the light reaction is enhanced when NAD(P)H redox state and ATP
turnover are not matched with the activity of the Calvin-Benson cycle (Sharma et al. 2012). Therefore,
organisms carrying out photosynthesis are sensitive to environmental fluctuations. The reaction of the
organism to the change of abiotic and biotic factors might affect photosynthetic activity to a high extent
and, thus, be of bigger relevance than the photosynthetic performance during a steady state (Suorsa et

al. 2012; Davis et al. 2016).

Photosynthetic electron transfer reduces oxygen on the acceptor side of photosystem I (PS I), forming
superoxide Oz, which in turn can further react to H,0», ‘OH and 10, (Mehler 1951; Knox and Dodge 1985;
Asada 1999; Zolla and Rinalducci 2002). In case of illumination exceeding photosynthetic capacity, ROS
production is enhanced, creating oxidative damage to PS I and PS ], called photoinhibition (Asada 1999;
Murata et al. 2007; Sonoike 2011; Sejima et al. 2014; Roach etal. 2015). Already low light intensities are
causing damage to PS II (Roach and Krieger-Liszkay 2014), which is why in PS II a repair mechanism
has been evolved resynthesizing the subunit D1 of PS II (Pokorska et al. 2009). This repair system
ensures photosynthetic electron transfer and cell growth despite elevated light damages. Up to date, no
comparable repair mechanism has been discovered yet in PS I, as the whole Complex has to be replaced
opposed to PS II, where particularly its subunit D1 is reassembled (Sonoike 1996; MARTIN et al. 1997;

Kudoh and Sonoike 2002; Tikkanen and Grebe 2018). Thus, PS Il is protecting other components, such



as PS [, from inhibition and damage by reducing the electron transfer rate to PS [, which is subsequently
preventing PS I from overexcitation and irreparable consequences (Tiwari et al. 2016). Larosa et al.
favor photosynthetic control, a reduction of the electron flux, as a mechanism to protect PS I by
decreasing the turnover rate of the cytochrome bsf Complex under excess radiation and low luminal pH
(Finazzi and Rappaport 1998; Tikhonov 2014; Colombo et al. 2016; Larosa et al. 2018). Still, the topic of
photoinhibition is a controversial one as there are different known mechanisms that might be involved

but have never been confirmed in cells in vivo (Nishiyama et al. 2006).

Photorespiration

The most common definition of algal productivity is photosynthetic efficiency in O, production, which
can not only be reduced by photoinhibition but also by other mechanisms as such as by the so-called
photorespiration. When, instead of CO,, 0 is fixed by the enzyme ribulose bisphosphate
carbolylase/oxygenase, the toxic by-product 2-phosphoglycolate is produced, which can be detoxified
by the photorespiratory reactions to 3-phosphoglycolate. In order to do so, energy intended for
photosynthesis is used for photorespiration, resulting in a loss of energy yield and a release of fixed CO-

(Bauwe et al. 2010).

Light-enhanced dark respiration

The phenomenon of an enhanced O, consumption rate after illumination in algal cells is called light-
enhanced dark respiration (LEDR). According to different references, respiratory substrates
accumulated during photosynthetic pathways are assumed to stimulate LEDR (Xue et al. 1996; Ekelund
2000; Raghavendra and Padmasree 2003; Mantikci et al. 2017; Sejima et al. 2016). The exact
mechanisms of LEDR have still remained unknown (Shimakawa et al. 2020). According to Sejma et al.
(2016), the 02 consumption rate after a light period (LEDR) corresponds to photorespiration during
illumination and is subsequently an indication for the total photosynthesis rate TP (net photosynthesis

rate NP minus photorespiration rate LEPR).



The NextGen-02k

With the new version of the Oxygraph-2k by Oroboros Instruments, the NextGen-02k (Figure 1), major
changes in the firmware had to be done due to the inclusion of the PB-Module, the PhotoBiology-Module,
and the Q-Module. Before the development of the NextGen-02k, following features could be applied
using the prior version of the 02k, the FluoRespirometer: O, consumption, amperiometric signal,
fluorescence signal and potentiometric signal. With the addition of to the PB-Module and the Q-Module,
the effect of increasing light intensities on Oz production (NP) in chloroplasts can be measured as well
as the redox state of the quinone pool in the mitochchondrial electron transfer system in the NextGen-

02k (Doerrier et al. 2021).

The 02k possesses two separate and independent chambers that consist of Duran glass. Each chamber
measures 2 mL of volume that is mixed by magentical stirrers, ensuring a homogeneous solution.
[llumination in chambers for control can be used with an LED light from behind the chambers.
Experimental temperature is controlled by constant recordings of temperature and Peltier power
(Gnaiger 2001). Oxygen flux and concentration is measured by a polarographic oxygen sensor, the POS

(Gnaiger and Forstner 1983). Diffusion tight stoppers seal the chambers (Gnaiger 2001).

Figure 1: NextGen-O2k illustrated with a PB-sensor, modified after (Doerrier et al. 2018)



PB-Module

The PB-Module was designed based on scientific knowledge of photosynthetic metabolic pathways
(Doerrier etal. 2021). Photosynthetic processes are carried out using light in the spectral range between
400 and 700 nm, called photosynthetically active radiation (PAR). Energy conversion occurs most
efficiently at wavelengths of blue (400-500 nm) and red (600-700 nm) light (Stern and Uno 2005). Thus,
LED lights were included in the PB-sensors emitting PAR in the range of blue and red light. LEDs of white
light are available as well as they simulate sun light, i.e. PAR (Campbell and Reece 2005). The PB-Module
counts one sensor in each chamber, which need to be attached on the outside of the front chamber
window. The light intensities provided by the sensors range from 0 to 5000 pmol photons m-2s-! and
can be controlled by using the software by Oroboros Instruments, Datlab 7.4 or higher. Additionally, a
photodiode has been implemented in the PB-sensor, which corrects, adjusts and detects the exact light
intensity emitted by the LEDs. The effects of different light intensities on the sample, i.e. algal cells, inside
of the chambers can be measured by O flux per volume or O flow per cells (Gnaiger 2020; Doerrier et

al. 2021).



Materials and methods

Required materials

The required materials and equipment are listed in Table 1.

Table 1: Materials

organisms

Chlamydomonas reinhardtii wt12

chemicals
sodiumbicarbonate
Lugol's solution
Trizma base
NH,4CI
MgS04-7H20
CaCl2-2H20
K2HPO,
Kropat's trace metals solution

devices and equipment
NextGen-02k with PB sensors
AlgaeTron AG230 incubator
centrifuge
vortexer
microscope
haemocytometer

Strains and growth conditions

Chlamydomonas reinhardtii wild-type strain wt12 was kindly provided by Prof. A. Smith, University of
Cambridge. The liquid cultures were started in TRIS media, composed of the following chemicals:
2.42 g-L-1 Trizma base, 0.38 g-L-1 NH4(C], 0.1 g-L-1 MgS04-7H:0, 0.05 g-L-* CaClz-2H:0, 0.11 g-L-1 K;HPOy,
0.05 g-L-1KH,P0s4, 1 mL-L-1 Kropat’s trace metals solution, adjusted to the pH of 7, then autoclaved and

stored at 4 °C (Gorman and Levine 1965; Kropat et al. 2011). TRIS medium was used to autotrophically



grow the culture at 25 °C under 100 pmol-s-1-m-2 at sterile conditions. The culture flask was kept inside
an AlgaeTron AG230 (Photon Systems Instruments) incubator that smoothly agitated the culture and
provided a period of 16:8 hours light:dark by a combination of red, green, blue and infrared LEDS. The
culture was reduced by 10 mL of culture medium and received 10 mL of fresh TRIS medium three times
a week to ensure an exponential growth phase of the algae. Each experiment was conducted one day

after a renewal of the medium.

Figure 2: Cells of Chlamydomonas reinhardtii under the microscope at a magnification factor of 20

Algae preparation

Before the experimental run, the cell-count concentration Cc.;s of the culture was determined. This was
performed by the sterile removal of 20 pL of the culture, the dilution of the sample by 20 uL of Lugol’s
solution and by 160 pL of distilled water afterwards, generating a final dilution of 1:10. The mixture
then was vortexed and pipetted onto a haemocytometer (Neubauer chamber, Figure 2). The cell count

Nees, of four fields (n=4) per counting grid was performed. Next, the average cell number X of the counted



fields was calculated (equation 1) and, subsequently, the cell-count concentration Cc.s by a recalculation

of the dilution factor d=10 (equation 2).

(1)
_ n:4Nce,s i
%= Z >
i=1
(2)

Cees = %+ d - 10 000

With the cell-count concentration Ccs of the culture, the needed volume Vs of the cultural medium
could further be quantified by equation 3. Vg3 equaled the volume of 15 mL needed for the dilution series
of the next step. Cg3 corresponded to the concentration of the highest concentrated dilution group G3 of
the dilution series and was aimed for 9:106 cells mL-1. The dilution series was consisted of dilution
groups G1, G2 and G3. G2 corresponded to 2/3 of G3 and G1 as 1/3 of G3. In total, six cultures (N=6)

were harvested and diluted with TRIS.

(3)

Ce3 " Vis

Cce,s ) Vce,s = Cgz " Vg3 — Vce,s = C
ce,s

While Vs was centrifuged for 10 minutes at 1000 g at 25 °C, sodium bicarbonate was added to the
microalgal pellet resuspension. Previous internal experiments on Chlamydomonas reinhardtii indicated
that a concentration of 5 mM of sodium bicarbonate were sufficient to provide a saturation of inorganic

carbonate for nutritional purposes at concentrations in the range of this experiment. For this matter a

10



small mass of sodium bicarbonate was weighed msgc (for example 14.22 mg), on the basis of which the
needed volume of TRIS for a suspension Vrrisco, was calculated, taking the molecular mass of sodium

bicarbonate Msgc=84.01 mg mmol-! as well as the amount of substance nsgc into account (equation 4

and 5).

(4)

Mspc 14.22 mg

= = = 0.169 1
ftsBC Mggc 84.01 mg mmol~1 fmo

(5)

v _ ngpgc _ 0.169 mmol

= 0.085L =85 mL

Vrrisco, of TRIS was suspended with the weighed mass of sodium bicarbonate msgc and vortexed. As
soon as the centrifugation was finished, the supernatant of the sample of V.. was removed and the pellet
carefully resuspended by a volume of 15 mL (Vg3) of the TRIS-sodium bicarbonate suspension (that

measured Vrrisco,), ensuring that any algal cell aggregation was broken.

Next, the dilution series was started by taking 10 mL of Vg3, putting it into a new falcon tube and adding
5 mL of the TRIS-sodium bicarbonate suspension (G2). After properly resuspending the second group
of the dilution series, 5 mL of Vi, was added to another falcon tube which was topped by 5 mL of the
TRIS-sodium bicarbonate suspension (G1). After calibrating the 02k, all three dilution groups were

added to one 02k each (2.3 mL per chamber), resulting in two technical repeats per 02k.

11



One 20 pL subsample of each 02k was taken from an 02k chamber prior to closing the chambers and
starting the measurements for recounting the cells. This was intended to correct the cell concentrations

in the 02k chamber expected from the initial cell count.

Photosynthetic and respiratory measurements

0, measurements were performed using the NextGen-O2k. Before every experimental run, the 02k
chambers had to be washed three times and air-calibrated at the correct temperature filled with 2.3 mL
of the respiration medium used in the following experiment, in this case TRIS at 25 °C at 750 rpm. The
correct background had to be loaded in order to minimize any noise by the measuring device. The
calibration took up to 1 hour, which is why it had to be done prior to a protocol run. Once the air
calibration had finished, the PB-sensors were attached to the 02k, the TRIS medium in the chambers of
each 02k was replaced by the dilution series and the stoppers of the chambers were added. Then the
protocol SUIT-030 PB ce D070 was started in DatLab, which recorded data points every 2 seconds per
chamber. SUIT protocols are intended to examine specific hypotheses in mitochondrial research
(Doerrier et al. 2018) and have recently been expanded to photosynthetic approaches (Doerrier et al.

2021).

Between 10 to 20 minutes were necessary to get a stable signal of dark respiration, detected as O flow
per cell in amol s'1 x1. After a constant O, flow was reached, the PB-sensors were switched on to
10 pmol photons m2 s in order to stimulate net photosynthetic O, production NP. At stepwise
increments of light intensity every 3 to 4 minutes, NP was stimulated to a maximum of
350 pumol photons m2s1, while Oz concentration increased simultaneously in the chambers.
Alternatively, O, concentration was prevented from reaching severe hyperoxia by intermittently
opening the chambers. The PB-module was shut off after reaching 350 pmol photons m2 s-1, entering
another phase of dark respiration until flux stability was attained again. In some protocol runs

(Figure 3) the PB-Module was put on again to 350 pmol photons m-2 s-1 for 10 minutes. Following, data

12



recording was turned off and the 02k was cleansed. In total, five experimental runs of G1 and G2 were

performed, seven of G3.

Data analysis

For data evaluation and graphic visualization DatLab 7.4, Microsoft PowerPoint and Microsoft Excel was

used (Table 2).

Table 2: used computer softwares

software company purpose

Excel Microsoft data recording
DatLab 7.4 Oroboros Instruments | data analysis
PowerPoint Microsoft data visualization

After the protocol run, so-called marks were set on the data traces for further data analysis in DatLab.
The marks pointed out values for the median of the selected trace area. This was performed for the

traces of O flow per cell, volume specific O, flux and 02 concentration.

Moreover, the effect of the light diodes on the O flux while being shut off was examined by running
special backgrounds with the intention to reduce background noise (i.e. signal disturbances due to
mechanical interferences, not due to actual changes in the O; flux). Therefore, the protocol run was
performed using the respiration medium TRIS without living sample at varying O levels. This way any
fluctuations in the O flux were interpreted as background noise. Additionally, all results were analyzed
and compared at data smoothing of 20 dp (data points) and of 5 dp for maximal accuracy of the

background.
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Results

0: flow as a function of the light regime and Oz concentration

The net O, production rate (net photosynthesis NP) was stimulated from dark respiration DR at
normoxia to a maximum by stepwise increments of light intensity (blue light; 10 to 350 pmol-s-1-m-2).
The compensation point at zero NP, where respiration and total photosynthesis cancel each other, was
reached at a light intensity between 10 and 20 pmol-s-1-m-2. Light-enhanced dark respiration LEDR was
detected as a sharp (negative) maximum of respiration immediately after a light period of 60 to
90 minutes (Figure 3). Oz flow per cell is referred to as o, in contrast to O flux per volume abbreviated
as Jo,. Whenever the volume-specific O, flux or the O, flow per cell relate specifically to net
photosynthetic O, production rate or with light-enhanced photo/dark respiratory O, production rate,
they are denoted as NP or as LEPR/LEDR. Each trace depicts two chambers of one 02k, demonstrating

the reproducibility of the results outlined in the context of this thesis.
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Traces displayed in Figures 3a and 3b were recorded simultaneously in two 02k instruments. The four

chambers were filled by subsamples of the same culture stock with identical cell-count concentration.
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By intermittently opening the chambers of the 02k, which is illustrated as arrows labelled “air” in the
graphic, the O, concentration was prevented from reaching severe hyperoxia in the experimental
chamber. Opposed to trace 3a, trace 3b shows the increase of O, concentrations while the 02k chambers
remained closed. 02 concentration rose to hyperoxic levels due to NP. After 12 minutes of illumination
at 350 pmol-s'1'm2, the O, concentration was lowered by intermittently opening the chambers and
partial equilibration with air. This restored maximum NP (Figure 3b). The following phase of dark
respiration showed enhanced respiratory levels compared to the dark respiration phase in the

beginning of the protocol.

Figure 3c shows the enlarged peak of LEDR of Figure 3c. Additionally, the instrumental background BG
run has been included in Figure 3c, demonstrating the small transient disturbance of the O signal
triggered by the elimination of illumination from 350 to 0 pmol-s-1-m-2. This disturbance was accounted
for in the background correction of the O; flux. Thus, the peak measured in the experiment was
corrected by the BG and assigned to LEDR. It was a sharp, (negative) maximum respiratory flux per
volume Jo, [pmol-s-mL-1] at 30 to 60 s after light-dark transitions. LEDR returned to DR after a dark
period of 2 hours. The following rate of NP under illumination of 350 pmol-s1-m-2 corresponded to the

previous maximum NP, suggesting no remaining photodamage to the cells.

Dark respiration

In each of the culture harvests, dilution group G3 was diluted 2:3 to G2, which was further diluted 1:2
to G1, such that the concentration of G1 was one third of G3. Cell-count concentration C. was
approximately 9-10¢ x-mL-1. A deviation between expected and recounted cell numbers is possible due
to cell loss during the harvesting process. The determination of the cell-count concentration seemed to
be a trivial task at first. But the recounts (1) did not fit the expected cell concentrations, (2) were much
smaller, and (3) were highly variable. This issue of cell counting agrees with the finding of Yépez et al,,
who investigated respiration normalized for the cell count determined from each experimental chamber

in a multi-well instrument. Their results demonstrate that normalization by cell count determined from
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the chambers actually increase the coefficient of variation, instead of reducing it (Yépez et al. 2018).
This paper was not directly comparable to the approach of this study but demonstrated the general
problem of variability of cell counting by using proper statistical analysis. Therefore, the data analysis
did not include the recounted cell numbers. Instead, the initial rate of dark respiration DR divided by DR
of the corresponding G3 group was utilized for analysis. DR was expressed as O flow per cell
[amol-s-1-x-1]. In Figure 4, DR of each experimental dilution group was shown relative to DR of G3 of the
same culture harvest as were the distributions of the dilution series. DR was, thus, expressed as a
dimensionless ratio ([amols-1x-1] - [amol's-1x-1]1) and could be used as a relative cell-count
concentration independent of the actual cell count Ce.. The values measured by the 02k for DR and

maximum NP are listed in Table 3.

dilution groups
G1 G2 G3

0 20 40 60 80 100

dark respiration DR relative to G3
[amol'st-x1] /[amol-s1-x1]

relative cell concentration/ [%]

Figure 4: Initial dark respiration DR measured simultaneously in three cell dilutions, expressed relative to dilution group G3
(from Went et al. 2021; see Supplement).
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Table 3: 02k measurements: corresponding median of dark respiration DR, maximum net photosynthesis NP and light-
enhanced dark respiration LEDR rates [amol-s1-x1] at 350 umol-s-1-m-2 of six culture harvests of 3 dilution groups (G1, G2, G3);
LEDR was evaluated for G3, where the background BG could be accounted for

G1 G2 G3
culture 02k [amol-s1-x1] [amol-s1-x1] [amol-s1-x1]
harvest Chamber DR NP DR NP DR NP LEDR
1 A -2.5854 26.0937 | -2.2663 22.2147 | -1.9343 189502 -9.1157
B -2.5844  27.245 | -2.3194  22.776 | -2.1234 19.6423 -9.2493
2 A -3.3316  23.605 | -3.1777 23.0315 | -3.5321 22.6873 -11.9147
B -3.4158 25.0109 | -3.2623 23.3598 | -3.6506 23.0831
3 A -2.8664  20.743 | -3.0047 21.1242 | -2.8893 17.7946 -10.5648
B -2.9877 20.5928 | -3.0156 21.0675 | -3.0372 18.0626 -10.7933
4 A -5.6063 42.2223 | -5.6574 33.8891 | -5.4843 28.0006 -20.0785
B -5.7482 41.6189 | -5.7014 31.0828 | -5.6812 28.0164
5 A -1.9787 18.7298 | -1.9063 16.7943 -6.5047
B -2.0365 19.1312 | -1.9324 16.9815 -5.8595
6 A -1.8163  20.125 -1.9786 16.1993 -6.7969
B -1.8891 20.6931 -1.9043 17.1997 -6.6847
A -1.8633 18.4034 -6.8141
B -1.8877 17.9764 -9.1157

In order to provide further clarification, two assumptions had to be considered: (1) the cell count within
each dilution group might vary from day to day due to incorrect cell-counting and (2) the cells might
have different photosynthetic activity from day to day. Thus, a different way for the comparison of the
results had to be used. Setting G3 as equivalent to 100 % of the cell count within each dilution series,
the rates of DR of G1 and G2 were divided by DR of G3 at 100 %. No correlation between DR, expressed
relative to DR of G3, and the relative cell-count concentration of each dilution group was found
(Figure 4). The independence of DR of dilution provided the basis for normalizing NP and LEDR for DR
in each dilution group, allowing for comparison of all experiments independent of day-to-day variability

in the cell count. In summary, maximum NP was uniformly O, dependent at all dilutions (Figure 6.)

Maximum net photosynthesis as a function of cell concentration and

02 concentration

A stepwise increase of light intensity stimulated net photosynthesis NP to a maximum, while O,

concentration rose from 220 pM to 400 pM (G1), 520 uM (G2) and 550 uM (G3), depending on the cell-
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count per volume in the closed reaction chamber (Figure 5). At higher cell concentration (G3), the NP
capacity was reduced compared to NP at lower cell concentration (G1). Therefore, experiments at lower
cell-count concentrations resulted in higher NP rates at maximum illumination linked to a lower O
concentration. Conversely, traces at higher cell-count concentrations showed the opposite relation -

lower NP rates at higher O, concentrations. This correlation has been further illustrated in Figure 6.
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Oxygen dependence of net photosynthesis and light-enhanced dark respiration

0; fluxes were expressed relative to dark respiration measured in the beginning of the experiment DR
(see Figure 4 and Table 4). This normalization yields flux control ratios entirely independent of cell
counts (Gnaiger 2020). Independent of dilution, NP was inhibited gradually from normoxia to severe
hyperoxia by up to 40 %, as illustrated in figure 6. No differences could be identified comparing
measurements taken in the morning (am) or in the afternoon (pm). Rates of light-enhanced dark
respiration LEDR measured at normoxia and hyperoxia were 3- to 4-fold higher than the initial rate of
DR, shown with G3. LEDR did not significantly depend on O, concentration (Figure 4). Any possible bias
due to instrumental background corrections are minimized at G3 with the highest cell-count
concentration, where volume-specific fluxes are higher than in experiments with G1 and G2. Therefore,
Figure 6 emphasizes the results with G3. The values used for the O fluxes relative to DR (Table 4) were
taken from Table 3, whereas the 02k measurements of the corresponding O; concentrations from

Table 4.
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Figure 6: Oxygen dependence of net photosynthesis NP and light-enhanced dark respiration LEDR. Oz flux ratios normalized
for dark respiration DR. Red and green circles: data from Figures 3a and 3b (from Went et al. 2021; see Supplement).
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Table 4: 02k measurements: median of Oz production rates (NP or LEDR) relative to DR with the corresponding median of
oxygen concentration co, at different dilution steps (G1, G2, G3) of all harvest cultures (N=6). LEDR was analyzed for G3 and
was reduced by the background correction BG

G1 G2 G3
harvest 02k NP NP NP LEDR-BG
culture chamber DR oz inpuM DR CozinpM | DR  Cozin uM DR Co; in pM
1 A 10.09 381.06 9.80 476.66 9.80 493.89 0.94 525.79
B 10.54 383.65 9.82 496.86 9.25 516.14 0.94 549.68
2 A 7.09 362.23 7.25 449.93 6.42 548.41 0.93 591.27
B 7.32 376.78 7.16 458.27 6.32 571.89
3 A 7.24 347.27 7.03 428.44 6.16 509.79 0.98 519.37
B 6.89 334.67 6.99 420.20 5.95 497.19 1.00 498.07
4 A 7.53 467.38 5.99 570.56 5.11 640.74 0.97 659.66
B 7.24 439.76 5.45 551.52 4.93 631.46
5 A 9.47 430.94 8.81 503.12 2.29 219.70
B 9.39 436.35 8.79 524.33 2.57 204.17
6 A 11.08 341.90 8.19 514.53 1.86 276.10
B 10.95 340.58 9.03 499.11 1.79 278.31
A 9.88 344.40 1.21 284.04
B 9.52 328.21
Discussion
Oxygen dependence of net photosynthesis and its potential cause of

photoinhibition

Photoinhibition is a process coupled to photosynthesis that still has not been fully resolved (Shimakawa

etal. 2020). Its impact - especially with involvement of ROS - on photosynthetic yield is well established

but its origin is a controversial topic (Nishiyama et al. 2006). In order to understand the process,

reproducible and reliable data is required (Baker 2016). Reproducibility was ensured with the NextGen-

02k by accurate calibrations and detailed background corrections to account for disturbances of the

signal. These include O; diffusion into or out of the closed chamber and the side effect of the illumination

regime, which is neglected by other conventionally applied instruments (Shimakawa et al. 2020). The

unique resolution of O, concentration and O; flux, measured in the 02k, generated highly accurate real-

time estimations of photosynthesis, apparent from the replicates in the two independent chambers.
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The results clearly show that photoinhibition already started at low light intensities around
75 umol-s-1'm2 (Figure 3). Photoinhibition has been identified as an inevitable side effect of
photosynthesis at any light intensity (Gombos et al. 1994; Tyystjarvi and Aro 1996; Anderson and Chow
2002). The effect of photoinhibition increased at higher light intensities. Surprisingly, equally
concentrated cell cultures reached differentlevels of maximum O production at the same light intensity,
depending on the prevailing O, concentration in the reaction chamber (Figure 3). This indicated that
photoinhibition was directly linked to high O, concentration. With increasing O, concentration
photoinhibition became more pronounced (Figure 6). This agrees with the fact that high light intensity
and high O concentration - the product of photosynthetic activity - are a critical and frequently
predominant combination, which results in damage of the photosynthetic apparatus (Hall 2017). Of
course, O2 production rises with increasing levels of illumination due to higher rates of photosynthesis
in closed and diffusion-limited systems. As it is known that high O levels stimulate ROS production (see
Chapters 1.2 and 1.3), this indicates that the inhibition at high O, concentration was linked to ROS-
induced oxidative stress (Asada 1999; Murata et al. 2007; Sonoike 2011; Sejima et al. 2014; Roach et al.
2015). ROS in turn block repair mechanisms that protect against photodamage (Nishiyama et al. 2001;
Nishiyama et al. 2004; Jimbo et al. 2013). The mechanisms of photoinhibition due to hyperoxia are

beyond the scope of the present study.

After a dark period of 2 hours, LEDR returned to the initial rate of DR. Moreover, NP recovered and
reached the same levels of O, flow at a second period of maximum illumination at 350 pumol-s-1-m-2 after
this period of DR. Thus, the effects of hyperoxia and photoinhibition showed no remaining damage to
the cells, which suggests that O;-dependent inhibition damage was restricted to PSII (Kudoh and

Sonoike 2002).

CO2 was available at saturating concentrations during all experiments, which is known to trigger the
Mehler reaction leading to H,0; production (Roach et al. 2015). Recently, Neofotis et al. (2021) showed
ROS accumulation as a response to hyperoxia in wild type strain CC-1009 of Chlamydomonas reinhardtii.

After hyperoxic exposure of 6 to 31 hours, H,0, concentration increased 3-fold (Neofotis et al. 2021).
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Nishiyama et al. (2006) suggest that photodamage is purely dependent on light, which was not
supported by the findings in Figure 3. The 0;-evolving Complex is impaired by light (Nishiyama et al.
2006). These authors could not identify the mechanisms causing the impairment of the O,-evolving
Complex. However, the results obtained in this thesis might provide an explanation for this
phenomenon. As this Complex is directly involved in O, production during photosynthesis, it follows
that Oz may inhibit the 0;-evolving Complex by substrate inhibition. Taken together, the apparent
controversy of the different results may be resolved by emphasizing the synergy of ROS-dependent and

ROS-independent effects of photoinhibition, both induced by high O, concentrations.

Oxygen independence of light-enhanced dark respiration

In Figure 6, a significant correlation of light-enhanced dark respiration and O concentration was not
indicated. Thus, if LEDR actually was an equivalent to light-enhanced photorespiration LEPR (Xue et al.
1996; Sejima et al. 2016), then its inhibitory effect on net photosynthesis would not be significantly O»-
dependent either. These observations, (1) the decline of NP as a function of O, concentration and (2) the
0; independence of LEDR indicate a primary inhibition of total photosynthesis TP at high O
concentrations, which is photoinhibition. Therefore, the primary cause for reduction of net

photosynthesis is not a stimulation of photorespiration but 0, dependent photoinhibition.

The mechanism causing a 3- to 4-fold increase of LEDR compared to DR was not the subject of this thesis.
In any case, these findings prove the importance of the crosstalk between mitochondria and
chloroplasts. Consequently, a better understanding of chloroplast and mitochondrial bioenergetics is
crucial in order to understand the efficiency of photosynthesis and, thus, to help maximize the outcome

of algal exploitations.
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Maximum net photosynthesis as a function of cell concentration and O:

concentration

A common assumption that cell shading could have a negative influence on photosynthetic activity at
higher cell-count concentrations (G3) could be excluded by comparing Figures 3 and 5. In Figure 5, G3
reached a lower rate of NP compared to G1. But Figure 3 clearly showed that the diminished NP rate
was a consequence of hyperoxic inhibition of photosynthesis - not a consequence of cell shading. The
concept of cell shading would be invoked in the absence of an effect of O, concentration on NP. Thus,
measurement of O, dependence of NP in different dilution groups (G1, G2, G3) was decisive for
separating the effects of shading and O; kinetics (Figure 5). As higher cell-count concentrations resulted
in higher O; concentrations, higher NP rates correlated with lower cell counts. However, this was not a
causative correlation since maximum NP was shown to be indirectly linked to cell-count concentration.
The actual mechanism explaining that more cells resulted in lower NP rates in a closed system was the

higher O, production leading to inhibitory O; concentrations.

A limitation in the present study relates to the lack of quality-controlled cell counting. More precise
methods for determination of cell-count concentrations will support reproducibility and strengthen the

conclusions.

Conclusions and future perspectives

The results of this thesis contribute to the understanding of the relation between mitochondria and
chloroplasts by analyzing inhibitory effects of high O, concentrations on photosynthesis and thus
emphasizing the importance of regulating O levels in biotechnology. Opposed to expectations, the
decline of net O, production under hyperoxia was not caused by compensatory light-enhanced
photorespiration LEPR, if light-enhanced dark respiration LEDR is proportional to LEPR (Xue et al. 1996;
Shimakawa et al. 2020), but by inhibition of photosynthesis at high O, concentrations. LEDR was 3- to

4-fold higher than steady-state dark respiration DR. DR returned to initial levels 2 hours after the LEDR
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peak. It will be interesting to investigate the mechanisms involved during that phase as it might be
connected to the repair mechanisms of photodamage, which were inhibited during illumination due to

hyperoxia.

The simultaneous protocol run at identical cell-count concentrations and different O, levels allowed to
demonstrate the significance of O, as an inhibitory factor of photosynthesis. The results have shown
photoinhibition by rising O, concentrations. In relevant scientific literature controversial findings have
been reported in the context of photoinhibition. Noticeably, O, dependence is a topic that has received
little attention and its importance has been largely neglected. ROS production due to high O, might be
one effect but also other mechanisms and reactions might exert an influence on chloroplasts. The
NextGen-02k provides the possibility to measure O, concentrations, O, production and consumption
rates as well as ROS production simultaneously. Thus, further investigations on the connection between
02 concentration and ROS production are of highest interest to understand the inhibitory effect of O, on

photosynthesis.

Further approaches relevant to the topic of this study will provide further clarifications on the crosstalk
of mitochondria and chloroplasts. The time span of excess light should be extended in order to induce
further photoinhibition. Irreversible damage to the cells might occur in a bigger time frame. Mechanisms
involved in PSI might be provoked and investigated because irreversible damage is ascribed to
reactions in PS I, where repair mechanisms have not been fully investigated yet (Larosa etal. 2018). The
concentration of inorganic carbon should be changed as well as abundant carbon triggers the Mehler
reaction, which further triggers ROS production (Roach et al. 2015). These investigations will support
translation of research into process optimization and biotechnological applications. Improved algal
exploitation is required as a contribution to sustainable food and fuel production, supporting

environmental protection and addressing current challenges of climate change.
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The bioenergetic crosstalk between mitochondria
and chloroplasts plays a key role in maintaining
metabolic integrity and controlling metabolite
production for growth and regulation of cell
concentration. Dark respiration and photosynthesis
were measured in the green alga Chlamydomonas
reinhardtii at varying oxygen concentrations and

three cell concentrations using the NextGen-02k with
the PhotoBiology Module. Maximom  net
photosynthesis at a light intensity of 350 pmol-s1-m2 (blue light) was inhibited at
hyperoxia by 40 % at oxygen concentrations of 550 to 650 pM. Light-enhanced dark
respiration reached a (negative) maximum within 30 to 60 s after light-dark
transitions and was 3.5- to 4-fold higher than steady-state dark respiration
independent of 0: concentration in the range of 200 to 650 pM.

Keywords - high-resolution respirometry, photosynthesis, dark respiration,
Chlamydomonas reinhardtii

High-Resolution PhotoRespirometry and cell culture

High-resolution respirometry based on the Oroboros 02k is extensively applied to
the study of mitochondrial physiclogy in the biomedical field [1,2]. Real-time cxygen flux
was measured using the NextGen-02k, a two-chamber instrument, in growth medium
TRIS at 25 °C. Light intensities (blue) were controlled with the PhotoBiology-Module in
the range from 0 to 350 pmol-51-m 2 (Figure 1). Data were recorded by DatLab 7.4

Algae were grown photoautotrophically in growth medium TRIS [N- and P-nutrient
replete] at 25 °C and a light intensity of 100 pmol-s1-m? (16:8 h L:D) [3]. Six cultures
(W=8) were harvested by centrifugation at 1000 g (10 min) and diluted in TRIS.
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