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Abbreviations

ADP adenosine diphosphate
Ama antimycin A

AOX alternative oxidases
As ascorbate

ATP adenosine triphosphate
Azd azide

Chl chlorophyll

Chl-a chlorophyll-a

BL blue light

c cytochrome ¢

CI consumption-irradiance

co, oxygen concentration

Ctl catalase

Dig digitonin

ETS electron transfer system
Fv/Fm maximum quantum efficiency
IBG instrumental background

Jb dark oxygen consumption

Jr light-induced oxygen consumption

KCN cyanide

L light intensity

1h leaf homogenate

LHC light-harvesting complexes
M malate

NADP"  nicotinamide adenine dinucleotide phosphate

0, superoxide radical
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VI
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OH’
OXPHOS
P
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PFD
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POS

PSII
PUMP

qE

qr

RL

ROS

Rot

Rox

SHAM
TCA
Toc

WL

reactive singlet oxygen
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photon flux density
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1 Introduction

Air pollution and the changing climate pose significant threats to the well-being and
functionality of forest ecosystems, profoundly endangering their ecological, economic, and
service-related functions. The impacts of rising temperatures and extreme weather events - such
as droughts, storms, temperature fluctuations, and precipitation - on the health of trees are often
intricately intertwined with the effects of pollution, including nitrogen deposition and
tropospheric ozone levels. These pollutants can exhibit synergistic effects, making it
challenging to isolate their individual impacts. For instance, the continuous decline in foliar
phosphorus concentrations in Europe, leading to reduced tree growth, can be attributed in part
to the combined influences of forest soil acidification, atmospheric nitrogen deposition, and
climate change. This complex interplay underscores the difficulty of disentangling the specific

contributions of various stressors to observed ecological changes.

In navigating this intricate web of interactions, the use of indicators becomes indispensable in
modern forest ecophysiological research. Indicators play a fundamental role in helping
researchers to unravel the nuanced relationships between trees and diverse stress-inducing
factors. They also aid in providing more accurate estimates of the extent of damage imposed on
trees and entire forest ecosystems. In essence, the development and use of indicators is pivotal
for gaining a deeper understanding of the multifaceted challenges faced by forests in the context

of contemporary environmental pressures (Potoci¢, 2023).

Stress in plants, caused by adverse external conditions, results in a range of responses, including
altered gene expression, cellular metabolism, and changes in growth rates and crop yields.
Stress can be categorized into abiotic (physical or chemical) and biotic (biological, such as
diseases or insects). Stress-tolerant plants undergo acclimation to specific stressors over time.
Severe stresses may lead to metabolic dysfunctions, preventing flowering and seed formation,

ultimately causing plant death (Gull et al., 2019).

Especially trees face various natural and anthropogenic stresses in their environment,
necessitating resilience and resistance mechanisms against biotic and abiotic challenges, which
are crucial for the survival of long-lived tree species. As trees persist in the same location for
many decades or even centuries, they must acclimate their growth and reproduction to
continually changing atmospheric and pedospheric conditions. The importance of
understanding how different stress factors influence the physiological responses of forest trees

becomes particularly relevant in the context of climate change (Polle and Rennenberg, 2019).
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It is therefore important to find early indicators in easily accessible compartments of the tree.
Leaves are an obvious target, especially since they are responsible for the energy supply and

sites of high metabolic activity.
In leaves, oxygen plays a critical role in five fundamental ecophysiological processes:

(1) In the presence of sunlight, chlorophyll and other pigments in the chloroplasts absorb light
energy. This energy is used to convert carbon dioxide and water into glucose, the primary
product, and oxygen, a waste product. Plastids are bioenergetic organelles which are
responsible for photosynthesis and many metabolic activities (Maliga, 2014). Under the
influence of light, chloroplasts develop through reorganization of the original proplastids and
turn green in many cases due to the formation of chlorophyll. A fully grown mesophyll cell in
the leaf contains 50 to 100 chloroplasts which align themselves according to the distribution of
light in the cell. In the chloroplast, three different spaces are connected to the electron transfer
system (ETS): the intermembrane space, the stromal space, and the thylakoid lumen. The latter

is arranged in so-called grana stacks and connected by tubes.

During photosynthesis the absorption of light occurs primarily through the special molecular
arrangement of chlorophyll (Chl) and carotenoids within the light-harvesting complexes. The
photon energy is absorbed by the pigment, (e.g. Chl), which excites an electron into a higher
energetic state. Two main excitation states are referred to as the first and second singlet states,
which are attributed to different rotation and vibration states. The return to the fundamental
state proceeds in various ways: In addition to photochemistry, energy is released via

fluorescence and heat, restoring the energy level of the pigment back to the ground state.

The photosynthesis complexes in the thylakoid membrane cause the oxidation of water and the
reduction of nicotinamide adenine dinucleotide phosphate (NADP™). The resulting potential
difference uses the two absorbed photons to transfer electrons from the water to NADP™. In
addition, the light energy is used to pump protons into the lumen of the thylakoids via the
cytochrome b6f complex. This leads to a proton gradient between the lumen and the stroma.
The energy obtained is also used for the biosynthesis of adenosine triphosphate (ATP)
(Piechulla and Heldt, 2023). A low pH of the thylakoid lumen slows down electron flow
through the cytochrome b6f complex, as well as regulating the release of excess-absorbed light

energy as heat (Roach and Krieger-Liszkay, 2019), as described below.

(2) During photosynthesis, the effect of light also involves photorespiration. Therefore, the

measurement of photosynthetic oxygen production is the sum of total photosynthesis
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diminished by photorespiration and residual oxygen consumption (Rox) defined as the oxygen
consumption due to oxidative side reactions remaining after inhibition of the mitochondrial and
chloroplast electron transfer pathways to oxygen (Gnaiger, 2020). Net and gross photosynthesis
can be distinguished by the direct measurement of net photosynthesis and correction for light-
enhanced dark respiration to obtain gross photosynthesis

(Shimakawa, Kohara and Miyake, 2021; Went et al., 2022).

Photosynthesis in plants takes place in the chloroplasts, and cellular respiration primarily in the
mitochondria. These two processes are interconnected and maintain a balance in the oxygen
and carbon dioxide levels within the plant and the environment. The mitochondrial and
photosynthetic ETS are similar. In both cases enzymatic complexes are coupled to one another

by a proton gradient (Taylor, 2019).

(3) In terms of oxygen and glucose metabolism, respiration is the reverse of the photosynthesis
reaction and serves to produce ATP. In this process, oxygen is consumed as it reacts with
glucose. This energy is then utilized for various metabolic activities, including growth,
maintenance, and reproduction. The mitochondrial respiratory ETS supports vital processes in
plant cells similar to animal cells. The respiratory ETS is localized in the mitochondria, the
cell’s powerhouse. In the plant respiratory ETS, organic compounds derived from glucose are
converted in the tricarboxylic acid (TCA) cycle into redox equivalents and by oxidative
phosphorylation (OXPHOS) into ATP, which is used for energy transformation to support the
biosynthesis of metabolic intermediates. These features make this machinery central to various
biological functions, including cell proliferation, differentiation, and adaptation to stress.
Because mitochondria are thought to receive commands and provide signals to control
biological outcomes, alterations in mitochondrial metabolism may occur due to changes in
nuclear gene expression. However, if a cell engages in a process such as proliferation or
differentiation without adequately functioning mitochondria, the cell is likely to experience a
metabolic crisis, potentially leading to senescence and cell death. In this scenario, properly
functioning mitochondria can be viewed as an early checkpoint before cells commit to
developmental or stress response processes. A notable example occurs within the first few
minutes of the plant life cycle, where mitochondria are fully active almost immediately after
seed rehydration. However, plants are unlikely to begin their life cycle with poorly functioning

mitochondria (Barreto et al., 2022).

‘Recent themes in plant mitochondrial research include linking mitochondrial composition to

environmental stress responses, and how this oxidative stress impacts on the plant
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mitochondrial function. Similarly, interest in the signalling capacity of mitochondria, the role
of reactive oxygen species (ROS), and retrograde and anterograde signalling has revealed the
transcriptional changes of stress responsive genes as a framework to define specific signals
emanating to and from the mitochondrion’ (Taylor, 2019).” The ability to withstand stress is a
complex trait. Besides other cell organelles, plant mitochondria play a particularly important

role in stress tolerance (Taylor, 2019).

(4) Oxygen plays a third role in the context of oxidative stress. Oxidative stress leads to
oxidative damage by ROS. ROS production is a component of Rox. ROS are formed when
compounds of the respiratory and photosynthetic ETS are highly reduced, and the membrane
potential is high. Superoxide radical (O27), hydrogen peroxide (H20z) and the hydroxyl radical
(OH") are collectively referred to as ROS and may have a necrotic damaging effect on cells. On
the other hand, ROS serve important signaling functions, including in eustress and acclimation
(Roach et al., 2018, 2023). Environmental influences, temperature extremes, nutrient
deficiencies and high light intensities cause stress and can increase ROS production
(Piechulla and Heldt, 2023). Leaf senescence can be partly attributed to ROS. ‘Under stress,
increased production of ROS and associated signalling activates senescence’
(Shimakawa, Krieger-Liszkay and Roach, 2022).” To minimize oxidative stress, various
antioxidant mechanisms of plants serve to neutralize ROS and limit their harmful effects. These
mechanisms include antioxidants such as glutathione, ascorbic acid, a-tocopherol, and enzymes
including superoxide dismutase, catalase, and glutathione peroxidase. Increasing
photosynthetically active photon flux density (PFD) leads to an increase in the protein content

of the detoxifying enzymes (Shimakawa, Krieger-Liszkay and Roach, 2022).

ROS production caused by high light intensity contributes to the degradation of the chloroplasts
and is responsible for the breakdown of starch. This leads to the disruption of the carbohydrate
balance mechanism during the light-dark cycle, which regulates the starch accumulation

respectively degradation (Piechulla and Heldt, 2023).

The natural protective mechanisms, such as short-term acclimation, are no longer sufficient to
protect photosynthesis when light absorption is increased above a threshold. If too much light
is absorbed, the downstream processes can no longer be used for the photochemical reaction
(gp). The outflow of excess energy and its deletion in photosystem II (PSII) occurs largely at
the expense of maximum quantum efficiency (Fv/Fm) in the form of heat (Y[NO])
(Klughammer and Schreiber, 2008). Excess energy can also be released from the light-
harvesting complexes (LHC). This high-energy quenching (ge) is regulated via the
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transthylakoidal pH difference. If the light energy cannot be dissipated via g, the chlorophyll
molecules can enter the long-lived triplet state that reacts with ground-state oxygen to produce
the highly reactive singlet oxygen (10,). Damage caused by 'O, can be prevented by specific
carotenoids, such as zeaxanthin, and a-tocopherol, but their antioxidant capacity is limited. If
the photo-oxidative damage of PSII predominates, this process leads to photoinhibition.
Moreover, ROS formed by the reduction of photosynthetic efficiency induces photo-oxidation,
which is responsible for the destruction of proteins, membrane lipids and chloroplast

components, among others (Schmitz, 2011; Roach, 2022).

(5) In plant debris (e.g. fallen leaves), light-induced oxidative damage and structural damage
by freezing-thawing cycles lead to photodecomposition. Enhancement of the processes of
degradation by light is referred to as photodegradation or photodecomposition and is thought
to play a significant role in carbon cycling by modifying the bioavailability of stored energy in
dead plant material for further decomposition by microbiota (Wang et al., 2021;
Hussain et al., 2023). If all photosynthesizing and mitochondrial elements are no longer
functional, oxygen-consuming processes are entirely Rox including photodegradation. This can
be demonstrated by the absence of any effects of specific inhibitors of the mitochondrial
(Gnaiger, 2020) and chloroplast electron transfer pathways on oxygen consumption
(Piechulla and Heldt, 2023).

If the binding ground state or the anti-bonding energy state cannot be used photochemically
(gp) or with high-energy quenching (gr), oxidations will take place (molecules find the most
energetically favourable position on the potential curve at zero) (Laisk and Oja, 2018).
Therefore, potentially, photodecomposition can be quantified by measurement of light-induced

oxygen consumption which became the most innovative aspect of the present study.

To understand the nutrient release of plant mass loss, the mechanisms of photodegradation play
an important role in decomposition cycling. Photodegradation is a process in litter decay,
involving the photochemical mineralization of complex macromolecules (e.g., lignin)
absorbing solar radiation. This results in the breakdown of organic matter into smaller
components, furthermore in wet conditions. Solar radiation indirectly affects microbial activity
through photofacilitation, transforming recalcitrant compounds into labile organic matter.
Because mass loss starts with the senescence of leaves the processes of photodegradation and

senescence intersect and influence each other in the cycle of plant leaves.

Photodecomposition or photodegradation is the result of chemical reactions where the chemical

structure is broken down by photons and cause the transformation of the bonds of a chemical.
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During the photochemical process an atom or molecule absorbs a quantum of light energy from
a photon and tends to form a new structure or get a combination with other molecules and
transfers excitation energy (protons and electrons) which causes a chemical chain reaction. The
major degradation pathways and the products that are formed happen in the presence of oxygen
through photochemical and free radical reactions (Ruban, 2016; Hussain et al., 2023). A better
understanding is required of how (sun)light can accelerate the decomposition process of plant
material during the photochemical mineralization and photofacilitation. Photodegradation plays
a big role in forest ecosystems and there is a need to examine its chemical interactions (breaking
down complex molecules) with decomposer organisms (interact with the products of
photodegradation) to obtain better estimations of how carbon cycling might be affected by
climate change. The so-called photofacilitation effect makes cell-wall compounds bioavailable
for microbial activity and enhances the action of extracellular enzymes. Complex
macromolecules like lignin are able to absorb solar radiation (Pieriste ef al., 2019). Light and
oxygen play an important role during the chlorophyll degradation which is accompanied by
intermediate and final (photo)products. In aqueous media with chlorophyll the light induced
products are hydroxy-pheophytin a, pheophytin a and hydroxy-lactone-pheophytin a

(Petrovi¢, Zvezdanovi¢ and Markovié, 2017).

All five roles of oxygen can be assessed quantitatively by respirometry. A high level of
destruction of the leaf material is expected to result from crude homogenization performed in
preparation of leaves for respirometric measurements. Respirometry is the quantitative
measurement of oxygen consumption, i.e. the measurement of a very slow oxidative process
(combustion). The combination of respirometry and calorimetry played an essential role in
bioenergetics (Gnaiger, 1983). This offers an indirect calorimetric approach by measuring
oxygen uptake and converting the consumed oxygen into an enthalpy change using the
oxycaloric equivalent. Liebig showed that the substrates of oxidative respiration were proteins,
carbohydrates, and fats (Liebig, 1842). These chemical changes in living cells are called
metabolism. The contributions of carbohydrate and fat to metabolism can be quantified by the
respiratory quotient, the amount of carbon dioxide produced in comparison with the amount of
oxygen consumed at the same time. The intake of oxygen (external respiration) alone does not
trigger the metabolism; rather, the activity of metabolism (internal respiration) regulates

breathing (Lusk, 1928).

In respirometry the ETS-linked oxygen consumption is distinguished from Rox. Rox arises from

lingering oxidative side reactions of the electron transfer pathway in mitochondrial preparations
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or living cells. Various conditions with inhibition of respiration, referred to as ROX states,

allow for the measurement of residual oxygen consumption (Gnaiger, 2020).

In the Oroboros mitochondrial research laboratory in Innsbruck, a wide variety of mammalian
cells are used for respirometric measurements. Beyond mammalian cells, Oroboros collaborates
with the research group 'Stress Metabolism' from the Department of Botany, University of
Innsbruck, which conducts research on algae. The project 'ALAS - Acclimation strategies of
algae to changing light intensity' led by Prof. Thomas Roach carries out measurements with the
O2k (ALAS — Universitdt Innsbruck, no date). To my knowledge, no measurements have been
carried out with the Oroboros O2k on plant leaves to date. That was the decisive impulse for

selecting the topic of the present study.

The Oroboros O2k is a high-resolution respirometer that allows to study the mitochondrial
physiology of mammalian cells. This technology enabled crucial new insights into
bioenergetics, mitochondrial physiology, and the diagnosis of mitochondrial diseases
(Gnaiger et al., 2020). However, this does not exclude the use of other cell forms in aqueous
suspensions, such as algae. The development of the PhotoBiology (PB) Module extended the
application of the O2k to photosynthesis and other photochemical processes. This is
demonstrated by several publications, where the essential interplay of bioenergetics between
mitochondria and chloroplasts is pivotal in maintaining metabolic balance and governing
metabolite generation for the purpose of growth and cell concentration regulation

(Went et al., 2022; Vera-Vives, Perin and Morosinotto, 2022).

For the measurement of the dynamics of complex coupled metabolic pathways of mitochondria
with the O2k, the sample type is the object of a respirometric experiment, which is defined by
the specifications of the population and by a specific sample preparation. This includes tissue
homogenates (Sample type, no date). These measurements provide insights into the
mitochondrial stress response processes. Mitochondrial dysfunction in plants can manifest itself
in various ways and lead to various physiological and molecular changes. These include
changes in energy metabolism, disruptions in the respiratory ETS with increased ROS
production, altered mitochondrial membrane potential and altered gene expression. The role of
plant mitochondria is not limited to providing energy in the dark phase. They are of central
importance for the ATP supply to the cytosol during photosynthesis in the light phase and fulfil
special functions, such as the so-called overflow protection mechanisms. These involve
alternative oxidases (AOX), which are insensitive to antimycin A (Ama) and cyanide (KCN)
but can be inhibited by salicylic acid hydroxamate (SHAM). The AOX pathway is activated by
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an excessive reduction of mitochondrial ubiquinone, which may be caused by an increase in
pyruvate (P) concentration. AOX are not proton pumps and decrease the coupling efficiency by
bypassing Complex IV. Furthermore, plant uncoupling mitochondrial proteins (PUMP) are
membrane proteins which are soluble in water and in lipids. This allows them to penetrate the
lipid phase of a membrane through diffusion in the protonated and unprotonated form. The
electron transfer in the presence of uncouplers is stimulated even in the absence of adenosine

diphosphate (ADP) (Piechulla and Heldt, 2023).

Diagnostically relevant conditions are established for measuring mitochondrial function and
respiratory capacities in core energy metabolism. Standard respiratory coupling-control states
are maintained under defined conditions. A concept-driven terminology of mitochondrial

respiratory states ensures general applicability (Gnaiger et al., 2020).

Mitochondrial LEAK respiration is defined as: ‘The contribution of intrinsically uncoupled
oxygen consumption is studied by preventing the stimulation of phosphorylation either in the
absence of ADP or by inhibition of the phosphorylation pathway. The corresponding states are
collectively classified as LEAK states when oxygen consumption compensates mainly for ion

leaks, including the proton leak’ (Gnaiger et al., 2020).’

Mitochondrial OXPHOS capacity is defined as: ‘The ET- and phosphorylation pathways
comprise coupled segments of the OXPHOS-system and provide reference values of respiratory
capacities. The OXPHOS capacity is measured at kinetically saturating concentrations of ADP,

inorganic phosphate, fuel substrates and oxygen’ (Gnaiger et al., 2020).’

Mitochondrial ET capacity is defined as: ‘Compared to OXPHOS capacity, the oxidative ET
capacity reveals the limitation of OXPHOS capacity mediated by the phosphorylation pathway.
By application of external uncouplers, ET capacity is measured as noncoupled respiration’

(Gnaiger et al., 2020).

1.1 Aim and significance for forestry

The aim of the present study is to characterize the light-induced oxygen consumption (J;) and
production of a leaf homogenate with the O2k. The focus is placed not only on chloroplasts and
photosynthesis but particularly on mitochondrial respiration and non-mitochondrial oxygen
consumption. The information gained from respirometry may serve as early indicators of

checkpoints in the life cycle of the plant.
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In the context of forestry, respirometric measurements with the O2k could become part of
regular tree monitoring. In addition to other methods, respirometry provides a tool for
elucidating the trees' response mechanisms and strategies to combat biological and abiotic
stress. Furthermore, the condition and activity of mitochondria in leaves can serve as an
indicator of environmental conditions and stresses and potentially add another aspect to a better
understanding of the effects of climate change on trees (Barreto et al., 2022). Altered
mitochondrial activity and non-mitochondrial oxygen consumption could indicate specific
physiological and environmental conditions or structural alterations on the level of the cells and
organelles of the leaves (Schwarzliander and Finkemeier, 2013). This knowledge can help to

take timely measures in the context of forest management.

Considering that the trend in hours of sunshine increased linearly by 10 percent between 1951
and 2022 (Deutscher Wetterdienst, no date), the influence of changing light conditions on
forests and ecosystems in general is significant. The knowledge of photodegradation in litter
decay contributes to a more comprehensive understanding of forest ecosystems
(Hussain et al., 2023). This understanding, in turn, can help to optimize sustainable forest
practices, resource management, and ecosystem conservation efforts within the forestry

industry.
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2 Materials and methods

2.1 Sample collection

For sample collection an approximately ten-meter high Robinia pseudoacacia tree was chosen
close to the Oroboros laboratory (Figure 1 and 2). Leaves were always taken from the same
branch in the lower part of the tree. The green (non-senescent) and yellow (senescent) leaves
were immediately processed for sample preparation (Figure 3). In addition, a branch with green
leaves was removed from the test tree and dried openly in a large beaker at room temperature

24 hours before homogenization (Figure 4).

Figure 1: The test tree Robinia pseudoacacia in front Figure 2: Freshly picked Robinia pseudoacacia leaf.
of the Oroboros laboratory.

2.2 Preparation of cut leaf pieces

To cut a fresh leaf into small pieces is a way of sample preparation to measure photosynthetic
activity during irradiation. The leaf tissue is injured at the interface, but the main population of

cells remains intact.

First, the main leaf vein in the middle was removed with a pair of scissors and a tweezer because
vascular tissue likely responds differently and can exert a confounding effect on measurements.

Second, it was divided into approximately five mm? sections.



Materials and methods 11

2.3 Preparation of leaf homogenate

A leaf homogenate refers to a sample consisting of a homogenized mixture of mostly damaged
cells and cell components from plant leaves. The process of homogenization involves
destroying the cell structure to extract the intracellular organelles and components such as
proteins, enzymes, metabolites, and other molecules using a liquid medium, comparable to
mammalian tissue homogenates (Meszaros et al., 2022). During homogenization organelles
such as mitochondria and chloroplast may remain intact, in which case a homogenate can be
compared to mitochondrial or chloroplast isolations. During crude homogenization, however,
the membranes of organelles may be damaged. In contrast, even entire living cells may remain

intact, depending on the intensity of homogenization.

Two different media were chosen for the homogenization of leaves. The medium MiROS5 is
specifically designed for measurements with the Oroboros O2k and was the first choice
(MiR05-Kit, no date). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) is
commonly used as a medium for cell culture (Pfanz and Heber, 1986). For this purpose, a 1 M
HEPES (Sigma-Aldrich: H7523-250G) solution was prepared with pH 7.

All homogenates were prepared with the same leaf mass concentration. The optimum
concentration was tested initially. 5 mL of medium were added to 50 =1 mg of cut leaf pieces.
For weighing, the leaf material was cut into pieces as described above. For this purpose, a
Mettler Toledo XS205 analytical balance and a 5 mL Sartorius pipette were used. Using
tweezers, the leaf parts were transferred into a homogenizing tube, filled with 5 mL of the
appropriate medium and homogenized using the rotary piston at a speed of 600/min (Potter-
Elvehjem-Homogenisator) (Figure 3). The homogenization process took about five minutes,
and the tube was continuously cooled in an ice bath. After a minute of sedimentation, the
supernatant was decanted into a labelled 15 mL Falcon tube. Subsamples of these homogenate

stocks were placed into a -20 °C freezer or immediately used for measurements with the O2k.
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Figure 3: Homogenization of the cut leaf pieces. Figure 4: Air-dried branch after 24 h at room
temperature in the laboratory.

2.4 Microscopy

A microscopic examination of the leaf homogenate was carried out using transmission light
microscopy (Olympus BX50). As expected, most leaf cells were broken, although some intact
cells could be found (Figure 6). After adding a 0.9 percent sodium chloride solution, the cell
was observed to break open. Since the vacuole was still turgid, it can be assumed that the cell
must still have been in an intact state. The lens-shaped chloroplasts appeared largely

undamaged.
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Figure 5: A cell of the leaf homogenate.
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2.5 Spectrometry of chlorophyll content

Chlorophyll content of the homogenate was quantified via a spectrophotometer. A
cryopreserved fresh green leaf homogenate and an air-dried leaf homogenate were measured
with technical repeats of two. After an extraction in 80 % acetone absolute, the extinctions of
the samples were measured at 663.6 and 646.6 nm. The extinction coefficients of chlorophyll a

and b were calculated according to (Porra, Thompson and Kriedemann, 1989).
2.6 High-resolution respirometry

The Oroboros O2k allows high-resolution respirometric measurements of small amounts of
biological samples for mitochondrial and cell research. Each O2k consists of two chambers
(A and B) where the samples are added in aqueous suspension. Every chamber is connected to
a polarographic oxygen sensor (POS) and includes a stirrer. During the measurements the
chambers are closed with the stoppers which have a capillary for titrations and are calibrated to

an exact chamber volume of 2 mL (Gnaiger et al., 2023)

In addition to the basic version, there are additional modules for the O2k, such as the PB-
Module which ‘has been developed for conducting measurements of PhotoBiology (PB),
including photosynthesis’ (PB-Module, no date).’

The modular system is supported by DatLab 8, a software which records the measurements
with the O2k. Different layout options can be selected for the visualisation of traces of different
signals of the O2k and their time derivatives (DatLab, no date). The following signals are

displayed in real-time as explained below.

Concentration co, is the amount of elemental dissolved oxygen no,, per volume of aqueous

medium. The O solubility in the aqueous medium relative to pure water is applied as the
solubility factor Fm which is typically 0.89 to 0.92 in various culture and respiration media

(Gnaiger, 2020).

Flux / Slope is the time derivative of the co, corrected for instrumental oxygen background flux

(see below). In an ideally closed chamber external fluxes are excluded; then the concentration
changes depend on the internal chemical reactions. Then respiratory flux expressed per unit of
chamber volume can be calculated from the negative slope of oxygen concentration over time
(Flux / Slope, no date).The flux of photosynthetic oxygen production is calculated from the

positive slope of oxygen concentration over time (Went et al., 2022).
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Flux, J, is flow (chemical flow or advancement of reaction per unit time) divided by the volume
of the chamber or by various expressions of the amount of sample in the chamber

(Flux, no date).

Light intensity, L, expressed in units of amount of photons per second per square meter
[umol-s'-m™] of blue (450 nm), red (610 nm) or white light (horticulture lighting) can be
controlled accurately with the PB program (PB Light Source, no date).

Regular quality controls of the O2k ensure the accuracy of the measurement. Marks are set at

selected time intervals of a plot. The following test are explained below.

A stirrer test provides a quick evaluation of the performance of the POS. After stopping and
restarting the stirrer for a short period of time the increase of the oxygen signal should be rapid

and monoexponential (Stirrer test, no date).

Air calibration (mark R1) is the routine step of the POS calibration before starting a
respirometric experiment. The experimental aqueous medium is equilibrated at the partial
pressure of oxygen in water-saturated air. It is performed in the partially opened chamber to

allow a gas phase (air) to equilibrate with the aqueous phase (4ir calibration, no date).

Zero calibration (mark RO) is the second step, after the air calibration, of the POS and may be
performed as part of the instrumental background (IBG) test. After adding dithionite, the
dissolved oxygen is fully consumed. Zero calibration is performed in the closed chamber

(Zero calibration, no date).

In the instrumental O; background test (IBG) the changes of oxygen concentration over time
(O2 slope) are measured in the closed chamber in the absence of samples in the range of
experimental oxygen levels. The IBG was monitored at three different oxygen levels (Figure 6).
The linear IBG regression was calculated by DatLab from three marks set on the plot of the O»

slope and expressing it as a function of the corresponding co,. The background correction is
based on the two parameters of the linear IBG regression, a° the extrapolated intercept at zero
co, and b° the linear IBG slope for statistical analysis of instrumental reproducibility as internal

quality control in high-resolution respirometry (Baglivo et al., 2022). In the example of
Figure 6, a° was -2.7562 pmol-s'-mL" and »° was 0.0213 pmol-s™'-mL"!/uM.
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Figure 6: Instrumental Oz background (IBG) test with three oxygen levels. Left axis: O, concentration [uM] (blue plot).
Right axis: Oz slope negative [pmol-s'-mL"] (red plot). Performed in MiR05 at 20 °C. Marks J°1, J°2, and J°3 were set on the
plot of the Oz slope negative. After performing a stirrer test and air calibration, the chamber was closed for monitoring the IBG
at the first oxygen level near air saturation. For the second level H2 was injected (event ‘H2’) to reach a co, of approximately

80 pM. To obtain a third level the chamber was opened (event ‘O’) and closed (event C) for a short period.
Experiment: 2023-11-14_XA-002_08_IBG (chamber B).

For adding the sample, the stopper was removed from the chamber after air calibration, the
stirrer was switched off, the appropriate volume of medium was removed with a Sartorius
pipette and then filled up again with leaf homogenate. After this partial volume replacement,
the stirrers were switched on, the chambers were closed again with the stoppers. Then an
effective experimental volume of two mL was obtained with an additional volume of the
suspension filling the stopper capillary. The event ‘lh’ was set with the information on the leaf
homogenate and the pipetted volume. After the measurement relevant marks were set on the
oxygraphy traces. The mark information (mark statistics) was exported to an excel file for

further data analysis.

2.7 PB-Module and photosynthesis-irradiance curves

Switching the irradiance by the LEDs of the PB-Module on and off causes an intermittent
disturbance of the oxygen signal. This is apparent as artificial increase of the oxygen slope after
switching on the light and a symmetrical decrease of the oxygen slope after switching off the
light (Figure 7A). For detailed analyses, the experimental traces of photosynthesis (based on

the positive time derivative of co ) are corrected for these effects induced by large changes of
light intensity. Correspondingly, analyses of oxygen consumption (based on the negative time
derivative of co,) are corrected for the artificial decrease of the negative oxygen slope after
switching on the light and a symmetrical increase of the negative oxygen slope after switching

off the light (Figure 7B).
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Figure 7: Disturbance of the oxygen flux after switching on and off the light at co,of 260 pM. Based on the positive (A)
or negative (B) time derivative of co,. Oz flux per V/ [pmol-s"-mL-'] (chamber A). Performed in MiR05 at 20 °C.
Experiment: 2023-11-23_XA-004_02_chl-a_vs_lh+chl-a, compare Figure 20.

The kinetic effect of light intensity on the flux of photosynthetic oxygen production is
conventionally described in photosynthesis-irradiance (PI) curves (Figure 8).
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Figure 8: Construction of a PI curve. (A) The diagram shows one photosynthesis experiment of low-light-acclimated
microalgae from Vera-Vives et al. (2022). The step-by-step increasing light intensities (pink vertical lines) induce an increasing
O: flux (red plot) calculated from coz (blue plot). Light intensities up to 100 pmol-s™'-m increase the Oz flux. (B) The PI curve
shows the data from these experiments. The following abbreviations describe the curve: initial slope (@), compensation point
(Icomp), rate of dark respiration (Rp), rate of maximal gross photosynthesis (Pgmax), saturation point (Isar) (Vera-Vives, Perin and
Morosinotto, 2022).
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2.8 Definition of sample numbers

In the following text sample numbers refer to Table 1.

Ii?::lnlﬁ:r Preparation gi;es;)rfemen ¢ DatLab file

1 E:)?l}cl)ggggzz,l ieg/opreserved 2023-11-07 (2)842136121 -grz_egitl.dldS

2 E:)?l}cl)ggggzz,l ieg/opreserved 2023-11-07 (2)84213 E)141 -grz_efl(% C.dld8

3 E:)?l}cl)ggggzz,l ieg/opreserved 2023-11-08 (2)842136121 -fzél_(?lfié

4 E:)?l}cl)ggggzz,l iegfopreserved 2023-11-10 (2)84213 6121 -cl OS_Qa?;;i nahco3.d1d8

S E:)?l}cl)ggggzz,l ieg/opreserved 2023-11-23 50\2/: -11111;31311_-51(.[(1\1-(;)804_02_(3111-

6 E:)?l}cl)ggggzz,l ieg/opreserved 2023-11-10 (2)84213 6121 -1321?15321-1‘[ toc.dld8

7 E:)?l}cl)ggggzz,l ieg/opreserved 2023-11-08 (2)84213 6131 -gg_i’(ﬁl-dS

8 E(r)ili};ggggie,l ec;:;opreserved 2023-11-10 384213 6121 _rle(c)ﬁi);l?c._dld8

9 Fresh green leaf 2023-11-10 2023-1 1—10_XA—'
homogenate, cryopreserved 002 03 O2kinetik RO.d1d8

10 ?g&iifiﬁgghomogenate’ 20231115 | 0230 _blliéii(gﬂt.dlds

1 Zr;gg:\é;:?j;omogenate, 20231123 | o230 jjﬁo)iﬁéaf chi-a.dId8

Table 1: Sample catalogue.



Results 19

3 Results

3.1 Dark respiration and photosynthetic oxygen production

To express the flux of photosynthetic oxygen production as a positive value, the stoichiometric
number for oxygen is set at 1, such that an increase of the oxygen concentration in the closed
O2k-chamber and hence a positive time derivative (slope) results in a positive oxygen flux
(Gnaiger, 2020). A photosynthesis-irradiance curve (Figure 8) is shown in Figure 9 for an intact
(non-homogenized) leaf cut into small pieces. Dark respiration is shown as a negative value.
With increasing light intensity, the compensation point is reached, when the processes of
oxygen consumption are first compensated and subsequently exceeded by photosynthetic
oxygen production. Above the compensation point of increasing light intensity, net
photosynthetic oxygen flux increases towards a plateau. But it may already decline over time
at a high light intensity due to photoinhibition or depletion of CO,. The latter possibility was
excluded by the absence of an effect on oxygen consumption by addition of bicarbonate as will
be shown later (Figure 15). After switching off the light, a peak of light-enhanced dark
respiration is observed, and dark respiration approaches the steady state at an identical level of
pre-irradiance dark respiration. The latter was 10.0 pmol-s'-mL"' which corresponds to

1.04 pmol-s'-mg! at 19.2 mg fresh mass of the leaf sample in the 2 mL chamber.

230

220

200

-10
) /\f\/v\

00:15 0020 0025 00:30 00:35 0040
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Figure 9: Dark respiration (negative) and photosynthesis (positive) in cut leaf pieces. Left axis: Oz concentration [uM]
(blue plot). Right axis: photosynthetic Oz flux per ¥ [pmol-s'-mL'] (red plot). At the beginning of the measurement the sample
was added to MiR05 at 20 °C. Light intensities (300, 400, 500 and 1000 pmol‘s-'*m) were chosen corresponding to a range
of 10800 to 54000 lux. Experiment with 19.2 mg of cut leaf pieces. The plots are shown after a peroid of equilibration.
Experiment: 2023-11-14_Q3-004_04_PS (chamber A).
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3.2 Test experiments with leaf homogenates

Contrary to the original expectations, homogenates of leaves showed an increased rate of
oxygen consumption immediately at the onset of irradiation (Figure 10). This indicates that
photodegradation processes predominated any possibly remaining photosynthetic activity of
leaf homogenates. In this case, it is more convenient to express the derivative of oxygen
concentration over time as the negative slope by setting the stoichiometric number for oxygen
at -1. Then light-induced oxygen consumption J; is a positive value where the light intensity L
is expressed in units of photons per second per square meter [umol-s'-m?]. Dark oxygen
consumption is Jp (at L=0). Preliminary experiments with fresh samples (data not shown)

resulted in similar values of Jp measured in cryopreserved samples.

G0 | 11000 Ama  Am. TGO wor L (LILLOLLOL] Laoff [T [

200

00:00 0030 01:00 01:30 0200 0230
02:44 Time / [hb:mm]

Figure 10: Dark oxygen consumption (Jp, positive) and light induced increase of oxygen consumption (Ji, positive) in
leaf homogenate. Left axis: Oz concentration [uM] (blue plot). Right axis: Oz slope negative [pmol-s'-mL] (red plot). At the
beginning of the measurement the sample was added to MiRO5 at 20 °C. During stabilization of Jp antimycin A was titrated in
two steps, followed by succinate. J. was controlled by repeated by 60 second intervals of internal illumination (vertical black
lines, ‘LOn’ and ‘LOAf"). No effect of ADP. Experiment: 2023-10-13_Q3-004_02_Ama_S_D (chamber A).

3.3 Leaf homogenate dilutions

In order to obtain dark oxygen consumption Jp above the limit of detection of the O2k, different
dilutions of fresh and cryopreserved leaf homogenate were initially tested (Figure 13). These
test experiments revealed that a partial replacement of 1200 pL of pure respiration medium by
the same volume of stock leaf homogenate (Section 2.3) corresponded to a suitable leaf fresh

mass concentration of 10 mg/mL which was applied in all subsequent experiments.

3.4 The nature of oxygen consumption of leaf homogenates

To analyse the nature of dark oxygen consumption, several chemicals were applied to

interrogate specific mitochondrial functions (Figure 11).
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Figure 11: Mitochondrial electron transfer system. Symbolic representation of the mitochondrial electron transfer system
(ETS) coupled to the phosphorylation system. mtIM and mtOM: mitochondrial inner and outer membrane. CI, CIII, and CIV:
electron transfer Complexes I, III, and IV which are H" pumps. CII and CETFDH: Complex II and electron transferring
flavoprotein dehydrogenase Complex which are not H* pumps. FA: fatty acids. B-ox: B-oxidation. TCA: tricarboxylic acid
cycle. FiFo: ATP synthase. Dashed curved arrows: titrations into the respiration medium of compounds for which the intact
plasma membrane is usually not permeable without permeabilization by digitonin. mt-matrix: mitochondrial matrix separated
by the mtIM from the inter-membrane space. BJLked arrows: inhibitors for which the plasma membrane is permeable. NAD:
NAD'/NADH redox couple. Q: ETS-reactive coenzyme Q. Modified after ref. (Gnaiger, 2020).

These titrations were occasionally performed at different time points during an experiment
when oxygen had not stabilized. Then the effect of the titrated substance cannot be evaluated
by simple analysis of flux before and after the titration, but the undisrupted trend of the flux
changing over time was evaluated (see Rotenone in Figure 13). The following ETS-linked

pathway chemicals and their possible impact are described in ref. (MitoPedia, no date).

a) Pyruvate (P): P is a substrate used to stimulate the NADH-dependence pathway through
Complex I. When 1 uL 2 mol/L P (Sigma-Aldrich: P2256) was added after 2.5 h incubation
and varying light intensities dark oxygen consumption was not stimulated (Figure 12). Malate
(M) was not added, which might explain the lack of stimulation if pyruvate-linked anaplerotic

capacity is not expressed.

B FE[E Umol 10PHE umol 20PEB Unol 40P B Umol BOPEB Ul 16(PB P ufnol 32(PH B ufnol G4PE § umol 128PE § uhol 2000PEE ymol 0 PBstop
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L d&f\f

o s
0230 02:40 02:50 03:00 0310 03:20 0330
01:01 Time/ [hh:mm)]

Figure 12: Oxygen flux as a function of time in the second PB-program (blue light). Overlay of red and green plots for
chamber A and B, respectively. Both axis: Oz flux per V' [pmol-s!-mL-!]. At the beginning of the measurement the sample was
added to MiR05 at 20 °C. No effect of P on Jp. The PB-program is described in the Section 3.5. After the final 300 seconds of
dark, the end of the PB-program is indicated (PB stop) and the measurement of Jp continued. The plots are shown after a period
of previous measurement. Experiment: 2023-11-08_XA-004_03_0O2_P.
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b) Rotenone (Rot): Rot specifically blocks the transfer of electrons from NADH to ubiquinone
in Complex I, leading to the inhibition of energy flow in mitochondria. The addition of 1 pL
I mM Rot (Sigma-Aldrich: R8875) had no effect on the cryopreserved leaf homogenate
(Figure 13).
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Figure 13: Jp after increasing partial volume replacements of leaf homogenate (5, 30, 100, and 500 pL). No effect of Rot
added during the stabilization phase of Jp. For further explanation see Figure 9.
Experiment: 2023-10-04_Q3-004_02 (chamber A).
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¢) Succinate (S): In Figure 10 when 20 pL 1 M S (Sigma-Aldrich: S2378) was added after Rot
the increased Jp might indicate the stimulation of LEAK-respiration. This is the mitochondrial
oxygen consumption in the absence of ADP which mainly compensates for the proton leak

across the mitochondrial inner membrane.

d) Adenosine diphosphate (ADP): In coupled mitochondria ADP stimulates respiration to the
active state of oxidative phosphorylation (OXPHOS). However, ADP (10 uL 500 mM;
Merck: 117105-1GM) was without any effect. This might be due to the intact plasma membrane
prohibiting the transport of S to mitochondria (Figure 10).

e) Digitonin (Dig): This hypothesis was rejected by adding 1 pL 8.1 mM Dig (Sigma-Aldrich:
D5628) to permeabilize the plasma membrane, which had no effect (Figure 14). In summary

the data of Figure 5 indicate a non-mitochondrial nature of dark oxygen consumption.
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Figure 14: The effect of Rot on Jp and Ji using the internal illumination and stimulation of Jp by S. No effect of ADP
and Dig. For further explanation see Figure 9. The plots are shown after a peroid of previuos measurement.
Experiment: 2023-10-13_Q3-004_02_Ama_S_D (chamber B).

f) Cytochrome c¢ (c): A further experiment is required to test the possibility that
homogenization caused the loss of ¢ across the outer mitochondrial membrane if damaged by
homogenization. In the presence of externally added c (5 pL 4 mM; Sigma-Aldrich: C7752),

however, there was no stimulatory effect of S (Figure 15).

g) Antimycin A (Ama): Ama inhibits the transfer of electrons from ubiquinone to
cytochrome ¢ in Complex III. The result is impaired oxygen consumption in functional

mitochondria. The addition of 1 uL 5 mM Ama (Sigma-Aldrich: A8674) to the cryopreserved
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leaf homogenate apparently decreased Jp but a simple decline of Jp with time cannot be
excluded which then would indicate no inhibitory effect of Ama (Figure 10). S, which was
subsequently titrated, increased minimally the oxygen consumption. This cannot be explained
by mitochondrial S-pathway function which depends on a functional Complex III. Likewise,

the addition of ADP had no effect.

h) Azide (Azd) and cyanide (KCN): Like the Complex III inhibitor Ama the Complex IV
inhibitors Azd (100 pL 4 M, Sigma-Aldrich: S2002) and KCN (4 pL 0.5 M, Sigma-Aldrich:
60178) had no inhibitory effect on dark oxygen consumption. Azd was added in the presence
of c and S without causing any change of oxygen consumption (Figure 15). KCN paradoxically
stimulated dark oxygen consumption when it was either added in the presence or absence of
SHAM (Figure 16). Theoretically this could be explained by inhibition of catalase by KCN if
H>0> accumulated and thus reduced dark oxygen consumption which then would increase in

the absence of dismutation of H»O».
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Figure 15: Effect of c and S on Jp and followed by J. with NaHCO3 titrations and reoxygenation (O = open chamber;
C = closed chamber). Overlay of red and green plots for chamber A and B, respectively. At the beginning of the measurement
the sample was added to MiR05 at 20 °C. No effect of Azd on Jp, but increased Jr. (A) Oz flux per V [pmol-s'-mL"], (B)
oxygen concentration [uM], and (C) light intensity [pumol-s™!-m] plotted as a function of time.

Experiment: 2023-11-10_Q3-004_02_c_S_azd_nahco3.
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Figure 16: Stimulation of Jp and J. by KCN but not by SHAM using the internal illumination. For further explanation
see Figure 9. (A) First titration of SHAM in chamber A and (B) first titration of KCN in chamber B.
Experiment: 2023-10-24_Q3-004_02_fresh_prepared_Ih.
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i) Salicylhydroxamic acid (SHAM): SHAM is an inhibitor of alternative oxidases (AOX)
which are present plant mitochondria. SHAM (8 puL 250 mM, Sigma-Aldrich: S607) had no or
perhaps a slight stimulatory effect in the presence or absence of KCN (Figure 16). This indicates
that the AOX pathway is not involved.

i) Sodium bicarbonate (NaHCO3): 20 uL 5 mM NaHCOs; (Sigma-Aldrich: SX0320) was
added in Figure 15 to test if photosynthesis may be activated by bicarbonate. If there is less
oxygen consumption after addition of bicarbonate, then this would be evidence for
photosynthesis partially compensating for respiration. The decline of J, over time at 2000
umol-s'-m™ with two titrations of NaHCO3 was similar to the decline observed in Figure 19.

Similarly, no effect of NaHCO3 was apparent on Jp (Figure 17).
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Figure 17: No effect of sodium bicarbonate and SHAM on Jp and stimulation by KCN on Jp and J. using the internal
illumination. For further explanation see Figure 9.
Experiment: 2023-10-25_Q3-004_03_fresh_prepared lh_nahco3 (chamber B).

k) Catalase (Ctl): After adding 5 uL 112000 U/mL Ctl (Sigma-Aldrich: C9322) no catalysing
effect to the dismutation of hydrogen peroxide to water and oxygen could be recognized during
a light intensity of 2000 umol-s™'-m (Figure 18). Therefore, either internal Ctl is saturating or

there is no production of H2Ox.
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Figure 18: Experimental plots for CI curves (blue light) and calibration of the internal illumination with light intensities
controlled by the PB-Module. Overlay of red and green plots for chamber A and B, respectively. For further explanations see
figure 11. Mark a to i correspond to light intensities of 0, 10, 20, 40, 80, 160, 320, 640, 1280, and 2000 pumol-s*'m? followed
by light intensity 0. PB stop indicates the end of the PB program without change of light intensity. No effect of Ctl.
Experiment: 2023-11-07_Q3-004_02_green_ctl.
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1) Ascorbate (As): In the presence of Rot, Ama, and S, 5 pL 800 mM As (Sigma-Aldrich:
A7631) was added to obtain a concentration of 2 mM (Figure 19). Rot, Ama, and S exerted no
effect on Jp (not shown). As expected, ascorbate increased oxygen consumption due to
autoxidation which declined with decreasing co,. 2000 pmol‘s™ m™ stimulated J to an even
larger extent than shown by the uncorrected plot (Figure 19, compare Figure 7B). After

reoxygenation autoxidation increased.

m) Chlorophyll-a (Chl-a) a 'O, producer potentially leading to lipid peroxidation and oxygen
consumption, and a-Tocopherol (Toc), an antioxidant of the lipid phase: Chl-a and Toc in the
control chamber without lh showed no autoxidation under dark and light conditions (Figure 20,
chamber A). Two titrations of Chl-a (1 pL 100pg/mL) and Toc (1pL 1.45 mg/mL) did not
prevent the stimulation of oxygen consumption by light (Figure 20, chamber B; Figure 21). Toc
was without an effect on Jp (Figure 21). Chl-a was added into chamber B only at 200 umol-s
1

‘m%; the traces remained identical in the two chambers even after increasing the illumination

to 2000 pmol-s™'-m (Figures 20 and 21).
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Figure 19: Ascorbate added in the presence of Rot, Ama, and S. (A) Oz flux per ¥ [pmol‘s'-mL!], (B) oxygen concentration
[uM], and (C) light intensity [umol-s"'-m?] plotted as a function of time. For further explanations see Figure 14. The plots are
shown after a period of previous measurement.

Experiment: 2023-11-15_Q3-004_06_Ama rot S_As.



Results 26

h-aFluo BGain PGB8 mol 0 Chi-a PBBumol 200t marjual Chl-a Toc PB B umol 2000,

=/l

00:20 00:30 00:40 00:50 01 700 01 I1 0

00:50 Time / [hh:mm]
Figure 20: No effect of Chl-a and Toc on the control without lh (chamber A, red plot) and on Jp and J. in the experiment
with lh (chamber B, green plot). For further explanations see Figure 11. Light intensities of 200, 200, and 2000 pmol-s™-m
2, Note the superimposed plots in the final part of the traces (see Figure x b).
Experiment: 2023-11-23_XA-004_02_chl-a_vs_lh+chl-a.
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Figure 21: Effect of Toc on lh in chamber A (red plot); effects of Toc and Chl-a on lh in chamber B (green plot). For
further explanations see Figure 11. Light intensities of 100, 100, 200, and 2000 pmol-s'-m™.
Experiment: 2023-11-23_Q3-004_02_bluelight toc.

3.5 O: consumption-irradiance curves

Instead of a photosynthesis-irradiance (PI) curve in cut leaf pieces (Figure 9), we obtained
oxygen consumption-irradiance (CI) curves when there was no measurable photosynthetic
activity in leaf homogenates. Light-induced oxygen consumption J; is calculated as the
difference between the total O flux Jio,r measured at any light intensity, corrected for Jp

(Figure 22A),
JL = JwotL —Jp (Eq. 1)

At the maximum light intensity of 2000 pmol-s'-m, the CI curves reached a plateau in most
cases. Therefore, we used J00 as a measure of the maximum light-induced oxygen

consumption, J2000 = Jima. Normalized CI curves were obtained by dividing Jz. by J2000,
jr=Jr ! J2000 (Eq. 2)
This yields jz in the range of 0 to 1 (Figure 22B).
Another normalization relates the values of Jp and J2000,
jp=Jn/ (Jo +J20m) (Eq. 3)

Any normalization should avoid a denominator reaching a value of 0 resulting in a non-linear
function approaching infinity (Gnaiger, 2020). Theoretically, jp or J2000 may be zero. A range

of 0 to 1, therefore, is obtained only by normalizing for Jp + J2000. On average, jp was 0.12 at
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the start of the PB program (Tables 3 and 4). In other words, dark oxygen consumption

amounted to 12 % of total oxygen consumption measured at 2000 umol-s™'-m?,

The total chlorophyll concentration of the fresh and air-dried green leaf homogenate was 54.5
and 80.0 pg/mL (sample 10), respectively. This means the chlorophyll content of the air-dried
sample was 47 % higher than in the fresh green samples. Based on the assumption that this
difference was entirely due to the lower water content in the air-dried leaf, J; of the air-dried
leaf homogenate was divided by 1.47 as a correction for comparability with J; of the fresh green
leaf homogenates (Figure 22A). This assumption was supported by the similarity of

sample 10 (corr.) super imposed with the other CI curves.
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Figure 22: Oz consumption-irradiance (CI) curves. (A) Light-induced oxygen consumption Ji. (Eq. 1) as a function of light
intensity L [umol-s"'m?]. The three colours of light (BL, samples 1 and 3; WL, sample 7; RL, sample 8) show similar CI
curves suggesting that photon-light intensity exerted a predominant effect over energy-light intensity. Fresh yellow leaves
samples from the tree are expected to have similar water content compared to fresh green leaves. Therefore, the lower J.
indicates a lower chemical capacity for light-induced oxygen consumption in the yellow leaf (BL, yellow circles, sample 11).
In contrast, homogenate from an air-dried green leaf (BL, green circles, sample 10) had a higher Ji than fresh green leaf
homogenate. This is expected in terms of a lower water content of the dry leaf. Correction for water content (see text) revealed
a CI curve closed to the average of the BL samples 1 and 3 up to 640 pmol-s’'m2 Omitting the measurement of
1280 pmol s 'm? might explain a higher J2000 in both samples 10 (corr.) and 8. (B) CI curves normalized for J00. The shapes
of the CI curves can be compared better by normalization (Eq. 2). The fresh green leaves show similar CI curves independent
of light quality (BL, samples 1, 2, 3, and 9; WL, sample 7; RL, sample 8). A right-shift of the CI curve is observed in the dry
green leaf (BL, green triangles, sample 10), and this is pronounced further in the fresh yellow leaf
(BL, yellow squares, sample 11). At light intensity of 320 pmol-s™!-m the right-shift of the CI curve reduced the j320 of the
fresh yellow leaf to less than 50 % of the green controls. These results support the hypothesis that the photosystem or antenna
(i.e. LHC) of the green leaves is responsible for a high efficiency of the absorption of light at low intensity.
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3.6 Summary of quantitative results

Date of measurement 2023-11-07 2023-11-08 | 2023-11-10 2023-11-23

Sample 1 2 3 4 ) s ‘ )
(just B) (2. thawing)

Time 00:05:22 | 00:10:27 | 00:03:14 00:07:17 00:08:46 00:08:42

Blue light A 8.1 19.1 11.9 7.9 7.1

Blue light B 7.1 19.3 11.3 6.3 9.5 7.3

Mean 7.6 19.2 11.6 7.1 9.5 7.2

Sample 7

Time 00:09:05

White light A 12.2

White light B 12.1

Mean 12.2

Sample 8

Time 00:08:41

Red light A 8.3

Red light B 8.2

Mean 8.3

Mean all 9.1 SD all 2.1

Table 2: Jp in different samples of lh. O2 flux per V' of the different samples at the beginning of the measurement without
light. Blue, white, and red background colour merely indicate which kind of light was used for the further measurement.
Outlined in red is an outlier which was not included in the calculation of the mean of 9.1 pmol-s™'-mL".

Technical repeats (chamber A and B with subsamples of the same leaf homogenate) showed
high reproducibility (tables 2, 3 and 4). Jp was recorded within 3 to 10 minutes after adding the
leaf homogenate into the chamber and marked ‘dark’ and recorded within 17 to 25 minutes and
marked ‘a’ (Figure 18). The initial dark oxygen flux (3 to 10 minutes) of five different
preparations was in the narrow flux range between 7.1 to 12.2 pmol-s*-mL"! (mean 9.1 £ 2.1
pmol-s-mL"!; SD 2.1; N=5; n=2; only n=1 in sample 5), with the exception of sample 2
(19.2 pmol-s'-mL") (Table 2). After 17 to 25 minutes oxygen flux declined to 7.4 £1.7 pmol-s’
L-mL1 (SD 1.7; N=4; n=2; only n=1 in sample 5) (Table 3). At this time the PB program was
started with light intensity changing every 180 seconds from 10, 20, 40, 80, 160, 320, 640, 1280
to 2000 umol-s!-m™. The light-induced oxygen flux was calculated by subtracting from total
oxygen flux the value Jp before starting the PB program (Eq. 1). In Table 4 all jxo00 values are

summarized and used for the analysis of their dependence on time and co, (Figure 23).
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Date of measurement 2023-11-07 2023-11-08 | 2023-11-10 | 2023-11-23

sample 1 2 3 4* E
(just B)

Time 00:24:55 00:21:14 00:17:51 00:17:46 00:23:53

Blue light A 4.9 12.8 7.9 8.5

Blue light B 4.4 13.4 8.0 7.7 7.3

Mean 4.6 13.1 7.9 8.1 7.3

Sample 7

Time 00:18:26

White light A 10.6

White light B 9.0

Mean 9.8

Sample 8

Time 00:19:42

Red light A 6.6

Red light B 6.7

Mean 6.6

Mean all 7.4 SD all 1.7

Table 3: Jo before the PB program started for recording CI curves. O: flux per V of the different samples without light.
Blue, white, and red background colour merely indicate which kind of light was used for the further measurement. Outlined in
red is an outlier which was not included in the calculations. In sample 4* ¢, S, NaHCO3 and Azd were added before.

Date of measurement 2023-11-07 2023-11-08 2023-11-10 2023-11-23
5* 6*

Sample 1 2 3 a*

(ustB) (2. thawing)
Time 01:04:49 | 01:09:12 | 01:22:57 01:31:15 00:53:24 00:20:21 00:38:19 01:10:21 01:00:47 00:49:17
02 concentration A 171 132 103 199 163 236 227 173 177
Blue light A 41.0 68.6 50.3 57.4 56.9 61.6 39.1 54.0 50.2
02 concentration B 178 128 98 201 165 231 224 171 139 182
Blue light B 41.0 68.5 49.4 56.6 55.0 63.0 412 54.7 64.3 51.2
Mean 41.0 68.6 49.9 57.0 55.9 62.3 40.2 54.4 64.3 50.7
Sample 7
Time 00:44:40 01:05:46 01:46:08 02:08:04
02 concentration A 155 136 83 239
White light A 52.0 42.3 22.1 29.2
02 concentration B 158 138 84 372
White light B 55.3 43.1 23.8 34.4
Mean 53.7 42.7 23.0 31.8
Sample 8
Time 00:43:21
02 concentration A 140
Red light A 66.4
02 concentration B 142
Red light B 65.8
Mean 66.1

Table 4: J2o00. O2 flux per V of the different samples at a final light intensity of 2000 pmol-s'-m of blue, white, or red light
indicate by the background colour. Outlined in red is an outlier which was not included in the calculations. In sample 4* c, S,
NaHCOj3 and Azd, in sample 5* Chl-a, Toc and in sample 6* Toc was added before.
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Figure 23: Effect of time and co, on J2000 in sample 7. (A) Replica of J2000 plotted as a function of time at co, [uM] indicated
by numerals. (B) Replica of J2000 plotted as a function of co, [pM]. The progression of time is shown by arrows. The decline
of co, with time is indicated by arrow 1 followed by an increase of co, indicated by arrow 2.
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3.7 Oxygen Kkinetics

As shown in Figure 23B, light-induced oxygen consumption was a function of co, at high
concentrations. A detailed analysis of oxygen kinetics was performed by zooming into the low
oxygen range below 15 uM where the aerobic-anoxic transition was completed within 15
minutes (Figure 24). Jxo00 declined in a time range of one to two hours, not only as oxygen
declined from 160 to 84 uM, but independent of co, as shown by reoxygenation above air
saturation (Figure 23A). Within 15 minutes, however, the time dependence could be assumed
to be small. Consequently, the plot of Jit2000 as a function of co, was interpreted as biphasic
oxygen kinetics (Figure 25, plot 1). A linear regression was calculated in the range above § uM

oxygen, with slope biin = 1.182 and intercept aiin = 22.8 pmol-s'mL™"! (plot 2),
J2000(1in) = Diin * O + Qi (Eq. plot 2)

The linear contribution to oxygen kinetics Jiin, therefore, is described by Eq. plot 2 moved to

the origin, with a’;in = 0 pmol-s"'mL"! and byin = 1.182 (plot 3),
Jiin = biin * co2 (Eq. plot 3)

The remaining kinetic contribution is then defined as plot 1 minus plot 3, obtaining the data in
plot 4 (Figure 25). Plots 1 and 4 decline theoretically to zero flux at zero oxygen concentration.
However, a small oxygen backdiffusion a° = -2.1 pmol-s'mL"! (Figure 6) is compensated by
oxygen consumption when approaching a steady state close to anoxia (Figure 24)
(Gnaiger et al., 1995; Gnaiger, 2001). Plot 4 followed a monophasic hyperbolic function Jnyp
with intercept -a° = 2.1 pmol-s'mL"!. The maximum flux of the hyperbolic part Jayp.max is
defined by the intercept biin of the linear contribution (Eq. plot 2), ie. Jhypmax =
22.8 pmol-s!'-mL!,

Jhyp = -a°+ (Inyp,max * co2) / (cs0+ co2) (Eq. plot 4)

In nonlinear regression analysis (Eq. plot 4), therefore, Jhyp,max = b1in Was inserted as a constant
and only the oxygen concentration at half-maximal flux, c¢so, was fitted as a parameter, obtaining

cs50= 0.9 uM (Figure 25).
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Figure 24: Traces of Jt,2000 (red plot) and coz (blue plot) as a function of time in the section of aerobic-anoxic transition

use for oxygen kinetic analysis (Figure 24). Zoom into the hypoxic range of 16 to 0 pM.

Experiment: 2023-11-10_XA-002_03_O2kinetik_RO.
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Figure 25: Biphasic oxygen kinetics of Jiot2000. Plot 1 (red): Measured Jiot,2000 as a function of co,. Plot 2: Linear part of Jiot2000
with linear regression (yellow dashed line, Eq. plot 2). Plot 3: Linear regression with zero intercept (dashed line, Eq. plot 3).
Plot 4 (grey): Hyperbolic component of oxygen kinetics calculated as plot 1 minus plot 3. Plot 5 (dashed line): Hyperbolic
regression line (Eq. plot 5).
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4 Discussion

Photodecomposition and oxygen consumption irradiance (CI) curves emerged as the most
important topics of the present study. Photodecomposition is an important process in forest
ecosystems, directly linked to current issues of global carbon balance and changing
environmental stress factors impacting leaf degradation (King, Brandt and Adair, 2012;

Pieristé et al., 2019; Wang et al., 2021; Hussain et al., 2023).

In the face of escalating air pollution, climate change, and their interconnected impacts on forest
ecosystems, the role of finding new indicators by modern research cannot be overstated. It
remains a challenge to develop tools to unravel the complexity of interactions between trees
and various stressors, offering guidelines for conservation and sustainable management. As we
navigate the challenges posed by environmental pressures, improved indicators will guide us
towards a more comprehensive understanding of the intricate dynamics within forest

ecosystems.

The shape of PI curves may be compared to the CI curves obtained in the present study. The CI
curves for different light qualities (BL, WL, and RL) suggest that photon-light intensity plays
a predominant role in influencing J;. This implies that the photon-intensity of light source has
a consistent impact on the processes responsible for oxygen consumption, irrespective of the
spectral composition. The right-shift observed in the dry green leaf and further pronounced in
the fresh yellow leaf suggests altered efficiency. Notably, at a light intensity of
320 umol-s'-m™, the right-shift reduced J;, in the fresh yellow leaf to less than 50 % of the
green controls. This substantial reduction in Jp supports the hypothesis that the

photodecomposition in green leaves is highly efficient in light absorption at low intensities.

A novel finding was the biphasic oxygen kinetics of light-induced oxygen consumption. A
hyperbolic oxygen kinetics indicates a saturation mechanism with involvement of enzymatic
catalysis. The high oxygen affinity of this process as expressed by the extremely low c¢s0 below
1 uM O supports the involvement of an enzyme-catalysed process. A cso below 1 uM O is
characteristic of mitochondrial respiration (Gnaiger et al., 1995; Scandurra and Gnaiger, 2010;
Harrison et al., 2015). It remains to be investigated, if application of specific inhibitors of
chloroplast electron transfer (e.g. DCMU) exert any effect on the cso of light-induced oxygen
consumption in the leaf homogenates. The linear oxygen kinetics of autoxidation and hydrogen
peroxide production extends into the hyperoxic range (Boveris and Chance, 1973;

Gnaiger et al., 1995; Hiitter et al., 2002; Komlddi, Sobotka and Gnaiger, 2021) which is
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consistent with the biphasic dependence of light-induced oxygen consumption on oxygen

concentration observed in the present study.

Sample collection for studying the leaves of trees (in this study Robinia pseudoacacia) requires
key considerations including strategic tree selection, standardized sampling locations from
various parts of the tree, immediate and consistent sample processing, standardized
homogenization techniques, and controlled drying protocols to simulate drought, temporal
diversity in sampling. Inherent limitations in this study regarding such requirements remain to

be addressed in future investigations.

By examining leaves as early indicators, researchers gain insights into the health and
functioning of trees at a crucial stage. Monitoring oxygen dynamics in leaves provides a
window into the intricate web of interactions between trees and environmental stressors. As we
strive for a deeper understanding of the challenges faced by forests, the focus on leaves and
their physiological processes offers a promising avenue for developing effective and timely
conservation strategies. In essence, the exploration of early indicators within easily accessible
compartments, such as leaves, serves as a vital step towards enhancing our ability to protect

and sustain forest ecosystems in the face of ongoing environmental changes.
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5 Conclusion

The quest for developing early indicators of environmental impacts on forest management in
the face of escalating threats to forest ecosystems underscores the significance of focusing on
easily accessible compartments of trees. Leaves emerge as a pivotal target in this endeavor,
given their crucial role in energy supply. Whereas the importance of leaves is well established
in the context of photosynthesis and cellular respiration, leaf decomposition becomes
increasingly recognized as a key process in global carbon balance. Inhibitor titrations ruling out
a mitochondrial contribution to dark and light-induced oxygen consumption indicate that
mitochondrial electron transfer was not damaged by high light intensity but had become
dysfunctional during homogenization. The high reproducibility observed in the technical
repeats underscores the reliability and consistency of the measurement of the oxygen
consumption by high-resolution respirometry. Measurement of the dependence of
photodecomposition on light intensity (CI curves) and the oxygen dependence of
photodecomposition present a novel approach enabled by implementation of controlled light

intensity in advanced high-resolution respirometry.
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Abstract

This study presents a novel approach to measure oxygen consumption and production under
controlled light conditions in preparations of leaf samples using the Oroboros O2k high-
resolution respirometer. Dark respiration, photosynthesis-irradiance (PI) curves, and
photodegradation described by oxygen consumption-irradiance (CI) curves were obtained
accurately and reproducibly on leaf preparations. The developed protocols for high-resolution
respirometry and photobiology provide a novel approach for understanding plant respiratory

and photosynthetic processes.

Green and yellow senescent leaves were collected from a Robinia pseudoacacia tree in the fall.
The sample preparation involved the cutting and homogenization of leaves in two different
media. Fresh and frozen samples of leaf homogenate were compared. First experimental test
series are reported using the O2k equipped with the PhotoBiology (PB) Module. The instrument
was controlled by, and data were recorded with DatLab 8, and the obtained data were further

analyzed with Excel and GraphPad.

Dark respiration and photosynthetic activity of cut leaf pieces were plotted as a function of light
intensity to obtain photosynthesis-irradiance (PI) curves in the range of light intensities of 10
to 2000 pmol-s'-m™. Measurements of oxygen consumption in the dark and at different light
intensities revealed in the leaf homogenates an unexpected increase of oxygen consumption
with blue, red, and white light. Mirror images of PI curves were remarkably similar to the shape

of oxygen consumption-irradiance (CI) curves.

Mitochondrial dark respiration and chloroplast photorespiration are superimposed by residual
oxygen consumption (Rox), defined as the oxygen consumption due to oxidative side reactions
remaining after inhibition of the mitochondrial and chloroplast electron transfer pathways to
oxygen. Application of selective inhibitors of the mitochondrial electron transfer system
provided evidence against the involvement of mitochondrial electron transfer in dark and light-
induced oxygen consumption of the leaf homogenates which, therefore, was characterized as
photodegradation. The effect of inhibitors of the chloroplast electron transfer system on

photodegradation remains to be investigated.

Further studies are required with leaves at different stages of their life cycle and with sample
preparations which preserve the functional integrity of mitochondria and chloroplasts. The
production of reactive oxygen species is probably involved in photodegradation, which is an

ecologically relevant process in various stages of the lifecycle of leaves and becomes
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progressively or abruptly dominant towards the final phase of leaf decomposition. Integrating
this perspective into studies of dark respiration and photosynthesis of different species is an
entirely new application field of high-resolution respirometry. It has a great potential to advance
our understanding of plant physiology and analysis of the carbon balance in forest ecosystems

and agriculture.



