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Summary

Organelles within cells are typically depicted as isolated structures, but increasing evidence
shows that they are interconnected via specific membrane contact sites (MCS). While MCS
research in mammals and yeast is gaining importance, MCS are less explored in plants.
Photorespiration is a metabolic process that occurs across three organelles in plants: chloro-
plasts, peroxisomes and mitochondria. Whereas this process is well studied on the molecu-
lar level, only little is known about the relevance of inter-organellar contacts. The aim of
this study was to elucidate the significance of organellar interactions and to determine how
MCS are linked to plant growth and performance with the photorespiratory organelles as a
model. We addressed this question with three main experimental approaches: 1) quanti-
fying the proximity between chloroplasts and peroxisomes under different photosynthetic
conditions, 2) testing potential dynamic or irreversible reporter systems for organelle prox-
imity, and 3) manipulating the spatial organisation of cells by introducing a synthetic tether
construct.

Previous reports evidenced physical associations and an increased interaction rate be-
tween the photorespiratory organelles in response to light in A. thaliana. We developed an
automated high-throughput Python-based analysis pipeline for the quantification of organ-
elle proximity. We used confocal z-stacks of cells with fluorescently labelled organelles and
performed analyses in three model plant species. We were not able to replicate the find-
ings of previous reports using manual image analysis or the Python-based analysis pipeline,
potentially due to minor but critical changes in the experimental setup.

Secondly, we tested potential fluorescence-based proximity reporters, based on Bimole-
cular Fluorescence Complementation (BiFC) or Forster Resonance Energy Transfer/Fluor-
escence Lifetime Imaging (FRET/FLIM). We successfully targeted the potential proximity re-
porters to the cytosolic face of the photorespiratory organelles. Using splitYFP-based prox-
imity sensors, we found unspecific homogeneous organellar membrane labelling, whereas
the investigation of organelle positioning revealed tethering between peroxisomes and
chloroplasts. Moreover, we created an inducible 2in1 gateway vector system (pInd) to test the
suitability of self-assembling GFP (saGFP) and to enable inducible expression in transgenic
lines. Testing the expression of a saGFP-based proximity sensor between chloroplasts and
peroxisomes transiently in N. tabacum, we found a peroxisomal membrane labelling with
increased GFP signal at putative MCS. Using FRET/FLIM-based proximity sensors, controls
mimicking 100 % and no organellar interaction were established, while dynamic imaging
did not reveal a decrease in fluorescence lifetime at putative MCS between chloroplasts and

peroxisomes.



The third approach involved introducing a synthetic tether to disturb the spatial organ-
isation of the photorespiratory organelles. We were able to obtain transgenic
A. thaliana lines showing curly leaves, impaired growth, an accelerated senescence, and a
reduced high light tolerance including decreased anthocyanin accumulation. On cellular
level, the overexpression of the synthetic tether resulted in the formation of spherical perox-

isomal clusters, where mitochondrial structures also accumulated.

X1V



I Introduction

1 Membrane contact sites as a platform for organellar commu-

nication

In eukaryotes, cell compartmentalisation allows cells to separate biochemical functions and
environments. However, this spatial subdivision also creates the need for a specific exchange
of metabolites, proteins and information among the compartments. One very prominent
example in plants is the photorespiration recycling a toxic metabolite across chloroplasts,
peroxisomes and mitochondria [1].

Organelles in cell biology textbooks are commonly portrayed as isolated compartments
whose close proximity to one another is largely due to spatial limitations. This assumption is
invalidated by the growing evidence that a network of specific organellar membrane contact
sites (MCS) exists [2]. These MCS serve as platform for an effective organellar communica-
tion [3, 4], which in turn facilitates a rapid response to fluctuating environmental conditions
(references in Scorrano et al., Baillie et al. [5, 6]). In addition, MCS are reported to be of rel-
evance for the regulation of the positioning and number of various organelles within cells
[7-9].

Alternatives for a direct molecular exchange between organelles are transient fusion-
fission dynamics (e.g. "kiss-and-run" in mitochondria [10]) or vesicles transport [5]. How-
ever, both alternative processes involve the fusion of organellar membranes. This distin-
guishes them from MCS, where by definition membranes retain their identity without fusion
[5, 6].

First indications of the possible existence of MCS were found in animal cells in the 1950s
[11, 12]. In plants, transmission electron microscopy (TEM) indicated as well a close prox-
imity between organelles [13]. However, these evidences were not pursued any further, since
MCS existence was difficult to imagine based on the state of knowledge at this time [5]. The
research field of MCS started to gain interest, when first functional evidences for MCS were
found [5], including Ca®* transfer [14], as well as phospholipid biosynthesis and transfer
between mitochondria and the endoplasmic reticulum (ER) [15]. Since then, multiple MCS
with highly specialised functions have been identified in yeast and mammals, while MCS

research in plants has been less advanced so far.



2 Defining the structural and functional characteristics of MCS

In order to be able to identify MCS, measurable criteria need to be determined (adapted from
Baillie et al. 2020 [6]). MCS can be defined regarding their spatial and structural characterist-
ics [5, 6, 16], while those criteria alone cannot provide any proof for the formation of a func-
tional MCS. A further difficulty is that different types of MCS can occur between the same
organellar pair, which are in turn unique in their function, spatial arrangement, dynamics
and lipid/protein composition [6, 16]. Both the spatial characteristics and the functional-
ity are interdependent and therefore need to be equally considered and explored in order to
gain a better understanding of MCS [6].

MCS are widely described as regions of physical but transient interactions between or-
ganelles within a distance of 10 nm - 30 nm without membrane fusion [5, 6]. However, also
larger tethering distances up to 325 nm have been found between the plasma membrane
(PM) and mitochondria in yeast [17]. Since the organellar proximity is strongly dependent
on size and arrangement of tether proteins, a defined distance cannot function as the only
criterion for the identification of MCS [6]. It may also be based on random collisions of or-
ganelles [18], especially in plant cells, where the large vacuole compresses the cytoplasm
plus organelles to a relatively small percentage of the cell [6].

Another spatial characteristic worth taking a closer look at, is the contact surface area of
MCS. The total area of a specific MCS can be influenced by variations in size or/and the MCS
abundance profile [6]. The contact surface area was found to change in response to abiotic
or biotic stresses [19-21], or also during different developmental stages [22]. Furthermore,
MCS are not permanent but transient structures, which is why duration and frequency of
their formation is important to consider. However, quantifying the dynamics of MCS is a
technical challenge, which is likely the reason why it has been less studied so far [6].

Since proximity is no proof for a functional MCS, additional parameters need to take into
account. At MCS, organelles are connected by tether proteins. Thus, real physical interac-
tion can be confirmed by measuring the tethering force between organelles [6]. The bio-
physical evidence for a MCS can be gathered using optical tweezers [23-25] or femtosecond
laser ‘s generated shock waves [26], which enable the measurement of the separation force
(for detail see introduction section 4.2. figure 4 B). A direct molecular exchange between
the respective organelles supports the functionality of MCS [26-28], albeit this exchange is
not automatically a proof for a MCS. However, it can serve as an additional reference to the
aforementioned characteristics [6].

MCS differ in their lipid and protein composition compared to the surrounding mem-
brane regions [5, 6, 16, 30]. These highly specialised micro-environments are essential to
fulfil the functions of the respective MCS. Even between the same pair of organelles, mul-
tiple and functionally distinct types of MCS can occur consisting of unique lipid and protein

compositions [6, 16]. Proteins being enriched at MCS fulfil different functions (reviewed in
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[. INTRODUCTION

MCS
GA) 10-30 nm

tether / metaolite lipid transfer
bridging complex channeling

Figure 1: Schematic representation of putative MCS proteins and their functions.

The distance between organelles range typically within 10 nm to 30 nm at MCS, although larger tethering distances have been also reported
[5, 6, 17]. Tether proteins, as SYT1 [29], or bridging complexes are essential for the maintenance and stabilisation of organellar interaction
sites. There is evidence that MCS serve as platforms for metabolite channelling (e.g. photorespiration [1]) and lipid transfer [3] originated
from different organelles.

[5, 31]) as indicated in figure 1. Scorrano et al. subdivided MCS proteins in four classes re-
garding their function, whereas it is important to mention that one protein can belong to
more than one class [5]. The first class is defined as "structural proteins" including tether
proteins or bridging complexes, which are responsible for the structural arrangement and
maintenance of MCS. Helle et al. clearly defined five criteria, which a MCS tether should ful-
fil [31]: 1) its presence at MCS, 2) providing a tethering force between adjacent organelles,
3) increase in MCS size or number, when the tether protein is overexpressed, and that de-
letion of the tether should lead to 4) abolition of the organellar contact and 5) change in
the physiological processes performed at this MCS [31]. Tether proteins can simultaneously
function as active spacer [5]. This was proven investigating the 3D architecture of extended
synaptotagmins (ESyt)-mediated ER-PM contact sites (EPCS) in mammalian cell culture by
cryo-electron tomography. In cells, overexpressing individual ESyts, the distance between
ER and PM correspond to the amino acid (aa) length of the cytosolic region of the overex-
pressed tether protein (19-22 nm, [32]).

The second class is classified as "functional proteins" and is directly responsible to fulfil
the specific function of the respective contact site. They facilitate the transfer of lipids, pro-
teins, ions or metabolites (figure 1) and/or ROS signalling [33] (reviewed in [5]). For instance,
under phosphate deficiency, MCS between chloroplasts and mitochondria are thought to be
the platform for the transport of specific galactolipids synthesised in chloroplasts to mito-
chondria in A. thaliana [3, 27, 34, 35]. "Regulatory proteins", the third protein class, can
regulate the functionality of a MCS by affecting the activity of proteins, for instance through
phosphorylation [5, 36]. The fourth protein class is termed as "sorter/recruitment proteins"
and work to determine the proteome and lipidome at MCS by recruiting, repelling or sorting
the proteins and lipids [5].

In summary, the spacial and structural characteristics can serve as evidence for MCS,
but need to be linked to MCS functionality. The complexity and interdependence of the

structural and functional categories makes MCS difficult to identify.



3 Experimental evidences for organellar contact sites in plants

MCS in mammals and yeast are well explored (reviewed in [5]), whereas the MCS research
field in plants has been only slowly gaining attention. This is surprising, since the additional
organelle in plants, the chloroplasts, as well as the necessary metabolite processes result-
ing from photosynthesis point towards a strong demand of organellar exchange, possibly via
MCS. So far, plant metabolic pathways, which involve enzymes of distinct organelles, have
been well investigated on biochemical level, whereas the putative role of MCS remains enig-
matic (for instance photorespiration, introduction section 3.5).

This section concentrates on evidences in the MCS research field in plants, focusing on
the unique nature of plants but also making the link to conserved functions in other organ-

isms (overview figure 2).

3.1 Together but still separate: The spatial organisation of organelles

The intra-cellular membrane system functions as diffusion barriers. Various soluble sub-
stances, such as metabolites, ROS and ions/anions, but also proteins are actively or passively
transported through membranes creating sub-cellular components with a unique compos-
ition of reaction components [37]. Therefore, a single organelle can be considered as an in-
dividual functional unit, as also recently extensively described for plant mitochondria [38].

Besides metabolic processes, compartmentalisation is also essential for maintenance of
local redox environments. All organelles create redox networks, which is needed for scaven-
ging of ROS, repairing ROS-induced damage and also metabolic control [37, 39]. Under stress
conditions, it is possible that the local redox status of one compartment spread to others, as
shown in J. M. Ugalde et al. from chloroplast to cytosol under photo-oxidative stress [40]. An
effective organellar communication is essential during stress for instance via chloroplast-to-
nucleus retrograde signalling cascades. Caplan et al. showed that stromule-nuclear associ-
ation increases in A. thaliana as immune response, where proteins and possibly H,O, from
chloroplasts are transferred to the nucleus. They suggested these connections to be involved
in retrograde signalling [19] (figure 2). A direct evidence for the transfer from H,O, from
chloroplasts-to-nucleus under photo-oxidative stress was given two years later by using a
genetically encoded fluorescent H,O» sensor (HyPer2) [41].

From these examples, it becomes clear that organellar interaction can, on the one hand,
be transient and influenced by external conditions and that, on the other hand, the cellular
spatial organisation influences the function, dynamics and homeostasis of the organelles.
The spatial organisation includes positioning, movement and the number of organelles [6].
Whereas in yeast and animals dis-organisation of MCS is known to be linked to diseases,
respiratory deficiency and ageing [42, 43], the research field in plants is less advanced yet.

Organellar movement and positioning are dependent on an interplay between MCS as
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communication platform and the cytoskeleton. This is responsible for an active motor-
driven and independent movement including the separation of organelles (reviewed in [24]).
It is widely accepted that correlating movements of two adjacent organelles may indicate a
physical interaction between them (reviewed in [2, 24]). In mammalian and yeast cells, ER
tubules remain connected with endosomes, peroxisomes and mitochondria as they move
within the cell (reviewed in [2]). Linked organellar dynamics have also been visualised in
plants, for instance the light-avoidance mechanism of nucleus and chloroplasts [44]. The
photorelocation of chloroplasts is known to be an actin-based mechanism inducing chloro-
plast attachment to the PM probably via chloroplast unusual positioning 1 (CHUP1) protein
[45-47]. The physical association between nuclei and chloroplasts was shown to be essential
for alinked organellar dynamic [44] and might facilitate retrograde or anterograde signalling
[48]. Another linked organellar dynamic in A. thaliana has been identified between perox-
isomes and ER, where ER tubule dynamics are closely related with peroxule extension [49]
(figure 2).

ER tubule dynamics were shown to correlate with mitochondria dynamics in the moss
Physcomitrella patens and in A. thaliana [50, 51] (figure 2). In yeast and animal cells, EMCS
were found to be sites of mitochondrial fission [2, 52] regulating the number and size of
those. A similar scenario can be suggested for plants, as in P patens and A. thaliana ER tu-
bules are located at mitochondrial constriction sites [50, 51]. However, the mechanistic proof
of EMCS being involved in mitochondrial fission is still missing [53]. Evidences that mito-
chondria tethering to the ER does not only influence mitochondrial fission but also fusion
was found in a recent publication [9]. Miro2 was identified to be essential for tethering mi-

tochondria to the ER and promote mitochondrial fusion in N. tabacum pavement cells.

3.2 Identified plant MCS components - the ER as most characterised player

In all eukaryotes, the ER is a highly dynamic structure and the largest membrane-bound or-
ganelle [55], which serves many functions in the cell metabolism [56]. Therefore, it is not
surprising that the potential role of ER regarding MCS has been intensively studied. The ER
has been identified to function as a key player in the interactive, organellar network [2]. In
mammalian and yeast cells, MCS of the ER to other organelles such as mitochondria, vacu-
oles, Golgi, lipid droplets and PM have been identified and investigated in detail (reviewed
in [2, 33, 55, 57]).

In plants, the potential role of the ER being a key player in MCS formation has been ac-
knowledged as well [22, 58-60]. The ER was also studied in terms of physical interactions to
other organelles (see introduction section 4.2 for method details) identifying ER-Golgi [61,
62], ER-chloroplasts [30] and ER-mitochondria [9] associations. In addition, there are fur-
ther evidences for physical interaction between ER-peroxisomes [49, 63] (figure 2).

In 2015, the first plant MCS tether protein has been identified at EPCS [29]. Thus, it is
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Figure 2: Schematic overview of known organellar interaction in plants.

The symbols of the edges reflect the conditions, under which an interaction have been described, whereas the text explains the experi-
mental evidence. Modified from Falz & Miiller-Schiissele 2021 [37] (based on [3, 6, 19, 21, 25-27, 49-51, 54], for further information see
text).

not surprising that EPCS in plants are the most explored MCS [29, 58, 64]. Components
of plant MCS are likely to be evolutionary conserved [60] (see introduction section 4.1 for
further detail). This is also true in the case of EPCS, where homology research, using known
mammalian and yeast MCS components as basis, resulted in the identification of two EPCS
protein families [60], namely the vesicle-associated membrane protein (VAMP)-associated
proteins (VAP) [58, 64] and the tether protein family synaptotagmins (SYT) [29].

A. thaliana VAP proteins consist of a C-terminal transmembrane (TM) domain targeted
to the ER membrane and a N-terminal major sperm protein (MSP) domain, which is re-
sponsible for protein—protein interaction [65]. The best-characterised protein of this family
in A. thaliana is VAP27-1 [60], which was identified as plant homolog [58] of the EPCS pro-
tein Scs2 in yeast [66, 67]. It was identified in 2014 to be part of a complex at EPCS [58]
consisting of three components: 1) VAP27-1, 2) NETWORKED 3C (NET3C), a member of
the plant-specific Networked (NET) superfamily of actin-binding proteins [68] and 3) actin
and microtubule networks [58]. VAP27-1 interacts with NET3C localising to punctual ER-
PM-associated areas, whereas F-actin and microtubules regulate the turnover of NET3C and
VAP27-1, respectively [58].

Shortly after the discovery of VAP27-1 and NET3C, another EPCS component has been
identified, namely SYT1 [29]. SYT1 belongs to a five member gene-family in Arabidopsis
termed SYT [69, 70]. They have been identified as plant homologs of yeast tricalbin mem-

brane tethers and mammalian extended synaptotagmins (E-SYT) [29, 71]. Those homologs



[. INTRODUCTION

and the plant SYT family share a similar modular structure [29, 72]. Proteins of the plant
SYT family consist of a N-terminal TM domain followed by a plant synaptotagmin-like mito-
chondria proteins (SMP) domain and two C-terminal calcium-binding domains (C,A/C,B).
The TM of SYT1 mediates ER-anchoring, whereas the positively charged C,A/CyB domain is
responsible for PM association by binding negatively charged phospholipids [29, 60, 69, 70,
73, 74]. Pérez-Sancho et al. investigated the impact of SYT1-mediated EPCS on the ability
to cope with mechanical stress in A. thaliana [29]. They found SYT1 co-localising with the
former described VAP27-1 EPCS and contributing to PM stabilisation through mechanical
reinforcement of the contact sites [29]. Contradictory to those findings, a publication of 2016
reported that SYT1 and VAP27 do not co-localise but form distinct EPCS which are neverthe-
less always adjacent to each other [16]. Albeit the disagreement regarding the distinct protein
localisation, both studies agree that SYT1 is responsible for stabilising the VAP27-mediated
EPCS [16, 29]. Both EPCS proteins, VAP27-1 and SYT1 are also localised to plasmodesmata
(PD) [64, 75]. PD are structurally unique in plants forming cytoplasmic channels includ-
ing ER and PM. They connect plant cells across the cell wall and function therefore as main
pathway for the inter-cellular communication [60, 76-78].

The known MCS proteins offer the possibility to investigate them regarding their func-
tion or screen for putative further interaction partners. In this context, VAP27-1-mediated
EPCS were found to be involved in endocytosis via ArEH1/Pan [79] or clathrin [80], and lipid
droplet formation via SEIPIN isoforms [81]. Additional, VAP27-1 has been identified to be
not only part of EPCS but also of ER-mitochondria contact sites (EMCS) [82]. EMCS serve
as platform for multiple physiological activities, for instance lipid metabolism, autophagy,
mitochondrial dynamic and Ca2* transfer [9, 42, 51, 52, 83, 84]. Nevertheless, the protein
compositions and the functionality of EMCS in plants are poorly understood compared to
yeast and mammalian cells [82]. In a very recent study in plants, novel components of EMCS
have been identified [82]. TraB1 is a mitochondrial outer membrane (MOM) protein, which
interacts with VAP27-1 but also with ATG8 regulating mitochondrial degradation [82, 85].
Thus, the authors suggested that TraB1 is important for mitochondrial function by regulat-

ing the formation of EMCS, whereas these are likely to regulate mitophagy [82].

3.3 The impact of MCS on plant development and growth

The life cycle of higher plants starts with the seeds, which contain a far developed plant em-
bryo in a dormant state. During germination, the mobilisation and breakdown of storage
lipids are crucial, since they provide the primary source of energy in the form of generated
products [54]. The storage lipids are located in lipid droplets (LD, also termed as oil bod-
ies) and converted to fatty acids (FAs). After a translocation into the peroxisomes, FAs are
broken down during the B-oxidation to acetyl-CoA, which is further processed to succin-

ate glyoxylate cycle or citrate by the citrate synthase [86-89]. Both succinate and citrate can



serve as substrate for the mitochondrial metabolism [86-88, 90]. A kick-start of mitochon-
drial respiration is essential for an effective germination delivering metabolic and energy
intermediates. These are important for cell expansion and plant cell physiology in general
[90]. Thus, an effective germination relies on an interplay between LD, peroxisomes and
mitochondria. While there is no proof of a physical interaction between peroxisomes and
mitochondria during germination, a physical interaction between peroxisomes and LD was
identified being mediated by PED3 as anchor protein [54] (figure 2).

In addition, MCS have recently been shown to play a role during post-germinative seed-
ling growth [91]. LD provide energy and carbon, which are required for early seedling devel-
opment. In A. thaliana a LD-PM tethering complex was identified consisting of PM-localised
LD-PM ADAPTOR (LIPA) and LD-localised SEED LD PROTEIN (SLDP) 1 and SLDP2 [91]. The
authors of this study suggested that this complex is essential for the anchoring of a subset of
LDs to PM during the early seedling development [91].

Also, aberrant expression of the previously described EPCS proteins VAP27-1 and SYT1
were shown to affect the plant development [64, 74]. Both, an overexpression or a RNAi-line
of VAP27-1 has defects in root hair development [64], while the null mutant sy¢1-2 shows a
slightly impaired root growth at seedling age resulting in a lower fresh weight [74].

3.4 Lipid trafficking at MCS

Organellar membranes consist of specific lipid assemblies. Since only some organelles gen-
erate specific lipids, they need to be transported from the location of their synthesis to their
final destination. The role of MCS in lipid trafficking during plant development and stress re-
sponse is extensively reviewed by Michaud & Jouhet [3]. In this section, we will only highlight
two potential MCS located protein complexes being involved in lipid transfer.

Plants are unique in having an additional endosymbiotic organelle beside the mitochon-
dria, namely the chloroplasts. While in yeast and animals, FAs are generated in the cytosol,
their synthesis in plants takes mainly place in the chloroplasts [35, 92]. FAs function as
building blocks for lipid biosynthesis as glycerolipids including digalactosyldiacylglycerol
(DGDG)[35, 92]. DGDG are also synthesised in the chloroplasts [3]. Under standard growth
conditions, they remain mainly in the chloroplasts, while they are massively exported to mi-
tochondria, vacuoles and the PM under phosphate (Pi) starvation [27, 93, 94]. Whereas the
role of MCS remains unknown for the DGDG transport from chloroplasts to PM and the va-
cuole, a simultaneous increase in chloroplasts-mitochondria contact under Pi starvation in-
dicates that the transfer of DGDG between these organelles takes places at MCS [27], (figure
2). Lipid remodelling during Pi starvation is crucial: The phospholipids, which are located at
the mitochondrial inner membrane (MIM), can be degraded to provide phosphate [34] and
they are replaced by DGDG [27, 93, 94]. In A. thaliana, MIC60 was identified as a component

of a mitochondrial transmembrane lipoprotein complex tethering MIM to MOM by inter-
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acting with TOM40. MIC60 contributes simultaneously to the import of those galactoglycer-
olipids from chloroplasts as to the export of phospholipids from the mitochondria [34]. Al-
though some proteins have been identified that establish contact between MIM and MOM,
the mechanism underlying lipid transfer between chloroplasts and mitochondria remains
unclear [3].

Similar also applies to another protein complex being located at the outer envelope (OE)
and the inner envelope (IE) of the chloroplasts. The trigalactosyldiacylglycerol (TGD) com-
plex transfers precursor lipids from the OE to the IE, which are synthesised in the ER [3, 95].
While the transport between the outer and inner membrane of the chloroplasts is identified,
the transfer from ER to OE has not yet been proven [3]. Albeit both mentioned protein com-
plexes are only partly identified, they have a huge potential being located at MCS and even

function as tethering complex between the respective organellar pair.

3.5 The unique nature of plants: Organellar cooperation as need for effect-

ive photosynthesis under ambient light conditions

During photosynthesis, light energy is converted to chemical energy in chloroplasts by CO,
fixation generating O, as a byproduct. The linear electron transport (LEF) is driven by light
energy and convert water to nicotinamide adenine dinucleotide phosphate (NADPH). The
LEF is coupled with a proton accumulation in the thylakoid lumen generating an electro-
chemical gradient, which in turn drives the synthesis of adenosine triphosphate (ATP). These
reducing agents in turn fuel carbon fixation and sugar biosynthesis in the calvin benson (CB)
cycle during the light-independent reaction (reviewed in [96]).

In their natural environment, plants are exposed to daily changes between fluctuating
light and darkness. This is why plant cells need to be able to switch from an autotrophic to a
heterotrophic metabolism. Balancing photosynthetic processes is important, since a lack of
regulation may cause an imbalance in redox equivalents leading to the accumulation of the
reducing power [96-100]. This can lead to an over-reduction of the plastoquinone pool [101]
and the production of reactive oxygen species (ROS), which in turn can damage DNA, lipids
or proteins including the photosynthetic machinery [97, 98, 102]. Thus, photochemical re-
actions have to be tightly regulated and adapted efficiently in reaction to changes in the light
energy [96, 99, 100]. To ensure an efficient adaption, plants developed several mechanisms
including the regulation of the light harvesting (for instance chloroplast relocation: [103])
or non-photochemical quenching (NPQ) [104]. These two examples concerned only chloro-
plasts, while excess electrons can also be exported from the chloroplasts [105]. For that, an
effective communication and dynamic interaction between chloroplasts and other organ-
elles are necessary to prevent the photosynthetic machinery from over-reduction and pho-
toinhibition. The redistribution of reducing agents can be achieved through malate valves,
for example [106, 107].
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Figure 3: Simplified schemata of photorespiratory metabolism.

Oxygenase activity of ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase (RuBisCO) lead to generation of 3-phosphoglycerate
(3PGA) and the dead-end metabolite 2-phosphoglycolate (2PG). 2PG accumulation is prevented by photorespiration recycling 2PG to
3PGA across chloroplasts (C), peroxisomes (P) and mitochondria (M), which re-enters the calvin benson (CB) cycle. Photorespiration
requires energy in form of ATP and reducing equivalents NAD(P)H and Fd,,, (marked in red), which are mainly derived from the light
reaction of photosynthesis. In addition, the two amino acids serine and glycine are synthesised during photorespiration. Oxidised form
of ferredoxin (Fdoy); reduced form of ferredoxin (Fd,q); glutamate (glu); 2-oxoglutarate (20G); hydroxypyruvate (HPyr); nicotinamide
adenine dinucleotide (phosphate) (NAD(P)H); adenosine triphosphate (ATP). Adapted and modified from [110, 111].

The malate valve is a carbon flux-based export pathway linking the cellular energy and
redox homeostasis to photosynthesis and the chloroplastidic redox potential [105, 108]. It
plays arole in balancing ATP/NAD (P)H ratio across chloroplasts, mitochondria, peroxisomes
and the cytosol (reviewed in [107]). Live monitoring of NADH/NAD™, pH and MgATP?~
dynamics with genetically encoded fluorescence biosensors revealed that photosynthetic
activity influences the physiology of other cell compartments as cytosol and mitochondria
[105].

3.6 The potential role of MCS in photorespiration

Photorespiration is one of the best studied metabolic pathway that occurs across organ-
elles, namely chloroplasts, peroxisomes and mitochondria [1, 109]. Whereas proteins and
the metabolic flux of photorespiration are well studied, only little is known about the po-
tential role of inter-organellar contacts. The question needs to be addressed, if the interplay
between chloroplasts, peroxisomes and mitochondria is additionally mediated by transient,
specific MCS.

10
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Photorespiration represents the recycling mechanism of the toxic component 2-phos-
phoglycolate (2PG). 2PG is generated, when oxygen (O) substitutes carbon dioxide (CO»)
as substrate for ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase (RuBisCO) in the
first reaction of photosynthetic CO, fixation [1, 112] (figure 3). It involves eight core en-
zymes, which are distributed across chloroplasts, peroxisomes and mitochondria (in detail
reviewed in [1, 109, 110]). To maintain photorespiration, ATP and reducing equivalents are
required. Thus, photorespiration has been considered to be an energy-loosing process, mak-
ing it a prime target for crop improvement [113-115]. However, this pathway is integrated
into a central metabolism network [116], and modifications in photorespiration affects for
instance nitrate uptake and assimilation [117, 118], or the functionality of the mitochondrial
TCA cycle [119] (figure 3). Without recycling 2PG into 3-phosphoglycerate (3PGA), which
re-enters the CB cycle, photosynthesis would quickly collapse, since 2PG acts as inhibitor of
at least 2 CB enzymes [1, 112, 120]. Additionally, two important amino acids are generated
during the photorespiratory metabolism, namely glycine and serine (figure 3, [110].

First evidences that MCS between the photorespiratory organelles are likely, were given
by TEM images showing the photorespiratory organelles often close proximity to each other
(for instance [13, 121]). Although a close proximity of organelles is no prove of a functional
MCS [6], there were further indications for the existence of an organellar contact. In 2003,
an interdependency between chloroplastidic and peroxisomal positioning has been identi-
fied in A. thaliana mesophyll cells [47]. In addition, the PerM located peroxin 10 (PEX10) was
suggested to be required for peroxisome-chloroplast connectivity and an effective flux of the
photorespiratory metabolites [122]. PEX10 defective mutants display a defect in photores-
piration. Furthermore, the peroxisomes in PEX10 defective mutants are increased in number
and form clusters, while those are not adjacent to chloroplasts [122].

The proof for a physical interaction between chloroplasts and peroxisomes could be
provided by biophysical techniques. The connectivity between chloroplasts and peroxi-
somes was tested in living tissue using optical tweezers [25] or a femtosecond laser pulse
technique [26] (for detail see introduction section 4.2). Peroxisomes were found to be asso-
ciated to chloroplast via peroxules in tobacco epidermal cells [25]. In A. thaliana mesophyll
cells, a greater force is required to detach peroxisomes from chloroplasts under light com-
pared to the dark conditions [26] (figure 2). The association of both organelles was shown to
be actin-independent [25], while the dissociation is driven by F-actin [26].

The role of the interdependency between the interaction of the photorespiratory organ-
elles and light, was also investigated by Jaipargas et al.. They found that high light induces
peroxule formation with mitochondria clustering around these [20]. An additional func-
tional link between chloroplast, peroxisome and mitochondria proximity, and light as stim-
ulus was revealed by Oikawa et al.. They investigating the organellar interaction and mor-
phology under different photosynthetic conditions. They found peroxisomes to be more

elongated alongside the chloroplasts under light conditions compared to darkness, where
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those are shaped more spherical. Also the interaction between the photorespiratory organ-
elles was increased under light conditions [26] (figure 2).

In summary, physical interactions between peroxisomes and chloroplasts have been pro-
ven, as well as a light dependent proximity between all three photorespiratory organelles.
Even though the exchange between organelles was demonstrated to be necessary for photo-
respiration, neither all of the involved metabolite transporters nor some MCS components
have been identified yet [1, 116]. Nevertheless, considering the results of previous studies,

MCS are very likely to be involved in photorespiration to ensure effective flux of metabolites.

4 Techniques for investigating MCS in plants

After providing a measurable definition of MCS (section introduction 2) and providing an
overview about experimental evidences for MCS in plants (section introduction 3), this sec-
tion summarises techniques that have been already used or offer great potential in the plant
MCS research (after [6]).

4.1 Identification of novel MCS components

Proteins with specific functions are enriched at MCS [21, 29, 123]. In mammalian and yeast
cells alot of MCS proteins are already identified and characterised with respect to their func-
tion (see review [33]). Since contact sites are likely to be evolutionary conserved, screening
for plant orthologs of mammalian or yeast MCS proteins is one potential way to identify pu-
tative candidates in plants [60]. In Pérez-Sancho et al. an ortholog of mammalian and yeast
families of ER-PM anchors SYT1 (further information see introduction section 3.2) was iden-
tified as an EPCS anchor protein in A. thaliana [29].

Another possibility to screen for MCS compositions is to investigate contaminants dur-
ing organelle isolation. The underlying assumption is, that physical interaction at MCS leads
to a co-purification of associated organellar membranes. These contaminants can be in turn
identified by mass spectrometry [126]. The same principle could be implemented for com-
plexome data sets. This proteomic technique is developed for a systematic characterisation
and an identification of protein complexes. Before performing the identification of the or-
ganellar proteome, the protein complexes get separated by a blue native page and one lane
is dissected from top to bottom into equally sized slices. Proteins of each individual slice are
identified via mass spectrometry and clustered according to profile similarity. Thus, com-
plexomes provide information not only about the abundance of a protein but also about
the complexes in which they are likely to occur and their interaction partners [127]. Ru-
gen et al. used a complexome analysis to study the changes of mitochondrial complexes

in the absence and presence of light [128]. This data set may be of special interest regarding
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Figure 4: Putative techniques for the identification and characterisation of organelle-organelle interaction.

A: Certain proteins are enriched at MCS as SYT1 at the contact site of endoplasmic reticulum (ER) and plasma membrane (PM) [29]. If
an MCS-specific protein is known, proximity labelling with a biotin ligase as BioID could be performed. This biotin ligase is fused to the
known MCS-protein and could label proteins within a radius of 10 nm with a biotin group [124], [125]. B: Optical tweezers to confirm
physical interaction between organelles. In Gao et al. an increase of physical interaction between peroxisomes (blue) and chloroplasts
(red) were detected in the light compared to dark conditions [25]. C: Using microscopy time series, the frequency and duration of organelle
interactions could be detected. D, E, F: Different fluorescent sensor approaches could be used to visualise MCS. D: The Bimolecular
fluorescence complementation (BiFC, yellow) or self assembly GFP (saGFP, green) sensor systems consist of two split protein fragments of
the respective FP. Both fragments maturate if the distance between them is less than ~10 nm and form a fully emitting FP. This approach is
irreversible. E: For an reversible approach FRET pairs (Forster resonance energy transfer) can be fused to membrane proteins of organelles
of interest. Contact can be detected either via a changed FRET ratio of donor and acceptor or a decrease in fluorescence lifetime (7). F:
Dimerisation dependent FP (ddFP) is a reversible approach and emit fluorescent signal only if both interact. Modified from Baillie et al.
2020 [6].
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photorespiration, which is a light dependent process and involves chloroplasts, peroxisomes
and mitochondria ([129], further information see introduction section 3.6).

Not only the protein but also the lipid content of contact sites can be investigated using
co-purification during organelle isolation. Andersson et al. isolated specifically chloroplasts-
associated membranes (PLAM) from pea protoplasts and analysed their lipid composition as
well as the enzymatic activity [30]. They found an activity of ER associated enzymes in the
PLAM fraction as well as a lipid composition and a polypetide profile, which differed from
the chloroplast envelope but showed a similarity to the ER membrane [30].

If one MCS component is already known, there are additional techniques to identify fur-
ther candidates as GFP-trap pull-down assays [123]. Another promising approach is prox-
imity labelling. Adjacent proteins are labelled with a biotin group within a radius of ap-
proximately 10 nm [124], followed by a separation by streptavidine affinity binding of bi-

otinylated proteins and identification via mass spectrometry (figure 4 A). Two probes have
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been commonly used for proximity labelling: 1) A modified biotin ligase BirA of Escherichia
coli, termed BiolID [130, 131], or an engineered soybean ascorbate peroxidase APEX2 [132,
133]. Both probes have been also utilised to investigate MCS in mammalian cells identify-
ing novel components of EPCS [134, 135] and EMCS [133]. Also split variants of both probes
have been used for the investigation of MCS in mammalian cells. For the reassembly of the
split fragments a protein-protein interaction is essential, which increase the specificity for
the proximity based labelling (APEX [136], BiolD [137]).

So far, BioID assays have been conducted in rice protoplasts [138] and A. thaliana leaf
tissue [139], albeit not for the study of MCS proteins. One possible reason of its rare usage
might be the slow kinetics leading to a labelling time of 18 h or even longer to have enough
material of biotinylated proteins for proper quantification. Another issue for the application
in plants is the preferential working temperature of BioID enzymes of 37°C [140], which is
higher than the normal environmental growing temperature for plants. Recently, Branon et
al. published a biotin ligase derived from directed evolution of BirA in yeast, called TurboID
[141]. This enzyme has its maximal activity at 30°C and a improved kinetics compared to
BioID [125, 141]. Arora et al. first established TurbolID in plant model systems as tomato,
tobacco, and A. thaliana [125]. The potential of this technique in plants can also be seen in

the rapid increase of publications in the last 2 years using TurbolD [142-144].

4.2 Measuring organelle tethering forces

The presence of MCS in plants has also been investigated by biophysical methods, examin-
ing the physical association between organelles. Oikawa ef al. used an intense femtosecond
laser pulse technique to analyse the adhesion between peroxisomes and chloroplasts in
A. thaliana mesophyll cells [26]. Shock waves are generated and propagate from the laser
focal point across the interfaces. The impulsive force leads to a rearrangement of the cel-
lular compartments and is used for calculating the pressure, which is required to detach
peroxisomes form chloroplasts. The physical interaction between the same organelles has
also been investigated with optical tweezers in N. tabacum [25]. This technique provides the
possibility to trap single organelles with a submicron precision and manipulate its position
(figure 4 B). The chloroplast-associated peroxisomes are trapped and subsequently moved
away from the chloroplasts resulting in peroxule formation. After releasing the trap the re-
covery displacement of the peroxisomes has been quantified [25]. Optical tweezers have also
been used to analyse the physical attachment of ER-chloroplast in pea and A. thaliana [30],
of ER-Golgi in A. thaliana [62], CASP proteins [61] and ER-mitochondria in N. tabacum [9].
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4.3 Microscopy techniques to monitor MCS

MCS are usually defined as regions of organelle proximity within a distance of 10 to 30 nm,
though also larger tethering distances has been described [5, 17]. The organellar proximity
is not sufficient as exclusive criterion to confirm a physical interaction. This needs to be
considered in particular in adult plants, where the turgor of the central vacuole ensures that
the remaining contents of the cell are compressed [6]. In addition, other evaluation criteria
must also be considered, such as the contact area [21], the duration and frequency of the
organellar contacts [25, 26]. As indicated in figure 4 C, the frequency and duration of organ-
ellar interaction can be obtained from microscope time series. Correlation of the movement
and the mutual impact of the organellar dynamics could be visualised by a simultaneous ex-
pression of fluorescent proteins (FP) targeted at the respective organelles [44, 49, 63]. Based
on these criteria, meaningful considerations can be made, especially when effects of vari-
ous environmental treatments [20, 26, 44] or altered expression levels of known or putative
tether proteins are included ([50]: ER-mitochondria, [64]: ER-PM).

Valm et al. used a variety of available fluorophores simultaneously expressed in yeast to
reveal an organellar interactome of six different compartments [145]. In addition, confocal
laser scanning microscopy (CLSM) using FPs has emerged as a preferred method to invest-
igate organelle-organelle interaction in plants (see references in [6]). Fluorescence recovery
after photobleaching (FRAP) has contributed to get a better understanding of dynamics and
mobility of already known MCS located proteins [16, 21, 29, 58]. Commonly, CLSM can also
allow conclusions to be drawn about the organellar interaction. One approach is to record
time series to investigate organelle dynamics [26, 49]. Another option is 3D remodelling of
confocal image stacks to identify possible relationships between neighbouring organelles
[63]. However, the resolution of CLSM is limited with a pixel size larger than the defined size
of MCS with less than 30 nm. Thus, respective organellar membranes may still be separated
further than the presumed distance at MCS, even if the FP signal of organellar membranes is
within the same pixel [6, 37].

One way to overcome the resolution issue is the usage of electron microscopy (EM) tech-
niques. These techniques are much more accurate for the quantification of the organellar
distance than CLSM images, since their resolution range in a nm-scale [19]. However, disad-
vantages of EM are that they are low throughput and that sample fixation is required, which
is accompanied by losing the possibility for dynamic visualisation of MCS (see review [6]).
Where MCS protein components are known, fusion to FP allow an immunogold labelling for
EM to specifically label MCS [29, 54, 64]. In A. thaliana, immunogold labelling with different
particle sizes was used to investigate the localisation of the known EPCS proteins SYT1 and
VAP27-1indetail. SYT1 and VAP27-1 do not co-localise and are associated with distinct EPCS
that are, however, directly adjacent to each other [16]. Not only the localisation of SYT1 was

investigated by EM, but also its role in the extension of EPCS [21]. SYT1 was labelled with a
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FP and compared to the localisation of a Mapper-GFP, which non-selectively labels EPCS [21,
146]. The principle of the EPCS Mapper was adapted from a EPCS Mapper for human cells,
which is composed of a internal GFP within the ER lumen, an ER transmembrane domain
(TM), alinker and a C-terminal polybasic domain, which enables an electrostatic interaction
with the PM [21, 146]. Under ionic stress EPCS containing SYT1 increased [21] (figure 2).

To guarantee both, a better resolution and the possibility of visualising dynamics, super-
resolution imaging techniques have become more attractive. These techniques use various
innovative approaches to overcome the diffraction limit in light microscopy and therefore
enable the visualisation of biological structures within a typical range of 10-70 nm (see re-
view [147]). So far, only Knox et al. investigated the desmotubules of ER in primary plasmod-
esmata using the super resolution technique structured illumination microscopy (SIM) in
A. thaliana [148]. It was demonstrated in mammalian cells that super resolution is a prom-
ising tool for investigating MCS. For instance, SIM and direct Stochastic Optical Reconstruc-

tion Microscopy (dASTORM) were used to analyse protein clusters at EMCS [149].

4.4 Detecting and monitoring MCS by usage of fluorescent sensors

Forster resonance energy transfer (FRET, section 4.4.2), dimerisation dependent GFP and
split fluorescent reporter systems Bimolecular fluorescence complementation (BiFC, sec-
tion 4.4.1) (figure 4 D-F) convert proximity directly into a fluorescent signal. Those sensors
have been insensitively used to investigate protein-protein interactions (reviewed in [150]).
In addition, these sensors have been applied extensively to study MCS in mammals and
yeasts, while their use in plants has been less frequent [4, 59, 151-157]. On the one hand,
those sensors were combined with organellar membrane targeting to investigate the organ-
ellar proximity (for instance [151]). On the other hand, the reporters were used to screen
for interacting proteins at MCS (for instance [154]). The following section will introduce the
reporters including their characteristics, how they have been applied in MCS investigation,
and potential applications.

4.4.1 Usage of split fluorescent protein systems to investigate MCS

BiFC has emerged as a key technique for the visualisation of protein-protein interaction.
It is based on a splitFB, which is composed of two non-fluorescent peptides. Those pep-
tides are normally fused to putative protein interaction partners [158-160]. If these two non-
fluorescent peptide fragments come into close proximity, the chromophore reassembles to
a functional FPB, which in turn is able to emit a fluorescent signal [161].

In 2000, the reassembly of two splitGFP fragments to a functional GFP was first described
both, in vitro and in vivo in Escherichia coli [162]. The GFP was dissected between the amino
acid (aa) residues 157 and 158 and fused to anti-parallel leucin zippers [163]. These in turn
mediated the reassembly of the GFP through their non-covalent association [162, 163]. Two

years later, C.-D. Hu et al. investigated the reassembly of a splitYFP fused to Jun and Fos do-
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organelle
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<3 > = O self-assembled YFP
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Figure 5: Schemata of topology assay using the splitYFP reporter system after Zamyatnin Jr et al. [165].

Either the N- or the C-terminal fragment of splitYFP (nYFP, cYFP) is fused to an organellar membrane protein of interest, whereas the
complementary fragment is expressed in the cytosol. Only if the FP-tag is orientated towards the cytosol, both fragments are able to
reconstitute to a functional YFP (see left). Otherwise, if the nYFP- or cYFP-tag is facing towards the luminal organellar side, the maturation
could not occur resulting in no fluorescence signal.

mains of basic region-leucine zippers (bZIP) in vitro [159]. As the former described splitGFP,
the YFP was dissected in approximately equally sized N- and C-terminal fragments between
154 aa and 155aa. Based on the kinetics of the BiFC reassembly, the following was hypo-
thesised: Jun and Fos reversibly form a complex within a half-life t;,» < 1s, followed by the
irreversible reassembly of YFP within t;,» < 60 s and the fluorophore maturation itself within
t1/2 < 3000 s [159]. The formation of a stable complex enables the detection of weak and tran-
sient interactions on the one hand, but on the other hand eliminates the possibility to detect
subsequent dynamic shifts [161]. Although the irreversibility of the maturation has been well
proven and documented, in some publications BiFC was still reported to be reversible (see
references in [164]).

In plant cells and under constitutive expression, splitYFP was shown to be capable of
non-assisted interactions [165]. Zamyatnin Jr et al. took advantage of this property to elu-
cidate the topology of integral membrane proteins or verify sub-cellular localisation [165].
The concept of the topology assay is shown in figure 5: One fragment is expressed in the
cytosol, whereas the other fragment is fused to the N- or C-terminus of the membrane pro-
tein of interest. A maturation of the YFP fragments can only occur, if both splitYFP fragments
are located on the same side of the membrane.

In 2005, Cabantous et al. published another soluble and self-associating GFP (self-assem-
bling GFP, from here on saGFP), which was engineered for in situ protein tagging and loc-
alisation [166]. In contrast to splitYFP [159] and splitGFP [161], the saGFP is independent
on a protein-protein interaction [166]. The reporter is divided between 214 aa and 215 aa,
resulting in the unequally sized GFP;_;y (1-214 aa, B-barrel;_,¢) and GFPy; (215-230 aa, [3-
barrel;;). The fragments are derived from a superfolder GFP and were both genetically en-
gineered to overcome insolubility [166].

In general, the application of splitFP reporters is challenging, since the same expression
level of both fragments is required for a reliable readout. This can be ensured by simul-
taneously expressing both fragments under the same promoter. Otherwise, different copy
numbers and variations in expression levels might lead to false positive or negative artefacts
[150, 160]. Grefen & Blatt developed a ratiometric BiFC (rBiFC) 2inl cloning system [160]:
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The simultaneous expression of two genes of interest fused to splitYFP fragments (based
on EYFP, [167]) and a cytosolic expression control mRFP [168] allows a quantification of the
BiFC signal. Since the vector system was designed for a transient expression by Agrobac-
terium tumefaciens mediated transformation in plants, the cytosolic mRFP also serves as
transformation control, even if no BiFC signal can be detected [160].

In the context of MCS, BiFC was shown to be a suitable tool for studying organellar inter-
action and proximity (references see table 2). The two BiFC reporter techniques splitYFP and
saGFP were applied in these studies (figure 4 D). The saGFP reporters were used to investig-
ate the proximity between the ER to various organelles [151, 152, 169]. SplitYFP, on the one
hand, was applied to verify protein-protein interactions at MCS [154, 170, 171]. Shai et al. for
instance performed a systematic mapping of putative tether proteins between peroxisomes
and mitochondria in yeast using splitYFP and uncovered two protein candidates [154]. On
the other hand, splitYFP reporters have been applied to induce artificial tethering between
ER-PM or PM-tonoplasts [59, 155] or to investigate EMCS in response to ER stress [153].

The distance between organelles at MCS can alter between different organelle pairs and
between different MCS of the same organelle pair. Several studies, which explored MCS us-
ing BiFC-based reporter systems, included additional linkers to be able to investigate dif-
ferent distances (table 3). Cieri et al. developed a saGFP-based contact site sensor (SPLICS)
with a short and a long linker. They show a different FP signal distribution for narrow and
wide distance between ER and mitochondria. The relevance that the reporter need to be
able bridge the natural organellar distance became clear in Z. Yang et al. (mitochondria-ER
contact sites (MERC) reporter) [172]. While for the MERC reporter without a linker no FP
signal could be detected, adding two different linkers resulted in a FP signal [172]. Especially
in plants, where little is known about the distance between organelles at MCS, investigating
proximity with different distances is important to consider. In T. Li ef al. a combinatorial
reporter set for the visualisation of MCS between the ER and mitochondria, chloroplasts or
PM in plants was published [152]. Neither in A. thaliana protoplasts nor in N. benthamiana
leaves a signal was detected without an additional linker for all three combinations. Adding
a linker by either multiple fusions of GFP;; or by adding a GS-linker, the signal increased
proportional to the size of the reporter [152].

When using BiFC reporter systems, their irreversibility needs to be taken into account,
since it leads to a limitation in mapping or quantifying of the subsequent dynamics. Tao et
al. pointed out, that the usage of BiFC for the investigation of MCS is accompanied by risks,
since artificial tethering might include the potential of an altered cell structure and mem-
brane organisation. For that reason, the experimental controls must be carefully chosen and
the results critically reviewed. However, the artificial tethering effect could also be used spe-
cifically to perturb organelle interaction. In plants, this was performed by Tao et al. [59] and
Tao et al. [155] between ER-PM and ER-tonoplast/multivesicular bodies (MVB), respectively.

There is a need of reversible techniques for the visualisation of organellar proximity to
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Table 2: Publications using Bimolecular fluorescence complementation (BiFC) for the investigation of organellar interaction.
Endoplasmic reticulum (ER), mitochondrial outer membrane (MOM), outer envelope (OE), plasma membrane (PM), peroxisomal mem-
brane (PerM), lipid droplet (LD), vacuole (Vac), multivesicular body (MVB).

Technique  Organellar mem- Outcome Organism Ref.
brane
saGFP ER-MOM SPLICS: saGFP-based sensor Human (cell cul- [151]
for narrow and wide organelle ture)
juxtapositions.
ER-MOM Visualising multiple inter- S. cerevisiae [169]
MOM-Vac organellar contact sites using
MOM-PerM the organelle-targeted split-
PerM-Vac GFP system.
Vac-LD
PerM-ER
MOM LD
LD-ER
ER-OE Reporter set for the visualisa- N. benthamiana, [152]
ER-MOM tion of MCS between ER and A. thaliana
ER-PM other organelles (transiently)
splitYFP ER-MOM Specific BiFC signal between S. cerevisiae [170]
Mmm]1 and Atg8 proteins
ER-MOM ER-MOM associations increase Human, [153]
in response to tunicamycin in- mouse,
duced ER stress. monkey
(cell culture)
PerM-MOM Systematic mapping of candid- . cerevisiae [154]
ates: Identification of tether-
ing candidates between PerM-
MOM.
ER-PM Artificial tethering of ER-PM N. benthamiana [59]
with PM membrane proteins (transiently)
(peripheral, integral (synthesis
over ER)).
PM-tonoplast /  Artificial tethering of PM- N. benthamiana  [155]
MVB tonoplast/MVB with PM peri- (transiently)
pheral membrane proteins.
OE-MOM Verification of glycolytic en- A.thaliana [171]
zymes for substrate channel- (transiently)

ling complex between chloro-
plasts and mitochondria.
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Table 3: Overview of publications using Bimolecular fluorescence complementation (BiFC) to study different distances at MCS.
Endoplasmic reticulum (ER), mitochondrial outer membrane (MOM), outer envelope (OE), plasma membrane (PM).

Organellar
membranes

Ref.  Organism

Sensor method
+ linker/ spatial information

Distance readout

[153] Human, ER-MOM
mouse,
monkey

(cell culture)

[151] Human ER-MOM

(cell culture)

[172] Human ER-MOM

(cell culture)

ER-MOM
ER-OE
ER-PM

[152]  Nicotiana
benthamiana,
A. thaliana
(transient)

splitVenus:

cVenus: ER

MOM:nVenus

No linker:

Largest measurable distance 10 nm.

saGFP:
saGFP-based

contact site sensor (SPLICSg/L):

MOMZGFPl_m
ERZS/L:GFPH
(S: short linker; L: long linker)

1) SPLICSg: 8 - 10 nm
2) SPLICS;: 40 - 50 nm

saGFP:

Mitochondria-ER contact sites
(MERC) reporter:

GFP;_10-ER

Mito-(+/-linker) GFP;;

1) no linker
2) short linker ~3 nm
3) long linker ~10 nm

saGFP:

saGFP-based MCS reporter:
GFPl_wZER

OE:GFPH

MOM:GFP;;

PM: GFPH

Distance between ER
and mitochondria
between 6 — 10 nm.

Signal proportional to
linker length. FP signal
differs for SPLICSg/ L.

Signal proportional to
linker length.

Signal increases with
length of protein,
either due to GS-linker
or multiple GFPy;

1) increasing length via multiple GFP;;

(1/2/4x) (6.12 nm/GFPq;)
2) GS-linker (3nm)

4.2 -24.48 nm
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overcome the issue of irreversibility of the BiFC sensor system and therefore the risk of ma-
nipulation of cellular structures. One promising possibility is the split fluorescent reporter
Fluorescence-activating and absorption-shifting tag (splitFAST) [173]. SplitFAST was de-
signed for real-time visualisation of the formation and dissociation of protein-protein inter-
actions in human cell culture and is a reversible split fluorescent reporter [173]. Albeit this
reporter system has not been tested in the context of MCS, the described criteria of splitFAST
makes it a promising tool for the dynamic study of MCS in mammalian but also in plant cells
(6].

4.4.2 FRET/FLIM reporters as dynamic approach for visualising MCS

Similar to splitFAST, FRET is a fully reversible reporter technique (figure 4 E). Within the
FRET pair, the emission spectra of donor FP need to overlap with the absorption spectra of
the acceptor FP. Thus, a physical phenomenon can take place, where a donor FP in its ex-
cited state transfers its excitation energy to a neighbouring acceptor FP, which in turn emits
a fluorescent signal [174, 175] (figure 4 E). The energy transfer normally takes place within
a distance of 3-10 nm [174]. Its efficiency depends on the distance between the donor and
acceptor fluorophores and the specific Forster radius of the respective FRET pair (see ref-
erences in [174, 176]. Compared to the irreversible BiFC reporters, FRET sensors offer the
ability to monitor transient interactions in a real time context [177].

On the one hand, FRET can be detected by observing the ratio between acceptor and
donor fluorescence intensity (see references in [150]). The fluorescence ratio readout is
strongly dependent on equal donor and acceptor concentrations [150, 178]. Addressing the
need for the equal expression levels of the FRET pair fused to the proteins of interest, Hecker
et al. developed a binary FRET 2in1 cloning system for plants [177]. However, spectral bleed-
through of the donor and photobleaching can additionally interfere with the fluorescence
ratio readout. On the other hand, FRET can be detected by monitoring the fluorescence
lifetime of the donor using fluorescence lifetime imaging (FLIM). The FLIM method is un-
affected by the aforementioned criteria and might be a more robust detection method [150,
178, 179]. However, it must be considered that FLIM can require an imaging time of several
seconds per image, dependent on the experimental setup [6].

One detection method for FLIM is the time-correlated single photon counting (TCSPC),
which is a very sensitive technique offering a picosecond resolution and an extremely high
precision for recording low-level light signals [179]. TCSPC exploits the circumstance that
the light intensity of weak signals with a high repetition rate is usually so low that the prob-
ability of detecting more than one photon in a signal period is negligible [179]. The principle
and the analysis opportunities of TCSPC are depicted in figure 6. During the measurement,
the donor molecules of the sample are excited by a pulsed laser in a MHz repetition rate.
The expected fluorescence decay resembles a waveform (figure 6 A), which represents the
probable photon distribution. For each detected photon the arrival time of the respective

detector pulse in the signal period is collected. After several signal periods, the distribution
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Figure 6: Principle of time-correlated single photon counting (TCSPC) and the fluorescence lifetime (FLIM) analysis.

A, B: Detection of the fluorescence decay by TCSPC. Excitation pulse sequence of defined MHz pulse repetition rate and the expected
fluorescence waveform (A). However, the expected waveform need to be considered as a probability distribution of the photons, whereas
actual the signal consists of a few pulses representing a single photon randomly distributed over the time axis (B). For each detected photon,
the arrival time of the respective detector pulse in the signal period is recorded. The probability detecting a photon in one signal period
is a relatively low. Thus, only after many signal periods, the number of detected photons is sufficient, calculating the photon distribution
over time, which in turn represents the expected waveform. C, D: Analysis of the FLIM parameters based on the fluorescence decay.
The lifetime of the FRET/FLIM donor can be either analysed with a 1 component (1C) (C) or 2 component (2C) (D) analysis. The donor
T of the interacting and therefore quenched donor molecule is decreased compared to the non-interacting one. Usage of the double
exponential decay analysis provides besides the lifetimes 77 and 72 of the interacting and non-interacting donor molecules, respectively,
also the intensity factors (amplitudes), a and b, of the 2C. The ratio of a and b (NprgT/Np) represents the number of interacting and non-
interacting molecules. Modified from Becker 2014 [179].

of photons over time can be calculated representing the expected waveform (figure 6 B).
The counted photon distribution can be analysed using a single-exponential (figure 6
C) or double-exponential decay (figure 6 D). FRET leads to a highly effective quenching of
the donor fluorescence and therefore to a reduction of the donor lifetime. Single exponen-
tial decay analyses are particularly useful for identifying areas where FRET occurs. Using
the 1 component (1C) analysis, the mean lifetime (7,,) of the donor is distinctly decreased
compared to that of the non-interacting, unquenched donor FP. 7, is composed of non-
interacting and interacting donor molecules, where the respective separated lifetimes can
not be reflected in a 1C analysis. This information can be generated by using a double-
exponential decay model for the analysis, resulting in a slow (72) and a fast (7;) lifetime
component from non-interacting, unquenched and from interacting, quenched donor mo-
lecules, respectively. Besides 7, and 75, the 2C analysis also provides amplitudes (intensity

factors), a and b, of both decay components. Based on those amplitudes, the ratio of the
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number of interacting and non-interacting molecules (Nrrr7/Np) can be calculated.

In plants, FRET/FLIM reporters have been used to investigate protein-protein interac-
tions at MCS. Osterrieder et al. applied a FRET-FLIM sensors to detect interactions between
specific protein partners at MCS within Golgi stacks [180]. Additionally, a protein-protein
interaction between EPCS proteins VAP27-1 and NET3C was confirmed in N. benthamiana
[58]. In mammals, ER-trans-Golgi (TGN) and EMCS have been studied by using FRET-based
approaches. In both cases, rapamycin-inducible FRET systems were applied [4, 157, 181].
Rapamycin induction leads to dimerisation of so called FRB and FKBP12 modules, which
are fused to both FP and organelles, and therefore stabilise the contact [4, 182].

Another reversible sensor technique, which can also applied for the investigation of MCS,
is the dimerisation-dependent FP (ddFP) (figure 4 F). It is composed of a pair of non-fluores-
cent FP-derived monomers, which are able to form a fluorescent heterodimer. The reporter
is reversible, but only produces a low fluorescence signal levels [6, 183]. Nevertheless, the
sensor has already proven useful for studying the interactions between membrane-associat-
ed proteins of the EMCS in mammalian cells [183].

In conclusion, a diverse toolbox is available to study MCS or identify novel protein com-

ponents.

4.5 Perturbing organellar interaction

Besides visualisation, another possibility to explore MCS is to perturb their formation or or-
ganelle dynamics, and verify the impact on the cellular and phenotypic levels. There are two
ways to achieve a perturbation of MCS formation.

A change in the expression level of known MCS components by either overexpression or
knockout/knockdown may lead to altered spatial or functional characteristics of MCS. As
an example in plants, the overexpression of VAP27-1, a known EPCS protein, was shown to
increases EPCS area. Overexpression and knockdown of VAP27-1 and VAP27-3 in A. thaliana
lead to defects in the root hair development [64].

Secondly, artificial tethering can be conducted to keep organelles in close proximity to
each other. However, it is not known if the proximity would automatically induce the re-
cruitment of functional MCS proteins or these areas remain without without natural and
specified functionality. By using a synthetic tether protein, the famous ER-mitochondria en-
counter structure (ERMES) was discovered [42]. To identify proteins being involved in EMCS
in yeast, Kornmann et al. screened for mutants, whose phenotype could be complemented
by an artificial tether protein. Also in plants, artificial tethering was applied in two BiFC stud-
ies [59, 155]. Here the expression of the artificial tether construct lead to tethering between
ER-PM, PM-tonoplast or PM-multivesucular bodies but the authors did not investigate the

biological relevance of the perturbation [59, 155].
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5 Objectives of this work

While MCS in mammalian and yeast have been already broadly investigated, the research
field in plants is less advanced. Photorespiration is a metabolic pathway, which operates
across three organelles: chloroplasts, mitochondria and peroxisomes. Whereas this pro-
cess is well studied on the molecular level, only little is known about the relevance of inter-
organellar contacts. The aim of this study was to elucidate organelle-organelle interactions
using the photorespiratory metabolism as a model, and to reveal how MCS are linked to
plant growth and performance. We addressed this question using three main experimental
approaches:

1) The first key objective of this study is to test if the proximity between chloroplasts and
peroxisomes differs under light and dark conditions. In previous reports, there is evidence
for an increase in the interaction rate of the three photorespiratory organelles and physical
association under light conditions compared to dark conditions in A. thaliana (25, 26]. To
extend the information content to the aforementioned studies, we will perform an organelle
proximity analysis in A. thaliana, N.tabacum and P, patens using fluorescently labelled or-
ganelles. For the analysis, we aim to develop a transparent and automated high-throughput
Python-based analysis process.

2) The second key objective of this work is to establish novel in vivo proximity sensor sys-
tems in plants. We test the suitability of BiFC and FRET/FLIM reporter systems to visualise
MCS using in vivo imaging. Those sensor systems convert proximity directly into a fluores-
cent signal [6]. In theory, this would make them in combination with organellar membrane
targeting to a promising tool for MCS visualisation. The targeting will be achieved using
membrane proteins or protein domains of the three photorespiratory organelles, which are
not specifically located at MCS and do not interact with each other. The aim is to test if those
generated proximity sensors are suitable to detect organellar proximity in plants.

3) The third key objective of this work is to manipulate the natural spatial organisation
of a cell by introducing a synthetic tether construct cross-linking the photorespiratory or-
ganelles. We aim to generated stable A. thaliana synthetic tether lines expressing the syn-
thetic organellar tether (1) constitutively or (2) inducibly. On the one hand, those transgenic
plants should be investigated on the cellular level regarding organellar positioning and mor-
phology. On the other hand, we want to study effects of organelle positioning on the plant
physiology including germination, growth, photosynthetic performance and coping with

stress conditions as high light.
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II Methods

1 Technical equipment and consumables

General chemicals were purchased from AppliChem (www.applichem.com), Duchefa (ww
w.duchefa-biochemie.com), Merck (www.merckmillipore.de), Roth (www.carlroth.com)
and Sigma-Aldrich (www.sigmaaldrich.com). General plastic ware as falcons and tubes was
purchased from Sarstedt (www.sarstedt.com) and VWR (de.vwr.com). Micropore™ tape was

purchased from 3M (www.3mdeutschland.de).

Table 4: Technical equipment

Equipment Manufacturer
A1000 plant growth chamber Conviron, www.conviron.com
Airstream® Class II Biological Safety ESCO, www.escoglobal.com

. . Denver Instrument,
Analytical Balance Summit SI-234 )
www.denverinstrument.com

Beckman Centrifuge Avanti® J-26-XP Beckman, www.beckmancoulter.com
Beckman Rotor JA-10 Beckman, www.beckmancoulter.com
C1000™ Thermal cycler Bio-Rad, www.bio-rad.com

C1000™ Thermal cycler Reaction Mod- Bio-Rad, www.bio-rad.com
ule 48W

Canon CanoScanLide 700F Canon, www.canon.de
Canon EOS 1100D EF-S digital camera Canon, www.canon.de
CLARIOstar® plate reader BMG, www.bmglabtech.com
Electroporator MicroPulser™ Bio-Rad, www.bio-rad.com
Eppendorf BioPhotometer Plus Eppendorf, www.eppendorf.de
Eppendorf Centrifuge 5424 R Eppendorf, www.eppendorf.de
Eppendorf Centrifuge 5430 Eppendorf, www.eppendorf.de
Eppendorf Thermomixer™ Comfort Eppendorf, www.eppendorf.de
Eppendorf Thermomixer™ Compact Eppendorf, www.eppendorf.de
Gel documentation MF-ChemiBIS 2.0 DNR Bio-Imaging Systems, www.dnr-is.
com

Incubators 28°C Ecotron Typ ET25-TA-RC  INFORS HT, www.infors-ht.com
Incubators 37°C Ecotron Typ ET25-TA-00 INFORS HT, www.infors-ht.com
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www.applichem.com
www.duchefa-biochemie.com
www.duchefa-biochemie.com
www.merckmillipore.de
www.carlroth.com
www.sigmaaldrich.com
www.sarstedt.com
de.vwr.com
www.3mdeutschland.de
www.conviron.com
www.escoglobal.com
www.denverinstrument.com
www.beckmancoulter.com
www.beckmancoulter.com
www.bio-rad.com
www.bio-rad.com
www.canon.de
www.canon.de
www.bmglabtech.com
www.bio-rad.com
www.eppendorf.de
www.eppendorf.de
www.eppendorf.de
www.eppendorf.de
www.eppendorf.de
www.dnr-is.com
www.dnr-is.com
www.infors-ht.com
www.infors-ht.com

Table 4: (continued)

26

Equipment

Manufacturer

INTAS ECL Chemostar imager
Labculture® Vertical laminar flow cabinet
Leica DCF425C camera

Leica M165FC stereomicroscope
Magnetic Stirrer MR Hei-Mix L

Metrohm pH-meter 827 pHlab
Nanodrop™ 2000c

Orbital platform shaker Unimax 1010

OxygrapH Clark-type oxygen electrode
pH-Meter FE20 — FiveEasy™

Plant growth chambers

POLARstar® Omega plate reader
Precision Balance TP1502

S1000™ Thermal Cycler

S1000™ Thermal Cycler Reaction Mod-
ule 96W

T100™ Thermal Cycler

Compact TCSPC System

TKA LabTower EDI water purification
system
UV-lamp, portable

Vacuum concentrator Savant® DNA 120

Vortex mixers

Zeiss Axio Observer Z1 Zeiss

Zeiss confocal microscope LSM780

Zeiss Plan-Apochromat 63x/1.40 Oil DIC
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INTAS, www.intas.de

ESCO, www.escoglobal.com

Leica, www.leica-microsystems.com
Leica, www.leica-microsystems.com
Heidolph, www.heidolph-instruments
.de

Metrohm, www.metrohm.com

Thermo Scientific, www.thermoscientif
ic.com

Heidolph, www.heidolph-instruments
.de

Hansatech Instruments,

Mettler Toledo, www.mt.com

Jan Weiler GmbH, www.jan-weiler.de
BMG, www.bmglabtech.com

Denver Instrument, www.denverinstru
ment.com

Bio-Rad, www.bio-rad.com

Bio-Rad, www.bio-rad.com

Bio-Rad, www.bio-rad.com

Becker & Hickl GmbH, www.becker-hic
kl.com

Thermo Electron LED, www.thermofis
her.com

M&S, www.m-und-s-laborgeraete.de
Thermo Scientific, www.thermofisher.
com

Scientific Industries,
www.scientificindustries.com

Zeiss, www.zeiss.de

Zeiss, www.zeiss.de

Zeiss, www.zeiss.de
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II. METHODS

Table 5: Enzymes used in this study

Enzyme

Manufacturer

Gateway® BP clonase II enzyme mix
Gateway® LR clonase II enzyme mix
Proteinase K

FastDigest Eco31I (Bsal)

FastDigest Ncol

FastDigest Eam11051

FastDigest Sacl

FastDigest Kpnl

T4 DNA ligase (5 U/pL)

Phusion® High-Fidelity DNA Polymerase

(2U/uL)
Taq™DNA Polymerase

Invitrogen™ www.thermoscientific.c
om

Invitrogen™ www.thermoscientific.c
om

Invitrogen™ www.thermoscientific.c
om

ThermoScientific, www.thermoscientif
ic.com

ThermoScientific, www.thermoscientif
ic.com

ThermoScientific, www.thermoscientif
ic.com

ThermoScientific, www.thermoscientif
ic.com

ThermoScientific, www.thermoscientif
ic.com

ThermoScientific, www.thermoscientif
ic.com

ThermoScientific, www.thermoscientif
ic.com

New England Biolabs®, www.neb.com

Table 6: Specific materials and kits used in this study.

Kits/materials

Manufacturer

NucleoSpin® Plasmid

NucleoSpin® RNA

NucleoSpin® Gel and PCR Clean-up
RevertAid First Strand cDNA Synthesis

Q5® Site-Directed Mutagenesis

MitoTracker™ Orange

MitoTracker™ Green FM

Macherey-Nagel, www.mn-net.com
Macherey-Nagel, www.mn-net.com
Macherey-Nagel, www.mn-net.com
Thermo Scientific, www.thermofisher.
com

New England Biolabs®, www.neb.com
Invitrogen™ www.thermoscientific.c
om

Invitrogen™ www.thermoscientific.c

om
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Table 7: Software used in this study.

2

Software

Manufacturer

Fiji

FinchTV v. 1.4.0 sequence viewer

GraphPad Prism 7.0a

Icy

Imaris (version 9.2.1, surface module)
Inkscape: Open Source Scalable Vector
Graphics Editor

Leaf Lab tool (Version 1.4.1)

Leica Application Suite

MatLab-based ratiometric imaging soft-
ware

Microsoft Office 2016

Oxytherm Plus v. 1.02

Python (version 3.7.6/ 3.7.9 64 bit)
Redox Ratio Analysis (RRA)
RootNav

SerialCloner 2.6.1
VSCodium (version 1.52.1)
ZEN 2011 black and blue edition

www.fiji.sc, Schindelin et al., 2012;
Rueden et al., 2017

PerkinElmer, www.geospiza.com/ftvdl
info.html

GraphPad Software, www.graphpad.c
om

de Chaumont et al. [184], icy.bioimage
analysis.org

Oxford Instruments, imaris.oxinst.com

www.inkscape.org

Prof. M. Fricker, Wagner et al 2015
Leica, www.leica-microsystems.com

Prof. M. Fricker, www.markfricker.org

Microsoft, www.microsoft.com
Hansatech Instruments, www.hansatec
h-instruments.com

www.python.org

markfricker.org

[185], sourceforge.net/projects/rootnav
/files/?source=navbar

SerialCloner, serialbasics.free.fr
vscodium.com

Zeiss, WwWw.microscopy.zeiss.com

Plant methods

2.1 Plant material

Plant experiments were either performed in transiently transformed Nicotiana benthamiana
| tabacum leaves or in stable Arabidopsis thaliana lines.

Stable Arabidopsis sensor lines, which were generated in the background of the ecotype
Columbia-0 (Col-0) wild-type (WT) and peroxisomal CFP marker line px-ck (NASC: N16259,
px = peroxisome, ¢ = CFP, k = kanamycin, [186], ecotype Col-0) (2.5), are listed in table 8, 9,
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II. METHODS

27 (page 119) and 28 (page 120) with their respective segregation pattern.

2.2 Transient transformation of tobacco plants

A pre-culture of Agrobacterium tumefaciens AGL1 or GV3101 cells harbouring fluorescent
sensor constructs was grown in 5— 10 mL LB medium under appropriate antibiotic selection
at28°C for 24 h. The pre-culture was used to start a fresh culture in 10-20 mL LB medium with
respective antibiotics with an OD of 0.1. When the actively growing culture is in the exponen-
tial phase between an ODg of 0.8 and 1.0, cells were harvested by centrifugation at 3500 g
for 4 min. The pellets were washed two times with sterile deionised water before cells were
resuspended in deionised water to an ODggyy of 0.05-0.2. N. benthamiana or N.tabacum

leaves of 4—6 week-old plants were infiltrated and imaged after 1 -3 d incubation.

2.3 Plant growth on agar plates

If not indicated otherwise, Petri dishes containing 25 mL of prepared standard growth me-
dium (1/2 Murashige and Skoog medium (MS; [187]), 0.05% MES (w/v), 0.1% (w/v) sucrose,
0.8% (w/v) agar, pH 5.7 adapted with KOH). Arabidopsis seeds were surface sterilised by in-
cubating for 7min in 1 mL 70% (v/v) ethanol and centrifuged for 1 min at 10.000 g. The su-
pernatant is removed and the seeds are washed 2 times with 1 mL sterile water before trans-
ferring them on Petri dishes. After the plates are sealed with Parafilm and stratified for at
least 2 d in the dark at 4°C, the plates were transferred to long day growth conditions (16 h 75-
100 pmol m~2s7! at 22°C, 8 h darkness at 18°C). Experiment dependent, plants were grown

in a vertical or horizontal position.

2.4 Plant growth on soil

3 - 5 Arabidopsis seeds were placed on water-imbibed Jiffy-7 (peat swelling pellets) or squared
pots and stratified for at least 2d at 4°C at high humidity covered them with a transparent
plastic dome. After stratification they were transferred to the growth cabinet (16h,
100-120 pmolm_2 s at 22°C, 8 h darkness at 18°C, humidity 50%), still covered by a trans-
parent plastic dome during the first week to ensure high humidity during germination. Plants
were thinned out 14 — 21d after germination to one plant per Jiffy. For experimental ap-
proaches one Jiffy-7 was transferred to a squared pot filled with a soil mixture (Floradur B-
seed, Perlite Perligran 0-6 and quartz sand in a ratio of 10:1:1, respectively). For floral dip or
seed propagation three Jiffies were combined in a round pot containing the soil mixture. For

phenotyping on soil see section 2.10.
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2.5 Stable transformation of Arabidopsis

Arabidopsis plants were grown on soil as described in section 1.2.3. The primary inflores-
cence branch was removed by cutting to induce growing of secondary stems to increase the
number of inflorescence branches.

To generate stable Arabidopsis lines floral dip transformation method established by Clough
& Bent [188] was used. A pre-culture of Agrobacterium tumefaciens AGL1 or GV3101 cells
harbouring fluorescent sensor constructs was grown in LB medium under respective anti-
biotic selection at 28°C 140 - 180 rpm overnight. The pre-culture was used to inoculate a
main culture of 400 mL with fresh medium. It was grown until an ODgg of 0.8-1.0 and Cells
were harvested by centrifugation at 5000 g for 10 min. The cells were carfully resuspended
in floral dipping solution (5% (w/v) sucrose and 0.02% (v/v) surfactant Silwet L-77) by pipet-
ting or shaking to a final ODggg 0f 0.8 - 1.0. After the flower buds were dipped into the culture
for 20 - 30 s, the plants were incubated for 16-24 h in the dark at room temperature (RT) and
high humidity. Afterwards plants were returned to standard growth conditions for seed har-

vesting and screening for positively transformed plants.

2.6 Selection of transformed Arabidopsis plants

2.6.1 T seeds: Selection on soil

In this work, all generated stable lines harbouring fluorescent sensors with Basta as plant
selection marker. T; seeds of dipped plants (see section 2.5) and background lines as control
were transferred to round pots with soil mixture, stratified for at least 2d at 4°C and cul-
tivated under standard growth conditions as described in section 2.4. 5-7 day-old seedlings
were sprayed with a Basta solution (240 mg/L glufosinate ammonium, Bayer, stock solution:
200 g/L, liquid). Spraying was repeated 3 d afterwards. If 7 d after the first spraying the con-
trol lines (Col-0, px-ck) were dead, survivors of T; plants can be transferred to Jiffies. Oth-
erwise spraying with the Basta solution was repeated until all seedlings of the control lines
are dead. At an age of 4 to 6 weeks survivors were first screened for fluorescence with a
LeicaM165 FC stereomicroscope. This is equipped with a Leica DFC425 C camera for ima-
ging and GFP filters with 470/40 nm and 525/50 nm as well as DsRED filter with 545/30 nm
and 620/60 nm for excitation and for emission, respectively. The fluorescent, transgenic T
seedlings were verified by using a Zeiss confocal microscope LSM780 screening for YFP and
RFP signal (settings similar to section 1.3). Jiffies of verified T, plants were transferred to
pots for proliferation of seeds. The T; generation is uniformly heterozygous for the inserted

fluorescent sensor constructs.
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Figure 7: Plate design for Basta selection on plates.

Seeds were applied to plates with 1/2 MS medium including 10 pg/mL glufosinate ammonium for Basta selection. Right image is a repres-
entative image after 14 d, where seedlings of the background line placed in the centre are dead and two investigated lines show a distribu-
tion of dead and survived seedlings.

2.6.2 T, seeds: Segregation pattern

For the assumption of one T-DNA insertion event, the T, generation should segregate ac-
cording to Mendel in a 1:2:1 pattern (Col-0/px-ck: hemizygous: homozygous). In order to
select lines with only one insertion event, the segregation pattern of T, plants were invest-
igated on plates with 1/2 MS medium with 10 ug/mL glufosinate ammonium (Fluka, 45520-
100MG) as plant selection marker (plate design see figure 7). After the plates were sealed with
Parafilm and stratified for at least 2d in the dark at 4°C, the plates were transferred to long
day growth conditions (16 h 75— 100 umol photons m 2 s~! at 22°C, 8 h darkness at 18°C) ina
horizontal position. After 10-14 d segregation pattern could be detect and verified. Surviv-
ors of T, generation were transferred to Jiffies in pots for phenotyping experiments or seed

propagation.

2.6.3 Tjs seeds: Verification of homozygous plants

Since homozygous and heterozygous T, plants for the sensor construct cannot be distin-
guished by their fluorescence or resistance, the propagation of T3 plants is obligatory to
identify homozygous T, plants. T3 seeds were either transferred directly to soil and sprayed
with Basta solution as described in section 1.2.5.1 or were selected on plates (see section
1.2.5.2). Seeds of heterozygous T, plants should show a segregation pattern of 3:1 survivor
to dead seedlings, whereas seed of homozygous T, plants do not show a segregation, thus all
T3 seedlings survive the Basta selection. Only seeds of homozygous T, plants were used for

phenotyping experiments.
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Table 8: Segregation pattern of all tested independent Arabidopsis lines in T, generation on plates with Basta selection.

For one T-DNA insertion event in the second generation (T2) a segregation pattern of 1:3 is expected, which was used as reference for the
Chi-square value (Xz-value). The segregation pattern is mathematically defined as survivor divided by total amount of seedlings. All lines
with a p-value < 0.05 were defined as significant different (sig. dif.) to the expected. As degree of freedom DF = 1 was used, since two
different phenotypic observations (survivor, dead) could be quantified.

Independent Ara- Survivor Dead Segregation  y?-value Sig. dif.
bidopsis line pattern [%]

Tether lines:

Col-0 24#5 #11 37 11 77.08 0.12 no
Col-0 24#5 #16 39 10 79.59 0.64 no
Col-0 24#5 #31 38 10 79.17 0.51 no
Col-0 24#5 #47 34 14 70.83 0.40 no
Col-0 24+#5 #48 44 4 91.67 17.45 yes
px-ck 24#5 #12 44 1 97.78 107.45  yes
px-ck 24#5 #31 32 14 69.57 0.64 no
px-ck 24#5 #38 42 5 89.36 10.20  yes
px-ck 24#5 #39 40 10 80.00 0.78 no
px-ck 24#5 #40 35 14 71.43 0.31 no
FLIM lines:

Col-0 20#1 #20 43 6 87.76 7.42 yes
Col-0 20#1 #26 34 15 69.39 0.73 no
Col-0 20#1 #34 48 0 100.00 3.00 no
Col-0 20#1 #41 37 12 75.51 0.01 no
Col-0 20#1 #48 36 11 76.60 0.07 no
px-ck 20#1 #11 4 44 8.33 279.27  yes
px-ck 20#1 #25 34 11 75.56 0.01 no
px-ck 20#1 #29 37 11 77.08 0.12 no
Col-0 84#2 #9 65 6 91,55 10.37  yes
Col-0 84#2 #12 49 21 70.00 0.93 no
Col-0 84#2 #15 56 16 77.78 0.30 no
Col-0 84#2 #16 48 23 67.61 2.07 no
Col-0 84#2 #30 61 11 84.72 3.63 yes
px-ck 84#2 #5 57 17 77.03 0.16 no
px-ck 84#2 #4 69 2 97.18 18.63  yes
px-ck 84#2 #35 56 18 75.68 0.02 no
Col-0 48#1 #20 50 23 68.49 1.65 no
px-ck 48#1 #21 57 15 79.17 0.67 no
px-ck 48#1 #22 45 20 69.23 1.15 no
px-ck 48#1 #23 66 5 92.96 12.21 yes
px-ck 48#1 #24 53 20 72.60 0.22 no
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Table 9: Segregation pattern of independent Arabidopsis lines in T3 generation on Basta plates.

Independent Arabidopsis line Survivor Dead Segregation pattern [%]
Col-0 24#5 #11A 31 8 79.49
Col-0 24#5 #11B 32 10 76.19
Col-0 24#5 #11C 28 0 100.00
Col-0 24#5 #11D 17 7 70.83
Col-0 24#5 #11E 22 7 75.86
Col-0 24#5 #11F 28 0 100.00
Col-0 24#5 #11G 22 6 78.57
Col-0 24#5 #11H 26 0 100.00
Col-0 24#5 #111 28 0 100.00
Col-0 24#5 #11] 25 3 89.29
Col-0 24#5 #16A 22 4 84.62
Col-0 24#5 #16B 19 4 82.61
Col-0 24#5 #16C 32 0 100.00
Col-0 24#5 #16D 22 6 78.57
Col-0 24#5 #16E 23 4 85.19
Col-0 24#5 #16F 24 4 85.71
Col-0 24#5 #16G 20 8 71.43
Col-0 24+#5 #16H 18 9 66.67
Col-0 24#5 #161 28 0 100.00
Col-0 24#5 #16K 28 0 100.00
px-ck 24#5 #12A 28 0 100.00
px-ck 24#5 #12B 28 0 100.00
px-ck 24#5 #12C 30 1 96.77
px-ck 24#5 #12D 18 9 66.67
px-ck 24#5 #12E 17 10 62.96
px-ck 24#5 #12F 25 2 92.59
px-ck 24#5 #12G 27 0 100.00
px-ck 24#5 #12H 31 0 100.00
px-ck 24#5 #121 29 0 100.00
px-ck 24#5 #12] 27 2 93.10
px-ck 24#5 #31/29A 21 7 75.00
px-ck 24#5 #31/29B 24 5 82.76
px-ck 24#5 #31/29C 23 4 85.19
px-ck 24#5 #31/29D 21 8 72.41
px-ck 24#5 #31/29E 21 6 77.78

(continued)



Table 9: (continued)

Independent Arabidopsis line Survivor Dead Segregation pattern [%]
px-ck 24#5 #31/29F 30 0 100.00
px-ck 24#5 #31/29G 28 0 100.00
px-ck 24#5 #31/29H 24 5 82.76
px-ck 24#5 #31/291 25 6 80.65
px-ck 24#5 #31/29] 21 6 77.78

2.7 Seed germination efficiency

Synchronised Arabidopsis seeds were harvested from plants, which were grown under stand-
ard conditions and surface sterilised as described in section 2.3. Seeds were transferred on
Petri dishes containing 25 mL of 1/2 MS media (see section 1.2.2) with and without sucrose.
In order to control plate effects, seeds of different mutant lines were grown on the same Petri
dish as the control lines (Col-0, px-ck).

Germination efficiency was determined daily at the same time point for 5d by usage of a
stereomicroscope to investigate the appearance of radicle penetrating endosperm and testa
(see thesis [189], figure 22).

2.8 Seedling phenotyping on agar plates - root growth

Arabidopsis seeds were sterilised and stratified as described in section 2.3. Seedlings were
vertically grown on standard medium for 5d. To avoid plate effects, 6 seedlings from the
genetic background plant and corresponding mutant line were placed side-by-side on one
plate. Plates were sealed with Micropore tape and photographically documented at indic-
ated time points. Increase of primary root was quantified by using Fiji (www.fiji.sc; [190,
191]).

2.9 Heat stress on agar plates

Arabidopsis seedlings were grown as described in section 2.3 and 2.8. To avoid plate effects,
6 seedlings from the genetic background plant and corresponding mutant line were placed
side-by-side on one plate. The primary root length of 7-day-old seedlings were marked prior
to the incubation of the plate for 25 min at 43 °C in a waterbath. The agar site of the plate
was facing towards the water. Control plates were incubated for 25 min in the dark at RT. 4 d
after the heat stress treatment the root length was recorded by a photo and quantified by the
software RootNav [185].
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2.10 Phenotyping on soil under normal light

Arabidposis plants were grown on standard medium in plates for up to 7d or in round pots
and single plants were transferred carefully to squared pots. The plants were maintained
at standard conditions (16 h 100-120 pmol photons m~2 s~ at 22°C, 8 h darkness at 18°C,
humidity 50%). For the analysis of the leaf rosette area photos from a top position were
taken and analysed using a costume Leaf Lab tool (Version 1.4.1) as described in Wagner
et al. [192]. To analyse the shift from vegetative to generative growth the time point, where
the primary inflorescence is 1 cm, was documented. The height of the primary inflorescence

was measure with a ruler.

2.11 Phenotyping on soil under high light

Arabidposis plants were grown as described in methods section 2.10. Plants were main-
tained at standard conditions (16 h 100-120 umol photons m~2 s™! at 22°C, 8 h darkness at
18°C, humidity 50%) prior the experiments. 2 week or 5 week-old plants were transferred to
high light conditions (16 h 350 pmol photons m~2 s™! at 22°C, 8 h darkness at 18°C). In the
stress experiments the HL treatment was applied for 4 d followed by 4 d of recovery (stand-
ard growths conditions). The photosynthetic yield (methods section 2.14), the anthocyanin

content (methods section 2.13) and fresh weight was investigated.

2.12 Dark-induced leaf senescence

Dark induced leaf senescence assays were performed as described in E Li ef al. [193]. The
third and the fourth rosette leaves of 4 week-old Arabidopsis plants were individually covered
with aluminium foil for 5d (figure 8). The degree of greenness is used as an indicator of the
progression of senescence. This was quantified based on the pixel-wise division of green by

red color intensity obtained from RGB-encoded images with Fiji (www.fiji.sc; [190, 191].)

2.13 Anthocyanin extraction

For anthocyanin analysis, the extraction and quantification method was adapted from Richter
et al., Lohmann et al., Lotkowska et al. [194-196]. 30 mg fresh leaf material of 6 week-old
plants was harvested in 2 mL safety lock tubes with one small metal ball and one glass ball.
For 3 week-old plants, the whole rosettes of the seedlings were harvested (~4.5-15.0 mg).
Samples were immediately frozen in liquid nitrogen and temporarily stored at -80°C for at
least 24 h. Afterwards, frozen samples were disrupted by using a TissueLyser II (Qiagen) at

30 Hz for 1 min 30 s, whereby the adapters were pre-cooled to —-80°C. The frozen powder was
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Figure 8: Leaves covered individually in aluminium foil for senescence assay.

resuspended vigorously in 1 mL or 350 pL extraction buffer (18% [v/v] 1-propanol, 81% [v/V]
H2044, 1% [v/v] HCI 37%) for 6 week-old or 3 week-old samples, respectively. Samples were
heated at 98°C for 3 min, incubated at RT in the dark for 2h and centrifuged at 13200 g at RT
for 20 min. Absorbance was detected at 535 nm and 650 nm with a Nanodrop spectropho-
tometer (Thermo Scientific). The relative anthocyanin content was calculated as following
(after [194]):

A537 —0.25 % A650
FWwigl

1)

2.14 Pulse Amplitude Modulation (PAM) fluorometry

For the PAM experiments stable Arabidopsis plants were grown under standard growth con-
ditions or treated with HL (see methods section 2.4 and 2.14). Plants were dark adapted for
at least 45 min prior measuring the photosynthetic activity by using a JUNIOR-PAM (Heinz
Walz GmbH) [197]. For the experiment, a predefined program “induction curve + recovery”
(IC + Recov) was performed under high light (HL) conditions with an actinic light intens-
ity of 250 umolm=2s™! (Act. Int. 6) for 200s followed by a recovery phase of 45min 50s
in the dark. The chosen parameters were the photochemical quantum yield of photosys-
tem II (PSI) (Y(II)), non-photochemical fluorescence quenching (NPQ) and the maximum

quantum yield of photochemistry of PSII (Fy /Fjy).

2.15 Oxygen consumption of leaf tissue

Respiration of leaf discs was analysed using a Clark-type oxygen electrode (Oxytherm, Han-
satech) with an adapted method from Kiihn et al. 2015 [198]. The electrode was prepared
and calibrated according to manufactur’s instruction. Arabidopsis plants were dark adapted

for atleast 30 min at RT. Three leaf discs were cut out (70 mm diameter) of different areas and
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leaves per plant ([199]) and directly placed in the darkened Oxytherm chamber containing
1 mL HyO44. Oxygen consumption was measured in the dark at 20°C for at least 30 min.
Afterwards the leaf discs were carefully wiped dry, and the fresh weight was determined.

Oxygen consumption was calculated in mmol O, min~! gFw~1.

2.16 Pollen staining

Pollen staining was performed similar to J.-M. Ugalde et al. [200] and Peterson et al. [201].
Pollen grains of 8 week-old plants were coloured with premixed ALEXANDER’s Staining Solu-
tion (MORPHISTO GmbH) in a dilution of 1:20 with water, which marks the cytoplasm in
magenta-red with acid fuchsine and the pollen cell wall in green with Malachite Green. Alive
pollen grains look as magenta-red circles with a green envelope, whereas dead pollen grains

lost their cytoplasm and look smaller and only green.

2.17 Silique imaging

Siliques of 8 week-old Arabidopsis plants were transferred to microscope slides. The valves
were carefully dissected along the replum on one side and stick to the object glass. Images

were taken with a Leica M165 FC stereomicroscope stereomicroscope.

2.18 Vacuum infiltration and MitoTracker staining

Vacuum infiltration was performed for the application of pharmacological and control treat-
ments in N. tabacum and Arabidopsis leaves. Therefore, leaves or leaf slices of 1 - 2 cm were
submerged into a 2 mL Eppendorf tube containing the respective solution. Tubes were trans-
ferred into Vacuum concentrator Savant® DNA 120 (Thermo Scientific, www.thermofisher.
com) and leaves were vacuum-infiltrated for 3 min. If the leaves /leaf slices were not fully in-
filtrated, the vacuum infiltration was repeated. For staining mitochondria with MitoTracker
orange or Mitotracker Green FM (500 nM), the leaves were dark incubated for 15 -20 min

prior imaging.

3 Microbiological methods

3.1 Bacterial strains

All Escherichia coli and Agrobacterium tumefaciens strains, which are used in this work, are
listed in table 10.
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Table 10: Bacteria strains. E. coli strains are chemical competent and A. tumefaciens strains electro-competent.

Bacterial strain Genotype

E. coliDB3.1 F~ gyrA462 endAl A(srl-recA) mcrB mrr hsdS20(rg” mp~)
ara-14 galK2 lacY1 proA2 rpsL.20 (Sm®) xyl5 A leu mtll \°
(Invitrogen)

E. coliDH5« F ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl
hsdR17 (rx”, mg') phoA supE44 thi-1 gyrA96 relAl )\
(Stratagene)

E. coli TOP10 F* mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74

recAl araD139 A(ara-1leu)7697 galU galK rpsL (Str?) endAl
nupG (Invitrogen)

A. tumefaciens AGL-1 AGL-0 (C58 pTiBo542) recA::bla, T-region deleted Mop(+)
Cb(R). AGL-0 background based on EHA101 with T-region
deleted (Aaph) Riff, AmpR) [202]

A. tumefaciens GV3101 C58,Ti pMP90 (pTiC58DT-DNA), Nopaline (Riff, Gent®)

(Lifeasible, www.lifeasible.com)

3.2 Bacterial growth

Bacteria strains were cultivated in liquid LB medium (Lysogeny broth: 1% (w/v) tryptone,
0.5% (w/v) yeast extract, 1% (w/v) NaCl, pH 7 with NaOH) [203] at 120 — 160 rpm and 28°C
for A. tumefaciens and 37°C for E. coli. For growing them on plates, 2% (w/v) agar was added
to LB medium before autoclaving. Corresponding sterile-filtered antibiotics (see table 11)
were added after autoclaving in appropriate concentrations. For blue-white selection addi-
tional sterile-filtered X-Gal (5-bromo-4-chloro-3-indolyl- f-D-galactopyranoside) and IPTG
(isopropyl- B-D-thiogalactoside) were added in appropriate amount.

For long-time storage, glycerol stocks were generated by mixing 400 mL of an overnight cul-

ture and 600 mL 80% sterilised glycerol, freezing in liquid nitrogen and storing at -80°C.

3.3 Transformation of electro-competent A. tumefaciens

All used A. tumefaciens strains are electro-competent and were transformed by using a Mi-
cropulser electroporator (Bio-Rad Laboratories) according to manufacturer’s protocol. 4 0
pL of cells were thawed on ice and 1-20 ng plasmid were added. After 5min incubation on
ice, the cell-plasmid mix were transferred in a cold electroporation cuvette. Immediately
after a pulse of 2.500 V for 5 ms 500 pL of 28°C preheated LB medium was added to the bac-

teria solution in the cuvette and transferred back to an Eppendorf tube. The bacteria were
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incubated for 2 — 3 h at 28°C before plating them on agar plates with appropriate antibiotics.

Table 11: Stock and working concentrations of antibiotics and additional selection markers.

Antibiotic/selection marker Abbr. Stock Working
concentration concentration
[mg/mL] / *[mM] [mg/mL] / *[mM]

Ampicillin amp 100 100
Gentamycin gent 50 50
Kanamycin kan 50 50
Rifampicin rif 50 50
Spectinomycin spec 100 100
5-bromo-4-chloro-3-indolyl-f-  X-Gal 20 40
D-galactopyranoside

isopropyl-B-D-thiogalactoside ~ IPTG *100 *0.1

3.4 Transformation of chemical competent E. coli

All used E. coli strains were chemically competent and transformed via heat-shock.

For generating chemical competent cells, an E. coli culture was grown to an ODggg of 0.4.
400 mL of the cell culture were centrifuged for 10 min at 2500 g at 4°C, the supernatant was
discarded and the pellet resuspended on ice in 50 mL 50 mM MgCl,. Cells were pelleted at
2800 g at 4°C and resuspended on ice in 40 mL 100 mM CacCl,. After an incubation of 20 min
on ice, cells were pelleted at 2800 g at 4°C and resuspended in 1 mL 85 mM CaCl, containing
15% (v/v) glycerol. Aliquots of 100 puL cells were frozen in liquid nitrogen.

100 pL of E. coli cells were thawed on ice for about 10 min and 1-20 ng plasmid or cloning
reaction were added. After an incubation of 30 min on ice cells were heat-shocked at 42°C for
45 s and directly transferred to ice for 2 min. 300 pL of preheated LB were added to the cells
and the mix were incubated at 37°C under shaking conditions. After 1 h cells were plated on
LB plates with respective antibiotic selection. For blue-white selection X-Gal and IPTG (see

table 11) were added in the plate medium.

3.5 Plasmid isolation from E. coli

Plasmid DNA was isolated with the NucleoSpin® Plasmid kit(Macherey-Nagel, www.mn-net
.com) according to the manufacturer “s protocol. For the elution deionised water was used

instead of the elution buffer.
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4 Molecular biological techniques

4.1 DNA extraction from Arabidopsis plants

DNA was extracted with a short version of a protocol described in Edwards et al. 1991 [204]
and Hu and Lagarias 2020 [205]. Rosette leaves from 4-8 week-old plants were transferred to
1.5mL tubes, 200 uL. Edwards buffer (200 mM Tris-HCI pH 7.5, 250 mM NaCl, 25 mM EDTA
and 0.5% (w/v) SDS) and leaves were disrupted manually by usage of a small plastic pistil.
Afterwards 200 uL isopropanol was added and gently mixed by inverting the samples fol-
lowed by centrifugation at 15000¢g for 5 min. The supernatant was discarded and the pellet
air-dried. The pellet was dissolved in 100 uL deionised water and centrifuged at 15000 g for

1 min. From the supernatant 1-1.5 uL. was used for a PCR with a total volume of 20 pL.

4.2 RNA extraction from Arabidopsis

RNA was isolated from rosette leaves of 3-5 week-old plants. After collection, leaves were
frozen in liquid nitrogen and disrupted in a TissueLyser II (Qiagen) at 30 Hz twice for 10s,
whereby the adapters need to be pre-chilled to -86°C. RNA was isolated using the NucleSpin
RNA isolation kit (Macherey-Nagel) according to manufacturer s instruction. Concentration
of isolated RNA was quantified with a Nanodrop spectrophotometer and quality was verified

on an agarose gel

4.3 Complementary DNA synthesis

For reverse transcription of isolated mRNA to complementary DNA (cDNA), the RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific) was used according to manufacturer “s
instructions. 1pL RNA and 0.5pL of Oligo (dT)18 and Random Hexamer primer each were
used for the first strand cDNA synthesis. According to the manufacturer s protocol, the

cDNA (20 ul) was diluted to 25 ng/uL and used as template for cloning PCRs.

4.4 Oligonucleotides

Lyophilised salt-free primers were ordered from Eurofins Genomics (www.eurofinsgenomic
s.eu). After resuspension in H,O to a stock concentration of 100 uM, primers were stored at
—20°C. For polymerase chain reactions (PCR) and sequencing experiments, stocks were 1:10

diluted to a working concentration of 10 uM.
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Table 12: Primers for Gateway cloning. Bold uppercase letters: GGGG + attB1l/attB2/attB3/attB4-site, lowercase letters: Glycin-alanin
linker, uppercase letters: Gene specific sequence. No. corresponds to primer stock number.

No.  Primer Sequence

4505 B3_L_toc34_fw GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctGCAGCTTTGC
AAACGCTTC

4506 B2 toc34 rev GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAAGACCTTCGACTTGCTA
AACC

4507 UTR_toc34_fw TAAGGATTTGTGTCCATGGC

4508 UTR_toc34_rev CTCGTGTCCACAACTCAAGA

4509 Bl_pex10_fw GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAATGAGGCTTAATGGGGA
T

4510 B4_L_pex10_rev GGGGACAACTTTGTATAGAAAAGTT
GGGTGagctccacctccAAAATCAGAAT
GATACAAACAA

4511 UTR_pex10_fw AAAGAAACGATGAGGCTTAAT

4512  UTR_pex10_rev CCATTGTGCCTAAAAATCA

4522  Bl_chupN(1-25)_fw GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAATGTTTGTCCGGATAGG
GTT

4523  B4_chuplN(1-25)_L _rev GGGGACAACTTTGTATAGAAAAGTT
GGGTGagctccacctccGGGTTTAACGT
TGAGCCG

4526 B3_L_TOC34C_fw GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctTGGATTCCCAA
TCTGTTCAA

4527 B2_TOC34C_rev GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAAGACCTTCGACTTGCTA

4546  B3_ChuplN_fw GGGGACAACTTTGTATAATAAAGTT
GGAATGTTTGTCCGGATAGGGTT

4547  B2_ChuplN_L_rev GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccGGGTTTAACG
TTGAGCCG

4548 B1_CFP_fw GGGGACAAGTTTGTACAAAAAAGC

AGGCTTAatggtgagcaagggcgag

(continued)
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Table 12: (continued)

No. Primer

Sequence

4549  B2_CFP-SKL_rev

4562 B3_OEP7N_fw

4563 B2_OEP7N_L_rev

4600 B3_L_AtTOMS5_fw_noATG

4601 B2_AtTOMS5_rev

4602  attB3_AtPECTIN_fw

4603  attB2_L_AtPECTIN

4604 B3_L_MIRO2C_fw

4605 B2_MIRO2C_rev

4606 UTR-PECTI1N_fw

4607 UTR-PECTIN_rev

4608 UTR_MIRO2C_fw

4609 UTR_MIRP2C_rev

4610 UTR_AtTOMb5_fw

4611 UTR_AtTOMS5_rev
4692  4692_B3_L_TOM20-2_F

4693  4693_B2_I._Pectl(FL)(noStop)_rev

GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAAAGCTTAGACcttgtacagct
cgtccatgcc
GGGGACAACTTTGTATAATAAAGTT
GGAATGGGAAAAACTTCGGGA
GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccGTCTTTGGTT
GGGTCAGATT
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctGTGAACAACG
TTGTCTCT
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAAACTCCCATGAGATC
GGGGACAACTTTGTATAATAAAGTT
GGAATGGTTTGGGAGAAAGAGAA
GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccTCGTTTTCTC
AAAATGCG
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctGAGACAGAGT
CAGGAAGAAG
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAAGCATTCTTCCTTGC
TGTTCGTAAGCAAAAATG
AAGCATATAGCTCTATCAGTC
AATCTCTCCGATGATGCTCG
GGCAAAAAGCTTCAAGCATT
TCAGCAGCAAGATGGTGAAC
TTCTTCTTCTCAAACTCCCA
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctATGGAGTTCT
CTACCGCCG
GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccGTCTCCGGA
CACAAACGAC
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Table 12: (continued)

No.

Primer

Sequence

4694

4695

4696

4697

4698

4699

4700

4701

4702

4703

4704

4705

4706

4694_'B3_L_PectIN

4695_!B2_Pect1N(Stop)_rev

4696_B3_L_MirolC_fw

4697_B2_Mirol(Stop)_rev

4698_B3_L_Mirol(FL)_fw

4699_B3_L_Miro2(FL)_fw

4700_B3_L_OMP85_fw

4701_B2_OMP85(Stop)_rev

4702_B3_OMP85(Start)_fw

4703_B2_OMP85(noStop)_rev

4704_B3_L_RRG_fw

4705_B2_RRG(Stop)_rev

4706_B3_RRG(Start)_fw

GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctATGGTTTGGG
AGAAAGAGAA
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCATCGTTTTCTCAAAATGC
G
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctGAGACCGAAG
CAGGCAA
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAGGCAGACGAGCTCTT
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctATGGCGAGAT
ACGCTGCT
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctATGATGCTCG
GTGGAAAG
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctATGGCGAATC
CGACGGAG
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAGGACGAAGCAGAGAAT
GTC
GGGGACAACTTTGTATAATAAAGTT
GATGGCGAATCCGACGGAG
GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccGGACGAAGC
AGAGAATGTCAAG
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctATGGGTAAAT
GGAGAGCAG
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAGAGTGAAGCTCCTGC
GGGGACAACTTTGTATAATAAAGTT
GATGGGTAAATGGAGAGCAGTAG

(continued)
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Table 12: (continued)

No.

Primer

Sequence

4707

4708

4709

4710

4711

4712

4713

4714

4747

4748

4749

4750
4842

4843

4707_B2_RRG(noStop)_rev

4708_B2_L_OEP7(FL)(noStop)_rev

4709_B1_pex11d_fw

B4_Pex11d(noStop)_L_rev

4711_B1_pex14_fw

4712_B4_Pex14(noStop)_L_rev

4713_B1_L_Pex14_fw

4714 _B4_Pex14_rev
B1_cYFP_fw

B4 cYFP_rev
Syt5.2_seq_500_fw

Syt5.2_seq_1037_fw
B1_35sT_F

B4 35sT rev

GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccGAGTGAAGC
TCCTGCGGA
GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccCAAACCCTCT
TTGGATGTG
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAATGGGGACGACGTTAGA
TG
GGGGACAACTTTGTATAGAAAAGTT
GGGTGagctccacctccGGGTGTTTTG
ATCTTGGG
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAatggcaactcatcagcaa
GGGGACAACTTTGTATAGAAAAGTT
GGGTGagctccaccteegttcectteetggetg
at
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAggtggaggtggagctATGGCAA
CTCATCAGCAA
GGGGACAACTTTGTATAGAAAAGTT
GGGTTTAGTTCCCTTCCTGGCT
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAatggacaagcagaagaacgg
GGGGACAACTTTGTATAGAAAAGTT
GGGTGctacttgtacagctcgtcca
ATTTGTGATAAGCTATGGAC
TTTGTTTCACTTCCAAAGAT
GGGGACAAGTTTGTACAAAAAAGC
AGGCTGATGAgcaaaaatcaccagtctctc
tc
GGGGACAACTTTGTATAGAAAAGTT
GGGTtcactggattttggttttagga
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Table 12: (continued)

No. Primer

Sequence

4844 B3_L_OEP7_fw

4845 B2_OEP7_Stop_rev

4917 attB1_L_SYT1C_fw

4918  attB4_SYT1C(Stop_rev

4919 attB1l _Start SYT1C fw

4920 attB4_SYT1C(noStop)_rev

4921 attB1_L_NET3C_fw

4922  attB4_NET3C_Stop_rev

4923  attB4_NET3C_Stop_rev

4924  B3_L_VAP27_fw

4925 B2_VAP27_rev

4983 attB2_L _SYT1IN_rev

GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctATGGGAAAAA
CTTCGGGA
GGGGACCACTTTGTACAAGAAAGC
TGGGTTCACAAACCCTCTTTGGATG
TG
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAggtggaggtggagctCTTGTAG
TTCCAATCCTTGACC
GGGGACAACTTTGTATAGAAAAGTT
GGGTGTCAAGAGGCAGTTCGCCAC
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAATGCTTGTAGTTCCAATC
CTTGACC
GGGGACAACTTTGTATAGAAAAGTT
GGGTGagctccacctccAGAGGCAGTT
CGCCACTC
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAggtggaggtggagctGTTAGAG
AAGAGGAGAAATCGAGA
GGGGACAACTTTGTATAGAAAAGTT
GGGTGCTAAAGGACCTTGTTGCCA
TC
GGGGACAACTTTGTATAGAAAAGTT
GGGTGCTAAAGGACCGCGGCGCCA
T
GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctAGTAACATCGA
TCTGATTGG
GGGGACCACTTTGTACAAGAAAGC
TGGGTTTATGTCCTCTTCATAATGT
ATC
GGGGACCACTTTGTACAAGAAAGC
TGGGTGagctccacctccGGTCTTAGG
CCAGAGATACAT

(continued)
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Table 12: (continued)

No.  Primer Sequence

4984  attBl_SYTI1_fw GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAATGGGCTTTTTCAGTACG
AT

4985 attB4_L_SYTIN_rev GGGGACAACTTTGTATAGAAAAGTT
GGGTGagctccacctccGGTCTTAGGC
CAGAGATACAT

4986 attB3_L_SYT1C_fw GGGGACAACTTTGTATAATAAAGTT
GGAggtggaggtggagctCTTGTAGTTCC
AATCCTTGACC

4987  attB2_SYT1C(Stop)_rev GGGGACCACTTTGTACAAGAAAGC

TGGGTTCAAGAGGCAGTTCGCCAC

Table 13: Primers for Greengate cloning. GGTCTC: Eco31I (Bsal) endonuclease recognition site, NNNN: module specific overhang for

Greengate cloning, lowercase: module specific sequence. No. corresponds to primer stock number.

No.  Primer Sequence

4735 C_cYFP_R1R4_BiFC_fw AACAGGTCTCAGGCTatggacaagcaga
agaacgg

4736  D_35sT_rev AACAGGTCTCACTGAtcactggattttggt
tttag

4737 C_R1_BiFC_FRET_fw AACAAGGCTgaacaagtttgtacaaaaaa

4738 C_tagRFP_R1R4_FRET_fw AACAAGGCTatggtgagtaaaggtgaaga

4739 E_R3_BiFC_FRET_fw AACAGGTCTCACTGCtggcaactttgtat
aataaa

4740 F_35sT rev AACAGGTCTCATAGTtcactggattttggt
tttag

4741 E_nYFP_R3R2_fw AACAGGTCTCACTGCatggtgagcaagg

gcgag

Table 14: Primers for Q5 mutagenesis ccdB gene. Lowercase letter reflect Q5 mutagenesis site from g to a in order to remove Eco31I (Bsal)
recognition site in ccdB gene. No. corresponds to primer stock number.

No.  Primer Sequence
4742  Q5SDM_R1R4_ccdB_ohne_Bsal fw CCAGTGTGCCaGTCTCCGTTA
4743  Q5SDM_R1R4_ccdB_ohne_Bsal_rev CCATATCGGTGGTCATCATG
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Table 15: Primers for DNA sequencing, colony PCR or gentoyping only. No. corresponds to primer stock number.

No.  Primer Sequence

335 Ml3u GTAAAACGACGGCCAGT

689 pDONR201-Seq-For TCGCGTTAACGCTAGCATGGATCTC
690 pDONR201-Seq-Rev GTAACATCAGAGATTTTGAGACAC
1490 35S_fwd GCAAGTGGATTGATGTGATATC
4016 nYFP_F actacaacagccacaacg

4017 cYFP_R cttgatgccgttcttctg

4036 tagRFP_seq_R ggtgattattgacagttccctce

4627 BiFC_CC_nYFP_rev atgaacttcagggtcagc

4628 FRET_CC_mVenus_rev tgaacttgtggccgttta

4629 nYFP_rev cgttgtggctgttgtagt

4804 GK-pGGC-incl-sp6-T7-fw ggaattgtgagcggataaca

4805 GK-pGGC-incl-sp6-T7-rv CACGACGTTGTAAAACGACG
4810 pEntry_GG_seq_rev_3533 AAATACCGCACAGATGCGTAAG
4811 pEntry_GG_seq_fw_1927 CCTTTGAGTGAGCTGATACCG
4812 pEntry_GG_seq_fw_1998 GAAGAGCGCCCAATACGCAAAC
4839  35sT_2inl_rev cactggattttggttttagga

4840 pMA_M13_fw TTGTAAAACGACGGCCAGT
4841 pMA_MI3_rev GGAAACAGCTATGACCATGT
4852  BastaR_seq_rev ttgacgatggtgcagacc

4853  GR-LhG4_seq_fw acggtccgaacctcataaca

4854 CmR_seql_rev tttaaaaaggccgtaatatcca

4855 CmR_seq2_rev tccagtgatttttttctccat

4856  cYFP_seq_fw cccgacaaccactacctgag

4857 pGGInt_ALF_seq_fw ggcctttttgegtttctaca

4858 pGGInt_ALF_seq_rev acgctacctttgccatgttt

4859  GGsaGFP_seq_fw aggtggaagtATGCGTGACC

4860 tagRFP_seq_fw attgcgacttaccttccaagc

4886  GGsaGFP_seq_rev GGTCACGCATacttccacct

4887 CmR_seql_fw tggatattacggcctttttaaa

4934  GFP1-10_seq_fw tctcggacacaaactggagt

4935 GFP1-10_seq_rev agcacgcgtcttgtatttcc

4936  GFP11_seq_rev TCCCAGCAGCATTTACGTACT
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4.5 Polymerase chain reaction

For PCR two different protocols were conducted. For cloning, the proof reading Phusion
High Fidelity DNA polymerase (New England Biolabs) were used in a 20 pL standard reac-
tion containing 4 pL 5x Phusion GC buffer, 0.4 uL. 10 mM dNTPs, 1 pL forward primer (10 pM),
1 uLreverse primer (10 pM), 1 uL template (25 ng/puL cDNA), 0.2 uL Phusion high fidelity DNA
polymerase and 12.4 uL. H20. The thermocycler conditions are described in below (table 16)

Table 16: Phusion PCR thermocycler conditions.

Steps Temperature [°C] Time [s]

Initial Denaturation 98 30

Denaturation 98 10

Annealing 60-70 30 x35
Extension 72 15-30 / kb

Final Extension 72 600

Hold 12

For primers with a template unspecific overhang and an annealing temperature of 72°C

a two step PCR protocol was performed (table 17).

Table 17: Two step PCR thermocycler conditions.

Steps Temperature [°C] Time [s]

Initial Denaturation 98 30

Denaturation 98 10

Annealing 60-70 30 x5
Extension 72 15-30 / kb
Denaturation 98 10 <5
Annealing + Extension 60-70 15-30 / kb

Final Extension 72 600

Hold 12

For colony or genotyping PCR the Tag DNA polymerase was used in a standard reaction
containing 2 pL 10x ThermoPol buffer, 0.4 uL. 10 mM dNTPs, 0.4 pL forward primer (10 pM),
0.4 uL reverse primer (10 pM), 0.1 uLTag DNA polymerase, 16.7 uL deionised water. Either a
colony or extracted DNA served as template for the PCR. The thermocycler conditions are
described in table 18.

Annealing temperatures of primers were calculated with the NEB Tm Calculator (tmcalc

ulator.neb.com).
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Table 18: Tag DNA polymerase PCR thermocycler conditions.

Steps Temperature [°C] Time [s]

Initial Denaturation 95 30

Denaturation 95 30

Annealing 48-60 30 x 35
Extension 68 30-60 / kb

Final Extension 68 720

Hold 12

4.6 DNA agarose gel electrophoresis and DNA purification

DNA fragments from PCR or enzymatic digest were separated via agarose gel electrophoresis.
DNA samples were supplemented with 6x DNA loading buffer (final concentration: 0.05%
(w/v) bromophenol blue, 0.05% (w/v) xylene cyanole and 8% (v/v) glycerol) before loading
on the agarose gel. The Gel was prepared with TAE (40 mM Tris-Acetate, 1 mM EDTA, pH
8.3), 1-2% (w/v) agarose and 40 uL/L HDGreen Plus (Intas). As base pair length standard,
GeneRuler' ' DNA Ladder Mix (www.thermoscientificbio.com) was used. Electrophoresis
was performed at 80-150V for 30 min to 1 h 30 min. Gel documentation was done with the
gel documentation chamber MF-ChemiBIS 2.0.

DNA purification was done with the NucleoSpin® Gel and PCR clean-up system kit from

Macherey-Nagel (www.mn-net.com) according to the manufacturers’ protocol.

4.7 Quantification of RNA and DNA concentration

Concentrations of plasmids, genomic DNA, RNA and fragments of PCR or digest reactions

were quantified with a Nanodrop spectrophotometer.

4.8 DNA sequencing

DNA sequencing was either performed by Eurofins (www.eurofinsgenomics.eu) or Microsy-
hth (www.microsynth.ch) to verify the sequence of PCR products or the correct assembly of

vectors.

4.9 Digestion of DNA with restriction endonucleases

For DNA digestion, FastDigest enzymes from Thermo Fisher Scientific (www.thermofisher.
com) were used. Digestion was performed in 15-30 uL final volume using 1-2 U of enzyme
per 1ug DNA. Buffer, temperature and incubation time were applied according to manu-
facturer’s instructions. The digest was either verified on an agarose gel or used for further

cloning steps.
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4.10 Cloning of the inducible pInd 2in1 vector system using Greengate clon-
ing

The 2in1 pInd vector system was cloned using the Greengate technique. Greengate cloning
was performed as described in Lampropoulos et al. 2013 [206]. They designed the GreenGate
system for generation of plant transformation constructs. It based on the Golden Gate tech-
nique and the enzyme Bsal (Eco31I), which is a type IIS enzyme.

For the 2in1 pInd vector system, individual modules were generated as indicated in figure
31 after the protocol of Lampropoulos et al. 2013 [206]. Therefore, the nucleotides 5 "-AACA-
GGTCTC-A-NNNN(nn)-3 “ were added to the forward primer. GGTCTC is the Bsal recogni-
tion site. AACA is added as a placeholder, since the Bsal does not cut when the restriction site
is at the ends of the PCR products. NNNN represents the module specific overhang and (nn)
represents needed nucleotides to stay in the reading frame with the adjacent module. To
the reverse primer 5 "-AACA-GGTCTC-A-NNNN-3 “ were added, while NNNN represents the
reverse complement of the module specific overhang (primer see table 13). Table 19 shows
an overview of all individual generated constructs with respective information including the
templates and the stock number of the primer. After amplification via PCR and gel purific-
ation of the desired fragment, the product and the respective empty pEntry were digested
with Bsal. Both digestions were purified, ligated with T4 DNA ligase for 1 h at RT or overnight
at 4°C and after heat inactivation transformed in E. coli strains. For the constructs contain-
ing a ccdB expression cassette DB3.1 cells were used, whereas for the other constructs cddB
sensitive DH5a or TOP10 E. coli strains were used. Colonies were checked by colony PCR
(methods section 4.5). The plasmids of verified colonies were purified (methods section 3.5)

and sequenced (methods section 4.8).

Table 19: Individual pEntry modules for Greengate cloning of 2in1 pInd vector system. *1: pEntry modules were synthesised by Thermo
Fisher. *2: Mutagenesis of template was necessary in order to remove unwanted Bsal recognition site in ccdB encoding region.

Tagged protein Empty Fwd. Rev.  Product Template
pEntry primer primer size
[bp]
[:A-pOP6Cam35Sm-B  *! x1 x1 432  pSWI180a - pOp6
[207]
II:D-pOP6Cam35sM-E  *! *1 *1 432  pSWI80a - pOp6
[207]
IV:C-R1R4-GFP11- *l x1 x1 1102  [160, 208]
Stop-35sTD
V:E-GFP1-10-R3R2- *1 *1 x1 1604  [160, 208]
35sT-F
(continued)
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Table 19: (continued)

Tagged protein Empty Fwd. Rev.  Product Template
pEntry primer primer size
[bp]
VLE-R3R2-GFP1-10-  *! *1 *1 1616  [160, 208]
Stop-35sT-F
E-R3-lacZ-R2-nYFP- pGGEO000 4739 4740 1403  BiFC CC [160]
Stop-35sT-F

E-nYFP-R3-lacZ-R2- pGGEO000 4741 4740 1423 BiFC NC [160]
35sT-F

E-R3-lacZ-R2- pGGEO000 4739 4740 1603 FRET CC [177]
mVenus-Stop-35sT-F

E-mVenus-R3-lacZ- pGGEO000 4741 4740 1704 FRET NC [177]
R2-35sT-F

C-(puffer)-R1-CanR- pGGC000 4737 4736 2307  BiFCNC [160] muta-
ccdB-R4-cYFP-Stop- genised *?

35sT-D

C-cYFP-R1-CanR- pGGCO000 4735 4736 2311 BiFC NN [160]
ccdB-R4-35sT-D mutagenised *?
C-R1-CmR-ccdB-R4- pGGC000 4737 4736 2700 FRET NC [177]
tagRFP-Stop-35sT-D mutagenised *?
C-tagRFP-R1-CmR- pGGC000 4738 4736 2776 FRET NN [177]
ccdB-R4-35sT-D mutagenised *?

Since more than six pEntry modules were needed for the 2in1pInd vector system, an in-
termediate cloning step was necessary. The Greengate cloning kit also includes intermediate
vectors to generate two constructs on one T-DNA. Different intermediate vectors were gen-
erated as indicated in figure 31 A after the protocol from Lampropoulos et al. 2013 [206]. The
Greengate reaction was performed the respective empty intermediate vector (pGGMO000/
pGGNO000) as destination vector for the pEntry modules. Therefore 1.5 uL of each module
(concentration approximately 100 - 150 ng/pL) were mixed with 1 puL of the digested and
purified intermediate vector, 1.5uL FastDigest buffer, 1.5 uL. ATO (10 mM), 1L T4 DNA li-
gase (30u/pL) and 1pL FastDigest Eco311I (Bsal) in a total volume of 15uL. The Greengate
reaction conditions are shown in table 20. For generating intermediate vectors, fresh T4 and
ATP were added after the 50 cycles and incubated for 1 h at RT prior heat inactivation. 6 pL of
the reaction were used for transforming E. coli (methods section 3.4). Colonies were checked
by colony PCR (methods section 4.5), purified and verified by digesting those with Sacl, KpnI
and Bsal. Positive intermediate clones were combined in a final Greengate reaction using the
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destination vector pGGZ001.

Table 20: Greengate reaction conditions.

Temperature [°C]

Time [min]

37
16
50
80

(S22 NS) )|

x50

Table 21: 2in1 pInd destination vectors, which were generated in this study.

4.11 Generation of rBiFC, saGFP and FRET/FLIM expression constructs by

The Gateway cloning technology is based on A-phage recombination sites. For generating
the rBiFC, saGFP and FRET/FLIM-based sensor constructs, a 2inl1 MultiSite Gateway system
developed by Grefen & Blatt was used [160]. The pDest vector for the FP-based sensor sys-
tems have two Gateway cassettes. Therefore, two different donor vectors, pPDONR221 P3P3
or pDONR221 P1P4, were used to generate pEntry L1L4 or pEntry L3L2 via BP reaction. One
pEntry221 L1L4 and one pEntry221 L3L2 were recombined with the respective pDest of the
2in1 cloning systems (rBiFC [160], FRETvr [177]: see table 22, self generated pInd system:

Vector

Clone number

pGGMO001 saGFP_CC
pGGMO004:splitYFP_NC
pGGMO003:splitYFP_CC
pGGMO06:FRET_NC
pGGMO05:FRET_CC
pGGNO000:LhGR

pInd splitYFP NC

pInd splitYFP CC

pInd saGFP CC

pInd FRET NC

pInd FRET CC

#7.1
#1.1
#4.1
#1.3
#3.1
#1
#1
#2
#2
#1
#1

Gateway cloning

see table 21) via LR reaction.
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Table 22: Gateway vectors used as donor or destination vector.

Vector

Provided by

Ref.

pBiFC NC

pBiFC CC

pBiFC NN

pBiFC CN

pFRET NC

pFRET CC

pFRET NN

pFRET CN

pDONR221 P1P4
pDONR221 P3P2

Christopher Grefen, Ad-
dgene (plasmid #105112)
Christopher Grefen Ad-
dgene (plasmid #105114)
Christopher Grefen, Ad-
dgene (plasmid #105111)
Christopher Grefen, Ad-
dgene (plasmid #105113)
Christopher Grefen, Ad-
dgene (plasmid #105123)
Christopher Grefen, Ad-
dgene (plasmid #105117)
Christopher Grefen, Ad-
dgene (plasmid #105126)
Christopher Grefen, Ad-
dgene (plasmid #105120)
Invitrogen

Invitrogen

[160], www.n2t.net/addgene:105112

[160], www.n2t.net/addgene:105114

[160], www.n2t.net/addgene:105111

[160], www.n2t.net/addgene:105113

[177], www.n2t.net/addgene:105123

[177], www.n2t.net/addgene:105117

[177], www.n2t.net/addgene:105126

[177], www.n2t.net/addgene:105120

www.thermofisher.com

www.thermofisher.com

Generating pEntry clone Gene transcripts encoding selected fusion candidates were en-

riched using primers that add attB Gateway recombination sites (table 12). PCR fragments

were purified and recombined into pDONR by the BP reaction. Therefore the respective

pDONR (75 ng), the calculated amount of PCR product (equation 2; i = insert; v = vector; m

= mass; kb = kilobase) and 0.5l PB II clonase were mixed and incubated for 1 h at RT. After

inactivation of the BP reaction via proteinaseK (0.5uL, 10 min, 37°C), bacteria were trans-

formed. pEntry colonies were verified via colony PCR followed by pEntry plasmids puri-

fication and verification via sequencing. All used candidate protein/protein domains and

generated pEntry clones are listed in table 23.

m(i)=(mv) * kb(i))/kb(v)

2)
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Table 23: Proteins or protein domains used for 2in1 FP-based sensor systems as candidates. *1: provided by Stefanie Miiller-Schiissele.

Protein of origin  FL or chosen protein Organellar FP-fusion = pDONR221 Ref.
domain membrane site
PpPEX3 PpPEX3N, PerM C-terminal P1P4 *l
Ppls16_308V PpPEX3N(GGSGG) 3,
M1-A50 (+/-linker)
AtOEP7 FL OE C-terminal P3P2 [209]
AT3G52420 N-terminal
TOM20-2 FL MOM N-terminal P3P2 [210,
AT1G27390 211]
PpTOM20 PpTOM20C, P161- MOM N-terminal P3P2 *1
Ppl1s15_226V6.1 R204
VAP27-1 FL ER N-terminal P3P2 [58]
AT3G60600
NET3C FL PM N-terminal P1P4 (58]
AT2G47920
SYT1 At2g20990 SYT1C, L244-8541 PM C-terminal P1P4 [29]
N-terminal
PEX11b FL PerM C-terminal P1P4 [212]
AT3G47430
PEX11d FL PerM C-terminal P1P4 [212]
AT2G45740
PEX10 FL PerM C-terminal P1P4 [122,
At2g26350 213]
CHUP1 CHUPIN, M1-P25 OE C-terminal P3P2 [214]
AT3G25690
TOC34 OE N-terminal P3P2 [215]
AT5G05000
TOC34 TOC34C, W231-S313  OE N-terminal P3P2 [215]
AT5G05000
Mirol MIRO1C, E602-A648 MOM N-terminal P3P2 [216]
At5g27540
Miro2 MIRO2C, E599-A643 MOM N-terminal P3P2 [216]
At3g63150
SYT1 At2g20990 SYT1N, M1-T243 ER C-terminal P3P2 [29]
(continued)
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Table 23: (continued)

Protein of origin FL or chosen protein Organellar FP-fusion =~ pDONR221 Ref.

domain membrane site
VAP27- FL ER N-terminal P3P2 [58]
1(T59/60A)
AT3G60600
NET3C(K211) FL PM N-terminal P1P4 [58,
AT2G47920 68]

Generating pExpression clones One pEntry221 L1L4 and one pEntry221 L3L2 were re-
combined with the respective pDest of the 2inl cloning system (rBiFC [160], FRETvr [177],
self generated pInd system) via LR reaction. For the 2inl LR reaction a molecular ratio of
1:2:2. Therefore, 50 ng pDest, the calculated amount of both pEntry plasmids (equation 2;i=
pEntry vector; v = destination vector; m = mass; kb = kilobase) and LR II clonase were mixed
and incubated overnight at RT. After inactivation of the LR reaction via proteinaseK (0.5 pL,
10 min, 37°C), DH5a or TOP10 bacteria were transformed. pExpression colonies were veri-
fied via blue white selection and colony PCR followed by pExpression plasmids purification
and verification via digest or sequencing. All generated pExpression clones, which were gen-

erated during this work, are listed in table 24.

Table 24: Generated Gateway expression clones for FP-based sensor systems. All plasmids were generated during the project by Stefanie
Miiller-Schiissele, Andrea Wiibben, Alexa Brox or Anna-Lena Falz.

Vector sys- Proteins used LR  Error- Outcome tobacco:
tem No free
clone
pBiFC NC PpPEX3N; 35sT 14 #3 PerM YFP signal
pFRET NC AP1sp; PpTOM2C 18 #3 OE, MOM mVenus sig-
nal, negative control for
FRET/FLIM

pBiFC NC PpPEX3N: PpTOM20C 19 #2 YFP signal in PerM, OE, MOM
pFRET NC PpPEX3NtagRFPlinker 24 #5 Co-localisation of tagRFP and

mVenusPpTOM20C mVenus signal, PerM + OE sig-
nal
pBiFC NC PEX11b; 35sT 25 #50 PerM YFP signal
(continued)
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Table 24: (continued)

Vector sys- Proteins used (B1B4; LR  Error- Outcome tobacco
tem B3B2) No free
clone
pBiFC NC 35sT35sP; TOC34C 26 #1 No YFP signal in transformed
cells (cytosolic RFP control),
pEntryL114 35sT35sP was
subsequently found out to be
non-functional
pBiFC NC 35sT35sP; TOC34 27 #1 No YFP signal in transformed
cells (cytosolic RFP control),
pEntryL1L4 35sT35sP was
subsequently found out to be
non-functional
pFRET NC PpPEX3N, TOM5 28 #1 Cytosolic mVenus signal,
PerM tagRFP signal
pBiFC NC PpPEX3N, TOM5 29 #1 PerM YFP signal
pFRET CC PpPEX3N; 48 #1 OE mVenus signal (many stro-
OEP7(noStop)_L muli), PerM tagRFP signal
pFRET NC PpPEX3N; MIRO2C 49 #1 PerM tagRFP signal, Miro2C
probably MOM (mVenus), but
not verified by MitoTracker
staining
pBiFC NC PEX11d; 35sT 50 #1 PerM YFP signal
pFRET CC PpPEX3N; OEP7N 54 #1 OE mVenus signal (many stro-
muli), PerM tagRFP signal
pFRET CC PEX11d; PECT1FL 59 #1 Probably MOM mVenus
signal (not verified by Mi-
toTracker staining), PerM
tagRFP signal
pBiFC NC PpPEX3N(GGSGG);3; 74 #1 PerM, OE YFP signal
PpTOM20C
pFRET NC PpPEX3N(GGSGQG)13; 75 #2 Weak OE, MOM mVenus sig-
PpTOM20C nal, PerM tagRFP signal
pBiFC NN 35sT; 35sT 76 #1 Cytosolic YFP + RFP signal
pBiFC NC cYFP35sT; 35sT 77 #1 Cytosolic YFP + RFP signal
pBiFC NN 35sT; OEP7_Stop 78 #1 Cytosolic YFP + RFP signal
(continued)
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Table 24: (continued)

Vector sys- Proteins used (B1B4; LR  Error- Outcome tobacco
tem B3B2) No free
clone
pBiFC CN 35sT; OEP7(noStop)_L 79 #2 OE YFP signal
pBiFC CC PpPex3N; 82 #1 PerM YFP signal, weak OE YFP
OEP7(noStop)_L signal
pBiFC CC PpPex3N(GGSGG)3; 83 #2 PerM YFP signal, weak OE YFP
OEP7(noStop)_L signal
pFRET CC PpPex3N(GGSGQG)13; 84 #2 PerM tagRFP signal, OE
OEP7(noStop)_L mVenus signal
pBiFC NN 35sT; PpTOM20C 85 #1 OE, MOM YFP signal (verified
by MitoTracker)
pBiFC NC SYT1C_L; 358T 88 #4 Weak YFP signal, cytosolic or
PM (both)
pBiFC NN L_SYTI1C; 35sT 89 #1 Weak YFP signal, cytosolic or
PM (both)
pBiFC NC PpPex3N(GGSGG)3; 90 #1 PerM YFP signal
35sT
pBiFC NN NET3C; 35sT 91 #1 Cytosolic RFP (expression
control), no YFP signal
pBiFC NN 35sT; VAP27 92.2 #2 ER YFP signal
pBiFC NN NET3C; VAP27 93.2 #2 Cytosolic RFP (expression
control), no YFP signal
pInd saGFP PpPEX3N; 94 #1.1  Weak PerM GFP signal
CC OEP7(noStop)_L
pInd saGFP PpPEX3N(GGSGG)3; 95 #1 PerM GFP signal
CC OEP7(noStop)_L
pInd splitYFP PpPEX3N; 96 #6 Weak PerM YFP signal
CC OEP7(noStop)_L
pFRET NC PpPEX3N; PpTOM20C 98 #1 -
pInd FRET PpPEX3N(GGSGG);3; 99 #1 -
NC PpTOM20C
pBiFC NN NET3C(N222A/K223A); 100 #1 Cytosolic RFP (expression
35sT control), no YFP signal
pFRET NN NET3C; VAP27 104 #17  No tagRFP signal, ER mVenus
signal
(continued)
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Table 24: (continued)

Vector sys- Proteins used (B1B4; LR  Error- Outcome tobacco
tem B3B2) No free

clone

pFRET NN NET3C(N222A/K223A); 111 #1 No tagRFP signal, ER mVenus

VAP27 signal
pBiFC NC SYT1C-L; VAP27 112 #1 -
pBiFC NN L-SYT1C; VAP27 113 #1 ER YFP signal

5 Dexamethasone induction of pInd vector system

The dexamethasone induction of the pInd vector system was performed in the transient sys-
tem N. tabacum. Leaves were infiltrated with the respective pInd construct 2d or 5d prior
the induction assay. N. tabacum leaf discs (diameter 6.3 mm) were submerged upside down
in a 96-well plate prefilled with imaging buffer (10 mM MES, pH 5.8, 5 mM KCI, 10 mM CacCls,,
10 mM MgCl,) and incubated for 1 h in the dark.

Prior the experiment, the buffer was replaced by fresh buffer. The CLARIOstar® plate
reader was used to monitor the dexamethasone induction of the pInd vector system (see
methods section 4.10 and 4.11; results section 4).

After 5 cycles dexamethasone or control solution (buffer + DMSO) was added to start the
induction (as indicated in the respective experiment). Fluorescence of RFP, GFP or YFP was
recorded at 25°C with top optics and orbital shaking at 500 rpm for 5s prior each measure-
ment cycle (RFP: excitation: 540-20 nm; emission: 580-20 nm; excitation: 540-20 nm (RFP),
482nm (saGFP, splitYFP); emission: 580-20nm (RFP) 530-20nm (saGFP), 540-20 nm
(splitYFP)).
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6 Calculation of FP-based reporter sizes

Table 25: Calculation of FP-based reporter sizes. The values for splitYFP are similar to those for saGFP. The longer linker (GGSGG);3 adds
additional 23.3 nm to the FP-based sensors.

vector Features Nucleotides  amino acids size [nm] sensor
size [nm]
BiFCNC nYFP + cYFP secondary secondary 4.20 1717 +
structure structure 15.12 =
32.28
HA-tag + Myc 69 + 90 23 +30 8.28 + 10.80
(inclusive
remaining se-
quence)
attB-sites 24 +24 8+8 2.88 +2.88
short linker 15+ 12 5+4 1.80 + 1.44
BiFCCC nYFP +cYFP secondary secondary 4.20 17.88 +
structure structure 15.12 =
33.00
HA-tag + Myc 78 +90 26 +30 9.36 + 10.80
(inclusive
remaining se-
quence)
attB-sites 24 + 24 8+8 2.88 +2.88
short linker 15+ 12 5+4 1.80 + 1.44
FRET mVenus + secondary secondary 4.20+4.20 11.04 +
NC/ tagRFP structure structure 11.04 =
FRET CC 22.08
remaining se- 18 +18 6+6 2.16 +2.16
quence
attB-sites 24 +24 8+8 2.88 +2.88
short linker 15+ 12 5+4 1.80 + 1.44
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7 Fluorescence microscopy methods

All fluorescence microscope imaging experiments were performed using a confocal laser
scanning Zeiss LSM780 microscope and a x10 (Plan-Apochromat, 0.3 N.A), x40 (C-Apochro-
mat, 1.20 N.A., water immersion) or x63 lens (Plan-Apochromat, 1.40 N.A., oil immersion)
and for FLIM additional a Compact TCSPC System (Becker&Hickl).

7.1 Monitoring of chloroplast-peroxisomes proximity and movement

Imaging: The experimental setup was adapted from Oikawa et al. 2015 [26]. In this study,
peroxisomes and chloroplasts of N. tabacum pavement cells, A. thaliana mesophyll cells and
P patens protonema cells were investigated regarding their proximity to each other under dif-
ferent photosynthetic conditions. Therefore, N. tabacumleaves were infiltrated with the per-
oxisomal marker construct pSS02:CFP-SKL or stable peroxisomal marker lines of A. thaliana
(px-ck, CFP) and P, patens (HPR-Citrine #3, citrine) were used. Fluorescence of CFP and cit-
rine was excited 405 nm (Diode 405-30)and 488 nm and the emission was collected between
467-487 nm and 508-535 nm, respectively. Chloroplasts were detected via chlorophyll fluor-
escence, which was excited at 488 nm and collected between 686-735 nm. Z-stacks were re-
corded with 15-20 layers and 1 um distance between the layers.

The experimental setup is shown in figure 10 A & B. Leaves or leaf slices of A. thaliana and
N. tabacum were vacuum infiltrated with DCMU (20 uM), cytD (20 uM) or water as control.
DCMU is an inhibitor of PSII [26], while cytD is a cytoskeleton inhibitor [26]. Afterwards,
the leaf material was dark adapted for 30 min followed by either imaging of the dark sample
or a transfer to light conditions (20 umol photons m~2 s™!) for 1.5-3h. P, patens protonema
tissue was 45 min dark adapted followed by imaging or the pharmaceutical treatments plus
transfer to light conditions for 1.5-3 h. Differently to higher plants oryzalin (10 uM) was used

as cytoskeleton inhibitor.

Analysis process: In order to be able to verify the chloroplast-peroxisome-interaction rate
per cell, cells were cropped using the analysis software Icy [184]. Z-stacks were loaded into
Icy, the cells were marked using the transmitted light channel, cropped in 3D and exported
as a tiff file. It was important not to change the histograms of the raw data. The proxim-
ity of chloroplasts and peroxisomes of the cropped cells were analysed using an automatic
Python-based analysis pipeline developed in this study. The used Python packages are listed
in table 26 and the analysis was executed via VSCodium using the Python version 3.8.2/ 3.7.6
64 bit. The Python-based analysis pipeline is composed of a parameter file (parameter.py)
and five linked but individually executable scripts. The parameter file includes general set-
tings for the analysis procedure and information about the raw data (1-5), settings for the

segmentation (6-7) and settings for the calculation of the interaction rate (8) (figure 9).
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FOLDERS

OUTPUTDIR = "output”

CORES = 12

CHANNEL_PEROXISOMES
CHANNEL_CHLOROPLAST

VOXEL = np.array((0.208, ©.208, 1.9))

imageFilterPeroxisome = 1
distanceFilterPeroxisome = 1

imageFilterChloroplast = 1.5
distanceFilterChloroplast = 2.5

THRESHOLD = ©.208 * ©

Figure 9: Parameter file for the Python-based analysis pipeline.

Green code is commented (#) and serves only as an explanation. Numbers indicate parameters, which can be individually adapted for each
analysis. 1-5, General setting: 1) List of folders to be analysed containing the cropped z-stacks. 2) Subdirectory in each folder, where results
are saved. 3) The number of CPU cores used for the analysis. 4) Channels of peroxisomes and chloroplasts of the respective raw data. 5)
Voxel resolution. 6-7, Settings for script main_1_proximity_ALEpy: 6) Image and distance filter for peroxisomes. 7) Image and distance
filter for chloroplasts. 8, Settings for script main_3_compile_ALEpy: 8) The distance threshold (maximal distance), which is considered as
contact.
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Table 26: Python packages used for the proximity Python-based analysis pipeline.

Package Version
opencv-Python 4.5.1.48
matplotlib 3.2.0rc2
numpy 1.18.3
tifffile 2020.2.16
scipy 1.4.1
scikit-image 0.16.2
pandas 1.2.1
imagecodes 2021.1.28
seaborn 0.11.1

The scripts must be located in the same parent directory as the depicted folder in order

to work.
In script “main_1_proximity_main_ALEpy” regions of interest (ROI) were identified for two
selected channels and segmented to different objects. For imaging segmentation, a water-
shed method and two different filters were used (figure 11 A, B). The filters could be adapted
manually regarding object size and shape, resolution of image (figure 9 (number 6,7)). The
image filter is responsible for smoothing of inhomogeneities, whereby a larger filter corres-
ponds to more smoothing. The distance filter is responsible for smoothing the local maxima
for distorted objects, as for example chloroplasts. A larger filter corresponds to more blur-
ring.

The voxel resolution needs also to be adapted respective to the imaging setups. Coloured
images of segmented objects with a spectral colour map were generated, on which basis the
distance of organelles is calculated. The formula to calculate the distance (d) in a three-
dimensional space is:

d* = (X1 = X2)* + (1 = Y2)* + (21— Z)° 3)

Vd =V (X1 - X2)2+ (Y1 - Ya)2 + (Z) — Zp)? (4)

In script “main_1_proximity_ALEpy” the pairwise minimal distance from centre of mass
to centre of mass is calculated and an output for each individual input file as an
input_file_Distance.csv file is generated. An additional output is the minimal normalised
distance from centre of mass plus average radius to centre of mass plus average radius. To
be able to calculate the surface to surface distance, an additional script is included, since this
a very computationally intense calculation (“main 2_surface_dist ALEpy”). As an output for
each individual input file an input_file_Distance_Surface.csv file is generated.

The script “main_3_compile_ALEpy” is to compile all related .csv files to one and directly
calculating the percentage of the interaction rate of peroxisomes to chloroplasts and chloro-
plasts to peroxisomes (p./p;, c./c;, organelle with contact/ organelle total) per cell based on

the surface to surface distance. Therefore, a distance threshold must be included defining
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the maximal distance, which is defined as contact between those two organelles.

7.2 Localisation and topology control using BiFC sensors

The topology of proteins or protein domains was verified after Zamyatnin Jr et al. [165]. As
vector system the 2in1 rBiFC vector system was used [160], which includes an additional RFP
expression control for transient expression as in N. fabacum. The transient transformation
was performed as described in methods section 2.2 and imaged after 2 d after infiltration. If
necessary for the localisation, an additional organellar marker construct was co-infiltrated
or MitoTracker staining was performed (methods section 2.18). One splitYFP fragment was
expressed in the cytosol, whereas the other splitYFP fragment was fused C- or N-terminal to
the respective candidate protein / protein domain (figure 5). A self-assembly of both frag-
ments only occurred if the FP-tag was fused to the cytosolic facing site of the protein. If
only the RFP expression control could be detected but no YFP signal, the FP-tag was located
towards the organelle inward-facing site.

Fluorescence settings were adjusted to the different spectral properties of each FP: YFP
was excited at 488 nm and the emission was collected at 517-561 nm. RFP and MitoTracker
orange were excited at 543 nm (HeNe543)and the emission was collected at 579-624 nm. CFP
(ER, peroxisomal marker) was excited at 405 nm (Diode 405-30)and the emission was col-
lected at 467-487 nm. Chlorophyll autofluorescence was excited at 488 nm and the emission
was collected at 686-735 nm. As beam splitters following were used: MBS: MBS 488/543/633,
MBS_InVis: {-MBS 405/625c and DBS1: Mirror.

7.3 Monitoring organellar proximity with BiFC sensors

Monitoring the organellar proximity via BiFC sensors was performed via a transient expres-
sion in N. tabacum using the rBiFC vector system of Christopher Grefen [160]. Since this
vector system does not contain any plant selection marker cassette, the imaging was exclus-
ively performed transiently in N. fabacum two days after infiltration. If necessary, an addi-
tional organellar marker construct was co-infiltrated or MitoTracker staining was performed
(methods section 2.18). Both splitYFP/saGFP fragments were fused C- or N-terminal to the
respective candidate proteins / protein domains.

The pixel dwell was set to 1.58-2.55 us, the averaging to 4-8-fold and the pinhole mostly
to 1.5-4 Airy units. Fluorescence settings were adjusted to the different spectral properties of
each FP: YFP was excited at 488 nm (Argon) and the emission was collected at 517-561 nm.
GFP was excited at 488 nm and the emission was collected at 517-561 nm. RFP and Mito-
Tracker orange were excited at 543 nm (HeNe543) and the emission was collected at 579-
624 nm. CFP (ER, peroxisomal marker) was excited at 405 nm (Diode 405-30)and the emis-

sion was collected at 467-487 nm. Chlorophyll autofluorescence was excited at 488 nm (Ar-
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gon) and the emission was collected at 686-735 nm. As beam splitters following were used:
MBS: MBS 488/543/633, MBS _InVis: f-MBS 405/625c and DBS1: Mirror.

7.4 Monitoring organellar proximity with FRET/FLIM sensors

Imaging: Monitoring the organellar proximity via FRET/FLIM sensors was performed via
a transient expression in N. fabacum and in stable A. thaliana lines using the FRET/FLIM
2in1 vector system of Christopher Grefen [177]. If necessary, an additional organellar marker
construct was co-infiltrated or MitoTracker staining was performed (methods section 2.18).
The donor mVenus and the acceptor tagRPF were fused C- or N-terminal to the respective
candidate proteins / protein domains.

The status Zen black software needed to rebooted to be compatible with the FLIM time-
correlated single photon counting (TCSPC) application of Becker&Hickl [179]. Afterwards
the TCSPC application must be started including thte SPCM imaging software. FiFo Imaging
were set to 512x512x256 and detector output to 70 %, which needed also to be enabled. For
CLSM imaging pixel dwell was set to 1.27 us, the averaging to 4-fold, the pinhole mostly to 1
Airy unit and the frame size to 512x512 px. After taking a snap with the Zen black software,
for FLIM detection the settings needed to be altered as fast as possible to: 1) deactivate all
Tracks InTune Track, 2) frame size to max, average number to 1-fold and 3) change Mirror to
Plate. Afterwards acquisition in the SPCM imaging software was started, followed by starting
continuous scanning in the Zen black software. When a photon count of about 50.000 (after
about 30s) was observed, FLIM acquisition and continuous scanning was stopped. SPCM
dataset was saved and send to the SPCImage software for the analysis. For continuing with
Zen, Plate was changed back to Mirror.

Fluorescence settings were adjusted to the different spectral properties of each FP: CFP
(ER, peroxisomal marker) was excited at 405 nm (Diode 405-30)and the emission was collec-
ted at 467-487 nm. mVenus was excited at 517 nm (InTune) and the emission was collected
at 517-562 nm. tagRFP was excited at 543 nm (HeNe543) and the emission was collected at
579-624 nm. Chlorophyll autofluorescence was excited at 517 nm (InTune) and the emission
was collected at 686-735 nm. As beam splitters following were used: MBS: MBS 488/543/633,
MBS_InVis: f-MBS 405/520c and DBS1: Mirror/Plate.

Analysis process: For the analysis of the FLIM data the analysis software SPCImage (Becker
& Hickl GmbH) was used. The settings were set to binning factor = 4 , scatter to 0 (fix) and
fix shift. The values were changed by arrow keys of shift and check for the minimal y? in
different areas. For the 1 component (1C) analysis (single-exponential lifetime decay, figure
6 C), components were set to "1" and decay matrix was calculated with 7,,. For the 2 com-
ponent (2C) analysis (double-exponential lifetime, figure 6 D), components were set to "2".

The double-exponential decay model consists of a slow (72) and a fast (7;) lifetime compon-
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II. METHODS

ent from non-interacting, unquenched and from interacting, quenched donor molecules,
respectively. 7, was set to the 7,, value of the negative control with 2575 ps (only mVenus
donor, unquenched). Based on that 7; and the intensity factors (amplitudes), a and b of 7
and 7, respectively, were calculated. The ratio of aand b (Nrgg7/Np) represents the number

of interacting and non-interacting molecules.
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IIT Results

1 Influence of light on the proximity between chloroplasts and

peroxisomes

Prior to the visualisation of MCS, it is reasonable to test whether and under which condi-
tions the proximity between the organelles of interest is enriched. In this thesis, the main
focus lies on the interaction between the photorespiratory organelles, namely chloroplasts,
peroxisomes and mitochondria. Since photorespiration is a light-dependent reaction [129],
the correlation between the interaction of those organelles and the dependence on light has
already been addressed in previous studies: Measuring the organelle tethering forces, an in-
creased physical interaction between chloroplasts and peroxisomes under light compared to
dark conditions have been identified [25, 26]. Those findings were also supported by a study
of Oikawa et al. analysing the interaction rate between the photorespiratory organelles in Ar-
abidopsis mesophyll leaf tissue [26]. They identified the interaction rate to be higher under
light compared to dark conditions quantifying CLSM imaging data.

1.1 Establishment of an automatically performed Python-based segmenta-

tion process

The following section of this work aims to reproduce and verify previous findings investigat-
ing the proximity between chloroplasts and peroxisomes and developing a transparent and
automatically running analysis process. The experimental setup was adapted from Oikawa
et al. [26]: Besides light and dark treatments, they applied also DCMU and cytochalasin D
(cytD) in combination with light as pharmaceutical treatments. DCMU is an inhibitor of
PSII, which in turn lead to a disruption of the linear electron transport chain (LEF) mim-
icking dark conditions with a reduced interaction rate [26]. Since organelle positioning has
been shown to be also regulated by the cytoskeleton [217-220], they investigated the im-
pact of the active organellar motion on the organellar proximity [26]. For this purpose,
they used cytochalasin D (cytD) as cytoskeleton inhibitor finding a significantly increase in
peroxisome-chloroplasts contact. The aim of this section was to verify, if this findings could
be reproduced not only in Arabidopsis thaliana but additionally in Nicotiana tabacum and a
basal land plant species Physcomitrella patens.

As imaging material confocal z-stacks (15-20 layers, 1 um distance between the layers) of

all three species were recorded under the conditions described above. The chlorophyll auto-



fluorescence and a peroxisomal marker were used to visualise chloroplasts and peroxisomes,
respectively. In N. tabacum, leaves were infiltrated with a peroxisomal CFP marker construct
(pSS02:CFP-SKL) [221] 2d prior imaging. The Agrobacterium-mediated transformation in
N. tabacum is known to be mostly efficient in pavement cells. This was the reason, why
z-stacks of pavement cells were taken as the starting material for the proximity analysis in
N. tabacum. For the analysis in A. thaliana and P, patens, stable lines with a peroxisomal
marker (A. thaliana: px-ck [186], CFP-SKL; P patens: HPR-Citrine #3 [222]) were used. This
allowed the visualisation of the organellar proximity in photosynthetic active tissue, namely
in A. thaliana mesophyll and in P patens protonema cells.

In preparation for the following analysis, individual cells of the z-stacks were cropped
with Icy [184]. Figure 10 shows the maximum intensity projections (MIP) of representative,
cropped z-stacks of all three species and under different conditions (experimental procedure
see figure 10 A, B). The MIP consist of an overlay of the peroxisomal marker depicted in cyan
and the chlorophyll autofluorescence in magenta (figure 10 C). Considering the MIP only, no
obvious differences between the different treatments regarding the peroxisome-chloroplast
proximity could be observed for all three species (figure 10).

To be able to verify the beforehand described impressions, the qualitative and intensity-
based image information of the cropped z-stacks had to be converted into spatial informa-
tion. Therefore, we developed an automatically running and easily adaptable Python-based
analysis pipeline (in collaboration with Dr. Christoph Engwer). As first step of the seg-
mentation process (figure 11 A, B), the fluorescence signals of the original grayscale images
were processed by an image filter (IF), which was responsible for smoothing inhomogeneit-
ies. A larger filter value corresponded with a higher smoothing effect. Afterwards, the otsu
thresholder was applied to create a binary image from the original grayscale images. For the
segmentation, a distance matrix for each object (organelle) had to be calculated, whereas
the pixels with the maximal distance to the background were defined as local minima (figure
11 A, white centres).

In order to be able to segment distorted objects (such as oval chloroplasts), a distance
filter (DF) was added to the process. DF was responsible for smoothing local minima of dis-
torted object (organelles). The higher DF value was, the more blurring occurred, which in
turn led to a merge of two local minima to one. After defining the local minima, the water-
shed algorithm was applied for the finally segmentation. This algorithm is based on using
the local minima as a starting point (figure 11 A, black centres) and figuratively fill them up
with water. When the water level has reached the boundary of an object or meet water com-
ing from another local minima, so-termed watershed lines serve as boundaries [224]. Based
on this segmentation, the minimal pairwise surface-to-surface distances for all organelles
could be calculated later on in the quantification (see results section 1.2. Considering a dis-
tance threshold, the percentage of organelles with contact within each cell was automatically

quantified.
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Figure 10: Maximum intensity projection (MIP) of representative z-stacks used for a chloroplast-peroxisome proximity analysis in
three different species and under different photosynthetic conditions.

A, B: Experimental setup: The samples were imaged under light (20 umol photons m~2 s™1) and dark conditions, and after a pharmaceut-
ical treatment under light conditions. DCMU (20 uM) is an inhibitor of photosystem II, which lead to an inhibition on of the photosynthetic
electron transport chain. As second treatment either cytD (20 uM) for higher plants or oryzalin (10 uM) for P patens were used as cytoskel-
eton inhibitors. C: Representative MIP images showing an overlay of chlorophyll autofluorescence (magenta) and a peroxisomal marker
(cyan) in N. tabacum pavement, A. thaliana mesophyll and P patens protonema tissue. N. tabacum was imaged 2 d after infiltration with a
peroxisomal CFP marker construct (pSS02:CFP-SKL) [221]. For A. thaliana (px-ck, CFP-SKL [186]) and P, patens (HPR-Citrine #3 [222]) WT
lines with a peroxisomal marker were used for the proximity analysis. Scale bar=10um. Raw image data of N. tabacum was generated as
part of the supervisory relationship with Andrea Wiibben [223]. Raw image data of P patens was provided by Prof. Dr. Stefanie Miiller-
Schiissele.

The Python-based analysis pipeline has a parameter tab, where important parameters for
the procedure or the analysis itself could be adjusted for differently collected data sets: 1) The
list of the folders to be analysed, 2) the number of cores, which were used for the analysis, 3)
the channels for peroxisomes and chloroplasts, 4) the pixel/voxel resolution, 5) IF and DF for
peroxisomes and chloroplasts, and 6) the distance threshold (maximal distance), which was
considered as contact. The first four parameters either belong to the analysis procedure (1,
2) or were predetermined by how the z-stacks were recorded (3, 4), whereas the filter values
and the chosen distance threshold had a direct influence on the analysis and its quality (5,
6).
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Figure 11: Segmentation of chloroplasts and peroxisomes: Procedure and setting optimisation based on the example of an A. thaliana
mesophyll cell.

A: Organelles were segmented via Python using a otsu threshold and watershed algorithm. B: To optimise the segmentation two different
filters were implemented in the Python-based analysis pipeline. The image filter (IF) is responsible for smoothing inhomogeneities of the
objects (organelles), whereas the chosen filter value behaves proportional to the smoothing effect. The distance filter (DF) behaves also
proportional and is responsible for smoothing local maximal of distorted object (organelles). C: Peroxisome and chloroplast segmentation
of on representative A. thaliana mesophyll cell with differently chosen filter values. In the left column one representative MIP of the CLSM
signal of peroxisomes (first raw) and chloroplast (second raw) are represented. In the Python-based segmentation each single object
(organelle) is represented in a different colour. Too low filter values led to over-segmentation of both organelles. Too high filter led to a
high number of fusion of of more than one organelle and/or that the segmented objects are larger than the actual fluorescence signal. Raw
image data of N. tabacum was generated as part of the supervisory relationship with Andrea Wiibben [223]. Raw image data of P patens
was provided by Prof. Dr. Stefanie Miiller-Schiissele.

In figure 11 C the optimisation process for the values of IF and DF is shown. In the left
column the MIP of either peroxisomal CFP marker or the chlorophyll autofluorescence are
presented. The other three columns show the Python-based segmentation with differently
chosen filter values. Whereas too low filter values led to over-segmentation and blurred
boundaries, too high filter values led to a higher number of merged organelles within one
segmented object, as well as oversized objects compared to the original fluorescence signal.

Using optimised filter settings, the objects of both organelles matched with the fluorescence
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Figure 12: Segmentation of chloroplasts and peroxisomes by self-developed Python-based analysis pipeline with optimised filter set-
tings and in three different species.

Representative 3D images of N. tabacum pavement, A. thaliana mesophyll and P, patens protonema tissue. Organelles were detected via
a peroxisomal CFP marker (cyan) and the chlorophyll autofluorescence (magenta) and shown as maximum intensity projection (MIP).
Organelles were segmented via Python using a otsu threshold and watershed algorithm. To minimise background signal and optimise
the segmentation two filters were used. The image filter (IF) smooth inhomogeneities of the objects (organelles) and a distance filter
(DF) smooth the local maxima for distorted objects. Larger filter values lead to a higher smoothing effect for both filters. The filters were
depicted as follow: N.tabacum and A. thaliana: 1IFp =1, DFp =1, IF¢c =1.5, DE¢c =2.5; P patens: IFp=1, DFp =5, [F¢c =3, DFc=6. Scale
bar=10pum.

signal and were segmented correctly to a large extent.

The filter values had to be optimised for both organelles in all three species. The proced-
ure was to adjust the filter values step by step and to check the quality of the segmentation
manually for at least 5 z-stacks per organism. Figure 12 represents the Python-based seg-
mentation of peroxisomes and chloroplasts alongside the original fluorescence signal exem-
plary in one cell of N. tabacum, A. thaliana and P patens. Although the size of peroxisomes
and chloroplasts were different in N. tabacum and A. thaliana, for both analysis the optimal
filter settings were similar (IFp =1, DFp =1, IF¢ =1.5, DF¢ =2.5). In P, patens the chloroplasts
were even larger (supplemental table S1) and the peroxisomes were more elongated com-
pared to N. tabacum and A. thaliana (figure 10). This led to other filter settings than in higher
plants with IFp =1, DFp =5, [F¢c =3 and DF¢ =6.
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1.2 Verifying the Python-based surface-to-surface proximity quantification

After optimising the parameters for the segmentation process, the reliability of the Python-
based proximity analysis itself needed to be proven. For this purpose, the Python-based
analysis (figure 14 B-D) was compared to a manual evaluation (figure 14 A) of the same raw
data of N. tabacum. Both analyses determined the proximity ratio of chloroplasts or peroxi-
somes in contact with the respective other organelle of one cell (chloroplasts with contact /
chloroplasts total (c./c;), peroxisomes with contact / peroxisomes total (p./py)).

To test, if the Python-based analysis pipeline could identify different organellar prox-
imity ratios, two organellar tether constructs were included in the analysis in addition to
the WT background. Those construct should mimic a higher proximity ratio in comparison
to WT conditions (figure 13). On the one hand, artificial tethering between the mitochon-
drial outer membrane (MOM) and outer envelope (OE) of chloroplasts with the peroxisomal
membrane (PerM) was created by using the BiFC (bimolecular fluorescence complementa-
tion) construct 19#2. The tethering effect was based on an irreversible maturation of the two
non-fluorescent fragments of a splitYFP [159], both fused to different organellar membrane
proteins. In our case, the fusion partners of the splitYFP fragments were truncated versions
of the two P, patens proteins PpPEX3 and PpTOM20. PpPEX3N is the N-terminal part of the
mentioned PerM protein PpPEX3 and localised to the PerM in N. tabacum (see results section
2). PpTOM20C is composed of the C-terminus of PpTOM20, MOM protein, and localised to
the MOM and the OE (see results section 2). On the other hand, a synthetic tether con-
struct (24#5, PpPEX3N:tagRFP:mVenus:PpTOM20C) was designed composed of the same
truncated proteins flanking the FRET (Forster resonance energy transfer) pair mVenus and
tagRFP, which in turn are linked by a flexible linker (schemata see figure 41 A).

The MIP of the transformed N. tabacum cells are represented in figure 13 under light and
dark conditions. Similar to WT conditions, within the same genotype no obvious differences
between light and dark treated cells could be identified (figure 10). The visual impression
was that the BiFC construct 19#2 resulted in chloroplasts and peroxisomes being adjacent to
each other to a higher extent than in WT cells (figure 10). The overexpression of the synthetic
tether construct 24#5 led to cluster formation of peroxisomes, both in N. tabacum and also in
A. thaliana. The clusters had a spherical form and were mainly not adjacent to chloroplasts
(figure 13). The manual quantification of the organellar proximity (figure 14 A) supported
the aforementioned impressions of the qualitative imaging data (figure 10 & 13). Within
one genotype, both c./c; and p./p; the light and dark treatment did not differ significantly
from each other (figure 14 A). However, while the organellar contact of WT and 24#5 overex-
pression cells were similar, overexpression of the BiFC construct 19#2 led to an significantly
increase of c./c; and p./p;.

The Python-based analysis included various pixel-sized-based distance thresholds de-

termining below which threshold the distance was considered as a contact (figure 14 B-D).
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Figure 13: Maximum intensity projection (MIP) of representative cells transformed with artificial or synthetic tether constructs
between chloroplasts and peroxisomes.

Representative MIP images showing an overlay of chlorophyll autofluorescence (magenta) and a peroxisomal marker (cyan) in N. tabacum
pavement and A. thaliana mesophyll tissue. The samples were imaged under light (20 umol photons m~2 s~!) and dark conditions. Plants
were transiently (N. tabacum) or stable (A. thaliana transformed with either a BiFC (19#2, BiFC NC nYFP:PpTOM20C PpPEX3N:cYFP) or a
synthetic tether construct (24#5, PpPEX3N:tagRFP:mVenus:PpTOM20C) construct. Both constructs contain PpPEX3N, a truncated version
of a P patens peroxisomal membrane (PerM) protein and PpTOM20C, a truncated version of a mitochondrial outer membrane (MOM)
protein. In N. tabacum, PpPEX3N localised to the PerM in, whereas PpTOM20C localised to the MOM and the outer envelope (OE) of
chloroplasts (see results section 3). In (N. tabacum, the constructs were co-infiltrated with a peroxisomal CFP marker (pSS02:CFP-SKL)
[221], whereas in A. thaliana stable lines with the synthetic tether construct in a WT background with a peroxisomal CFP marker (px-ck,
CFP-SKL) were used for the proximity analysis. Scale bar=10um. Raw image data of N. tabacum was generated as part of the supervisory
relationship with Andrea Wiibben [223].

MCS are normally described to be in a range of 10-30 nm, which is smaller than the resolu-
tion limit of our CLSM imaging material with 420 nm/pixel or 208 nm/pixel for N. tabacum
or A. thaliana and P, patens, respectively (figure 14 or 15). However, the distance threshold
could not be automatically set to 0 pixels. The reason was, that instead of the organellar
outer membranes, the peroxisomal matrix and chlorophyll autofluorescence were used as
starting point for the segmentation. Therefore, the detected signal did not accurately re-
flect the real surface of the respective organelles, but was a reasonable estimate. Thus, the
proximity ratio with three distance thresholds were compared, namely 0 pixels, 1 pixel and
2 pixels with <0.42um, < 0.42pum and < 0.84 um as maximal distance, respectively. Using
the Python-based analysis pipeline and regardless of the distance thresholds being applied,
the average percentages of c./c; and p./p; were decreased compared to those in the manual
analysis (figure 14). Nevertheless the same trend as in the manual quantification could be
identified: While c./c; and p./p; did not significantly differ from each other between light
and dark treatments within the one genotype, c./c; and p./p; were significantly increased
for the BiFC tether construct 19#2 compared to WT and 24#5 (figure 14). As the trend re-

mained similar, the averages increased proportional with the distance threshold.
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Figure 14: Quality control of self-developed Python-basedproximity analysis between chloroplasts and peroxisomes in N. tabacum
pavement cells.

WT and transiently transformed N. tabacum pavement cells overexpressing different artificial tether constructs were investigated regarding
the proximity of chloroplasts and peroxisomes under light and dark conditions. The light treatment was performed at 20 pmol m~2s~! for
1.5-3h after an dark adaption of 30 min. For the dark treatment leaf material was at least dark incubated for 30 min. One tether construct
19#2 was a based on a BiFC sensor approach. The BiFC fragments (splitYFP) were either fused to truncated versions of a peroxisomal or
mitochondrial (mislocalsied to OE) membrane protein (PpPEX3N:cYFP nYFP:PpTOM20C). As the reassembly of the splitYFP is known
to be irreversible, the maturated BiFC construct could serve as an artificial tether between the photorespiratory organelles. The second
tether construct 24#5 was a fusion protein PpPEX3N:tagRFP:mVenus:PpTOM20C (for further information see section 2.10). In additions
all investigated plants were transiently transformed with a peroxisomal CFP marker.

The organellar proximity was either analysed manually or by using a self-developed Python-based analysis pipeline. The Python-based
analysis was based on a watershed segmentation of the CFP (peroxisomes) and chlorophyll autofluorescence (chloroplasts) channel, fol-
lowed by a 3D reconstruction of the z-stack. Based on the 3D reconstruction, the distance between the surfaces of chloroplasts and per-
oxisomes within a cell were calculated. For calibration, different distance thresholds in a range from 0 to 2 pixels (0.42 um / pixel) were
tested (B-D) and compared to the manual analysis (A). n = 16. Each replicate represents the c./c; and p./p; of one individual cell. Data
are shown as box plot with median and Tukey whiskers. Significant differences were calculated according to 2way ANOVA with Tukey “s
multiple comparisons test. Raw image data of N. tabacum and part of the analysis was generated as part of the supervisory relationship

with Andrea Wiibben [223].

The comparison to the manual analysis showed that the Python-based analysis was able
to reliably reproduce the same trend in N. tabacum with equally increasing averages propor-
tional to the distance threshold. To ascertain if the distance threshold influences the prox-
imity analysis in other tissues and organisms to an equal extent, an analysis was carried out
on mesophyll cells of A.,thaliana WT and two independent stable synthetic tether lines 24#5
(figure 15). In general, the average percentages of c./c; and p./p; did not differ between the
lines or treatments except for px-ck 24#5 #31 dark with an increase in the percentage. With

increasing distance threshold, the mean percentage c./c; and p./p; increased (figure 15) as
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Figure 15: Quality control of self-developed Python-based analysis pipeline for the proximity analysis between chloroplasts and per-
oxisomes in A. thaliana mesophyll cells.

Mesophyll leaf material of A. thalianaWT px-ck and two independent T2 overexpression lines px-ck 24#5 #12 and #31 were analysed regard-
ing the proximity of chloroplasts and peroxisomes. The tether construct 24#5 is a fusion protein PpPEX3N:tagRFP:mVenus:PpTOM20C (for
further information see section 2.10). The light treatment was performed at 20 pmol m~2s71 for 1.5-3h after a dark adaption of 30 min. For
the dark treatment leaf material was at least dark incubated for 30 min. The organellar proximity was quantified by using a self-developed
Python-based analysis pipeline. The Python-based analysis was based on a watershed segmentation of the CFP (peroxisomes) and chloro-
phyll autofluorescence (chloroplasts) channel, followed by a 3D reconstruction of the z-stack. Based on the 3D reconstruction, the distance
between the surfaces of chloroplasts and peroxisomes within a cell was calculated. For calibration, different distance thresholds in a range
from 0 to 4 pixels (0.208 um / pixel) were tested (A-E). n = 40. Each replicate represents the c./c; and p¢/p¢ of one individual cell. Data
are shown as box plot with median and Tukey whiskers. Significant differences were calculated according to 2way ANOVA with Tukey “s
multiple comparisons test.

in the analyses in N. tabacum (figure 14 B-D).

In summary, the quality control of the Python-based analysis revealed that we were able
to reliably reproduce the same trend as a manual analysis. The distance threshold affected
only the level of the mean percentages of c./c; and p./p; but not the general trend. Based

on this findings, only one distance threshold needed to be chosen for further analyses. Thus,
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we set the threshold to 0 pixels (V. tabacum: <0.42 um; A. thaliana & P, patens: <0.208 pm).

1.3 Proximity analysis between chloroplasts and peroxisomes in three mo-

del plant species under different photosynthetic conditions

After optimising the filter values, verifying the quality of the Python-based analysis pipeline,
and choosing the distance threshold, the actual proximity analysis under different photo-
synthetic conditions was performed. As mentioned before, the proximity analysis was con-
ducted in three different organisms and tissues, namely in N. tabacum pavement, A. thaliana
mesophyll and P, patens protonema cells. The experimental setup was adapted from Oikawa
etal. [26] (description see above). Aa cytoskeleton treatment, we used cytD (20 uM) in higher
plants to inhibit the actin filament derived organellar movement (proven in supplemental
figure S1), whereas oryzalin (10 uM) was chosen as microtubuli inhibitor in P patens. The
reason for using oryzalin in P patens was, that their organellar movement is dependent on
microtubuli [225].

Diagrams of the experimental setup are shown in figure 16 A and B. The proximity ana-
lysis exhibited pronounced in-homogeneities for c./c; and p./p; between N. tabacum (C),
A. thaliana (D) and P, patens (E) (figure 16). In pavement cells of N. tabacum (figure 16 C), the
mean values differed by a maximum of 37.7% for c./c; and 22.4% for p./p;. Both c./c; and
pc/p: were not significantly different between the light, dark and cytD treatments (c./c; &
pe/pr: light: 43.5% + 17.0% & 35.1 % + 9.9 %; dark: 53.2 % + 21.4 % & 34.0 % + 18.9 %; cytD:
55.7% + 17.1 % & 40.3 % + 18.5 %). Meanwhile, the treatment with DCMU led to a significant
decreaseinc./c; =18.0% + 14.7% and p./p; = 17.9% + 15.7 % (figure 16 C).

In A. thaliana, the variance between the treatments was smaller than in N. tabacum, with
cc/c; and p./p; differing only by a maximum of 11.8 % and 2.5 %, respectively. The leaves
treated with cytD and the control treatment DMSO (solvent for DCMU and cytD stock solu-
tions) exhibited a significantly increase for c./c; compared to the light, dark and DCMU
treatment (light: 30.1 % + 14.4 %; dark: 35.2 % + 18.1 %; DCMU: 35.0 % + 15.3 %; cytD: 39.7 %
+ 16.5%; DMSO: 41.9% + 16.9%). The mean values of p./p; were generally higher (light:
47.4% + 15.1 %; dark: 53.0 % + 22.6 %; DCMU: 54.8 % + 21.4 %; cytD: 52.0 % + 16.0 %; DMSO:
59.9% =+ 18.0 %). Interestingly, only p./p; of the control treatment DMSO was significantly
increased significant compared to the light treatment (figure 16 D).

The mean values of the analysis in P patens protonema cells were distinctly higher than
those of N. tabacum and A. thaliana. The lowest average for c./c; was 70.3 % (dark), while
the highest averages for c./c; in N. tabacum and A. thaliana were 55.7 % (cytD) and 41.9 %
(DMSO), respectively. The same tendency could be also identified for p./p; with the low-
est average in P patens at 89.1 % and the highest for N. tabacum and A. thaliana at 40.3 %
and 59.9 %, respectively. Regarding c./c;, only the dark treated cells showed a significant
decrease compared to all other treatments (light: 91.4% + 12.9 %; dark: 70.3% + 19.1 %;
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Figure 16: Proximity analysis between chloroplasts and peroxisomes under different photosynthetic conditions in N. tabacum (C),
A. thaliana (D) and P. patens (E).

A, B: Experimental setup: light treatment was performed at 20 pumol m~2 s~ for 1.5-3h after a dark adaption. For the dark treatment leaf
material was at least dark incubated for 30 min for higher plants (A) and 45 min for P patens (D). DCMU (20 uM) functions as inhibitor of
photosystem II leading to an inhibition of the photosynthetic electron transport chain. As second treatment cytoskeleton inhibitors were
used to depolymerise the respective structure of the cytoskeleton, which is responsible for the active movement of the chloroplasts. In
higher plants (N. tabacum, A. thaliana) cytD (20 uM) was used to depolymerise the actin filament, whereas in (P patens) oryzalin (10 uM)
functioned as microtubuli inhibitor. C, D, E: Quantification of the organellar proximity in N. tabacum (C), A. thaliana (D) and P, patens
(E). N.tabacum: n = 18. A.thaliana: n = 43. Ppatens: n = 24. Each replicate represents the c./c; and p./p¢ of one individual cell.
Data are shown as box plot with median and Tukey whiskers. Significant differences were calculated according to One-way ANOVA with
Tukey s multiple comparisons test. Distance threshold for the Python-based analysis pipeline < 1 pixel. Raw image data of N. tabacum
was generated as part of the supervisory relationship with Andrea Wiibben [223]. Raw image data of P patens was provided by Prof. Dr.
Stefanie Miiller-Schiissele.

DCMU: 95.4% + 8.1 %; oryzalin: 84.0% =+ 16.2 %; light dark: 85.4% + 13.8%). The results
of p./p: showed even less variation than those of c./c; with a maximum of 4.1 % and no
significantly differences between all treatments (light: 92.6 % + 7.4 %; dark: 89.3 % + 12.8 %;
DCMU: 93.2 % + 6.7 %; oryzalin: 89.1 % + 9.8 %; light dark: 92.8 % + 6.2 %).

In summary, the proximity analysis of N. tabacum, A. thaliana and P, patens was not con-
sistent between the different species. Whereas addition of DCMU led to an distinct decrease
of both c./c; and p./p; in Ntabacum, in A. thaliana only small variations could be identi-
fied. While the average percentages of the analyses in N. tabacum and A. thaliana ranged

between 17.9 % and 55.9 %, the lowest average in P patens was 70.3 %.

77



78



III. RESULTS

2 Assessment of targeting and topology of fusion proteins for

proximity reporters

As a starting point for the development of specific proximity sensors (see results section 3
and 5), we verified targeting to different organellar membranes using either full-length pro-
teins or specific domains including the targeting signals from the respective protein candid-
ates. The procedure was to screen for candidates, where either the topology is published or
predicted using bioinformatic analysis tools, and then to verify the topology transiently in
N. tabacum. A schematic overview of all tested candidates is shown in figure 17 A.

We had to investigate the topology of the fusion candidates to guarantee cytosolic ori-
entation of the FP-tag fusion site for the proximity reporter systems. For that, we used a
BiFC approach similar the topology assay published in Zamyatnin Jr et al. [165] (figure 5).
The truncated or the full-length candidate proteins were fused on either their N- or the C-
terminal site to one fragment of the splitYFP (nYFP, cYFP) and combined with the respective
cytosolic expressed splitYFP fragment. We used the published Gateway-based 2in1 ratiomet-
ric BiFC (rBiFC) vector system of Christopher Grefen ([160], figure 18 A). The simultaneous
expression of both splitYFP fragments fused to the genes of interest and the cytosolic ex-
pression control RFP [168] allows a quantification of the splitYFP signal. Importantly, it is

designed for the transient expression in plants, so that the cytosolic RFP serves as trans-

L J candidate selection:
- ﬁ\ endoplasmic reticulum:
[y AtVAP27
AtVAP27(59T/60A)

plasma membrane:
NET3C
NET3C(K211A)
SYT1C

@& plastids:
AtOEP7

vacuole

' mitochodria:
PpTOM20C
AtTOM20-2

@ peroxisomes:
PPPEX3N

Yol N PPPEX3N(GGSGG);5

Figure 17: Schematic overview of fusion protein candidates for BiFC and FRET/FLIM reporter systems

Putative MCS of interest between endoplasmic reticulum and plasma membrane, and between plastids, peroxisomes and mitochondria
are highlighted with dotted circles (red) with protein fusion candidates to label the respective (outer) organellar membranes. AtVAP27,
AtVAP27(59T/60A), NET3C, NET3C(K211A), AtOEP7 and AtTOM20-2 were utilised as full length proteins, while for SYT1, PpTOM20 and
PpPEX3 only protein domains were chosen. In this case, the addition of C or N to the protein name indicated a selection of the protein
domain of the C- or N-terminus (fragment selection in table 23). N (nucleus).
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Figure 18: Verification of cytosolic expression control.

A: Gateway-based 2inl ratiometric BiFC (1BiFC) vector system of Christopher Grefen [160], which was used for the topology assay
after Zamyatnin Jr et al. 2006 [165]. B, C: CLSM images of transient expression in N. tabacum for the constructs BiFC NC nYFP:35sT
cYFP(Stop):35sT and BiFC NN nYFP:35sT cYFP:35sT. resulting in cytosolic splitYFP signal. D, E: Ratiometric analysis of the total fluor-
escence BiFC normalised by that of cytosolic expression control RFP. Data are shown as box plot with median and Tukey whiskers. D,E:
Ratiometric analysis of the total fluorescence splitYFP normalised by that of the cytosolic expression control REP. Two different zooms
were used and either the total signal (cytosol + nucleus) or regions of interest (ROIs) in the nucleus served as basis for the analysis. Data
are shown as box plot with median and Tukey whiskers. Significant differences were calculated according to 2-way ANOVA with Tukey “s
multiple comparisons test. Scale bar = 10 um.

formation control in the absence of a YFP signal [160].

In a first step, constructs encoding cytosolic expressed splitYFP fragments needed to be
established. To do this, two different approaches were tested (figure 18) with the vectors BiFC
NC nYFP:35sT cYFP(Stop):35sT and BiFC NN nYFP:35sT cYFP:35sT. The Gateway-cassette
B3B2 contained a stop codon plus a 35s terminator (35sT) and the Gateway-cassette B1B4

either a stop codon plus a 35sT or the cYFP fragment including a stop codon plus a 35sT
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(figure 18 A). The expectation was that the missing targeting signal automatically led to a
cytosolic expression of both splitYFP fragments, where they can maturate and emit a cytoso-
lic YFP signal. This could be confirm for both constructs using CLSM imaging (figure 18 B,
C). The average ratio of the splitYFP to the independently expressed RFP differed with 0.35
and 1.0 for the cYFP:35sT and 35sT construct, respectively. A ratio of about 1.0 corresponded
to the results published in the original publication of the rBiFC vector system [160]. Thus, for
further localisation experiments the cloning cassettes (B3B2/B1B4) including a stop codon

plus a 35sT were used.

2.1 Known ER-PM contact site proteins as fusion protein

ER-PM contact sites (EPCS) are the best characterised MCS in plants with already identified
MCS proteins in A. thaliana as the ER-PM protein pair VAP27-1 and NET3C [58] or the tether
protein SYT1 [29, 59]. The idea was to use those MCS-known proteins or mutated/truncated
versions of them as control for the proximity reporter system using MCS-specific and in-
teracting proteins. To compare whether the functionality of the proximity reporter systems
depends on the properties of the protein fusion partners, meaning whether the fusion part-
ners have to be MCS-specific proteins and whether they have to interact with each other or
not.

As control, where proteins are located at MCS and interact, we chose the EPCS protein
pair VAP27-1 and NET3C. VAP27-1 (At3g60600) was published to be localised to the ER at the
EPCS, where its mutated form VAP27-1(59T/60A) was still localised to the ER but failed to la-
bel EPCS [58]. The N-terminus of the ER TM protein VAP27-1 is exposed towards the cytoso-
lic face [58]. Therefore, we created the fusion constructs nYFP:L:VAP27-1 or nYFP:L:VAP27-
1(59T/60A) with a cytosolic cYFP (cYFP:35sT). For both constructs, the splitYFP signals co-
localise with the co-infiltrated CFP-ER marker (AtWak2(signal peptide):CFP:ER retention sig-
nal) [186] (figure 19 B, C). Thus, we were able to confirm the expected ER membrane local-
isation and the topology.

One interaction partner of VAP27-1 at EPCS is NET3C (At2g47920), which was published
to be associated to the cytoskeleton and probably also directly to PM [58, 64]. We created
the construct BiFC NN cYFP:L:NET3C nYFP:35sT using the same FP-fusion site than in P
Wang et al. for the VAP27-1-NET3C FRET/FLIM interaction assay [58]. No YFP signal could
be detected 2d or 3d after infiltration. On request to the authors of P. Wang et al. [58], they
informed us that they were only able to detect NET3C by co-infiltrating a construct, which
encodes the protein p19. p19 is a protein of the Tomato bushy stunt virus, which suppresses
post-transcriptional gene silencing [226], and therefore is required for NET3C expression.
Repeating the infiltration for 5-times and checking after 2d and 3 d, we did detect any YFP
signal for NET3C with and without co-infiltration with a p19 vector construct (figure 20 A).

As second control, where proteins are located at MCS but do not interact, we chose
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Figure 19: Localisation and topology control of ER membrane protein candidates.

A, B: Topology assay of VAP27-1 (At3g60600) and its mutated form VAP27-1(59T/60A) form confirmed ER membrane localisation. Gen-
erated constructs BiFC NN nYFP:VAP27-1 cYFP:35sT and BiFC NN nYFP:VAP27-1(59T/60A) cYFP:35sT were coinfiltrated with a CFP ER
marker construct (AtWak2(signal peptide):CFP:ER retention signal) [186]. Split YFP fragments of the fusion proteins are exposed to the
cytosolic face of the membrane. Scale bar = 5 um.

VAP27-1 and and the C-terminal protein domain of SYT1. SYT1 (At2g20990) is a tether pro-
tein at EPCS, where two C-terminal calcium-binding domains (C,A/C,B) are responsible for
PM association [29]. We designed two constructs including these domains of SYT1 (SYT1C,
244-541 aa) fused either N- or C-terminal to the FP-tag to verify SYT1C localisation and to-
pology. Localisation of both constructs revealed no exclusive PM but also cytosolic localisa-
tion (figure 20 B, C). For the fusion cYFP:L:SYT1C the YFP signal was enhanced compared to
SYT1C:L:cYFP, what is the reason to use the N-terminal fusion site for further experiments.
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Figure 20: Localisation and topology control of PM protein candidates.

A: Topology assay of NET3C (At2g47920) reveal no splitYFP signal using the construct BiFC NN cYFP:L:NET3C nYFP:35sT. B, C: Topology as-
say of SYT1C (At2g20990, 244-541 aa) do not confirm exclusive PM but also cytosolic localisatin for both fusion sites. Generated constructs
BiFC NC SYT1C:L:cYFP nYFP:35sT and BiFC NN cYFP:L:SYT1C nYFP:35sT were infiltrated in N. tabacum leaves. Split YFP fragments of the
fusion proteins are exposed to the cytosolic face of the membrane. Scale bar = 10 pm.
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2.2 MCS-unspecific OE, MOM and PerM protein or protein domains as fu-

sion protein

In this thesis, we were mainly interested in the role of MCS between chloroplasts, peroxi-
somes and mitochondria. Since no MCS proteins between them have been identified yet,
MCS-unspecific and non-interacting proteins or protein domains were used to label the or-
ganellar membrane homogeneously.

As OE protein, we chose OEP7 (AT3G52420), which is a common candidate for labelling
the OE of chloroplasts. The C-terminal region face towards the cytosol [209] and the topology
prediction from UniProt (https://www.uniprot.org/). We confirmed the topology of OEP7
with the construct BiFC CN OEP7:nYFP and cytosolic cYFP, as it is shown in figure 21, where

the YFP signal surrounds the chlorophyll auto-fluorescence signal.
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Figure 21: Localisation and topology control of outer envelope (OE) protein candidate of the chloroplast.
Topology assay of OEP7 (AT3G52420) confirms OE localisation. Generated construct BiIFC CN OEP7:L:nYFP cYFP:35sT was infiltrated in
N. tabacum leaves. Split YFP fragments of the fusion proteins are exposed to the cytosolic face of the membrane. Scale bar = 5 pm.

For labelling the MOM and PerM, truncated protein candidates derived from P patens
were tested, since they were designed for the usage in in P patens protoplasts in the first
place (pre-work of Stefanie Miiller-Schiissele).

Perry et al. investigated conserved domains features of translocase of the outer mem-
brane 20 (TOM20) in plants and found the TM domain to be at its C-terminal end with the N-
terminal region facing the cytosol, whereas the TM motif in animals is N-terminal [227]. We
tested the topology of the C-terminal region of PpTOM20 (PpTOM20C, Pp1s15_226V6.1, 161-
204 aa) using the construct BiFC NN nYFP:L:PpTOM20C cYFP:35sT transiently in N. tabacum
(figure 22 A). As mitochondrial marker MitoTracker orange was vacuum infiltrated and is
represented in the same channel as the cytosolic RFP expression control. The splitYFP sig-
nal is located to the MOM, but also miss-localised to the OE of the chloroplasts. To test, if
a full-length version an N. tabacum TOM protein AtTOM20-2 (AT1G27390) show an exclus-
ive localisation to MOM with the rBiFC vector system, we generated the construct BiFC NN
nYFP:L:AtTOM20-2 cYFP:35sT. As shown in figure figure 22 B, AtTOM20-2 is localised to the
MOM but also to the OE.

Peroxin 3 (PEX3) is a peroxisomal membrane bound receptor for PEX19 and it was re-
viewed that the TM domain is N-terminal in Arabidopsis. Bioinformatic analysis revealed
a TM domain in P patens PEX3 at the N-terminal end (Pp3c24_12050V1.1). Based on this
knowledge, a truncated version PEX3N (1-50 aa) was cloned, followed by generation of the
constructs BiIFC NC nYFP:35sT PpPEX3N(GGSGG)3:L:cYFP including a a flexible, long linker
and BiFC NC nYFP:35sT PpPEX3N:L:cYFP. In figure 23, the localisation for both constructs is
shown. Co-infiltration with a peroxisomal CFP marker construct (pSS02:CFP-SKL) [221] re-

veals the YFP signal being located to the PerM surrounding the peroxisomal CFP marker.
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Figure 22: Localisation and topology control of mitochondria outer membrane (MOM) protein candidates.

A, B: Topology assay of PpTOM20C (Pp1s15_226V6.1, 161-204 aa) and AtTOM20-2 (AT1G27390) confirms MOM localisation but also miss-
localisation to the outer envelope (OE) of chloroplasts. Generated constructs BiIFC NN nYFP:L:PpTOM20C cYFP:35sT and BiFC NN
nYFP:L:TOM20-2 cYFP:35sT were infiltrated in N. tabacum leaves. Split YFP fragments of the fusion proteins are exposed to the cytosolic
face of the membrane. As mitochondrial marker MitoTracker orange was used (in RFP channel). Scale bar = 5 pm.
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Figure 23: Localisation and topology control of peroxisomal membrane (PerM)protein candidates.

A, B: Topology assay of PpPEX3N (Pp3c24_12050V1.1, 1-50 aa) and PpPEX3N(GGSGG)13 confirms PerM localisation. Generated constructs
BiFC NC PpPEX3N:L:cYFP nYFP:35sT and BiFC NC PpPEX3N(GGSGG);3:L:cYFP nYFP:35sT were co-infiltrated with a peroxisomal CFP
marker construct (pSS02:CFP-SKL) [221] in N. tabacum leaves. Split YFP fragments of the fusion proteins are exposed to the cytosolic face
of the membrane. Scale bar = 5 um.
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3 Characterisation of splitFP sensor systems for the visualisa-

tion of MCS in plants

SplitFP systems are commonly known to be used for verifying protein-protein interactions.
However, since splitFPs convert proximity directly into a fluorescent signal, they can be also
used to investigate organellar proximity [6]. SplitFP systems have emerged as one key tech-
nique for the visualisation of MCS in mammalian and yeast cells, while plants studies this
techniques has been applied less frequently to explore MCS (references see table 2 and table
3).

SplitFPs are composed of two non-fluorescent peptides, which reassemble, when they
come in close proximity [161]. Targeted to organellar membranes, emission of a fluores-
cent signal indicates organellar proximity. The most frequently used BiFC reporter systems
investigating MCS are splitYFP or saGFP (references see table 2). In this work, we designed
splitYFP-based proximity reporter system for the investigation of MCS between chloroplasts,
peroxisomes and mitochondria. The splitYFP is composed of approximately equally sized N-
and C-terminal fragments split between 154 aa and 155 aa [159]. As cloning system, we used
a published rBiFC 2in1 Gateway vector system [160] containing the mentioned splitYFP re-
porter, which can be fused to two genes of interest. Those fusion proteins are simultaneously
expressed with a cytosolic RFP expression control under the 35sP promoter, which allows the
identification of successfully transformed cells in the transient system of tobacco, as well as
a ratiometric quantification of the BiFC signal [160].

In order to visualise the proximity of organelles, the fluorescent probes needed to be
targeted to the organellar membranes. Therefore, full length or protein domains of mem-
brane proteins were fused to the splitYFP fragments. The fusion partners had to be carefully
chosen, as specific targeting and a cytosolic orientation of the FP-tag needed to be ensured
[6] (topology verification see results section 2). At the time of starting this thesis, no studies
were known that investigated the proximity of organelles using splitFP systems in plants. For
that reason, the aim was to test if splitFP systems are generally suitable as proximity sensors
in plants with focus on: 1) possible requirements of the organellar fusion proteins, 2) the role
of the bridging distance of the sensor and 3) the impact of the characteristics of two different

splitFP systems.

3.1 Assessment of BiFC sensor system fused to non-interacting and homo-
geneously distributed proteins of OE, MOM and PerM

Possible requirements of the organellar fusion proteins are: 1) organellar targeting and ho-
mogeneous labelling of the organellar membrane, 2) MCS-specificity and/or 3) protein-pro-

tein interaction. The first goal was to verify, if organellar targeting and homogeneous la-
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Figure 24: Schematic overview of the proximity BiFC (bimolecular fluorescence complementation) reporter using the example of
splitYFP and the expected signal distribution.

The splitYFP fragments are fused to non-interacting and MCS-unspecific proteins (full-length or truncated versions) to target the fluores-
cent probes to the respective organellar membranes. At MCS between the three organelles chloroplasts (C), peroxisomes (P), mitochondria
(M), specific fluorescent signal is expected, since the chromophore is able to mature. Regions with larger distances should not be fluores-
cently labelled, as the distance for the reassembly of the splitYFP is to wide.

belling of organellar membranes of the spiltYFP are sufficient to function as organellar prox-
imity sensor system. Therefore, MCS-unspecific and non-interacting proteins of chloro-
plasts, peroxisomes and mitochondria were chosen as fusion partners.

3.1.1 Specificity of fluorescence pattern of splitYFP transiently expressed in N. tabacum

Assuming that the splitYFP fragments are targeted to different organellar membranes, in the-
ory, they should mature at the contact sites of those organelles, while regions with larger
organelle spacing should not be fluorescently labelled (figure 24). To test this hypothesis
on plants, expression clones were generated encoding fusion proteins of full length or trun-
cated versions of respective membrane proteins with either the nYFP or cYFP fragment and
expressed transiently in N. tabacum. If not depicted otherwise, N. tabacum leaves were in-
filtrated with A. tumefaciens containing the respective proximity reporter construct 2 d prior
imaging.

The first construct rBiFC NC 2in1 PpPEX3N:cYFP nYFP:PpTOM20C was designed to in-
vestigate simultaneously the proximity between chloroplasts-peroxisomes and mitochon-
dria-peroxisomes (figure 25 A). The fragments of the splitYFP reporter were either targeted
to the MOM and OE by fusion to PpTOM20C, or to the PerM by fusion to PpPEX3N (topo-
logy and localisation see results section 2). In figure 25 B, representative CLSM images of the
aforementioned proximity reporter in N. tabacum pavement cells are shown, which was co-
infiltrated with the peroxisomal marker construct pSS02:CFP-SKL [221]. The peroxisomal
marker is depicted in cyan, the splitYFP in yellow, the cytosolic RFP expression control in
red and the chlorophyll autofluorescence in magenta (from left to right). In all represent-
ative images, the YFP signal surrounded the peroxisomal marker signal, where single per-
oxisomes or peroxisomal clusters were adjacent to chloroplasts. Additionally, the images
with a higher resolution and zoom revealed a YFP signal of the OE of the chloroplasts. To

verify how the BiFC signal and the peroxisome-mitochondria interaction were linked to each
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Figure 25: Signal distribution of splitYFP proximity reporter using PpPEX3N and PpTOM20C as fusion partners in the transient system
of N. tabacum.

A: Design of the splitYFP proximity reporter system. B: Representative qualitative CLSM (confocal laser scanning microscopy) images
of N. tabacum pavement cells co-infiltrated with the construct rBiFC NC 2in1 PpPEX3N:cYFP nYFP:PpTOM20C and pss02:CFP-SKL (per-
oxisomal CFP marker, [221]). The cytosolic RFP signal was expressed simultaneously with splitYFP fusion proteins and functioned as
expression control in this experiment. If labelled, sample was stained with MitoTracker orange (500 nM) by vacuum infiltration for 10 -
15 min. Arrows mark a mitochondrial signal neighbouring to the YFP signal. Image material with MitoTracker staining was generated in
collaboration with Andrea Wiibben. Scale bar = 5 pm.
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other, mitochondria were stained with 500 nM MitoTracker orange. The mitochondrial sig-
nal is adjacent to the peroxisomal marker signal (marked by arrows), but we did not detect a
specific punctual signal at the contact site. Thus, we found a ring-like YFP signal surround-
ing both peroxisomes and chloroplasts, while neither the peroxisome-mitochondria nor the
peroxisome-chloroplast contact sites were specifically labelled with YFP signal.

Although the splitYPF signal was not MCS-specific, the question remained, whether the
amount of signal would increase under conditions, where the contact between peroxisomes,
mitochondria and chloroplasts is known to be enriched. Oikawa et al. tested various photo-
synthetic conditions and found a higher interaction rate between chloroplasts, peroxisomes
and mitochondria under light conditions compared to dark conditions [26]. Therefore, we
aimed to test, if the BiFC signal is increased under light conditions compared to dark condi-
tions and to quantify the BiFC signal using the ratiometric BiFC system [160].

For this experiment the same proximity sensor than previously was applied with rBiFC
NC 2in1 PpPEX3N:cYFP nYFP:PpTOM20C (figure 26 B). 1 d after the infiltration, N. tabacum
plants were either transferred to normal light (NL) or dark conditions for 1 d prior to imaging.
CLSM images were taken under the same imaging setup for both, light and dark conditions
(figure 26 A). The brightness of YFP signal was similar under both conditions, while the RFP
signal was brighter in samples of the light treatment than of the dark treatment (figure 26 C).
Both observations were confirmed by a signal intensity quantification via python. As readout
parameters of the python analysis, the signal area, the total FP fluorescence and the ratio of
both (FP fluorescence/area) were chosen (figure 26 D, E). For splitYFP (BiFC), there was no
significant difference between light and dark treatment for all three parameters. Regarding
the cytosolic RFP signal, the area, the total fluorescence and the ratio were significantly de-
creased under dark compared to light conditions. This, in turn, had also an impact on the
ratiometric analysis (figure 26 E). When the fluorescence per area of BiFC was normalised by
that of RFP, the ratio was significantly increased under dark compared to light conditions.

Another question was, whether the overexpression of the splitYFP reporter induce organ-
ellar tethering. This was verified in a proximity analysis (results section 1.2 investigating the
interaction rate between chloroplasts and peroxisomes (chloroplasts with contact / chloro-
plasts total (c./c;), peroxisomes with contact / peroxisomes total (p./p;)). We identified that
overexpression of the construct BiFC NC PpPEX3N:cYFP nYFP:PpTOM20C (19#2) induced
tethering reflected by higher values for c./c; and p./p; compared to WT (figure 14).

The fusion protein PpTOM20C was shown to be localised at MOM and OE (results sec-
tion 2, figure 22). To be able to exclusively investigate the proximity of one organellar pair
and not of two simultaneously, PpTOM20C was replaced by the full length and common OE
marker protein OEP7 (figure 27 A, topology see results section 2). The resulting construct
rBiFC CC PpPEX3N:cYFP OEP7:nYFP was also co-infiltrated with the peroxisomal marker
construct pSS02:CFP-SKL [221]. Representative images depict a clear ring-like YFP signal

surrounding the peroxisomes adjacent to the chloroplasts similar to the construct rBiFC NC
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Figure 26: Quantification of BiFC signal under light and dark conditions using PpPEX3N and PpTOM20C as fusion partners in the
transient system of N. tabacum. A: Experimental setup. Normal light (NL, 100-120 pmol photons m~2 s™1). B: Design of the splitYFP
proximity reporter system. C: Representative CLSM (confocal laser scanning microscopy) images of light and dark treated plants. Original
histogram of CLSM images; 40x objective; 1x zoom; excitation: 488 nm (2,2 %) (YFP), 543nm (8 %) (RFP); emission: 535-561 nm (YFP),
579 - 615 nm (RFP); gain: 800 (YFP, RFP). Scale bar = 10 pm. D, E, F: Quantification of BiFC (splitYFP) (D) and RFP (E) signal by python. As
parameters the area [um?], the total fluorescence [RFU] and the ratio of both are shown (D, E). Ratiometric analysis of the total fluorescence
per area of BiFC normalised by that of REP (F). n = 11. Data are shown as box plot with median and Tukey whiskers. Significant differences
were calculated by an unpaired t-test.
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Figure 27: Signal distribution of splitYFP proximity reporter using PpPEX3N and OEP7 as fusion partners in the transient system of
N. tabacum.

A: Design of the splitYFP proximity reporter system. B: Representative qualitative CLSM (confocal laser scanning microscopy) images of
N. tabacum pavement cells co-infiltrated with the construct rBiFC CC 2in1 PpPEX3N:cYFP OEP7:nYFP and pss02:CFP-SKL (peroxisomal
CFP marker, [221]). The cytosolic RFP signal was expressed simultaneously with splitYFP fusion proteins and functioned as expression
control in this experiment. Scale bar = 5 um.

2inl1 PpPEX3N:cYFP nYFP:PpTOM20C, while the OE signal in the splitYFP channel was sub-
stantially less pronounced (figure 27 B).

Summarising the previous results, the signal distribution of both proximity reporters (fig-
ure 25, 27) was rather similar and not specific at putative contact sites. The only difference
was that the YFP signal of the sensor including OEP7 resulted in a relative weaker OE signal
than the one including PpTOM20C. For experiments that further test the suitability of splitFP
systems as proximity reporters in plants, we continued to work with OEP7 and PpPEX3N as
fusion proteins. The reason for this was that this proximity sensor only detects the proximity
of exclusively one organelle pair, namely chloroplasts and peroxisomes.

3.1.2 Distance: Influence of linker length to bridge different distances between organel-

lar membranes on BiFC signal distribution

Another parameter, which might influence the reassembly of the splitYFP fragments, is the
natural distance between the organellar membranes at MCS. At MCS, endogenous teth-
ers can occur as bridging complexes as for example SYT1 between ER-PM in plants [228].
These bridging complexes may define the natural distance between the respective organellar
membranes. Two studies in mammalian cell cultures have demonstrated that the bridging
distance of the splitFP reporter is an important parameter to consider. Both investigated
ER-MOM contact sites with splitFP reporter of different sizes ranging from approximately

8nm up to 50nm [151, 172]. The addition of different linker to their respective reporters
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Figure 28: Signal distribution of splitYFP proximity reporter bridging two different distances between the outer envelope (OE) and the
peroxisomal membrane (PerM) in the transient system of N. tabacum.

A: Schematic scheme of putative organellar contact sites and the different BiFC reporter systems. So far no bridging complexes were
identified between OE and PerM leading to an unknown distance to be bridged at membrane contact sites (MCS) of chloroplasts and
peroxisomes. Therefore two BiFC reporter systems were designed being able to bridge either 33.0 nm or 56.4 nm between the organellar
membranes. B: Representative qualitative CLSM (confocal laser scanning microscopy) images of N. tabacum pavement cells co-infiltrated
with the construct rBiFC CC 2in1 PpPEX3N:cYFP OEP7:nYFP (no additional linker)/ rBiFC CC 2in1 PpPEX3N:(GGSGG)13:cYFP OEP7:nYFP
(additional long linker) and pss02:CFP-SKL (peroxisomal CFP marker, [221]). The cytosolic RFP signal was expressed simultaneously with
splitYFP fusion proteins and functioned as expression control in this experiment. Scale bar = 5 pm.
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altered the pattern of the BiFC signal [151, 172] (for details see table 3). Between chloro-
plasts and peroxisomes, no bridging complexes have been identified yet, which is why the
required distance to be bridged is still unknown. It was therefore of particular interest to
use proximity reporters of different sizes in plants in order to test, how and whether the
splitYFP pattern changed. The minimal size of the sensor was predefined by rBiFC vec-
tor building blocks (HA-tag, Myc-tag, splitYFP, Gateway-linker) [160] and a short flexible
linker connecting the FP-tag and the protein fusion partner resulting in a calculated size
of 33.0 nm (figure 28 A). For this reason, it was only possible to increase the size of the re-
porter by adding an additional linker, similar to the two mammalian studies [151, 172]. As
additional long linker an flexible and repetitive aa sequence (GGSGG),3 was chosen to in-
crease the distance to be bridged by 23.4nm to 56.4 nm (figure 28 A). To test, if an addi-
tion of a long linker had an impact on the YFP signal distribution, a replica of the proximity
sensor including OEP7 was cloned adding a long linker between PpPEX3N and cYFP (BiFC
CC PpPEX3N(GGSGG);3:cYFP OEP7:nYFDP figure 28 A).

As previously described, imaging of the construct without the linker (see also figure 27)
revealed a clear PerM signal in the splitYFP channel and a weak OE signal (figure 28 B).
Adding the (GGSGG);3-linker, the signal distribution was quite similar to those of the con-
struct without the additional long linker, but the OE and PerM signal were substantially
brighter and more clear (figure 28 B). In summary, the splitYFP signal increased proportional
to the size of the proximity reporter, while the signal distribution itself did not alter towards
MCS-specificity.

3.1.3 Comparison of splitFP sensor systems

Besides splitYFP, another BiFC reporter called saGFP has been widely used to study MCS
(references see table 2 & 3). While the splitYFP is divided in almost equally sized fragments
[159], the saGFP is divided between 214 aa and 215 aa, which resulting in the unequally
sized GFP;_1¢ (1-214 aa, B-barrel;_;¢) and GFPy; (215-230 aa, -barrel;;) [166]. Differently
to splitYFP, the maturation of the two fragments is not dependent on protein-protein inter-
action of the fusion proteins but they can self-assemble [159, 166]. In 2020, a combinator-
ial saGFP reporter system for ER-organellar MCS visualisation in plant cells was published
[152]. Investigating the interaction of ER-chloroplasts, the study detected punctual signal
in transient systems (IN. benthamiana pavement cells, N. tabacum protoplasts) [152]. Based
on this more recent results, we aimed to compare both splitFP systems for our proximity
reporter approach regarding their signal distribution.

For a reliable BiFC readout, equal expression levels of both saGFP fragments is crucial
[160]. This can only be guaranteed if both fragments are expressed simultaneously and un-
der the same promoter. This principle was used in the rBiFC 2inl vector systems of Chris-
topher Grefen [160]. However, no vector system was available, which fulfil the mentioned
criteria and contained saGFP instead of splitYFP. For that reason, we designed a vector sys-

tem using a similar approach as the one used by Grefen & Blatt [160] including the Gate-
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Figure 29: Comparison of splitYFP and saGFP signal using using PpPEX3N:(GGSGG)13 and OEP7 as fusion partners in the transient
system of N. tabacum.

A: Schematic overview of the proximity BiFC (bimolecular fluorescence complementation) reporter systems using splitYFP and
saGFP fused to PpPEX3N:(GGSGG)13 and OEP7. B: Representative qualitative CLSM (confocal laser scanning microscopy) images of
N. tabacum pavement cells co-infiltrated with the construct rBiFC CC 2inl PpPEX3N:(GGSGG)13:cYFP At:OEP7:nYFP / 2inl pInd CC
PpPEX3N:(GGSGG)13:GFP1; At:OEP7:GFP1_1¢ and pss02:CFP-SKL (peroxisomal CFP marker, [221]). The cytosolic RFP signal was ex-
pressed simultaneously with splitYFP fusion proteins and functioned as expression control in for the rBiFC 2in1 system (splitYFP). For the
saGFP signal verification the self-cloned 2in1 pInd dexamethasone inducible system was used (further informatiion see results section 4).
The induction was performed after 2 d of N. tabacum leaf infiltration for additional 1 d with 20 uM dexamethasone. BiFC signal: splitYFP
in yellow, saGFP in green. Scale bar = 5 pm.
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way cloning cassettes, but under an inducible promoter system [207, 229-231]. The reason
for implementing an inducible promoter was that it can also be helpful to generate stable
N. tabacum lines without influencing the organelle interaction by unwanted artificial tether-
ing (cloning procedure and verification see results section 4).

In figure 29 the comparison of the splitYFP and saGFP reporter systems are depicted us-
ing PpPEX3N:(GGSGG) 3 and At:OEP7 as fusion partners. Both constructs were co-infiltrated
with a peroxisomal CFP marker (pSS02:CFP-SKL, [221]) in N. tabacum and imaged in pave-
ment cells. The splitYFP construct was expressed constitutively under the 35sP, whereas the
saGFP expression was induced by 20 uM dexamethasone for 1d prior imaging (further in-
formation for the dexamethasone inducible system see results section 4). The reason, that
both BiFC reporters were not compared under the same promoter system, was simply a time
limitation and the priority on the 2inl pInd saGFP vector.

While splitYFP (BiFC channel, yellow) labelled the OE and the PerM, the saGFP signal was
differently distributed (figure 29 B). In some cells, we detected a GFP signal surrounding the
peroxisomal matrix similar as the splitYFP and the peroxisomes formed clusters adjacent
to chloroplasts (figure 29 B, 5th row). In other cells, the GFP signal was increased at the
putative interaction sites between chloroplasts and peroxisomes. The involved peroxisomes
appeared to be deformed and to elongate alongside the saGFP signal (figure 29 B, 3rd/4th
row). The GFP signal was not only concentrated on the contact site between chloroplasts
and peroxisomes but seemed to be partly stretched alongside the chloroplast (figure 29 B,
3rd/4th row).

In general, we were able to generate a saGFP-based proximity reporter system and to
compare both sensors side by side. The comparison revealed that, the splitYFP mainly la-
belled the whole organellar membrane of both chloroplasts and peroxisomes, whereas in
some cells the saGFP was also located the whole PerM. In other cells, however, the saGFP
signal labelled not the whole PerM but appeared to be more targeted to chloroplasts-peroxi-

some contact sites.

3.2 Testing the BiFC system using known interacting and non-interacting
MCS proteins at EPCS

Another parameter, which might influence the suitability of splitFP systems as proximity
reporter, are the properties of their fusion proteins. In the previous section we tested the
suitability of splitFP systems as proximity sensors, when the FP fragments homogeneously
labelled the organellar membranes. We also wanted to address the question, if the signal
distribution of splitFP altered, when either interacting or non-interacting MCS-specific pro-
teins functioned as fusion partners. Especially for splitYFP, which maturation is known to
be dependent on protein-protein interaction [159], one open question was, if its maturation

can also be caused by the proximity of the organelle or whether a protein-protein interaction
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Figure 30: Signal distribution of splitYFP proximity reporter using VAP27-1 and SYT1C as fusion partners in the transient system of
N. tabacum.

A: Schemata of the design of the splitYFP proximity reporter system. The protein pair VAP27-1 and NET3C serve as control for MCS
specific and interacting proteins. NET3C is labelled with a red asterisk, since in our hands protein expression did not emit a YFP signal, as
well as in combination with VAP27-1 in the 2inl rBiFC vector system (data not shown). The protein pair VAP27-1 and C-terminal region
of SYT1 (SYT1C) serve as control for MCS specific and non-interacting proteins. B, C: Representative qualitative CLSM (confocal laser
scanning microscopy) images of N. tabacum pavement cells infiltrated with CFP-ER marker construct (AtWak2(signal peptide):CFP:ER
retention signal [186]) (B) and C: CFP-ER marker co-infiltrated with the construct rBiFC NN 2inl nYFP:L:VAP27-1 cYFP:L:SYT1C. The
cytosolic RFP signal was expressed simultaneously with splitYFP fusion proteins and functioned as expression control in this experiment.
Scale bar=10pum.
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isrequired in this case as well. So far MCS specific proteins have not been identified between
the photorespiratory organelles.

To test if the specificity of the splitYFP reassembly demand MCS specific proteins, we
chose known EPCS membrane proteins as fusion partners. The idea was to investigate on
the one hand MCS specific and interacting fusion partners represent protein-protein inter-
action. For this purpose the ER membrane located VAP27-1 and PM located NET3C were
chosen ([58], figure 30 A). Unfortunately, in our hands the expression of NET3C did not
work, neither for the topology assay (figure 20 A) nor in combination with VAP27-1 (data
not shown).

On the other hand we chose MCS specific but non-interacting proteins as FP-fusion part-
ners for labelling MCS. Therefore, we combined the ER membrane protein VAP27-1 and C-
terminal calcium-binding domains (C2A/C,B) of SYT1 (SYT1C), which is an EPCS tether pro-
tein [29] (topology see results section 2). In figure 30 C representative CLSM images of the
construct rBiFC NN 2in1 nYFP:L:VAP27-1 cYFP:L:SYT1C co-infiltrated with CFP-ER marker
(AtWak2(signal peptide):CFP:ER retention signal [186]) are shown. The ER marker signal
overlapped with those of the splitYFP-based reporter (figure 30 C). It is worth noting that
the structure of the ER in general changed overexpressing the control splitYFP-based sensor
compared to WT cells (figure 30 B, C). While the ER marker in the WT background had the
expected network structure (B), the ER was additionally accumulated at puncta when co-
infiltrated with the splitYFP-based control sensor construct (C).
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4 Generation and verification of a 2in1 inducible vector system

(pInd) for fluorescent protein (FP) sensor systems

To be able to compare the two BiFC reporter systems splitYFP and saGFP, a new vector sys-
tem was cloned in this study. Another requirement of this system was to obtain inducible
tether constructs for the generation of stable lines. The reason for this was that at that time it
was unclear, whether the plants would be viable, when a synthetic tether was constitutively
expressed (further results see 6) or splitFP proximity sensor constructs. For the cloning
design, several criteria had to be considered: 1) The equal expression level of the splitFP
fragments, 2) the suitability for generating stable lines, but being also suitable to be tested
in a transient system, 3) the flexibility to change the fusion partners of the splitFP fragments

easily and quickly, and 4) a quality check of the vector system in design and functionality.

4.1 Cloning of pInd vectors for split fluorescent proteins (splitFP) and For-

ster resonance energy transfer (FRET)/ FLIM systems

The first criteria regarding the vector design was, to ensure the same expression level of non-
fluorescent splitFP fragments [160]. To meet the criteria, we chose a similar strategy as in
the rBiFC 2in1 vector system [160] co-expressing both fusion-proteins under the same pro-
moter and from a single plasmid (design see figure 31 A). For the rBiFC 2in1 vector system,
the authors used the viral 35S promoter (35sP) system [160]. Starting this project, it has not
been tested, if stable plant lines are viable under a constitutive expression of a splitYFP-
based proximity sensor construct. For this reason, we decided to exchange the 35sP by a
glucocorticoid-inducible promoter system and, to allow stable transformation, adding the
plant selection marker BastaR cassette (figure 31 A, B). The origin of an inducible promoter
system was developed by Moore ef al. [229] and it was further developed to a system, which
enables glucocorticoid-dependent transgene expression [230, 231]. It consists of three build-
ing blocks: 1) A chimeric promoter pOp, which consists of two ideal lac operators, repeated
6 times and cloned upstream of a minimal CaMV35S promoter (pOp6Cam35Sm), 2) a tran-
scription activator consisting of a high-affinity DNA binding mutant of the lac repressor and
the transcription activation domain-II of GAL4 (LhG4) of Saccharomyces cerevisiae and 3) the
ligand binding domain of a rat glucocorticoid receptor (GR), which is fused N-terminally to
LhG4 ([229, 230], figure 31). The principle of the induction using the pOp6/GR-LhG4 system
introduced in our vector system is shown in figure 31 B. The fusion protein GR-LhG4 is con-
stitutively expressed under an UBQ10P. If no glucocorticoid, here dexamethasone, is present,
the heat shock protein HSP90 interacts with the GR, which in turn leads to an inactivation
of the complex. The addition of dexamethasone mediates the dissociation of the GR-LhG4

from the heat shock protein and allows the binding to pOp6, which leads to an activation of
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Figure 31: Cloning strategy for dexamethasone inducible 2in1 reporter system.

A: Schematic vector maps of 2inl pInd destination system. The cloning procedure was performed via Greengate cloning [206], which is
based on modular system. The correct assembly of the modules is ensured by different overhangs (A-H) resulting from a digestion with
Eco31I (Bsal), with the overhangs of adjacent fragments complementing each other. The vector design was based on a pOp6/GR-LhG4
dexamethasone inducible vector system [207, 229-231], the Grefen 2in1 vector system (splitYFP: [160]; FRET/FLIM: [177]), a plant proven
saGFP reporter [208] and available Greengate modules [206]). LB (left border), pOp6Cam35Sm (chimeric promoter pOp consisting of two
ideal lac operators, repeated 6 times and cloned upstream of a minimal CaMV35S promoter), B-/D-dummy (default random sequence
if no specific N-/C-tag is desired), R2_R3/R1_R4 (recombination Gateway sites), HA (hemagglutinin epitope-tag), myc (myc epitope-
tag), 35sT (cauliflower mosaic virus 35T terminator), nYFP/cYFP (N- or C-terminal EYFP fragments (nYFP: 1-155 aa, cYFP: 156-239 aa),
GFP1_19/GFPq] (N- or C-terminal of GFP fragments (GFP1_19: 1-215 aa, GFP11: 216-232 aa), UBQ10P (UBIQUITIN10 promoter), GR (lig-
and binding domain of a rat glucocorticoid receptor), LhG4 (transcription activator consisting of a high-affinity DNA binding mutant of
the lac repressor and the transcription activation domain-II of GAL4 of Saccharomyces cerevisiae), UBQ10T (UBIQUITIN10 terminator),
pNOS:BastaR:tNOS (plant selection marker cassette, Basta resistance), RB (right border).

B: Schematic principle of the 2inl pInd dexamethasone inducible system (schemata adapted from [207]). The pOp6/GR-LhG4 system
consists of following building blocks: A chimeric promoter pOp6Cam35m, a transcription activator LhG4 and the ligand binding domain
of a rat glucocorticoid receptor (GR), which is fused N-terminal to LhG4 [229, 230]. The fusion protein GR-LhG4 is constitutively expressed
under an UBQ10P. In the absence of a steroid ligand (dexamethasone), the heat shock protein HSP90 interacts with the GR, leading an in-
activation of the complex. The presence of dexamethasone to GR mediates dissociation of the fusion protein from the heat shock protein
and allow the binding to pOp6 to activate the effector transcription [230, 232, 233].
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the effector transcription [230, 232, 233].

As effector, we used the FP expression cassettes similar to that of the rBiFC system [160].
Upstream and downstream of the respective FP or splitFP so called MultiSite Gateway cas-
settes [234] were attached. The technology based on the bacteriophage A site-specific re-
combination system [235, 236]. Grefen & Blatt developed a 2in1 cloning system that enabled
the simultaneous and specific cloning of two genes into two independent expression cas-
settes on the same plasmid [160]. As one recombination cassette they used attR1-attR4 sites
flanking a cassette of chloramphenicol acetyltransferase resistance gene (CmR) and gyrase
inhibitor gene ccdB, which is a positive selection gene [237]. The 2nd recombination cas-
settes consisted of a lacZ expression cassette, which enabled blue/white selection in Es-
cherichia coli flanked by attR3-attR2 sites. Thus, two genes of interest were allowed to be
integrated within in one recombination Gateway step [160], which facilitate the flexibility
to easily and quickly change the fusion partners of the splitFP fragments. Additional to the
splitFP systems splitYFP and saGFP, two similar vectors were designed including mVenus
and tagRFP as FP instead of a BiFC reporter. Since tagRFP and mVenus each are capable of
fluorescence, these vectors were intended as proof of functionality of the vector system itself
and the induction (figure 31 A).

The cloning procedure itself was performed by Greengate cloning [206], which is a mod-
ule based system. Normally, the Greengate cloning system is based on six different types of
entry vectors (plant promoter, N-terminal tag, coding sequence, C-terminal tag, plant ter-
minator and plant selection marker cassette), which are commercially available. The Entry
vectors contain two Eco31I (Bsal) recognition sites, leading to specific overhangs of 4 bases
(A-G). The correct assembly of the modules with a destination vector was ensured by these
respective overhangs (A-H) after a digestion with Eco31I (Bsal), with the overhangs of ad-
jacent fragments complementing each other [206]. In order to be able to assembly more
than only six modules, Lampropoulos et al. developed intermediate vectors for combining
two expression cassettes on one T-DNA [206]. As intermediate step, two expression cassettes
with overhangs A-H and H-G were generated by using the intermediate vectors (pGGMO000,
pGGNO000) and Entry vector adapter (FH-/HA-adapter). Both intermediate vectors were
combined and assembled with the available destination vector of the Greengate module kit.

In this work, we applied the Greengate method with the intermediate vectors. Instead of
using only modules available in the Greengate kit, most modules were cloned individually.
Following vectors were chosen as templates for the Entry modules: 1) available Addgene vec-
tors of Schiirholz et al. [207] for the pOp6/GR-LhG4 dexamethasone inducible vector system,
2) the Grefen 2inl vector system (splitYFP: [160]; FRET/FLIM: [177]) for the FP expression
cassettes, and 3) an in plants applied saGFP reporter [208] as substitute for the splitYFP re-
porter. As depicted in table 19 the modules were either generated by synthesis or by PCR.
The PCR fragments were cloned into the respective empty pEntry vector of the Greengate kit

and verified by sequencing. The next step was to generate the intermediate vectors. There-
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Figure 32: Verification of successfully cloned intermediate and destination vectors of the 2inl pInd system by usage of restriction
enzymes.

A-F: Digest of successfully cloned intermediate (pGGN000 LhGR, pGGMO000) plasmids with Kpnl, Apal, Sacl and Eco31I (Bsal). The right
assembly of the Entry modules were additionally verified by sequencing. pGGM000 saGFP NC was not successfully cloned during this work.
G-K: Digest of successfully cloned destination (pInd) plasmids with Sacl, Ncol and Eam1105I. All shown pInd clones were additionally
verified by sequencing regarding the right assembly of the intermediate vectors. The vector pInd splitYFP CC #2 was also successfully
cloned, but only verified by sequencing. Expected fragment size: A: Kpnl + Apal: 3.490bp, 2.116 bp, 1.054 bp; Eco31I (Bsal): 4.625 bp,
2035 bp. B: Kpnl + Sacl: 3.260 bp, 2.306 bp, 615 bp, 409 bp; Eco311I (Bsal): 4.555 bp, 2.035 bp. C: Ncol + Eam11051: 4.237 bp, 2.362 bp; Eco311
(Bsal): 4.564 bp, 2.035bp. D: Kpnl + Sacl: : 4.064 bp, 2.102 bp, 409 bp; Eco31I (Bsal): 4.540 bp, 2.035 bp. E: Kpnl + Sacl: 4.175bp, 2.699 bp,
409 bp; Eco31I (Bsal): 5.248 bp, 2.035 bp. F: Kpnl + Sacl: 4.074 bp, 2.699 bpm, 409 bp; Eco31I (Bsal): 5.147 bp, 2.035bp. G: Sacl: 5.672bp,
2.715bp, 2.090 bp, 1.398 bp; Ncol + Eam11051: 6.852 bp, 2.894 bp, 2.129 bp. H: Sacl: 5.622 bp, 2.511 bp, 2.279 bp, 1.398 bp; Ncol + Eam11051:
6.802 bp, 2.408 bp,2.158 bp, 442 bp; I: Sacl: 5.622 bp, 3.108 bp, 2.390 bp, 1.398 bp; Ncol + Eam1105I: 6.802 bp, 3.488 bp, 2.228 bp. K: Sacl:
5.622bp, 3.108 bp, 2.289 bp, 1.398 bp; Ncol + Eam1105I: 6.802 bp, 2.860 bp, 2.755bp. GeneRuler DNA Ladder Mix (Thermo) was used as
marker. For vector maps see supplemental figure S2 & S3.
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fore, additional available Greengate modules [206] were used. The GR-LhG4 under the con-
stitutive ubiquitin promoter (UbiQP) and Basta plant selection marker cassette were cloned
in the pGGNO000 backbone. In the backbone of pGGMO000, all different Gateway-FP expres-
sion cassettes as NC and CC combination were planed to be cloned under the pOp6Cam35m
promoter (figure 31 A).

After the transformation of the respective Greengate reaction in E. coli, single colonies
were screened via a colony PCR. Plasmids of the positive colonies were accumulated and
purified. The plasmid verification was performed via digestion (figure 32 A-F) and sequen-
cing of the assembly sites, where the Entry modules overlapped. The vectors were digested
with Bsal and with an enzyme combination (Kpnl + Apal, KpnlI + Sacl, Ncol + Eam1105I).
For pGGNO000 GR-LhG4 #1 (Figure 32 A), the gel of digestion with Kpnl and Apal showed, in
addition to the three expected bands, further higher bands at about 4000 bp, 6000 bp and
>10000 bp. The bands at 4000 bp and 6000 bp were probably partially digested fragments, as
they resulted from the sum of the individual expected fragments. Moreover, additional se-
quencing of this clone confirmed correct assembly of the entry modules and proved that the
clone was correct. The same was true for other intermediate clones whose digestion showed
additional bands. Similarly, the size of the fragments was determined by the sum of the in-
dividual expected bands and the correct assembly of the input modules was confirmed by
sequencing.

In reference to the digestion pattern and sequencing, positive clones were found for
pGGNO000 GR-LhG4, pGGMO000 splitYFP NC, pGGMO000 splitYFP CC, pGGMO000 saGFP CC,
pGGMO000 FRET NC and pGGMO000 FRET CC (figure 32 A-F), whereas for pGGM000 saGFP
NC, no positive clones were identified.

Performing a Greengate reaction with Greengate destination vector pGGZ001 and the
generated intermediate vectors (pGGN000 GR-LhG4 vector with respective pGGMO000 vec-
tor), five different 2in1 pInd destination vectors were generated. Four vectors were verified
by digestion with Sacl and Ncol + Eam11051 (pInd splitYFP NC #1, pInd split saGFP CC #2,
pInd FRET NC #1, pInd FRET CC #1, figure 32 G-K) and sequencing, whereas the correct as-
sembly of pInd splitYFP CC #1 was only verified by sequencing. As the intermediate vector
pGGMO000 saGFP NC was missing, generating the pInd saGFP NC vector was not possible.

4.2 Verification of the dexamethasone induction of 2in1 pInd vector

The next step was to test, if the dexamethasone induced FP expression of the 2in1 pInd vector
system worked in general and if it showed a dose dependency. The pOp6/GR-LhG4 promoter
system was investigated in detail in stable A. thaliana [230] and N. tabacum [231] lines. In
both organisms, they tested the dose-dependency as well as the time course of the induction
using a GUS reporter. The induction of the GUS gene expression or activity was shown to

increase over time and to be dose-dependent in both species [230, 231].
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Figure 33: In vivo monitoring of dexamethasone induction of pInd FRET vector system verified by the respective sensor fluorescence
in the transient system of N. tabacum.

N. tabacum leaves were infiltrated with FRET (A, B) sensor constructs. N. tabacumleaf discs were submerged in wells of a 96-well plate
prefilled with assay medium. After about 1 h of dark incubation, assay medium was exchanged by fresh medium with different concentra-
tions of dexamethasone (tp). The relative fluorescence unit (RFU) of the respective fluorescent senor was detected over time by the plate
reader. The graphs represent the relative fluorescence unit (RFU) normalised over the respective ty value of each replicate. While the left
graphs show the RUF over time of all concentrations without standard deviations, the middle graph represents the results of the control
and the data set the largest deviation to the control including the standard deviations. The right panel represents the RUF at the end of the
monitoring (tg). n=3 (of one infiltrated leaf) (A, B). Data are represented as mean, mean + standard deviation (SD) and box plot with Tukey
whiskers (from left to right). Significant differences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test.
Excitation: 540-20 nm; emission: 580-20 nm.

As we used the same inducible promoter system as Craft ef al. [230] and Samalova er al.
[231], we aimed to test the time- and dose-dependency of the transcript gene expression with
a similar experimental setup. Since the 2in1 pInd vector system includes FP expression cas-
settes, we quantified the relative fluorescence intensity instead of the GUS transcript level
or activity. We developed an plate reader assay using a similar concentration range than
in Craft et al. [230] and Samalova et al. [231] to be able to monitor the dexamethasone in-
duction simultaneously at different concentration and over time. The assay was performed
using transiently infiltrated N. tabacum leaves 2 d to 5d after infiltration with the respective
2in1 pInd sensor construct. N. tabacum leaf discs were submerged in wells of a 96-well plate
prefilled with assay medium. To minimise autofluorescence signal triggered by the cutting
process, the leaf discs were incubated for 1 h in the dark. Afterwards, the assay medium was
exchanged with fresh medium including different concentrations of dexamethasone (ty) and
the FP fluorescence was monitored over time.

Since the 2in1 pInd splitFP vector system did not implement a expression control, the FP
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expression was first tested in one of the generated 2inl pInd FRET vectors. Therefore, Pp-
TOM20C and PpPEX3N or PpPEX3N(GGSGG) 3 were cloned into the destination vector 2inl
pInd FRET NC via Gateway recombination. The induction assay was performed 5 d after the
N. tabacum infiltration. In figure 33 the tagRFP fluorescence normalised over the respective
to fluorescence of both pInd FRET NC constructs is shown. In the left column, the means of
all induction curves are depicted (0puM, 0.2 uM, 2 M, 5uM, 10 uM, 20 uM dexamethasone).
The tagRFP fluorescence was neither dose-dependent nor consistent between the two con-
structs (figure 33, left column). Within the replicates the standard deviation was quite high,
which is depicted in figure 33 (the middle column) showing the curve of the negative control
of 0uM dexamethasone and the curve with the highest mean plus the respective standard
deviation.

However, for both constructs a time dependent increase of the relative tagRFP fluores-
cence was detected independent on the dexamethasone application (figure 33, left column).
Comparing the raw tagRFP fluorescence values at the beginning of the experiment (tp) with
that at the end of the monitoring (tg), there were no significant differences within one time
point of the different concentrations, but a significant increase from t; to tg (supplemental
figure S4 D, E). This increase was also reflected in the relative increase at the end point of the
experiment (38.6 h, figure 33, right column), which average was also for the negative con-
trol higher than 1. The average normalised fluorescence ranged between 1.81 and 3.2 and
were not significantly different between the different dexamethasone concentrations and
the control treatment. Thus, a time dependent increase of RUF was identified but the dose-
dependency of the gene expression could not be detected by the plate reader assay using the
2inl pInd FRET NC vector backbone.

In addition, the 2inl pInd splitFP destination vectors needed to be test. Therefore, OEP7
and PpPEX3N or PpPEX3N(GGSGG);3 were selected as protein partners. N. fabacum leaves
were infiltrated with A. fumefaciens containing the respective 2inl pInd splitYFP or saGFP
constructs. The procedure and analysis of the plate reader experiment was performed sim-
ilar as previously described using the pInd FRET vector system. The only difference in the
experimental setup was that the leaves for the constructs without the long linker (figure 34 A,
C; pInd saGFP/splitYFP CC OEP7 PpPEX3N) were infiltrated 2 d instead of 5d prior starting
with the dexamethasone application. In figure 34 the BiFC (saGFP/splitYFP) fluorescence
normalised over the respective ty fluorescence is shown. For all shown constructs, the fluor-
escence monitoring revealed a time dependent increase of the saGFP or splitYFP fluores-
cence (figure 34, left column). The constructs without the additional long linker showed an
relative increase ranging between 1.3 and 1.7-fold after 20.2h or 24.2 h (figure 34 A, C, right
column) , while the relative increase for the construct with the additional long linker ranged
between 1.5 and 3.8-fold after 38.6 h (figure 34 B, right column). That the BiFC signal became
significantly brighter over time was also proven for two of the three constructs, namely pInd
saGFP / splitYFP OEP7 PpPEX3N (supplemental figure S4 A, C). Despite the fluorescence in-
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crease over time, no consistent dose-dependent trend of the for the dexamethasone induc-
tion was revealed (figure 34 A, B, C, left column). For the constructs pInd saGFP / splitYFP
OEP7 PpPEX3N, the normalised induction curves were quite similar for all dexamethasone
concentrations and the negative control (0uM dexamethasone) (figure 34 A, C). As shown
in the box-plots in figure 34 A, C, the relative increase of the leaf discs treated with dexa-
methasone was not significantly higher compared to that of the negative control at the end
of the experiment (20.2 h and 24.2 h for the saGFP and splitYFP construct, respectively). Only
for the construct pInd saGFP CC OEP7 PpPEX3N(GGSGGQG),3, there seemed to be a more dis-
tinct trend that the samples treated with dexamethasone had a brighter saGFP signal than
in the control treatment (figure 34 B, left column). However, the replicates showed a high
standard deviation (figure 34 B, middle column) and replicate number was only n = 3, which
is why the dexamethasone induction was not significantly proven.

Summarising the results of a transient induction assay, samples treated with 0 uM dexa-
methasone, showed a similar trend of the induction curve than the samples treated with
various concentrations of dexamethasone. Thus, no dose-dependency was confirmed for
the pInd vector system using leaf discs in a liquid solution but an increase of the respective
fluorescence signal over time for all treatments was be revealed.

Another opportunity for the dexamethasone application was to brush adult leaves with
a dexamethasone solution containing 0.02 % (v/v) Silwet. This technique was already per-
formed both in stable N. tabacum [231] and A. thaliana lines [230]. We aimed to test if this
technique is also functional in a transient system by brushing the leaves 2d or 5d after the
infiltration with the respective construct with a 20 uM dexamethasone solution and imaged
them after 24 h (experimental setup see figure 35 A).

For this approach, we chose the construct pInd saGFP CC OEP7 PpPEX3N(GGSGG);3. In
figure 35 representative CLSM images of N. tabacum pavement cells are shown, which were
brushed with the dexamethasone (experimental setup see figure 35 A). In leaves, which were
brushed with the control treatment (0.02 % (v/v) Silwet) 2 d after the infiltration, mainly no
saGFP signal was detected (figure 35 B). Only few cells were found to have a weak saGFP sig-
nal as indicated by arrows in figure 35 B. In contrast, the application of 20 uM dexamethasone
lead to a bright saGFP signal of transformed cells. The visualisation of leaves, which were
brushed 5 d after the infiltration, revealed a saGFP signal (figure 35 C). The saGFP signal was
also present in the control treatment, but in the samples with the dexamethasone applica-
tion the saGFP signal was substantially brighter.

In conclusion, the expectation of an dose-dependent fluorescence induction was not
confirmed in a transient induction assay. The visualisation of the induction using the ex-
ample of pInd saGFP CC OEP7 PpPEX3N(GGSGG);3 revealed, that in a transient system
the pOp6/Gr-LhG4 2inl promoter system was slightly leaky, but an application with dexa-

methasone led to a distinct increase in the fluorescence signal.
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Figure 34: In vivo monitoring of dexamethasone induction of pInd BiFC vector system verified by the respective sensor fluorescence in
the transient system of N. tabacum.

N. tabacum leaves were infiltrated with saGFP (A, B) and splitYFP (C) sensor constructs. N.tabacumleaf discs were submerged in wells
of a 96-well plate prefilled with assay medium. After about 1h of dark incubation, assay medium was exchanged by fresh medium with
different concentrations of dexamethasone (tg). The relative fluorescence unit (RFU) of the respective fluorescent senor was detected
over time by the plate reader. The graphs represent the relative fluorescence unit (RFU) normalised over the respective tg value of each
replicate. While the left graphs show the RUF over time of all concentrations without standard deviations, the middle graph represents
the results of the control and the data set the largest deviation to the control including the standard deviations. The right panel represents
the RUF at the end of the monitoring (tg). n = 12 (of three infiltrated leaves, 4 discs per leaf) (A, C); n = 3 (of one infiltrated leaf) (B). Data
are represented as mean, mean + standard deviation (SD) and box plot with Tukey whiskers (from left to right). Significant differences
were calculated according to One-way ANOVA with Tukey s multiple comparisons test. Excitation: 482nm (saGFP, splitYFP); emission:
530-20 nm (saGFP), 540-20 nm (splitYFP).
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Figure 35: Visualisation of induced saGFP fluorescence using the OEP7 and PpPEX3N(GGSGG);3 as fusion partners and transient in
N. tabacum.

A: Schemata of the experimental setup. N. tabacum leaves were infiltrated with A. tumefaciens containing the construct pInd saGFP CC
OEP7 PpPEX3N(GGSGG)13. B, C: Representative CLSM images of N. tabacum pavement cells treated with control treatment (0.02 % Silwet)
or 20 uM dexamethasone (supplemented with 0.02 % Silwet) 2d (B) or 5d (C) after the infiltration. Scale =10 um.
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5 FRET/FLIM as a putative tool to visualise the dynamics of
MCS

In contrast to the previously described BiFC, the usage of a FRET sensor system allows to
monitor transient interactions dynamically without inducing artificial tethering. FRET is an
energy transfer from an acceptor to a donor FP. The donor FP in its excited state transfers
its excitation energy to a neighbouring acceptor FP, which in turn emits a fluorescent signal
([174, 175], figure 4 E). The efficiency of the energy transfer is affected by the distance of
donor to acceptor and the Forster radius of the chosen FRET pair (see references in [174,
176]). In our case, the FRET pair is composed of mVenus as donor and tagRFP as acceptor
with a Forster radius of-5.9nm [177].

There are two common methods to detect and quantify the energy transfer. FRET can
be detected by either observing the ratio between acceptor and donor fluorescence intens-
ity, when only the donor gets excited, or the decrease in the fluorescence lifetime of the
donor using Fluorescence Lifetime Imaging (FLIM) (see references in [150]). In this work,
we chose FLIM as detection method, since it is unaffected by donor and acceptor concen-
trations, spectral bleedthrough and photobleaching [150, 178]. However, it is important to
consider that in our experimental setup FLIM requires a detection time of several seconds

per image, which might lead to short contacts being missed [6].

5.1 Determination of FLIM measurement range

Prior to dynamic imaging of putative MCS, we aimed to define the FLIM measurement cri-
teria. Therefore, two sensor controls were designed (figure 36 A). One FRET/FLIM control
should represent the unquenched donor lifetime with the donor mVenus unable to be in
close proximity to the acceptor tagRFP. For this purpose, mVenus was fused to protein do-
mains or full-length versions of the two P, patens MOM proteins PpTOM20C or PpTOMS5 (loc-
alisation see results section 2), while the tagRFP was fused to a signal peptide (PpAP1sp [238])
targeting tagRFP to the ER lumen (hereafter termed negative control). The other FRET/FLIM
control should imitate a permanent close proximity of donor and acceptor leading to a de-
crease in the fluorescence lifetime of the donor. For this purpose, synthetic tether constructs
were designed composed of the fusion proteins or protein domains PpTOM20C or PpTOM5
(MOM) and PpPEX3N (PerM). These proteins flank the FRET pair mVenus and tagRFP, which
in turn are linked by a flexible linker (schemata see figure 36 A and 41 A, hereafter positive
control).

Representative images of the controls are shown in figure 36 B. For the negative con-
trol using PpTOM20C as fusion partner, the mVenus signal was localised to the OE of the

chloroplasts and was not adjacent to the tagRFP signal. In contrast, the mVenus and tagRFP
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Figure 36: Determination of FLIM detection range in Nicotiana benthamiana pavement cells.

A: Sensor design of the FRET/FLIM (Forster resonance energy transfer/fluorescence lifetime imaging) controls. The negative control con-
sists of the donor mVenus fused to truncated or full-length versions of two Physcomitrella patens (Pp) mitochondrial outer membrane
(MOM) proteins PpTOM20C or PpTOM5. PpTOM20C is composed of the C-terminus of PpTOM20, and localised to the MOM and the
outer envelope (OE) of chloroplasts (see results section 3). The RFP was fused to a signal peptide (PpAP1sp [238]) targeting tagRFP
to the ER lumen (data not shown). The positive control is based on a synthetic tether construct composed of PpTOM20C/PpTOM5
and PpPEX3N as flanking proteins mimicking 100 %. PpPEX3N is a truncated version of PpPEX3 and localised to the peroxisomal
membrane (PerM). In the centre of the fusion protein the FRET pair mVenus and tagRFP are located connected by a synthetic linker
(PpPEX3N:tagRFP:mVenus:PpTOM20C; PpPEX3N:tagRFP:mVenus:PpTOMS5). B: Representative images N. benthamina cells overexpress-
ing the negative (PpAP1sp:tagRFP mVenus:PpTOM20C) and positive (PpPEX3N:tagRFP:mVenus:PpTOM20C) controls. FRET is an energy
transfer from an acceptor (mVenus) to a donor (tagRFP). The efficiency of the FRET is dependent on the Forster radius (here-5.9 nm [177]).
As readout FLIM was used with the medium fluorescence lifetime 7, of a 1 component analysis of exponential decay (1C), and (71) and
NrreT/Np of a 2 component analysis of exponential decay (2C). NrrpT/Np visualise the ratio of the number of interacting (=quenched)
donor (71) to non-interacting (=unquenched) donor molecules (r2). Scale=5um. C, D: Quantification of the FRET/FLIM negative and
positive controls regarding 7,,; 1C (C) and 71 2C (D). n = 15 (C) or n = 6 (D); box plot with median and Tukey whiskers. Significant differ-
ences were calculated according to One-way ANOVA with Tukey ‘s multiple comparisons test.

signals of the positive control co-localised and were adjacent to the chlorophyll autofluor-
escence. The medium fluorescence lifetime 7,, of a 1 component analysis of exponential
decay (1C) revealed that 7, 1C was decreased for the quenched donor of the positive con-
trol (green colour) compared to the unquenched donor of the negative control (blue colour).
This was also confirmed by a quantification (figure 36 C) with the unquenched donor life-
time determined as 7, = 2575.67 ps + 191,75 ps and the lifetime of the quenched donor as
Tm = 1975.8 ps + 134.5 using the negative and positive control, respectively. Using a double

exponential decay analysis of the donor lifetime, the decay amplitudes of the number of in-
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teracting (=quenched) donor (7;) and of non-interacting (=unquenched) donor molecules
(t2) can be determined and depicted as ratio Nrgrg7/Np. For the 2C analysis, 7, was set to
2575.67 ps, which is the unquenched donor lifetime 7, of the negative control. When FRET
was not present, the ratio Nrgpr/Ng was <1 with 7, (negative control, red colour). When
FRET was present, 7; (Qquenched donor lifetime) was determined as 965 ps + 77.77 ps (figure
36 B, D) and Nrgp7/Nj reached values between of 2-5 (figure 36 B, yellow to blue).

Based on this results, we defined the following criteria for FLIM analysis: 1) a co-locali-
sation of the mVenus and tagRFP signal, 2) a decrease in 7,, compared to the negative con-
trol, 3) 71 = 965 ps + 77.77 ps and 4) Nrrer/Ng value higher than that for the negative control
>1.

5.2 Suitability verification of FRET/FLIM sensor system to monitor dynamic
MCS

After defining the dynamic range for the FLIM analysis, we aimed to test whether the mem-
brane proximity of organelles could be visualised by the decrease in the fluorescence lifetime
of mVenus.

For this purpose, FLIM measurements were performed transiently in N. ftabacum leaves
expressing mVenus:TOM20C and PpPEX3N:tagRFP (schemata see figure 37 A). Two repres-
entative images of the FLIM analysis in mesophyll cells are shown in figure 37 B. In mesophyll
cells, the mVenus signal was localised to the OE, whereas the tagRFP signal was found in the
PerM (see also results section 2). ROIs of putative interaction sites were marked, where the
tagRFP signal was adjacent to the mVenus donor signal (dotted circles). The local donor life-
time 7, within the ROIs did not differ to that of the remaining areas and the false-colouring
was similar to that of the unquenched, negative control (blue, figure 36 B). This was also
underlined by the 2C analysis, which revealed no distinct differences of 7, and Nrgrp7/Ny
values comparing the ROIs and remaining areas.

FLIM measurements are based on photon collection over time and the readout gets more
robust the more photons are collected. The FLIM detection time for this analysis was set
to 30s-35s to reach a count of approximately 50.000 photons. The dynamics of putative
chloroplast-peroxisome MCS are not known yet. For this reason, interactions below the de-
tection time of 30 s could be overlooked with this experimental setup. Therefore, FLIM de-
tection time was decreased to 10s for the same cell in order to test, if the photon count was
high enough to guarantee a robust readout and if transient MCS were overlooked using a
long detection time. The false-colouring of the representative 7, time series was similar to
that after 30 s - 35 s detection time. However, the amount of photons that was collected after
10 s was low. To guarantee a robust analysis, a high photon count was beneficial for the cal-
culation of the donor decay, while in our case a low photon count led to high scattering of

the measurement values and a more error-prone analysis (data not shown).
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Figure 37: Imaging setup adaption for dynamic FRET-FLIM measurements in N. tabacum leaf cells.

A: Scheme showing the general design of the FRET-FLIM sensor. mVenus is fused C-terminal to PpTOM20C and localised to outer envelope
(OE) and mitochondrial outer membrane (MOM), whereas the acceptor tagRFP is fused C-terminal to a truncated version of PpPEX3 and
localised to peroxisomal membrane (PerM). The Forster radius of mVenus and tagRFP is-5.9nm [177]. C: Representative images of FRET-
FLIM measurements of transiently transformed N. tabacum cells overexpressing the construct PpPEX3N:tagRFP mVenus:PpTOM20C. Pu-
tative regions of interactions (overlap of tagRFP and mVenus signals) are marked with dotted circles. As readout for FRET a local decrease
in 7,, 1C and the appearance of quenched donor lifetime values (71) 2C are expected. Nrrg7/Ny visualise the ratio of quenched donor
(r1) to unquenched donor (72). Two different approaches regarding the detection time were performed with 30s-35s and a time series
with 10's collecting photons (7, 1C). Scale =5 pm.

Based on these results, a longer detection time was used for further FLIM experiments.
However, the question remained whether the frequency and duration of MCS formation is
too fast or too transient for visualisation of organellar proximity with our FLIM imaging set-
tings. An alternative to reducing the detection time was to stabilise the putative MCS. The
organelle positioning was shown to be regulated by actin cytoskeleton [217-220]. In order
to stabilise putative MCS between peroxisomes and chloroplasts, the actin depolymerising
drug cytD (20 uM) was used in order to reduce the active movement of the organelles (sup-
plemental figure S1).

Additionally, the natural distance, which need to be bridged between the chloroplasts
and peroxisomes at the putative MCS, is unknown. Therefore, an additional larger sensor
was designed including a long linker (figure 38 B). OEP7 and PpPEX3N were used as fu-
sion proteins for mVenus and tagRFP, respectively. OEP7 was shown to be localised to the

OE transiently in N. tabacum pavement cells (results section 2). The construct without the
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Figure 38: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with short and long
linker under light conditions and cytochalasin D (CytD) treatment transient in N. tabacum.

A: Experimental setup of sample preparation and imaging procedure. Leaves of N. tabacum were infiltrated with the respective Agrobac-
teria strain. Two d after infiltration, leaf discs were vacuum infiltrated in CytD (20 uM) and imaged after 1.5 h incubation at 20 umolm =2 s~
Maximum time of imaging per sample was 20 min. B: Scheme showing the general approach of the design of the FRET-FLIM based sensor
system. Membrane contact sites conditions, protein composition and distance between OE and PerM are still unknown. Therefore two
sensor pairs with short or short +long linker were designed to bridge different distances. mVenus is fused C-terminal to OEP7 and localised
to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of PpPEX3 and localised to PerM. The bridging distance of
this constructs between both membranes are < 22.08 nm or < 45.48 nm + the Forster radius ¢5.9 nm [177]). C: Representative images of
FRET-FLIM measurements of N. tabacum mesophyll cells. As readout for FRET a local decrease in 7, and the appearance of quenched
donor lifetime values (71) are expected. Nrrg7 /N visualise the ratio of quenched donor (71) to unquenched donor (72). Scale =2.5 um.

long linker bridged 22.08 nm plus the Forster radius of-5.9 nm [177] between OE and PerM
(OEP7:mVenus, PpPEX3N:tagRFP) (figure 38 B). The ROIs labelling the putative interaction
sites showed a blue false-colouring for 7,, similar to the negative control. Also the false-
colouring for 7; and Nrgrp7r/Ny of the 2C analysis did not differ from that of the negative

control and the remaining areas (figure 38 C, supplemental figure S5; controls see figure 36
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B).

Adding the long and flexible linker ((GGSGG),3) between PpPEX3N and tagRFP increased
the bridging distance to 45.48 nm plus the Forster radius of-5.9 nm [177] (figure 38 B). The
false-colouring of 7, 71 and Nrrpr /Ny did not differ to those of the construct without the
additional linker and of the negative control (figure 38 C, supplemental figure S6; controls see
figure 36 B). Summarising the results of the experiments in N. tabacum, the donor lifetime
was not reduced, independently of the protein fusion partners, detection time, pharmaceut-
ical treatment or bridging distance.

The proximity and interaction rate of chloroplasts and peroxisomes has been described
to be increased under light conditions [26]. In N. tabacum, the Agrobacterium-mediated
transformation was mostly efficient in pavement leaf cells, whereas infection of photosyn-
thetic active mesophyll tissue was rare. We wanted to collect more data in photosynthetic
active tissue and under light conditions to verify, whether the proximity of chloroplasts and
peroxisomes could be detected by using FRET/FLIM. Thus, stable A. thaliana lines of the
constructs with and without long linker were generated (FRET CC OEP7:mVenus PpPEX3N
/ PpPPEX3N(GGSGG); 3:tagRFP). The FLIM detection was performed in mesophyll cells of T2
plants either under light conditions (figure 39, supplemental figure S7, S9, S10, S11) or under
light conditions with additional cytD treatment (figure 40, supplemental figure S8, S12, S13,
S14). Under light conditions for both FLIM sensors with and without the long linker, the 7,,,
71 and Ngrp7/Nj false-colouring did not differ from that of the negative control (figure 36
B) or the dynamic data in N. tabacum (figure 37, 38). Also an addition of cytD to inhibit the
active organellar movement did not lead to a decrease in the donor lifetime, since all FLIM
parameters were similar to that of the negative control (7, blue, 71 and Nrgg7/Nj red).

In summary, we did not observe any decrease in the fluorescence lifetime of mVenus
at putative chloroplast-peroxisome interaction sites regardless of the species, the bridging

distance of the sensor construct and the experimental conditions.
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Figure 39: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with short and long
linker under light conditions in stable A. thalianalines.

A: Experimental setup of sample preparation and imaging procedure. Leaf discs were vacuum infiltrated in water and directly imaged or
incubated at 20 pumol m~2 s~!. Maximum time of imaging per sample was 20 min. B: Scheme showing the general approach of the design
of the FRET-FLIM based sensor system. Membrane contact sites conditions, protein composition and distance between OE and PerM are
still unknown. Therefore two sensor pairs with short or short +long linker were designed to bridge different distances. mVenus is fused
C-terminal to OEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of PpPEX3 and localised
to PerM. The bridging distance of this constructs between both membranes are < 22.08 nm or < 45.48 nm + the Forster radius ¢5.9nm
[177]). C: Representative images of FRET-FLIM measurements of independent stable A. thaliana lines (px-ck 48#1 #21, Col-0 84#2 #12,
Col-0 84#2 #15, px-ck 84#2 #35). As readout for FRET a local decrease in 7, and the appearance of quenched donor lifetime values (1) are
expected. NrprgpT /Ny visualise the ratio of quenched donor (71) to unquenched donor (72). Scale =2.5 um.
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Figure 40: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with short and long
linker under light conditions and cytochalasin D (CytD) treatment in stable A. thalianalines.

A: Experimental setup of sample preparation and imaging procedure. Leaf discs were vacuum infiltrated in CytD (20 uM) and imaged after
1.5h incubation at 20pmolm~2 s™1. Maximum time of imaging per sample was 20 min. B: Scheme showing the general approach of the
design of the FRET-FLIM based sensor system. Membrane contact sites conditions, protein composition and distance between OE and
PerM are still unknown. Therefore two sensor pairs with short or short +long linker were designed to bridge different distances. mVenus
is fused C-terminal to OEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of PpPEX3 and
localised to PerM. The bridging distance of this constructs between both membranes are < 22.08 nm or < 45.48 nm + the Forster radius
€5.9nm [177]). C: Representative images of FRET-FLIM measurements of independent stable A. thalianalines (px-ck 48#1 #21, Col-0 84#2
#12, Col-0 84#2 #15, px-ck 84#2 #35). As readout for FRET a local decrease in 7,, and the appearance of quenched donor lifetime values
(11) are expected. NpppT /Ny visualise the ratio of quenched donor (71) to unquenched donor (7). Scale=2.5 um.
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6 Perturbing organelle interactions

In addition to the visualisation of MCS, the interactions between organelles could be also in-
vestigated by perturbing and manipulating them. Therefore, we designed a synthetic tether
construct, which contains targeting signals to two different membranes being linked by a
FRET/FLIM pair (figure 41 A). In this work, the focus was in particular on the organelles
chloroplasts, peroxisomes and mitochondria. Photorespiration takes place between these
organelles, exchanging metabolites to detoxify 2-phosphoglycolate beeing generated by the
oxygenase activity of RubisCo [1].

6.1 Effects of synthetic tethering on cellular organisation in plant cells

To perturb the natural interaction between the photorespiratory organelles, a synthetic te-
ther construct was designed using truncated versions of P patens TOM20 (PpTOM20) and
PEX3 (PpPEX3) for the organellar targeting. In N. tabacum, the localisation control of the C-
terminus of the MOM protein PpTOM20 (PpTOM20C) was shown to be localised to MOM,
but also miss-localised to OE of chloroplasts (figure 22). As peroxisomal anchor, the N-
terminus PpPEX3 (PpPEX3N) was used, which was localised to PerM in N. benthamina (fig-
ure 23). The synthetic tether construct 24#5 PpPEX3N:tagRFP:mVenus:PpTOM20C (table 24)
was expressed constitutively under a CaMV35S promoter. In this section, we aimed to test,
what impact the overexpression of the fusion protein PpPEX3N:tagRFP:mVenus:PpTOM20C
had on the cellular organisation and structure with a special focus on peroxisomes, mito-
chondria and chloroplasts (figure 41 A).

6.1.1 Peroxisomal cluster formation in N. benthamina and N. tabacum cells overexpress-

ing the synthetic tether construct

To test the localisation and the intactness of the synthetic tether construct, it was first in-
vestigated transiently in N. benthamina and N. tabacum co-infiltrated with peroxisomal CFP
marker construct (pSS02:CFP-SKL [221], figure 41 B). The representative images of transi-
ently transformed N. benthamiana pavement cells show a co-localisation of the mVenus and
tagRFP signal indicating an intactness of the synthetic tether fusion protein. The signals sur-
rounded the peroxisomes, which were mostly either directly adjacent to chloroplasts (see
chlorophyll autofluorescence signal) or part of a group of peroxisomes adjacent to a chloro-
plast (figure 41 B). Mitochondrial staining was not performed in N. benthamiana, which in
turn does not allow any conclusion on the tether effect between peroxisomes and mitochon-
dria.

To test if the overexpression of the synthetic tether construct influences the peroxisome-
chloroplast proximity, a manual and an automated proximity analysis were performed in
N. tabacum pavement cells (results section 1.2). The results of both analyses were that nei-

ther the ratio chloroplast with contact to peroxisomes per total chloroplasts (c./c; [%]) or
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Figure 41: Perturbing organellar interaction by transient expression of the synthetic tether construct 24#5
(PpPEX3N:tagRFP:mVenus:PpTOM20C) in N. benthamiana.

A: Schemata of the design of tether construct. PpPEX3N and PpTOM20C are truncated versions of respective proteins consisting of their
transmembrane domain. The localisation controls of PpPEX3N was localised to the PerM (peroxisomal membrane) and that of PpTOM20C
both to MOM (mitochondrial outer membrane) and OE (outer envelope of the chloroplast) (results section 3). Thus the expectation is
that the fusion protein PpPEX3N:tagRFP:mVenus:PpTOM20C tether either PerM-MOM as PerM-OE. B: Representative CLSM images of
transient expression in N. benthamiana under the constitutive promoter CaMV35S . The peroxisomal CFP marker (CFP-SKL) was also
constitutively expressed, leading to a side affected enrichment of CFP signal in the cytosol. Scale bar = 2 ym

peroxisomes with contact to chloroplasts per total peroxisomes per cell (p./p; [%]) were sig-
nificantly different for cells overexpressing the synthetic tether construct to those of WT cells
(figure 14).

6.1.2 Cluster formation of peroxisomes and elongated mitochondria in synthetic tether

lines

In order to investigate the effect of overexpressing the synthetic tether construct not only in
a transient system, transgenic A. thaliana overexpression lines were generated. The aim was
to study these lines at the cellular level regarding the effects on the spatial organellar organ-
isation, as well as to investigate them at phenotypic level. Two different WT background lines
were transformed with the synthetic tether construct PpPEX3N:tagRFP:mVenus:PpTOM20C
(24#5). Besides Col-0, the commercial available px-ck line was chosen, which is a Col-0 eco-
type with a peroxisomal CFP marker (CFP-SKL, [186], further information see methods sec-

tion 2.1). The Basta selection marker of the synthetic tether construct 24#5 allowed screening
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either on soil or on plates.

All individual T; lines, which survived the Basta selection on soil, were screened for a
bright fluorescence signals for both tagRFP and mVenus (supplemental figure S15). For all
T, lines, the tether signals of mVenus and tagRFP overlapped, indicating an intact tether con-
struct. Lines with the Col-0 background had punctual and bright signals for both FP. Since
these lines do not have a peroxisomal marker, the tether signal could not be clearly assigned
to distinct organelles. Nevertheless, the distribution, shape and size of the signal strongly
suggested that the synthetic tether construct was localised to the PerM. The punctual sig-
nal was mostly co-localised or adjacent to the chlorophyll autofluorescence (supplemental
figure S15).

To verify the localisation of the synthetic tether construct, transgenic A. thalianalines in
the px-ck background [186] were generated. As already suggested in Col-0, the peroxisomal
localisation of the tether signal of mVenus and tagRFP could be confirmed in the A. thaliana
px-ck lines (supplemental figure S15). Similar to N. benthamiana, in A. thaliana the signal of
tagRFP and mVenus was not only localised at peroxisomes allocated to the chloroplasts, but
was additionally localised to spherical clusters of peroxisomes, which were mainly found
in pavement cells. However, these clusters were mostly not in the immediate proximity of
chloroplasts.

For all individual T; lines, which survived the Basta selection on soil and had a bright
fluorescence signal (supplemental figure S15), the segregation pattern of the T, generation
was tested (table 27 and 8). Examining the segregation pattern in T, revealed, how many
independent insertion events per line took place in the actual transformation step. For one
insertion event, 50% heterozygous, 25% homozygous and 25% WT plants would be expected
in T,. The expected segregation pattern 3:1 (survivor:dead) on Basta selection plates was
tested using a y>-test.

Table 27 shows the segregation pattern of the lines selected for phenotyping. The two in-
dependent lines Col-0 24#5 #11 and px-ck 24#5 #31 showed the expected segregation pattern
3:1in the T, generation. Due to its bright signal and the lack of a third line with the expected
segregation pattern at this time point, the line px-ck 24#5 #12 was also propagated further to

the third generation (Tj3), albeit its y?-value indicated more than one T-DNA insertion event.

Table 27: Segregation on plates with Basta selection of independent A. thaliana T synthetic tether lines expressing the synthetic tether
construct 24#5 (PpPEX3N:tagRFP:mVenus:PpTOM20C) under the constitutive promoter CaMV35S.

For one T-DNA insertion event in the second generation (T2) a segregation pattern of 3:1 (survivor:dead, 75% survivors) is expected, which
was used as expected ratio for the Chi-square value (y2-value). The segregation pattern is mathematically defined as survivor divided
by total amount of seedlings. As degree of freedom DF = 1 was used, since two different phenotypic observations (survivor, dead) were
investigated.

A. thalianaline Survivor Dead Segregation pattern [%] y2-value
Col-0 24#5 #11 37 11 77.08 0.12
px-ck 24#5 #12 44 1 97.78 107.45
px-ck 24#5 #31 32 14 69.57 0.64
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Table 28: Segregation on plates with Basta selection of A. thaliana synthetic tether lines expressing the synthetic tether construct 24#5
(PpPEX3N:tagRFP:mVenus:PpTOM20C) in the third generation (T3).

In order to verify a homozygous T3 seed batch, the segregation pattern of the independent lines must 1:0 (survivor:dead; 100% survivors).
The segregation pattern is mathematically defined as survivor divided by total amount of seedlings.

A. thalianaline Survivor Dead Segregation pattern [%]
px-ck 24#5 #12B 28 0 100
px-ck 24#5 #12G 27 0 100
px-ck 24#5 #31F 30 0 100
Col-0 24#5 #11C 28 0 100

In the T3 generation, selected lines were screened for homozygous plants (table 28 and 9).
For the following phenotyping experiments, one homozygous T3 plant was chosen, respect-
ively, for both lines with one T-DNA insertion event (Col-0 24#5 #11C and px-ck 24#5 #31F),
whereas for the line px-ck 24#5 #12 with more than one T-DNA insertion event, two T3 plants
were chosen (#12B/G).

Prior to the phenotyping, the effect of overexpressing the synthetic tether construct was
investigated further on cellular level in the transgenic A. thaliana lines (T, and T3 genera-
tion). Similar to the transient system (figure 41), the tether signal of mVenus and tagRFP
co-localised and surrounded partly the peroxisomal CFP marker in the A. thaliana synthetic
tether lines (figure 42 A). In the WT px-ck, the peroxisomes were equally distributed, while
the overexpression of the synthetic tether construct resulted in clustering of peroxisomes
(indicated by arrows in overlay channel). The peroxisomal clusters were spherical, with the
peroxisomes surrounding the sphere rather than forming it, whereas the tether signal was
shown to be located at the inward-facing side of the peroxisomal cluster. Those clusters were
mainly found in pavement cells, but smaller ones could also be detected in mesophyll leaf
tissue (figure 43). Different than in N. tabacum, these clusters were not adjacent to chloro-
plasts (figure 42 A).

The questions raised by these results were, which additional components these clusters
had been composed of and why they had a spherical shape in pavement cells. One possibil-
ity was that the spherical shape of the peroxisomal clusters was caused by the accumulation
around the nucleus. To verify this, CLSM images of the cluster and the bright field channel
for detecting the nucleus were compared for a co-localisation. Three representative images
of transgenic T3 lines shown that the clusters (Cl) did not surround the nucleus (N) (figure
42 B). The synthetic tether construct was also designed for mitochondria-peroxisomes teth-
ering, which was why we tested if mitochondria are localised within those spherical clusters
(figure 42 C). Mitochondria had accumulated within the spherical cluster and were partially
adjacent to with the tether signal (mVenus, tagRFP).

Although the proximity analysis (see results section 1.2) of chloroplasts and peroxisomes
did not reveal significant differences in tether T» plants to px-ck, the impact of overexpress-

ing the synthetic tether construct on organellar morphology was investigated in two rep-
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Figure 42: Overexpression of tether construct PpPEX3N:tagRFP:mVenus:PpTOM20C (24#5) lead to peroxisomal cluster formation in
leaf cells of transgenic A. thalianalines (T3 generation).

A: Representative CLSM images giving an overview of the distribution of the peroxisomal and tether signal in A. thaliana leaf tissue of
px-ck (Col-0 with peroxisomal CFP marker (CFP-SKL), [186]) and a px-ck tether line (24#5, PpPEX3N:tagRFP:mVenus:PpTOM20C). Perox-
isomal clusters are indicated by arrows in the overlay channel, whereas a representative close up image shows structure of these clusters.
B: Representative CLSM images showing the peroxisomal clusters (Cl) and the nucleus (N) of the same cell. C: Representative image of
tether induced cluster coloured with MitoTracker orange (red). Scale bar 10 um.
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resentative T3 transgenic lines (px-ck 24#5 #12B, px-ck 24#5 #31F). The morphology was
studied by performing a 3-D modulation of CLSM z-stacks via the software Imaris. Fig-
ure 44 visualises the MIP of the CLSM signals and the Imaris surface modulation of repres-
entative z-stacks showing chloroplasts in magenta, peroxisomes in cyan and mitochondria
(MitoTracker orange) in red. For the individual organelles, the original CLSM signals (red)
matched with the objects of the Imaris surface modulation (transparent green).

In addition to those spherical clusters described above, the tether signal in A. thaliana
mesophyll cells was mainly found at smaller groups or individual peroxisomes, both adja-
cent to the chloroplasts (figure 43 A, marked by arrows). To verify the impact of the tether
overexpression in non-photosynthetic tissue and in seedling age, the root elongation zone
of 5-7d old seedlings were imaged. In figure 43 B a MIP and 3D surface modulation by
Imaris are shown of the px-ck and two representative transgenic synthetic tether lines (px-
ck 24#5 #12B, px-ck 24#5 #31F). Comparing px-ck and the transgenic synthetic tether lines,
the distribution of peroxisomes and mitochondria in the root elongation tissue was mostly
similar with additional peroxisomal and mitochondrial clusters for the synthetic tether lines
(marked by arrows).

Similar than in N. tabacum, we aimed to test if the overexpression of the synthetic tether
construct affected the proximity ratio between chloroplasts and peroxisomes (results section
1.2). The results of the analysis revealed no differences in the ratio chloroplast with contact
to peroxisomes per total chloroplasts (c./c; [%]) or peroxisomes with contact to chloroplasts
per total peroxisomes per cell (p./p; [%]) for two representative the overexpression lines (T>,
px-ck 24#5 #12, px-ck 24#5 #31) to px-ck (figure 15).

Both, chloroplasts and peroxisomes showed no changes in their morphology, which was
also reflected in a similar percentage volume per cell compared to WT px-ck (figure 44 B,
C). However, mitochondria seemed to be more elongated in both synthetic tether lines com-
pared to the WT (figure 44 A). The mitochondrial volume normalised per cell volume was
increased compared to the WT plants, albeit only significantly different for px-ck 24#5 #31E
This might also correlate with a trend towards an increase in mitochondria number per total
cell volume in both transgenic lines (figure 44 E). As third parameter, the sphericity of mito-
chondria was examined. The sphericity value describes how perfectly spherical a structure
is. By the definition of the Imaris manual, the sphericity ¥ of an object is the ratio of surface
area of a sphere with the same volume as the compared particle to the surface area of the
particle. Thus a perfect sphere has a sphericity ¥ = 1, whereas objects less spherical have
values ¥ < 1. The mitochondrial sphericity of px-ck and the synthetic tether lines were in
an equal range, but that of synthetic tether lines were significantly decreased (figure 44 F
px-ck:W =0.86 £0.11, px-ck 24#5 #12B W = 0.78 £0.14, px-ck 24#5 #31F ¥ = 0.80 +0.14).
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Figure 43: Signal distribution of the synthetic tether construct PpPEX3N:tagRFP:mVenus:PpTOM20C (24#5) in transgenic T3 A. thali-
analines in leaf and root tissue.

A: Representative overview and close up image of mesophyll leaf tissue of transgenic A. thaliana synthetic tether lines (T3). Co-localisation
of peroxisomes and tether signal are marked by arrows in the overlay channel. B: 3D-reconstruction of elongation zone of A. thaliana wild
type (px-ck) and T3 synthetic tether lines. Representative images of cells of 5-day-old background line (px-ck) and two independent syn-
thetic tether lines (#12B, #31) grown grown on plates. Mito Tracker Green FM is shown in yellow in the maximum intensity projection (MIP)
and Imaris segmentation, the peroxisomal CFP marker in cyan and the signal of tether construct in red. o-localisation of peroxisomes and
tether signal are marked by arrows in Imaris surface modulation channel. 3D segmentation and surface modulation was performed using
Imaris x 64 (version 9.2.1, surface module). Imaris software was provided by Prof. Dr. Nicole Frankenberg-Dinkel and Dr. David Scheuring
of TU Kaiserslautern. Scale bar 10 um.

In summary, the microscopic analyses in N. benthamiana, N. tabacum and A. thaliana,
revealed that the overexpression of the synthetic tether construct led to a spherical cluster
formation of peroxisomes. In A. thaliana, a qualitative evaluation of the CLSM image ma-
terial suggested that these clusters or single peroxisomes were adjacent to the chloroplasts,
although a quantification did not reveal any difference in the interaction rates of those two
organelles between synthetic tether lines and WT. However, we were able to identify that mi-
tochondria were located within the peroxisomal clusters and that they were more elongated

transgenic synthetic tether lines than in WT.
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Figure 44: Organelle morphology of A. thaliana wild type (px-ck) and T3 synthetic tether lines (PpPEX3N:tagRFP:mVenus:PpTOM20C;
24#5) in mesophyll cells.

A: Representative 3D images of cells of 6-week-old background line (px-ck) and two independent transgenic lines (#12B, #31) grown under
standard conditions. Organelles were detected via chlorophyll autofluorescence (magenta), a peroxisomal CFP marker (cyan) and Mito
Tracker orange (red) and shown as maximum intensity projection (MIP). For 3D surface modelling via Imaris the same colour scheme were
used for the respective organelles. B, C, D, E: Quantification of percentage of organellar volume and number per cell volume. n = 5. box
plot with Min to Max showing all data points. Significant differences were calculated according to One-way ANOVA with Tukey “s multiple
comparisons test. E: Sphericity of mitochondria. n = 487 mitochondria of 5 — 6 mesophyll cells; box plot with median and Tukey whiskers.
Significant differences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test. Organelle parameters were
analysed using Imaris (version 9.2.1, surface module). Imaris software was provided by Prof. Dr. Nicole Frankenberg-Dinkel and Dr. David
Scheuring of TU Kaiserslautern. Plants were grown under standard conditions on soil.
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6.2 Synthetic tethers — influence on the plant performance tested in trans-

genic A. thaliana T plants

This section aimed to investigate the influence of the tether overexpression on the plant per-
formance performing various phenotyping experiments in transgenic T3 lines, Col-0 and
px-ck. To get a comprehensive impression of the impact overexpressing the synthetic tether
construct, the plant phenotype of transgenic A. thaliana lines were analysed in different tis-
sues and ages.

6.2.1 No distinct trend in terms of germination and root growth of seedlings

In the previous section (6.1), it was shown that overexpression of the synthetic tether con-
struct led to a formation of peroxisomal, spherical clusters (figure 42). In addition, various
mitochondria were adjacent to the peroxisomes within those spherical clusters (figure 42).
The 3-oxidation is known to be required for the termination of dormancy and initiation of
germination in A. thaliana seeds [239, 240]. Nietzel et al. described a redox-mediated kick
start of the mitochondrial energy metabolism to be essential for an efficient seed germina-
tion [90]. They suggested that citrate functions as main respiratory substrate during the seed
imbibition [90], which was in turn shown to be exported from peroxisomes [87].

Therefore, we wanted to test if and how the peroxisomal clustering and the mitochon-
drial localisation within this clusters might affect the germination of the transgenic synthetic
tether lines. WT lines (Col-0, px-ck) and synthetic tether lines were studied regarding their
germination efficiency. As a control line trx-o01, a thioredoxine knock-out mutant, was used,
which was shown to have an impaired germination in a recent study [90]. Synchronised seed
material, except for trx-ol, was observed over 4 d after sowing to track the testa rupture as
well as the radicle penetration, which was termed as germination. Seeds were sown on Y2 MS
media with or without 1% sucrose, which served as an external carbon source.

First testa rupture and germination were detected after 48 h (figure 45). In the first 48 h
control line #rx-ol had a higher germination rate than both WT lines, but after 96 h showed
a significant decrease in its germination rate (figure 45 C, E I, L). For the tether and WT lines
and independently under both conditions, a fast increase in testa rupture was detected from
24h to 48 h. After 72h most of the seeds had a break in the seed coat, with a percentage of
about 94%, which slowly increased to a maximum between 96-99% (figure 45 A, B, G, H).
Whereas the synthetic tether lines in the background of px-ck showed significantly faster
testa rupture than the WT px-ck (figure 45 B, H), Col-0 24#5 #11C was significantly delayed
compared to its background line Col-0 (figure 45 A, G).
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Figure 45: Germination rate of A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under standard growth conditions on plates.

Synchronised A. thaliana seeds (except for trx-ol) were sown on plates (1/2MS, 10 mM MES, pH 5.8 with KOH, 0.8% (w/v) phytagel) with
1% (w/v) sucrose (A-F) and without sucrose (G-L). The average emergence of testa rapture (A-C, G-I) and the complete germination with
radicle penetration of the testa and endosperm (D-F, J-L) within the first 4 d after sowing is shown (n=300 - 500; average +SD). trx-ol was
used as a control line, since it is published to have a decreased germination rate [90]. Significant differences were calculated according to
2-way ANOVA with Tukey “s multiple comparisons test. Significant differences compared to the wild type background lines were indicated
with * in respective colour.

As expected, radicle emergence was delayed compared to testa rupture. A strong increase
in germination rate took place between 48 h and 60 h or 72 h. As for testa rupture all px-ck
synthetic tether lines showed a significantly faster germination rate than their WT, whereas
Col-0 tether line was significantly slower in germination (figure 45 D, E, J, K). Thus, there

is not a consistent trend in germination efficiency. Only two independent lines (px-ck 24#5
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Figure 46: Root development of A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under standard growth conditions.

A: Experimental setup of root development experiment under standard growth conditions (100-200 umol photons m~2 s71) on plates.
Seeds on plates were stratified for 2 d at 4°C. B: Representative images of 5-day-old background lines (Col-0, px-ck) and three independent
transgenic lines (#11C, #12B/#12G, #31F). C: Quantification of primary root growth after 5d. n = 92; box plot with median and Tukey
whiskers. Significant differences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test. Root growth was
analysed with RootNav [185].

#12B/G /#31F) were significantly faster in germination, whereas one independent line (Col-0
24#5 #11C) was significantly delayed.

To verify if the root and seedling growth of the synthetic tether lines are affected, seeds
were sown on Y2 MS media with 0.1% sucrose, stratified for 2 d at 4°C and transferred to
standard growth conditions. The primary root length was detected after 5 d via photo and
analysed with RootNav [185] (figure 46 A). One tether line Col-0 24#5 #11C showed a signi-
ficantly impaired root growth of 20% compared its background WT Col-0. This was not con-
firmed by the other transgenic lines in the px-ck background (#12B/G, #31F), which were not
significantly different to px-ck WT in root growth (figure 46 C). This was in line with the pre-
viously mentioned results where the line Col-0 24#5 #11C, the only line with shorter roots,
was also the only one delayed in germination.

6.2.2 Rolled leaf and early senescence phenotype in synthetic tether lines

To investigate the impact of the organellar tethering in adults plants, their development on
soil was studied in terms of leaf morphology, analysis of the rosette leaf area, fresh weight,
and inflorescence development (figure 47).

Notably, all adult synthetic tether lines exhibited a curly leaf phenotype represented in
figure 47 A. Compared to both WT lines, they had smaller leaves with a more yellow colouring
(figure 47 C). This was also confirmed by studying the rosette leaf area (figure 47 B). After

3weeks, synthetic tether lines were not significantly different compared to WT lines, but
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from week 4 on, all transgenic lines had a significantly smaller leaf area compared to WT.
The reduction of the leaf area ranged from 25% to 54% in week 4 and after 5 weeks even from
40% to 62%. This was also reflected in the fresh weight of 6-week-old plants (figure 47 E),
which was clearly decreased in the overexpression lines compared to WT plants (reduction of
37%, 33%, 56% and 49% for Col-0 24#5 #11C, px-ck 24#5 #12B, #12G and #31F, respectively).
Independently of rosette leaf area and the fresh weight, the induction of inflorescence was
not significantly delayed for transgenic lines compared to both WT (figure 47 F), whereas the
inflorescence height of 8-week-old plants was significantly decreased in all synthetic tether
lines with a reduction of 41% to 67% compared to WT plants (figure 47 G).

To check if the curly leaf phenotype is also reflected at leaf morphology, leaf cross sec-
tions and quantification of the cell size were performed for the two representative synthetic
tether lines px-ck 24#5 #12B and px-ck 24#5 #31F (figure 48). Leaf cross sections revealed that
the tether leaves were creased and inconsistently thick, which was not true for that of px-ck
WT plants (figure 48 A). The general cell structure of the synthetic tether lines was poorly or-
ganised and no clear border between palisade and sponge mesophyll tissue was identified.
Additionally, the chloroplasts of both mutants seemed to be green-yellowish, whereas the
chloroplasts of px-ck showed a saturated green colour.

To determine whether the curly phenotype was also reflected in a different cell size be-
tween | synthetic tether lines and WT, z-stacks of mesophyll cells of 6-week old plants were
analysed by Imaris to quantify the volume of represented lines. In figure 48 B the 3D-modu-
lation of representative cells are shown, with chloroplasts in magenta, mitochondria in red,
peroxisomes in blue and the 3D reconstruction of the cell in a transparent grey. Represent-
ative cells of both synthetic tether lines were distinctly smaller than that of WT px-ck (red
frame in figure 48 C). Quantification of the cell size (volume) confirmed this results (figure
48 D). Whereas the average cell size of px-ck was 69.69 10° um?, px-ck 24#5 #12B and px-ck
24#5 #31F showed an significantly decrease in cell size with 39.08 10% um?® and 39.47 103 pm?3,
respectively.

As already shown under normal growth conditions, adult plants showed an early senes-
cence phenotype compared to WT plants (figure 47 A, C). To verify this phenotype, the 3rd
and 4th leaf of individual WT and tether plants were covered with aluminium foil for 5d (fig-
ure 49 A; method adapted from E Li et al. [193]). Images were taken and the greenness was
quantified using the ratio of green to red intensities per pixel. As shown in figure 49 B the
3rd (left) and 4th (right) leaves of the tether plants were more yellowish as WT leaves, which
was also confirmed by a quantification of the greenness of those leaves (figure 47 B, C). The
overexpression lines showed a trend (px-ck 24#5 #31F) or even a significantly decrease (Col-
0 24#5 #11C, px-ck 24#5 #12B/G) in their leaf greenness compared to their respective WT
background line. Thus, these results underline the early senescence phenotype, which was

found under control growth conditions (figure 47 A, C).
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Figure 47: Comparison of A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under standard growth conditions on soil.

A: Representative images of 6-week-old background lines (Col-0, px-ck) and three independent synthetic tether lines (#11C, #12B/#12G,
#31) grown under standard conditions. B: Rosette leaf area after three, four and five weeks. n=24; box plot with median and Tukey
whiskers. Significant differences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test. C: Representative
images of leaves of 7-week-old plants. D: Representative images of 8-week-old plants (from left to right. Col-0, Col-0 24#5 #11C, px-ck,
px-ck 24#5 #31F, px-ck 24#5 #12B, px-ck 24#5 #12G). E: Fresh weight of 6-week-old plants. n = 12; box plot with median and Tukey whiskers.
Significant differences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test. F: Analysis from vegetative
to generative growth of plants. Induction was counted when inflorescence was 1 cm or higher. n=12 except for px-ck 24#5 #12G (n=11)
Significant differences were calculated according to 2-way ANOVA with Tukey “s multiple comparisons test. No significant differences in
inflorescence induction were detectable. G: Inflorescence height of 8-week-old plants. n=12; box plot with median and Tukey whiskers.
Significant differences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test.
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Figure 48: Leaf morphology and mesophyll cell size of A. thaliana wild type px-ck and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5).

A: Representative images of leaf cross sections of 5-week-old A. thaliana WT px-ck and two representative synthetic tether lines
(px-ck 24#5 #12B, px-ck 24#5 #31F). B, C: Representative images of cells of 6-week-old background line (px-ck) and two independent
synthetic tether lines (#12B, #31) grown under standard conditions. 3D representation of representative cell with chloroplasts (magenta),
peroxisomes (cyan) and mitochondria (red) (B) and respective bright field image. (C). D: Quantification of cell size [um3]. 7 = 5. box
plot with median and Tukey whiskers. Significant differences were calculated according to One-way ANOVA with Tukey “s multiple
comparisons test. Cell volume was analysed using Imaris x 64 (version 9.2.1, surface module). Imaris software was provided by Prof. Dr.
Nicole Frankenberg-Dinkel and Dr. David Scheuring of TU Kaiserslautern. Plants were grown under standard conditions on soil. Scale bar
20 pm.

6.2.3 Inconsistently altered reproductive development in synthetic tether lines

Besides the curly leaves, overexpression of the construct 24#5 led to a decrease in inflores-
cence height. Although inflorescence induction was not impaired, the difference in its height
raised the question of whether this is due to poorer plant growth in general or whether the
mutants are also impaired in their reproductive development.

Therefore, the morphology of the primary inflorescence and the flowers were studied. As
represented in figure 50 A, the inflorescence with the siliques and flowers of WT and mutants
were quite similar, while the siliques seem to be slightly smaller for the synthetic tether lines.
Shorter siliques might indicate difficulties in the reproductive development. Thus, different
criteria regarding plant reproductions were analysed. At the first glance, the flower morpho-
logy of the synthetic tether lines (figure 50 B) was similar to that of WT. The morphology of
the stem as the morphology and number of the stamen (6 stamen, indicated with red arrows)
of all synthetic tether lines did not differ to WT plants in the shown resolution.
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Figure 49: Dark-induced senescence of 4-week-old A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5).

A: Experimental setup of dark induce senescence experiment. Third and fourth rosette leaves of 4-week-old A. thaliana background lines
and synthetic tether lines were individually darkened with aluminium foil for 5 d, whereas the plant itself is grown under control conditions.
B: Representative images of individually darkened leaves of 4-week-old background lines (Col-0, px-ck) and three independent synthetic
tether lines (24#5: #11C, #12B/#12G, #31F). C: Quantification of the progression of dark-induced senescence in leaves shown in (B) by
analysis of leaf greenness (green pixel intensity divided by red pixel intensity from RGB encoded image). n =12 (6 different plants). box plot
with median and Tukey whiskers. Significant differences were calculated according to ordinary One-way ANOVA with Tukey “s multiple
comparisons test.

Nevertheless, quantification of the silique length revealed a trend of shorter siliques for
all synthetic tether lines with a reduction of 44% (Col-0 24#5 #11C), 9% (px-ck 24#5 #31F)
and 3% (px-ck 24#5 #12B) compared to respective WT siliques (figure 51 B). Col-0 24#5 #11C
showed a much more severe decrease in silique length than both lines in px-ck background.

Studying the seed development, the next logical step was to test if the strong decrease
in silique length for Col-0 24#5 #11C was reflected in the ability to generate viable seeds.
In figure 51 A representative images of a silique dissection are shown. While both WT lines
had fully developed siliques, a lot of empty spaces were found in Col-0 24#5 #11C. In the
higher resolution, little rudiments of a putative seed were visible instead of the fully de-
veloped seeds. The other two synthetic tether lines did not have empty spaces, but the line
px-ck 24#5 #12B showed in average 19.5% transparent seeds (figure 51 A, quantification not
shown). A quantification of the amount of seeds per silique confirmed the results described
above. Whereas the plants of WT px-ck 24#5 #12B and px-ck 24#5 #31F did not differ in their
seed production, Col-0 24#5 #11C produced significantly less seeds per silique.

Thus, two of the three synthetic tether lines showed different but still distinct limitations

in silique and seed development. To further examine where these limitations came from, we
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Figure 50: Inflorescence and flower morphology of A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under standard growth conditions.

A, B: Representative images of inflorescence with flower and siliques (A) and flowers (B) of 8-week-old background lines (Col-0, px-ck) and
three independent synthetic tether lines (#11C, #12B/#12G, #31). Red arrows marked 6 stamen of representative flower. Scale bar=1 mm.

studied the pollen viability of all synthetic tether lines with an Alexander staining approach.
For intact pollen grains, the cytosol is coloured in magenta-red surrounded by the greenish
cell wall. Dead pollen grains lost their cytoplasm and therefore look smaller and have only
the green envelope. In figure 52 A representative images of all lines are shown, with all lines
having a similar stamen morphology and mostly viable and alive pollen. One exception was
the synthetic tether line Col-0 24#5 #11C with a high number of dead pollen grains (figure 52
A). This was also confirmed quantifying the ratio of dead pollen as shown in figure 52 B. The
overexpression lines px-ck 24#5 #12B and #31F did not have a significantly different ratio of
dead pollen compared to WT lines, where Col-0 24#5 #11C showed a severe and significant
increase of the dead pollen ratio. Also the total number of pollen grain per replicate (n = 5; for
#11C: n = 6) differed. For WT lines and synthetic tether lines px-ck 24#5 #12B and px-ck 24#5
#31F the average number of pollen counted per replicate ranged from 975 to 1169 (alive: 944
— 1088, dead: 21 - 83); for #11C, the average number was lowest at 879 pollen per replicate
(alive: 634, dead: 245) (supplemental table S2).

As shown beforehand, all synthetic tether lines had partially and consistent disturbed
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Figure 51: Silique morphology and seed development of A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether
lines (PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under standard growth conditions.

A: Representative images of silique dissection of 8-week-old background lines (Col-0, px-ck) and three independent synthetic tether lines
(#11C, #12B, #31). Scale bar 1 mm (upper raw) and 200 um (lower raw). B, C: Quantification of silique length (B) and total number of seeds
per silique (C). n=6. box plot with median and Tukey whiskers. Significant differences were calculated according to One-way ANOVA with
Tukey “s multiple comparisons test. Images were generated by Dr. José Manuel Ugalde.

growth phenotype regarding curly leaves, smaller rosette leaf area, less fresh weight and
smaller primary inflorescence, whereas the inflorescence induction and flower morphology
was similar to that of WT background plants. The root growth, the germination rate, and the
reproductive development were not equally altered in all lines compared to WT. The tether
line Col-0 24#5 #11C showed a severe but unique disturbance in pollen death resulting in less
seeds production and significantly smaller siliques. Additionally, also the germination effi-
ciency was significantly delayed compared to WT Col-0, which might also go hand in hand
with a significantly decrease in root length. In contrast, all synthetic tether lines in the back-
ground of px-ck showed a significantly faster germination and no significant differences in
root length, rate of dead pollen and seeds per silique compared to the WT px-ck. Additional,
the line px-ck 24#5 #12B produced 19% transparent seeds.
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Figure 52: Pollen grains and stamina development of A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether
lines (PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under standard growth conditions.

A: Representative images of stamina and pollen of 8-week-old background lines (Col-0, px-ck) and three independent synthetic tether lines
(#11C, #12B, #31) with Alexander staining. Scale bar 50 um. B: Quantification of dead pollen [%]. n=5; box plot with median and Tukey
whiskers. Significant differences were calculated according to One-way ANOVA with Tukey s multiple comparisons test. Images and data
analysis were performed in collaboration with Dr. José Manuel Ugalde.

6.3 Photosynthetic performance and respiration of synthetic tether plants

The photorespiratory organelles chloroplasts, peroxisomes and mitochondria are known to
have an increased proximity in light compared to dark conditions [26]. Since the CLSM data
revealed that mitochondrial morphology and the distribution of peroxisomes and mitochon-
dria were altered in the synthetic tether lines compared to WT plants (results section 6.1), the
question raised if overexpression of the tether has any impact photosynthetic activity or the
mitochondrial respiration.

To study the photosynthetic activity, a JUNIOR-PAM (Heinz Walz GmbH) was used and
following parameters were investigated: 1) The photochemical quantum yield of photosys-
tem II (PSII) (Y(ID)), 2) the maximum quantum yield of photochemistry of PSII (Fy /Fp=(F ;-
Fo)/Fps)) and 3) non-photochemical fluorescence quenching (NPQ) (figure 53). The Y(II) and
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Figure 53: Pulse Amplitude Modulation (PAM) fluorometry analysis of 9-week-old A. thaliana wild type background lines (Col-0, px-
ck) and T3 synthetic tether lines (PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under standard conditions on soil.

A, B, C: Analysis of photosynthetic activity of 9-week-old background lines (Col-0, px-ck) and three independent synthetic tether lines
(24#5: #11C, #12B/#12G, #31F) grown under standard growth conditions. Plants were dark adapted for at least 45 min prior measuring
the photosynthetic activity by using a JUNIOR-PAM (Heinz Walz GmbH). The predefined program “induction curve + recovery” (IC +
Recov) was performed under high light (HL) conditions with an actinic light intensity of 250 pmol photons m~2 57! (Act. Int. 6) (yellow
background) for 200 s followed by a recovery phase of 45 min 50 s in the dark. As readout the photochemical quantum yield of photosystem
II (PSID) (Y(D) (A), non-photochemical fluorescence quenching (NPQ) (B) and the maximum quantum yield of photochemistry of PSII
(Fy /Fpp) (C) are shown. n=4; A, B: Mean + SD. Significant differences were calculated according to 2way ANOVA with Tukey “s multiple
comparisons test. C: box plot with median and Tukey whiskers. No significant differences were calculated according to ordinary One-way
ANOVA with Tukey “s multiple comparisons test. Significant differences compared to the wild type background lines were indicated with *
in respective colour.

Fy/F)s are calculated on the basic fluorescence yield (Fy), when all reaction centres of PSII
are open, and the maximum chlorophyll fluorescence yield (F,;), when PSII reaction centres
are closed after excited with a strong light pulse. NPQ summarises all other modification of
fluorescence yield, which are based on heat dissipation [197].

Prior to the measurements, plants needed to be incubated for at least 45 min in the dark
to relax all reaction centres of PSII. As shown in figure 53 A, the photosynthetic yield Y(II) was
detected over time with a short dark period of 50 s, followed by a photosynthetic induction

=2 s71) 0of 200s and a recovery phase of about 45 min. All

with light (250 umol photons m
overexpression lines behaved similar to WT background lines. This was also true for the
maximum photosynthetic yield at time point 0s, which is individually shown in figure 53 C
as Fy/F),. all synthetic tether lines in the background of px-ck did not exhibit a different NPQ
over time, whereas Col-0 24#5 #11C showed a higher NPQ in the late phase of light induction
and also in the beginning of the recovery phase (see figure 53 B).

In the synthetic tether lines, mitochondria were shown to be altered in shape compared
to WT (figure 44) and some also to be localised within peroxisomal clusters (figure 42). Mi-
tochondria are the place for the respiration. Similar to the synthetic tether lines, a complex
I mutant ndufs4 has curly rosette leaves and its inflorescence is also smaller compared to

the WT. This mutant was detected to have a higher oxygen consumption than the WT [198].
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Figure 54: Analysis of respiration of A. thaliana wild type px-ck and T3 synthetic tether lines (PpPEX3N:tagRFP:mVenus:PpTOM20C;
24#5) under standard growth conditions on soil.

A: Experimental setup of procedure for respiration detection. 9-week-old plants were at least dark adapted for 30 min before leaf discs of
7mm diameter were cut out and measured in 1 mL H,0,;; for 30 min to 1h in the dark. B: Oxygen (O%) consumption normalised over
the fresh weight (FW). n = 5. box plot with median and Tukey whiskers. No significant differences were calculated according to One-way
ANOVA with Tukey ‘s multiple comparisons test.

Due to the similarity of our synthetic tether lines and the complex I mutant, we hypothesise
an altered or higher respiration than in WT plants. This hypothesis was verified using WT
px-ck and two synthetic tether lines px-ck 24#5 #12B / #31E The oxygen consumption was
detected by using a Clark type oxygen electrode Oxytherm (Hansatech).

In order to guarantee a stop in photosynthetic activity in the leaf tissue, plants must be
incubated for at least 30 min in the dark prior the experiment, which also needs to be per-
formed under dark conditions. The measured oxygen consumption was normalised via fresh
weight of the leaf discs. For both synthetic tether lines, the oxygen consumption was not sig-
nificantly different to that of px-ck.

Summarising the results of both, photosynthetic activity and the oxygen consumption,
the synthetic tether lines behaved similar to WT plants except for NPQ, where one line Col-0
24#5 #11C exhibits a significantly increase.

6.4 Synthetic tethers-—influence on the plant performance under stress con-
ditions

Adult plants showed already under normal growth conditions a clearly altered phenotype
compared to WT plants. The growing conditions termed as normal do not reflect realistic
conditions in a natural environment, but optimal and constant conditions. In a natural en-
vironment, the plants would have to cope with changing environmental conditions as well as
pathogens. Both, abiotic or biotic stresses in general induce cellular oxidative stress, which
in turn activate a ROS scavenging system [40, 241-243].

6.4.1 Increased resilience to heat in seedling in roots

In the synthetic tether plants, mitochondria and peroxisomes were shown to be altered in

shape and localisation in the cell, respectively, compared to WT (figure 44). Both organelles
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Figure 55: Root development of A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) after heat stress on plates.

A: Experimental setup: Root length of 7-week-old seedlings on plates were marked. Half of the plates were stressed at 43°C for 25 min in
a water bath, whereas the control plates were incubated at room temperature (RT) in the. After treatment plates were grown for 4 d under
standard growth conditions before taking images. B, C: Quantification of relative root growth of background lines (Col-0, px-ck) and three
independent synthetic tether lines (#11C, #12B/#12G, #31) 4 d after control condition (B) and heat stress of (C). The growth [%] is calculated
as (primary root growth (t4 -tg)/primary root growth (tg)) *100. n = 15. D: Absolute root growth of heat stressed plants after 4d. n = 16.
Data are shown as box plot with median and Tukey whiskers (B) and box plot with Min to Max showing all points (C,D). Significant dif-
ferences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test. Root growth was analysed with RootNav
[185].

play also a role in plant stress response and in the ROS scavenging machinery (see reviews
[244] (mitochondria), [245] (peroxisomes)). Therefore, we performed different stress treat-
ments in different tissues and ages to study; if the response to stress is altered in the synthetic
tether lines.

Mitochondria have been shown to be important for stress scavenging, including heat
[246]. Therefore, the question raised, if the change in mitochondrial sphericity and proximity
to peroxisomes in prior mentioned clusters (figure 42) impact their heat stress tolerance.
This was tested on seedlings, by marking the root length of 7-day-old seedlings on plates (tg)
and transferring half of the plates to a water bath at 43°C for 25 min, while incubating the
control plates for 25 min at RT under dark conditions (figure 55 A). After 4d (t4) photos were
taken and the absolute and relative root growth after the treatment was calculated (figure 55
B, C, D). Under control conditions, the transgenic plants exhibited a similar or a small but
significantly decrease in the relative root growth (figure 55 B). However, after heat stress a
trend of an increase in the relative root growth was identified (figure 55 C). This trend was
based on the absolute root growth (figure 55 D) but also especially on the higher survival
rate of the synthetic tether lines compared to the WT after heat treatment (Col-0: 0.0%, px-
ck: 19.6%, Col-0 24#5 #11C: 54.5%, px-ck 24#5 #12B: 38.9%, px-ck 24#5 #12G: 50.0%, px-ck
24#5 #31F: 33.3%).

6.4.2 Higher susceptibility to high light stress in adult plants than in young plants

High light (HL) was described to increase peroxule-mitochondria interactions in A. thaliana

leaves [20]. Since the two organelles seemed to be mostly affected by overexpressing the
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synthetic tether construct (see results section 6.1), it would be interesting to investigate, how
the tether plants can cope with HL stress situations.

The experimental setup was adapted from Garcia-Molina et al. [247], performing either
a HL or a control treatment (normal light (NL)), followed by 4 d of recovery under NL. The
production of anthocyanins is known to be up-regulated under HL and serve as a protection
mechanism against the UV light [247, 248]. Thus, fresh weight, anthocyanin concentration
and, to quantify the damage to the photosystems, the maximum photosynthetic yield of PSIT
(Fy/Fp) were chosen as readout parameters (figure 56 A and 57 A). Since the synthetic tether
lines already showed an age-dependent phenotype with more severe differences in higher
ages under normal growth conditions, HL treatments were performed in seedlings and adult
plants.

To verify the impact in an early growth state, 2-week-old plants of the WT px-ck and two
representative synthetic tether lines px-ck 24#5 #12B and px-ck 24#5 #31F were investigated.
As shown in figure 56 B, leaves of all investigated seedlings were bent downwards as light
avoidance response to the HL treatment (t4). After additional 4 d of recovery (tg) no differ-
ences between the genotypes but also between NL and HL treatment were identified by eye.

Quantification of the FW after 4 d (t4) revealed that only one of the overexpression lines
(px-ck 24#5 #31F) was significantly lighter than the WT px-ck, but independent on HL or NL
treatment (figure 56 C, D). After additional 4 d (tg) under NL, the control plants showed the
same trend as after 4 d (t4). However, HL treated tether plants seemed to have difficulties in
the recovery phase, as the FW was significantly reduced by 20% and even 51% after additional
4d under NL for px-ck 24#5 #12B and px-ck 24#5 #31F respectively, compared to the WT
(figure 56 F).

As a second parameter the relative anthocyanin content was quantified directly after the
HL treatment (t4). Albeit WT and tether plants looked similar after the HL treatment to NL
treated plants(figure 56 B), a quantification of the relative anthocyanin content revealed that
HL treated plants had a relative higher amount of anthocyanin than plants under NL treat-
ment (t4) (figure 56 G, H). Within the same treatment the genotypes had a similar relative
anthocyanin content except for the tether line px-ck 24#5 #31F under NL conditions. This
line, which showed also under NL conditions a reduction in FW (figure 56 C), had signific-
antly higher anthocyanin content compared to WT (figure 56 G).

The same experimental setup was applied to 5-week-old plants as shown in figure 57.
Different to the 2-week-old seedlings, all synthetic tether lines performed differently to WT
plants, both directly after the HL treatment (t4) and after additional 4 d of recovery (tg) (fig-
ure 57 B). On the one hand they differed in their size, namely synthetic tether lines were
smaller than WT plants, albeit independently on the light treatment. The size difference was
also confirmed by a significantly decrease in FW of all synthetic tether lines compared to
WT (figure 57 G, H), which was even more severe in plants grown under HL conditions. One

the other hand, the colouring of the leaves differed between WT and synthetic tether lines.
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Directly after the HL treatment WT leaves were reddish coloured, whereas the leaves of all
synthetic tether lines were yellowish (t4). These yellowish leaves died instead of recovering,
as WT leaves did after additional 4 d under NL (tg). The reddish colour of the HL treated
WT plants indicated an increase in anthocyanin content. This was confirmed qualitatively
by the colouring of the isolation liquid, whose reddish colour was proportional to the an-
thocyanin content. The observation, that the WT lines produced more anthocyanin than
the synthetic tether lines after HL treatment, was also confirmed by an absorbance quanti-
fication normalised over FW (figure 57 I, K). While under control conditions all lines had a
similar anthocyanin content (figure 57 I), after HL treatment and recovery adult tether plants
exhibited a significantly decrease in their relative anthocyanin content (figure 57 K). The re-
lative anthocyanin content ranged only between 22% and 32% of that of WT plants. Thus,
adult tether plants produced much less anthocyanin than WT plants. In order to verify how
the low amount of anthocyanin affect the protection mechanism of the photosynthetic ma-
chinery, Fy//F); was quantified at ty, t; and tg as an additional parameter. Prior to treatment
to all lines showed a similar maximum photosynthetic yield Fy /Fj;, whereas after 4d of HL
treatment all synthetic tether lines had a significant reduction in Fy /F); compared WT plants
indicating a damage of the photosystems. Also, after a recovery phase of 4 d under NL, they
showed the same reduction in Fy /F); as directly after the HL treatment.

In summary, the synthetic tether lines exhibited varying responses to different types of
stress and also dependent on their growth stages. Whereas 2-week-old plants seemed to be

less affected by HL stress, adult plants showed a more severe reaction.
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Figure 56: Comparison of 2-week-old A. thalianawild type px-ck and two T3 synthetic tether lines (#12B, #31F) containing the synthetic
tether construct PpPEX3N:tagRFP:mVenus:PpTOM20C (24#5) under high light stress conditions on soil.

A: Experimental setup of high light (HL, 350 umol photons m~2 s~1) experiment with normal light (NL 100-120 umol photonsm ™2 s
as control conditions. B: Representative images of 2-week-old background line px-ck and two independent synthetic tether lines (24#5:
#12B, #31F) grown under standard conditions (NL) or HL conditions at day 4 (left image) and 8 (right image). C, D, E, F: Fresh weight of
plants after NL or HL treatment (t4) (C, D) and after recovery of 4d (tg) under NL (E, F). n = 6; box plot with median and Tukey whiskers.
Significant differences were calculated according to One-way ANOVA with Tukey “s multiple comparisons test. G, H: Quantification of
anthocyanin content (t4) after NL (G) and HL treatment (H). Relative anthocyanin content is calculated according to following equation:
A535-0.25*A650/FW(g] [194]. n=6; box plot with median and Tukey whiskers. Significant differences were calculated according to One-
way ANOVA with Tukey “s multiple comparisons test.
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Figure 57: Comparison of 5-week-old A. thaliana wild type background lines (Col-0, px-ck) and T3 synthetic tether lines
(PpPEX3N:tagRFP:mVenus:PpTOM20C; 24#5) under high light stress conditions on soil.

A: Experimental setup of high light (HL, 350 umol photons m~2 s™1) experiment with normal light (NL 100-120 umol photons m~2 s~1) as
control conditions. Fy /Fjs represents the photosynthetic activity measured by usage of a JUNIOR-PAM (Heinz Walz GmbH). B: Repres-
entative images of 5-week-old background lines (Col-0, px-ck) and three independent synthetic tether lines (24#5: #11C, #12B/#12G, #31F)
grown under standard conditions (NL) or HL conditions at day t4 (left image) and tg (right image) C: Representative anthocyanin extraction
colour at tg. D, E, F: Analysis of photosynthetic activity represented by Fy /Fj; measurements under NL and HL conditions at ty (D), t4
(E) and tg (F). n = 10; box plot with median and Tukey whiskers. Significant differences were calculated according to 2-way ANOVA with
Tukey s multiple comparisons test. G, H: Fresh weight of plants after recovery of 4d (tg) under NL (G) and HL (H) conditions. n=10; box
plot with median and Tukey whiskers. Significant differences were calculated according to One-way ANOVA with Tukey s multiple com-
parisons test. I, K: Quantification of anthocyanin content shown in B (tg) and C. n=3 (I), n =8 (K); Data are shown as mean with standard
deviation (I) and as box plot with median and Tukey whiskers (K). Significant differences were calculated according to 2-way ANOVA with
Tukey “s multiple comparisons test.
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IV Discussion

1 Inconclusive trend of the chloroplast-peroxisome proximity

Photorespiration is a light-dependent reaction [129]. Therefore, we had to consider that light
might be crucial for the proximity between chloroplasts, peroxisomes and mitochondria.
This was pointed out by Oikawa et al. 2015 who studied the impact of different photosyn-
thetic conditions to the adhesion, morphology and interaction rate of photorespiratory or-
ganelles in A. thaliana mesophyll tissue [26]. As we wanted to detect proximity, we chose the
same light conditions that were reported by Oikawa et al. 2015 [26]. However, we were not
able to replicate their findings. In the following sections, the advantages and limitations of
the Python-based proximity analysis pipeline will be emphasised and possible reasons, why

the results of this study differ from those in the literature, will be discussed.

1.1 The Python-based proximity analysis pipeline enabled a high-through-

put analysis

In Oikawa et al. 2015, the interaction rate is defined as ratio of the number of three-organelle
complexes to the number of total chloroplasts, peroxisomes or mitochondria [26]. However,
clearly defined criteria regarding the arrangement and the maximal distance of the photores-
piratory organelles to be counted as three-organelle complex are missing in this study. To
our knowledge, it was not indicated how they performed the quantification. The informa-
tion, what kind of image material was used as basis for their analysis, was missing, but we
assumed that it was based most likely on 2 dimensional (2D) images.

Starting this project, we decided to quantify the organellar proximity between chloro-
plasts and peroxisomes based on z-stacks as raw image material. The reason for this was,
thatin 2D images the spatial information is missing, whether an organellar contact is present
in the z-plane. Using confocal z-stacks as raw image material for the analysis allowed us to
expand the scope of information spatially and thus to obtain more comprehensive results.
To enable a high-throughput analysis of the 3D image material, we established a Python-
based analysis pipeline, which is able to calculate the minimal surface-to-surface distance
of different organelles.

To additionally expand the information content of the analysis compared to the already
published data by Oikawa et al. 2015, we investigated three species, namely A. thaliana,

N. tabacum and P, patens. Since chloroplasts and peroxisomes differ in shape and size, both



among themselves and generally between species (figure 10), two individually adaptable fil-
ters were implemented in the analysis process (figure 11). Those filters allow an easy adapt-
ation for different organelle shapes, which is represented in figure 12. Adjusting the filter
settings allowed a very accurate segmentation of peroxisomes and chloroplasts in all three
species being investigated. To verify the general functionality of the Python-based analysis
pipeline, a comparison was performed between the automatically generated results and a
manual quantification (figure 14). Although we observed differences in the percentage ra-
tio between peroxisomes or chloroplasts with contact to the total number of the respective
organelle (p./py; c./c;), we found a similar trend for both analysis methods.

One main difference between the analysis of Oikawa et al. 2015 and our study is the defin-
ition of their interaction rate and our proximity ratio. In our study, we excluded the mito-
chondria and focused on the chloroplast-peroxisome proximity ratios (p./ps; c./c). On the
one hand, this gave us the opportunity to simplify the Python-based analysis pipeline. On
the other hand, the exclusion of mitochondria in the analysis process could carry the risk of
deviating results compared to already published studies [25, 26]. We did not consider this
risk to be particularly high, since physical interactions of peroxisomes and chloroplasts were
described before and were found to be increased under light compared to dark conditions
[25, 26]. However, we could not exclude that the analysis process might loose information by
excluding the mitochondria and that investigating the proximity of all photorespiratory or-
ganelles would improve the analysis. We already took this into account when developing the
analysis process. For that reason, the Python-based analysis pipeline is modular structured,
which allows mitochondria to be incorporated into the script as an additional organelle.

A recent study supported the suggestion that excluding the mitochondria in the analysis
process is not disadvantageous [249]. Oikawa et al. 2022 revealed peroxisome-chloroplast in-
teractions to be increased in dependence to light with a high-throughput analysis method for
the quantification [249]. Their analysis approach is remarkably similar to ours in terms of the
raw image material and the quantification method. The authors of Oikawa et al. 2022 used
z-stacks as image material. They performed a 3D reconstruction via the software Imaris,
which was also used to calculate the shortest surface-to-surface distances of peroxisomes
and chloroplasts. Differently to our analysis approach, they did not calculate the proximity
ratio (peroxisomes or chloroplasts with contact/ total number of respective organelle). In-
stead, they used the frequency as readout defined as number of interactions in a distance
range <0.5 um divided by the total number of interactions within a distance of 1 um [249]. To
be able to test, if such readout would resulted in similar results compared to those of Oikawa
et al. 2022, the calculation of frequency should be included in the Python script.

In summary, we are convinced of the functionality of our self-developed and cost-free
analysis pipeline. It allows a transparent, high-throughput and automatically performed
quantification of the chloroplast-peroxisome proximity. In addition, the modular structure

allows further adaptations such as incorporating mitochondria as additional organelle in the
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analysis process and implementing the frequency as readout.

1.2 Minor but probably critical changes in the experimental setup lead to

results different to already published data

The authors of Oikawa et al. 2015 found the peroxisome-chloroplasts interaction to be in-
creased under light compared to dark conditions. The images shown in their publication
(figure 5B) clearly exhibited that the mitochondria and peroxisomes are tightly clustered
around the chloroplasts during the light treatment [26]. Although our experimental setup
was adapted from Oikawa et al. 2015, we were not able to replicate these results (results sec-
tion 1). In contrast, the MIPs of our study revealed no obvious differences in the peroxisome-
chloroplast proximity among all treatments in the three species (figure 10). This impression
was also confirmed by our quantitative analysis (figure 16). Possible reasons for the lack of
reproducibility of the published data could be that our treatments were not effective, minor
changes in the experimental setup or that the proximity of chloroplasts and peroxisomes was
not induced by light, contrary to what is described in the literature.

All differences to Oikawa et al. 2015 in the experimental setup are listed in table29. To
our knowledge, the authors did not clearly indicate whether they applied a light intensity of

~2571 or 100 umol m~2 s~ for their interaction assay. For our experimental setup,

-2 S—l

20 umolm
we chose to test the lower light intensity of 20 yumol m . This light intensity was substan-
tially lower than 100-120 pmolm~2 s~! which was used for normal growth of higher plants.
In the retrospect, this raises the question if this low light intensity was sufficient to induce an
increase in the proximity between chloroplasts and peroxisomes.

A recently published study by the same authors brings more clarity to this question [249].
Similar to our analysis, they investigated peroxisome-chloroplasts interactions with a high-
throughput analysis method [249]. Oikawa et al. 2022 treated A. thaliana mesophyll cells

with 200 pmolm™2s~!

asnormal light (NL) and found a higher frequency of short interaction
distances in the light compared to dark conditions. Based on this new information, it is
likely that the results of the interaction assay in Oikawa ef al. 2015 are based on cells treated
with 100 umolm~2s~! instead of 20 pmolm~2s~!. Thus, it is reasonable to assume that we
were not able to detect differences in N. tabacum and A. thaliana comparing light and dark
conditions due to the fact that with 20 umolm~2 s~! the light intensity was too low.

However, in P patens protonema, the ratio of chloroplasts with peroxisomal contact to
all chloroplasts (c./c;) of dark treated cells was significantly decreased compared to that
of light treated cells. The normal light intensity for P patens with 70 umolm=2s~! [222] is
lower than that for higher plants. Based on our results, we suggest that a light intensity of
20pumolm™2s~! in P patens is sufficient to induce an increased proximity, while this is not
the case in higher plants.

Although we found only few differences in the proximity ratios within one species, there
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Table 29: Comparison of the experimental settings for the proximity analysis between Oikawa et al. 2015 [26] and our work.

PTSI1: peroxisome targeting signal; Mt-GFP: ATPase delta presequence-GFP [250]; SKL: serine-lysine-leucine *!: Imaging time was limited
to maximal 20 min, since it is described that the effect of light is lost within 30 minutes [26]. *2: Dark adaptation was set to at least 30 min,
since such time was described to be sufficient for other light sensitive experiments as PAM and oxygen consumption measurements after

JUNIOR-PAM Teaching Chlorophyll Fluorometer Manual [197] and Kiihn et al. [198], respectively.

Terms Oikawa et al. 2015 This thesis
Species A. thaliana (mesophyll) N. tabacum (pavement)
A. thaliana (mesophyll)
P patens (protonema)
Cytoskeleton latB cytD (higher plants)
treatment Oryzalin (P patens)
Pharmaceutical 1) Vacuum infiltration 1) Vacuum infiltration with pharma-
application 2) 30 min dark adaptation ceutical treatment

Dark treatment

3) Pharmaceutical treatment
1.5-3 h light
4) Imaging

1) 30 min dark adaptation
2) Dark2h

2) 30 min dark adaptation
3) 1.5-3h 20 pmolm2s7!

4) Maximal imaging time 20 min *!

1) Minimum 30 min dark *?
2) Maximal imaging time 20 min *!

3) Imaging
Light treatment 1) 30 min dark adaptation 1) 30 min dark adaptation
2) 1.5-3 h light: 2) 1.5-3h 20 pmolm =271
Not clearly indicated if: 3) Maximal imaging time 20 min *!
-20pumolm2s7!
- 100 pmol m 257!
3) Imaging
Temperature 23°C 25 °C (higher plants)
Organelles Chloroplasts (transmitted light) Chloroplasts (chlorophyll auto-

Peroxisomes (RFP-PTS1)
Mitochondria (Mt-GFP)

fluorescence)
Peroxisomes (CFP-SKL)

was still variance among the three species. In contrast to A thaliana and P patens, the ana-
lysis in V. tabacum was performed in photosynthetic inactive pavement cells. The reason
for this was, that too few mesophyll cells were transformed to serve as a basis for a high
throughput analysis, whereas the transient transformation was effective in pavement cells.
As the experiment was designed to investigate if the peroxisome-chloroplast proximity is
light-dependent and driven by photosynthetic reactions in the first place, a less pronounced
or even entirely changed trend in N. tabacum was not unlikely compared to those of Oikawa
et al. 2015. However, as previously emphasised, even in A. thaliana mesophyll and P patens
protonema cells, both photosynthetic active tissues, we did not identify any clear light-de-
pendent trend (figure 16).

Interestingly, in P patens the lowest average of the ratio between chloroplasts with peroxi-

somal contact to the total number of chloroplasts was substantially higher with c./c;=70.3%
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than the maximum averages of A. thaliana and N. tabacum with c./c; =55.7% and 41.9%, re-
spectively. A similar trend could be identified for the ratio between peroxisomes with chloro-
plastidic contact to the total number of peroxisomes. While the lowest average of p./p; in
P patens was 89.1%, the average values of p./p; in A. thaliana and N. tabacum reached only
59.9% and 40.3%, respectively (figure 16 E). One possible reason for these pronounced dif-
ferences between the species might be their different organellar morphology. The chloro-
plast morphology between all three species did not differ (figure 12 C) and also a quantific-
ation of the area revealed no significantly differences between A. thaliana and P patens with
74.3 um? £14.0 pm? and 50.1 um? +15.6 um?, respectively (data not shown). However, a strik-
ing difference between the species was that the peroxisomes in P, patens are more elongated
and less spherical than in A. thaliana and N. tabacum independent of the treatment. This
elongated peroxisomal shape might be responsible for the higher proximity ratios, as it res-
ulted in a larger surface area being able to be in close proximity to the chloroplasts (figure 12
C).

In summary, we were not able to identify a consistent trend towards a light-dependency
of the peroxisome-chloroplast proximity. The most likely reason for this is that the chosen
light intensity was too low. Based on recent findings in the literature, our experimental con-
ditions need to be revised for future studies with respect to a higher light intensity and also

to resolve the other differences to Oikawa et al. 2015 as listed in table 29.

2 Fluorescent probes for the visualisation of MCS: challenges
and possibilities

While photorespiration is well understood on a metabolic level, the potential role of MCS
between chloroplasts, peroxisomes and mitochondria is still missing. In the recent years,
CLSM using FP has become a preferred choice investigating organellar interaction including
FRAP studies at EPCS [16], cell 3D remodelling of ER-peroxisome MCS [63] and time series
on organelle dynamics between the photorespiratory organelles [26]. Nevertheless, there is
still alack of an efficient and reliable system in plant cells to visualise MCS between those or-
ganelles. The reason for that is the resolution limit of CLSM with ~250 nm and 500-700 nm in
xy and z level, respectively [5]. Since the distance between organelles range typically within
10nm to 30 nm at MCS [5, 6], the proximity in CLSM imaging data is no evidence for a specific
and functional MCS. One possibility to overcome the diffraction barrier and allow imaging
of biological structures in greater detail is using other microscopy methods such as EM and
super resolution techniques [37]. These are powerful imaging techniques but sample fixa-
tion is mostly required, which implies losing the possibility for dynamic visualisation of MCS
(see review [6]).

To allow live cell imaging and simultaneously be able to detect proximity in a nanometer
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scale, we tried to develop proximity sensors for use in CLSM to potentially detect MCS. We
designed those sensors using two different genetically encoded FP-based reporter systems,
namely BiFC and FRET/FLIM. Both sensor systems convert proximity directly into a fluores-
cent signal, which make them a potential tool to explore MCS. Since we wanted to contribute
to the understanding of MCS regarding photorespiration, we targeted the FP-tags to chloro-
plasts, peroxisomes and mitochondria. As no MCS specific proteins was proven to be related
to photorespiration have been identified yet, the targeting to organellar membranes of the
fluorescent probes was performed using MCS unspecific proteins or protein domains of OE,
PerM or MOM, which do not interact (results section 2). The scientific question was, if it
is possible to detect proximity with these sensor systems when they are homogeneously dis-
tributed at the outer organellar membranes. In this section, we will emphasise the individual
experience with each FP-based proximity reporter system separately, followed by a consid-

eration regarding common possibilities and challenges for both proximity sensor systems.

2.1 Suitability of splitFP as proximity reporter system needs further invest-
igation

Since the start of this project, BiFC-based reporter systems have been successfully applied
for MCS visualisation in eukaryotic cells detecting a specific signal at the interaction sites
(references see table 2). Although they are very sensitive tools, there is a risk of spontan-
eous reassembly of the BiFC probes. This can cause false-positive artefacts and non-specific
signals with an accumulation at pre-existing contact sites or even generating artificial ones
[6, 59, 152, 155]. In this section, we discuss two different BiFC reporter systems in plants in

terms of their suitability as proximity sensors.

YFP signal distribution is not specifically located at putative MCS using BiFC-based prox-
imity sensors. To detect putative MCS between chloroplasts, peroxisomes and mitochon-
dria two different proximity sensors have been generated using the rBiFC vector system of
Christopher Grefen [160]. Applying the construct nYFP:L:PpTOM20C and PpPEX3N:L:cYFP
transiently in N. tabacum, we aimed to investigate chloroplast-peroxisome and peroxisome-
mitochondrion interaction sites simultaneously taking advantage of the miss-targeting of
PpTOM20C to MOM and OE (figure 22). We did not visualise a YFP signal specifically loc-
ated at the putative contact sites. The expression of the BiFC construct nYFP:L:PpTOM20C
and PpPEX3N:L:cYFP resulted in a bright PerM and a weaker OE signal, while the MOM of
neighbouring mitochondria was not labelled (figure 25 B). An additional quantification of
the BiFC signal did also not indicate any differences between light (100 - 120 pmolm=2s™!)
and dark treated plants (figure 26 C, D), while under light conditions an increased proximity
was reported in literature [26, 249]. Using the rBiFC vector system, the RFP signal can be

used as a reference fluorescence in order to normalise the BiFC signal. However, as shown in
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Figure 58: Main findings of this study investigating contact sites with FP-based sensors, putative underlying reasons and ways to im-
prove FP-based proximity sensors.

A, B: Overview of main results investigating MCS between chloroplasts, peroxisomes and mitochondria by BiFC-based (A) and FLIM-based
proximity sensors (B). A: While the expectation using BiFC was a specific signal at contact areas between the areas, we monitored whole
organellar membrane signals. Increasing the reporter size by adding a long linker led only to brighter but not more specific signal. The
comparison between splitYFP and saGFP as proximity reporter system revealed that both sensors label the PerM but the saGPF signal
was slightly increased at the putative contact sites to chloroplasts. B: The expectation was to detect a decrease fluorescence lifetime (7 ;)
at organellar contact sites. We established a positive (tether, quenched donor) and a negative control (donor only, unquenched donor,
decreased 7). Using dynamic FLIM-based reporters, no decrease in T was detected, neither by adding a longer linker or decreasing the
organellar movement by cytD. C: Evidences, why saGFP-based proximity sensors might be better suited as proximity reporter (information
from [159, 166]). D: Alternative FLIM reporter system, which allows transient stabilisation of MCS (used in [4, 156, 157], might be a com-
promise between imaging dynamics and being able to detect FLIM. E-G: Putative possibilities, which might explain, why we were not able
to visualise neither specific signal by BiFC or a decrease lifetime at putative MCS (further information in the text).

figure 26, the RFP signal was so unevenly bright between the different treatments. Therefore,
we assume that the calculation of the BiFC/RFP ratio cannot be considered as representative
in terms of the level of interaction (figure 26 E, F).

In the first place, we anticipated that the dual targeting of PpTOM20C may offer the pos-
sibility to investigate the proximity of all three photorespiratory organelles at once. However,

to rule out that the non-specific YFP signal was caused by the non-specific targeting of Pp-
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TOM20C, we exchanged this fusion partner with OEP7, which is exclusively targeted to the
OE (figure 21). Applying this proximity sensor in N. tabacum, we received an almost imper-
ceptible spitYFP signal in the OE, which was substantially weaker than for PpTOM20C as
fusion partner, while the PerM signal was similar (figure 27 B). Using both splitYFP-based
proximity sensors, we were not able to monitor a specific YFP signal reflecting putative or-
ganellar contact sites.

One possible explanation for the YFP signal labelling the whole organellar membrane of
peroxisomes and chloroplasts may be that the splitYFP reassembly partly takes place prior
to PpTOM20C, OEP7 and / or PpPEX3N integration to their organellar membranes. Both
splitYFP fusion proteins were expressed under the strong, constitutive 35S promoter [160,
251]. The high expression potentially led to an overload of those fragments in the cytosol,
where they possibly act similar to the cytosolic expressed splitYFP fragment in the BiFC to-
pology assay [165] (figure 5). The assumption only applies, if the BiFC reassembly is truly
irreversible. This has been proven for most splitFP sensors [161, 166], and some were even
shown to be suitable working as artificial tether between organellar membranes [59, 155].
Nevertheless, a review about BiFC reported some studies, which claimed BiFC to be partly
reversible [164, 252-254]. What all of these studies have in common, is that their claims are
founded largely on observations that the splitYFP or saGFP signals decreased in response
to aggressive pharmaceutical treatments [151, 152, 164, 252-254]. However, we still suggest
BiFC to be irreversible. First, most publications of either splitYFP, splitGFP and saGFP char-
acterised the sensor systems to be irreversible [150, 159, 161, 162, 164, 166]. And secondly,
we were able to underline this prevailing opinion, since were able to quantify that the BiFC-

based proximity sensor induced organellar tethering (figure 14).

Comparison of splitYFP and saGFP: Different reassembly characteristics may influence
their applicability as proximity sensor. By using the available rBiFC vector system [160],
we automatically used splitYFP as reporter system. However, splitYFP reporters were more
frequently used for protein-protein interaction at MCS or systematic mapping of potential
MCS protein candidates. Since the start of this study, most of the publications, which used
BiFC as proximity sensor, chose saGFP as reporter system (references see table 2). This goes
also along with the individual reassembly characteristics of both reporter systems (figure 58
C). While splitYFP or similar splitFP were mainly reported to rely on a protein-protein in-
teraction [159, 161, 162], saGFP was engineered to perform self-association and is therefore
independent on protein-protein interaction [166]. A faster maturation and self-association
potentially make saGFP the better choice when it comes to proximity reporters. A recent
study in plants revealed that saGFP reporter in combination with MCS-unspecific fusion
proteins in plants in general work as proximity sensors. The authors investigated ER-organ-
elle contact sites and generated therefore a combinatorial saGFP-based reporter set [152].

Since no plant compatible 2in1 system including saGFP as reporter was available, when
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this project started, we designed vector system as indicated in figure 31. As an additive, we
added a plant selection marker cassette to allow stable transformations and the constitutive
promoter was exchanged by an inducible promoter system. The idea of using an inducible
system was that we were able to control the beginning of the expression of the reporter
and therefore inductively modify organelle positioning. Applied transiently in N. tabacum,
the generated vector constructs seemed to be leaky (figure 33 & 34 & 35 B, C). This devi-
ates from the results of the original publications of the pOp6/Gr-LhG4 promoter [230, 231].
However, differently to our approach, these studies were performed in stable A. thaliana
and N. tabacum lines [207, 230, 231]. We can only speculate, why the system is leaky in a
transient approach. One possible explanation might be linked to the fact that leaf infiltra-
tion goes along with a bacterial infection. For the inducible system, HSP90 inactivates the
GR-LhG4 complex leading to no effector expression (figure 31 B). HSP90 is a chaperone for
folding and regulation and was shown to be involved in defence responses [233, 255]. Hy-
pothetically, if HSP90 would be redirected to the antibacterial defence due to infiltration
with A. tumefaciens, the expression of the effector would be less suppressed. During this
work, A. thaliana were transformed with the same construct and T, seeds of dipped plants
are available. Propagating this plant material further to the T3 generation and repeating
the experiment, as we performed in N. fabacum, might answer this question. In addition,
A. thaliana transgenic lines would allow to test inducible chloroplast-peroxisome tethering.

Craft et al. revealed that the positioning of LhG4 and GR is crucial for the induction. While
GR-LhG4 provided the best expression characteristics, LhG4-GR was leaky in A. thaliana
[230]. As Greengate pEntry we used a commercial vector pSW610-GR-LhG4_BD (Addgene
plasmid #115992 [207]). Double checking the sequence using blast (https://blast.ncbi.nlm
.nih.gov/Blast.cgi) confirmed the N-terminal fusion of GR to LhG4 (GR-LhG4).

To verify the splitYFP and saGFP signal distribution, we compare both using the same
fusion partners, namely OEP7 and PpPEX3N(GGSGG)3. The YFP signal labelled both OE
and PerM, while the saGFP signal surrounded the PerM but partly being increased at putative
MCS between chloroplasts and peroxisomes. The saGFP signal seemed to be stretched at
those interaction site with the peroxisomes appeared to be elongated alongside the FP signal
(figure 29). Although the saGFP signal was not exclusively located at chloroplast-peroxisome
interaction sites, the signal distribution of this sensor system seemed to be more promising
than that of splitYFP.

Based on our results, we can assume that saGFP is better suited than splitYFP as a prox-
imity sensor system. However, the question remains, if adjustments to the reporter system
enable the detection of a specific MCS signal similar than in T. Li et al. [152] (see also discus-

sion section 2.3).
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2.2 Unaltered lifetime of FRET/FLIM-based proximity sensors at putative
MCS

Worth mentioning, both splitFP systems are irreversible, which is a limitation for monitoring
the dynamics of MCS under changing environmental conditions. Sensors, which fulfil both
a dynamic and high resolution visualisation are splitFast and FRET/FLIM reporters. The
splitFast is a reversible split fluorescent reporter, which was designed for real-time imaging
of protein interactions [173]. Using this reporter in combination with organellar targeting
would enable a dynamic visualisation of MCS formation and dissociation. Since this sys-
tem was not published before 2019, we used a FRET/FLIM reporter as a dynamic proximity
sensor. FRET/FLIM sensors are sensitive tools and have already been shown to be suitable
to investigate MCS dynamics [4, 58, 91, 156, 157].

Similar for the BiFC proximity systems, the fluorophores of the FRET pair were targeted
to OE, PerM or MOM with the FP-tag facing towards the cytosol. As readout, we chose FLIM
instead of FRET, since this method is independent on the donor-acceptor ratio and can be
quantified. We were able to establish controls mimicking 100 % and no organellar interac-
tion. Based on that, the measurement range for medium fluorescence lifetime 7,, of a 1
component analysis of exponential decay (1C) could be set from 1978 ps to 2575 ps (figure
36). Applying 20 umol m~2 s™! light, we did not detect any differences in 7, using dynamic
FRET/FLIM-based proximity reporters both in A. thaliana and transiently in N. tabacum (fig-
ures 37, 39; supplemental figures S7, S9, S10, S11).

One possible explanation could be related to the frequency of MCS formation and dis-
sociation [6], which has not been studied yet for chloroplast-peroxisome and peroxisome-
mitochondrion MCS in plants. In our experimental setup, the FLIM measurement took
between 30 - 35 s per image (figure 37). Such long detection time carries the risk to overlook
transient contacts. Neither reducing the detection time to 10s (figure 37) nor the stabilisa-
tion of MCS by reducing the organellar movement (figure38, 40, supplemental figures S13,
S12, S14, S5, S6 & S8) affected the donor lifetime.

As discussed before (discussion section 1.2), a recent publication found an increased
interaction between chloroplasts and peroxisomes using 200 umolm~2s~! [249]. For the
FRET/FLIM experiment, we imaged the plants directly after the vacuum infiltration or after
an incubation of minimum 1.5h at 20 umol m~2s~!. Thus, we can not exclude the possibil-
ity that the FRET/FLIM-based proximity reporters did not detect MCS, since MCS were not
induced under the applied imaging conditions. As a proof, future studies could repeat the
experiment with a light intensity of 200 umolm=2s7!,

Based on our results, we cannot conclude, whether we did not detect a decrease in the
donor lifetime because of the experimental setup or whether the applied sensor itself is not
suitable for organellar proximity visualisation. Various studies in animal cells, which chose

MCS-unspecific and non-interacting proteins/protein domains for organellar membrane
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targeting, used an alternative FRET/FLIM-based reporter system [4, 156, 157, 182] (prin-
ciple see figure 58 D). This FRET/FLIM-based proximity sensor is less dynamic compared to
our approach but allow stabilisation of transient contacts. It includes the FKBP domain of
HsFKP12 and the FKBP rapamycin-binding domain (FRB) of mTOR, whose dimerisation is
induced by rapamicin [256, 257]. Using the rapamycin-dependent FRET/FLIM-based prox-
imity sensor system, the application of rapamicin lead to dimerisation of the sensor and
therefore stabilise the MCS [4]. Stabilisation by the ramamycin-dependent FRET/FLIM re-
porter may facilitate monitoring short contacts. However, the experimental setup must be
carefully chosen using those sensor systems, since a longer incubation with rapamycin lead
to expansion of the FRET interface [4]. All publications, which investigated MCS with the
rapamycin-dependent FRET/FLIM reporter, were conducted in animal cells. Nonetheless,
the FRB-FKBP dimerisation tool has been applied in plants as well [258-260]. Thus, the
rapamycin-dependent FRET/FLIM-based reporter may be a promising tool to investigate
MCS in plants and be a compromise between imaging dynamics and artificial tethering.

In summary, based on our results we cannot conclude whether the unaltered lifetime
is due to the lack of existence of MCS between chloroplasts and peroxisomes or due to the

experimental/imaging design.

2.3 Limitations of FP-based proximity sensors used for MCS visualisation

Establishing proximity sensor systems for MCS between chloroplasts, peroxisomes and mi-
tochondria is clearly challenging. Possible limiting factors that need to be considered when

using FP-based proximity sensors are discussed in this section.

Interdependency of FP-based sensor size and the organellar membrane distance at MCS.
One possible explanation of our results might be related to the interdependency of the FP-
sensor size and the organellar distance at MCS. Tether proteins or bridging complexes, which
are located at MCS, may also function as spacer and therefore may define the distance be-
tween the organellar membranes at MCS [6]. The natural organellar distance might impact,
whether the applied sensors are able to detect the organellar proximity. On the one hand,
if the range of the proximity sensors is lower than the natural organellar distance, existing
MCS might not be detected. On the other hand, if the natural organellar distance is smaller
than the range of the proximity sensors, existing MCS might not exclusively be labelled but
also adjacent areas (figure 58 E). Therefore, it is crucial to ensure that the proximity sensor “s
size is compatible with the distance between organelles.

So far, no tether proteins or bridging complexes have been identified at the MCS between
the photorespiratory organelles. Thus, the distance, which need to be bridged by the proxim-
ity sensors, is unknown. This made the development of FP-based sensors with the right size

a particular challenging task. We could only go by what we knew, which was that MCS are
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usually between 10-30 nm [5, 6], although much larger bridging complexes have been iden-
tified with 325 nm ([17], yeast). The minimal size of both sensors systems is composed of the
predefined FRET/rBiFC vector building blocks (only rBiFC: HA-tag, Myc-tag, splitYFP; only
FRET: mVenus, tagRFP; both: Gateway-linker) [160, 177], and a short flexible linker connect-
ing the FP-tag (22 nm: FRET/FLIM / 33 nm: BiFC) (table 25). To extend the size range of the
reporters, we integrated an additional flexible linker to add 23.3 nm. Thus, our FRET/FLIM-
and BiFC-based proximity reporters can reach membranes within a distance of approxim-
ately 22 nm to 57 nm (figure 38 B & 28 A).

When applying FRET/FLIM-based proximity sensors with or without the longer linker,
we did not detect any changes in the fluorescence lifetime (figure 38, 39, 40, supplemental
figure S7, S9, S10, S11). Our FRET/FLIM-based sensors could bridge 22 nm and 45.5 nm,
while sensors applied in published studies ranged in their size from 5nm to 15nm [4, 157,
182]. Using splitYFP-based proximity sensors, we detected an unspecific organellar mem-
brane labelling, which was even slightly increased adding a longer linker to the same reporter
(figure 28). Our splitYFP-based sensors could bridge approximately 33 nm and 57 nm, while
in literature applied BiFC-based sensors range from 4.2 nm to 50 nm (references see table
3). The question of different distances at MCS has been more intensively addressed using
BiFC-based sensors. Most of the saGFP- or splitYFP-based proximity reporter systems have a
maximal bridging distance less than 30 nm (table 3). Nonetheless, investigating various and
also larger distance between organelles have already been shown to be informative in mam-
malian cell culture (table 3). A proportional correlation of increasing linker length and BiFC
signal has been already identified in human [151]. This observation has been confirmed in a
recent plant study [152]. The authors of the plant study were able to detect punctual FP sig-
nals at ER-chloroplast interaction sites using a saGFP-based reporters. The unspecific signal
was increasing proportional to the reporter size until at approximately 24.5 nm ([152], calcu-
lation self derived: table 30) the whole organellar membrane was labelled. Since their largest
sensor is still smaller than the smallest in our measuring range with 33 nm, it is not unlikely
that we missed the required sensor size. We therefore recommend as a next step to increase
the detection range in the direction of smaller distances, for both FP-based proximity report-

€rs.

Suitability of MCS-unspecific proteins as fusion partners for FP-tags Independent on
changing conditions or extending the distance range by including an additional linker, we
were not able to distinctly visualise MCS. In the previous sections (discussion section 2.1,
2.2 & 2.3) we discussed the suitability of FP-based sensors for monitoring MCS, focusing on
the FP-tags. In this section we will concentrate on the potential role of the other important
component of the proximity sensors, namely the fusion partners. It needs to be discussed,
is, if non-interacting and MCS-unspecific proteins or protein domains are suitable as fusion

partners for the FP-tag.
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Table 30: Comparison of linker length to investigate MCS via Bimolecular fluorescence complementation (BiFC) from Cieri et al. [151],

T. Li et al. [152] and our study.

The design of the SPLICS sensor system served as template for introducing an additional linker in our BiFC system. Endoplasmic reticulum
(ER), mitochondrial outer membrane (MOM), outer envelope (OE), plasma membrane (PM), peroxisomal membrane (PerM).

Ref. Organism Organellar Sensor method Distance readout
mem- + linker/ spatial information
branes
[151] Human ER-MOM saGFP: Signal proportional
(cell culture) split-GFP-based to linker length. FP
contact site sensor (SPLICSg;1): signal differs for
MOMZGFPl_lo SPLICSS/L.
ERIS/LZGFPH
(S: short linker; L: long linker)
1) SPLICSs: 8 - 10 nm
2) SPLICS;: 40 - 50 nm
[152] Nicotiana ER-MOM saGFP: Signal increases with
benthamiana, ER-OE saGFP-based MCS reporter: length of protein,
A. thaliana ER-PM GFP;_19:ER either due to GS-
(transient) OE:GFPq; linker or multiple
MOMZGFPH GFPH.
PM: GFPH
1) increasing length via multiple GFPy;
(1/2/4x) (6.12 nm/GFPy;)
2) GS-linker (3nm)
4.2 -24.48 nm
This  N.tabacum OE-PerM splitYFP/saGFP: YFP signal label

whole PerM and OE.
Signal increases pro-
portional to bridging
distance.

Proximity labelling of OE, PerM:
PerM:L(+/-long linker):cYFP/GFP1;
OE:L:nYFP/GFP;_19

study (transient)

1) short linker (L) ~1.8 nm
2) long linker ~23.4 nm

33.0 - 56.4 nm

MCS are highly specialised micro-environments differing in their lipid and protein com-
position compared to the surrounding membrane regions [5]. Therefore, one question is if
MCS-unspecific proteins are able to enter those micro-environments (figure 58 F). One pos-
sibility is that contact sites are already filled with MCS specific lipids and proteins, so there is
simply no room for non-specific proteins (figure 58 E, left). Another possibility is that "sorter-
/recruitment proteins" might sort out MCS-unspecific proteins including the FP-based prox-
imity sensors (figure 58 E right). What argues against this assumption is that a combinatorial
saGFP-based reporter using organellar targeting have been recently established to investig-

ate ER-organellar contacts in plants [152].
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Two plant studies were able to detect a decrease of the donor lifetime at EPCS or LD-PM
contact sites using a similar FRET/FLIM sensor than we did [58, 91]. However, they in-
vestigated protein-protein interaction of MCS-specific protein pairs, namely NET3C-VAP27-
1 or SLDP-LIPA [58, 91] and did not use MCS-unspecific fusion partners. Therefore, we
planed to test the dependency of the FP-based proximity sensors on MCS localisation and
protein-protein interaction of their fusion partners. For that, we included two different con-
trols using already identified EPCS proteins: 1) VAP27-1 with SYT1C (C-terminus of SYT1)
as non-interacting MCS specific proteins or protein domains [29, 58] or 2) VAP27-1 with
NET3C interacting MCS specific proteins [58]. Unfortunately, neither of the controls could
be performed as planned. On the one hand, SYT1C was reported to be located exclusively at
PM [29], while we found it additional localised in the cytosol in transient overexpression in
N. tabacum (figure 20). On the other hand, we were not able to detect any fluorescent signal
for NET3C independent of several optimisation variants as coinfiltration of p19. The reason
is probably that NET3C is affected by post-transcriptional silencing (personal communica-
tion with authors of P. Wang et al. [58]).

For future studies, recently identified MCS protein pairs could be considered as altern-
atives for SYT1 and NET3C. VAP27-1 have been identified to be not only part of EPCS but
also of ER-mitochondria contact sites (EMCS). Together with the MOM protein TRABI it is
part of an novel plant EMCS complex [82]. Another MCS-specific and interacting protein
pair was identified at PM-LD (lipid droplet) contact sites. SEED LD PROTEIN 1/2 (SLDP1/2)
and LD-PM ADAPTOR (LIPA) are part of an LD-PM tethering complex in plants, which is es-
sential for anchoring LD to the PM during early seedling growth in A. thaliana [91]. One of
those MCS protein pairs could replace NET3C-VAP27-1, while combining VAP27-1 with LIPA

would address the question of MCS-specific but non-interacting fusion partners.

Is there direct contact between the photorespiratory organelles or does the ER play a me-
diating role? Experimental evidences support contact between the photorespiratory or-
ganelles [20, 25, 26]. However, it remains unclear whether direct contact between chloro-
plasts to peroxisomes and peroxisomes to mitochondria exists based on the current state of
knowledge. An alternative hypothesis is that their contact is mediated via the ER resulting in
an indirect connectivity [25] (figure 58 G). ER tubules can partly be very narrow with approx-
imately 40 nm [261] and therefore, might easily be overlooked and miss-interpreted as direct
contact between other organelles.

The possibility of an indirect contact was already discussed by the authors of Gao et al.
[25]. They tested the chloroplast-peroxisome connectivity via optical tweezers and found
chloroplast to be connected to peroxisomes. They argued, if the ER mediate the chloroplast-
peroxisome connectivity, the ER must be tightly anchored around the chloroplasts. This hy-
pothesis have not been tested yet. However, there is also evidence that the chloroplasts are

completely or mostly embedded within the ER ([262], figure 19), which would decrease the
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probability of chloroplasts to have a direct contact to other organelles than the ER. Addi-
tional evidences for a ER-chloroplast connectivity were found performing an in vitro optical
trapping experiments and analysing plastid-associated membranes from pea protoplasts re-
garding ER protein and lipid contaminants [30]. The ER have also been shown to be associ-
ated or co-localised with mitochondria and peroxisomes [9, 49-51, 63].

As soon as the first MCS protein of the photorespiratory organelles has been identified,
the identification of interaction partners of this protein may elucidate, if the contact is dir-
ectly or mediated over the ER. However, from the current state of knowledge we can neither
exclude nor confirm that the ER serves as mediator at MCS between the photorespiratory

organelles.

3 Perturbing the proximity of photorespiratory organelles lead

to sever phenotypic and physiological alterations

Perturbing the natural movement and the cellular positioning may enable us to answer the
question of the biological relevance of spatial organelle organisation in the context of photo-
respiration and other physiological functions of those organelles. Tethering of organelles
has already shown to be a suitable tool altering the movement and the dynamics of ER-
PM and ER-MVBs [59, 155]. However, since those studies were performed under transi-
ent expression in N. tabacum, they did not investigate the impact of the tethering on the
phenotypic level. We generated stable A. thaliana lines overexpressing the synthetic tether
PpPEX3N:tagRFP:mVenus:PpTOM20C (24#5), which was expected to cross-link chloroplast-
peroxisome and peroxisome-mitochondrion. The stable transformation allowed us to study
the effect of perturbing the spatial organisation of the photorespiratory organelles at both
the cellular and phenotypic levels.

On a cellular level (figure 59 A), we found visual evidence that chloroplast-peroxisome
and peroxisome-mitochondria complexes might be tethered in the stable A. thaliana tether
lines (figure 42, 43). Contradictory to that, this impression was not underlined by the quanti-
fication of the proximity ratio between peroxisomes and chloroplasts neither in N. tabacum
nor in transgenic A. thaliana lines (figure 14 & 15). In the transgenic A. thaliana lines, we
visualised striking abnormalities in the peroxisomal localisation and mitochondrial mor-
phology, while the chloroplasts seemed to be unaffected (figure 42, 43 & 44). In photosyn-
thetic active tissue, small peroxisomal clusters were found adjacent to chloroplasts and mi-
tochondria. In addition, we found prove that the mitochondrial morphology and number
was changed in mesophyll cells. The overexpression of the synthetic tether construct resul-
ted in more elongated mitochondria compared to WT ones (figure 44 F). In pavement cells,
we identified spherical peroxisomal clusters, in which mitochondria accumulated and were

partly adjacent to the synthetic tether signal (figure 42).
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Figure 59: Main findings and putative underlying mechanisms investigating perturbation of the spatial organisation by introducing a
synthetic tether.

A: The synthetic tether construct PpPEX3N:tagRFP:mVenus:PpTOM20C (24#5) was expected to cross-link chloroplast-peroxisome and
peroxisome-mitochondrion. B, C: Main results perturbing MCS between chloroplasts, peroxisomes and mitochondria by the synthetic
tether on plant (A) and cellular (B) level. D-H: Possibilities, how perturbing the natural spatial organisation of chloroplasts, peroxisomes
and mitochondria might affect cellular and plant phenotype. D left: Organellar tethering might interfere with the shared mitochondrial
and peroxisomal fission machinery or/and might shift the fission-fusion rate towards fusion [9, 38, 263]. Knockout mutants of the proteins
marked by the grey box are the most similar to the phenotype of the synthetic tether lines. D, right: Defects in mitophagy or pexophagy
lead to an accelerated senescence similar to tether lines. Small mitochondria can be easily recycled in mitophagy, whereas larger and
accumulations of mitochondria may be more resistant [264, 265]. Pexophagy mutants have peroxisomal cluster similar in shape than tether
lines [266]. E: Improvement of photorespiration by a higher flux [267-271] or lower the energetic costs during photorespiration [271] result
in a higher yield and partly in increased high light (HL) tolerance (blue arrow). In contrast, tether lines were smaller than WT plants and
had a decreased tolerance towards HL (red arrow). F: Synthetic tether lines had a similar growth and leaf phenotype than electron transport
chain (ETC) mutants [198, 272, 273] but an unaltered oxygen consumption in leaves indicating the ETC to be unaffected. However, there are
evidences that the ETC bypass composed of NAD (P)H-Dehydrogenases (ND), Alternative Oxidases (AOX) and Uncoupling Proteins (UCP)
might be altered in tether lines. G: Fatty acids (FA) are converted to Acetyl-CoA during B-oxidation and further to citrate and succinate,
which serves as energy source for the mitochondrial tricarboxylic acid (TCA) cycle [87]. The germination of mutants impaired in storage
lipid degradation has been reported to be dependent on external sucrose [54, 86, 274] (blue arrow). Two independent synthetic tether
overexpression lines showed a faster germination (red arrow), while one independent line was delayed.

On the plant level (figure 59 B), we observed an age-dependent phenotype in plants over-
expressing the synthetic tether construct. While germination, seedling growth and repro-
ductive development were not consistently altered in the transgenic lines (figure 45, 46, 50,
51 & 52), adult plants showed consistently curled leaves, an early leaf senescence, as well as
a decrease in the rosette leaf area, fresh weight and inflorescence height (figure 47).

In the following section, we will discuss and estimate potential dependencies between
organellar cross-linking and the relevance of organellar organisation for proliferation, shared

or individual physiological functions and stress resistance mechanisms.
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3.1 Tether overexpression potentially interfere with organellar proliferation,

fusion and autophagy

As described before, the synthetic tether lines showed peroxisomal clustering, changes in the
mitochondria morphology and number, and an impaired growth phenotype. Some studies,
which investigated mutants in the mitochondrial and peroxisomal proliferation, reported
similar alterations [275-280]. Both organelles share proteins involved in proliferation includ-
ing the peroxisomal and mitochondrial division (PMD) proteins and the fission machinery
consisting of dynamin-related proteins (DRP3A, DRP3B) and the membrane anchors FIS-
SION 1A (FIS1A) and FIS1B [275-278, 281-286]. Mitochondria additionally have an adaptor
protein Elongated mitochondria 1 (ELM1) localising DRP3A to the mitochondria fission sites
(279, 287].

Knockout mutants of DRP3A, DRP3B and ELM1 are most similar to the synthetic tether
lines in terms the organellar morphology and the plant phenotype. drp3A and drp3b show
clustering of peroxisomes similar to the synthetic tether lines, but partly also tubular ex-
tensions [276, 278]. Mitochondria in drp3A and also in elm1-6 [279] are elongated, which
was also true for the synthetic tether lines, although less pronounced (figure 44). The elml
mutant do not match with the plant phenotype of the synthetic tether lines, since they are
only slightly impaired in plant growth, but do not show to any extent a curled leaf or early
senescence phenotype [279]. Double knockout mutants drp3a/drp3b-1 and several non-
sense mutants of DRP3A have a dwarf phenotype with a decreased inflorescence height [275,
276, 278] similar to the synthetic tether lines. In one publication a distorted leaf phenotype
in the double knockout mutant was also reported [275], which was quite similar to the curly
leaf phenotype of the synthetic tether lines (figure 47 A, C). However, differently to the syn-
thetic tether lines (figure 46), seedling growth and pollen viability is affected in the DRP3A
and DRP3B mutants [276, 278].

Mitochondrial size and number is not only regulated by fission but by a controlled rate
of fusion and fission events [288]. Instead of the fission machinery, proteins involved in
the fusion process has been mainly unknown. A recent publication in tobacco pavement
cells identified the first fusion component, namely the GTPase MIRO2. This protein tethers
the mitochondria to the ER to promote mitochondrial fusion [9]. It is possible that over-
expression of the synthetic tether 24#5 disturbs the ER-mitochondria connectivity leading
to putative interference in the fusion process. Therefore, one possible explanation for the
elongated mitochondria in the synthetic tether lines might not be based on the perturbation
of the fission machinery but on a shift of the fusion-fission rate towards fusion (figure 59 D).
In future, this can be tested by examining the position of mitochondria and ER applying re-
spective fluorescent markers in the synthetic tether lines. However, based on our results, we
cannot conclude, if and how the peroxisomal fission and mitochondrial fission and fusion is

altered in the synthetic tether lines.
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Accumulation of peroxisomes and changes in the mitochondrial morphology may also
indicate problems in the mechanism of organelle recycling, termed autophagy. Normally,
autophagy enables redistribution of nutrients and removes damaged organelles to ensure
the survival of the cell [264]. Similar than the synthetic tether lines, most of the A. thaliana
autophagy mutants show an accelerated senescence and slower growth [193, 264, 266, 289—
295]. This mutants include knockout or knockdown mutants of autophagy-related proteins
(ATG) being involved in mitophagy and/or pexophagy.

The synthetic tether lines exhibited elongated mitochondria, which partly accumulated
within the peroxisomal clusters (figure 42 & 44). Regarding the mitophagy mutants, the re-
ports mainly focused on the plant phenotypes, whereas imaging data about the mitochon-
drial morphology was missing or different compared to those of the synthetic tether lines
[193, 266]. The authors of a mitophagy review, however, suggested that the mitochondrial
size affects the mitophagy [264]. While individual mitochondria may be easily recycled, the
degradation of mitochondrial accumulations may be more difficult [264, 265, 296]. It has
been also reported that mitochondria accumulation is a early sign for cell death [265]. In the
synthetic tether lines, we found elongated mitochondria, which partly accumulated (figure
42 & 44). One possible assumption is that the synthetic tether construct led to an accu-
mulation of mitochondria, which in turn disturb the mitophagy and lead to cell death and
senescence (figure 59 D, right).

Peroxisomes in knockout mutants of ATG2, ATG18a and ATG7 aggregate to clusters [266]
similar to those in the synthetic tether lines. The authors of the same study claimed that
H,0, induces the peroxisomal aggregation, since they found cat2 mutants and plants treated
with external H>O» to show similar clusters of peroxisomes [266]. Thus, two further possible
explanation for the peroxisomal clustering in the synthetic tether lines may be either accu-
mulation via enhanced ROS levels or an interference with the pexophagy mechanism itself.
The use of autophagy markers such as GFP-ATG8 or monodansylcadaverine staining [297]
could provide information as autophagy may be disturbed in the synthetic tether lines. In
order to possibly distinguish if mitophagy, pexophagy or both mechanism are affected in the
synthetic tether lines, an analysis of the respective ATG protein abundance and their phos-
phorylation state may provide further insights (ATGs: mitophagy model [264], pexophagy
[266, 294]).

3.2 The biological relevance of MCS regarding photorespiration needs fur-
ther investigation

Wile the metabolic flux of photorespiration is well understood [1, 109], only little is known

about the potential role of inter-organellar contacts. Overexpressing the synthetic tether

construct led to changes in the spatial organisation of peroxisomes and the mitochondria

morphology, while chloroplasts seemed to be unaffected. In this section, we want to dis-
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cuss, if and how the changes in the organellar morphology and the plant phenotype of the
synthetic tether lines might be linked to photorespiration.

Photorespiration has been considered to be an energy-loosing process. Therefore, it is a
prime target for crop improvement. One approach to enhance plant productivity is to lower
the energetic costs during photorespiration [271]. On the one hand, this can be achieved by
reducing the oxygenase activity of RuBisCO by either genetic modifications or by concentrat-
ing CO, (reviewed in [298]). On the other hand, introducing non-native synthetic bypasses
for photorespiration were shown in several studies to improve plant growth under laboratory
and field conditions [113-115, 271, 299-303].

An alternative approach to reduce the photorespiration-caused yield losses is to improve
the flux of photorespiration, preventing the accumulation of the toxic intermediate 2PG
[271]. Overexpression of components of the mitochondrial glycine decarboxylase complex
(GDC) results in enhanced plant growth and photosynthesis, which is assumed to be caused
by an increased flux through the photorespiratory pathway [267-270]. Lopez-Calcagno et
al. 2019 additionally showed that overexpression of some of the GDC components under
high photorespiratory conditions (low CO, and continuous light) lead to less damage of PSII.
One question during this thesis was if a permanent proximity between the organelles would
also lead to an improved flux and thus to a similar plant phenotype as the overexpression
lines of the GDC components. Differently to GDC overexpression lines, the synthetic tether
lines showed an impaired growth phenotype and no enhanced tolerance towards high light
conditions (figure 46, 47 & 57). Based on these observations, we can only suggest that the
photorespiration rate is not increased in the synthetic tether lines, although direct evidence
islacking. In addition, we must also consider that synthetic tether overexpression might have
the opposite effect and altered organellar positioning might interfere with the photorespirat-
ory metabolism instead of improving its flow. Timm & Bauwe classified the photorespiratory
phenotypes according to the degree of symptom severity: Class I mutations are lethal un-
der ambient and high CO,. Class II mutants show lethality under ambient CO,, but survival
can be restored under elevated CO,. One prominent example belonging to class II is the dct
mutant, which is deficient in the plastidic glutamate/malate translocator DiT2 [305]. Class
I[II mutants are still viable under ambient CO», but show impaired growth or leaf chlorosis
[304]. Phenotypes can be completely compensate under elevated CO,. The mutant plggl-1
lacking the IE Plastidal glycolate glycerate translocator 1 (PLGG1) can be normally grown un-
der elevated CO,, while shift to ambient air lead to yellow and bleached lesions [306]. When
plggl-1 grow under ambient CO, the entire time, it exhibit an impaired growth phenotype
[307], which is much stronger pronounced than in the synthetic tether lines (figure 47). Class
IV mutants are also phenotypically not affected in normal air, which is why a second redund-
ant enzyme fully compensates the deletion [304].

According to this classification, the synthetic tether phenotype would best fit into class

III. Nonetheless, future studies would need to test, if the growth phenotype of the synthetic
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tether lines could be rescued by an elevated CO, concentration. The question, of whether
photorespiration is impaired in the synthetic tether lines, can only be conclusively clarified
by a photorespiratory metabolome analysis of the synthetic tether lines.

Based on our results, we cannot report with certainty that the photorespiratory metabol-
ism is affected by the overexpression of the synthetic tether construct. We cannot exclude
that also other metabolic or developmental processes relying on the exchange of chloro-
plasts, peroxisomes and mitochondria are affected by perturbing their natural spatial organ-
isation. For future studies, a broad metabolome analysis would provide insights, into which
metabolic processes are altered in the synthetic tether lines. From this, conclusions could be

drawn about the relevance of organelle organisation and/or MCS in these processes.

3.3 Impact of synthetic tethering on germination

Overexpression of the synthetic tether construct led to peroxisomal cluster formation, in
which mitochondria partly accumulated (figure 42). Peroxisomes are widely known to play
an important role in the plant reproduction, seed-development and germination [308]. They
host various physiological functions including 8-oxidation of fatty acids, phytohormone bio-
synthesis, nitrogen metabolism and photorespiration [308, 309].

We screened the literature for mutants that are affected in the peroxisomal physiology
and exhibit a similar peroxisomal phenotype than the synthetic tether lines. The mutants
mfp2-1, mfp2-7, pedl and sdpl are impaired in [3-oxidation or upstream processes and show
a similar distribution of peroxisomes to the synthetic tether lines [54, 310]. Sugar-dependent
1 (SDP1) hydrolyses storage lipids producing fatty acids [274], which are transferred to per-
oxisomes and processed during [3-oxidation [87-90]. Multifunctional protein 2 (MFP2) cata-
lyses the second and third step of fatty acid -oxidation [310], while PED1 (also termed KAT2)
catalyses the last step of this metabolic pathway [311, 312]. The germination of mutants im-
paired in storage lipid degradation has been reported to be sucrose-dependent [54, 86, 274]
(figure 59 G), which is why we tested the germination efficiency of the synthetic tether lines
on medium with and without sucrose (figure 45). Assuming that 8-oxidation is altered in the
synthetic tether lines, the germination phenotype should be also sucrose-dependent.

Testing the germination, we simultaneously wanted to answer a contradictory question,
namely, if the potential mitochondrion-peroxisome cross-linkages in the synthetic tether
lines support germination. In oil seeds including those of A. thaliana, the breakdown of
long-chain fatty acids during [3-oxidation and downstream processes has been shown to
be essential providing substrates for the mitochondrial respiration [87-90]. Assuming that
the constant proximity of the two organelles makes the substrate exchange more effective
between peroxisomes and mitochondria, synthetic tethering may result into faster germin-
ation.

The germination rate of two of the independent transgenic lines px-ck 24#5 #31E px-
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ck 24#5 #12B/G was faster compared to px-ck on medium with and without sucrose (figure
45). However, one independent line Col-0 24#5 #11C was slower in germination than the
WT but also the seedling establishment (figure 46) and the reproductive development were
impaired in this specific line (figure 52 & 51). Nevertheless, as only one of three lines showed
those results, we can assume that the T-DNA insertion led to disruption of one or several
genes specifically in this line, which probably caused the unique behaviour. To draw further
conclusions, the line Col-0 24#5 #11C should be excluded for future studies and experiments
should be repeated with another independent transgenic line.

In summary, the germination was faster in two of three independent lines. Based on
these results, we can not clearly state if the synthetic tether construct is beneficial for the
substrate transfer from peroxisomes towards mitochondria. Comparing the restart of the
mitochondrial respiratory energy metabolism in seeds of synthetic tether lines to WT (after

Nietzel et al. [90]) may be helpful to contribute further insights.

3.4 Assessment of possible correlations between the synthetic tether phen-

otype and altered oxidative phosphorylation

Besides photorespiration, mitochondria are involved in various cellular functions including
respiration. Cellular respiration consists of the glycolysis, the oxidative decarboxylation of
pyruvate, the tricarboxylic acid (TCA) cycle and the oxidative phosphorylation (OXPHOS),
with the latter two taking place in the mitochondria. While the first three pathways generate
reduced co-factors as NAD(P)H [198], they are converted to ATP during OXPHOS involving
the mitochondrial electron transport chain (ETC) (complex I-V, figure 59 F).

Interestingly, adult mutants of of complex I and complex IV are visually rather alike to the
synthetic tether lines with impaired growth and a curly leaf phenotype [198, 272, 273] (fig-
ure 47). Conversely, those mutants are delayed in their development including germination,
which is not the case in the synthetic tether lines (figure 45 & 46). The phenotype manifesta-
tion of the OXPHOS mutants depends on the remaining activity of complex I and complex IV.
The two mutants rpoTmp-1, rpoTmp-2 have 80% or more reduction in the activity complex
[ and complex IV [272, 273]). They most closely resemble the synthetic tether lines in terms
of leaf and a growth phenotype and have only a slightly delayed germination [272, 273]. Al-
though some of the phenotypical characteristics of mentioned OXPHOS and tether lines do
not match in early developmental stages, the adult phenotype is strikingly alike.

To get evidences, if those similarities are accidentally or is based on altered OXPHOS, we
checked the leaf O, consumption in two independent synthetic tether lines (figure 54). While
leaf respiration of all complex I mutants is slightly higher than in WT plants [198, 272, 273],
we can report no differences in the leaf respiration rate comparing WT and the synthetic
tether lines. This indicate no alterations in the respiratory flux and ETC. Nonetheless, OX-

PHOS mutants have been described to show an increased capacity of AOX activated by oxid-
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ative stress [198]. As an additional proof, future studies should measure the AOX-dependent

respiration and perform a western blot to verify the AOX level in the synthetic tether lines.

3.5 Synthetic tethering potentially causes alterations in signalling cascades

Both chloroplasts and mitochondria are important cellular sensors for fluctuating environ-
mental conditions [313]. To respond appropriately to such fluctuating environmental con-
ditions, rapid and delicate adaptations must take place at metabolic, post-translational and
transcriptional levels. Therefore, retrograde signalling pathways from chloroplasts and mi-
tochondria to the nucleus are required, aiming to coordinate the nuclear gene expression
[194]. Four major types of signalling molecules have been identified, namely RNA, proteins
including transcription factors (TF), ROS and metabolites. These signalling molecules can
originate not only from the endosymbiotic organelles but also from peroxisomes [313].

Whether and to what extent physical associations between organelles and a dynamic,
spatial organisation in a cell are relevant for retrograde signalling is mostly unexplored. It has
been reported that a direct transfer of H»O, from chloroplasts to nucleus can occur via phys-
ical association between those two [19, 41]. Suzuki ef al. already suggested that changes in
the spatial organellar arrangement hypothetically influence retrograde signalling cascades
[314]. Assuming that this is the case, perturbing the dynamic and the spatial organisation of
mitochondria, peroxisomes and eventually chloroplasts by introducing the synthetic tether
construct has the potential to disturb signalling cascades.

We screened the literature for mutants with disrupted retrograde signalling pathways
involving mitochondria, peroxisomes or chloroplasts and with a similar growth phenotype
than the synthetic tether lines. One potential candidate was the knockout mutant rcdl. Sim-
ilar to the synthetic tether lines, rcdl shows impaired growth and curly leaves [315] (figure
47). Radical-Induced Cell Deathl (RCD1) is suggested to be a regulatory protein of chloro-
plast and mitochondria retrograde ROS signalling pathways. Chloroplastidic ROS likely af-
fect the redox state of RCD1 and its ability to function as suppressor in a signalling cascade
controlling the expression of mitochondrial dysfunction stimulon (MDS) genes including
AOX1 [315].

To test, if this ROS dependent signalling cascade is affected in the here generated syn-
thetic tether lines, the protein abundance of RCD1 and the downstream targets of the sig-
nalling cascade could be investigated by performing a Western Blot. In addition, the respira-
tion capacity of AOX1 or the tolerance against methyl viologen being enhanced in rcd1 could

be also tested in the synthetic tether lines.
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3.6 Potential interdependency of anthocyanin biosynthesis and synthetic
tethering

When we investigated the synthetic tether lines, we unexpectedly found that adult plants
had significantly decreased anthocyanin levels compared to WT plants in response to HL
(figure 57). The synthetic tether lines showed yellowing of leaves in response to HL similar
to mutants, which are impaired in the flavonoid/anthocyanin biosynthesis (FAB) such as chi
and ans [316]. The regulation of FAB is very complex including positively and negatively
regulatory proteins, post-translational modifications, a set of TF and chloroplast-derived
retrograde signalling cascades [248, 317-319]. There is still an ongoing discussion about
the exact signal and downstream factors involved in HL-induced FAB. On the one hand,
FAB was reported to be regulated by ROS- and/or phytohormone as signalling molecules
with ANACO032 as TF [320, 321]. This TF simultaneously induces chlorophyll degradation
genes and other senescence-associated genes, promoting leaf senescence [320, 321]. On the
other hand, a FAB signalling cascade including PAP1 and SNF1-RELATED PROTEIN KINASE
(SnRKI) has been described to be sugar-dependent [322, 323]. Zirngibl et al. recently pro-
posed this sugar-dependent pathway to be essential for rapid HL-induction of anthocyanin
biosynthesis, while ROS and phytohormones play only a minor role [248].

Based on our results, we can only make assumptions of how and whether a disturbance
of the natural cellular organelle organisation leads to a disturbance in the FAB signalling
cascades. It is not clear, which FAB signalling cascade is affected in the synthetic tether lines.
To be able to make a precise conclusion, the synthetic tether lines should be investigated

regarding their relative expression levels of genes and TFs involved in FAB [194].
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V Conclusion and outlook

This thesis investigated the role of organellar proximity in plants using the photorespirat-
ory organelles as a model. One aim was to quantify the proximity between chloroplasts and
peroxisomes under different photosynthetic conditions and to develop an automated, high-
throughput analysis process. On the one hand, we were able to develop a Python-based ana-
lysis pipeline and to verify its functionality by comparing the automatically generated results
to a manual quantification and finding a similar trend for both analysis methods. On the
other hand, in our experimental system we were not able to increase organellar proximity in
A. thaliana, N. tabacum and P, patens by light. Thus, we suggest that the experimental setup
requires optimisation to increase MCS between chloroplasts and peroxisomes. We conclude
that we developed a robust and automated high-throughput analysis pipeline for confocal
z-stacks of cells with fluorescently labelled organelles. Future studies could incorporate new
data sets of different light and dark treatments.

A second aim was to establish novel in vivo FP-based proximity sensor systems in plants.
We successfully created homogenous targeting of reporter constructs to the cytosolic face
of the (outer) membrane of chloroplasts, peroxisomes and mitochondria. For splitYFP- and
saGFP(self-assembly GFP)-based proximity sensors tested by transient expression in
N. tabacum, we can report an unspecific labelling of the whole organellar membranes. Com-
paring splitYFP- and saGFP-based reporters, the saGFP signal was potentially increased at
the putative interaction sites between peroxisomes and chloroplasts. Overexpression of the
splitYFP-based proximity sensors induced tethering of peroxisomes and chloroplasts. To
provide a system for stable transgenic A. thaliana lines with an inducible expression of the
proximity reporters or synthetic organelle tethers, we generated a dexamethasone-inducible
2inl gateway vector system (pInd). Transiently transfected N.fabacum plants showed re-
porter expression without induction, an effect which is not expected for stable A. thaliana
and N. tabacum plants [230, 231]. During this work, we were able to transform A. thaliana
plants with an inducible saGFP-based proximity sensor construct for chloroplasts and per-
oxisomes and to generate T; seeds. Future studies will be able to test inducible chloroplast-
peroxisome tethering as well as the induction behaviour of the new vector system.

Using FRET/FLIM-based proximity sensors, we were not able to detect any decrease
in the donor lifetime at putative MCS under the tested conditions both in A. thaliana and
transiently in N. tabacum. As mentioned before, we suggest that an increased proximity of
chloroplasts and peroxisomes requires a higher light intensity than we applied. Therefore,
we recommend as a next step to extend the previous experiment by a light treatment with

a higher intensity. It is also possible that the lack of change in the fluorescence lifetime was



due to the dynamic nature of MCS, which may have been too rapid for FLIM detection that
lasted approximately 30s per image. However, based on our results, we cannot conclude
whether the unaltered lifetime is due to the experimental/imaging design or due to the lack
of existence of MCS between chloroplasts and peroxisomes.

Finally, we were able to gain first evidence of the importance of dynamic MCS forma-
tion and dissociation in plants by disrupting the natural spatial organisation within a cell.
Introducing a synthetic tether construct in A. thaliana plants led to formation of spherical
peroxisomal clusters and elongated mitochondria. Stable lines constitutively expressing this
synthetic tether showed curly leaves, an accelerated senescence, impaired growth and a re-
duced high light tolerance including decreased anthocyanin accumulation. Future research
will need to address the exact causes of the observed phenotypic and physiological altera-
tions. Expression of the used synthetic tether potentially influences for instance mitophagy,
local generation of ROS or sugar-dependent retrograde signalling cascades.

In conclusion, this study provides a solid foundation for further studies that aim to clarify

the importance of MCS between chloroplasts, peroxisomes and mitochondria in plants.
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Supplemental information

Table S1: Size of chloroplasts of P. patens and A. thaliana. n = 4 from 4 different cells.

species length [pum] wide [pum]

P patens 9.85 7.53
7.76 5.66
8.09 6.29
6.41 4.90

A. thaliana 8.21 7.49
8.72 7.22
9.63 7.91
10.86 8.87
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Figure S1: Movement analysis of peroxisomes using the cytoskeleton inhibitor cytD in A. thaliana.

A Experimental setup: light treatment was performed at 20 umol photons m~2 571 for 1.5-3h after a dark adaption. cytD (20 uM) was used
to depolymerise the actin filament. Time series were recorded in 30 time stacks over 2 min. B: Representative CLSM time series of light
(control) and light + cytD treated cells showing an overlay of chlorophyll autofluorescence (magenta) and a peroxisomal marker (cyan). px-
ck [186] was used as A. thaliana peroxisomal CFP marker line. The arrows show examples of moving peroxisomes. C: Quantification of the
peroxisomal movement in A. thaliana. The quantification process was performed using Icy [184]. The maximal peroxisomal displacement
was detected in a time frame of 2 min. n=25 in 5 or 3 cells for light or cytD, respectively. Data are shown as box plot Min to Max showing
all points, whereby each point represents individual peroxisomes. Significant differences were calculated according to an unpaired t-test.
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Figure S2: Vector maps of successfully cloned intermediate vectors of the 2inl pInd system. Enzymes, which were used for the digest
(figure 32), are marked in each vector map (Kpnl, Apal, Sacl and Eco31I (Bsal)).

XVIII



SUPPLEMENTAL INFORMATION

B pind saGFP cC

A pind splitYyFP NC
#1: #2: 5w
s
s
[ oo
(55 o
(53 o
[
[
[2680-285 1ac0]
% pind_saGFP CC_SerialCloner.txt.x - 11810 nt =
s
(gt
i s ]
G _
o S
HAn 6232...6258) -1837 4347 GFP11]
e
‘S0 e
fsmr e e
s e
e
[obiar 7457._8118] 3915410 1ac0]
fsto- v beo
e —
i
(e ez (55t
[81¢..s50 5]
e
(1555204 Ui
= g
C pind FRETNC
#1: e D pind FRET CC
(e sl
— : [is77t oo
e (2208 e e s el
— [ oo
I— (2299 1o (T s S o e
[2552.2551 1ac0)] (2680255 1ac0]
[eorssz] ) [3003..2584 1ac0] [Sacl s450] [3003...2584 12c0]
PIDO-FRETNG  SarisiClonerxdna; 12916/t [2027.-3073 mininmal3ssF] [Neol 5472 pInd_FRET CC_SerialClonerxdna - 12417 nt [2884-3003 1acq]
)
_—

(e T
) )

imVenus 6832...7548)

e covige]
e
113-rev_6411._6431]

lac 6349...6378]

et

Figure S3: Vector maps of successfully cloned destination vectors of the 2inl pInd system. Enzymes, which were used for the digest

(figure 32), are marked in each vector map (Kpnl, Apal, Sacl and Eco31I (Bsal)).
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Figure S4: In vivo verification of dexamethasone inducible pInd vector system verified by the respective sensor fluorescence in the

transient system of N. tabacum.

N. tabacum leaves were infiltrated with with saGFP (A, B), splitYFP (C) and FRET (D, E) sensor constructs. N.tabacum leaf discs were
submerged in wells of a 96-well plate prefilled with assay medium. After about 1h of dark incubation, assay medium was exchanged by
fresh medium with different concentrations of dexamethasone (tg). The relative fluorescence unit (RFU) of the respective fluorescent senor
was detected over time by the plate reader. The graphs represent the respective relative fluorescence unit (RFU) of tg and the endpoint
of the plate reader experiment (te: 20.2h (A), 38.6h (B, D, E), 24.2h (C)). n = 3 (of one infiltrated leaf) (B, D, E); n
leaves, 4 discs per leaf) (A, E). Data are represented as grouped box plot with median and Tukey whiskers. Significant differences were
calculated according to 2-way ANOVA with Tukey “s multiple comparisons test. Excitation: 482 nm (saGFP, splitYFP), 540-20 nm (tagRFP);
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Figure S5: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions and cytD treatment transient in Nicotiana tabacum,(AtOEP7:mVenus PpPEX3N:tagRFP, 48#1).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with short linker and localised to PerM. The bridging distance of this construct between both membranes is < 22.08 nm + the
Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,;, when approaching the distance of the Forster radius (~5.7nm) with the tagRFP. As indication for FRET a local decrease in
7n and the appearance of quenched donor lifetime values (71) are expected. Nrrp1/Np visualise the ratio of quenched donor (77) to
unquenched donor (7). Leaf discs were vacuum infiltrated in 20 uM cytD (cytochalasin D) and incubated at 20 pumol m~2 s ™! for minimum
1.5h. Maximum time of imaging per sample was 20 min. Scale = 2.5 um.
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Figure S6: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions and cytD treatment transient in Nicotiana tabacum, (AtOEP7:mVenus PpPEX3N(GGSGG)3:tagRFP, 84#2).
mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with a (GGSGG)13 linker and localised to PerM. The bridging distance of this construct between both membranes is < 45.48 nm +
the Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in
T, and the appearance of quenched donor lifetime values (1) are expected. NrrgT/Np visualise the ratio of quenched donor (77) to
unquenched donor (73). Leaf discs were vacuum infiltrated in 20 uM cytD (cytochalasin D) and incubated at 20 yumol m™~2 s~! for minimum
1.5 h. Maximum time of imaging per sample was 20 min. Scale =2.5um.
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Figure S7: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions in stable Arabidopsis line (px-ck AtOEP7:mVenus PpPEX3N:tagRFP #21; 48#1 #21).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with short linker and localised to PerM. The bridging distance of this construct between both membranes is < 22.08 nm + the
Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,;, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in
T, and the appearance of quenched donor lifetime values (71) are expected. Nrrg7/Ng visualise the ratio of quenched donor (77) to
unquenched donor (7). Leaf discs were vacuum infiltrated in water and directly imaged or incubated at 20 umol m~2 s~!, Maximum time
of imaging per sample was 20 min. Scale =2.5 pm.
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Figure S8: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions and cytD treatment in stable Arabidopsis line (px-ck AtOEP7:mVenus PpPEX3N:tagRFP #21; 48#1 #21).
mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with short linker and localised to PerM. The bridging distance of this construct between both membranes is < 22.08 nm + the
Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in 7,
and the appearance of quenched donor lifetime values (71) are expected. Nrrp7/Ng visualise the ratio of quenched donor (1) to un-
quenched donor (7). Leaf discs were vacuum infiltrated in 20 uM cytD (cytochalasin D) incubated for minimum 1.5 h at 20 pumolm™2s~1.
Maximum time of imaging per sample was 20 min. Scale=2.5um.
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Figure S9: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions in stable Arabidopsis line (Col-0 AtOEP7:mVenus PpPEX3N(GGSGG)3:tagRFP #12; 84#2 #12).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with a (GGSGG)13 linker and localised to PerM. The bridging distance of this construct between both membranes is < 45.48 nm +
the Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in
T, and the appearance of quenched donor lifetime values (71) are expected. Nrrp7/Np visualise the ratio of quenched donor (77) to
unquenched donor (7). Leaf discs were vacuum infiltrated in water and directly imaged or incubated at 20 umol m~2 s~!, Maximum time
of imaging per sample was 20 min. Scale =2.5um.
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Figure S10: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions in stable Arabidopsis line (Col-0 AtOEP7:mVenus PpPEX3N(GGSGG)3:tagRFP #15; 84#2 #15).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with a (GGSGG)13 linker and localised to PerM. The bridging distance of this construct between both membranes is < 45.48 nm +
the Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in
T, and the appearance of quenched donor lifetime values (71) are expected. Nrrg7/Ng visualise the ratio of quenched donor (77) to
unquenched donor (7). Leaf discs were vacuum infiltrated in water and directly imaged or incubated at 20 umol m~2 s~!. Maximum time
of imaging per sample was 20 min. Scale=2.5 pm.
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Figure S11: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions in stable Arabidopsis line (px-ck AtOEP7:mVenus PpPEX3N(GGSGG)13:tagRFP #35; 84#2 #35).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with a (GGSGG)13 linker and localised to PerM. The bridging distance of this construct between both membranes is < 45.48 nm +
the Forster radius. The donor mVenus would perform Foérster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in
T and the appearance of quenched donor lifetime values (71) are expected. NrrgT/Np visualise the ratio of quenched donor (77) to
unquenched donor (7). Leaf discs were vacuum infiltrated in water and directly imaged or incubated at 20 umol m~2 s~!. Maximum time
of imaging per sample was 20 min. Scale=2.5 pm.
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Figure S12: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer linker
under light conditions and cytD treatment in stable Arabidopsis line (Col-0 AtOEP7:mVenus PpPEX3N(GGSGG)13:tagRFP #12; 84#2
#12).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with a (GGSGG)13 linker and localised to PerM. The bridging distance of this construct between both membranes is < 45.48 nm +
the Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in 7,
and the appearance of quenched donor lifetime values (71) are expected. Nprg7 /Ny visualise the ratio of quenched donor (77) to un-
quenched donor (7). Leaf discs were vacuum infiltrated in 20 uM cytD (cytochalasin D) incubated for minimum 1.5 h at 20 pumolm~2 571,
Maximum time of imaging per sample was 20 min. Scale=2.5um.

XXVIII



SUPPLEMENTAL INFORMATION

overlay T 1C Ty 2C NFRET/NO
mVenus tagRFP with chlorophyll (0-3000 ps) (0-3000 ps) (0-5)

Figure S13: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer
linker under light conditions and cytD treatment in stable Arabidopsis line (Col-0 AtOEP7:mVenus PpPEX3N(GGSGG)3:tagRFP #15;
84#2 #15).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with a (GGSGG);3 linker and localised to PerM. The bridging distance of this construct between both membranes is < 45.48 nm +
the Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in 7,
and the appearance of quenched donor lifetime values (71) are expected. Nprg7 /Ny visualise the ratio of quenched donor (77) to un-
quenched donor (7). Leaf discs were vacuum infiltrated in 20 uM cytD (cytochalasin D) incubated for minimum 1.5 h at 20 pumolm™2s71.
Maximum time of imaging per sample was 20 min. Scale =2.5 um.
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Figure S14: FRET-FLIM-based proximity sensor between outer envelope (OE) and peroxisomal membrane (PerM) with longer
linker under light conditions and cytD treatment in stable Arabidopsis line (px-ck AtOEP7:mVenus PpPEX3N(GGSGG)3:tagRFP #35;
84#2 #35).

mVenus is fused C-terminal to AtOEP7 and localised to OE, whereas the acceptor tagRFP is fused C-terminal to a truncated version of
PpPEX3 with a (GGSGG)13 linker and localised to PerM. The bridging distance of this construct between both membranes is < 45.48 nm +
the Forster radius. The donor mVenus would perform Forster resonance energy transfer (FRET) and concomitant decrease in fluorescence
lifetime 7,, when approaching the distance of the Forster radius (~5.7 nm) with the tagRFP. As indication for FRET a local decrease in 7,
and the appearance of quenched donor lifetime values (71) are expected. NrrpT/Np visualise the ratio of quenched donor (77) to un-
quenched donor (7). Leaf discs were vacuum infiltrated in 20 uM cytD (cytochalasin D) incubated for minimum 1.5 h at 20 pumolm=2s~1.
Maximum time of imaging per sample was 20 min. Scale =2.5um.
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Figure S15: Representative CLSM images of independent Arabidopsis T1 (first generation) lines expressing the tether construct 24#5
(PpPEX3N:tagRFP:mVenus:PpTOM20C) under the constitutive promoter CaM35sP.

The tether construct was transformed in two different WT backgrounds Col-0 and px-ck, where the last one is a Col-0 line with peroxisomal
CFP (CFP-SKL) marker ([186]). Col-0 24#5 #11, px-ck 24#5 #12 and px-ck 24#5 #31 were used for the following experiments. Chlorophyll
autofluorescence is depicted in magenta, whereas the peroxisomal CFP is shown in cyan. Scale bar = 5 um.



Table S2: Raw data for the quantification ratio of alive and dead pollen.
Pollen were stained with Alexander staining solution, whereby the cytoplasm of alive and viable pollen is coloured in magenta-red sur-
rounded by the green coloured envelope. Dead pollen lost their cytoplasm, thus they have only a green envelope left.

Genotype Plant Alive Dead Total %
Col-0 1 987 38 1025 3.7
2 1214 31 1245 2.5
3 1317 17 1334 1.3
4 637 12 649 1.8
5 735 7 742 0.9
Col-0 24#5 #11C 1 549 291 840 34.6
2 886 267 1153 23.2
3 409 227 636 35.7
4 773 520 1293 40.2
5 938 67 1005 6.7
6 247 100 347 28.8
px-ck 1 1095 14 1109 1.3
2 1227 19 1246 1.5
3 1312 34 1346 2.5
4 1028 20 1048 1.9
5 77 17 794 2.1
px-ck 24#5 #12B 1 755 21 776 2.7
2 884 9 893 1.0
3 1330 53 1383 3.8
4 799 34 833 4.1
5 950 40 990 4.0
px-ck 24#5 #31F 1 1890 165 2055 8.0
2 1170 115 1285 8.9
3 1091 55 1146 4.8
4 653 50 703 7.1
5 624 32 656 4.9
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