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All models are wrong, but some are useful.

George E. P. Box
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ABSTRACT

Abstract

In plant cells, lipids are important components of cellular membranes. There, they act as
structure-forming and/or signal-transmitting elements. As signals, lipids are landmarks and
thereby important regulators, for example of secretory processes in pollen tubes. One such
signalling lipid is phosphatidic acid that can be formed by diacylglycerol kinases (DGKs),
however, the role of DGKs in the secretory processes occurring in pollen tubes is so far
underexplored.

One study described in this thesis sheds light on the importance of DGKs in tobacco pollen
tube growth. Here, it is shown for the first time that certain DGKs are localised at the plasma
membrane. The tobacco DGK NtDGKS5 in particular associates to an important signalling hub
in the plasma membrane shortly behind the pollen tube tip to convert diacylglycerol in
phosphatidic acid. Interference with NtDGK5 function in tobacco pollen tubes caused the
appearance of unusual wavy growth and misshaped tips in pollen tubes. Further transient
expression assays highlighted a possible connection of NtDGK5 to the regulation of pectin
secretion by other signalling lipids. In conclusion, the localisation and associated phenotypes
of NtDGKS5 support a role for this enzyme and its product in the fine-tuning of other signalling
networks coordinating pectin secretion in tobacco pollen tube growth.

Apart from membrane lipids, more hydrophobic storage lipids can be found for example in
the core of cytosolic lipid droplets (LDs). This core is delimited by a phospholipid monolayer
into which proteins are embedded. These proteins convey to LDs their cellular function, so a
deeper understanding of LDs requires more detailed knowledge on the composition and
dynamics of the LD proteome.

In a further study, we analysed the lipidome of stressed leaves of Arabidopsis revealing that
there are increased levels of the LD core component triacylglycerol in reaction to stress,
including heat treatment or infection of the plants with either Botrytis cinerea or
Pseudomonas syringae pv. tomato DC3000 AavrPto/AavrPtoB. Furthermore, bottom-up label-
free proteomics studies enabled a thorough investigation of the dynamics of the LD proteome
under stress. The results highlight especially CALEOSIN 3 as a universal stress-responsive LD
protein and the a-DIOXYGENASE 1 as an LD protein that accumulated specifically in reaction
to infection. In addition, proteome measurements of LD-enriched fractions from leaves in
comparison to total cellular protein enabled the identification of LD-LOCALISED NTF2 FAMILY
PROTEIN and CYTOCHROME B5 ISOFORM E as new LD-associated proteins.

Similar studies on LDs isolated from roots resulted in the first detailed description of the LD
proteome in Arabidopsis roots. More than 20 LD proteins could be identified, which included
several proposed or characterised enzymes. These studies establish leaf and root LDs as active
players in cellular metabolism and stress response and open up new avenues for future LD
research.



INTRODUCTION

1 Introduction

1.1 Plant lipid structures and functions are diverse

Among the commonly categorised classes of biochemical molecules, lipids are probably the
most diverse group. Defined by their solubility in nonpolar solvents, they comprise chemical
structures ranging from very hydrophobic neutral lipids like triacylglycerols (TAGs) and sterol
esters (SEs) to charged compounds like phosphoinositides.

Structurally, lipids can be divided into different groups, based on their head group and/or
backbone. Glycerol as the backbone is characteristic for glycerolipids, whose hydroxyl groups
in sn-1, sn-2 and sn-3 position can be esterified with the a-carboxyl group of a fatty acid (FA).
In this case, TAGs are formed (Figure 1A), which represent major carbon storage compounds
(Bates, 2016). TAGs carry no charge in the molecule and are thus neutral lipids. Neutral lipids
can also be found among terpenes, another lipid class. In contrast to TAGs, the hydrophobicity
of terpenes is not related to FAs, as terpenes derive structurally from isoprene units and are
formed biochemically from the activated molecules isopentenyl pyrophosphate and
dimethylallyl pyrophosphate (Hemmerlin et al., 2012). Different numbers of isoprene units
can be linked in condensation reactions to give rise for example to monoterpenes (two
isoprene units), sesquiterpenes (three isoprene units), diterpenes (four isoprene units) or
triterpenes (six isoprene units; Hemmerlin et al., 2012). Among the triterpenes is the linear
molecule squalene from which phytosterols derive (Valitova et al., 2016). As they arise from a
cyclisation reaction, plant sterols have a characteristic four-ring structure carrying a side chain
and a hydroxyl group at the C3-position (Figure 1B). This hydroxyl group can be conjugated i.a.
to a FA thus forming SEs (Figure 1C) or a carbohydrate moiety like glucose to yield steryl
glycosides (SGs, Figure 1D; Ferrer et al., 2017).
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Figure 1: Structures of exemplary hydrophobic neutral lipids. In triolein as representative
triacylglycerol species (A), three oleic acid molecules are esterified to a glycerol backbone (blue).
Phytosterols like sitosterol have a characteristic four-ring structure (B), and a 3-hydroxyl group that
can be used for conjugation to other molecules (red). If the hydroxyl group is esterified to a fatty acid,
sterol esters are formed (C). However, the sterol skeleton can also be linked to a sugar like glucose,
giving rise to steryl glycosides (D).

Several lipid classes contain charged residues in their structure though. For example, the
hydroxyl group of glycerol in sn-3 position can be linked to a phosphate group, which
introduces negative charges and amphiphilic properties to the molecule. If the hydroxyl group
in the sn-3 position is only linked to phosphate, anionic phosphatidic acid (PA, Figure 2A) is
formed. However, the phosphate can be further esterified to diverse alcohols giving rise to
various head groups of phospholipids. For example, phosphatidylcholine (PC, Figure 2B)
carries a choline residue linked to its phosphate group.

Finally, in addition to the so far mentioned glycerolipids and terpenes, a third lipid class,
sphingolipids, can be distinguished. Sphingolipids are defined by their backbone of a long
chain amino alcohol whose amino group in C2-position can be linked to FAs in an amide bond
(Figure 2C). In addition, the hydroxyl group at the C1-position can be linked to different head
groups of sometimes great complexity (Luttgeharm et al., 2016).
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Figure 2: Structures of exemplary lipids in membranes. In phosphoglycerolipids, two acyl chains are
esterified to the glycerol backbone (blue), however, a third ester bond at the sn-3 position is formed
to phosphate, yielding phosphatidic acid (A). If the phosphate group is further esterified, different
phosphoglycerolipids can be formed. For example, linkage to choline gives rise to the membrane lipid
phosphatidylcholine (B). Sphingolipids on the other hand are characterised by a long chain amino
alcohol that contains an amino group at the C2-position. This amino group can be linked to a fatty acid
by an amide bond (orange) to form ceramides (C).

The functions that lipids fulfil in plant cells are as diverse as their structures. TAG and SEs are
storage compounds, providing FAs for B-oxidation and acting as energy and carbon source in
germination and seedling establishment (Pinfield-Wells et al., 2005; Eastmond, 2006) but
might also be important for membrane homeostasis (Ferrer et al., 2017; Ischebeck et al.,
2020). Amphiphilic glycerolipids are membrane-forming: the phosphoglycerolipids PC,
phosphatidylethanolamine (PE) and phosphatidylinositol (Pl) are important components of
non-plastidial membranes whereas glucolipids like mono- or digalactosyldiacylglycerol
(MGDG, DGDG) dominate in the membranes of plastids (Ohlrogge and Browse, 1995; Holzl
and Doérmann, 2019). Sterols in membranes adjust membrane fluidity and are therefore
important in adaptation to environmental conditions (Valitova et al., 2016). Among the so-
called minor phospholipids, which occur only in small amounts in plant cell membranes, are
important lipid signalling molecules like PA or phosphoinositides, which are phosphorylated
derivatives of Pl (Noack and Jaillais, 2020). In the following, two lipid contributions to plant
cell organisation shall be discussed: anionic phospholipids as signals in plant membranes and
storage lipids in the context of lipid droplets.
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1.2 Lipid signals in plants
1.2.1 Signal transduction

All living cells have to maintain their cellular homeostasis, which requires i.a. free energy to
counteract increases in entropy and ways to detect and react to internal and external signals.
Intracellular signals are often exchanged between different organelles and can involve
membrane contact sites (Rosado and Bayer, 2021). External stimuli can occur in a variety of
forms, e.g. as electromagnetic radiation like heat or light, or as chemical compounds like plant
hormones. The detection of signals requires specialised receptor proteins, which can be
situated in the plasma membrane, where they are able to interact with signals outside of the
cell. The presence of bacteria is for example detected due to the interaction of flagellin with
the plasma membrane receptor FLAGELLIN-SENSITIVE 2 (Zipfel et al., 2004). On the other
hand, there are also intracellular receptors that can localise to organelle membranes and are
e.g. involved in protein quality control at the endoplasmic reticulum (ER; Strasser, 2018).
Detection by a receptor forms the start of a signalling cascade, which transmits and amplifies
the input signal. Due to the amplification processes, signals can be effective even at very low
concentrations triggering cell wide responses with different signalling pathways.

Signal transfer is usually achieved by the modification of proteins, which in turn affect other
target proteins. Protein changes in signalling cascades include, but are not limited to,
phosphorylation at different target sites, ubiquitination and subsequent proteasomal
degradation of target proteins, altered protein interactors, the exchange of GDP to GTP in the
binding pocket of GTPases, or altered protein localisation (Krauss, 2014). Furthermore,
proteins can transmit signals by producing second messengers, small molecules that diffuse
from the site of synthesis/storage to their respective receptors in the vicinity. Common second
messengers include soluble molecules like cyclic adenosine monophosphate or Ca?* ions,
gases like nitric oxide, and at least partially hydrophobic molecules that diffuse laterally in
membranes like phosphoinositides or diacylglycerol (DAG; Krauss, 2014). In mammalian cells,
for example, DAG acts as a signal transducer that modulates the influx of second messenger
Ca?* ions via protein kinase C (Colon-Gonzélez and Kazanietz, 2006).

However, lipids can not only act as second messengers but can appear at different points of a
signalling cascade. They can also act as the signal itself as is the case for the lipid-derived
jasmonates that act as plant hormones (Wasternack and Feussner, 2018). Furthermore, lipids
act as determinants of protein localisation as proteins bind to specific lipids in membranes (Lin
et al., 2020; Synek et al., 2021) or change their organisation in the membrane in reaction to
membrane lipid adaptations (Platre et al., 2019). Different lipid classes have different
signalling functionalities and further focus in this work shall be directed on
phosphoglycerolipid signals.

1.2.2 Phosphoglycerolipid signalling molecules

As mentioned previously, several lipid classes contain a phosphate moiety. In
phosphoglycerolipids this phosphate is esterified to the sn-3 position of the glycerol backbone,
with PA as structurally simplest representative (Figure 2A). The phosphate is often linked to
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further moieties, giving rise to the different phospholipids present in cellular membranes
(Figure 3A; Li-Beisson et al., 2013). If the head group is the polyalcohol inositol it can be further
phosphorylated as in phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,, Figure 3B). These so-
called phosphoinositides are low abundant lipids, however, of huge importance as signalling
molecules (Konig et al., 2007; Krinke et al., 2007; Noack and Jaillais, 2020) and are described
in the following section.

A
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Figure 3: Different head groups of phosphoglycerolipids. In phosphoglycerolipids, the sn-3 position is
esterified to a phosphate which in turn often carries additional groups (A). Additional choline and
ethanolamine moieties give rise to phosphatidylcholine (PC) or phosphatidylethanolamine (PE) that
carry a positive charge at the nitrogen which overall neutralises the negative charge of the phosphate
group. If the phosphate is linked to serine or inositol, phosphatidylserine (PS) or phosphatidylinositol
(P1) is formed, respectively. The inositol of Pl can be further phosphorylated (B, red phosphate groups)
yielding phosphoinositides of which phosphatidylinositol 4,5-bisphosphate (PI1(4,5)P2) is a
representative. In all structures, the esterified fatty acids are abbreviated as R; and R..

Phosphoinositides

The precursor molecule for the synthesis of the differently phosphorylated phosphoinositides
is PI, whose synthesis takes place at the ER and shares a common pathway with the synthesis
of other phospholipids. In brief, FAs are sequentially esterified to glycerol-3-phosphate to
form PA (Li-Beisson et al., 2013). Pl is then synthesised via the CDP-diacylglycerol pathway,
whereby PA is activated with CTP to form CDP-diacylglycerol before inositol is attached in a
nucleophilic substitution reaction (Lofke et al., 2008; Zhou et al., 2013b). Phosphorylation of
different hydroxyl groups (at the 3’, 4’ or 5’ carbon) of the inositol head group by specific
kinases then gives rise to various phosphoinositides.

Localisation studies with fluorescent lipid probes established distinct subcellular distributions
of phosphoinositides. Phosphatidylinositol 3-phosphate (PI3P) was found at late endosomes
and the vacuolar membrane of Arabidopsis cells (Vermeer et al., 2006; Simon et al., 2014).
PI3P at late endosomes is required for protein sorting (Pourcher et al., 2010; Gao et al., 2014)
and inhibitors of the PI3P-synthesising Pl 3-kinases impede vacuolar transport and autophagy
(Takatsuka et al., 2004; Takac et al., 2013). Moreover, phagophores are decorated by the PI3P
kinase VPS34 as part of a complex that promotes autophagy in Arabidopsis (Marshall and
Vierstra, 2018; Liu et al., 2020), underlining the importance of PI3P in this process.
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Phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) proved to be more challenging to study, as
for this phosphoinositide the known lipid probes are less reliable. Nevertheless, PI(3,5)P, was
also reported at late endosomes in root cortical cells (Hirano et al., 2017). Similar to its
localisation, the physiological roles of PI(3,5)P; are obscure. In mammalian and yeast cells,
PI(3,5)P2 has been linked to organisation of endosomes and lysosomes or vacuoles (Hirano
and Sato, 2019). In Arabidopsis, a double mutant of the PI(3,5)P,-producing enzymes FAB1A
and FAB1B displayed disturbed vacuole reorganisation and vacuole acidification during pollen
development leading to a lethal male gametophyte phenotype (Whitley et al., 2009).
However, the previously mentioned fluorescent probe could not detect PI(3,5)P, at the
vacuolar membrane, so it remains unclear how it would direct alterations of the vacuole.
PI(3,5)P2 has also been suggested to be required for late endosomal maturation, yet again its
precise signalling role is unclear (Hirano and Sato, 2019).

Phosphatidylinositol 4-phosphate (PI4P) is the most abundant phosphoinositide in plant cells
(Krinke et al., 2007) and was proposed to serve functions that are associated with its
downstream product PI(4,5)P; in animal cells (Markovié¢ and Jaillais, 2022). This hypothesis
originated in part by the observed differences in PI4P-localisation: in animal cells, PI4P probes
were reported to be dominant at the Golgi apparatus (Balla et al., 2005; Weixel et al., 2005;
Simon et al., 2014) whereas they displayed a preference for the plasma membrane in plant
cells (Ischebeck et al., 2010; Simon et al., 2014, 2016). However, also in plant cells, PI4P was
detected at Golgi compartments (Simon et al., 2014) and PI4P-forming enzymes, namely PI
4-kinases (Pl4Ks), can be found both at the trans Golgi network (TGN) and the plasma
membrane (Preuss et al., 2006; Kang et al., 2011; Noack et al., 2022).

PI4KB1 has been observed at the TGN (Preuss et al., 2006; Kang et al., 2011) and shares 80%
protein sequence identity with another enzyme consequently named PI4KB2 (Mueller-Roeber
and Pical, 2002). Due to the high homology it seems likely that PI4KB2 is also present at the
TGN and in the double mutant pi4k61 pi4k82 the TGN was structurally altered (Kang et al.,
2011). The double mutant was additionally impaired in pollen tube and root hair growth
(Preuss et al., 2006; Szumlanski and Nielsen, 2009), probably as trafficking of cell wall and
membrane material required in these tip-growing cells was affected. Defects in cytokinesis of
the double mutant were also connected to altered vesicular trafficking (Lin et al., 2019).
Finally, pi4kB1 pi4kB2 was reported to accumulate the defence hormone salicylic acid (SA),
although the precise connection between SA and PI4P is unclear (Sasek et al., 2014; Antignani
et al., 2015).

Synthesis of PI4P at the plasma membrane is catalysed by Pl 4-kinase al (Pl4Kal), that is
targeted to the membrane via a scaffolding complex (Noack et al., 2022). There, it acts
together with PA and phosphatidylserine (PS) to establish an electronegative potential (Simon
et al.,, 2016; Platre et al., 2018). In addition to this, PI4P is able to interact with the
synaptotagmins SYT1 and SYT3, thus helping to establish contact sites to the ER (Ruiz-Lopez
et al., 2021). However, SYT1 is also reported to interact with PI(4,5)P; as discussed below (Lee
et al., 2019), so the establishment of contact sites might require situation-dependent lipid
signatures. Furthermore, PI4P at the plasma membrane also regulates exocytic trafficking
processes via the exocyst complex. This complex mediates the initial contact between exocytic
vesicles and their target membrane and is key component of targeted exocytosis (Zarsky et
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al., 2013). The recruitment of the whole complex depends on the membrane localisation of
its subunit EXO70A1 (Synek et al., 2021). The initial localisation of EXO70A1 itself relies upon
interaction with membrane phospholipids, most importantly PI4P. Consequently EXO70A1-
localisation is largely lost, when PI4P synthesis is prevented by chemical inhibitors (Synek et
al., 2021).

In addition to its own functions, PI4P is also the substrate for PI4P 5-kinases (PIP5Ks) that
produce PI(4,5)P; by phosphorylating the hydroxyl group at the C5 of the inositol head group.
In mammalian cells, PI(4,5)P; is a crucial signalling molecule that can be hydrolysed to inositol
1,4,5-trisphosphate (1(1,4,5)P3) and DAG. These products of hydrolysis act as second
messengers: 1(1,4,5)Ps binds to ER-localised receptors and triggers Ca?*-release into the
cytosol and DAG activates protein kinase C (PKC; Katan and Cockcroft, 2020). Strikingly, this
does not appear to be the case in plants. Neither are there any plant receptors of 1(1,4,5)P3
known, nor were homologs of PKC found (Munnik and Testerink, 2009). Nevertheless, in
Arabidopsis there are eleven isoforms of PIP5Ks which produce PI(4,5)P; (Gerth et al., 2017),
so there must be other important functions in plants.

Initial attempts to visualise PI(4,5)P, in tobacco BY2 cells were complicated, as an early
fluorescent probe was unable to bind PI(4,5)P in the plasma membrane and instead localised
to the cytosol (Van Leeuwen et al., 2007). In stable transgenic Arabidopsis plants carrying this
probe, the authors did observe localisation to the tip of growing root hairs and towards the
edge of the cell plate in the final stages of cytokinesis, though (Van Leeuwen et al., 2007). It
thus seems as if the lipid probe used in the study was not sensitive enough to detect PI(4,5)P2
at steady-state levels in the plasma membrane and that these levels are under non-stressed
conditions very low in plant cells. They do increase after hyperosmotic stress, and fittingly the
triple mutant pip5k7 pip5k8 pip5k9 displays root growth defects after mannitol and NaCl-
treatment (Pical et al., 1999; Konig et al., 2008; Kuroda et al., 2021). One functional role of
PI(4,5)P2 in hyperosmotic stress might be the interaction with SYT1, which mediates tethering
at ER-plasma membrane contact sites and leads to enhanced connectivity between the ER and
the plasma membrane (Lee et al., 2019). In addition to osmotic stress responses, studies on
PIP5Ks also confirmed the importance of PI(4,5)P. in tip-growing cells like pollen tubes and
root hairs (Ischebeck et al., 2008; Kusano et al., 2008; Sousa et al., 2008; Stenzel et al., 2008).
Imaging of fluorescent lipid sensors in tobacco pollen tubes established a polarised apical
plasma membrane localisation and pollen tubes showed severe growth defects when PI(4,5)P,
levels were altered and its polar localisation was lost (Kost et al., 1999; Ischebeck et al., 2008;
Sousa et al., 2008).

Different phosphoinositides can be interconverted by various kinases and phosphatases that
add or remove phosphate groups at the inositol head group (Noack and Jaillais, 2020). The
action of these enzymes allows reversible alterations of the respective phosphoinositide
pools. However, to switch off phosphoinositide signals more definitely, phosphoinositide-
dependent phospholipase C (PI-PLC) enzymes are able to cleave the inositol head group,
yielding phosphorylated inositol and DAG (Pokotylo et al., 2014). DAG in turn can be
phosphorylated to PA that has signalling functions itself.
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Phosphatidic acid

Different from the phosphoinositides, PA is not singularly formed for signalling purposes but
is also an intermediate in the de novo synthesis of structural membrane lipids and TAGs in the
plastids or at the ER (Li-Beisson et al., 2013; Bates, 2016). PA synthesized at the plasma
membrane, on the other hand, is believed to act as a signal there. This signalling PA can be
formed via two pathways, either by phospholipase D (PLD) or by the concerted action of PLC
and DAG kinase (DGK) enzymes (Figure 4). Disentangling the contribution of the two different
pathways of signalling PA production provides a challenge that has been met in different ways:
radioactive 32-P labelled phosphate is integrated faster into ATP than into structural
phospholipids. Consequently, PA originating from phosphorylation of DAG with ATP as
phosphate-donor is more rapidly labelled than PA originating from the action of PLDs on
structural phospholipids (Arisz et al., 2009). Biochemical analysis of different time points after
incubation with 32-P labelled phosphate thus allows to distinguish between the two enzyme
activities, but cannot be used in live-cell imaging. There, different chemical inhibitors of DGKs
and PLDs have been used (Pleskot et al., 2012). Nevertheless, to unravel the contribution of
one specific enzyme to PA signalling pathways remains one of the major challenges in PA
signalling research.
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Figure 4: Different pathways of producing signalling PA. Signalling PA can be produced by the enzyme
activities of either phospholipase D (PLD) or phospholipase C combined with DAG kinase (DGK). PLD
acts on structural phospholipids and cleaves the bond between the phosphate group and the attached
moiety (red dashed line), directly yielding PA as product. However, structural phospholipids can also
be cleaved at the bond between the phosphate group and the glycerol backbone by non-specific
phospholipase C (NPC), with DAG as the product. Likewise phosphoinositide-dependent
phospholipase C (PI-PLC) enzymes can form DAG from phosphoinositides. Subsequent
phosphorylation of DAG by DGKs then gives rise to PA. In all structures, esterified fatty acids of the
glycerol backbone are abbreviated as R; and R,.
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Irrespective of its producing enzyme, signalling PA has been localised at the plasma membrane
in Arabidopsis root and guard cells (Li et al., 2019). Although not a major contributor, it seems
to assist there in the formation of the membrane potential and in the targeting of the exocyst
complex (Simon et al., 2016; Platre et al., 2018; Synek et al., 2021). Instead of specific functions
in optimal growth conditions, PA otherwise seems to be a stress signal that accumulates after
a number of different stresses like freezing, cold stress, heat stress, salt stress, wounding, but
also pathogen infection (Testerink and Munnik, 2011; Pokotylo et al., 2018; Kalachova et al.,
2022). The sheer amount of — sometimes opposing — stresses triggering an increase in PA
raises the question how downstream signalling remains specific to the initial PA-inducing
signal. One suggested explanation attributes differences in the PA-induced responses to
distinct subcellular localisation of PA-producing enzymes and isoenzymes (Pokotylo et al.,
2018). Also in the plasma membrane itself, heterogeneous signalling domains might induce
disparate responses (Jaillais and Ott, 2020). Another explanation could relate to the signal-
transmitting proteins that bind the PA signal. PA is not in itself a homogenous molecule, as
diverse acyl chains can be esterified to the sn-1 and sn-2 positions. In a model study, protein
binding affinities to DAG varied with different combinations of esterified acyl chains
(Schuhmacher et al., 2020). Similar effects could play a role in plant cells such that the PA
species induced by specific stresses coordinate the respective downstream responses. In
addition, the microenvironment of generated PA might influence protein binding behaviour
(Pokotylo et al., 2018).

Besides its function as a stress signal, signalling PA has a role to play in tip-growing cells like
root hairs and pollen tubes, although probably with different effectors (Potocky et al., 2003;
Hong et al., 2009; Pleskot et al., 2012; Lin et al., 2020). In root hairs, increased root hair length
was observed in Arabidopsis overexpression lines of PLDe (Hong et al., 2009). More recently
it was proposed that root hair elongation requires the auxin efflux carrier PIN FORMED 2
(PIN2) and that the degradation of PIN2 is reduced by PA-dependent recruitment to the
plasma membrane (Lin et al., 2020). In tobacco pollen tubes, a fluorescent PA-sensor showed
a distinct plasma membrane distribution with maximum fluorescence shortly behind the
pollen tube tip (Potocky et al., 2014). The very tip of growing pollen tubes was devoid of
fluorescent signal (Potocky et al., 2014) and it has been suggested that the onset of PA
localisation in the membrane acts as a landmark for localisation of exocyst subunits (Sekeres
et al., 2017). Signalling PA in pollen tubes is produced by both the PLD- and the PLC/DGK-
pathway (Potocky et al., 2003; Pleskot et al., 2012; Vaz Dias et al., 2019; Angkawijaya et al.,
2020; Pejchar et al.,, 2020). There, PLD activity specifically has been connected to the
organisation of the actin cytoskeleton (Pleskot et al., 2010, 2013), which has a very distinct
structure in pollen tubes to regulate vesicle trafficking (Cai et al., 2015a; Stephan, 2017). DGK
enzyme activity on the other hand has been linked to cell wall rheological properties (Vaz Dias
et al., 2019) that affect extensibility during pollen tube growth (Fayant et al., 2010). Despite
its structural simplicity, PA has thus complex signalling function and connects different
signalling inputs and pathways into a “PA signature” that modulates subsequent signalling
responses (Pokotylo et al., 2018).
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1.2.3 Pollen tubes as cell biological model systems

In the study of the aforementioned lipid signalling molecules, different model systems have
been used. While Arabidopsis is the most common plant model system (Koornneef and
Meinke, 2010), it can provide experimental challenges due to functional enzyme redundancy,
mutant lethality or reproductive defects. A recurring alternative is the study of pollen tubes,
from lily, petunia or tobacco pollen (Dowd et al., 2006; Winship et al., 2016; Hemelryck et al.,
2018; Pejchar et al., 2020). Among pollen tube models, Arabidopsis is also less established due
to the smaller size and higher frailness of its pollen tube cell. Pollen tubes form from the
vegetative cell of pollen after pollen germination to transport the sperm cells to the ovule
(Borg et al., 2009), however, they can also be grown in vitro (Read et al., 1993; Boavida and
McCormick, 2007). As pollen tubes grow they reach considerable size and growth rates of
around 0.1 um/h in vitro; in addition pollen tubes are easily transformed transiently (Wang
and Jiang, 2011; Stephan, 2017). These properties made pollen tubes to an established model
system for the processes behind its characteristic tip growth: i.a. cell polarisation, cytoskeletal
organisation, endo- and exocytic processes (Kost, 2008; Chebli et al., 2013; Hepler et al., 2013;
Cai et al,, 2015a; Scheible and McCubbin, 2019). In terms of signalling lipids, pollen tubes
proved to be an advantageous model for studying lipid signals in polarity establishment and
trafficking processes, and helped to establish lipid signatures in polarised cells (Kost et al.,
1999; Ischebeck et al., 2008, 2010; Potocky et al., 2014; Heilmann and Ischebeck, 2016).
Interestingly, pollen tubes later turned out to be a valuable model system also in another area
of plant lipid research. After seeds, pollen is the second major accumulator of neutral lipids,
and in pollen tubes a high number of lipid droplets is present, which has been used i.a. for
localisation studies of lipid droplet proteins (Piffanelli et al., 1998; Miiller et al., 2017)

1.3 Lipid droplets — Organelles defined by neutral lipids
1.3.1 Lipid droplets are unique organelles

Eukaryotic cells are defined by compartmentalisation into different organelles. The
compartmentalisation is achieved by membranes that separate the various organellar
environments. In most cases, two aqueous environments are partitioned from each other, so
demarcation is achieved by a phospholipid bilayer. One notable exception are lipid droplets
(LDs): they consist of a hydrophobic core of neutral lipids like TAGs and SEs, hence they are
delimited by a phospholipid monolayer (Tzen et al., 1993). In mammalian cells, yeast, and oil
seeds of various plant species, PC was detected as the dominant phospholipid of the
monolayer (Tzen et al.,, 1993; Bartz et al.,, 2007; Grillitsch et al., 2011). In addition, in
mammalian and yeast cells, the phospholipid composition of LDs and total membranes was
compared and a higher proportion of lysophospholipids at LDs was observed (Bartz et al.,
2007; Grillitsch et al., 2011). As plant LDs are commonly small (diameter of c. 1 um; Huang,
2018), it seems likely that the surrounding phospholipid monolayer accumulates
lysophospholipids with a positive membrane curvature (Holthuis and Menon, 2014) also in
plant cells. Embedded into the phospholipid monolayer are various structural and enzymatic
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proteins (Kretzschmar et al., 2018, 2020; Fernandez-Santos et al., 2020) that will be discussed
in detail in a later section.

The core of LDs is expected to be devoid of proteins and thus metabolically inactive as the
hydrophobic environment nullifies the stabilising hydrophobic effect contributing to protein
structure (Pace et al., 1996; Compiani and Capriotti, 2013). Consequently, active LD processes
do not happen at the “inside” of the organelle but rather at the surface, the lipid-water
interface between LDs and the cytosol. The interior of LDs can be instead seen as a, at least
transiently, quiescent storage area for hydrophobic compounds. All in all, LDs are thus very
distinct organelles, whose roles and functions in the cellular context are yet to be fully
explored.

1.3.2 Lipid droplet biogenesis takes place at the ER

The unique structure of LDs is reflected in the currently assumed model of their biogenesis,
whereby LDs bud off from the ER into the cytosol (Pyc et al., 2017b; Ischebeck et al., 2020). LD
biogenesis is assumed to be an evolutionary conserved process, combining a similar series of
events in animals, yeast and plants, albeit the involved proteins might differ (Pyc et al., 2017b,
2021). In the current model, LD biogenesis combines the following step: synthesis of neutral
lipids at the ER, formation of a neutral lipid lens between the ER leaflets, budding of the
nascent LD towards the cytosol, growth and maturation of LDs (Chapman et al., 2012; Walther
et al., 2017; Ischebeck et al., 2020; Nettebrock and Bohnert, 2020).

Neutral lipid synthesis at the ER

LD synthesis depends on the presence of the neutral lipids that make up the hydrophobic core
and increased neutral lipid levels lead to a concomitant increase of LD number in plant cells
(Zhou et al., 2013a; Fan et al., 2014; Shimada et al., 2019). Building blocks of the dominant
core components TAG and SE are FAs, and glycerol or sterols, respectively. The backbone of
phytosterols derives from isoprenoid precursors originating from the mevalonate pathway in
the cytosol (Liao et al., 2016). Synthesis of FAs on the other hand, takes place in plastids in
plant cells (Packter and Stumpf, 1975) where the fatty acid synthase complex sequentially
assembles C2-units into FAs of 16-18 carbon atoms bound to the acyl carrier protein (ACP). A
first desaturation at the A9 position of stearic acid bound to ACP also occurs in the plastids, so
that FAs directly exported after synthesis are either monounsaturated or saturated (Li-Beisson
et al., 2013). At the ER, acyl chains can be further elongated or desaturated: elongation by
further addition of C2-units on the acyl chain of acyl-CoA and desaturation after the
incorporation into the sn-2 position of PC (Li-Beisson et al., 2013). Desaturated acyl chains in
PC and other acyl chains from the cellular acyl-CoA pool can be exchanged via the concerted
action of phospholipase A2 and acyl-CoA:lysophosphatidylcholine acyltransferase (LPCAT) in
the Lands cycle, or the combination of forward and reverse enzymatic activity of LPCAT (Bates,
2016). Additionally, acyl chains linked to plastidial membrane lipids can be desaturated in the
plastid and subsequently be exported to the ER acyl-CoA pool (Li-Beisson et al., 2013). The
combined processes of FA modification and exchange between pools allow considerable acyl
editing and give rise to a diverse acyl-CoA pool.
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Based on the model plant Arabidopsis, the subsequent synthesis of SEs and TAGs occurs at the
ER. Formation of the ester bond in SEs is catalysed by phospholipid:sterol acyltransferases
(Banas et al., 2005) while the committing step of TAG synthesis is the incorporation of a third
FA into DAG (Bates, 2016). In the de novo assembly of TAG (Figure 5), also known as the
Kennedy pathway, the DAG precursor derives from the consecutive acylation of glycerol-3-
phosphate via lysophosphatidic acid to PA at the ER (Chapman and Ohlrogge, 2012; Bates,
2016; Shockey et al., 2016). The resulting PA is subsequently dephosphorylated by PA
phosphatases to DAG (Eastmond et al., 2010). PA and DAG can also be formed from
phospholipids by PLD and PLC enzymes, respectively. However, both PLC and PLD have so far
rather been studied in the context of signalling pathways, so their contribution to TAG
synthesis is not clear (Pokotylo et al.,, 2013, 2014; Hong et al., 2016). Acylation of DAG to
produce TAG can be catalysed by the activity of DIACYLGLYCEROL ACYLTRANSFERASE 1
(DGAT1) or PHOSPHOLIPID:DIACYLGLYCEROL ACYLTRANSFERASE 1 (PDAT1) (Zhang et al.,
2009). Arabidopsis harbours two other DGAT enzymes, AtDGAT2 and AtDGAT3, however, they
are not functionally redundant to AtDGAT], as they are unable to compensate the loss of seed
oil in a dgat1-1 mutant with down-regulated PDAT1 expression (Zhang et al., 2009; Hernandez
et al., 2012; Zhou et al., 2013a). DGAT and PDAT differ in the nature of the FA-providing
substrate: DGAT1 takes acyl chains from acyl-CoA (Hobbs et al., 1999; Zou et al., 1999; Zhou
et al., 2013a) whereas PDAT1 transfers acyl chains from the sn-2 position of PC onto DAG to
yield TAG and lysophosphatidylcholine (Dahlqvist et al., 2000; Zhang et al., 2009). TAG
synthesis via DGAT1 and PDAT1 therefore also influences the flux through different acyl
editing pathways.

12



INTRODUCTION

G3P

OHOH

AcyI-CbA pool

16:0-CoA
18:0-CoA
18:1-CoA

16:0-CoA
18:X-CoA
20:X-CoA

LPC

22:X-CoA

PUIBIIRIRI—

desaturation

plastid

Figure 5: TAG synthesis at the ER involves different pathways. Fatty acids are synthesised in the
plastid and are exported to the acyl-CoA pool in the ER. There, they can be elongated as acyl-CoAs or
are incorporated at the sn-2 position of lysophosphatidylcholine (LPC) which gives rises to
phosphatidylcholine (PC). In PC, additional double bonds are introduced into the acyl chains by the
activity of fatty acid desaturases (FADs). Exchange between the acyl-CoA pool and the PC-pool is
mediated by acyl-CoA:lysophosphatidylcholine acyltransferase (LPCAT) and gives rise to a greater
variety in the acyl-CoA pool. In a linear sequence of reactions, these acyl chains can be sequentially
added to glycerol 3-phosphate (G3P) for de novo synthesis of TAGs. Esterification of the first acyl chain
to the sn-1 position of G3P is catalysed by glycerol 3-phosphate acyltransferase (GPAT) and vyields
lysophosphatidic acid (LPA). A second acylation by acyl-CoA:lysophosphatidic acid acyltransferase
(LPAAT) gives rise to phosphatidic acid (PA) that is subsequently dephosphorylated by PA phosphatase
(PAP). TAG is then synthesised by diacylglycerol acyltransferases (DGATs) like DGAT1 or
phospholipid:diacylglycerol acyltransferases (PDATs) like PDAT1. DGAT1 and PDAT1 differ in their acyl
donor, using acyl-CoA and PC respectively. The final acylation step of TAG synthesis competes with
membrane lipid synthesis for the DAG substrate, as DAG is also the precursor for PC-synthesis by
choline phosphotransferase (CPT). On the other hand, PC can be converted back to DAG by the action
of phospholipase C (PLC) or the concerted enzyme activities of phospholipase D (PLD) and PAP.
Furthermore, the head group of PC can be transferred to another DAG molecule due to the enzyme
activity of phosphatidylcholine:diacylglycerol cholinephosphotransferase (PDCT), resulting in one
molecule of PC and one molecule of DAG with potentially altered acyl chain composition. The
combined reactions thus give rise to a huge variety of possible TAG species with several different acyl
chain combinations. In the nomenclature of indicated acyl chains, the first number indicates the total
number of carbon atoms and the second number denotes the number of double bonds. Figure is taken
from (Ischebeck et al., 2020).

Formation of a neutral lipid lens

After neutral lipid synthesis, phase separation of neutral lipids from phospholipids takes place
in part due to biophysical effects (Thiam and Forét, 2016). TAGs and SEs can be dissolved only
to a limited amount in a phospholipid bilayer (Hamilton et al., 1983; Duelund et al., 2013) and
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will demix into a lipid lens between the two layers after a critical concentration is exceeded.
Local differences in ER, e.g. between sheet-like and tubular structures, might favour the
nucleation process at specific sites (Thiam and Forét, 2016). However, in animal cells the
number of formed LDs was not dependent on lipid concentration in oleate loading, and in
yeast, the pre-assembly of LD biogenesis at specific subdomains of the ER has been reported
(Kassan et al., 2013; Choudhary et al., 2020). Furthermore, TAGs are trapped in confined
regions by the seipin protein already at low concentrations (Prasanna et al., 2021; Zoni et al.,
2021; Renne et al., 2022). These seipin proteins are a key regulator of LD biogenesis in animals,
yeast and plants (Szymanski et al., 2007; Fei et al., 2008; Bi et al., 2014; Cai et al., 2015b). Cryo-
EM structures of yeast, human and, Drosophila seipin complexes show them as ring-shaped
oligomers of ten, eleven or twelve monomers, respectively (Sui et al., 2018; Yan et al., 2018;
Klug et al., 2021). The combined transmembrane regions of the seipin monomers could
surround the LD-ER connection, perhaps acting as a vent for the accumulating neutral lipids.
Hence, nucleation of the initial lipid lens is probably a combination of biophysical forces guided
by structural proteins.

Budding of the nascent LD towards the cytosol

After initial lens formation, nascent LDs usually bulge towards the cytosol and mature LDs
exclusively bud off to this side, so LDs in other localisations have been associated with defects
of the involved protein machinery (Taurino et al., 2018). Nevertheless, how the budding and
its directionality are achieved are still open questions. It has been reported that membrane
asymmetry supports directional budding, comprising asymmetric protein insertion and
differences in phospholipid density (Chorlay et al., 2019). In addition, in animal cells, fat
storage-inducing (FIT) proteins were reported to be required for proper budding (Choudhary
et al., 2015). While no homologs of FIT proteins are so far known in plants (Pyc et al., 2017b),
the previously mentioned seipin could also play a role here (Ischebeck et al., 2020; Zoni et al.,
2021). Its solved cryo-EM structures revealed large luminal regions of the seipin protein (Sui
et al,, 2018; Yan et al., 2018; Klug et al., 2021), which might be involved in the directionality of
LD budding when assembled in the seipin complex. Furthermore, the plant-specific oleosin
proteins were described to direct LD budding upon expression in tobacco BY2 cells: when
transformed cells expressed a modified oleosin targeted to the ER lumen, LDs appeared to
bud off into the lumen instead of the cytosol (Huang and Huang, 2017).

Maturation of LDs

The already described seipin proteins continue to regulate LD biogenesis up to LD maturation.
Unlike yeast, human and Drosophila, the Arabidopsis genome codes for three seipins (Cai et
al., 2015b), possibly creating higher versatility in complex formation. Given the functional
conservation in LD biogenesis between animal, yeast and plant cells though, they likely form
a similar protein complex around the LD-ER connection. There, they are important in
regulating LD size: interference with seipin expression in both overexpression and knockout
lines of Arabidopsis caused the appearance of aberrantly sized LDs (Cai et al., 2015b; Taurino
et al.,, 2018).

However, seipins are part of a larger protein machinery in Arabidopsis (Figure 6), also including
the VESICLE ASSOCIATED MEMBRANE PROTEIN (VAMP) — ASSOCIATED PROTEIN 27-1
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(VAP27-1; Greer et al., 2020), proteins of the LD associated protein (LDAP) family and the
LDAP-INTERACTING PROTEIN (LDIP; Pyc et al., 2021). VAP27-1 interacts with Arabidopsis
SEIPIN 2 and SEIPIN 3, and knockout of VAP27-1 causes the appearance of disproportionally
large LDs, similar to the seipin 2 seipin 3 double mutant (Greer et al., 2020). The precise role
of this interaction is yet unclear. LDAP proteins have initially been described as LD proteins in
vegetative tissues and LDIP was found to interact with LDAPs via a yeast two-hybrid screen
(Gidda et al., 2016; Pyc et al., 2017a). More recently, they were proposed as part of a model
combining seipins, LDAPs and LDIP in the maturation of plant LDs (Pyc et al., 2021). There,
LDIP initially interacts with seipin at the ER. With increased LD size due to neutral lipid
accumulation, LDAPs associate with the LD surface, the LDIP-seipin interaction is broken and
instead LDIP is stabilised at the LD surface by interaction with LDAP (Coulon et al., 2020; Pyc
et al., 2021).

ER lumen

Figure 6: LD biogenesis at the ER combines various processes. LD core components like triacylglycerols
(TAGs) and sterol esters (SEs) are formed by acyltransferase (AT) enzymes. These compounds are
channelled into the growing LD, likely with support of seipin proteins at the ER-LD contact. There,
seipin acts together with VESICLE ASSOCIATED MEMBRANE PROTEIN (VAMP) — ASSOCIATED PROTEIN
27-1 (VAP27-1), proteins of the LD associated protein (LDAP) family and the LDAP-INTERACTING
PROTEIN (LDIP) to regulate the size of the forming LD. In addition, some LD coat proteins like oleosins
(OLEs) target from the cytosolic leaflet of the ER to the monolayer of the LD by as of yet incompletely
understood processes. Figure adapted after (Ischebeck et al., 2020).

Further proteins target to LDs from the ER (class | LD proteins) or from the cytosol (class
proteins) as the LD matures into its functional form (Kory et al., 2016). How the connection
between the LD and the ER is eventually severed is not described so far. For yeast, it even has
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been reported that LDs stay connected to the ER (Jacquier et al., 2011). It is not excluded that
this is also the case for at least a subpopulation of plant LDs, while others lose the ER-
connection and diffuse into the cytosol.

1.3.3 The lipid droplet proteome

In the phospholipid monolayer of mature LDs different proteins are embedded, which by their
enzymatic or non-enzymatic properties confer specific functionalities to individual LDs. As
mentioned above, two classes of LD proteins can be differentiated, although two different
distinguishing features have been proposed. Kory et al. suggested differentiation into class |
LD proteins that target from the ER to LDs and class Il LD proteins targeting from the cytosol
(Kory et al., 2016). Bersuker and Olzmann on the other hand differentiated class | LD proteins
with hydrophobic hairpins and class Il LD proteins with amphipathic helices (Bersuker and
Olzmann, 2017). Both nomenclatures might be at least partially redundant, as ER-originating
LD proteins often contain hydrophobic hairpins and LD proteins with amphipathic helices
mostly target to LDs from the cytosol (Kory et al.,, 2016; Bersuker and Olzmann, 2017).
Furthermore, proteins might contain both hydrophobic hairpins and an amphipathic helix, as
was speculated for the protein PLANT UBX DOMAIN-CONTAINING PROTEIN 10 (PUX10).

The targeting of LD proteins

The best studied example of ER-originating LD proteins with a hydrophobic hairpin are the
plant-specific oleosins (Hills et al., 1993; Abell et al., 1997; Beaudoin et al., 2000). Expression
of a sunflower oleosin in yeast demonstrated that correct localisation to LDs was dependent
on initial co-translational translocation of oleosin to the ER by the signal recognition particle
(SRP) complex (Beaudoin et al., 2000). In addition, oleosins contain a highly conserved
hydrophobic region with three central proline residues (Huang, 1996). This region is thought
to form a hydrophobic hairpin inserting into the LD, with the proline residues (also termed
“proline knot”) inducing the turn of the hairpin. That these three proline residues are crucial
for LD targeting was demonstrated by mutational studies: when replaced with leucine
residues, the protein fails to target to LD, but is still associated to microsomal fractions (Abell
et al., 1997). Oleosin thus appears to target initially to the ER via the SRP-pathway and
subsequently moves into the LD monolayer mediated by its proline knot stabilised
hydrophobic region. Caleosins contain a similar proline knot structure and based on sequence
comparisons are thought to associated with LDs in a comparable way to oleosins (Chen et al.,
1999). Finally, conserved proline residues are also found in steroleosins, although as part of a
shorter “proline knob” motif different from the “proline knot” of oleosins and caleosins (Lin
et al., 2002).

Another pathway for insertion into the ER before localisation to LDs has been reported for
mammalian UBX DOMAIN-CONTAINING PROTEIN 8 (UBXDS8). Initial UBXDS8 translocation to
the ER requires the peroxisome-biogenesis factors PEX19 and PEX3 that cooperate to insert
UBXD8 post-translationally in ER subdomains (Schrul and Kopito, 2016). How the protein
transfers from the ER to LD is less clear, however, apparently also involves PEX19 as proper
localisation of UBXD8 was reliant on PEX19 farnesylation (Schrul and Kopito, 2016).
Furthermore, a short hydrophobic region of around 20-30 amino acids in length was observed
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as necessary and sufficient for LD targeting (Suzuki et al., 2012). Interestingly, the Arabidopsis
homolog PUX10 showed a dual localisation to ER and LDs and a similar hydrophobic region
was identified to be both necessary and sufficient for LD localisation (Kretzschmar et al., 2018).
Thus, there is the possibility that this targeting mechanism is functionally conserved in plants.

After insertion into the ER, LD proteins need to be concentrated on the maturing LDs. The
driving forces of this process are still a mystery, although multiple mechanisms have been
proposed (Bersuker and Olzmann, 2017). One important difference between the ER and LDs
is the contrast between a membrane bilayer and a membrane monolayer with a more
hydrophobic phase beneath. The combination of monolayer and oil phase beneath is more
favourable for conserved tryptophan residues in two Drosophila LD proteins and could drive
their accumulation at LDs (Olarte et al., 2020). Other mechanisms include the selective
degradation of LD proteins, when they diffuse onto the ER bilayer (Ruggiano et al., 2016) and
it has also been proposed that the membrane curvature at the ER-LD connection might serve
as diffusion barrier to non-LD proteins (Bersuker and Olzmann, 2017).

Comparable to the differentiation between ER and LD required of class | LD proteins, class Il
LD proteins need to distinguish between LDs and other cellular membranes as they target to
LDs from the cytosol. They might recognise the LD monolayer due to physicochemical
properties like electrostatic potential, curvature or packing defects (Bigay and Antonny, 2012).
The latter means that the phospholipid monolayer does not completely cover the components
beneath so that hydrophobic patches, TAGs and/or SEs in the case of LDs, are exposed. Packing
defects have often been attributed as a major determinant of protein localisation to LDs, as
molecular dynamics simulations showed an increased number of packing defects on the LD
surface compared to bilayer membranes (Kim and Swanson, 2020; Kim et al., 2022). It is
thought that amphiphilic helices of LD proteins will recognise and interact with the exposed
neutral lipids (Rowe et al., 2016; Prévost et al., 2018) and amphipathic helices as LD targeting
region have been described e.g. in human perilipin proteins (Rowe et al., 2016). In plants, the
LDAP proteins are remote homologs of perilipins (Pyc et al., 2021), however, in localisation
studies it was observed that the full length protein is required for LD targeting (Gidda et al.,
2016). An amphipathic helix has been reported as required for targeting in its interacting
protein LDIP though (Pyc et al., 2017a).

As further modes of protein interaction with LDs, insertion via lipid-anchors and interaction
with LD scaffolding proteins have been suggested (Kory et al.,, 2016). An example for the
second would be the interaction of the protein CELL DIVISION CYCLE 48A with PUX10 in the
degradation of LD proteins (Deruyffelaere et al., 2018; Kretzschmar et al., 2018). As more and
more LD proteins are discovered and their targeting mechanisms described, the research on
LD targeting will surely uncover additional details how the interaction between LDs and their
surface proteins shapes both players.

Identification of new plant LD proteins has been driven by proteomic screens

As documented in the previous paragraph, there are a variety of targeting mechanisms for LD
proteins. Consequently, there is no conserved sequence conferring LD localisation resulting in
an inability to predict new LD proteins from sequence information alone. Hence, discovery of
new LD proteins has so far been powered by cell biological and proteomics studies.
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In plants, the first commonly identified LD proteins were oleosins, caleosins and steroleosins
present in seeds (Qu et al., 1986; Qu and Huang, 1990; Chen et al., 1999; Lin et al., 2002). In
addition, in cucumber seedlings a lipoxygenase (LOX) was identified as major LD protein
(Feussner and Kindl, 1992), however, LD-association of LOX appears to be species-dependent
as Arabidopsis LOX1 did not localise to LDs upon transient expression in leaves (Fernandez-
Santos et al., 2020). Proteomic studies then provided a major breakthrough for the discovery
of additional LD proteins, and by now LD proteomes of numerous algal or plant species and
different plant tissues have been published (Jolivet et al., 2004; Katavic et al., 2006; Jolivet et
al., 2009; Tnanietal., 2011; Horn et al., 2013; Liu et al., 2015; Thakur and Bhatla, 2016; Brocard
et al., 2017; Siegler et al., 2017; Zhi et al., 2017; Kretzschmar et al., 2018; Zaaboul et al., 2018;
Lupette et al., 2019; Kretzschmar et al., 2020; Hamada et al., 2020; Fernandez-Santos et al.,
2020; Doner et al., 2021; Veerabagu et al., 2021; Niemeyer et al., 2022).

Most of these proteomic data sets describe plant tissue enriched in LDs, like seeds (Jolivet et
al., 2004; Katavic et al., 2006; Jolivet et al., 2009; Liu et al., 2015; Thakur and Bhatla, 2016; Zhi
et al,, 2017; Kretzschmar et al., 2018; Zaaboul et al., 2018; Kretzschmar et al., 2020; Hamada
et al., 2020), pollen tubes (Kretzschmar et al., 2018), mesocarp of avocado (Horn et al., 2013)
or the oil-rich tubers of yellow nutsedge (Niemeyer et al., 2022). Nevertheless, for Arabidopsis
additional proteomes of senescent, drought-stressed and Pseudomonas-infected leaves have
been described (Brocard et al., 2017; Fernandez-Santos et al.,, 2020; Doner et al., 2021),
highlighting LD proteome composition in organs that accumulate only limited amounts of oil
(Kelly et al., 2013).

It needs to be considered though, that the enrichment of LDs for subsequent proteomic
analysis has to balance two competing demands. On the one hand, the LD is supposed to stay
as intact as possible, so that weakly associated proteins are not lost. On the other hand,
contamination of other non-LD proteins should be limited. Considering the scarcity of LDs
especially in leaves (Kelly et al., 2013), it seems impossible to satisfy both demands. While
proteomes might thus give a good hint on the proteins present at LDs of different sources, cell
biological verification is required to assign bona fide LD proteins. The number of high-
confidence LD protein families is thus much smaller than the published proteome data
suggests (Table 1, Figure 7). Additionally, some of the reported LD proteins might be specific
for certain plant species, as the example of LOX shows (Feussner and Kindl, 1992; Fernandez-
Santos et al., 2020). Additional LD proteins have been reported due to serendipitous
discovery, yet the total number of known LD proteins in plant cells is still smaller than the
reported numbers of 100-150 proteins in human cell and 35-40 proteins in yeast (Olzmann
and Carvalho, 2019).
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Table 1: Overview of bona fide land plant LD proteins. Proteins or protein families were selected
based on verified LD-localisation by imaging techniques. As localisation might differ between plant
species, the species of original detection is indicated. Described or putative functions of the LD proteins
are also listed.

Protein/Protein family

original detection in

(putative) functions

Oleosins (OLE)

Lipoxygenase (LOX)

Caleosin (CLO)

Steroleosin (HSD)

Qil body lipase (OBL)

Hydroperoxide lyase (HPL)

LD associated protein (LDAP)

a-DIOXYGENASE 1
(a-DOX1)

LDAP INTERACTING PROTEIN (LDIP)

CYCLOARTENOL SYNTHASE 1 (CAS1)

STEROL METHYLTRANSFERASE 1
(SMT1)

POLLEN TUBE LD PROTEIN (PTLD)

PLANT UBX DOMAIN-CONTAINING
PROTEIN 10 (PUX10)

PHOSPHOLIPID:STEROL
ACYLTRANSFERASE 1 (PSAT1)

LD associated lipase (LIDL)

LD methyltransferase (LIME)

LD dehydrogenase (LDDH)

LD-associated hydrolase (LDAH)

Seed LD protein (SLDP)

LD PROTEIN OF SEEDS (LDPS)

Glycerol 3-phosphate acyltransferases

(GPATs): GPAT4 and GPAT8

PHYTOALEXIN DEFICIENT 3 (PAD3)

Maize scutellum
(Qu et al., 1986)

Cucumber cotyledons
(Feussner and Kindl, 1992)
Sesame seeds
(Chen et al., 1999)
Sesame seeds
(Lin et al., 2002)
Castor beans
(Eastmond, 2004)
Medicago truncatula
(De Domenico et al., 2007)
Avocado mesocarp
(Horn et al., 2013)
Arabidopsis leaves
(Shimada et al., 2014)

Y2H-screen of Arabidopsis cDNA
library with LDAP as bait
(Pycetal., 2017a)

Tobacco pollen tubes
(Kretzschmar et al., 2018)

Tobacco pollen tubes
(Kretzschmar et al., 2018)

Tobacco pollen tubes
(Kretzschmar et al., 2018)

Tobacco pollen tubes
(Kretzschmar et al., 2018)

Tomato
(Lara et al., 2018)

Arabidopsis seeds and seedlings
(Kretzschmar et al., 2020)

Arabidopsis seeds and seedlings
(Kretzschmar et al., 2020)

Arabidopsis seeds and seedlings
(Kretzschmar et al., 2020)

Arabidopsis seeds and seedlings
(Kretzschmar et al., 2020)

Arabidopsis seeds and seedlings
(Kretzschmar et al., 2020)

Arabidopsis seeds and seedlings
(Kretzschmar et al., 2020)

Infected Arabidopsis leaves
(Fernandez-Santos et al., 2020)

Infected Arabidopsis leaves
(Fernandez-Santos et al., 2020)
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EARLY RESPONSIVE TO Arabidopsis leaves Stress response
DEHYDRATION 7 (ERD7) (Doner et al., 2021)
PROTEIN ASSOCIATED WITH LDS Arabidopsis pollen LD maintenance, pollen
(PALD) (Li etal., 2022) viability
Arabidopsis leaves Stomata development,

LDS AND STOMATA 1 (LDS1) (Ge et al., 2022) LD biogenesis

The composition of the LD proteome varies not only between species but also between
different developmental stages, organs and tissues of plants. For example, gene expression of
oleosins in Arabidopsis is very specific to desiccating structures like seeds and in case of OLE7
and OLE8 also pollen (Klepikova et al., 2016). Consequently, they have been found in
proteomic studies of LDs from tobacco pollen tubes (Kretzschmar et al., 2018) and Arabidopsis
seeds and seedlings (Kretzschmar et al., 2020) but not in the LD proteome of Arabidopsis
leaves (Brocard et al., 2017; Fernandez-Santos et al., 2020; Doner et al., 2021). In fact, when
ectopically expressed in leaves, oleosins outcompeted LDAPs at LDs, so their absence is
required for normal leaf LD proteome composition (Gidda et al., 2016). In line with this,
oleosins abundance decreases during seed germination (Kretzschmar et al., 2020). In general,
composition of the LD proteome is altered during seed germination (Kretzschmar et al., 2020),
underlining the flexibility of the LD proteome that is required to fulfil the organelle’s varying
function.

pollen longevity

biotic stress
protein degradation
stomata development

sterol metabolism

metabolism

Figure 7: Overview of the known LD-associated protein families in Arabidopsis thaliana. Depicted are
all protein families that were found at LDs in various tissues of Arabidopsis and whose localisation has
been confirmed by cell biological studies. A number of these have been linked to abiotic and biotic
stress functions; additionally, several proteins with (putative) functions in lipid metabolism were
localised to LDs. Furthermore, individual LD proteins have been studied in the context of protein
degradation, stomata development and pollen longevity. Nevertheless, there remain LD proteins with
unknown functions that might further expand the physiological roles of these versatile organelles.

20



INTRODUCTION

1.3.4 Functions of lipid droplets

Although most prominently found in seeds, it has long been argued that LDs are probably
present in all types of plant cells (Murphy, 2001). This gives rise to a huge variety of possible
LD functions, depending i.a. on expressed LD-related genes, plant tissues and environmental
or developmental context.

LDs as storage organelles in seeds and seedlings

Due to the high LD abundance in oilseeds, initial studies focused on their role as a carbon and
energy storage organelle for germination (Huang, 1992). As seeds are formed, they
accumulate TAGs and SEs during seed maturation in embryonic or endosperm tissue (Baud et
al., 2002; Harker et al., 2003; Baud and Lepiniec, 2010), before undergoing desiccation in late
seed maturation to endure even long-term unfavourable conditions in a quiescent state
(Leprince et al., 2017; Waterworth et al., 2019). In pennycress (Thlaspi arvense) high-oil and
low-oil accessions, higher oil content was correlated with upregulated transcripts involved in
LD synthesis and stability, which corroborates the role of LDs as main TAG storage sites in the
seed (Johnston et al., 2022). While metabolically quiescent like the whole seed, LDs probably
still need to be protected from fusing with each other. This is likely achieved due to
electrostatic repulsion between the LD-covering oleosins, as oleosins are negatively charged
at physiological pH (Tzen et al., 1992) and the double knockout mutants olel ole2 and olel
ole3 in Arabidopsis displayed increased LD size in seeds (Shimada et al., 2008). Crucially, these
double mutants and the respective single mutants were impaired in their germination after
freezing stress (Shimada et al., 2008), so LD integrity is important for seed vigour under
unfavourable conditions.

After rehydration initiates germination (Waterworth et al., 2019), TAG from LDs is metabolised
providing carbon skeletons and energy for post-germinative growth. To that end, FAs need to
be hydrolysed from the glycerol backbone. If hydrolysis is blocked, normal seedling
establishment is only possible with an external carbon source (Eastmond, 2006). Two lipases,
SUGAR-DEPENDENT 1 (SDP1) and SDP1-LIKE (SDP1L) together account for c. 95% of initial TAG
lipase activity in seedlings, however, LD membranes of an sdp1 sdp1/ double mutant retain
80-100% of DAG- and monoacylglycerol (MAG)-lipase activity (Kelly et al., 2011). SDP1 is
initially localised to the peroxisomal membrane, however, upon germination it is delivered to
the surface of LDs via tubular extensions of peroxisomes (Thazar-Poulot et al., 2015; Cui et al.,
2016). FAs hydrolysed by SDP1 and SDP1L are imported into peroxisomes by the peroxisomal
transporter PXA1 (also called COMATOSE, CTS), where they are activated to fatty acyl-CoA and
then catabolised in B-oxidation (Zolman et al., 2001; Footitt et al., 2002; Fulda et al., 2004;
Graham, 2008). Acetyl-CoA units derived from peroxisomal B-oxidation are subsequently
converted in the glyoxylate cycle and gluconeogenesis (Graham, 2008).

SDP1 and SDP1L are both able to hydrolyse TAG and DAG with a strong substrate-preference
for TAG. Therefore, FAs from MAG and to a lesser degree DAG molecules need to be
hydrolysed by different lipases. TAG-, DAG- and MAG-lipase activity in Arabidopsis has been
reported for OIL BODY LIPASE 1 (OBL1), and in ob/1 mutant seed extracts TAG lipase activity is
strongly decreased (Miller and Ischebeck, 2018). However, no germination phenotype of the
obl1 mutant was observed, so a possible contribution to FA hydrolysis during germination
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remains mysterious. If SEs play a role in providing FAs during germination is also not clear yet,
as no germination defects of Arabidopsis mutants with low SE levels in seeds have been
described so far (Bouvier-Navé et al., 2009). Nevertheless, the contribution of LDs to the
transition from the heterotroph seed to the photoautotroph seedling is mirrored in the
depletion of LDs during germination (Eastmond, 2006; Kretzschmar et al., 2018; Krawczyk et
al., 2022).

LDs in pollen and pollen tube growth

Besides seeds, pollen grains are the most important sites of TAG synthesis and accumulation
(Piffanelli et al., 1998; Ischebeck, 2016). Pollen without the TAG-synthesising DGAT1 and
PDAT1 enzymes lacks LDs, does not mature properly and thus remains sterile (Zhang et al.,
2009). Further defects were seen in Arabidopsis pxal mutants that are unable to import FAs
for B-oxidation, whose pollen germination and pollen tube growth are impaired (Footitt et al.,
2007). In olive pollen, it has been reported that LDs enter the pollen tube from the grain,
additionally lipase and phospholipase A enzyme activity as well as a LOX were localised at the
LD surface (Zienkiewicz et al., 2013). In light of this observation, it is interesting to note that
TAG content in germinating olive pollen did not change in the first six hours after pollen
germination (Hernandez et al., 2020). Hernandez et al. suggest that FAs are released from TAG
to fuel the initial stages of pollen germination and tube growth, however, new FA are
synthesised that are subsequently esterified into new TAG species (Hernandez et al., 2020).
At least in tobacco pollen, de novo synthesis of FA has been previously described (Mellema et
al., 2002), so it is possible that TAG turnover occurs and released FAs are used as energy
source. Additional metabolic pathways that provide energy for pollen tube growth are likely
though, and the surrounding style tissues may provide compounds for energy production
(Selinski and Scheibe, 2014).

TAG levels in pollen are not comparable to seeds, as they were measured to around 1% of dry
weight (% DW) in olive, 2% DW in tobacco and 4% DW in rape seed pollen (Piffanelli et al.,
1997; Rotsch et al., 2017; Hernandez et al., 2020). Instead, for tobacco pollen, sucrose has
been reported as a transient storage compound, which accumulates in desiccated pollen and
is then rapidly degraded during pollen tube growth (Rotsch et al., 2017). Also, LDs are not
completely degraded during pollen germination and can be found in high numbers in growing
pollen tubes (Miiller et al., 2017). Therefore, additional functions for LDs have been suggested
(Ischebeck, 2016). A common idea is that LDs serve as a source and sink organelle of
membrane components. TAGs and SEs are relatively inert compounds that, however, can
easily be converted to membrane components like sterols or membrane phospholipid
precursors like DAG. LDs would thus serve as source for the vast amounts of membrane
needed in the tip-growing pollen tube, while limiting the amount of cytotoxic lipid
intermediates like DAG, PA or free FAs (Listenberger et al., 2003; Fan et al., 2013, 2017). In
addition, LDs might be required for membrane remodelling, as acyl chain composition of the
cell membrane is adjusted to different mechanical or environmental stressors. LDs would here
act as a source of the required acyl chains and as a sink for the unfavourable acyl chains
(Ischebeck, 2016). LDs are then needed close to sites of membrane synthesis and remodelling,
i.e. in the pollen tube. It is therefore interesting to note, that Arabidopsis mutant lines
disrupted in several seipin isoforms produce pollen with overlarge LDs unable to enter the
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pollen tube, and have pollen transmission defects (Taurino et al., 2018). A role for LDs in the
membrane homeostasis of pollen tubes was also discussed as possible reason for impaired
pollen tube growth in the Arabidopsis ob/1 mutant (Miller and Ischebeck, 2018).

LDs and lipid homeostasis in leaves

Among the vegetative plant tissues, LDs have been mostly studied in leaves. LD-forming TAGs
are also present in roots and stems, and similarly to leaves, their total amount is limited by
SDP1 activity (Kelly et al., 2013). However, as there is scarcely any additional data on LDs in
roots or stems, the following section will focus on leaves. There, LDs further need to be
differentiated from plastoglobules (Lundquist et al., 2020), LD-like structures in plastids that
will not be discussed in this work.

Initial studies on LDs and neutral lipids in leaves were challenged by their low amounts,
especially of TAG neutral lipids. Interestingly, LDs in leaves were reported to contain more SEs
than TAGs (Cai et al., 2017), nevertheless, when studying overall neutral lipids in leaves,
research has so far focused on the TAG components. Lin and Oliver reported TAG isolation
from thirteen different plant species, however, were also unable to detect TAGs in twelve
additional species (Lin and Oliver, 2008). Regardless of this challenge, they observed trends in
the TAG content of crabapple leaves that were later also of interest in Arabidopsis: firstly, they
observed that TAG content increased during leaf senescence which was later correlated to
increased LD numbers (Lin and Oliver, 2008; Fernandez-Santos et al., 2020). Secondly, they
reported diurnal changes of TAG concentration during the day. There, the report of increasing
TAG content during the day stands in contrast to the results of Gidda et al. though, who
reported highest number of LDs at the end of the night and a decrease of LD number during
day time (Lin and Oliver, 2008; Gidda et al., 2016). This difference might be a species-
dependent effect or there could be opposing trends for SEs and TAGs, which could lead to
differing effects on LD numbers and TAG levels. In addition, TAG measurements of whole
leaves will not distinguish between plastoglobules and LDs. Maximum number of LDs at the
end of night and subsequent decrease of LD numbers during day seem to be the more
probable scenario in Arabidopsis, as it was later also observed by Pyc et al. (Pyc et al., 2017a).
The reasons behind this diurnal changes in LD number are not clear, albeit a role in recycling
and remodelling of plant membranes during the day has been suggested (Gidda et al., 2016).
This would limit LD numbers during the day, while metabolic processes during the night,
possibly including the degradation of membrane lipids, could replenish LD numbers at the end
of the night.

If plants are shifted from a normal day/night-cycle to extended darkness, LDs become
important to avoid lipotoxic effects of free FAs (Kunz et al., 2009; Fan et al.,, 2017). The
degradation of fatty acids by B-oxidation, or “lipid respiration” was proposed as alternative
energy source, when no photosynthesis can occur (Fligge et al.,, 2011). However, the
phenotype of mutants unable to import FAs into peroxisomes for B-oxidation show that this
process needs to be tightly controlled (Kunz et al., 2009). In leaves of the peroxisomal
transporter mutant pxal, bleaching and necrosis phenotypes were observed and linked to an
accumulation of free FAs (Kunz et al., 2009; Fan et al., 2017). Based on lipid analyses and
further mutant analysis of pxal, sdp1 and a double mutant pxal sdp1, Fan et al. suggested,
the following metabolic pathway under extended darkness: MGDG of the thylakoid
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membrane is broken down and the resulting FAs are initially channelled into TAG synthesis at
the ER. This TAG is again hydrolysed and the resulting FAs are imported into peroxisomes for
B-oxidation. If the import of FAs into peroxisomes is blocked, free FAs lead to lipotoxic effects,
however, lipotoxicity can be reduced when additionally the hydrolysis of LD-stored TAG is
prevented (Fan et al., 2017). This highlights how free FAs are initially transferred to TAG in LDs
and underlines the importance of LDs as storage organelles to prevent accumulation of
lipotoxic molecules during membrane turnover. TAG was additionally observed to protect
against oxidative stress implicating additional safeguarding functions of LDs (Fan et al., 2017).

The role of LDs in vegetative tissues as a transhipment point of FAs with concurrent TAG
synthesis and TAG hydrolysis was also suggested in stress-responsive membrane remodelling
(Figure 8). Independent of extended darkness, impaired TAG synthesis in leaves was
associated with premature cell death (Fan et al., 2013), suggesting that TAG synthesis occurs
continuously during normal cell function, while TAG accumulation is limited by the SDP1 lipase
(Kelly et al., 2013). Furthermore, TAG accumulation has been reported as a common response
to freezing, cold and heat stress as well as pathogen infection (Moellering et al., 2010;
Tarazona et al., 2015; Higashi and Saito, 2019; Schieferle et al., 2021). For drought, cold and
heat stress, also an increase in LD number has been observed (Gidda et al., 2016; Doner et al.,
2021). Especially under heat stress, TAG accumulation has been connected to sequestering
acyl chains with unsuitable characteristics for respective membrane adaptations. Heat stress
increases membrane fluidity and to adapt, polyunsaturated acyl chains in membrane lipids are
replaced by monounsaturated or saturated acyl chains (Niu and Xiang, 2018). The replaced
acyl chains can then be sequestered into TAGs and appropriately, TAG species containing a
high number of double bonds accumulated most strongly in heat stressed Arabidopsis leaves,
Arabidopsis seedlings and tomato fruits (Higashi et al., 2015; Mueller et al., 2015; Almeida et
al., 2021). During recovery from heat stress, TAGs in Arabidopsis leaves are again depleted,
underlining their transient function (Higashi et al., 2015). Less is known about the fate of SEs.
Sterols are also attributed to be important determinants of membrane structure and fluidity
(Valitova et al., 2016). Hence, SEs could serve as a source of different phytosterols during
membrane remodelling, which is corroborated by the measurement of decreased levels of SEs
in heat-stressed Arabidopsis seedlings (Shiva et al., 2020).
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Figure 8: LDs can act as source and sink in membrane remodelling processes. Environmental stress
like heat stress causes adaptation of membrane lipids, as for example polyunsaturated acyl chains are
replaced by saturated or monounsaturated ones. Also, concentration of free sterols in the membrane
can be altered to adjust membrane fluidity. In this case, LDs can act as both source for new membrane
lipids and sink for the replaced lipid species. How lipid exchange would be mediated is unclear so far,
however, an involvement of lipid transfer proteins (LTPs) might be one possibility.

The importance of LDs in abiotic stress is furthermore noticeable in Arabidopsis mutants of
leaf LD coat proteins. Members of the LDAP (also SRP, small rubber particle protein homolog)
protein family are the major coating proteins of LDs in leaves (Gidda et al., 2016; Kim et al.,
2016). LDAP overexpression lines were observed as more drought-tolerant while knockout
mutant displayed higher drought sensitivity (Kim et al., 2016). Higher drought tolerance was
also seen when genes of the homologous proteins from Taraxacum brevicorniculatum where
expressed in Arabidopsis (Laibach et al., 2018). Altogether, LDs in leaves appear to be
important for their buffering capacity of FAs and other membrane lipid precursors during lipid
remodelling processes. While thus at the centre of lipid homeostatic processes, they never
accumulate to higher amounts (Chapman et al., 2013).
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Specialised LD functions

In addition to balancing the lipidome, some special functions have been annotated to leaf LDs.
Firstly, they have additional roles in guard cells. LD staining signal and TAG levels in guard cells
have been described to decrease as stomata open during the dark-light transition (McLachlan
et al,, 2016). In sdp1 and pxal mutants with blocked TAG-degradation, stomatal opening was
delayed, as was the blue-light induced cell wall acidification that occurs during the process.
Cell wall acidification is connected to an H*-ATPase, therefore the authors concluded that TAG
is used as energy source in stomata to provide ATP for stomatal opening (MclLachlan et al.,
2016). Very recently, LDs and an LD-associated small G protein have also been reported to
play a role in stomatal development (Ge et al., 2022).

Finally, TAG-stored FAs can be used as carbon source for the synthesis of oxylipins. Strongest
experimental evidence for this role comes from the description of Arabidopsis plants infected
with Colletotrichum higginsianum (Shimada et al., 2014). There, it could be shown that the LD-
localised enzymes a-DIOXYGENASE 1 (a-DOX1) and CALEOSIN 3 (CLO3) act in concert to
oxidize a-linolenic acid to 2-hydroxyoctadecatrienoic acid, which has antifungal properties
(Shimada et al., 2014). Studies on the peroxygenase activity of CLO3 demonstrated that the
enzyme can reduce hydroperoxide groups by oxidizing unsaturated FAs, yielding epoxy FAs as
part of oxylipin metabolism (Blée et al., 2014; Rahman et al., 2018). Other oxylipins are
synthesised by LOX, however, LD association of LOX seems to be species-dependent (Feussner
and Kindl, 1992; Fernandez-Santos et al., 2020). It is not excluded though, that cytosolic
Arabidopsis LOX enzymes use FA derived from LDs. In Medicago truncatula, a further enzyme
of oxylipin metabolism, a hydroperoxide lyase (HPL), was found localised to LDs (De Domenico
et al., 2007). HPLs cleave products of LOX enzymes to form volatile and non-volatile aldehydes
(Wasternack and Feussner, 2018). Interestingly, volatile production was linked to yet another
enzyme in tomato. Tomato introgression lines with higher volatile levels were found to have
higher expression levels of tomato lipase genes homologous to AtOBL1, which encodes an LD-
associated lipase in Arabidopsis (Garbowicz et al., 2018; Ischebeck et al., 2020). Thus, different
enzymes of oxylipin metabolism have been linked to LDs in various plant species and suggest
LDs as additional player of its pathways. If their involvement in oxylipin synthesis follows
common patterns or developed in species-specific ways rests to be determined.
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1.4 Aims of this thesis

Despite a large number of research studies on lipids in plants, there are numerous questions
on their overall contribution to cell homeostasis and cellular adaptation processes remaining.
A large number of genes are annotated as being associated with lipid metabolism yet still
await functional characterisation. In addition, the analysis of cellular functions of LDs in
vegetative tissues has come into focus only recently. This work aims to contribute to a better
understanding of both (i) lipid signals and (ii) the role of LDs in non-desiccating tissues.

In the first project of this thesis, the goal was to analyse the contribution of a lipid signal to
tobacco pollen tube growth. Secretion and membrane trafficking are key processes of pollen
tube tip growth and rely on lipid landmarks in the plasma membrane for their spatial
regulation. Here, | aimed to integrate a tobacco DAG kinase into the signalling networks of
growing pollen tubes. This comprised as first intention to study its localisation and enzymatic
contribution to PA synthesis in pollen tubes. A second aim was to evaluate the overall impact
this DAG kinase has on tobacco pollen tube growth appearance. Finally, its connection to
possible downstream effectors and signalling outputs should be dissected (chapter 4).

The second part of this thesis revolves around the roles of LDs in vegetative tissues. One aim
in this project was to follow the dynamics of leaf LDs in Arabidopsis plants faced with different
environmental challenges. In this context, the proposed role of LDs as hub during membrane
remodelling processes should be investigated from a lipid perspective. Secondly, this aim also
included a more detailed study of the alterations in the leaf LD proteome following stress.
Linked to the investigation of changes in the LD proteome was a second goal of identifying
new LD-interacting proteins that would enlarge the molecular toolbox of LDs (chapter 5). In
addition to a thorough analysis of the dynamic adjustments of LDs in leaves, a further aim was
to study LDs of roots, which have received very little scientific attention so far. Here, | hoped
to obtain a first overview of the LD-associated proteome in roots. Again, the identification of
possible new LD-interacting proteins was an additional motivation of the proteomic study
(chapter 6). Altogether, the overarching objective of this part of the thesis was the differential
characterisation of vegetative LDs distinct from the storage LDs described in seeds.
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Abstract: Plants display a complex life cycle, alternating between haploid and diploid generations.
During fertilisation, the haploid sperm cells are delivered to the female gametophyte by pollen
tubes, specialised structures elongating by tip growth, which is based on an equilibrium between cell
wall-reinforcing processes and turgor-driven expansion. One important factor of this equilibrium
is the rate of pectin secretion mediated and regulated by factors including the exocyst complex
and small G proteins. Critically important are also non-proteinaceous molecules comprising
protons, calcium ions, reactive oxygen species (ROS), and signalling lipids. Among the latter,
phosphatidylinositol 4,5-bisphosphate and the kinases involved in its formation have been assigned
important functions. The negatively charged headgroup of this lipid serves as an interaction point at
the apical plasma membrane for partners such as the exocyst complex, thereby polarising the cell and
its secretion processes. Another important signalling lipid is phosphatidic acid (PA), that can either
be formed by the combination of phospholipases C and diacylglycerol kinases or by phospholipases
D. It further fine-tunes pollen tube growth, for example by regulating ROS formation. How the
individual signalling cues are intertwined or how external guidance cues are integrated to facilitate
directional growth remain open questions.

Keywords: pollen tube; phosphoinositides; small G proteins; reactive oxygen species; phosphatidic
acid; lipid signalling; cell wall; secretion; exocyst complex

1. Introduction

Pollen are the male microgametophytes of seed plants, part of the short haploid phase in the life
cycle of the spermatophytes. In angiosperms, the microgametophyte consists of one vegetative cell
and two sperm cells formed from a generative cell, either during pollen development or later during
fertilisation. After contact of the pollen grain with a compatible stigma, the vegetative cell forms a
pollen tube that grows through the style to the ovule to transport the inherently non-motile sperm
cells to the embryo sac [1,2]. There, the pollen tube ruptures and releases the sperm cells for double
fertilisation, which concludes the gametophytic phase of the angiosperm life cycle [3-5].

Growth of the angiosperm pollen tube relies on extreme polarisation of the vegetative cell.
Massive secretion of new cell wall material takes place at the very tip of the pollen tube, which exclusively
extends into one direction. This extreme form of polarised cell expansion is called tip growth and
occurs in plant pollen tubes as well as in plant root hairs [6,7]. The tip growth of pollen tubes reaches
considerable growth rates in the range of 0.1 um/s in vitro and 1 um/s in vivo. Pollen tubes are thus
among the fastest growing cells in the plant world [8]. The enhanced growth rate of angiosperm
pollen tubes is thought to be a key factor contributing to the dominance of angiosperms in land plants
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today [9]. On the other hand, it poses significant challenges to cell organisation, cell wall integrity,
secretion, and signalling networks regulating the complex process of tip growth.

2. Pectin Is an Important Component of the Pollen Tube Cell Wall

Pollen tube tip growth is based on a delicate equilibrium between secretion of cell wall material
at the pollen tube tip and turgor-driven cell expansion. The maintenance of this equilibrium and
concurrent preservation of the pollen tube’s shape sets special demand for the cell wall and its
components. Modelling approaches demonstrated that a gradient in cell wall stiffness is required
to sustain proper pollen tube shape [10-13]. This gradient changes from the more flexible apical
tip towards the stiff pollen tube shank [13-15]. The cell wall component best suited to provide
this gradient is pectin, a polymer characterised by its backbone containing galacturonan [12,16].
Pectin is synthesised in the Golgi apparatus and subsequently transported and secreted via secretory
vesicles [17]. The apically secreted pectin is initially in an esterified state, as the carboxyl groups
of the secreted galacturonan are linked to methoxy groups [16,18,19]. The esterified pectin is very
flexible, allowing turgor-driven expansion. Upon cleavage of the ester bonds, pectin chains are
cross-linked by Ca®* ions, thus changing the rheological properties of the pectic compounds to
increased stiffness [20,21]. Together with increasing abundance of cellulose and callose in the cell wall
of the pollen tube shank, this leads to increased cell wall stiffness and stabilises the distal pollen tube
cell wall. This results in a cell wall that resists the turgor and maintains the cylindrical shape of the
pollen tube [14,22,23]. The transition from methylesterified “soft” pectin to de-esterified pectin occurs
in the subapical region [14,19]. The enzymes responsible for this transition are pectin methylesterases
(PMEs), that cleave the ester bonds in the secreted galacturonan monomers, enabling Ca®*-crosslinking
of the pectin chains [24]. Lack of PME activity frequently leads to impaired pollen tube growth,
visible in decreased growth rate and pollen tube length [20,25-27]. PMEs and pectin are transported in
the same secretory vesicles and are subsequently secreted at the tip of the pollen tube. Consequently,
the enzymatic activity has to be controlled to prevent premature de-esterification. According to protein
structure type I and type II, PMEs are distinguished that also differ in their regulation mechanism [28,29].
In type I PMEs, premature enzyme activity and de-esterification of pectin is prevented by proteinaceous
pectin methylesterase inhibitors (PMEIs) that form 1:1 complexes with the enzyme [30]. For type I
PMEs, it is assumed that a protein-inherent pro-region acts as an auto-inhibitor during transport, as this
pro-region shows significant homology to PMEIs [28,29,31]. The activation of type I PMEs requires
the cleavage of the pro-region, and mature PMEs purified from the cell wall lack this domain [31].
However, where and how this cleavage occurs is still unclear. Activation of type II PMEs on the other
hand can be achieved by the removal of PMEIs from the apoplast, which is attained by the endocytic
uptake of the PMEISs in the subapical region of the pollen tube [32].

3. Pectin Secretion during Pollen Tube Growth

Providing enough pectin at the apical tip to maintain the fast growth rates of pollen tubes requires
abundant secretion of cell wall material. Hence, exocytic vesicles fuse at a high rate with the pollen tube
plasma membrane in the tip regions, providing signalling molecules as well as cell wall and membrane
material [12,33-35]. Abundant endocytic processes balance exocytosis, which serves at least two
functions: Firstly, to take up regulatory molecules from the apoplast, e.g., PMEI proteins, and secondly,
to internalise surplus membrane material. Due to the higher surface-to-volume ratio of the delivered
secretory vesicles, more membrane lipids than required fuse with the plasma membrane. These excess
phospholipids are at least partially recycled back by the budding of endocytic vesicles [32,36-38].
The exact localisation of the exo- and endo-cytic processes is a matter of debate, that shall not be
discussed here but has been examined elsewhere [6,39].

The precedence of endocytic and exocytic processes in the growing region of the pollen tube,
aka the tip, is mirrored in the pollen tube’s subcellular structure (Figure 1). Growing angiosperm
pollen tubes exhibit a pronounced zonation of the cytoplasm [33,40]. The apex of the growing tube
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is packed with secretory vesicles and lacks organelles, effecting a “clear zone” in light microscopy
imaging [41-43]. The concentration of vesicles is maintained by F-actin structures, most visible in
the form of the “actin fringe” in the subapical region adjacent to the clear zone [41]. This subapical
region is organelle-rich and forms the transition between growing tip and non-growing shank-region
of the pollen tube. The shank can be divided into the proximal and the distal end, the latter of which is
highly vacuolated in older pollen tubes and separated by callose plugs from the actively streaming
cytoplasmic shank region [34]. The proximal shank region is organelle-rich, containing, i.a., the male
germ unit of the two sperm cells and the vegetative nucleus, which is transported on microtubules
maintaining a constant distance to the pollen tube tip [44]. Additionally, endoplasmic reticulum (ER)
and Golgi apparatus are present, which produce the contents of the secretory vesicles accumulating at
the pollen tube tip. The movement of these organelles and their vesicles towards the apex strongly
relies on actin structures. Throughout the shank, strong cortical and central actin bundles serve as
tracks for associated myosins and their cargos. It is speculated that the actin fringe then serves as a filter
that withholds the organelles in the subapical region and allows only vesicles to pass to the apex [8,41].
The transport of membranous organelles in the pollen tube of angiosperms follows a “reverse fountain”
pattern: Organelles and exocytic vesicles are transported in anterograde direction to the tip close to the
cell membrane, while retrograde transport occurs along central actin cables. The typical actin structure
and the “reverse fountain” streaming pattern immanently lead to the V-shape of the clear zone at the
apex, also termed inverted cone [42,44].

callose

cellulose
de-esterifed pectin
esterifed pectin

actin fringe

Figure 1. Tip-growing pollen tubes require a distinct subcellular organisation. The abundant secretion
processes at the pollen tube tip lead to a distinct structuration in growing pollen tubes. The apex
of the growing tube is packed with secretory vesicles and void of organelles leading to a V-shaped
“clear zone”. It is speculated that the organelles are prevented from entering that zone by the cortical
actin structure of the actin fringe. Behind the actin fringe, F-actin forms strong actin bundles required
for transport processes. Vesicles and organelles, like mitochondria (depicted in red), endoplasmic
reticulum (yellow), and Golgi (orange) structures, are transported on cortical actin bundles towards the
tip. Retrograde transport takes place on central actin cables, resulting in a “reverse fountain” pattern
of cellular transport. Additional structuration can be observed in the pollen tube cell wall. Esterified
pectins predominantly form the cell wall at the pollen tube tip, although the presence of cellulose has
been reported in some cases. Further back, cellulose and callose are embedded in a pectin matrix of
de-esterified pectin monomers crosslinked with Ca2+ ions, leading to increased stiffness of the shank
cell wall.

4. Pollen Tube Growth Is Regulated by Several Interwoven Signalling Networks

The equilibrium between the cell’s turgor and the secretion of pectin has to be accurately balanced
to maintain proper tip growth [6], and the pollen tube must be able to redirect its growth direction
in response to external guidance cues [45]. Consequently, a plethora of signalling networks and
factors are involved in the regulation of pollen tube growth, including ion gradients, small GTPases,
reactive oxygen species (ROS) (Figure 2), and signalling phospholipids [7,39,46-51]. A further layer
of complexity is added by the cross-talk between the different signalling networks: GTPase activity
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influences the pollen tube inherent calcium gradient and relies on phosphoinositides for downstream
signalling, while phosphoinositides influence the regulators of GTPases [52-54]. This leads in vitro
to interdependent oscillations of GTPase activity, secretion, the Ca?* gradient, and the growth rate
observable, e.g., in lily or tobacco pollen tubes [55-59].

@ active RAC/ROP-GTP
@ inactive RAC/ROP-GDP
NADPH oxidase
Ca**channel
Ca™* ATPase
H"channel
H'ATPase

@
0
0
0
0
@ reactive oxygen species

alkaline ba

Figure 2. A complex signalling network is involved in pollen tube growth. Pollen tube growth is
controlled by a variety of signalling factors, including ions, reactive oxygen species (ROS), and small
Rop/Rac-GTPases cycling between active and inactive states. Furthermore, different phosphoinositides
and derived lipids are involved in pollen tube growth regulation (See Figures 3 and 4).

5. Reactive Oxygen Species in Pollen Tube Growth

ROS are vital signalling molecules during fertilisation, as they control stable pollen tube growth
but also induce rupture of the tube at the end of its life cycle [51,60]. First indications on the role of ROS
in pollen tube growth came from studies on the tobacco NADPH oxidase (NtNOX) [61]. NOX activity
is confined to the plasma membrane and accumulation of ROS at the pollen tube tip could be visualised
by dihydrofluorescein diacetate or nitroblue tetrazolium staining. Furthermore, inhibition of NOX
activity disturbs pollen tube growth [61,62]. ROS production was also observed in lily, pear, kiwi,
Picea meyeri, or olive pollen tubes [63—-67]. In Arabidopsis, the two respiratory burst oxidase homolog
(Rboh) genes, AtRBOHH and AtRBOH], are expressed in pollen tubes, where their encoded proteins
localise to the apical plasma membrane. AtRBOHH and AtRBOH] are enzymatically active in a
Ca?*-dependent manner and pollen tube growth in the double mutant rbohH rboh] is impaired [68].
Additional investigation of the rbohH rboh] double mutant revealed higher amplitudes in growth rate
oscillations and a tendency to burst prematurely. It was consequently proposed that AtRBOHH and
AtRBOH] serve as “speed control”, to allow coordination of cell expansion and deposition of new cell
wall material [69]. This model was later extended, describing AtRBOHH and AtRBOH] as part of
a cell wall integrity-controlling pathway in pollen tube growth [50,70]. There, they are proposed as
downstream effectors of a complex of receptor-like kinases (RLKSs) [70-72], which responds to autocrine
signalling peptides of the rapid alkalinization factor (RALF) family [4,35,71]. RALF4 and RALF19 act
redundantly in the maintenance of pollen tube integrity as they influence the deposition of callose
and pectins in the growing pollen tubes [35]. Pollen tubes of the double mutant ralf4 ralf19 burst
prematurely, likely due to their involvement in the secretion of cell wall material [4]. RALF4/19 interact
with the Catharanthus roseus receptor-like kinase 1-like (CrRLK1L) receptors BUDDHA’S PAPER SEAL
(AtBUPS) 1/2 and ANXUR (AtANX) 1/2, of which AtANX1/2 were shown to act upstream of AtRBOHH
and AtRBOH]J [70]. Furthermore, addition of RALF4 led to increased ROS production in in vitro grown
pollen tubes [71]. Another member of the RALF family, RALF 34, might play an antagonistic role to
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RALF4/19. RALF34 is predominantly expressed in mature ovules and its addition to pollen tubes
grown in vitro induces pollen tube rupture [4]. Like RALF4/19, RALF34 is able to bind to ANX1/2
and BUPS1/2 and was proposed to outcompete RALF4/19 after the pollen tube reaches the ovule,
thereby inducing pollen tube rupture [4,73]. Interestingly, pollen tube rupture and sperm release was
also connected to high ROS concentrations in the filiform apparatus [60]; however, a direct connection
between RALF signalling and ROS production by the female gametophyte has not been described
so far.

Another described source of ROS in pollen tubes is oxidation of the polyamine spermidine
catalysed by a polyamine oxidase [74,75]. Loss of polyamine oxidase activity leads to shorter pollen
tubes and the tip localisation of its polyamine substrates seems to be important for physiological tip
growth [75,76]. ROS signals are integrated into other signalling networks during pollen tube growth,
including signalling phospholipids, small GTPases, and ion gradients [62,68,77,78]. For example,
AtRBOHD triggered by abscisic acid (ABA) in stomatal closure has been shown to bind to the lipid
phosphatidic acid, and phosphatidic acid increases ROS production [79]. Also, Ca>* has been proposed
to act both up- and down-stream of ROS signals, activating RBOH enzymes, whose ROS products
could in turn trigger Ca?*-influx from the apoplast in a positive feedback loop [68,80].

6. Ion Gradients in Growing Pollen Tubes

Among ions, Ca®* and H* have been most closely linked to pollen tube growth regulation. In lily
pollen tubes, a pH-zonation from the acidic tip towards an alkaline band at the base of the clear
zone was described [81]. A similar pH gradient changing with growth rate oscillations was also
observed in pollen tubes of tobacco and has been linked to the shank-localised, proton-exporting
H*-ATPase NtAHA [82,83]. The role of H" ions in the regulation of tube growth remains unclear
though—initial studies on the pH gradient in Lilium longiflorum concluded that protons are not central
to growth regulation [84]. However, later studies described a connection between pH and actin
organisation during tube growth [85]. Additionally, reversible inhibition of pollen tube growth in
lily using potassium cyanide (KCN) leads to a sharp decline of the pH gradient, and the alkaline
band was the first ion gradient to be re-established after removal of the inhibitor [86]. A study on
Arabidopsis pollen tubes connected intracellular pH changes with anion transport over the pollen tube
membrane, hypothesising that protons might be part of a network reacting to y-aminobutyric acid
(GABA)-mediated signalling [87]. Further observations were made in a recent study on an Arabidopsis
triple mutant lacking the three autoinhibited plasma membrane proton (H") ATPase (AHA) isoforms,
AtAHA®6, AtAHAS, and AtAHAY [88]. AHA6, AHAS, and AHA9 are predominantly expressed in
pollen and pollen tubes and pollen of the triple mutant aha6 aha8 aha9 shows reduced germination rates,
while germinated pollen tubes grow slower and tend to stop prematurely. AHA6, AHAS, and AHA9
localised to different extents in the plasma membrane of the pollen tube shank. There, they are thought
to pump protons out of the pollen tube’s cytoplasm, thereby establishing a proton gradient from the
tip towards the shank. Consequently, the cytoplasm of pollen tubes from the triple mutant aha6 aha8
aha9 is more acidic and the pH gradient is strongly decreased. Further analysis of the mutant pollen
tubes also revealed a decreased anion efflux from the pollen tube, a decreased membrane potential,
and changes in the actin organisation, underlining the importance of proton transport across the pollen
tube membrane [88].

The importance of Ca* for pollen germination and subsequent pollen tube growth has already
been reported more than 50 years ago for more than 80 plant species [89]. Furthermore, the interaction
between pollen tubes and the female gametophyte before double fertilisation is also accompanied
by distinct Ca®* dynamics in synergids, egg, and central cell [90,91]. In terms of pollen tube growth,
it has been observed that growth rate oscillations and oscillations of the Ca?* gradient depend on
each other in vitro [92,93]. The Ca?* gradient in the cytosol of growing pollen tubes is formed with
peak concentrations close to the apical plasma membrane. The exact localisation of the peak Ca**
concentration determines growth orientation [93,94]. Exact Ca?* concentrations in the pollen tube
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vary considerably between reports, depending on the methods used [95]. At the tip, values are in the
range of 0.1 to 10 pM, while for the shank, values around 0.02-0.2 uM have been reported [49,95,96].
Reports agree though, that the Ca?* gradient is only observable in growing pollen tubes [95]. Irrespective
of the actual values, the high apical concentration of Ca?" is likely established by an influx of Ca?*
from the apoplast, as the application of calcium chelators and calcium channel inhibitors leads to
the dissipation of the Ca?* gradient [97,98]. Different Ca?* channels at the tip of the pollen tube are
one requirement and regulation point for a Ca?* gradient [99-102]. In this context, Arabinogalactan
proteins in the apoplast might play a role, acting in a feedback loop that couples Ca?*-influx and
secretion with the physical strain at the pollen tube tip during cell wall extension [103]. Secondly,
a mechanism for the efflux of Ca?* in tip-neighbouring regions is required. This Ca®* efflux occurs
via PM- and possibly also ER-localised Ca?*-ATPases, transporting the ions out of the cell or into the
endomembrane system, respectively [96,104,105].

Calcium could play a direct role in secretion by triggering exocytosis, as has been shown
in neurons, where a calcium influx rapidly triggers the soluble N-ethylmaleimide-sensitive-factor
attachment receptor (SNARE)-mediated vesicle fusion of neurotransmitter-filled vesicles with the
plasma membrane. The transmitting of the Ca* signal is thought to occur via the two synaptic proteins
Synaptotagmin-1 and Complexin, which interact with SNARE proteins on vesicles and the presynaptic
membrane in a partially assembled state [106,107]. Interestingly, Soluble NSF attachment protein
25 (SNAP-25), a protein of the SNARE complex, was in turn reported to control voltage-gated Ca®*
channels and Ca®* concentrations in the presynaptic cell [108]. While this process serves as an example
that Ca?* might directly influence secretion, it is unclear if Ca?* in pollen tubes would act similarly,
as secretory vesicles with cell wall material are unlikely to be in a similar “clamped” state of a partially
assembled SNARE complex.

Furthermore, detection of Ca?* occurs via sensor proteins, like calcium-dependent protein
kinases (CDPKs). CDPKs possess a regulatory Ca?*-binding domain, and upon Ca?*-binding,
the protein kinase catalytic domain is activated, so they act as “sensor responders” [49,109].
CDPK proteins involved in pollen tube growth have been reported for Arabidopsis, maize,
and petunia [110-112], and CDPK activity has been linked to the adjustment of ion fluxes across
the plasma membrane [113-116]. Other CaZ* sensor proteins include calmodulin, calmodulin-like
proteins, and calcineurin B-proteins that act as “sensor relays” transmitting the Ca®* signal via
altered protein—protein interactions. Several of these sensor relays have been described in connection
with tube growth, actin organisation, and regulation of K* transmembrane transport [117-121].
Ca®"-mediated stabilisation and destabilisation of actin filaments could also play a role in establishing
actin structure, as high Ca®* concentrations cause disassembly of filamentous actin, acting via
actin-binding proteins [122]. This regulation of actin structure connects Ca?* to another signalling
factor as Ca®*-dependent F-actin modulation is one of two downstream pathways of the Arabidopsis
Rop/Rac GTPase Ropl1 [52].

7. Small GTPases Define the Pollen Tube Tip

The impact of small GTPases on tip-growing cells has been discussed in several recent
reviews, therefore we will only briefly mention their basic roles and functions in pollen tube
growth here [39,48,123,124]. Small monomeric GTPases (ca. 21 kDa) serve as molecular switches,
cycling between an active GTP-bound state and an inactive GDP-bound state [125]. They are regulated
by further proteins like guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs),
and guanine nucleotide dissociation inhibitors (GDIs). GEFs activate small GTPases by exchanging
GDP against GTP, while GAPs activate the intrinsically low GTPase activity of the monomeric
GTPases [126,127]. GDIs modify subcellular localisation of small GTPases as they are able to remove
the prenylated GTPases from the membrane and sequester them in the cytoplasm [128].

The superfamily of small GTPases is further divided into different GTPase families, i.a., the Rab-
and the Rho-family [129]. Proteins of the Rab-GTPase family are involved in intracellular membrane
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trafficking during pollen tube growth, regulating vesicle transport between Golgi apparatus and ER
or from the Golgi apparatus to the plasma membrane [130,131]. In Arabidopsis, the Rab-GTPase
AtRabA4d is tip-localised and regulates vesicle trafficking, and its absence causes male-specific
transmission defects [132]. Arabidopsis pollen tube growth is also impaired in null mutants of
AtRabD2b and AtRab2c [133]. Importantly, Rab function relies on geranylgeranylation, and mutations
of the Rab geranylgeranyl transferase inhibits normal pollen and pollen tube development, similar to
mutations of the Rab proteins themselves [134]. In addition to the Rab-GTPase family, GTPases of the
Rop/Rac protein family are involved in tip growth of pollen tubes. Active Rop-GTPases are locally
confined to the pollen tube tip, thus providing a molecular marker for polarised secretion [54,135,136].
There, they can interact indirectly with the exocyst subunit Sec3, which determines polar secretion
during pollen tube growth [137-139]. Furthermore, Rop-GTPases participate in the transduction
of external signals like guidance cues, the organisation of the actin cytoskeleton, and the control of
vesicle fusion with the tip plasma membrane [12,52,140-143]. Lee et al. described how the activation
of two antagonistic downstream pathways via the ROP-interactive CRIB-containing (RIC) proteins
RIC3 and RIC4 manipulate F-actin polymerization: RIC4-mediated stabilisation of F-actin cables
promotes vesicle transfer towards the tip [141]. However, RIC4-induced changes of actin structure
impaired vesicle fusion at the pollen tip, which could be balanced by RIC3- and Ca?*-mediated F-actin
disassembly. Thus, the authors suggested that Rop-GTPase activity triggers actin polymerisation for
vesicle transport to the tip via the RIC4 pathway and actin depolymerisation at the tip for vesicle fusion
via the RIC3 pathway. Together, these two pathways enable the transport and secretion of cell wall
material at the tip [141]. Rop-controlled cell wall deposition relying on the manipulation of F-actin
structure has also been observed in other context, e.g., the shaping of xylem vessels [144].

Studies in Arabidopsis characterised AtRopl (also named Racl1 and Aracl1) as a regulator of
polarised pollen tube growth whose geranylgeranyl-mediated but spatially confined localisation to
the tip is required for cell polarisation [145]. A second Arabidopsis enzyme, AtRop5 (also named
Rac2, Rac6, and Arac6), seems to act similarly, and induces severe depolarisation phenotypes upon
transient expression in tobacco [54]. Due to its close phylogenetic relationship, AtRop3 might have
a similar function in pollen tubes [146]. In tobacco, NtRac5 has been described to regulate pollen
tube growth in interaction with NtRhoGAP1 and NtRhoGDI2 [147,148]. AtRopl was also proposed
to be a mediator for changes in growth direction in response to pollen tube guidance cues. In a
model that describes pollen tube tip growth as a result of the exocytosis-mediated polarisation of
Rop1 and the secretory cell wall extension, guidance cues were predicted to shift the localisation of
Rop1 activity and thus change growth directionality [12]. In this model, Rop1 activity is proposedly
modulated by the activities of RopGEFs and the RhoGAP ROP1 ENHANCER 1. RopGEFs were then
proposed as integration points for guidance cues, as an increased activation of Rop1 in response to a
guidance cue would cause the shift in Rop1 activity and re-direction of secretion [12]. Consequently,
RopGEFs, RhoGAPs, and RhoGDIs are important modulators of pollen tube growth due to their
regulation of Rop/Rac GTPases [124,136,148-150]. Thus, male transmission defects were observed when
RhoGDI function was missing in Arabidopsis [149]. Additional layers of modulation are characterised,
e.g., phosphorylation of RopGEFs by cytoplasmic or receptor-like kinases, which was also described
as a link between external signals and change of pollen tube growth directionality [143,151,152].
Guidance cues by the female gametophyte are required for precise pollen tube growth towards
the micropyle [153]. Among the guidance cues described in Arabidopsis are the cysteine-rich
AtLUREI1-peptides, which are secreted from the synergid cells [154]. Reception of the AtLURE1 signals
at the pollen tube relies on pollen-specific receptor-like kinases (PRKs) [143]. Specifically, AtPRK6 was
determined as one receptor of AtLUREL1 peptides as semi-in vivo grown pollen tubes of prk6 mutants
did not react to recombinant AtLURE1.2. AtPRK6 displayed plasma membrane localisation at the
pollen tube tip, and interestingly, an asymmetric accumulation of AtPRK6 towards externally applied
AtLURE1 was observed, preceding the change of pollen tube growth direction. Signal transduction
of AtPRK®6 requires its interaction with pollen RopGEFs via a cytosolic domain: complementation

35



Plants 2020, 9, 1098 8 0f 30

of the AtLURE1-insensitivity in prk6 was not achieved when PRK6's cytosolic interaction domain to
RopGEFs was missing [143]. Other receptor-like kinases present in Arabidopsis pollen tubes were also
shown to react to AtLURE1 peptides [155]. The ectodomains of recombinant MALE DISCOVERER1
(AtMDIS1) and MDIS1-INTERACTING RECEPTOR-LIKE KINASE (AtMIK) 1/2 bind to AtLURE1.2.
AtMDIS] can directly interact with both AtMIK proteins and this interaction is enhanced by AtLURE1.2.
However, unlike for AtPRK6, no connection to RopGEFs has been described, with signal transduction
likely relying on transphosphorylation in the AtMDIS1-AtMIK complex [155]. It thus remains to be
uncovered to which extent RhoGTPase activity is involved in pollen tube guidance and which role is
played by other signalling modules.
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Figure 3. Signalling lipids are interconverted by a variety of enzymes. Phosphoinositides
are phosphoglycerolipids carrying an inositol headgroup. Phosphorylation of different
hydroxyl groups of the inositol in phosphatidylinositol (PI) gives rise to different mono-
and diphosphorylated phosphoinositides. Phospholipase C-activity cleaves the bond to the
sn3-hydroxyl group of the glycerol backbone, yielding diacylglycerol (DAG) in the process, which
can be phosphorylated to phosphatidic acid (PA). Used abbreviations: DAG—diacylglycerol,
IP;—inositol  1,4,5-trisphosphate, = IPg—inositolhexakisphosphate, =~ PA—phosphatidic acid,
PI—phosphatidylinositol, PI3P—phosphatidylinositol 3-phosphate, PI4P—phosphatidylinositol
4-phosphate, PI(3,5)P,—phosphatidylinositol 3,5-bisphosphate, PI(4,5)P,—phosphatidylinositol
4,5-bisphosphate, PI-PLC—phosphoinositide phospholipase C, PLD—phospholipase D.

Lipid signals act together with the mentioned regulatory proteins in the regulation of Rop
GTPases [53,54]. Phosphatidylinositol 4,5-bisphosphate (P1(4,5)P;) acts upstream of Rop GTPase
signalling by promoting plasma membrane localisation of GTP-Rop, which is part of a complex
feedback loop to maintain the tip localisation of active Rop [53,136]. Due to the diverse membrane
trafficking processes, the active enzyme constantly shifts to the flanks of the pollen tube tip. There, it has
to be inactivated by laterally localised RhoGAP proteins [135]. RhoGDIs remove the inactive Rop
GTPase from the subapical membrane and the RhoGDI/Rop-heterodimer is then transported in
the cytoplasm back to the tip [147]. Tip-localised PI(4,5)P, shifts the Rop GTPase equilibrium
between cytoplasm and membrane towards a membranous localisation, and RopGEFs complete
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the cycling of the enzyme by exchanging GDP against GTP, activating Rop GTPase [53,136,156].
However, PI(4,5)P; was also described to act downstream of Rop GTPases. Tip-localised active
AtRop5 interacts with a phosphatidylinositol 4-phosphate 5-kinase (PI4P5K), affecting the production
of PI(4,5)P,, which controls subsequent downstream pathways targeting the actin cytoskeleton and
vesicle fusion [54].

8. Phosphoinositides and Derived Lipids form a Signalling Network

As becomes evident from the dependency of GTPase signalling on downstream signals like
PI(4,5)P,, the phosphoinositide signalling network (Figure 3), derived phospholipids, and the respective
enzymes are crucial for normal pollen development and tube growth. The phosphatidylinositol
headgroup of phosphoinositides protrudes from the plasma membrane, thus providing an anchor point
for proteins with respective phosphoinositide-binding domains [7,157]. These binding domains can also
be used for visualising the different lipids, as specific domains bind to the differently phosphorylated
subspecies of phosphoinositides [158].

A

DAG

PA

P14P
P1(4,5)P2

PLD
PI14P5K

PIP4K

PIS
PI-PLC

Figure 4. Several signalling lipids and the enzymes involved in their synthesis and degradation are
localized at the apical plasma membrane. Several phosphoinositides and derived lipids are involved
in pollen tube growth regulation. Their specific localisations in the plasma membrane are positional
markers in secretory and endocytic processes and can be detected with the help of fluorescent lipid
sensors (A). Enzymes acting on lipids of the phosphoinositide network show overlapping localisation
to their products (B).

9. All Phosphoinositides Derive from Phosphatidylinositol

All phosphoinositides derive from phosphatidylinositol (PI) as a biochemical precursor, which is
synthesised in the membrane of the ER by phosphatidylinositol synthases (PISs) from the precursors
CDP-diacylglycerol (CDP-DAG) and D-myo-inositol (Figure 3) [159,160]. Two PIS enzymes, AtPIS1 and
AtPIS2, are described in Arabidopsis [159,160]. Interestingly, the metabolic fate of PI derived from
AtPIS1 or AtPIS2 seems to differ. In Arabidopsis plants overexpressing AtPIS2, higher levels of
phosphoinositides were detected in contrast to overexpression of AtPIS1 that caused an increase of
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structural phospholipids [160]. Transient overexpression of AtPIS1 or AtPIS2 in tobacco pollen tubes
led to wavy growth phenotypes [161]. In line with the proposed different metabolic fates of PI produced
by AtPIS1 or AtPIS2, expression of AtPIS2 led to a higher amount of affected pollen tubes. Similarly,
co-expression effects of AfPIS2 with other genes encoding for enzymes of the phosphoinositide network
were far more pronounced than for AtPIS1 [161].

The inositol of PI can carry phosphate groups in different positions, the D3-, D4-,
or D5-position of the polyalcohol, giving rise to a number of different phosphoinositides.
In plants, phosphatidylinositol 3-phosphate (PI3P), phosphatidylinositol 3,5-bisphosphate (PI(3,5)P,),
phosphatidylinositol 4-phosphate (PI4P), and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) have
been characterised in different cellular functions. Of those, PI4P and PI(4,5)P; are especially important
in secretory processes and pollen tube growth [7,162,163], as will be outlined in the next sections.

10. PI4P Has Regulatory Roles in the Trans-Golgi Network

Phosphatidylinositol 4-phosphate (PI4P) is the major monophosphorylated phosphoinositide [164,165].
Localisation studies in Arabidopsis demonstrated the presence of PI4P in the plasma membrane, recycling
endosomes, early endosomes, the trans-Golgi network, and the Golgi complex [166]. Estimating from
fluorescence intensity and affinity of the used lipid sensors, PI4P abundance seems to follow a gradient,
with the highest PI4P amounts in the plasma membrane and lowest amounts in the Golgi complex [166].
In tip-growing root hairs, PI4P concentrations were highest in the plasma membrane following a tip-focused
gradient [167,168]. A similar membrane localisation was observed in growing tobacco pollen tubes
overexpressing a fluorescent PI4P-reporter [161] (Figure 4A).

Conversion of PI to PI4P is catalysed by phosphatidylinositol 4-kinases (PI4Ks). Among these,
PI4Kp31 and PI4K(32 are especially important for tip growth. In the Arabidopsis double mutant
pi4kp1 pi4kp2, pollen tubes exhibit a wavy growth pattern and are shorter in length; furthermore,
root hairs are also shorter and display aberrant growth morphologies. PI4Kf31 overexpression in
tobacco pollen tubes stimulates pectin secretion [161]. For AtPI4K[31, physical protein interaction with
AtRab4Ab and AtRab4Ad was demonstrated and electron tomography imaging of Arabidopsis root
cells showed that both AtRab4Ab and AtPI4K {31 localise to the trans-Golgi network (TGN) [132,169,170].
Electron tomography images of root cells further indicated that PI4K{31 and PI4K[32 might be vital for
size determination of secretory vesicles at the TGN [169]. However, as the TGN integrates exocytic
and endocytic vesicles, it cannot be determined if defects of PI4Kf3 impair exocytic or endocytic
processes. In accordance with the described TGN-localisation, transient overexpression of AtPI4Kp1
in tobacco pollen tubes causes alterations of the TGN morphology. In addition, in the Arabidopsis
mutant lot, which displays defects in TGN formation in pollen grain and pollen tubes, normal PI4P
membrane localisation is abolished and lot plants are male-sterile [161,171]. Further studies showed
additional signalling functions of PI4P and AtPI4Ks in vesicle trafficking and TGN organisation during
cytokinesis and lateral root formation [172,173]. Although its synthesis is particularly linked to the
TGN, PI4P strongly localises to the plasma membrane at the pollen tube tip. This discrepancy raises the
question of how PI4P reaches the plasma membrane. One way could be via secretion of PI4P-loaded
vesicles derived from the TGN. It is however also possible that PI4P is directly synthesized at the
plasma membrane. Enzymes that might be responsible are PI kinase isoforms of the « subfamily that
are predicted, for example, in Arabidopsis based on sequence homology [174]. Interestingly, in yeast,
two types of PI4-kinases exist, one of which localizes to the plasma membrane [175,176].

At the plasma membrane, PI4P could have a function in its own right, but can also act as a
substrate for phosphatidylinositol 4-phosphate 5-kinases (PI4P5Ks) that are localised in the same
plasma membrane sub-domain [7,161].

11. PI4P 5-Kinases Catalyse the Formation of P1(4,5)P; at the Pollen Tube Tip

PI4P5Ks catalyse the phosphorylation of PI4P to P1(4,5)P,. Arabidopsis PI4P5Ks come in two types:
AtPI4P5K10 and AtPI4P5K11 belong to type A, while AtPI4P5K1 and AtPI4P5K9 belong to type B [174].
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Both types contain a C-terminal catalytic and a dimerisation domain, however, type B AtPI4P5Ks
possess an additional N-terminal Membrane Occupation and Recognition Nexus (MORN)-domain
unique to plants, which is involved in regulation of enzyme activity [174,177] and a linker region
necessary for correct subcellular localisation [178].

According to transcriptomic studies, several Arabidopsis PI4P5Ks are expressed to varying degrees
in the different stages of pollen development and during pollen tube growth [179,180]. For AtPI4P5K4,
AtPI4P5K5, AtPI4P5K10, and AtPI4P5K11, expression in pollen and pollen tubes of Arabidopsis
was also verified histochemically, using promoter-p-glucuronidase-fusion [53,181]. Furthermore,
proteomic analyses detected AtPI4P5K4, AtPI4P5K5, and AtPI4P5K6 in mature pollen grains [182].
Transient expression of the respective gene in tobacco pollen tubes revealed a plasma membrane
localisation of the PI4P5Ks at the subapical flanks during pollen tube growth (Figure 4B). After cessation
of growth, PI4P5K localisation expanded to the extreme apex [53,181,183,184]. In parallel, PI(4,5)P;
localisation has been studied using fluorescent lipid sensors similar to the previously described
phosphoinositides. In accordance with the plasma membrane localisation of its biosynthetic enzymes,
PI(4,5)P; is detected almost exclusively at the plasma membrane of pollen tubes but also other cells,
e.g., in the root cortex [53,54,166,181]. Furthermore, plasma membrane localisation in growing pollen
tube membranes is not uniform, instead, PI(4,5)P, is present in a distinct subapical domain that
excludes the very tip (Figure 4A). Apical localisation of PI(4,5)P, can only be found in pollen tubes that
ceded to grow [53,181,185].

Considering the tip-localisation of both PI4P5Ks and PI(4,5)P;, it is not surprising that strong tip
growth phenotypes are observed for several AtPI4P5K enzymes. Overexpression of type A PI4P5Ks,
AtPI4P5K10 and AtPI4P5K11, induces severe tip swelling and disturbance of the actin structure
in tobacco pollen tubes, the overproduced PI(4,5)P; inhibits RhoGDI and thus leads to activation
and depolarisation of NtRac5 [53]. For AtPI4P5K4, AtPI4P5K5, and AtPI4P5K6, overexpression
phenotypes with excessive pectin accumulation are observed. The affected pollen tubes are often
branched or stunted in growth, with the protoplast “trapped” behind the accumulated pectin at the
tip [181,183,184]. Enzyme activity of PI4P5K6s from Arabidopsis and tobacco is further regulated by
mitogen-activated protein (MAP) kinase (MPK)-mediated phosphorylation. MPK activity seems to
diminish PI(4,5)P;-production, and when MPK was overexpressed with PI4P5Ks in tobacco pollen
tubes, it could reduce the aberrant pollen tube growth phenotypes [186]. The PI4P5K-produced
PI(4,5)P;-signal is processed, i.e., via P1(4,5)P,-interacting proteins, regulating endo- and exocytosis.
The Arabidopsis clathrin assembly protein EPSIN-LIKE CLATHRIN ADAPTOR PROTEIN 2 (ECA2/
PICALMba) interacts with PI(4,5)P, in vitro and pollen tubes of the eca2 T-DNA insertion Arabidopsis
line grow shorter [187].

PI4P 5-kinases also play a role in polar tip growth and secretory processes of non-plant
species [188-190]. In the nervous system, for example, PI4P is required for the normal function
of several ion channels including calcium channels important for secretion [191]. However numerous
other interaction partners are known, such as SNARE proteins and the proteins CAPS and Munc13
that prime vesicles for exocytosis [192]. It will be interesting to find out how conserved the role of
PI(4,5)P; in secretion is across Eukaryotes. One complex that has already been shown to bind PI(4,5)P;
across kingdoms [192-194] is the exocyst complex, that is crucial for secretory processes.

12. PI(4,5)P; Interacts with Components of the Exocyst Complex

Targeting of secretory vesicles to the correct destination is determined by tethering complexes that
physically connect vesicles to the target membrane. Among them, the exocyst complex is especially
important for polarised exocytosis by tethering post-Golgi vesicles to the plasma membrane. It localises
to sites of maximal exocytosis in a variety of model organisms, relying on interactions with both
phospholipids and small monomeric G-proteins [195-197]. The complex was originally discovered
in yeast but later found to be conserved in all eukaryotes, including plants [198-200]. The exocyst
complex consists of eight subunits, termed SEC3, SEC5, SEC6, SEC8, SEC10, SEC15, EXO70, and EXO84.
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SECS5 is the core subunit and connects many other subunits with each other, SEC15 binds to vesicles,
SEC6 interacts with SNARE proteins, and both SEC3 and EXO70 bind to PI(4,5)P, on the target
membrane [137,195,197,199,201-203]. However, unlike yeast, which has only one homologue of each
subunit, Arabidopsis possesses two homologues of SEC3, SEC5, and SEC15 each, three homologues of
EXO084 and, strikingly, 23 homologues of EXO70 in its genome [198,204].

First connections between the exocyst complex and PI(4,5)P; signalling were observed in yeast.
There, the SEC3 homologue Sec3p contains a pleckstrin homology (PH) domain in its N-terminal region,
which interacts with PI(4,5)P,, mediating membrane binding [196,197,205]. The G-protein Rholp can
interact with the PH domain, presumably only if it is already bound to PI(4,5)P; [203]. Yeast Exo70p
directly interacts with PI(4,5)P, through a polybasic region in its C-terminal domain and membrane
binding of Exo70p was predicted to induce the local clustering of PI(4,5)P;, potentially inducing
formation of exocytic hotspots [203]. Mutation of the residues responsible for PI(4,5)P,-binding leads
to loss of Exo70p from the membrane, but not to secretion defects, while a combination of Exo70p
and Sec3p mutations that leaves both proteins unable to bind lipids, was shown to be lethal in
yeast [195,197].

Pollen tubes of Arabidopsis sec3a, sec5, sec6, sec§, sec15a, and exo70C2 mutants showed male-specific
transmission defects as germination and pollen tube growth were disrupted [137,199,206,207]. For the
two Arabidopsis SEC3 proteins, some homology to yeast Sec3p could be observed: the N-terminal
PI(4,5)P;-binding PH domain is conserved, however the Rho-interaction motif is not [137,138].
The PH domain of AtSEC3A is necessary and sufficient for membrane targeting during heterologous
expression in tobacco pollen tubes but dispensable during homologous expression in Arabidopsis
pollen tubes [137]. Similarly, PI(4,5)P, is not required for the localisation of AtSEC3A to the germination
site in Arabidopsis pollen [208]. Both studies indicate that AtSEC3A can localise to the membrane
independently of PI(4,5)P,, possibly relying on other exocyst components or ROP G-proteins. Indeed,
the Arabidopsis adapter protein ROP Interactive Partner 1 (ICR1) was found to compensate for
the missing Rho-interaction motif of AtSEC3A by connecting it to the G-protein AtROP10 [138].
Whether similar adapter proteins play a role in pollen tube growth is not yet known.

Analysis of possible functional homology of the second yeast exocyst protein with PI(4,5)P-binding
ability, Exo70p, is impeded by the massive expansion of EXO70 in plants. The reason for this massive
expansion is so far unclear, although different explanations have been proposed, e.g., tissue-specific
expression, differences according to target sites, or specialised roles in cellular processes like autophagy,
cytokinesis, or pathogen infection [209-213]. The different EXO70 isoforms might also be capable of
binding different lipids [209]. Indeed, in mature trichomes, AtEXO70H4 is selectively targeted to the
PA/PS-rich apical membrane domain, whereas AtEXO70AL1 is selectively targeted to the PI(4,5)P,-rich
basal membrane domain [214]. In tobacco pollen tubes, NtEXO70A1a and NtEXO70B1 each localise to
distinct parts of the plasma membrane, which both partially co-localise with PA and PI(4,5)P; [215].

Independent of lipid binding capabilities, different EXO70 family members also might have
different functions in pollen tube growth. While there are discrepancies in the described gene
expression, most reports agree on the expression of AtEXO70A2, AtEXO70C1, AtEXO70C2, AtEXO70H3,
and AtEXO70HS5 in pollen tubes [204,207,215,216]. In most tissues of Arabidopsis, the prevalent EXO70
isoform that mediates polar exocytosis is AtEXO70A1. Although germination of exo70A1 mutant
pollen is impaired, pollen tubes appear to grow normal, so its functions are probably complemented
by AtEXO70A2 [204,207]. AtEXO70C1 and AtEXO70C2 likely serve functions distinct from the main
exocyst complex, since they do not interact with the core exocyst subunits. However, AtEXO70C1
and AtEXO70C2 interact with AtROH1, a member of the DUF793 protein family, which acts as a
negative regulator of exocytosis [207]. Roles of AtEXO70H3 and AtEXO70HS5 in pollen tubes are so far
undescribed, however, other plant EXO70H proteins have been described to localise to the nucleus with
possible functions independent of the core exocyst complex [209,215,217]. The tobacco NtEXO70B1
is expressed in pollen tubes and the encoded protein localises to the shank region of growing pollen
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tubes, partially co-localising with NtSEC3 and the site of endocytosis. This suggests that it might
function within the exocyst complex in the coordination of endocytosis [215].

In agreement with its function in yeast exocytosis, the exocyst in plant pollen tubes is widely
believed to guide exocytosis during tube growth. Different exocyst subunits localise to the
described sites of exocytosis in the apex and/or the subapical zone, including SEC3, SEC6, SECS,
and EXO70A [137,199,215]. Additionally, slight shifts in the localisation of AtSEC3a and AtSEC8 were
shown to precede changes in the direction of pollen tube growth [137]. Nonetheless, the molecular
mechanism of the exocyst complex in pollen tube growth is still unclear. Early reports in budding
yeast suggested that the lipid binding Sec3p and Exo70p might bind to the membrane, marking
hotspots of exocytosis, while the other exocyst subunits bind to post-Golgi vesicles. Formation of the
complete exocyst complex would then serve to tether vesicles to their correct target membrane [195,218].
In Arabidopsis root epidermal cells, however, it was reported that none of the exocyst subunits depend
on vesicular traffic to localise to the membrane, indicating that the exocyst complex could pre-form on
the target membrane and only then bind to vesicles [219]. On the other hand, AtSEC3a was shown to
decorate vesicles in the inverted cone region of pollen tubes [137].

Taken together, molecular mechanisms of the exocyst complex in pollen tube growth remain
elusive. Additional research will be required to fully resolve the order and the mechanism of interaction
between exocyst, vesicles, and PI(4,5)P; in the target membrane and the connections of this complex to
the signalling networks important for pollen tube growth.

13. Dephosphorylation Reactions on PI4P and PI(4,5)P;

The strong phenotypes resulting from the overexpression of PI 4-kinases and PI4P 5-kinases
illustrate that the levels of PI4P and PI(4,5)P, must be tightly controlled. Furthermore, it seems crucial
that the subdomain of the plasma membrane decorated with phosphoinositides remains clearly confined
requiring the degradation of phosphoinositides diffusing out of this area. Therefore, phosphoinositides
need to be degraded either by cleaving off their headgroup or by dephosphorylation. A cleavage
reaction degrades the phosphoinositide “for good”, yielding a lipid and a polyphosphorylated
inositol as reaction products. In contrast, a dephosphorylation reaction takes a phosphoinositide
one step back in the phosphorylation cascade so that it can be quickly rephosphorylated. Due to
this, the dephosphorylation reactions of PI4P and PI(4,5)P; have potential for a fine-tuning of PI14P
and PI(4,5)P, concentrations. However, data on respective enzyme function in pollen tubes is scarce.
The phosphatase ROOT HAIR DEFECTIVE4 (RHD4/SAC?) acts on the D4-phosphate in PI4P and is
required for physiological tip growth in root hairs [7,167]. The protein has been detected in mature
pollen grains and transient co-expression in tobacco pollen tubes showed a partial overlap in localisation
with AtRabA4d in the endosomal compartment [132,182]. AtSAC?7 is part of clade II of the suppressor
of actin (SAC) phosphatases together with AtSAC6 and AtSACS [220]. Hence, it seems likely that
AtSAC6 and AtSACS are PI4P-phosphatases as well, especially since all three are able to complement
the yeast sac1 null mutant in a similar manner, yet there are no reports on the enzymatic activity of
AtSAC6 and AtSACS [221]. Expression of AtSAC6 has been reported to be pollen-exclusive, especially
high during pollen maturation, and it was found in a mutant screen to be required for 3-aminobutyric
acid-induced sterility [221,222]. A SAC protein homologue in rice acting on PI4P and PI(4,5)P2 was
linked to actin polymerisation and adjustment of cell elongation [223]. However, despite their described
involvement in cell growth and tip growth in root hairs and their expression in pollen, no connection
to pollen tubes has been described so far for the clade II SAC phosphatases.

The clade III protein of Arabidopsis SAC phosphatases, AtSAC9, has been proposed to act on
PI(4,5)P, and inositol 1,4,5-trisphosphate and in roots of the respective mutant these two compounds
accumulated [224]. The sac9 mutant further showed a constitutively stressed phenotype, which was later
connected to defects in cell wall structure and disorganised deposition of cell wall material [224,225].
Other phosphatases acting on the D5-phosphate in PI(4,5)P, have been found in the protein family
of plant 5" phosphatases (5PTases) [226]. Arabidopsis possesses 15 proteins of the 5PTase family,
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which can be divided into two different groups based on their protein structure. At5PTasel-11 form
group I, while group II contains At5Ptasel2-15 (At5PTasel5, mainly labelled AtFRA3) [226,227].
Substrate specificity is mixed in those groups, as different members from both groups show in vitro
substrate preferences towards soluble inositol polyphosphates or hydrophobic phosphoinositides
including PI(4,5)P; [226]. From group I AtSPTases, only At5PIase5 is consistently expressed during
different stages of the pollen life cycle, the corresponding protein was not found in mature pollen
though [179,180,182]. In addition, involvement of the respective protein, variously labelled BST1,
DER4, or MRHS3, in the actual tip growth processes of root hairs or pollen in Arabidopsis seems to be
minor [228,229]. The group Il At5PTases genes At5PTase12-14 are expressed during pollen development
and tube growth according to transcriptomic data, and all three encoded proteins are detected in mature
pollen [179,180,182]. These three proteins have been characterised enzymatically, which revealed
in vitro substrate preference for PI(4,5)P; in case of At5PTasel4 and inositol 1,4,5-trisphosphate in
case of At5PTasel12/13. However, their in vivo substrate is unclear [230]. Hence, their role in the
phosphoinositide network and possible impact on pollen tube growth and regulation of cell wall
secretion remains to be studied.

14. Activity of Phospholipase C Is the Main Degradation Route of Phosphoinositides

In addition to modifications of their headgroup, phospholipids can be metabolised by
phospholipases like phospholipase C (PLC) and phospholipase D (PLD) [231-233]. Cleavage of
phospholipids by phospholipases C (PLCs) yields diacylglycerol (DAG) and the phosphorylated
headgroup as products [232,233]. PLCs acting on lipid substrates can be divided into non-specific
phospholipases C (NPCs) and phosphoinositide-phospholipases C (PI-PLC). PI-PLCs specifically use
phosphoinositides as a substrate, while NPCs act on structural phospholipids like phosphatidylcholine
(PC) or phosphatidylethanolamine (PE) [234,235]. Influences of Arabidopsis NPCs on root growth and
pollen development but not pollen tube growth have been described [236-238]. In addition, so far,
no Arabidopsis PI-PLC mutant was reported to be impaired in pollen tube growth. However, studies in
other model systems highlighted PI-PLC importance to counterbalance PI4P5K-activity [185,239,240].
Petunia PiPLC1 and tobacco NtPLC3 both localise to the plasma membrane in growing pollen tubes, in
overlapping regions with their substrate PI(4,5)P,, although the protein localisation tends to elongate
further towards the shank [185,239]. A similar co-localisation was observed for NtPLC3 and the
Arabidopsis PI4P5Ks AtPI4P5K2 and 11 after transient expression in tobacco pollen tubes [240].
For petunia PiPLC1, image time series indicated that the PLC localisation extends towards the extreme
apex in phases of reduced growth and is less apical in phases of rapid growth [185]. Dominant negative
expression of PLCs mutated in their active site or chemical inhibition of NtPLC3 caused a depolarisation
of tip growth and swollen tube tips [185,239,240]. Additionally, PI(4,5)P, visualised by a lipid sensor
was observed to spread further towards the shank upon PLC-inhibition [239]. The pollen tube tip
phenotype of swollen tips in tobacco pollen tubes was observed upon overexpression of inactive
NtPLC3 and AtPI4P5K2; however, AtPI14P5K2-induced tip swelling could be reversed by simultaneous
overexpression of active NtPLC3 [240]. Taken together, PLCs seem to be important in pollen tube tip
growth as the main antagonist of PI4P5Ks, regulating PI(4,5)P, abundance and location.

15. Inositol(poly)phosphates Are Receptors’ Cofactors

On the one hand, PLC activity abolishes the PI(4,5)P,-signal, while on the other hand, it produces
two new molecules, inositol 1,4,5-trisphosphate (IP3) and DAG. Cleavage of P1(4,5)P, to the second
messengers IP; and DAG is a common signal pathway in animal cells: DAG subsequently activates
protein kinase C (PKC) while an IP5-receptor triggers the release of Ca?* from intracellular storage [241].
However, neither for PKC nor for a canonical IP3-receptor do homologues exist in the Arabidopsis
genome, so PLC-dependent responses seem to be transmitted differently [242,243]. In case of IP3,
it was proposed that it rather acts as a precursor for higher phosphorylated inositol phosphates (IPs)
and inositol pyrophosphates (IPPs) species like IPs, IP4, IP7, or IPg [242,244,245]. A signalling role for
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IPs was, for example, shown in the hormone signalling pathways of auxin and jasmonates, as the TIR1-
and COll-receptor need the cofactors IP4 and IPs, respectively [246-250]. Both methyl jasmonate [251]
and the auxin indole acetic acid [252] have been shown to influence pollen tube growth, indicating
that these hormones can be perceived by the pollen tube and regulate its growth. Interestingly, IPs are
also required for targeted pollen tube growth in Arabidopsis according to studies on ipk2« and ipk2f3
mutants [253]. The IPK2 enzymes catalyse the reactions from IP; to IP5, successive phosphorylations
of the D6- and D3-position of the inositol ring. Single mutants were phenotypically inconspicuous,
however, a double mutant could not be obtained, likely due to a male transmission defect, which could
be traced to impaired pollen germination and pollen tube guidance [253].

16. Diacylgylcerol Kinases Have Distinct Functions in Growing Pollen Tubes

In the animal field, DAG, the second product of PLC-activity, was established to act as a second
messenger and to activate protein kinase C [254,255]. However, so far, no plant orthologues of these
protein kinases have been identified [256]. Consequently, a role of DAG in plant cell signalling
is under debate, especially since it can be easily phosphorylated by DAG kinases (DGKs) to form
PA, which makes a dissection of DAG-specific and PA-specific reactions difficult [257,258]. So far,
a DAG-specific role has only been proposed to act in the development of lateral root under mild salt
stress [259]. Hence, the question whether DAG has a signalling role of its own is still unanswered.
In pollen tubes, DAG localises to the apex and stretches through the subapical region towards the shank,
overlapping with localisation of PI-PLCs, which seem to be primary responsible for its synthesis [239].
DAG localisation also overlaps with PA-localisation, as determined by a fluorescent lipid sensor.
PA shows extended localisation in the pollen tube subapical flanks, however is not present at the tube
apex [260]. While part of the PA originates from PLD enzyme activity, as discussed below, PA could also
be produced from PI-PLC-derived DAG by a phosphorylation reaction (Figure 2). DGKs phosphorylate
the free hydroxyl group at the sn3-position of the glycerol in DAG, yielding PA [261]. Inhibitor studies
with the PLD-inhibitor 1-butanol and the DGK-inhibitor R59022 were carried out in tobacco pollen
tubes as a first attempt to study the specific effect of DGK-produced PA [262]. Changes in vacuole
morphology were thus traced to DGK activity, as vacuolar strands formed aggregates that extended
into the tip region. In contrast, DGK-derived PA is apparently not involved in actin organisation during
pollen tube growth [262]. Arabidopsis DGKs form a seven-membered protein family, of which AtDGK4
is exclusively expressed in pollen, and proteomic analyses detected AtDGK4 and AtDGKS in mature
pollen grains. Similarly, a tobacco DAG kinase homologous to AtDGKS5 was detected during all stages
of tobacco pollen development [182,262,263]. Studies on one Arabidopsis T-DNA line of AtDGK4
reported decreased pollen tube growth rates for dgk4 pollen [264]. Pollen tubes of dgk4 exhibited altered
cell wall properties; furthermore, the authors reported impaired membrane recycling, and additional
defects in the pollen tube reaction to NO have been reported [264,265]. However, another recent
study did not report significant phenotypes in the single dgk4 mutant, only for the double mutant
dgk2 dgk4 [266]. The respective enzymes DGK2 and DGK4 are localised to the ER and are probably
involved in phospholipid metabolism there [266]. DGK function and DGK-derived PA have come into
the focus of pollen tube research just recently, so the distinct sensors, transmitters, and effectors of
PI-PLC/DGK-derived PA are still unexplored.

17. Phospholipase D-Produced Phosphatidic Acid Regulates Pollen Tube Growth

Unlike PLCs, which give rise to DAG, PLDs cleave phospholipids between the phosphate group
and the headgroup, yielding PA [231,233]. In Arabidopsis, twelve PLDs are described differing in
domain structure, enzymatic properties, and substrate preferences [243,267,268]. It is interesting to note
that no Arabidopsis PLD activity on phosphoinositides has been reported, implying that PLC-mediated
hydrolysis is the major pathway to terminate phosphoinositide signalling [243,268]. The origin of
PLD-produced PA in pollen tubes is thus likely distinct from the PA produced by the concerted activity
of PI-PLC and DGK, with the PI-PLC/DGK-pathway acting on phosphoinositides rather than structural
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phospholipids [235,269]. Nevertheless, PLD-activity has been demonstrated to be crucial for pollen
tube growth using the PLD-inhibitor 1-butanol [270]. Subcellular analysis of tobacco pollen tubes
treated with 1-butanol showed impairment of endocytosis, cell wall secretion, and actin regulation
during tube growth [262]. The necessity of PA for exocytic processes has also been reported in various
human cell types [271-273]. Two effects on secretion are generally discussed, firstly, that it could serve
as a landmark in the plasma membrane, labelling the sites of exocytosis and recruiting proteins required
for secretory processes. In this context, the anionic charge of its headgroup might help PA to interact
with the positively charged domain of interacting proteins [272,274]. In line with this hypothesis,
components of the tobacco exocyst complex partially colocalise with PA sensors in tobacco pollen
tubes [215]. Secondly, PA influences biophysical properties of the membrane: its minimal headgroup
results in a conical shape of the lipid, which in turn induces negative membrane curvature [274].
Membrane curvature is especially influential in vesicle formation so the shape of PA could be required
for the endocytic recycling of vesicles at the pollen tube tip.

Several Arabidopsis PLD genes are expressed in pollen, and AtPLD«l, AtPLDa2, AtPLDf1,
and AtPLD? are detected in mature pollen [182,262]. Despite this, no pollen tube growth phenotypes
for Arabidopsis pld mutants have been described so far. In contrast, several tobacco PLDs are linked to
pollen tube tip growth. Different NtPLDs were found to be expressed in pollen and germinated pollen,
labelled NtPLD«2, NtPLD{1, and NtPLD5}, and anti-sense-mediated knockdown of NtPLDS1 and
NtPLD6 impaired pollen tube growth [275]. Furthermore, for NtPLD{31, actin-binding capacity and
regulation of PLD-activity by actin was demonstrated, leading to the conclusion that NtPLD{1 is a key
regulatory factor of actin organisation during pollen tube growth [275]. For NtPLD9, a connection
to ROS signalling was observed, as knockdown of NtPLD? in tobacco pollen tubes led to a higher
sensitivity towards H,O,. Interestingly, ROS-production by NtNOX itself is in part regulated by
PLD-produced PA [62]. Recently, bioinformatic analysis of tobacco PLDés classified five different
NTPLDé&s, NtPLD61 to 5 [276]. Overexpression of these PLDs in tobacco pollen tubes showed
preferential cytosolic localisation for NtPLD61 and 2, plasma membrane localisation for NtPLD$4 and
5, and an equilibrium between both compartments for NtPLD3. Tobacco pollen tubes overexpressing
NtPLD63 showed the most severe phenotypes, including apical membrane invaginations. Due to
the observed phenotypes, a role for NtPLD$3 in membrane trafficking was proposed, highlighting
the importance of lipid-mediated signalling for the maintenance of secretion in physiological tip
growth [276].

18. Outlook

Many factors have been identified that are important for the polarisation of a pollen tube and
its plasma membrane, including the channelling of secretory vesicles to the apical region by a highly
specialised cytoskeleton and the regulation of exocytosis. This led to a model of a periodically oscillating
system sustained and controlled by feedforward and feedback loops. In addition, external guidance
cues and reacting receptors have been found. Now, the challenge emerges to understand how these
external signals are integrated and transduced, so that cell wall properties are modulated that allow
uneven tube extension and the pollen tube to “take a turn”. Interesting questions can also be asked
about the beginning and the end of pollen tube growth: How is the cell polarity originally established
and how is the cell wall weakening orchestrated that ultimately leads to the bursting of the pollen
tube and release of the sperm cells at the correct place? Finally, we must understand how this fragile
system adapts to environmental stress to sustain pollen tube growth and why it fails in some species
but not in others. This could highlight strategies for the future to prevent crop losses under weather
and climate extremes.
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Summary
New Phytologist (2022) The number of described contact sites between different subcellular compartments and

doi: 10.1111/nph.18390 structures in eukaryotic cells has increased dramatically in recent years and, as such, has

substantially reinforced the well-known premise that these kinds of connections are essential for
overall cellular organization and the proper functioning of cellular metabolic and signaling
pathways. Here, we discuss contact sites involving plant lipid droplets (LDs), including LD-
endoplasmic reticulum (ER) connections that mediate the biogenesis of new LDs at the ER, LD-
peroxisome connections, that facilitate the degradation of LD-stored triacylglycerols (TAGs),
and the more recently discovered LD-plasma membrane connections, which involve at least
three novel proteins, but have a yet unknown physiological function(s).

Key words: ER, lipid droplet, membrane
contact sites, oleosome, peroxisome, plasma
membrane.

as seed germination, and also for membrane remodeling during

l. Lipid droplet functions and composition abiotic stress (de Vries & Ischebeck, 2020; Krawczyk ez al., 2022a).

Cytosolic lipid droplets (henceforth referred to as LDs) are
subcellular structures that occur in essentially all eukaryotic species
and in most of their cells. While traditionally considered to be just
subcellular storage depots for neutral lipids, such as triacylglycerols
(TAGs) and sterol esters (SEs), the described functions of plant LDs
have expanded in recent years to include roles as both a source and
sink for various hydrophobic compounds and their building blocks
(Ischebeck ez al., 2020). Hence, plant LDs are now known to be
important for fueling a wide range of developmental processes, such

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

In addition, LDs support plant defenses through the production
of volatiles (Garbowicz et al.,2018) and phytoalexins (Shimada
et al., 2014; Fernandez-Santos et al., 2020), and based on their
reported proteomes, LDs likely have numerous other functions that
remain to be elucidated (Ischebeck ez 4/, 2020).

Structurally, LDs are relatively simple, in that their core consists
of TAG, SE and/or other hydrophobic substances that are
partitioned from the aqueous cytosol by a phospholipid monolayer
(Pyc etal., 2017). Furthermore, various proteins are integrated into
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the LD monolayer, some of which are thought to extend into the
hydrophobic core (Huang, 2018), while others appear to be
attached directly to the LD surface (Gidda ez al., 2016) or through
protein—protein interactions (Krawczyk ez al., 2022b). Notably, in
the last few years, many new LD proteins have been discovered that
are directly involved in LD biogenesis, function, and/or breakdown
(Horn er al,2013; Pyc et al,2017, 2021; Fernandez-Santos
et al., 2020; Kretzschmar ez al., 2020). Some of these proteins have
been also implicated in mediating the physical connections that
exist between LDs and other subcellular structures (Greer
et al.,2020; Pyc et al,2021; Krawczyk et al.,2022b). These
connections are defined as membrane contact sites (MCSs) if the
following conditions are fulfilled: (1) a connection of organelles
mediated by tethering proteins, (2) no fusion of the organelles, (3)
the fulfillment of a specific function(s) by the MCS, and (4) the
presence of a defined proteome at the MCS (Scorrano ez al., 2019).
Here we focus on the connections of plant LDs with the
endoplasmic reticulum (ER) and peroxisomes that are most
thoroughly explored (Fig. 1a,b), and also highlight the recently-
discovered MCS between LDs and the plasma membrane (Fig. 1¢).

Il. Lipid droplet-endoplasmic reticulum connections
in plant cells

Lipid droplet formation is thought to be initiated by the synthesis of
hydrophobic compounds (e.g., TAGs) at the ER, which are
sequestered between the two leaflets of the ER membrane. The
synthesized TAGs then aggregate into a ‘lens-like’ structure within
the bilayer, based on biophysical processes as described by
molecular dynamics simulations (Zoni ez al,2021). Simulation
studies have also indicated that the protein seipin helps to
accumulate and trap these “TAG lenses’ thereby defining the site
of LD formation. Seipin is a membrane protein conserved across
eukaryotes. It is organized in ring-shape complexes in the ER
bilayer as a 10-mer in yeast (Klug ¢t 4/, 2021), and an 11-mer in
human (Yan ezal., 2018). A single ring of seipin subunits is believed
to surround the monolayer connection between the forming LD
and the ER membrane, probably acting as a vent for the stream of
ER-synthesized TAGs and other storage lipids entering into the
growing LD (Fig. 2). In this way, the LD remains connected to
the ER during formation and the LD monolayer is continuous with
the outer leaflet of the ER membrane. The seipin ring might furcher
prevent fusion of two nascent LDs at their connection sites to the
ER.In Arabidopsis, there are three seipin isoforms encoded by three
discrete genes (Cai et al,2015). While the precise oligomeric
nature of the Arabidopsis seipin complex is not yet known,
structural homology modeling studies have indicated that the three
seipin isoforms can adopt a similar three-dimensional (3D)
structure as their human and yeast counterparts (Chapman
et al., 2019). Ectopic expression of individual Arabidopsis seipins
in plant cells influences the overall number and sizes of LDs, while
loss of function of all three isoforms disrupts normal LD formation
at the ER surface (Taurino ez al., 2017).

In Arabidopsis, LIPID DROPLET-ASSOCIATED PROTEIN
1,2 and 3 (LDAP 1, 2 and 3) and their interaction partner LDAP-
INTERACTING PROTEIN (LDIP) also bind to nascent LDs
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Fig. 1 Lipid droplets(LDs) form various contactsitesin plant cells. (a) Contact
sites of LDs with the endoplasmic reticulum (ER). Micrograph of a
transiently-transformed Nicotiana benthamiana leaf cell expressing the ER
marker protein KARYOGAMY2-CFP-HDEL (green) and stained with the
neutral lipid-specific dye BODIPY 493/503, serving as a marker for LDs
(magenta). Note the cell was also co-transformed with untagged LD-
ASSOCIATED PROTEINT and LEAFY COTYLEDON?Z in order to facilitate a
proliferation of LDs. Image kindly provided by Payton Whitehead. (b)
Contact sites of LDs with peroxisomes. Micrograph of an Arabidopsis
seedling hypocotyl cell stably-coexpressing mCherry appended to a type 1
peroxisomal targeting signal, serving as a marker for the peroxisomal matrix
(blue), and green fluorescent protein (GFP)-tagged SUGAR-DEPENDENT 1,
which localizes to the peroxisomal boundary membrane, including mem-
brane extensions called peroxules (green). LDs in the same cell were stained
with the neutral-lipid specific dye Nile red (magenta). Image kindly provided
by Dr Thierry Gaude; reproduced from Thazar-Poulot et al. (2015). (c) LD
contact sites with the plasma membrane (PM). Micrograph of Arabidopsis
seedling hypocotyl cells showing LDs surrounded by the stably-expressed
LIPID DROPLET PLASMA MEMBRANE ADAPTOR fused to eGFP (green),
which is especially enriched at contact sites with the plasma membrane
(white). The plasma membrane was stained with FM4-64 (magenta). Image
reproduced from Krawczyk et al. (2022b). Bars, 5 um.

(Coulon ez al., 2020; Pyc et al., 2021). LDIP additionally interacts
with at least SEIPIN1 and SEIPIN2 and appears to function with
them at the LD-ER junction (Pyc ez al., 2021). Hidden Markov
model searches revealed that the LDAPs and LDIP have homology
with the human perilipin proteins (Box 1), and lipid droplet
assembly factor 1 (LDAF1), respectively (Pyc et al., 2021). While
perilipin proteins are generally considered LD surface-associated
proteins with numerous functions (Itabe er al,2017), LDAF1
forms an oligomeric complex in a 1: 1 stoichiometry with seipin
proteins during LD initiation in mammalian cells, and might
additionally coat the nascent LD (Chung ez al., 2019), a model that
could also be considered analogous for the SEIPIN-LDIP
complex. By extension, this comparison might be interpreted as a
functional conservation between plants and other eukaryotes in the
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Fig. 2 Lipid droplet (LD)-endoplasmic reticulum (ER) contact sites are
required for LD biogenesis. Triacylglycerols (TAGs) and sterol esters (SEs) are
synthesized at the ER by different acyltransferases (ATs) and are channeled
within the membrane into the growing, nascent LD at the ER-LD contact site.
Seipin proteins are proposed to form a ring-shaped oligomer surrounding the
ER-LD junction, regulating TAG/SE filling and LD growth. In addition,
vesicle-associated membrane protein (VAMP)-associated protein 27-1
(VAP27-1) is considered part of the tether at the ER-LD contact site,
interacting with seipin. LD-associated proteins (LDAP) and LDAP-interacting
protein (LDIP) target from the cytosol to the nascent LD surface where they
serve as an LD ‘coat’, and LDIP also interacts with the seipin complex at the
LD-ER junction. Other LD coat proteins, such as oleosins (OLEs), are initially
inserted in the ER membrane and then traffic to the LD surface via the ER-LD
junction. However, the precise mechanism by which these proteins pass
through the seipin complex remains to be determined. It is also not clear, if
TAGs and SEs can be channeled back to the ER to be further metabolized by
ER-bound lipases and/or ATs. Figure based on Ischebeck et al. (2020).

components of the LD-ER connection complex. See Box 1 for
additional information on LD connections with ER and other
subcellular structures in nonplant systems.

Another component at the LD-ER connection in Arabidopsis is
the VESICLE-ASSOCIATED MEMBRANE PROTEIN
(VAMP)-ASSOCIATED PROTEIN 27-1 (VAP27-1). VAP27-1
has been previously described in the formation of ER—plasma
membrane MCSs, where it interacts with the protein NET-
WORKED 3C (Wang er al,2014). Besides this contact site,
VAP27-1 localizes to the ER and LDs and physically interacts with
the N-terminus of SEIPIN2 and SEIPIN3 (Greer er al., 2020). As
such, VAP27-1 appears to be an additional part of the tether complex
atthe LD-ER junction in plant cells that likely stabilizes the LD at the
ER surface during biogenesis. VAP27-1 has well conserved
homologs in yeast and animals and several of these VAP family
proteins in other eukaryotes are known to participate in MCSs, and
to facilitate lipid exchange between subcellular membranes. Inter-
estingly, Arabidopsis cells with genetic disruptions in SEIPIN, the
LDAPs, LDIP, or VAP27-1 can still form LDs. However, these LDs
are often relatively large in size (Cai ez al, 2015; Greer ez al., 2020;
Pyc er al.,2021), and in the case of the seipin triple mutants, are
sometimes found inside the ER lumen or the nucleoplasm instead of
the cytoplasm (Taurino ez al, 2017). It is not clear if additive effects
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Box 1 Lipid droplets contact sites in yeast and animals.

In nonplant systems, many connections between lipid droplets (LDs)
and other subcellular structures have been described (Valm
et al.,2017; Bohnert, 2020; Liao et al., 2022). Association between
LDs and lysosomes or the lysosome-like vacuole in yeast has
been functionally connected to lipophagy (van Zutphen et al., 2014;
Schroederetal., 2015). However, some of the described LD contacts
have different and sometimes tissue-dependent functions. For
example, LD-mitochondria connections have been suggested to
serve in the transfer of substrates for beta-oxidation (Bohnert, 2020)
or for fatty acid activation for triacylglycerol (TAG) synthesis
(Benador et al., 2018). In several cases, discrete proteins have been
found that are required to form the membrane contact sites (MCSs)
at these connections. For instance, the human LD proteins perilipin 1
(PLIN1) and PLINS5 serve as potential tethering factors between LDs
and mitochondria (Wang et al., 2011; Boutant et al., 2017), while in
humans MOSPD2 (motile sperm domain-containing protein 2),
which is a member of the ER-anchored vesicle-associated membrane
protein (VAMP)-associated protein (VAP) family, forms a connec-
tion between the endoplasmic reticulum (ER) and LDs via a
cytoplasmic-facing amphipathic helix that has affinity for lipid
packing at the surface of the LDs (Zouiouich et al., 2022). Also in
humans, the mitoguardin 2 (MIGA?2) protein facilitates a three-way
connection between LDs, ER, and mitochondria for lipogenesis in
adipocytes (Freyre et al., 2019). In Drosophila, the protein Snazarus
mediates a connection between the ER, plasma membrane and LDs
in fat body cells (Ugrankar et al.,2019). However, MIGA2 and
Snazarus have no obvious homologs in plants, suggesting that other
proteins might serve parallel roles in plant cells. By contrast, the
proteins involved in the connection of LDs to the ER required for the
proper formation of LDs are relatively well conserved among plants
and other eukaryotic organisms.

would be observed in higher-order mutants or if single mutations in
either gene locus are sufficient to lead to the same LD phenotype (i.c.
gene locus heterogeneity).

The connection of LDs to the ER is not only important during the
initiation of LD synthesis, but also during LD growth and maturation
(Chapman et al., 2019). It is furthermore believed that many of the
proteins that associate with the LD surface are synthesized at the ER
and inserted first into the ER membrane before reaching the LD
(Ischebeck ez al., 2020). The best investigated example of this group of
proteins are the oleosins, which are the most abundant LD protein
family in seeds (Huang, 2018). It remains to be determined though,
how these proteins traffic past the seipin ring complex in the ER
membrane in order to populate the nascent, growing LD. Similarly, it
isalso not known if LDs completely detach from the ER at some point
or if they always stay connected to the ER through a membrane
continuum, as suggested in yeast (Jacquier er al,2011). Possibly
involved in the former detachment process might be dynamins, which
play a role in pinching off endocytotic vesicles and during fission of
peroxisomes, mitochondria and plastids. Interestingly two dynamins
were found as potential interaction partners of both seipin and LDIP
in co-immunoprecipitation assays (Pyc ez al, 2021).

Another important open question is how many functions the
LD-ER connection sites have. One function is clearly for LD
synthesis and the deposition of hydrophobic compounds into the
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growing LD, but depending upon the cell or tissue type, or the
nature of the hydrophobic metabolite, this LD formation may have
multiple functions. One such function is to store compounds for
subsequent developmental stages, as during embryo and male
gametophyte development. However, TAG accumulates and LD
numbers increase also during abiotic stress. Here, it is speculated
that the free fatty acids derived from stress-induced membrane lipid
breakdown and remodeling are channeled into TAG to prevent
lipotoxicity, making LDs an effective sink (de Vries &
Ischebeck, 2020). SEs, however, decrease during heat stress in
tobacco pollen tubes possibly to increase the amount of free sterols
and sterol glycosides (Krawczyk ez al., 2022a), which could sustain
membrane integrity by counteracting heat-increased membranes
fluidity (Dufourc, 2008). In this regard, LDs could act as both a
sink and source at the same time. LDs could also serve as a source
during heat stress recovery, where TAG decreases again, as shown
for leaves (Mueller ez al,2015). Finally, it is possible that the
building blocks of TAG could be directly used for membrane
synthesis (Muller & Ischebeck, 2018; de Vries & Ischebeck, 2020),
although it is not clear which lipases and/or acyltransferases would
be involved in this process and if an LD-ER connection is required.

lll. Lipid droplet-peroxisome connections in plant
cells

Lipid droplets in oilseeds are the source of stored TAGs that are
mobilized for carbon and energy during post-germinative seedling
growth. The utilization of TAGs requires hydrolysis to free fatty
acids by the lipase SUGAR-DEPENDENT 1 (SDP1; East-
mond, 2006) at the LD surface, and the uptake and oxidation of
these fatty acids by the beta-oxidation and glyoxylate cycle
pathways the (Zienkiewicz &
Zienkiewicz, 2020). Intimate connections observed by transmis-

in peroxisome  matrix
sion electron microscopy between LDs and peroxisomes have
been reported for decades (e.g. Gruber ez al., 1970 and recently
reviewed in Esnay er al,2020), and purported functional
connections have been described (Reumann & Bartel, 2016).
SDP1 is localized in the peroxisomal boundary membrane, and
upon seed germination, the membrane forms extensions called
peroxules that surround the LD (Thazar-Poulot et al,2015).
These peroxule extensions are dependent on a heteromeric protein
complex called a ‘retromer’ complex, which is an evolutionarily-
conserved muld-protein complex that mediates changes in
membrane curvature. This relocalization of SDP1 in peroxules
that wrap around LDs is believed to constitute an MCS that
thereby facilitates the exchange of fatty acids to the peroxisomes
for oxidation. Mutants disrupted in peroxule formation, fatty acid
uptake, or beta-oxidation all show dramatic alterations in perox-
isome morphology associated with interrupted lipid breakdown
(Hayashi ez al., 2001; Thazar-Poulot ez al., 2015; Cui et al., 2016).
Although an MCS for peroxisomes and LDs has not been identified
perse, nor have any tethering proteins that mediate their connection
been discovered, it is possible that this connection involves VAP
proteins at the ER (or the LD) and the peroxisomal membrane-
bound acyl-CoA transporter, PEROXISOMAL TRANSPOR-
TER PROTEIN1 (PXAl) (Esnay er al,2020). Certainly, the
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connection between LDs and peroxisomes is an area poised for
future research breakthroughs.

IV. Lipid doplet-plasma membrane connections in
plant cells

During seed germination and seedling establishment of Arabidopsis,
LDs are generally closely associated with the plasma membrane
(Kretzschmar ez al., 2018). While the reason for this could be that they
are simply appressed to the plasma membrane due to the large central
vacuole, recent studies have shown that three proteins are specifically
involved in the formation of this association (Krawczyk ez al., 2022b).
Two of these proteins involved in LD-plasma membrane connections
in Arabidopsis are the closely related SEED LIPID DROPLET
PROTEIN 1 and 2 (SLDP1 and 2), which bind to LDs via a
hydrophobic region near their N-termini and can also directly interact
with the LIPID DROPLET PLASMA MEMBRANE ADAPTOR
(LIPA) protein localized at the plasma membrane, thereby forming an
MCS (Fig. 3). Consequently, if either SLDPs or LIPA are disrupted,
LDs no longer align at the plasma membrane but instead cluster
within the cell. Conversely, if one of the SLDPs is coexpressed with

Q L|p|d remodelling

Apoplast

Cytosol
Lipid §
transfer?

Phospholipid
Triacylglycerol
-~ Sterolester

Fig. 3 Lipid droplets (LDs) can be tethered to the plasma membrane (PM). In
germinating seedlings, the LD-bound seed lipid droplet proteins (SLDPs) and
the PM-localized lipid droplet plasma membrane adaptor (LIPA) form a
tether thatanchors LDs to the PM. While the physiological role of this contact
site is as of yet unclear, one possibility is that it is involved in stress-induced
lipid remodeling of the PM. LDs provide a reservoir for various esterified fatty
acids that could be used as a source for the adjustment of membrane
phospholipids. In this model, the transport of fatty acids and/or sterol
backbones would occur between the PM and LDs, possibly mediated by
lipid-transfer proteins (LTPs).
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LIPA in tobacco pollen tubes, wherein LDs normally move swiftly
throughout the cell via the cytoplasmic streaming, they are instead
immobilized at the plasma membrane.

The identification of this unique LD-plasma MCS raises
questions about its cellular and physiological function. Given that
TAG breakdown is not affected nor is seedling establishment
strongly perturbed in s/dp and /ipa mutants, one can speculate that
this MCS might be important under sub-optimal and/or fluctu-
ating conditions. Membranes adapt under changing environmental
conditions, and membrane lipid remodeling is often observed in
plant cells under abiotic stress. The plasma membrane is the barrier
between the internal and external cellular environment, and it
contains a unique lipidome. Thus, it may also be that LDs provide a
reservoir for lipid remodeling of the plasma membrane under stress
that is important to preserve membrane function and cellular
integrity. Indeed, the close proximity of the LDs might support this
remodeling of the plasma membrane via the supply of lipids,
including free fatty acids released from storage lipid breakdown,
such as TAG, or by providing free sterols derived from SEs or other
lipids. This support role might be especially important during early
seedling establishment, where SLDP expression is high, as this
developmental stage appears to be especially vulnerable to abiotic
stress such as drought stress, since seedlings lack an established root
system and can take up less water. However, the function of the
SLDP-LIPA complex might not be limited to seedlings. For
example, SLDP1 and LIPA expression increases during desiccation
in leaf veins (Klepikova ez al., 2016), and a homolog of SLDP was
also found in the oil-rich tubers of yellow nutsedge, which harbor a
proteome similar to seeds (Niemeyer et al., 2020).

V. Conclusions

Lipid droplets have been identified as key hubs for intracellular
lipid metabolism and storage. Because of this, it is essential that LDs
are connected to the metabolism of other subcellular compart-
ments. For the ER and the plasma membrane, proteins are known
that form junctions and contact sites. For other organelles such as
vacuoles and peroxisomes, interactions and connections are
described but the proteins that facilitate these contacts remain to
be clearly identified. Finally, contacts of LDs to the outer
membranes of mitochondria and plastids are likely, and these
could play a role during lipid remodeling of these organelles as
especially plastidial lipids are degraded under stress. Future goals
will be to identify all contacts and proteins that form and/or make
use of them. Following a better developed inventory of LD
interactions with subcellular membranes, it will be possible to
elucidate the functions of these contacts sites, including how they
might facilitate lipid transfer between compartments. The resulting
insights might form the basis for biotechnological applications,
where LDs could be used as selected locations for the synthesis and
storage of valuable hydrophobic compounds.

Acknowledgements

The authors would like to thank Payton Whitehead (University of
North Texas) and Dr Thierry Gaude (University of Lyon, France)

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

64

for providing micrographs. The authors apologize to those
researchers whose work was not cited because of space limitations.
This review and research conducted in the authors laboratories on
lipid droplet biogenesis is supported by grants from the Deutsche
Forschungsgemeinschaft (IS273/10-1 to TT) and the Studienstiftung
des deutschen Volkes (stipend to PS), the US Department of Energy,
Office of Science, BES-Physical Biosciences program (DE-
SC0016536 to KDC and RTM), the US Department of Energy,
BER program (DE-SC0020325 to KDC), and the Natural Sciences
and Engineering Research Council of Canada (RGPIN-2018-
04629 to RTM). Open Access funding enabled and organized by
Projekt DEAL.

ORCID
Kent D. Chapman (2 https://orcid.org/0000-0003-0489-3072
Till Ischebeck (2 https://orcid.org/0000-0003-0737-3822

Robert T. Mullen
Patricia Scholz

heeps://orcid.org/0000-0002-6915-7407
hteps://orcid.org/0000-0003-0761-9175

Data availability

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

References

Benador 1Y, Veliova M, Mahdaviani K, Petcherski A, Wikstrom JD, Assali EA,
Acin-PerezR, Shum M, Oliveira MF, Cinti S ezl 2018. Mitochondria bound to
lipid droplets have unique bioenergetics, composition, and dynamics that support
lipid droplet expansion. Cell Metabolism 27: 869—-885.

Bohnert M. 2020. Tethering fat: tethers in lipid droplet contact sites. Conzact 3:
2515256420908142.

Boutant M, Kulkarni SS, Joffraud M, Ratajczak ], Valera-Alberni M, Combe R,
Zorzano A, Canto C. 2017. Mfn2 is critical for brown adipose tissue thermogenic
function. EMBO Journal 36: 1543—1558.

Cai Y, Goodman JM, Pyc M, Mullen RT, Dyer JM, Chapman KD. 2015.
Arabidopsis SEIPIN proteins modulate triacylglycerol accumulation and
influence lipid droplet proliferation. Plant Cell 27: 2616-2636.

Chapman KD, Aziz M, Dyer JM, Mullen RT. 2019. Mechanisms of lipid droplet
biogenesis. Biochemical Journal 476: 1929-1942.

Chung J, Wu X, Lambert TJ, Lai ZW, Walther TC, Farese RV Jr. 2019. LDAF1
and seipin form a lipid droplet assembly complex. Developmental Cell 51: 551~
563.¢7.

Coulon D, Brocard L, Tuphile K, Bréhélin C. 2020. Arabidopsis LDIP protein
locates at a confined area within the lipid droplet surface and favors lipid droplet
formation. Biochimie 169: 29—40.

Cui S, HayashiY, Otomo M, Mano S, Oikawa K, Hayashi M, Nishimura M. 2016.
Sucrose production mediated by lipid metabolism suppresses the physical
interaction of peroxisomes and oil bodies during germination of Arabidopsis
thaliana. Journal of Biological Chemistry 291: 19734-19745.

Dufourc EJ. 2008. Sterols and membrane dynamics. Journal of Chemical Biology 1:
63-77.

Eastmond PJ. 2006. SUGAR-DEPENDENT1 encodes a patatin domain
triacylglycerol lipase that initiates storage oil breakdown in germinating
Arabidopsis seeds. Plant Cell 18: 665-675.

Esnay N, Dyer JM, Mullen RT, Chapman KD. 2020. Lipid droplet—peroxisome
connections in plants. Conzact3: 2515256420908765.

Fernandez-Santos R, Izquierdo Y, Lopez A, Muniz L, Martinez M, Cascon T,
Hamberg M, Castresana C. 2020. Protein profiles of lipid droplets during the
hypersensitive defense response of arabidopsis against Pseudomonas infection.

Plant and Cell Physiology 61: 1144-1157.

New Phytologist (2022)
www.newphytologist.com



Freyre CAC, Rauher PC, Ejsing CS, Klemm RW. 2019. MIGA2 links
mitochondria, the ER, and lipid droplets and promotes de novo lipogenesis in
adipocytes. Molecular Cell 76: 811-825.

Garbowicz K, Liu Z, Alseekh S, Tieman D, Taylor M, Kuhalskaya A, Ofner I,
Zamir D, Klee HJ, Fernie AR ez a/. 2018. Quantitative trait loci analysis identifies
a prominent gene involved in the production of fatty-acid-derived flavor volatiles
in tomato. Molecular Plant 11: 1147-1165.

Gidda SK, Park S, Pyc M, Yurchenko O, Cai Y, Wu P, Andrews DW, Chapman
KD, Dyer JM, Mullen RT. 2016. Lipid droplet-associated proteins (LDAPs) are
required for the dynamic regulation of neutral lipid compartmentation in plant
cells. Plant Physiology 170: 2052-2071.

Greer MS, Cai Y, Gidda SK, Esnay N, Kretzschmar FK, Seay D, McClinchie E,
Ischebeck T, Mullen RT, Dyer JM ez al. 2020. SEIPIN Isoforms interact with the
membrane-tethering protein VAP27-1 for lipid droplet formation. Plant Cell32:
2932-2950.

Gruber PJ, Trelease RN, Becker WM, Newcomb EH. 1970. A correlative
ultrastructural and enzymatic study of cotyledonary microbodies following
germination of fat storing seeds. Planta 93: 262-288.

Hayashi Y, Hayashi M, Hayashi H, Hara-Nishimura I, Nishimura M. 2001.
Direct interaction between glyoxysomes and lipid bodies in cotyledons of the
Arabidopsis thaliana pedl mutant. Protoplasma 218: 83-94.

Horn PJ, James CN, Gidda SK, Kilaru A, Dyer JM, Mullen RT, Ohlrogge JB,
Chapman KD. 2013. Identification of a new class of lipid droplet-associated
proteins in plants. Plant Physiology 162: 1926-1936.

Huang AHC. 2018. Plant lipid droplets and their associated proteins: potential for
rapid advances. Plant Physiology 176: 1894-1918.

Ischebeck T, Krawczyk HE, Mullen RT, Dyer JM, Chapman KD. 2020. Lipid
droplets in plants and algae: distribution, formation, turnover and function.
Seminars in Cell & Developmental Biology 108: 82-93.

Itabe H, Yamaguchi T, Nimura S, Sasabe N. 2017. Perilipins: a diversity of
intracellular lipid droplet proteins. Lipid in Health and Disease 16: 83.

Jacquier N, Choudhary V, Mari M, Toulmay A, Reggiori F, Schneiter R. 2011.
Lipid droplets are functionally connected to the endoplasmic reticulum in
Saccharomyces cerevisiae. Journal of Cell Science 124: 2424-2437.

Klepikova AV, Kasianov AS, Gerasimov ES, Logacheva MD, Penin AA. 2016. A
high resolution map of the Arabidopsis thaliana developmental transcriptome
based on RNA-seq profiling. The Plant Journal 88: 1058-1070.

Klug YA, Deme JC, Corey RA, Renne MF, Stansfeld PJ, Lea SM, Carvalho P.
2021. Mechanism of lipid droplet formation by the yeast Seil/Ldb16 Seipin
complex. Nature Communications 12: 5892.

Krawczyk HE, Rotsch AH, Herrfurth C, Scholz P, Shomroni O, Salinas-Riester G,
Feussner I, Ischebeck T. 2022a. Heat stress leads to rapid lipid remodelling and
transcriptional adaptations in Nicotiana tabacum pollen tubes. Plant Physiology
189: 490-515.

Krawczyk HE, Sun S, Doner NM, Yan Q, Lim MSS, Scholz P, Niemeyer PW,
Schmitt K, Valerius O, Pleskot R ez 2/ 2022b. SEED LIPID DROPLET
PROTEINTI, SEED LIPID DROPLET PROTEIN2 and LIPID DROPLET
PLASMA MEMBRANE ADAPTOR mediate lipid droplet-plasma membrane
tethering. Plant Cell 34: 2424-2448.

Kretzschmar FK, Doner N, Krawczyk HE, Scholz P, Schmitt K, Valerius O, Braus
G, Mullen RT, Ischebeck T. 2020. Identification of low-abundance lipid droplet
proteins in seeds and seedlings. Plant Physiology 182: 1236—1245.

Kretzschmar FK, Mengel LF, Miiller A, Schmitt K, Blersch KF, Valerius O, Braus
G, Ischebeck T. 2018. PUX10 is a lipid droplet-localized scaffold protein that
interacts with CDC48 and is involved in the degradation of lipid droplet proteins.
Plant Cell30: 2137-2160.

Liao PC, Yang EJ, Borgman T, Boldogh IR, Sing CN, Swayne TC, Pon LA. 2022.
Touch and go: membrane contact sites between lipid droplets and other
organelles. Frontiers in Cell and Developmental Biology 10: 852021.

Mueller SP, Krause DM, Mueller M]J, Fekete A. 2015. Accumulation of extra-
chloroplastic triacylglycerols in Arabidopsis seedlings during heat acclimation.
Journal of Experimental Botany 66: 4517—4526.

Miiller AO, Ischebeck T. 2018. Characterization of the enzymatic activity and
physiological function of the lipid droplet-associated triacylglycerol lipase
AtOBLI1. New Phytologist 217: 1062-1076.

New Phytologist (2022)
www.newphytologist.com

65

New
Phytologist

Niemeyer PW, Schmitt K, Valerius O, Braus GH, de Vries ], Carlsson AS,
Hofvander P, Ischebeck T. 2020. Co-option of a seed-like proteome by oil-rich
tubers. bioRxiv. doi: 10.1101/2020.12.15.422834.

Pyc M, Cai Y, Gidda SK, Yurchenko O, Park S, Kretzschmar FK, Ischebeck T,
Valerius O, Braus GH, Chapman KD ez al. 2017. Arabidopsis lipid drop-
associated protein (LDAP) — interacting protein (LDIP) influences lipid droplet
size and neutral lipid homeostasis in both leaves and seeds. The Plant Journal92:
1182-1201.

Pyc M, Gidda SK, Seay D, Esnay N, Kretzschmar FK, Cai Y, Doner NM, Greer
MS, Hull JJ, Coulon D ez al. 2021. LDIP cooperates with SEIPIN and LDAP to
facilitate lipid droplet biogenesis in Arabidopsis. Plant Cell 33: 3076-3103.

Reumann S, Bartel B. 2016. Plant peroxisomes: recent discoveries in functional
complexity, organelle homeostasis, and morphological dynamics. Current
Opinion in Plant Biology 34: 17-26.

Schroeder B, Schulze R], Weller SG, Sletten AC, Casey CA, McNiven MA. 2015.
The small GTPase Rab7 as a central regulator of hepatocellular lipophagy.
Hepatology 61: 1896-1907.

Scorrano L, De Matteis MA, Emr S, Giordano F, Hajnoczky G, Kornmann B,
Lackner LL, Levine TP, Pellegrini L, Reinisch K ez 4/ 2019. Coming together to
define membrane contact sites. Nature Communications 10: 1287.

Shimada TL, Takano Y, Shimada T, Fujiwara M, Fukao Y, Mori M, Okazaki Y,
Saito K, Sasaki R, Aoki K ez al. 2014. Leaf oil body functions as a subcellular
factory for the production of a phytoalexin in Arabidopsis. Plant Physiology 164:
105-118.

Taurino M, Costantini S, De Domenico S, Stefanelli F, Ruano G, Delgadillo MO,
Sanchez-Serrano JJ, Sanmartin M, Santino A, Rojo E. 2017. SEIPIN proteins
mediate lipid droplet biogenesis to promote pollen transmission and reduce seed
dormancy. Plant Physiology 176: 1531-1546.

Thazar-Poulot N, Miquel M, Fobis-Loisy I, Gaude T. 2015. Peroxisome extensions
deliver the Arabidopsis SDP1 lipase to oil bodies. Proceedings of the National
Academy of Sciences, USA 112: 4158-4163.

Ugrankar R, Bowerman J, Hariri H, Chandra M, Chen K, Bossanyi MF, Datta S,
Rogers S, Eckert KM, Vale G ez al. 2019. Drosophila Snazarus regulates a lipid
droplet population at plasma membrane-droplet contacts in adipocytes.
Developmental Cell 50: 557-572.

Valm AM, Cohen S, Legant WR, Melunis J, Hershberg U, Wait E, Cohen AR,
Davidson MW, Betzig E, Lippincott-Schwartz J. 2017. Applying systems-level
spectral imaging and analysis to reveal the organelle interactome. Nature 546:
162-167.

de Vries J, Ischebeck T. 2020. Ties between stress and lipid droplets pre-date seeds.
Trends in Plant Science 25: 1203-1214.

Wang H, Sreenivasan U, Hu H, Saladino A, Polster BM, Lund LM, Gong DW,
Stanley WC, Sztalryd C. 2011. Perilipin 5, a lipid droplet-associated protein,
provides physical and metabolic linkage to mitochondria. Journal of Lipid Research
52:2159-2168.

‘Wang P, Hawkins TJ, Richardson C, Cummins I, Deeks M], Sparkes I, Hawes C,
Hussey PJ. 2014. The plant cytoskeleton, NET3C, and VAP27 mediate the link
between the plasma membrane and endoplasmic reticulum. Current Biology 24:
1397-1405.

Yan R, Qian H, Lukmantara I, Gao M, Du X, Yan N, Yang H. 2018.
Human SEIPIN binds anionic phospholipids. Developmental Cell 47: 248—
256 e244.

Zienkiewicz K, Zienkiewicz A. 2020. Degradation of lipid droplets in plants and
algae-right time, many paths, one goal. Frontiers in Plant Science 11: 579019.

Zoni V, Khaddaj R, Lukmantara I, Shinoda W, Yang H, Schneiter R, Vanni S.
2021. Seipin accumulates and traps diacylglycerols and triglycerides in its ring-
like structure. Proceedings of the National Academy of Sciences, USA 118:
€2017205118.

Zouiouich M, Di Mattia T, Martinet A, Eichler ], Wendling C, Tomishige N,
Grandgirard E, Fuggetta N, Fromental-Ramain C, Mizzon G et al. 2022.
MOSPD?2 is an endoplasmic reticulum-lipid droplet tether functioning in LD
homeostasis. 7he Journal of Cell Biology 221: ¢202110044.

van Zutphen T, Todde V, de Boer R, Kreim M, Hofbauer HF, Wolinski H,
Veenhuis M, van der Klei IJ, Kohlwein SD. 2014. Lipid droplet autophagy in the
yeast Saccharomyces cerevisiae. Molecular Biology of the Cell25: 290-301.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.



ARTICLE Il

4 Article Ill: DIACYLGLYCEROL KINASE 5 regulates polar tip growth of
tobacco pollen tubes

The article was published in the journal New Phytologist and was published online in January
2022. The supplemental materials can be found online together with the full article:

https://doi.org/10.1111/nph.17930

Author contribution:

Patricia Scholz cloned the expression vector, performed recombinant protein expression and
purification of NtDGK5 and its mutated variant NtDGK5 G118A. She carried out the radioactive
enzyme assays whose results are shown in figures 3, S7. She did the pollen tube
transformation and confocal microscopy for localisation and FRAP studies of NtDGK5 variants
as presented in figure 4. She performed interactions assays of NtDGK5 variants with anionic
lipids. To that end, she used purified recombinant protein or did in vitro translation of NtDGK5
and NtDGK5 G118A. She assayed lipid interaction in protein-lipid overlay assays and co-
sedimentation assays of large unilamellar vesicles as depicted in figures 5, S4. Furthermore,
she carried out pollen tube transformation, fluorescence and confocal microscopy for pollen
tube phenotype analysis, investigation of lipid sensor behaviour and studies of pectin
secretion shown in the figures 6, 8, 10, S8 and S11b. She performed assays of Arabidopsis in
vivo pollen tube growth that are presented in figure S9. In terms of data analysis, she
processed all the data obtained in the studies of enzyme activity, NtDGK5 localisation, pollen
tube phenotypes, lipid sensor behaviour, pectin secretion and Arabidopsis in vivo pollen tube
growth assays. She carried out the statistical analysis presented in the figures.

Patricia Scholz wrote the introduction, material and methods of experimental procedures
performed by her, the results except for the sections on phylogenetic analysis and molecular
dynamics simulations, and half of the discussion. She revised the final version of the
manuscript. She designed the figures 3-10, S4, S7-S10.

66


https://doi.org/10.1111/nph.17930

'.) Check for updates

Researc

DIACYLGLYCEROL KINASE 5 regulates polar tip growth of
tobacco pollen tubes

2 New
o~ Phytologist

Patricia Scholz'* (%), Premysl Pejcharz’X< , Max Fernkorn', Eliska Skrabalkova®>, Roman Pleskot’ (%),
Katharina Blersch* (%), Teun Munnik’ (), Martin Potock}'f2 and Till Ischebeck'*

'Department of Plant Biochemistry, Albrecht-von-Haller-Institute for Plant Sciences and Géttingen Center for Molecular Biosciences (GZMB), University of Géttingen, Gottingen 37077,
Germany; “Institute of Experimental Botany of the Czech Academy of Sciences, Prague 16502, Czech Republic; Department of Experimental Plant Biology, Charles University, Prague 12844,
Czech Republic; “Green Biotechnology, Institute of Plant Biology and Biotechnology (IBBP), University of Miinster, Miinster 48143, Germany; >Plant Cell Biology, Swammerdam Institute

for Life Sciences, University of Amsterdam, Amsterdam 1000 BE, the Netherlands

Summary

Authors for correspondence:
Till Ischebeck
Email: till.ischebeck@uni-muenster.de

e Pollen tubes require a tightly regulated pectin secretion machinery to sustain the cell wall
plasticity required for polar tip growth. Involved in this regulation at the apical plasma mem-
brane are proteins and signaling molecules, including phosphoinositides and phosphatidic acid
(PA). However, the contribution of diacylglycerol kinases (DGKs) is not clear.

e We transiently expressed tobacco DGKs in pollen tubes to identify a plasma membrane
(PM)-localized isoform, and then to study its effect on pollen tube growth, pectin secretion
and lipid signaling. In order to potentially downregulate DGK5 function, we overexpressed an
inactive variant.

e Only one of eight DGKs displayed a confined localization at the apical PM. We could
demonstrate its enzymatic activity and that a kinase-dead variant was inactive. Overexpres-
sion of either variant led to differential perturbations including misregulation of pectin secre-
tion. One mode of regulation could be that DGK5-formed PA regulates phosphatidylinositol
4-phosphate 5-kinases, as overexpression of the inactive DGK5 variant not only led to a
reduction of PA but also of phosphatidylinositol 4,5-bisphosphate levels and suppressed
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related growth phenotypes.
e We conclude that DGKS5 is an additional player of polar tip growth that regulates pectin

secretion probably in a common pathway with PI4P 5-kinases.

Introduction

In flowering plants, male sperm cells are nonmotile and depend
on a vegetative cell to form a pollen tube for delivery to the
female embryophyte (Johnson ezal, 2019). Growth of pollen
tubes occurs by unidirectional tip expansion, whose mechanical
demands are reflected in the pollen tube’s cell wall composition
(Fayant et al., 2010; Grebnev eral., 2017). The cell wall at the
shank of the pollen tube provides a rigid scaffold for the pollen
tube preventing lateral extension while the higher flexibility at
the pollen tube tip enables turgor-driven expansion (Fayant ez al.,
2010; Chebli etal., 2012). This cell wall at the tip is composed
mainly of pectin that is continuously secreted together with mod-
ifying enzymes during pollen tube growth (Bosch ezal, 2005;
Rockel etal., 2008; Chebli ezal., 2012). Secretion of pectin has
to be tightly controlled: if the cell wall is too rigid, the turgor will
not be enough to drive further expansion and tube growth will be
aborted (Bosch etal., 2005; Zerzour et al., 2009). On the other
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hand, lack of secreted pectin will lead to thinning of the tip cell
wall and finally bursting of pollen tubes (Zerzour ezal., 20095
Kroeger et al., 2011). Consequently, pectin deposition is subject
to a plethora of signaling factors including phosphoinositides and
derived lipids (Heilmann & Ischebeck, 2016; Scholz etal.,
2020).

So far, the strongest connection between pectin secretion and
signaling phospholipids has been described for phosphatidylinos-
itol 4,5-bisphosphate (P1(4,5)P,; Ischebeck ez al., 2008), which is
enriched at the apical plasma membrane (PM) of pollen tubes
(Kost etal., 1999). P1(4,5)P, is formed by phosphatidylinositol
4-phosphate 5-kinases (PIP5Ks) that catalyze the phosphoryla-
tion of phosphatidylinositol 4-phosphate. Interference with their
normal enzyme function in Arabidopsis has been reported to
impair tube growth (Ischebeck eral, 2008, 2011; Sousa et al.,
2008; Zhao etal, 2010). Overexpression of AtPIP5K4 or
AtPIP5KS in tobacco (Nicotiana tabacum) pollen tubes leads to
enhanced pectin accumulation at the tip (Ischebeck ez 2/, 2008).

Decreased activity of phosphoinositide-specific phospholipase
C (PLC) can also result in increased PI(4,5)P, levels and defects
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in pollen tube growth (Dowd ez al., 2006). Overexpression of an
inactive variant of petunia PLCI in petunia pollen tubes caused
the PI(4,5)P, localization to be more spread out rather than tip-
localized. Furthermore, this overexpression led to pollen tube
growth arrest (Dowd ez al., 2006). This indicates that PLC activ-
ity is a major route to degrade PI(4,5)P, and to switch off down-
stream signaling. However, the lipid product of PLC hydrolysis,
diacylglycerol (DAG), might in turn serve as substrate for another
signaling phospholipid, phosphatidic acid (PA; Munnik, 2001;
Testerink & Munnik, 2005, 2011).

In animals, DAG is a signaling lipid in its own right, modulat-
ing members of the protein kinase C family (Nishizuka, 1988).
By contrast, a signaling function of DAG in plant cells is still
under debate, especially since homologs of protein kinase C and
other typical DAG targets are missing from plants (Munnik &
Testerink, 2009; Vermeer etal, 2017). Instead, PA has been
implicated in many signaling pathways, especially in the reaction
to abiotic and biotic stresses, where it is rapidly synthesized
within seconds/minutes (Munnik, 2001; Testerink & Munnik,
2005, 2011; Yao & Xue, 2018; Kim & Wang, 2020; Noack &
Jaillais, 2020). In tobacco pollen tubes, PA was localized to the
subapical PM, partially overlapping with PI(4,5)P, and DAG
biosensors (Potocky ez al., 2014).

The reaction to form PA from DAG is a critical step to gener-
ate signaling PA, and is catalyzed by diacylglycerol kinases
(DGKs) (Wissing etal, 1989; Arisz etal, 2009). There is
another pathway that generates signaling PA, which is by cleavage
of structural phospholipids by phospholipase D (PLD) (Hanahan
& Chaikoff, 1947). The functions of PLD and PLD-derived PA
have been more studied than the physiological role of DGKs
(Hong eral., 2016; Li & Wang, 2019). Nevertheless, different
studies indicate a role for the PLC/DGK pathway in plant stress
responses (Arisz ez al., 2009, 2013). In suspension-cultured plant
cells, the majority of initial PA synthesis in response to cold shock
and cryptogein elicitation was traced back to PLC/DGK activities
in Arabidopsis (Ruelland ez al, 2002) and tobacco, respectively
(Cacas etal, 2017). The same was true for cold-treated Ara-
bidopsis seedlings (Arisz ez al., 2013). Arabidopsis contains seven
DGKs (Arisz etal., 2009) of which AtDGK2 was induced upon
cold stress and wounding (Gémez-Merino ezal., 2004). Single
Arabidopsis DGK-knockout (KO) mutants (i.e. dgk2, dgk3 and
dgk5) were described to be more freezing-tolerant (Tan eral,
2018). Despite these studies on DGKs in stress signaling, their
potential role in plant development has just recently come into
focus.

The involvement of PA in pollen tube growth has been stud-
ied, albeit produced by PLD activity (Potocky ez al., 2003, 2014),
and connected to the organization of the actin cytoskeleton
(Pleskot ez al., 2010, 2012, 2013). There are limited reports on
the impact of pollen tube-expressed AtDGK4 (Honys & Twell,
2004; Arisz etal., 2009) on pollen tube growth. Some studies
reported impaired pollen fitness and tube growth for dgk4 (Vaz
Dias etal, 2019; Wong etal, 2020), while another found
reduced germination rates and effects on pollen development and
pollen tube growth if DGK2 was also affected (Angkawijaya
etal., 2020). Interestingly, the localization of AtDGK4 in pollen
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tubes was reported to be cytosolic (Vaz Dias ez al., 2019), despite
the fact that both substrate (DAG) and product (PA) are
membrane-localized. However, in another study, localization was
described to be at the endoplasmic reticulum (ER) in transiently
transformed Nicotiana benthamiana leaves and Arabidopsis pro-
toplasts (Angkawijaya et al., 2020). DGKs localized at the PM of
pollen tubes remain to be identified.

Materials and Methods

Details of methods for phylogenetic and gene expression analysis,
molecular dynamics simulation, molecular cloning, immunode-
tection, details of fluorescence recovery after photobleaching
(FRAP) experiments and quantitative analysis of micrographs are
provided in the Supporting Information (Methods S1-S7).

Heterologous protein expression and purification

pGEX-6P-1 constructs were transformed and proteins expressed
as GST-tag fusions in Escherichia coli BL21 star (DE3) cells
(Thermo Fisher Scientific, Waltham, MA, USA) at 16°C for 3d
after induction with 1 mM isopropyl B-D-1-thiogalactopyranoside.
The original pGEX-6P-1 vector was expressed and used as a con-
trol. Cell pellets of 500 ml cultures were resuspended in lysis
buffer (1x phosphate-buffered saline (PBS), pH 7.4, lysozyme,
1 mM phenylmethylsulfonyl fluoride (PMSF)) and cells were dis-
rupted by ultrasonication. Protein purification was performed by
GST-affinity chromatography with GSTrap™ Fast Flow columns
(Cytiva, Chalfont St Giles, UK), using 1x PBS pH 7.4, 5 mM
EDTA for washing and 50 mM Tris-HCl pH 8.0, 20 mM
reduced glutathione for elution. Purified proteins were stored at
—80°C in storage buffer (50 mM Tris-HCI pH 7.4, 100 mM
NaCl, 10mM MgCl,, 10% glycerol) until further use for

enzyme activity assays and the protein-lipid overlay assays.

Analysis of DGK activity

Diacylglycerol kinase activity was assayed by measuring the incorpo-
ration of **P-phosphate from [y->*P]-ATP into DAG to produce
PA. For enzyme assays, 50 ng of protein was mixed with 200 pul of
assay buffer with or without 500 uM 1,2-dioleyl-sz-glycerol (DOG)
as substrate, prepared in liposomes (Julkowska eral, 2013). Lipo-
somes contained DOG, 1,2-dioleyl-phosphatidylcholine (DOPC)
and 1,2-dioleyl-phosphatidylethanolamine (DOPE; all Sigma-
Aldrich) in a molar ratio of 1:2:2 or DOPC and DOPE in a
molar ratio of 3 : 2 without DAG. Liposome suspensions were pel-
leted by centrifugation at 100 000 g for 35 min at room temperature
and the liposome pellet was subsequently resuspended in assay
buffer (50 mM Tris-HCI pH 7.4, 10 mM MgCl,, 1 mM EGTA,
1 mM ditiothreitol (DTT), 1 mM Na3VOy, 500 uM ATP contain-
ing ¢. 2.5 uCi [y->*P]-ATP). Reactions were started by the addition
of protein, and incubated for 30 min at 25°C while gently shaking.
Reactions were stopped by adding 750 ul chloroform : methanol
(1:2, v/v) and the lipids extracted as described previously (Munnik
& Laxalt, 2013; Munnik & Zarza, 2013). In brief, two phases were
established by adding 750 pl chloroform and 200 pul 0.9% NaCl.

© 2021 The Authors
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The organic lower phase was washed once with chloro-
form : methanol : 1 M HCI (3:48: 47, v/v), dried under a stream
of nitrogen, dissolved in chloroform and spotted on a thin layer
chromatography (TLC) plate (Silica gel 60; Merck KGaA, Darm-
stadt, Germany). TLC plates were developed using a running sys-
tem of chloroform : methanol : NH,OH : water (45:45:4:11,
v/v). A photostimulable phosphor plate (Fujifilm, Tokio, Japan)
was exposed to the TLC plate for 3 d. The nonradioactive standard
PA was detected by iodine staining. Phosphoimager screens were
read using the FLA 3000 scanner (Fujifilm) with BASREADER 3.14
software (Elysia-raytest, Straubenhardt, Germany) and quantified
with AIDA IMAGE data analyzer 3.24 (Elysia-raytest).

Lipid-binding assays
GST-NtDGK5 and GST-NtDGK5%184 were used to establish

protein-lipid interactions on membrane lipid strips (Echelon
Biosciences, Salt Lake City, UT, USA) by a protein—lipid overlay
assay. Briefly, lipid strips were incubated for 1h with 2-
2.5 ug ml™" of GST-tagged protein in a solution of 4% BSA in
1x PBS. Subsequently, successful protein—lipid interactions were
analysed by immunodetection of the GST-tag.

For protein-lipid overlay assays with in vitro translated pro-
tein, the TNT® SP6 High-Yield Wheat Germ Protein Expression
System (Promega) was used according to the manufacturer’s
instructions. Respective proteins of NtDGK5, NtDGK5%"#4,
NtDGK6 and NtDGKS carried an N-terminal HA-tag for later
detection. To remove membrane-bound proteins of the 7 vitro
system, samples were centrifuged at 72 000 gand 4°C for 20 min
and the supernatant was incubated with membrane lipid strips
(Echelon Biosciences) preblocked for 30 min with 4% BSA in
1x PBS.

The vesicle cosedimentation assay was adapted from Julkowska
etal. (2013). Control liposomes were prepared from 80% DOPC
and 20% DOPE, and PA-containing liposomes consisted of 60%
DOPC, 20% DOPE and 20% DOPA. Each sample contained
400 nmol of total lipids. Liposomes were prepared as described in
Julkowska ez al. (2013) and diluted in modified 1 x binding buffer
(400 mM KCl, 25 mM Tris-HCI pH 7.5, 1 mM DTT, 0.5 mM
EDTA). Subsequently, liposomes were incubated with the super-
natant of 7z vitro protein reactions, prepared as described above.
Protein was incubated with liposomes for 45 min at room temper-
ature. Liposomes and bound protein were then pelleted by cen-
trifugation at 72 000 g for 30 min. Total nonbound protein in the
supernatant fraction was precipitated by acetone precipitation; the
pellet of liposomes and liposome-interacting proteins was washed
once with 1x binding buffer. Finally, both protein fractions were
dissolved in Laemmli sample buffer and used for subsequent

Western blot analysis (Methods S6).

Plant lines, plant growth conditions and Arabidopsis in vivo
pollen tube assay

Arabidopsis and tobacco plants were grown as previously
described (Rotsch et al., 2017; Miller & Ischebeck, 2018). The
Arabidopsis plant lines named here as dgk4, dgk6 and msl have
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already been described (Wilson ezal, 2001; Angkawijaya et al.,
2020). Plant line dgk5 was obtained as SAIL_1212-E10 from the
SAIL collection (Sessions et al., 2002) and the double mutant
dgk5 dgk6 was generated by crossing.

In vivo pollen tube assays of Arabidopsis dgk mutant lines were
carried out after Mori efal (2006) and Miiller & Ischebeck
(2018); however, instead of wild-type pistils, pistils of 7! plants
were pollinated with pollen of dgk strains.

Pollen transformation

Pollen grains were transformed by particle bombardment and
pollen tubes were grown as described by Miiller ezal. (2017) or
based on previous protocols (Read ez al., 1993; Kost ez al., 1998).
FRAP analysis and spinning disk imaging was performed 6-8 h
after transformation, and microscopic imaging for phenotype
and cell wall analysis was carried out 14 h after transformation.
For pectin staining of pollen tube cell walls, 10 pM propidium
iodide was added to the pollen tubes just before imaging.

For cotransformation, plasmids were mixed during gold precip-
itation before particle bombardment. For cotransformation with
AtPIP5K5 or markers for endomembrane compartments, plas-
mids were mixed at a ratio of 1 : 1; for cotransformation of lipid-
binding domains, NtDGK5 and NtDGK5%'"** were used at ¢
10: 1 ratio and the fluorescent tag control at a ratio of ¢. 3: 1.

Epifluorescence and confocal microcopy

Epifluorescence microscopy of transformed tobacco pollen tubes
was done with an Olympus BX51 by using an UPlanSApo x 10/
0.40 objective (Olympus, Tokio, Japan). For mVenus-tagged
constructs, the filter cube U-MWIB was used. Images were taken
with an ORCA flash 4.0 V2 Digital Camera using the software
Hoxawo 2.10 (Hamamatsu Photonics, Hamamatsu, Japan).

Confocal imaging of pectin stained by propidium iodide was
performed with a Zeiss LSM510 confocal microscope using a
Plan-Neofluar x40/1.30 oil immersion objective (Catl Zeiss,
Oberkochen, Germany). Fluorescence of propidium iodide was
observed after excitation with 561 nm and detected at 689-
721 nm using the HFT 405/488/561 major beam splitter.

Fluorescence recovery after photobleaching analyses were car-
ried out with a Zeiss LSM880 equipped with C-Apochromat
x40/1.2 water immersion objective (Carl Zeiss). For mVenus
imaging, optimal singletrack acquisition parameters were used
(mVenus fluorescence was excited by a 514 nm laser, and the
emission at 520—-590 nm was recorded using a GaAsP detector).

Spinning disk confocal microscopy was carried out on the
Nikon Ti-E platform with Yokogawa CSU-X1 spinning disk and
sCMOS camera Andor Zyla, using a Plan Apo VC x60/1.20
water immersion objective (Nikon, Tokio, Japan). Fluorescence
of mVenus/yellow fluorescence protein (YFP) and mCherry/red
fluorescence protein (RFP)-tagged proteins were excited with the
respective 488 and 561 nm laser lines (laser box Agilent
MLC400, Agilent Technologies, Inc., Santa Clara, CA, USA)
and detected with the filter cubes Semrock brightline Em 542/27
and Semrock brightline Em 607/36.
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Results

DGKs diverged into three conserved clades during early
plant evolution

To describe the DGK family in tobacco, we searched the
tobacco proteome and genome drafts available at NCBI and
solgenomics.net, using BLAST searches with Arabidopsis DGKI1,
DGK4 and DGKS5 as queries. Additionally, the draft genomes
of Nicotiana sylvestris and Nicotiana tomentosiformis were ana-
lyzed. We found 16 genes coding for putative DGKs in the
tobacco genome (Figs 1a, S1). These could be further divided
into eight pairs of almost identical paralogs, reflecting that
N. tabacum originated as a hybrid of N. sylvestris and N. romen-
tosiformis. To classify tobacco DGKs unambiguously and better
understand the evolution of plant DGK genes, we significantly
expanded our initial analysis (Pleskot eral, 2012) and per-
formed an exhaustive genome-wide search and reconstruction of
DGK phylogeny in Viridiplantae. We analyzed genomes of rep-
resentative angiosperm, gymnosperm, lycophyte, bryophyte,
charophyte and chlorophyte species. This yielded a dataset of
95 DGK isoforms from 20 species (Table S1; Notes S1). Phylo-
genetic analysis of plant DGKs performed with two indepen-
dent algorithms showed a deep evolutionary split dividing
DGK isoforms into three distinct clades (Fig. S1). All clade I
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genes harbor a transmembrane domain followed by two C1
domains, implicated in lipid binding (Colongonzalez & Kazani-
etz, 2000), in addition to DGK catalytic and accessory domains,
which constitute clades II and III (Fig. 1b; TableS2). In
tobacco, six NtDGKs are grouped in clade 1, four in clade II
and six in clade III (Fig. 1a,b; Table S2). Clade I can be subdi-
vided two subclades (containing NtDGKI1-2 and
NtDGK3, respectively) that probably split in early angiosperms.
On the other hand, multiple DGK paralogs in clades II and III
probably originated through recent gene or genome duplication
events, and no apparent orthology could be assigned beyond
Solanaceae (Fig. S1).

To estimate whether there is a trend in the expression pattern
of DGK isoforms in the three clades, we first analyzed tobacco
DGK expression in pollen by remapping tobacco pollen raw
RNA sequencing (RNA-seq) data (Conze ez al., 2017) on the ref-

erence genome sequence. Publicly available pollen, leaf and root

into

RNA-seq data from selected angiosperm species were also col-
lected and mapped onto the phylogenetic tree (see Methods S3
for details). Our data suggest that a similar expression pattern is
retained within the two subclades of clade I, with one subclade
exhibiting lower expression in the pollen compared to the sporo-
phytic tissues, while the opposite pattern could be seen for the
second subclade. Conversely, no trend is apparent for clade II
genes (Fig. S1).

NtDGK1-3 (clade 1)

NtDGK4-8 (clade Il + clade IIl)

DAGKc DAGKa

YFP:NtDGK4

DAGKc DAGKa

YFP:NtDGK5

() ADGKT ] (b)
| I NtDGK1 syl-like
NtDGK1 tom-like* A
L — NtDGK2 syl-like
NtDGK2 tom-like*
AtDGK2
NtDGK3 syl-like*
Clade | — NtDGK3 tom-like
ADGK3
AIDGK7 Y NtDGK1:YFP
AtDGK4 :
— NtDGK4 syl-like '
NtDGK4 tom-like*
NtDGK?7 syl-like
Clade Il NtDGK7 tom-like* NtDGK2:YFP
- AtDGK5
AtDGK6 ~ =,
NtDGKS5 syl-like
NtDGKS5 tom-like*
[ ¢ ] NtDGKS syl-like* NtDGK3:YFP
NtDGK6 tom-like . .
— NtDGKS syl-like*
Clade Il L NtDGKS tom-like

—

- "’ ’
- b o~
. g, M
e

Fig. 1 Tobacco diacylglycerol kinase isoforms show distinct localization patterns in pollen tubes. (a) Phylogeny of Arabidopsis and Nicotiana tabacum
diacylglycerol kinase (DGK) isoforms and their distribution into three clades as extracted from a full phylogenetic tree (see Supporting Information Fig. S1).
Syl-like and tom-like denote NtDGK sequences derived from ancestors of Nicotiana sylvestris and Nicotiana tomentosiformis, respectively. An asterisk
denotes isoforms cloned in this study. At, Arabidopsis thaliana; Nt, Nicotiana tabacum. (b) Schematic representation of the domain structure of tobacco
isoforms. The green rectangle denotes the transmembrane domain. C1, diacylglycerol/phorbol esters binding domain; DAGKa, DGK accessory domain;
DAGKc, DGK catalytic domain. (c) Localization of YFP-tagged NtDGK1-8 in actively growing pollen tubes. Pollen was transiently transformed with 1 ug

DNA and analyzed 6-8 h after transformation. Bar, 10 pm.
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NtDGKS5 specifically localized to the subapical PM of
growing pollen tubes

Phosphatidic acid is an important second messenger and enriched
in the subapical PM of tobacco pollen tubes (Potocky etal,
2014; Pejchar ez al., 2020). To identify which of the DGK iso-
forms are localized at the PM and could generate PA near the
pollen tube tip, we cloned eight DGK coding sequences (one of
each pair, Fig. 1a; for the list of primers see Table S3) and fused
them C- or N-terminally with YFP. As the isoforms DGK1-3
are predicted to have a transmembrane region close to the
N-terminus with the very N-terminus facing the noncytosolic
side, we chose a C-terminal tag for these isoforms.

When transiently expressed in growing tobacco pollen tubes,
DGK isoforms 1-3 from clade I did not localize to the PM but
rather to endomembrane compartments (Fig. 1c). To further
analyze the localization, pollen tubes were cotransformed with
NtDGKI1-3:YFP and the ER marker AtbCH-SP:CFP:HDEL;
NtDGKI1:YFP was also cotransformed with the Golgi marker
CFP:StGnT_70 and CFP:AtVHA-al (Stephan ezal., 2014) as a
marker for the trans-Goli network (TGN). Colocalization was
observed only with the ER marker (Fig. S2). Clade II isoforms 4
and 7 displayed strikingly different localization, with NeDGK4
being purely cytosolic and NtDGK7 localizing homogeneously
along the PM with no obvious enrichment. Among clade IIT iso-
forms, NtDGKG6 was present in the cytoplasm and NtDGK8 was
localized to an extended PM region. Finally, the localization of
NtDGKS5 was restricted to the PM region close to the pollen tube
apex (Figs 1c, S3a,b).

Next, we tested whether observed localization differences
within clade IIT isoforms were correlated with structural features
and membrane-binding properties. Therefore, we constructed
3D homology models of NtDGKS5, NtDGK6 and NtDGKS8 and
we mapped the electrostatic potential onto the solvent-excluded
surface of the respective NtDGK protein (Fig. S3c—e; Methods S2).

(a) (b)

Lipid bilayer

15 nm

. Time =0ns
Protein

Research' 2189

As the plant PM is highly negatively charged, the presence of pos-
itively charged regions (caused by cationic amino acids: Lys, Arg
and His) on the protein surface could be seen as a proxy for the
electrostatic interaction and its strength. Indeed, we observed
clear differences in the positive charge distribution among the
different NtDGK isoforms of clade III correlating well with their
localization in tobacco pollen tubes (Fig. S3). Furthermore, we
tested the binding properties of clade III isoforms to membrane
lipids by protein—lipid overlay assays. In line with previous
results, NtDGKG6 showed only limited binding to the plant PM
lipids. By contrast, NtDGK5 and NtDGKS displayed a similar
tendency to bind to anionic phospholipids such as PA, PI4P and
PI(4,5)P, (Fig. S4).

Molecular dynamics simulations predict a direct interaction
between NtDGK5 and PM

As the membrane-bound DGK isoforms of clade III have no
prominent membrane-binding domain, we wondered how these
members could interact with the PM. To analyze this, coarse-
grained molecular dynamics (CG-MD) simulations were used.
This computational approach is highly accurate in describing
the membrane-bound state of peripheral membrane proteins
(Yamamoto et al., 2020). The simulated system consisted of an
NtDGK5 molecule, ions, water and a complex lipid bilayer with
negatively charged phospholipids (Fig. 2a), similar to a PM of
plants (Im ez al., 2007; Konig ez al., 2008; Furt eral., 2010). We
performed 10 1 ps runs of CG-MD simulations. In all replicas,
we observed that NtDGK5 quickly interacted with the lipid
bilayer, and remained stably bound to the membrane through
the remaining simulation time (Figs 2b, S5a). Detailed inspection
of different CG-MD replicas revealed distinct membrane-
binding modes of NtDGKS5. To further analyze and categorize
these binding modes, we monitored the distance between con-
served glycine G118 located in the catalytic domain, which is

Fig.2 Molecular dynamics simulation indicates mechanistic details of the NtDGK5-membrane interaction. (a) Simulated system composed of NtDGKS5, the
complex lipid bilayer, ions and water molecules. (b) Snapshots from the coarse-grained molecular dynamics simulation. Left, initial configuration

(time =0 ns). Right, the membrane-bound protein (time =1000 ns). (c) NtDGK5 together with negatively charged lipids 0.8 nm from the protein. Both
catalytic and accessory domains contribute to binding. The protein is displayed in the ribbon representation with its transparent solvent-excluded surface.
Negatively charged phospholipids are shown in the van der Waals representation, PA in yellow, PI4P in orange and PI(4,5)P, in purple. DAGKa, DGK
accessory domain; DAGKc, DGK catalytic domain; PA, phosphatidic acid; PI14P, phosphatidylinositol 4-phosphate; PI(4,5)P,, phosphatidylinositol 4,5-

bisphosphate.
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important for enzymatic activity (Franks ezal, 2017), and the
lipid bilayer. This allowed us to distinguish between a ‘productive
mode’ of membrane binding, where G118 is close to the lipid
bilayer, and ‘nonproductive modes’, where the catalytic site is
away from the membrane (Fig. S5b). In the productive mode,
both catalytic and accessory domains of NtDGKS5 contributed to
the interaction with the negatively charged phospholipids. All
replicas of the productive mode of binding displayed the same
distribution of amino acid residues involved in membrane bind-
ing (Figs 2¢, S5¢). Contrary to the productive mode of binding,
nonproductive modes differed substantially in contact distribu-
tion, indicating random association (Fig. S5¢). Together, our
computational analysis predicts that NtDGKS5 interacts directly
with the lipid bilayer through the catalytic and accessory
domains.

NtDGKS5 is a DAG kinase whose activity is disrupted by a
single G118A amino acid exchange

While different Arabidopsis DAG kinases have been shown to
harbor DAG-kinase activity (Gomez-Merino et al., 2004, 2005),
NtDGKS5 was previously not biochemically investigated. To con-
firm its putative DGK activity, we expressed and purified GST-
tagged NtDGKS5 in E. coli. Similarly, we generated a potentially
kinase-dead mutant by replacing the conserved glycine 118 in the
catalytic domain with an alanine (G118A). The methyl group
introduced by the mutation probably interferes with ADP/ATP
binding: the structural model NtDGK5 and NtDGK5%!"#* with
a superimposed ADP molecule suggested a sterical clash between
A118 in NtDGK5'"¥ and the o-phosphate group of ADP
(Fig. S6). We therefore hypothesized that NeDGK5“""®* will be
unable to complete the phosphorylation reaction. This variant
might then act in a dominant negative manner iz vivo, based on
observations from a mammalian homolog carrying the corre-
sponding substitution (Sanjudn ez al., 2001).

Purified GST-NtDGK5, GST-NtDGK5%'"®* or GST-tag
alone were subsequently used for enzyme activity assays, provid-
ing DAG and [y-**P]-ATP as substrates (Fig. 3a). Following the
reaction, lipids were extracted and separated by TLC, and
radioactive PA was quantified by phosphoimaging (Figs 3b,c,
S7). Enzyme reactions with NtDGKS5 led to a 30-fold increase of
PA levels compared to reactions with GST only, while the
NtDGK5"84 Jost ¢. 95% of its activity, exhibiting only a two-
fold increase compared to GST. These results indicate that
NtDGKS5 functions as a DAG kinase, and that this activity is
almost completely disrupted in the mutated variant.

PM localization of NtDGK5 and NtDGK5°1184 differs

Next, we investigated if the PM association of NtDGKS5
was affected by the amino acid exchange. Therefore, the localiza-
tion of N-terminal fusions of mVenus to NtDGKS5 and
NtDGK5“""8* was compared. Interestingly, when overexpressed
in tobacco pollen tubes, the mutated variant showed a more pro-
nounced PM localization compared to wild-type NtDGKS5 based
on quantification of the fluorescent signal length measured from
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Fig. 3 NtDCK5 is a DAG-kinase that loses activity from the G118A
mutation. NtDGK5 variants were expressed in Escherichia coli and purified
protein was used for enzyme assays. Purified GST-tag alone served as a
negative control. (a) For the assays, DAG and radioactively labelled [y->2P]
ATP were supplied as substrates resulting in 32P-labeled phosphatidic acid
(PA) as a potential product. Lipid products were extracted and separated
via TLC and detected with a phosphoimager. (b) Identification of the
radioactive product as PA was achieved by comigration of a commercial
nonradioactive standard. (c) Intensity of the radioactive signal was
quantified for three reactions per construct and normalized to the average
signal for enzyme assays with NtDGK5. For each protein, three
independent values were obtained and are displayed as gray dots. Error
bars show the 95% confidence interval around the mean.

the pollen tube tip (Fig. 4a—c). For further analysis, we calculated
the PM index (PMI), the ratio between the fluorescence intensi-
ties at the PM and in the cytoplasm (Fig.4d,e). This ratio
decreased for both NtDGK5 and NtDGK5%'"®* in strongly
overexpressing pollen tubes with high fluorescence values, indi-
cating a limited binding capacity at the PM (Fig. 4d). In strong
overexpressors, PMI values converge towards 1 for NtDGKS and
NtDGK5“""*4 but NeDGK5“'"** displayed a more pro-
nounced PM localization than NtDGKS5 in low-expressing pollen
tubes (Fig. 4a,b,d).

To check for possible differences in protein mobility that
could explain the observed localization pattern, we performed
FRAP experiments. In pollen tubes overexpressing either
mVenus:NtDGKS or mVenus:NtDGK5""%4, a region in the sub-
apical membrane was bleached, and replacement of the fluores-
cent signal for both mVenus:NtDGK5 and mVenus:
NtDGK5%""8* was followed for ¢ 30s. The resulting FRAP
curves were fitted with a single exponential fit, which allowed
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Fig. 4 NtDGK5 and NtDGK5%" "8 differ in protein localization and mobility. NtDGKS5 variants carrying an N-terminal mVenus-tag were transiently
expressed in tobacco pollen tubes and transformed pollen tubes were imaged by spinning disk (a, b) or laser scanning (c—g) confocal microscopy after 6 h
of growth. Both NtDGK5 (a) and NtDGK5°""8 (b) localized to the plasma membrane. However, NtDGK5%""8" |ocalization was more pronounced with
less cytosolic background. (c) The onset of plasma membrane localization relative to the tip and the total length of localization was determined. (d)
Furthermore, the ratio between the fluorescence intensity at the plasma membrane and in the cytosol (plasma membrane index, PMI) was calculated. For
low expression values, a more pronounced membrane localization of NtDGK5%""8* was observed. With increasing fluorescence intensities, the PMI
decreases and reaches comparable values for NtDGK5 and NtDGK5%""#4 at high fluorescence. Overall, PMI values of NtDGK5<""#4 differ significantly
from PMI values of NtDGK5 (e). (f, g) Protein mobility was analyzed by fluorescence recovery after photobleaching. Relative intensities of single pollen
tubes at the different time points are shown in gray, while average values - SEM are displayed in red. An exponential fit was applied to the data and is
shown as blue curves. Fluorescence recovery of both NtDGKS5 (f) and NtDGK5°""8* (g) have halftimes (t,,,) below 4 s, but NtDGKS5 recovers to higher
fluorescence values than NtDGK51"8A Accordingly, the mobile fraction as estimated from the fitted curve amounted to 91% for NtDGK5 and 77 % for
NtDGK5%""84 Boxplots in (c, e) display the first quartile, median and third quartile values and whiskers extend to the extreme data points inside of

1.5 x interquartile range. Single data points are shown as black circles. Statistical analysis was done by Kruskal-Wallis and Kruskal-Wallis post-hoc tests.
Different letters indicate significant differences at P <0.05. In the display of (d) a linear model was fitted to the single data points and is shown with the
standard error shaded. n =8 pollen tubes for NtDGK5 and n = 18 pollen tubes for NtDGK5%""8" in (c); n =20 pollen tubes for NtDGK5 and n =22 pollen
tubes for NtDGK5%""8 in (d-g). Regression curves in (f, g) were calculated using the model £(£) = Mf x (1 — exp(—t/1)) with Mf = mobile fraction, ©=time
constant, t=time and f(t) = relative intensity. Halftime (¢,,2) was calculated as t;,, =In(2) x t. Bar, 10 um.

estimates of the mobile fraction of the enzyme and the halftime  slightly longer, with a halftime of 3.8 s. The mobile fraction of
of its interaction with the PM (Fig. 4f,g; Methods S7). Mem-  the respective enzymes differed more strongly: for NtDGKS,
brane fluorescence was recovered with a halftime of 3.0s for =~ membrane fluorescence after bleaching reached 91% of
NtDGKS35, while recovery of fluorescence for NeDGK5%'"# took  the original values. Fluorescence recovery of NtDGK5%'*
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amounted to 77% of prebleach intensities. The mutation in
NtDGK5“""®* thus seems to induce an increased association to
the PM, impeding dissociation of the enzymes to the cytoplasm.
For further study of the changes induced by the G118A muta-
tion, we evaluated the lipid binding behavior of NtDGK5 and
NtDGK5'"¥ by a protein-lipid overlay assay (Fig. 5a). No
qualitative changes were observed, as both protein variants were
able to bind to the anionic phospholipids PA, PI4P and PI(4,5)
P,. In addition, binding ability to cardiolipin, sulfatide and phos-
phatidylinositol 3,4,5-trisphosphate was observed, although these
lipids have so far not been detected in the plant PM (Furt ez al.,
2011). To support these findings, we additionally tested lipid
binding of NtDGK5 and NtDGK5'"®* 1o large unilamellar
vesicles (LUVs) by a vesicle cosedimentation assay. LUVs were
constituted either from phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE) as control or PC, PE and PA, which
we chose as proxy for anionic phospholipids. Both NtDGKS5 and
NtDGK5“"8* showed increased propensity to bind to LUVs
containing PA, but no increase of LUV binding was observed for

NtDGK5“""** compared to NtDGK5 (Fig. 5b,c).

Overexpression of NtDGK5 or NtDGK5%""#* induce
distinct aberrant growth phenotypes in tobacco pollen
tubes

As a DAG kinase, NtDGKS5 could be potentially involved in the
conversion of signaling phospholipids that regulate pollen tube
growth (Scholz eral., 2020). We therefore checked for pheno-
types in pollen tubes with altered NtDGKS5 levels. To that end,
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Fig. 5 NtDGK5 and NtDGK®""® bind to anionic phospholipids.

(a) Protein-lipid overlay assays with purified recombinant GST-tagged
NtDGK5 and NtDGK5°""# proteins. (b) Cosedimentation of LUVs with

in vitro translated HA-tagged NtDGK5 or NtDGK5%""84, LUVs were
prepared from PC and PE, or PC, PE and PA. After sedimentation, NtDGK5
variants were detected via Western blot in supernatants (S) and LUV-
containing pellets (P). (c) Quantification of Western blot intensities. Means
of fraction ratios for NtDGK5 (gray) and NtDGK5°""8* (blue) are shown.
Individual data points from two independent experiments are indicated by
circles. Chol, cholesterol; CL, cardiolipin; DAG, diacylglycerol; DGK,
diacylglycerol kinase; Nt, Nicotiana tabacum; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; Pl, phosphatidylinositol; PI4P, phosphatidylinositol
4-phosphate; PIP,, phosphatidylinositol 4,5-bisphosphate; PIPs,
phosphatidylinositol 3,4,5-trisphosphate; PS, phosphatidylserine; SM,
sphingomyelin; Sulf, 3-sulfogalactosylceramide; TAG, triacylglycerol.
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we overexpressed either NeDGKS or NeDGK5%"'5* carrying an
N-terminal mVenus-tag in tobacco pollen tubes. Fourteen hours
after transformation, growth phenotypes were analyzed to investi-
gate potential effects of 7 Venus:NtDGK overexpression.

Overexpression of the two enzyme variants caused distinct
phenotypes (Fig. 6; Videos S1-S3). Both mVenus:NtDGK5 and
mVenus:NeDGK5S'"* induced a wavy growth pattern (mV:
NtDGK5“""®* at a much higher frequency), which is rarely
observed when expressing the mVenus-tag alone (Fig. 6a—d).
Together with the wavy growth pattern, mVenus:NeDGK57" ¥4
expressing pollen tubes often displayed swollen tips (Fig. 6¢,d).
mVenus:NtDGK57 "8 expression also strongly increased the
occurrence of short pollen tubes less than 500 pm long (Fig. 6d),
an effect that was not observed for mVenus:NtDGKS5.

Opverall, overexpression of both 7 Venus:NtDGK5 variants dis-
turbs pollen tube growth, though differences between active and
suppressed enzymes are observed. A comparison with other
NtDGKs and AtDGKS5 shows that the described wavy tip growth
is quite specific for NtDGK5, while also NtDGK4 and
NtDGK7, and the Arabidopsis DGK5 induce stunted growth
(Fig. S8a—). On the other hand, PM localization of YFP:
AtDGKS close to the pollen tube apex resembles YFP:NtDGK5
in growing tobacco pollen tubes (Fig. S8d). We also assayed
invivo pollen tube growth of the Arabidopsis mutants dgk4,
dgk5, dgkG and dgk5 dgkG in two independent experiments.
However, despite some variations, the results did not show con-
sistent alterations of pollen tube length (Fig. S9).

Overexpression of active NtDGKS5 increases pectin
deposition

In previous studies on signaling lipids and their converting
enzymes in pollen tube growth, connections to the deposition of
cell wall components have been described (Ischebeck ez al, 2008).
Altered cell wall deposition could also offer a possible explanation
for the observed phenotypes. Consequently, we investigated the
distribution of pectin, the main cell wall component of the pollen
tube tip, in nontransformed cells and cells expressing mVenus-
tagged NtDGKS or NtDGK5%""#4, Pectin was stained with pro-
pidium iodide and cross-sections of the cell wall were imaged by
confocal microscopy (for methodology see also Fig. S10). Initial
inspection of microscopic images indicated more intense pectin
staining in pollen tubes overexpressing NtDGK5 (Fig. 7a—d). We
therefore quantified propidium iodide staining of transformed pol-
len tubes normalized to respective neighboring nontransformed
pollen tubes. Pectin accumulation was analyzed in the subapical
region ¢. 20 pum behind the tp, as this pectin was probably
deposited during growth and not after cessation of growth.
NtDGKS5 induced an increase of staining intensity in contrast to
NtDGK5%!84 and the mVenus control (Fig. 7e).

NtDGK5“"78% expression influences PA and PI(4,5)P, signal
intensity in the PM

Taking into account the localization of various lipid markers
(Helling ez al., 2006; Potocky eral., 2014; Pejchar eral., 2020)
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Fig. 6 NtDGK5 and NtDGK5%""8* overexpression induce differential growth phenotypes. Tobacco pollen tubes were transformed with NtDGK5 and
NtDGK5""8” Jinked to a fluorescent N-terminal mVenus-tag (mV) by biolistic transformation. Transformation with the fluorescent tag alone served as the
control treatment (a). Growth phenotypes were analyzed by epifluorescence microscopy 14 h after transformation. Overexpression of both mVenus:
NtDGK5 (b) and mVenus:NtDGK5""#4 (c, d) induced a wavy growth phenotype. Overexpression of NtDGK5%" "84 often caused the additional
phenotypes of a circular swollen tip and reduced growth length (c, d). The frequency of these phenotypes was quantified (e). Statistical analysis was done
using Chi square test with Holm-Bonferroni correction for multiple comparisons. Different letters indicate significant differences at P <0.05. n =376
(mVenus), 479 (mVenus:NtDGK5) and 321 (mVenus:NtDGK5%""84) pollen tubes for wavy growth and malformed tip phenotypes; n = 334 (mVenus), 252
(mVenus:NtDGK5) and 204 (mVenus:NtDGK5°""84) for pollen tube length analysis. Bar, 100 um.

and NtDGKS5 in tobacco pollen tubes, we next tested whether
there is an overlap in their distribution. To this end, we tran-
siently cotransformed tobacco pollen tubes with mVenus:
NtDGKS5 and mRFP-tagged genetically encoded lipid marker for
DAG (mRFP:2xCys1), PA (mRFP:2xSpo20p-PABD) or PI(4,5)
P, (mRFP:2xPHp; 1), and followed their localization. In grow-
ing pollen tubes with low levels of transgene expression, mem-
brane mVenus:NtDGKS5 was fully included within the range of
mRFP:2xCys1 and mRFP:2xPHp; 5; signals. Similarly, the dis-
tribution of NtDGKS5 overlaps with mRFP:2xSpo20p-PABD in
the pollen tube subapex, although the area of the mVenus:
NtDGKS5 signal close to the tip is devoid of mRFP:2xSpo20p-
PABD (Fig. S11).

Overexpression of PA-synthesizing enzymes can lead to an
increase of PA in the PM of pollen tubes, detectable by an

© 2021 The Authors
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increased PMI of mRFP:2xSpo20p-PABD PA biosensor (Pejchar
eral, 2020). In light of these hypotheses, we coexpressed
mVenus:NtDGKS or mVenus:NtDGK5' 154 together with the
PA biosensor and used a ratiometric approach for quantification
of the mRFP:2xSpo20p-PABD signal (Fig. 8a—). Confirming
visual microscopic observations, calculated PMI did not increase
upon overexpression of NtDGK5 compared to expression of free
mVenus. However, overexpression of the inactive NeDGK5¢"/54
led to a significant decrease of the median PMI to ¢. 70% that of
the control (Fig. 8d).

Previously, we found that overexpression of PI4P 5-kinases
also led to increased pectin deposition (Ischebeck ezal., 2008),
and pollen PI4P 5-kinases might be regulated by PA (Kost ez al.,
1999; Im ez al., 2007). Hence, we also assayed PI(4,5)P, using a
similar ratiometric approach with the PI(4,5)P, biosensor,
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Fig.7 Overexpression of NtDGK5 increases pectin deposition. Tobacco pollen was transformed with N-terminally mVenus-labelled (mV) NtDGKS5 (b) or
NtDGK5%""84 (d). Transformation with mVenus alone served as a control. Sixteen hours after transformation, pollen tubes were stained with propidium
iodide (P1) and imaged by confocal microscopy. Staining intensity values were integrated across the cell wall c. 20 um behind the tip (a—d). To balance local
fluctuation of staining intensity, intensity values were also obtained across the tip and the side of neighboring nontransformed pollen tubes (a, c).
Subsequently, the ratio of staining intensity between transformed and nontransformed pollen tubes was calculated. Results are displayed as boxplots
showing the first quartile, median and third quartile values and whiskers extending to the extreme data points inside of 1.5 x interquartile range. Single
data points are shown as black circles (e). Pollen tubes overexpressing NtDGK5 displayed a significant increase of Pl intensity c. 20 um behind the tip.
Statistical analysis in (e) was calculated using the Kruskal-Wallis test and the Kruskal-Wallis post-hoc test. Different letters indicate significant differences at
P<0.05.n=19, 22 and 32 pollen tubes for mVenus, mVenus:NtDGK5 and mVenus:NtDGK5%" "4 in (e). Bar, 10 um.

mRFP:2xPHpy 51 (Fig. 8e—h). Overexpression of N:tDGK5 In agreement with previous results, a wavy growth pattern was
slightly reduced the median PMI of the biosensor to 72% of the  observed for NtDGK5 and NtDGK5%'"®* in combination with
control. Overexpression of NtDGK5“'"#% caused an even  the mVenus control. Interestingly, AtPIPSK5 was able to sup-
stronger decrease of the median PMI to 27% of control values, as  press this growth pattern in combination with NtDGKS5, but not
the PMI in many cases came down close to 1. in combination with NtDGK5%''®*, By contrast, combining
NtDGK5“"¥* with AtPIPSKS5 led to a strong decrease in the
frequency of swollen pollen tube tips in comparison with expres-
sion of NeDGK5“'"%4 with the mVenus control. Vice versa,
AtPIP5K5-induced branching was strongly reduced by coexpres-
Based on the observed connection between PI(4,5)P, levels sion of NtDGKS or NtDGKS5C1144,

and overexpression of N:DGK5 and NitDGK5'4 we Concerning pollen tube length, both NeDGK5%!''"#* and
decided to analyze the effects of NtDGKS5 variants on pollen  AtPIP5KS5 caused a decrease in average tube length of 39% and
tubes with disturbed PI(4,5)P, metabolism. To increase PI 36%, respectively (Fig.9d). This was also represented by an
(4,5)P, levels, we overexpressed the enzyme AsPIP5K5 in  increasing frequency of pollen tubes shorter than 500 or
tobacco pollen tubes (Ischebeck eral, 2008). On a pheno- 1000 pm (Fig. 9¢). Expression of NtDGK5 with the mVenus
type level, mVenus:AtPIP5K5 expression causes the appearance  control did not alter pollen tube length. However, the compar-
of branched pollen tubes or pollen tubes with stunted  ison of AtPIPSKS effects on pollen tube length with or without
growth (Fig. 9a,b), probably caused by pectin accumulation =~ NtDGKS5 displayed an increased abundance of short pollen tubes
at the tp (Ischebeck eral, 2008). mVenus-tagged N:DGK5  and an additional drop in average length induced by NtDGKS5.
and N:DGK5“""84 were then coexpressed with mVenus:  Strikingly, the combination of AtPIPSK5 with NtDGK5%!#4
AtPIP5K5 or free mVenus as a control, and respective char-  did not equal their negative effects on pollen tube length. Instead,
acteristic phenotypes were analyzed, including wavy growth  the length distribution shifted towards an increased frequency of
and tdp swelling for NtDGKS5 variants, or pollen tube pollen tubes longer than 1000 pm. Compared to the control,
branching for AtPIP5KS5. Pollen tube lengths were also evalu-  pollen tube length decreased by 16%, which is a lower reduction

NtDGK5 or NtDGK5%" "8 and AtPIP5K5 reciprocally
influence pollen tube phenotypes

ated (Fig. 9¢,d). than either AcPIP5K5 or NeDGK5%"'** induced alone.
New Phytologist (2022) 233: 2185-2202 © 2021 The Authors
www.newphytologist.com New Phytologist © 2021 New Phytologist Foundation

76



New

Phycclogis

MRFP:2xSpo20p-PABD in co-expression with @ 504

Control mV:NtDGK5 mV:NtDGK5C'18A

Plasma membrane index

MRFP:2xPHP|_C§1 in co-expression with (h) 5o 4 . b .
Control mV:NtDGK5 mV:NtDGK5C 1184
(e) (@
x .
[0)
© .
£ a
© 20 A .
&
S .
e P
o)
e -t
m Ll
£ 10 N
n
(_U .
D_ L]
0 L T
N
<O
o

Fig. 8 NtDGK5""# overexpression reduces the plasma membrane affinity of lipid sensors for phosphatidic acid (PA) and PI(4,5)P,. NtDGK5,
NtDGK5°1"8A tagged to fluorescent N-terminal mVenus (mV) and mVenus alone as a control were transiently coexpressed in tobacco pollen tubes
together with the lipid sensors mRFP:2xSpo20p-PABD (a—c) or mRFP:2xPHp 51 (e—g) for PA and PI(4,5)P,, respectively. For RFP-labeled lipid sensors the
plasma membrane index (PMI) was calculated, dividing the fluorescence intensity at the plasma membrane by the fluorescence intensity in the cytosol. In
the case of 2xSpo20p-PABD, plasma membrane localization decreased upon overexpression of NtDGK5%""®4, but was not significantly altered by NtDGK5
(d). By contrast, both NtDGK5 and NtDGK5%""8A caused a significant decrease of plasma membrane localization of mMRFP:2xPHp 1. Loss of
MRFP:2xPHp c51 membrane localization was more severe for overexpression of NtDGK5C118A compared to NtDGK5 (h). In (d, h), boxplots display the first
quartile, median and third quartile values and whiskers extend to the extreme data points inside of 1.5 x interquartile range. Single data points are shown
as black circles. n=52 (mVenus), 79 (mVenus:NtDGK5) and 71 (mVenus:NtDGK5%1184) pollen tubes for the PA sensor (d); n=51 (mVenus), 63 (mVenus:
NtDGK5) and 48 (mVenus:NtDGK5%""#%) pollen tubes for the PI(4,5)P sensor (h). Statistical analysis was done by one-way ANOVA with Tukey's post-
hoc test. Different letters indicate significant differences at P <0.05. Bar, 10 um.
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NtDGK5 and NtDGK5°""®* interfere with
AtPIP5K5-induced apical pectin accumulation

Length measurements and phenotypic analysis of pollen
tubes coexpressing  mVenus-tagged NtDGK5 variants  with

mVenus:AtPIPSK5 showed that NeDGK5“!"®* partially counter-
acts pollen tube phenotypes resulting from the APIP5SK5
overexpression-induced increase of PI(4,5)P, levels. As PI(4,5)P,-
induced phenotypes have been traced to excessive apical pectin
secretion, we then analyzed the impact of NtDGK5 variants on
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Fig. 9 NtDGK55""# can counteract AtPIP5K5-related growth phenotypes. N-terminally mVenus-labelled (mV) NtDGK5 and NtDGK597"84 were
expressed in combination with the Arabidopsis PI4P 5-kinase mVenus:AtPIP5K5 or mVenus as a control. Phenotypes of transformed pollen tubes were
imaged after 14 h of growth by epifluorescence microscopy. Overexpression of AtPIP5K5 causes the distinct phenotypes of branched (a) or severely
stunted pollen tubes (b). (c) Both the NtDGK5-specific phenotypes of wavy growth and swollen tip and the AtPIP5K5-specific phenotype of branching
were quantified in addition to phenotype effects on pollen tube length. (d) Pollen tube length was measured and differences between treatments were
statistically analyzed. Average pollen tube length + SD is represented by black dots with a vertical line. For phenotypic analysis in (c, d), n =201 (control),
204 (mVenus + mVenus:NtDGK5), 209 (mVenus + mVenus:NtDGK5%""84) 200 (mVenus:AtPIP5K5 + mVenus), 222 (mVenus:AtPIP5K5 + mVenus:
NtDGK5) and 196 (mVenus:AtPIP5K5 + mVenus:NtDGK5%""84) pollen tubes were analyzed. Statistical analysis was done using a Chi square test with
Holm-Bonferroni correction for multiple comparisons in (c) and using one-way ANOVA with Tukey's post-hoc test in (d). Different letters indicate

significant differences at P <0.05. Bar, 100 um.

pollen tubes where pectin secretion was increased by the expression
of AtPIP5K5. We again used the propidium iodide staining
approach to analyze pectin accumulation at the pollen tube tip.

In line with previous studies, AzPIP5K5 overexpression caused
a massive increase of pectin accumulation at the pollen tube tip
(Fig. 10a,b). Since expression levels of AtPIP5K5 and subsequent
PI(4,5)P, concentrations vary considerably, the effects were
highly variable. In some pollen tubes, pectin accumulation was

scarcely changed, whereas in extreme cases the pectin staining
intensity of transformed pollen tubes was more than 100-fold
higher than in untransformed control pollen tubes. Overall, an
increased pectin secretion at the tip was observed, as the ratiomet-
ric median calculated as log,-change was altered from —0.08 to
4.28 (Fig. 10g). The pectin staining intensity was similarly
broadly distributed in pollen tubes coexpressing AtPIP5K?5 either
with NeDGK5 or NtDGK5“""#4 (Fig. 10c—f). Nevertheless, in
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Fig. 10 NtDGK5°""8A can counteract AtPIP5K5-induced pectin accumulation. Tobacco pollen was transformed to overexpress fluorescently mVenus-
labeled AtPIP5K5 in combination with mVenus (a), mVenus:NtDGK5 (c) or mVenus:NtDGK5°"75% (e). Expression of fluorescent tag alone served as a
negative control. After 14 h of pollen tube growth, pectin was stained with propidium iodide and imaged by confocal microscopy. Staining intensity of
pectin at the tip was integrated across the cell wall and normalized to the staining intensity at the tip of a neighboring nontransformed pollen tube (b, d, f).
Results are shown as boxplots in (g) highlighting the first quartile, median and third quartile values and whiskers extending to the extreme data points
inside of 1.5 x interquartile range. Single data points are shown as black circles. mVenus:AtPIP5K5 overexpression caused a strong shift towards pectin
accumulation in the population of transformed pollen tubes. This shift was significantly reduced in pollen tubes overexpressing mVenus:AtPIP5K5 in
combination with mVenus:NtDGK5°""84 (g). For statistical analysis of (g), n =29 (control), 40 (mVenus:AtPIP5K5 + mVenus), 32 (mVenus:

AtPIP5K5 + mVenus:NtDGK5) and 36 (mVenus:AtPIP5K5 + mVenus:NtDGK5%""84) pollen tubes were analyzed. Significant differences were calculated
with the Kruskal-Wallis test and Kruskal-Wallis post-hoc test. Different letters indicate significant differences at P <0.05. Bar, 10 um.
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both populations of pollen tubes, median values of normalized
staining intensity decreased compared to coexpression of
AtPIP5K5 and mVenus, to a logy-change of 4.04 or 3.39, respec-
tively (Fig. 10g).

In conclusion, while the interplay of PA and phosphoinositides
remains to be studied in depth, our data indicate that expression
of NtDGKS5%1%4 leads to reduced PI(4,5)P, levels and thereby
counteracts AtPIP5K5-derived phenotypes, especially the reduc-
tion in pollen tube length.

Discussion

NtDGKS5 has limited binding capacity to the subapical
pollen tube PM

NtDGK5 sequence analysis did not indicate transmembrane
helices or covalent attachment of lipid anchors. Furthermore,
considerable cytoplasmic fluorescence and short FRAP times
(Fig. 4a,f) suggest that NeDGKS5 is a soluble protein transiently
recruited by one or several binding partners for peripheral mem-
brane association, similar to other lipid-converting enzymes
(Ischebeck eral., 2008; Pejchar eral., 2020; Noack ez al., 2021).
As saturation effects were observed for the membrane association
of NtDGKS5 (Fig. 4d), a limited number of such binding partners
can be assumed. One possible mediator of membrane binding of
peripheral membrane proteins are lipid-binding domains that
recognize specific lipids at the PM (Noack & Jaillais, 2020; de
Jong & Munnik, 2021). For example, PLCs from tobacco and
petunia localized in the apical PM of pollen tubes depend for this
targeting on their C2 domains (Dowd ez al., 2006; Helling e al.,
2006) described to bind anionic lipids in a Ca**-dependent man-
ner (Corbalan-Garcia & Gémez-Ferndndez, 2014). For the api-
cal PM rtargeting of AtPIP5KG6, on the other hand, not the
presumably lipid binding MORN (membrane occupation and
recognition nexus) repeat domain is important, but a variable
linker domain that might confer protein—protein interactions
(Stenzel et al., 2012).

In comparison to some mammalian DGKs (Franks ezal,
2017), but also AtDGK1 and 2 (Arisz etal, 2009) and
NtDGKI1-3 (Fig. 1b), NtDGKS5 does not harbor any conserved
domains implicated in lipid binding. It is still conceivable, how-
ever, that it is recruited to the PM by binding its substrate
DAG enriched in the apical PM of pollen tubes (Helling et al,
2006). However, the membrane association of NtDGK5 was
confined to a smaller region than has been observed with a
biosensor for DAG (Fig. S10). Hence, the exact localization of
NtDGKS5 is probably mediated, at least in part, by factors other
than substrate availability. Indeed, our MD simulations and
lipid-binding assays show a direct interaction between NtDGK5
and anionic phospholipids that are enriched at the plant PM
(Simon et al., 2016; Platre & ]Jaillais, 2017; Platre ez al., 2018).
Still the question remains why the membrane-binding region 7z
planta of DGK5 is so confined, especially given that other
DGK isoforms and the G118A variant of DGK5 that harbors a
similarly charged surface, bind to a much larger area of the PM

(Figs 1, 4, S3).
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Limited binding capacity for DGKs at the PM might
contribute to a possible dominant negative effect of
NtDGK5°""84

Mutated protein variants that mediate dominant-negative effects
have been proven to be valuable tools to investigate pollen tube
signaling (Cheung ez al., 2002; Dowd ez al., 2006; Klahre ez al,
2006; Chang eral., 2009). These dominant-negative effects can
derive from mutated protein variants that outcompete the natu-
rally occurring variants for crucial binding partners/regulators.
Such an explanation is also possible here. Alteration of the
glycine-rich loop in NtDGK5%""®* did not interfere with the
protein’s membrane association. By contrast, the association with
the PM was even stronger and covered a longer stretch (Fig. 4c).
Our FRAP experiments also suggested that a subpopulation of
NtDGK5"¥* remains more strongly attached to the PM
(Fig. 4g). In this way, NtDGK5¢1184 might block the DAG sub-
strate and possible physiological binding partners of the endoge-
nous NtDGK5 and closely related paralogs, leading to a
dominant-negative effect upon overexpression in pollen tubes
and subsequent growth perturbations, as well as explain the
reduced binding of the PA biosensor at the PM (Figs 6, 8). An
alternative is that NtDGK5, and to a stronger degree
NtDGK5"8* due to its enhanced PM recruitment, induces
phenotypic changes by masking PA that we found to be bound
by both variants. While the active variant could partially counter
this effect by generating PA, the inactive variant cannot, thereby
reducing the amount of free PA in the region. Previous inhibition
of DGK activity in tobacco pollen tubes with the DGK inhibitor
R59022 was partially shown to decrease PA levels at the PM, but
did not induce the wavy growth effects on pollen tube growth as
was observed for the overexpression of NtDGK5%84 (Pleskot
etal., 2012; Potocky et al., 2014). This might be explained due
to its less specific inhibition also affecting ER-localized DGKs.
Disturbance of these DGKSs’ role in phospholipid synthesis and
ER lipid composition might hamper pollen tube growth differen-
tially from NtDGKS5. While PA produced at the PM might con-
tribute directly to polar tp growth by regulating secretory
processes, DGKs at the ER might be involved in the synthesis of
phosphatidylinositol and phosphatidylglycerol ~(Angkawijaya
etal., 2020). On the other hand, PA synthesized at the ER (e.g.
by Arabidopsis DGK2 or DGK4; Angkawijaya ez al., 2020) could
also be transported to the PM via the secretory pathway thereby
contributing to PA signaling in the tip region. Either way,
R59022-related effects might be too strong, covering subtler
effects induced by NeDGK5%! 184,

Cell wall plasticity shapes the pollen tube

Plant cells are shaped by turgor pressure and cell wall plasticity
(Ivakov & Persson, 2013). While the apical cell wall of pollen
tubes is somewhat more simple than most cell walls (e.g. lacking
cellulose), its plasticity can still be regulated by targeted pectin
secretion and pectin-modifying enzymes (Scholz eral., 2020).
This allows not only balance between giving too much resistance
against elongation and bursting, but also enables uniform tubular
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growth. Such growth requires an uneven cell wall plasticity in the
very tip region of the pollen tube, maintained by continuous tar-
geted secretion of pectin and its modifiers orchestrated by a com-
bination of feed-forward and feed-back regulations. Many studies
have highlighted that this dynamic equilibrium can be disturbed
by overexpression of various signaling proteins (Scheible &
McCubbin, 2019; Scholz eral, 2020). Overexpression of
AtPIP5K4 and 5, for example, leads to a premature growth arrest,
accompanied by massive pectin deposition and membrane
invaginations (Ischebeck ezal, 2008). A similar phenotype was
observed after overexpression of PLDs (Pejchar ez al., 2020). Fur-
thermore, studies of the Arabidopsis mutant dgk4 reported differ-
ences in cell wall properties of pollen tubes as determined by
atomic force microscopy (Vaz Dias etal., 2019). Here we show
that overexpression of NtDGKS5 also leads to increased pectin
deposition and shorter pollen tubes (Figs6, 7). The increased
deposition could first lead to thicker cell walls and finally termi-
nate tube elongation when the cell wall resistance becomes greater
than the turgor pressure.

In addition, the tip-swelling phenotype observed upon over-
expression of the NtDGK5%' " variant might be explained by
effects on cell wall deposition. Here, even though no effect on
cell wall thickness was measured in our assay, subtle changes
in pectin secretion could lead to wall thinning in certain
regions, perturbing the plasticity in a way that leads to tip-
swelling and ultimately growth arrest rather than regular, con-
tinuous tip growth.

More difficult to explain is the wavy growth pattern observed
with its periodic nature. Pollen tube growth as an oscillating pro-
cess has long been described and observed with regard to, inter
alia, growth speed, Ca®" concentrations and wall thickness (Feijé
etal., 2001; Zonia eral., 2006). Experimental observations have
mainly been described along the longitudinal axis of the growth
direction; however, Haduch-Sendecka ez al. (2014) also reported
transverse oscillations in the width of tobacco pollen tubes that
are correlated to longitudinal growth speed oscillations in tobacco
pollen tubes. The observed wavy growth is therefore possibly the
result of a slight asymmetry in the regulating networks that con-
trol transverse oscillations as PA levels might be increased or
decreased depending on which DGK variant was used. This
might result in an asymmetric pectin deposition causing one side
of the pollen tube to expand more strongly, resulting in a turning
of growth direction. A correction by internal feed-back loops in
combination with the transverse oscillations could possibly result
in the wavy shape.

NtDGK5 might influence pectin secretion as part of a larger
regulatory network

As we propose that the phenotypes observed are caused by alter-
ations in the secretion of pectin and possibly also pectin-
modifying enzymes, the question arises of how DGK-produced
PA could regulate such secretory processes. Generally, PA could
have a direct effect on pectin secretion or an indirect effect by
regulating other signaling proteins. PA has, for example, been
linked to the regulation of PIP5K activity: in vitro experiments
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demonstrated an activation of Arabidopsis AtPIP5K1 via its N-
terminal MORN domain by PA, which is a conserved domain in
Arabidopsis AtPIP5K1-AtPIP5K9 (Im ez al., 2007).

Phosphatidic acid and PI(4,5)P, could then influence the rate
of secretion in pollen tubes in several ways, including by the
availability of secretory vesicles in the apical region, the rate of
tethering of these vesicles to the PM as well as the actual rate of
fusion events.

Important for the tethering of secretory vesicles to the PM is
foremost the exocyst complex (TerBush ezal, 1996; Elias et al.,
2003). This complex consists of eight protein subunits and is
recruited to the PM by anionic phospholipids including PA and
P1(4,5)P, (Bloch etal, 2016; Synek etal, 2021). In addition,
Sekeres etal. (2017) analyzed the localization of different mem-
bers of the tobacco EXO70 protein family in tobacco pollen
tubes and described localization to distinct membrane domains
for NtEXO70Ala and NtEXO70B. The apical localization of
NtEXO70Ala appeared to be limited by the presence of PA in
the membrane: the onset of NtEXO70Ala coincided with the
onset of the PA sensor mRFP:2xSpo20p-PABD.

Vesicle fusion could also be regulated by PA directly, or
through a potential connection to PI(4,5)P, synthesis. In the
animal field, PA was described to promote exocytosis through
its cone shape, and for yeast interactions of PA with different
SNARE proteins were described to influence membrane fusion
events (Zhukovsky ezal, 2019). Regarding a potential regula-
tion of vesicle fusion by PI(4,5)P,, mechanistic knowledge in
the plant system is very limited. However, PI(4,5)P, is estab-
lished as a key player in the neuron system by regulating the
activity of ion channels that influence secretion (Hille ezal,
2015). Furthermore, several proteins directly involved in fusion
bind PI(4,5)P,, including SNARE proteins and the proteins
CAPS and Muncl3 that prime vesicles for exocytosis (Martin,
2012).
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Abstract

Plants must cope with a variety of different stressors during their life cycle and their
adaptations to these environmental influences involves all cellular organelles. Among them,
comparatively little is known about the contribution of cytosolic lipid droplets (LDs) and their
core of neutral lipids and associated surface proteins to the rewiring of cellular processes in
response to stress. Here, we analysed the changes that occur in the neutral lipid lipidome and
proteome of Arabidopsis leaves after pathogen infections with Botrytis cinerea and
Pseudomonas syringae, and heat stress. Analyses were carried out in wild type plants and an
oil-rich double mutant that allowed an allied study of the LD proteome in challenged leaves.
Using liquid chromatography-tandem mass spectrometry-based methods, we show that a
hyperaccumulation of the primary LD core component triacylglycerol is a general response to
stress and that acyl chains are remodelled during cellular adaptation. Likewise, comparative
analysis of the LD protein composition in stress-treated leaves highlighted the remodelling of
the LD proteome as part of the general stress response. We further identified two new LD-
associated proteins whose localisation to LDs in leaves was confirmed by confocal microscopy
of fluorescent protein fusions. These and other results highlight LDs as dynamic contributors
to the cellular adaptation processes that underlie how plants respond to environmental stress.
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Introduction

Plants naturally encounter a plethora of abiotic and biotic threats during their life cycle.
Consequently, plant cells have to be highly adaptive at the transcriptomic, proteomic and
metabolic level, which requires the interplay of different signalling pathways and organelles
(Kumar et al., 2016; Zhu, 2016; Crawford et al., 2018). This is highlighted by the retrograde
signalling between mitochondria or chloroplasts and the nucleus (Ng et al., 2014; Berkowitz
et al., 2016; Leister et al., 2017), or the synthesis of the plant stress-responsive jasmonates
whose biosynthetic pathways are distributed across chloroplasts, peroxisomes, and the
cytosol (Bell et al., 1995; Staswick and Tiryaki, 2004; Theodoulou et al., 2005). Another
pertinent example of this cellular interplay is lipid remodelling, where fatty acid (FA) synthesis
and lipid turnover in the plastids, and lipid turnover in the endomembrane system act together
to modify cellular membrane composition in response to stress. More specifically, acyl chains
removed from the membrane lipid pool appear to be transferred into triacylglycerols (TAGs)
stored in cytosolic lipid droplets (LDs). In heat-stressed seedlings for example, cytosolic TAGs
with a high degree of unsaturation accumulate and the respective polyunsaturated acyl chains
originate, at least in part, from chloroplasts (Mueller et al., 2015; Mueller et al., 2017).
Similarly, in tobacco pollen tubes, heat stress leads to an increase in the proportion of
saturated acyl chains in the membrane lipids phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), at the expense of mono- and polyunsaturated acyl chains,
while total TAG levels increase (Krawczyk et al., 2022a). Similar effects have been observed in
heat-stressed leaves of Arabidopsis (Higashi et al., 2015) and accumulation of TAG is linked to
a number of stresses, e.g., freezing stress (Moellering et al., 2010), drought and cold treatment
(Tarazona et al., 2015) or pathogen infection (Schieferle et al., 2021), which implies LDs are
important organelles in the plant stress response.

LDs are cytosolic structures that consist of a hydrophobic core of neutral lipids, primarily TAGs
and sterol esters (SEs), delimited by a monolayer of phospholipids. Embedded into and/or
associated with the surface of the monolayer are various proteins that convey to the LDs
different functions depending on the cellular context (Brocard et al., 2017; Ischebeck et al.,
2020; Kretzschmar et al., 2020). Most studies on LDs have been carried out with tissues/organs
where they are highly abundant, including seeds, seedlings and pollen (Vance and Huang,
1987; Tzen et al., 1993; Chen et al., 1999; Lin et al., 2002; Hsieh and Huang, 2004; Kretzschmar
et al., 2020). Indeed, the best described LD proteomes are those in seeds, where LDs-stored
neutral lipids can be up to 40% of the dry weight (Baud et al., 2002), and where members of
the oleosin (OLE), caleosin (CLO) and steroleosin (also called hydroxysteroid dehydrogenase
[HSD]) protein families dominate (Jolivet et al., 2004; Katavic et al., 2006; Jolivet et al., 2009;
Kretzschmar et al., 2018; Kretzschmar et al., 2020).

LDs function in seeds predominantly as storage organelles and oleosins are considered to
function primarily in preventing LDs coalescence (Cummins et al., 1993; Murphy, 1993).
However, during seedling establishment, the stored neutral lipids must be metabolized in
order to support seedling growth (Germain et al., 2001; Eastmond, 2006) and LD function(s)
changes. Concomitantly, the LD proteome undergoes a transformation as the seed LD proteins
are degraded and other LD proteins confer new functionalities to the LDs (Deruyffelaere et al.,
2018; Kretzschmar et al., 2018; Kretzschmar et al., 2020). Among the latter, the LD-associated
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protein (LDAP) family, the LDAP-INTERACTING PROTEIN (LDIP), and seipin proteins, which are
actually endoplasmic reticulum (ER) membrane proteins that are situated at ER-LD junctions,
are crucial for LD biogenesis (Cai et al., 2015; Taurino et al., 2018; Pyc et al., 2021). Additional
LD proteins that function in seedlings have been also described, including those with enzyme
activities involved in the synthesis or breakdown of primary and secondary metabolites (Corey
et al., 1993; Diener et al., 2000; Shimada et al., 2014; Mdller and Ischebeck, 2018).

Environmental changes also influence LD-related processes. For example, in Arabidopsis
leaves, the expression of genes related to TAG degradation and synthesis correlated strongly
with altered temperature conditions (Szymanski et al., 2014). Furthermore, in cold-stressed
wheat plants, an upregulation in the expression of genes coding for homologs to
DIACYLGLYCEROL ACYL-TRANSFERASE 1, oleosins, caleosins and steroleosins has been
reported (Li et al., 2015). LD abundance in Arabidopsis leaves increases in reaction to drought,
cold or heat stress (Gidda et al., 2016; Doner et al., 2021). Correspondingly, Arabidopsis plants
that over-accumulate LDs, such as in Arabidopsis transgenic lines overexpressing the genes
coding for LDAPs (Gidda et al., 2016), are also more drought-tolerant (Kim et al., 2016). This
further suggests that LDs play a role in stress tolerance. Loss-of-function Arabidopsis mutants
of the caleosins CLO3 and CLO4 also hint at a role of these proteins and LDs in drought
responses. That is, the clo4 mutant was more drought-tolerant (Kim et al., 2011), while the
clo3 mutant was more susceptible to drought (Aubert et al., 2010). While the precise role of
these two caleosins in drought responses remains unclear, a connection to ABA-signalling has
been suggested in both cases (Aubert et al., 2010; Kim et al., 2011).

On the other hand, a role of CLO3 in the biotic stress response has been attributed to its
peroxygenase function (Shimada et al., 2014). After infection of Arabidopsis leaves with the
fungal pathogen Colletotrichum higginsianum, CLO3 and o-DIOXYGENASE 1 (a-DOX1)
accumulate at LDs in the perilesional area of the infection. There, they are likely to act in
tandem to convert a-linolenic acid, as stored in the neutral lipids of LDs, into 2-hydroxy-
octadecatrienoic acid (2-HOT), which then acts to impair fungal spread (Shimada et al., 2014).
Overall, CLO3 is probably the best characterised LD protein in non-seed tissues with different
studies focusing on its enzymatic activity, ABA-signalling and stress responses (Partridge and
Murphy, 2009; Aubert et al., 2010; Blée et al., 2014).

Despite the growing knowledge on selected proteins and their roles at LDs in vegetative plant
organs, the relatively low abundance of LDs in these tissues has generally been a technical
challenge for lipidomic or proteomic studies. Nevertheless, successful studies have been
carried out on the leaf LD proteome of senescing and drought-stress leaves, as well as leaves
infected with Pseudomonas syringae pv. tomato (Pto) DC3000 avrRpm1 (Brocard et al., 2017;
Fernandez-Santos et al., 2020; Doner et al., 2021), which have resulted in the identification of
several novel LD proteins. Among them was the protein EARLY RESPONSIVE TO DEHYDRATION
7 (ERD7), which has been implicated in the Arabidopsis cold stress response (Barajas-Lopez et
al., 2021; Doner et al., 2021). Additionally, two glycerol-3-phosphate 2-acyltransferase (GPAT)
proteins, GPAT4 and GPATS, were identified that catalyse the transfer of an acyl chain from
acyl-CoA to glycerol 3-phosphate to produce lysophosphatidic acids (Jayawardhane et al.,
2018). Further, the enzyme PHYTOALEXIN DEFICIENT 3, which reduces dihydrocamalexic acid
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to camalexin (Zhou et al., 1999; Schuhegger et al., 2006), was observed to co-localise to LDs,
but only after infection with Pto DC3000 avrRpm1 (Fernandez-Santos et al., 2020).

Despite these advances, it remains unclear what the dynamics of the LD proteome are during
the plant stress response. Leaves are constantly exposed to a vast array of environmental
conditions, so it seems likely that the composition of leaf LDs is highly flexible in order to react
to these external signals. Here, we assessed the changes that leaf LDs undergo when subjected
to biotic and abiotic stresses. Arabidopsis plants were infected with two different pathogens
and exposed to heat stress and subsequently their leaf proteome and neutral lipid lipidome
were analysed. Comparisons with control treatments allowed us to observe the alterations
induced by the three different treatments. In addition, proteomic analysis of LD-enriched
fractions isolated from leaves subjected to the various treatments enabled us to survey
specifically the dynamics of the LD proteome and, in doing so, identify two novel proteins that
localised to LDs.

Results

Lipidomics of heat stress and pathogen infected plants reveals differential changes in
neutral lipid classes

Among the first indications for the involvement of LDs in the stress response of leaves were
reports on TAG accumulation and elevated numbers of LDs induced by abiotic and biotic
stresses (Gidda et al., 2016; Higashi and Saito, 2019; Doner et al., 2021; Schieferle et al., 2021).
To confirm these previous observations and determine if neutral lipid levels were also
increased by our treatments, we analysed changes in the neutral lipid lipidome, i.e., TAGs and
SEs, in infected or heat-stressed plants (Suppl. Datasets S1, S2). Notably, we included SEs in
this analysis, since they also form LDs in leaves (Shimada et al., 2019), but, compared to TAG,
relatively less is known in terms of their changes, if any, upon stress. To compare and contrast
the plant response to an abiotic stressor, a fungal pathogen, and a bacterial pathogen, we
submitted Arabidopsis Col-0 plants to heat stress (consisting of 24 hours at 37°C) or spray-
infected them with either Botrytis cinerea or Pseudomonas syringae pv. tomato DC3000
AavrPto/AavrPtoB (hereafter: Pseudomonas). Subsequently, neutral lipids from stressed and
control-treated plants were extracted and lipidomic analysis of TAGs and SEs carried out.

Overall, the abundance of SEs was different in infected or heat-stressed plants, whereby they
decreased in heat-stressed plants and a trend towards elevated SE levels was observed after
Pseudomonas and B. cinerea infection (Figure 1A). Lipid remodelling in reaction to stress often
includes the exchange of acyl chains, which is most prominently described for heat stress
(Higashi and Saito, 2019). Therefore, we calculated the average number of double bonds in
the acyl chains of SEs.
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Figure 1: Changes in total abundance and saturation of neutral lipids in leaves after different stress
treatments. Arabidopsis plants were infected with Botrytis cinerea (B. cinerea), Pseudomonas syringae
pv. tomato DC3000 AavrPto/AavrPtoB (Pseudomonas), or kept for 24 hours at 37 °C (heat stress). After
stress treatments, leaves were harvested and sterol esters (SEs) and triacylglycerols (TAGs) analysed
by UPLC-nanoESI-MS/MS. Signal intensities were quantified and normalised to an internal standard.
Values of all detected SE and TAG species were then added up and for each stress treatment the
combined sum was normalised to the respective value of the control treatment (A, C). Furthermore,
the saturation numbers i.e. the average number of double bonds (DB) in the acyl chains of SEs and
TAGs were calculated for all treatments (B, D). Statistical comparisons of treatments to their respective
control were calculated with the Wilcoxon-Mann-Whitney-Test, using Holm-Bonferroni correction for
multiple comparisons. Values are shown as mean # standard deviation. Different letters indicate
significant differences with p < 0.05. n = 5 biological replicates for all treatments.
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Values between two and three were observed, as polyunsaturated acyl chains dominated
among the detected SE species (Figure 1B). The saturation number in SEs slightly, but
significantly, increased after infection, although decreased in reaction to heat treatment. The
most dominant sterol species in all conditions were sitosterol, campesterol and stigmasterol
that amounted to 80%, 10% and 7%, respectively. Alterations upon treatment were most
visible in sitosteryl esters, whose proportion decreased slightly after infection and increased
after heat treatment (Suppl. Figure S1, Suppl. Dataset S3).

All three treatments caused an increase in TAG abundance (Figure 1C). Heat led to a relative
10-fold increase of TAG levels, whereas infection with B. cinerea and Pseudomonas resulted
in a 1.5-fold and a 2-fold increase, respectively. Interestingly, the detected MS/MS signals of
all TAG species together in the mock-treated plants of both infection experiments is
approximately two times higher than in the non-treated control plants of the heat stress
dataset. This suggests that the conditions of the mock-spray infection itself are an
environmental stressor to influence TAG synthesis. Nevertheless, heat stress caused TAG
levels to increase to an abundance that was not detected in either pathogen infection (Suppl.
Figure S2). Similar to SEs, we calculated the saturation numbers of acyl chains in TAG, which
reached values of approximately 2 (Figure 1D). Hence, polyunsaturated acyl chains also
dominated among TAGs, especially the 18:2 and 18:3 species (Suppl. Dataset S2). Saturation
numbers, i.e., the number of double bonds in TAGs, increased after infection with
Pseudomonas and after heat treatment, hinting that polyunsaturated acyl chains may be
channelled into TAGs in reaction to these stresses (Figure 1D). This is also supported by the
increase in the TAG species 54:9, which doubled its relative proportion in the TAG pool upon
heat treatment (Suppl. Figure S3, Suppl. Dataset S4). Similar changes could be seen for the
TAG species 54:8, while the two TAG species 52:5 and 52:6, which contain acyl chain with 16
carbon atoms, were depleted. Changes in TAG species composition after pathogen infection
were less pronounced and differed somewhat. After Pseudomonas infection, the fraction of
both 54:8 and 54:9 increased, while after exposure to B. cinerea the relative amounts of 54:8
decreased and the proportion of TAG species with at least one acyl chain with 16 carbons
increased.

For later proteomic studies, we used the double mutant tgd1-1 sdp1-4 that has increased TAG
levels stored in LDs (Fan et al., 2014) thereby making it easier to isolate LDs. TGD1 was
originally identified as a transporter that helps to import membrane lipid precursors from the
ER into plastids (Xu et al., 2003) and the tgd1-1 mutant was later also described to accumulate
TAGs in cytosolic LDs (Xu et al., 2005). SDP1, on the other hand, is a lipase that initiates storage
lipid breakdown during germination (Eastmond, 2006) and also hydrolyses TAG in vegetative
tissues, limiting its accumulation (Kelly et al., 2013). Disruption of SDP1 function in the tgd1-1
background increases TAG levels from 0.6% of leaf dry weight in the tgd1-1 mutant and even
less in the wild type to approximately 8% in the tgd1-1 sdp1-4 double mutant. Concomitantly,
there were more and larger LDs in the leaves of tgd1-1 sdp1-4 (Fan et al., 2014).
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Figure 2: Neutral lipid profile of the oil-rich mutant tgd1-1 sdp1-4. Triacylglycerols (TAGs) and sterol
esters (SEs) were determined in leaves of Arabidopsis Col-0 and tgd1-1 sdp1-4. Signal intensities were
guantified, corrected against the internal standard and all species of TAGs and SEs were added up to
obtain respective overall signal intensities. The combined sum was then normalised to TAG (A) and SE
(D) values in Col-0. The average number of double bonds (DB) in the acyl chains of both TAGs and SEs
was calculated and is shown in (B) and (E), respectively. Furthermore, TAG species composition was
analysed and relative proportions are shown in (C). Stacked bar plots follow TAG species composition
from top to bottom as indicated to the right of the plot, i.e. with the 50:2 TAG species at the top and
the 54:9 TAG species at the bottom. The percentage of TAG species with 54 carbon atoms is indicated
by the “54:n”-labelled lines to the right of the bars. Statistical analysis in (A), (B), (D) and (E) was done
using the Wilcoxon-Mann-Whitney-Test with Holm-Bonferroni correction. Values are shown as mean
+ standard deviation. Different letters indicate significant differences with p < 0.05. n > 4 biological
replicates for both lines.

93



MANUSCRIPT |

We could confirm the increase of TAG levels in leaves of the tgd1-1 sdp1-4 double mutant
(Figure 2A). However, unlike in the previous characterisation of tgdi-1 sdp1-4, we did not
observe increased desaturation levels of the acyl chains (Figure 2B). Based on the distribution
of TAG species, there are increased levels of acyl chains with 18 carbons: the proportion of
TAGs with 54 carbons increased from 50% to 70%. Interestingly though, the relative
proportions of 54:8 and 54:9 TAG species decreased (Figure 2C). In contrast to TAGs, SE levels
were depleted in tgdl-1 sdpl-4, to 75% of wild type levels (Figure 2D). Regarding the
composition of SE components, we observed a decreased average number of double bonds in
the SE acyl chains (Figure 2E). However, there were no significant differences between the
wild type and the double mutant in terms of sterol species (Suppl. Figure S4).

The leaf proteome changes in response to biotic and heat stress

In addition to changes in storage lipids, it is likely that the cellular proteome, including the LD
proteome, undergoes changes during stress. To test this premise, we extracted the total
proteome from wild type and tgd1-1 sdp1-4 leaves subject to either heat stress or pathogen
(B. cinerea and Pseudomonas) infection, or from the respective control treatments.
Furthermore, LD-enriched fractions were isolated from leaves from the wild type and the
double mutant line under all conditions. For all samples, peptides were analysed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) and MS raw data was processed
with the MaxQuant software (Cox and Mann, 2008) to identify and quantify the original
proteins. Two algorithms were used for quantification: the intensity-based absolute
quantification (iBAQ) and the label-free quantification (LFQ) algorithm (Cox and Mann, 2008;
Schwanhdusser et al.,, 2011; Cox et al., 2014). Protein quantification values were then
normalised as per mille of the total combined intensity in each sample, resulting in relative
iBAQ (riBAQ) and relative LFQ (rLFQ) values (Suppl. Dataset S5). rLFQ values were used for
comparisons of samples with similar protein compositions, i.e., total extract (TE) samples of
different conditions or genotypes. riBAQ values were used for calculations of enrichment
factors, when sample composition differed strongly between LD-enriched fractions and TE
fractions. Overall, this dataset allowed us to compare (i) the effects of the different stresses
on the total proteome in the wild type and double mutant line, (ii) differences between the
wild type and the double mutant, (iii) protein abundancies in total cellular fractions and LD
fractions to identify previously unknown LD-associated proteins (iv) changes of the LD
proteome under stress in the double mutant.

Based on rLFQ values, we compared changes of protein abundance in Col-0 leaves and
calculated statistical significance of changes between the different treatments and their
respective controls (Suppl. Datasets S6-S8). The results were visualised as volcano plots and
proteins whose abundance was changed at least 1.5-fold between conditions with p < 0.05
were selected for further analysis (Figure 3). Initially, we checked if the stress treatments had
been successful in altering the abundance of proteins previously described to be connected
with the individual stresses. For instance, for B. cinerea infection, the phospholipase PLA2A
was only detected after infection in our proteomic dataset (Suppl. Dataset S5), which is
consistent with a previous study that showed its accumulation after infection and dependent
on jasmonic acid (JA) signalling (La Camera et al., 2005).
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Figure 3: Alterations of total cellular proteins of Arabidopsis leaves subjected to different stress
treatments. Arabidopsis plants were infected with Botrytis cinerea (B. cinerea), Pseudomonas syringae
pv. tomato DC3000 AavrPto/AavrPtoB (Pseudomonas) or heat stressed for 24 hours at 37 °C.
Subsequently, total protein fractions of leaves were prepared and the proteome analysed by liquid
chromatography tandem mass spectrometry (LC-MS/MS). Protein abundance was quantified in
MaxQuant with the LFQ algorithm. Protein abundances of individual proteins were normalised to the
respective values of the control treatment and the resulting ratio was log,-transformed. Statistical
significance of the log, fold change was calculated by Student’s t-test in the software Perseus 1.6.2.2.
The constructed volcano plots indicate proteins that are significantly enriched (upper right) or depleted
(upper left) in reaction to the individual stress treatments. For each infection, only proteins detected
in all replicates of either mock-treated or infected plants were included in the analysis. For heat stress,
proteins present in at least four replicates of either heat-stressed or control plants were analysed.
Vertical lines indicate 1.5-fold enrichment or depletion, while the horizontal line indicates a
significance of p = 0.05. Proteins further mentioned in the text are labeled and highlighted in cyan. n 2
3 biological replicates for each individual treatment.
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JA and its bioactive form JA-isoleucine (JA-lle) accumulate in reaction to B. cinerea infection
(Aubert et al.,, 2015) and another protein that we only detected upon treatment with
B. cinerea is the enzyme IAA-ALANINE RESISTANT 3 (IAR3; Suppl. Dataset S5), which acts on
JA-lle (Widemann et al., 2013). Interestingly, IAR3 hydrolyses the amide bond of JA-lle thus
reducing the bioactive signalling form and PLA2A was described to negatively influence plant
resistance to B. cinerea (La Camera et al.,, 2005; Widemann et al., 2013). Both proteins’
accumulation might therefore be a result of fungal interference rather than of plant defence
reactions. Infection with Pseudomonas led to an expected increased protein abundance of
proteins strongly connected to plant defence reactions. Among the most increased proteins
after Pseudomonas infection were the two pathogenesis-related (PR) proteins PR1 and PR2
(Suppl. Dataset S7), both of which are known to be upregulated as part of systemic acquired
resistance to pathogen infection (Uknes et al., 1993; Fu and Dong, 2013). A third PR-protein,
PR5, also more than doubled in abundance (Suppl. Dataset S7). Another defence-related
protein that increased upon Pseudomonas treatment was HYPERSENSITIVE INDUCED
REACTION 2 (HIR2; Suppl. Dataset S7), which organises immune receptors at the plasma
membrane into nanoclusters (Qi et al., 2011; Qi and Katagiri, 2012). Finally, in response to
heat treatment, the heat shock protein HSP70-4 showed the most pronounced increase in
protein abundance (Figure 3), consistent with its role in thermotolerance against long term
heat stress (Wang et al., 2021). Further heat shock proteins like HSP90.2 and HSP90.5 also
increased in abundance (Figure 3, Suppl. Dataset S8), indicating that the plants were able to
sense and respond to the applied temperature conditions.

In order to determine if whole clusters of interacting and/or functionally-related proteins are
changed under stress, we employed the web tool at the STRING v11.5 database to assess the
differentially abundant proteins for each treatment with at least a 1.5 fold change and p <
0.05. Proteins with decreased or increased abundance were evaluated separately and only
interactions of high confidence were analysed. In plants stressed with B. cinerea and heat,
chloroplastic and photosynthetic proteins dominated amongst proteins with decreased
abundance (Suppl. Figure S5), although it is unclear if this is a direct effect or indirectly
observed due to altered behaviour in protein isolation. Among the proteins with decreased
abundance after B. cinerea infection were different members of photosystem |, Il and the
light-harvesting complexes (Suppl. Figure S5A). Similarly, after heat treatment, proteins of
photosystem Il were among the decreased proteins and additionally proteins of the
chloroplastic electron transport chain and subunits of RuBisCO (Suppl. Figure S5B).

The upregulated proteins of the different treatments did not form as extensive clusters as the
downregulated ones (Suppl. Figure S5). Among the most extensive interaction networks was
the one formed by heat shock proteins and chaperone proteins upon heat stress with the
functional role of assisting protein folding (Suppl. Figure S5E). Other protein clusters mostly
contained two or three proteins, nevertheless, also in these small clusters or individual
proteins there were interesting trends to observe especially regarding metabolic adjustments
in reaction to the applied stress treatments. For example, heat treatment induced the
accumulation of two catalases, CAT2 and CAT3, likely to counteract heat-induced oxidative
stress (Suppl. Figure S5E; Ono et al., 2021) and both infections caused the accumulation of
glutathione S-transferase proteins (Suppl. Figures S5D, S5F). More specific for B. cinerea,
metabolic adaptation included the upregulation of proteins involved in the biosynthesis of
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tryptophan and the detoxification of cyanide as for example TRYPTOPHAN SYNTHASE ALPHA
CHAIN, TRYPTOPHAN SYNTHASE BETA-SUBUNIT 1, R-CYANOALANINE SYNTHASE C1 and
NITRILASE 4 (Yamaguchi et al., 2000; Piotrowski et al., 2001).

The tgd1-1 sdp1-4 double mutant displays alterations in the leaf proteome separate of lipid
metabolism

When we examined the changes in the proteome of the oil-rich double mutant tgd1-1 sdp1-4
after the different stress treatments, we observed some common trends with the wild type.
This included for example a decrease in plastidial and photosynthetic proteins after in reaction
to stress and also the treatment-dependent accumulation of proteins described in the
previous section (Suppl. Datasets S9-S11). However, when proteins were selected with the
same criteria as for the wild type, less than 50% of proteins were shared amongst the up- or
downregulated proteins of each treatment. As these differences pointed to underlying
changes in the proteome of the double mutant, we decided to compare the proteome of
tgd1-1 sdp1-4 to the wild type under non-stressed conditions (Figure 4A, Suppl. Dataset S12).
Using the same selection criteria as for the analysis of treatment-induced changes
(enrichment or depletion of at least 1.5-fold, p < 0.05), 253 proteins were selected for further
analysis.

When analysed with the STRING webtool, two protein interaction networks among the
downregulated proteins were most striking (Suppl. Figure S6). Several components of the light
harvesting complexes (i.a. LHCA3, LHCB3) and the photosynthetic electron transfer chain (i.a.
PSBA, PSBE, PETA, PETD, PSAE-2) were decreased in the double mutant. The same was true
for several ribosomal proteins of both cytosolic and plastidial ribosomes. Among the
upregulated proteins in the double mutant, enzymes of various metabolic pathways could be
found, e.g. four glutamine synthetases (GLN1;1, GLN1;2, GLN1;3, GS2) and three proteins of
the glycine cleavage system (GLDT, GLDP1, GDC-H1). The glycine cleavage system (also called
glycine decarboxylase) and the glutamine synthetase GS2 are part of the photorespiration
pathway and in PGLP1 and GGAT1 further enzymes of photorespiration display increased
abundance in tgd1-1 sdp1-4 (Bauwe et al., 2010).

After comparing the double mutant to the wild type proteome under non-stressed condition,
we analysed the differences between both lines for different treatments and looked for
common proteins that were changed between tgdl-1 sdpl-4 and the wild type across
different experiments. Taking all treatments together, there are seven datasets for the
comparison of the wild type and tgd1-1 sdp1-4: one dataset of non-stressed plants, and three
datasets each for the different stresses and their respective control or mock treatments. In
these combined datasets, two proteins were found to accumulate in the double mutant in all
but one condition. Firstly, the glutathione S-transferase GSTF7, which also increased in
abundance after infection with B. cinerea or Pseudomonas (Suppl. Datasets S6, S7). Secondly,
the PR protein PR2 that was previously seen to accumulate after Pseudomonas infection
(Figure 3). PR2 forms together with PR1 and PR5 part of the response to salicylic acid (SA) such
that their gene expression is used as readout for systemic acquired resistance (Uknes et al.,
1993; Bowling et al., 1994; Fu and Dong, 2013).

97



MANUSCRIPT |

A o B PR1 PR2 PR5 C SA SAG
e ! a b a b a b a b a b
1 1 * * *
6 [ 1.001 .
V| ¢
1 1 .
1 1 ¢
1 1 60 600 A
Vo *
. o! ! . 8 0.751
® . % 'S
— ¢ = [=2]
ol wendio g
g |aocs ro = 40 < 400
1 1 1 ° () ]
= ® o1 1 Y@ 8 . o ]
o -Q..‘ ! o o o . =050
by o o 1° “"’ 2 s 2
[ ]
3 @ e 2 E :
..?., o BT, o E i
2. e ) . S 201 200+
s V9ERS. PRI 0.251 $
° ] - !
0 0 0
NN N NN N
L N A7 L Qv A~V A~ N A~ N A~
e e OO o oi’\ &9 oi’ 9 00\’ &9 00\:\ ¥
log2 fold change o o o o o

Figure 4: Differences in the proteome of Arabidopsis Col-0 compared to the double mutant tgd1-1
sdp1-4. The proteome of Col-0 and tgd1-1 sdp1-4 in total protein fractions of non-stressed plants was
determined. Changes in protein abundance are visualised in a volcano plot, displaying proteins
accumulating (upper right) or depleted (upper left) in the double mutant (A). Proteins were only
included in the analysis if they were present in all replicate samples. Vertical lines indicate 1.5-fold
enrichment or depletion, and the horizontal line indicates a p-value of 0.05. Proteins further discussed
in the text are marked: the glutathione S-transferase GSTF7 and the PR proteins PR1, PR2 and PR5
accumulate in the mutant (cyan dots), while the allene oxide cyclases AOC2 and AOC4 are depleted
(orange dots). PR gene expression was further analysed in leaves of Col-0 or tgd1-1 sdp1-4 and
expression levels were calculated relative to the reference gene AT3G01150 (B). Leaves of both plant
lines were also analysed by UPLC-nanoESI-MS/MS for their salicylic acid (SA) and SA glucoside (SAG)
content (C). P-values in (A) were calculated by Student’s t-test in the Perseus 1.6.2.2 software. Values
are shown as mean = standard deviation in (B) and (C). Statistical analysis in (B) and (C) was carried out
with the Wilcoxon-Mann-Whitney-Test, using Holm-Bonferroni correction for multiple comparisons.
Statistical differences with p < 0.05 are indicated by different letters. n = 3 biological replicates in (A),
n = 6 biological replicates in (B) and (C) and for (B), two independent technical replicates of each
biological replicate were measured.
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Interestingly, PR1 and PR5 are also significantly enriched in non-treated leaves of tgdl-1
sdp1-4 compared to the wild type and we observed higher protein abundance of PR1, PR2 and
PR5 in the double mutant after various treatments (Suppl. Figure S7).The accumulation of
these PR proteins seemed to indicate higher basal levels of SA, which reciprocally influences
other phytohormone levels. Most prominently, an antagonistic relationship between SA and
JA has been described in Arabidopsis that allows a fine tuning of the plant defence response
(Spoel et al., 2003; Pieterse et al., 2012). It is therefore interesting to note that two allene
oxide cyclase proteins, AOC2 and AOC4, which catalyse the cyclisation step in the biosynthesis
of JA, were found to be less abundant in tgd1-1 sdp1-4 under non-stressed conditions (Figure
4A).

Following up on this possible changes in SA-related signalling, we tested the gene expression
of PR1, PR2 and PR5 in non-stressed leaves of Col-0 and tgd1-1 sdp1-4 by qPCR and observed
increased transcript levels (Figure 4B). Finally, we also measured phytohormone levels in
leaves. In line with the observed changes of PR gene expression and protein abundance, the
base level of SA in non-stressed plants is increased in tgd1-1 sdp1-4 (Figure 4C). Furthermore,
the amount of its glycosylated derivative salicylic acid glucoside (SAG) was increased (Figure
4C). Due to the low amount of JA and JA-derivatives in non-stressed plants, we were not able
to determine if their basal concentrations were also affected.

Survey of proteins enriched at leaf LDs reveals new LD proteins

An important aim of this work was to identify proteins so far unknown to localise to LDs in
leaves, since our understanding of LD biology in general hinges on the understanding of its
associated proteins and their functions. We therefore obtained an enriched LD fraction from
leaves of tgd1-1 sdp1-4 plants and investigated the proteome using quantitative label-free
proteomics. First, to evaluate the success of LD enrichment, we combined the riBAQ values of
known LD proteins and proteins observed to localise to LDs in this study (Gidda et al., 2016;
Brocard et al., 2017; Pyc et al., 2017; Kretzschmar et al., 2018; Fernandez-Santos et al., 2020;
Kretzschmar et al., 2020; Doner et al., 2021; Ge et al., 2022; Li et al., 2022). This combined
abundance of known LD proteins in LD-enriched fractions revealed a strong enrichment
(Figure 5), as expected. We then tested which other organelles might co-enrich with LDs. Using
the plant proteome data base (PPDB), the abundance of all proteins with an assigned unique
subcellular localisation in the PPDB was combined for their respective organelles. The summed
protein abundance for different organelles was compared between TE and LD-enriched
fractions by calculating the ratio between the two fractions and converting it to log,-fold
change values (Figure 5). The ER and plastoglobuli proteomes were most prominently
enriched, which is likely a reflection of LD biogenesis at the ER and the similarities in the
density of cytosolic LDs and chloroplastic plastoglobuli. In contrast, the combined abundance
of known peroxisomal proteins was strongly depleted in the LD-enriched fractions (Figure 5),
despite their related functional roles in fatty acid catabolism and the well-known physical
interactions (Scholz et al., 2022). All other subcellular structures were either not strongly
enriched or significantly depleted in the LD-enriched fractions (Figure 5).
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Figure 5: Enrichment of different organelle proteomes in the LD-enriched fraction. Arabidopsis tgd1-1
sdp1-4 was subjected to the indicated treatments. Subsequently, LDs were enriched from leaves and
the proteomes of this LD-enriched fraction and corresponding total protein fractions were determined
by LC-MS/MS. To analyse enrichments of different subcellular organelles, proteins were assigned to
their subcellular localisation according to the Plant Proteome Database and previous reports of plant
LD proteins. Only proteins identified by at least two peptides and present in all replicates of the
respective treatments were used for this analysis. Furthermore, assignment to organelles was only
done for proteins with a unique localisation, all other proteins were designated as “unknown”. The
combined protein abundance of all marker proteins of the different organelles in the LD-fraction was
then normalised to the respective combined protein abundances in total extract samples and the
resulting enrichment ratio was log2-transformed. Organelles that contained less than five marker
proteins in the LD-fraction were excluded from the analysis. The log2-value 0, equivalent to the same
amounts of marker proteins in LD-enriched and total protein samples, is indicated by the horizontal
dashed line. Calculations were done for each treatment individually and different experiments are
separated by vertical lines. In each treatment, n > 3 biological replicates.
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Figure 6: Enrichment analysis of proteins in the LD-enriched fractions prepared from Arabidopsis
leaves. LDs were enriched from leaves of Arabidopsis tgd1-1 sdp1-4 plants that were either untreated
or subjected to different stresses. Subsequently, the proteome of the LD-enriched fractions and the
corresponding total leaf protein extract was measured. Of the detected proteins a volcano plot was
created, plotting the enrichment of each protein in the LD-fraction against its respectively calculated
p-value (A). Treatments were combined, however, proteins were only included in the analysis if they
were identified by at least two peptides and were present in at least three replicates. Proteins
significantly enriched in the LD-fraction cluster in the upper right corner and this section of the volcano
plot is depicted enlarged in (B). Previously known LD proteins are marked in orange; proteins
investigated in this study that did or did not localise to LDs are highlighted in red and cyan, respectively.
Known and new LD proteins are labelled, in addition the two proteins CCD1 and SEC61y are indicated.
P-values were calculated by Student’s t-test in the Perseus 1.6.2.2 software. Vertical lines indicate 1.5-
fold enrichment or depletion, while the horizontal line indicates a significance of p = 0.05.
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In order to identify potential new LD proteins, we then calculated enrichment factors and the
statistical significance of the enrichment for individual proteins (Suppl. Dataset S13). By
combining all datasets from the different treatments, we were able to identify proteins that
consistently showed a higher accumulation in the LD-enriched fractions (Figure 6). In total,
553 proteins significantly accumulated in LD-enriched fractions. Among those were several
previously known LD proteins, most prominently CLO3, LDAP3, and LDIP. Other proteins with
high enrichment values included the carotenoid cleavage dioxygenase CCD1, which has a
tobacco homolog that was also found enriched in the LD proteome of tobacco pollen tubes,
but did not localise to LDs when ectopically expressed in pollen tubes (Kretzschmar et al.,
2018); and SEC61y, a subunit of the SEC61 translocon previously described at ER-LD contact
sites (Kretzschmar et al., 2020). In addition to the three known LD proteins, CLO3, LDAP3 and
LDIP, the highest enrichment in the LD-fraction was observed for a protein (accession number
AT5G04830) that has been annotated as nuclear transport factor 2 (NTF2) family member, but
has not been functionally characterized. Additional proteins to study further were selected
based on their enrichment value, predicted transmembrane regions, and/or possible LD-
related functions. Among these were two cytochrome bs proteins, CB5-D and CB5-E that were
both highly enriched in the LD fraction and might serve in electron transfer during possible
lipid oxidation reactions at LDs.

Of the selected candidates, we analysed subcellular localisation by transient expression in
Nicotiana benthamiana leaves, which is a well-established model plant cell system for protein
localization, including LD proteins (Kretzschmar et al., 2020; Doner et al., 2021; Krawczyk et
al., 2022b). Candidates were expressed with an N- or C-terminal mCherry fluorescent tag and
subcellular localisation was analysed by confocal laser-scanning microscopy. To assess
possible LD co-localisation, LDs were stained with the neutral lipid-specific stain Bodipy
493/503 (Listenberger and Brown, 2007). As shown in Figure 7, LD localisation was observed
for two of the candidate proteins examined. The first one, which was the previously
mentioned NTF2 protein family member, we termed LD-LOCALISED NTF2 FAMILY PROTEIN
(LDNP), and the second one was CB5-E. Notably, we observed two different localisations for
CB5-E, depending on the position of the appended mCherry moiety. That is, C-terminal
mCherry-tagged CB5-E localised to reticular structures, consistent with the ER (Figure 7C),
while the N-terminal mCherry-tagged CB5-E displayed both an ER localization and LD
localisation, with a clear LD preference in some cells (Figure 7D). Bioinformatic tools predict a
single transmembrane structure near the C-terminus of CB5-E (Suppl. Figure S8), which might
be less accessible with a C-terminal-appended mCherry, therefore resulting in the observed
differences in CB5-E localisation. None of the other candidate proteins examined readily
localized to BODIPY-stained LDs (Suppl. Figure S9), although some displayed reticular, ER-like
fluorescence patterns, which may be notable given the role of the ER in LD biogenesis.

The leaf LD proteome responds to environmental stresses

Looking at the overall LD proteome in leaves of tgd1-1 sdp1-4 without stress treatment, CLO3
and LDAP3 were the most abundant proteins (Table 1). When their respective riBAQ values
are normalised to the summed riBAQ values of all known LD proteins, they combine to around
80% of total LD protein riBAQ abundance.
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Figure 7: Two proteins were observed to associate with LDs upon transient expression in Nicotiana
benthamiana leaves. Subcellular localisation studies were carried out by transient expression in
N. benthamiana leaves. Candidate proteins were fused to a mCherry-tag (magenta channel) and LDs
were stained with BODIPY 493/503 (cyan channel). Depicted are localisation studies of LD-LOCALISED
NTF2 FAMILY PROTEIN (LDNP) and CYTOCHROME B5 ISOFORM E (CB5-E). LDNP-mCherry localisation
was observed when the protein was expressed alone (A) or in co-expression with the LD-inducing
DIACYLGLYCEROL ACYLTRANSFERASE 2 enzyme from mouse (B). CB5-E carrying a C-terminal mCherry-
tag did not co-localise to LDs (C), however, with an N-terminal mCherry-tag association to LDs was
observed (D). Boxes highlight regions of the cell shown with higher magnification in the insets. Bars =
10 um (2 um in insets).
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Additional proteins detected in leaves without treatment included other members of the LDAP
protein family, LDAP1 and LDAP2, their interacting protein LDIP, and the protein ERD7 (Gidda
et al., 2016; Pyc et al., 2017; Doner et al., 2021). Several other proteins connected to neutral
lipid metabolism (i.e., GPAT4, STEROL METHYLTRANSFERASE 1 [SMT1], CYCLOARTENOL
SYNTHASE 1 [CAS1], OIL BODY LIPASE 3 [OBL3], LD-ASSOCIATED LIPASE 2 [LIDL2]), protein
degradation (PLANT UBX DOMAIN CONTAINING PROTEIN [PUX10]) or specialised metabolism
(a-DOX1, LD-associated methyltransferase [LIME]) were also found, albeit in comparatively
small amounts. In addition, LDNP and CB5-E described above were found in LD-enriched
fractions of non-treated leaves. GPATS8 could not be detected in non-treated leaves, however,
small amounts of the protein were found in the LD proteome of the leaves from the control
treatment to heat stress (Table 1).

We did not observe any additional LD proteins specific to the different stress treatments,
however, we were able to follow the changes in the LD proteome composition in response to
the individual stresses (Figure 8). Overall, the combined protein abundance of LD proteins in
the LD-enriched fraction tended to increase after a stress, especially after infections (Figure
8A), which is consistent with the observed trend towards increased TAG levels in our
lipidomics measurements (Figure 1). Increased protein abundance was not evenly distributed
on all LD proteins, so that the relative proportions of detected LD proteins in the known LD
proteome changed (Figure 8B, Table 1). The dominance of CLO3 and LDAP3 in the proteome
was consistently observed for all treatments, as they always combined to >60% in abundance
of known LD proteins. They differ, however, in their response to the applied stress treatments,
i.e., the proportion of CLO3 increased after all three treatments in contrast to LDAP3 whose
relative contribution either decreased or did not change. We next calculated for each protein
the ratio of its abundance after stress treatment divided by its abundance in the respective
controls (Figure 8C). Fitting to the observed trends in relative composition, abundance of CLO3
more than doubled in case of infection with both B. cinerea and Pseudomonas. Similarly, heat
treatment also caused an upregulation of CLO3. LDAP3 did not change as much and was
depleted after Pseudomonas-infection, consequently its proportion in the LD proteome of
infected leaves was decreased. Among the low-abundant leaf LD proteins, a-DOX1 strongly
accumulated at LDs after both pathogen treatments, which fits to the described functional
interaction between CLO3 and a-DOX1 (Shimada et al., 2014). Interestingly, a-DOX1 did not
increase in reaction to heat treatment, pointing to a more specific role in defence against
pathogens. For CB5-E we could also observe an accumulation specifically after pathogen
infection, although on a smaller scale than for a-DOX1. Most other proteins fluctuate in
abundance but show no clear trend with the possible exception of PUX10 that was depleted
after all of our treatments.

Pathogen susceptibility is not strongly altered in mutants of genes coding for LD proteins

As CLO3 and a-DOX1 reacted most strongly to pathogen infection, we tested respective T-DNA
mutants for potentially altered resistance phenotypes. a-DOX1 has a homolog, a-DOX2, which
shares 61% identity on the protein level and also has enzymatic activity to produce
hydroxylated fatty acids but differs in expression pattern and has so far not been described as
LD-localised (Bannenberg et al., 2009).
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Figure 8: Changes in the known LD proteome of leaves after stress treatments. The protein
abundance (riBAQ values) of known LD proteins in the LD-enriched fraction isolated from Arabidopsis
leaves was followed in reaction to fungal infection with Botrytis cinerea (B. cinerea), bacterial infection
with Pto DC3000 AavrPto/AavrPtoB (Pseudomonas) or heat stress for 24 hours at 37°C. The total LD
protein abundance was calculated by summing up riBAQ values of all LD proteins for each treatment
individually (A). In addition, for each treatment the relative contribution of all detected LD proteins to
the total LD protein abundance was calculated (B). Stacked bar plots show the relative proportion of
individual LD proteins in the order displayed in the legend, i.e. percentage of GPAT8 at the top and
percentage of CLO3 at the bottom. The changes in abundance of individual proteins was followed by
calculating the ratio of their riBAQ values in LD fractions of stressed plants relative to their riBAQ values
in respective control treatments (C). Values above and below 1 indicate enrichment or depletion upon
individual stresses, respectively. The horizontal line highlights ratios of 1. Proteins were only included
if they were identified by at least two peptides and were detected in at least three replicates. n > 3
replicates per treatment.
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Figure 9: T-DNA mutants of CLO3 and a-DOX1 showed no alterations of pathogen susceptibility. The
indicated mutant plants were analysed for susceptibility towards the fungal pathogens Botrytis cinerea
(A) and the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pseudomonas, B). For
B. cinerea assays, droplets of spores suspensions were applied to the leaves and diameters of necrotic
lesions were measured three days after infection. Pseudomonas infection was performed by syringe
inoculation. Immediately after infiltration, samples were harvested (day 0), subsequent samples were
harvested three days after infection (day 3) and colony forming units were determined. Two double
mutants of a-dox1 a-dox2 were analysed that contained independent T-DNA insertions into a-DOX1.
Statistical analysis was performed using the Wilcoxon-Mann-Whitney-Test for results of clo3 and
Kruskal-Wallis test for a-dox lines, however, no significant differences were observed. n > 23 leaves in
(A); in (B), n =3 and 5 biological replicates per line for day 0 and day 3 samples, respectively.
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Despite this difference in localisation, we decided to analyse response to pathogen infection
in double mutants a-dox1 a-dox2 to rule out enzymatic compensation of a-DOX1 function and
additionally included one set of single mutants (a-dox1-1 and a-dox2-1) to potentially narrow
down effects of a-DOX1.

In B. cinerea infection, we observed a trend towards slightly larger lesions in a c/lo3 mutant in
the Ler ecotype background, however, the difference was not statistically significant (Figure
9A, Suppl. Figure S10). Similarly, lesion size of different a-dox mutants did increase but the
effect was not consistently observed across experiments. The differential impact of a-DOX1
and a-DOX2 was also difficult to distinguish, as lesion size between a-dox1 and a-dox2 differed
in one experiment but not in another (Figure 9A, Suppl. Figure S10A).

For Pseudomonas infection experiments, we initially used wild type Pseudomonas syringae pv.
tomato DC3000 (hereafter: Pto DC3000), even though the lipidomics and proteomics studies
were carried out with Pseudomonas syringae pv. tomato DC3000 AavrPto/AavrPtoB that is
modified so it lost the effector proteins AvrPto and AvrPtoB (Lin and Martin, 2005). This way,
we hoped to examine the importance of CLO3 and a-DOX1 independent of the additional
variability of different Pseudomonas strains. However, we did not detect altered resistance
neither for clo3 nor for the a-dox mutants (Figure 9B). Infection with Pto DC3000 was carried
out by infiltration of leaves which might circumvent defence effects of CLO3 and a-DOX1 in
the stomata of leaves where bacterial entry has to be prevented. Thus, plants were spray-
infected in an additional experiment, still a-dox mutants were not affected and c/lo3 showed
even a slightly decreased susceptibility (Suppl. Figure S10B).

Discussion
Biotic and abiotic stresses alter neutral lipid homeostasis in Arabidopsis leaves

Here, we studied the responses of leaf LDs to environmental challenges on lipid and protein
level. Towards that end, we initially measured the levels of neutral lipids of Arabidopsis wild
type leaves either spray-infected with Pseudomonas or B. cinerea, or heat-stressed for 24
hours at 37°C. All three treatments led to an increase in TAG levels, which fits with previous
observations (Higashi et al., 2015; Schieferle et al., 2021). Higher temperatures lead to
increased membrane fluidity so that membrane lipids are usually remodelled and acyl chains
with three double bonds are replaced by less unsaturated acyl chains (Falcone et al., 2004).
TAG accumulation in seedlings after a heat shock of 45°C for 90 minutes was strongly
dependent on phospholipid:diacylglycerol acyltransferase (PDAT) enzyme activity (Mueller et
al., 2017), which transfers acyl chains from PC to diacylglycerol (Dahlgvist et al., 2000). It thus
seems likely that excess acyl chains originating from membrane lipids are channelled into TAGs
to adapt biophysical membrane properties without a build-up of cytotoxic free FAs (Fan et al.,
2013). This is reflected in the increase of 54:8 and 54:9-TAG species after heat stress that we
and others observed (Higashi et al., 2015; Mueller et al., 2015; Mueller et al., 2017).

Unlike lipidomic changes after heat stress, which are comparatively well studied, less is known
about the impact of pathogen infection. Infection of leaves with the avirulent Pseudomonas
strain Pseudomonas syringae pv. tomato DC3000 avrRpm1 causes an increase in TAG levels
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(Schieferle et al., 2021) and leads to increased numbers of leaf LDs (Fernandez-Santos et al.,
2020) within one day after infection. Using another avirulent Pseudomonas strain
(Pseudomonas syringae pv. tomato DC3000 AavrPto/AavrPtoB) and measuring neutral lipids
after symptom development, we observed a similar trend to increased TAG levels, which was
mainly driven by the TAG species 54:8 and 54:9 (Suppl. Datasets S2, S4). Fungal infection of
Arabidopsis with B. cinerea in leaves (Figure 1) and Verticillium longisporum in roots
(Schieferle et al., 2021) are also accompanied by a trend towards increased TAG levels.
Interestingly, in case of V. longisporum, TAG accumulation is a systemic effect probably
initiated by the infected roots. It thus seems to be the case that increased TAG levels are a
general plant response to infection, however, the reasons for that are not clear yet. One
possible explanation might again relate to membrane remodelling to form membrane
domains as signalling hubs for immune receptor signalling, as has been reported for the HIR-
proteins (Qi et al., 2011; Qi and Katagiri, 2012). Also, the receptor of bacterial flagellin, FLS2,
was reported to be organised in distinct membrane clusters that become less mobile after
receptor activation (Felix et al., 1999; Zipfel et al., 2004; Biicherl et al., 2017). The contribution
of lipids to the establishment of these clusters is only just coming into focus (Platre et al.,
2019), however, if the formation of membrane domains in immune signalling also involves
adjustment of membrane lipids, TAGs might serve again as sink for excess acyl chains.

On the other hand, LDs could act as signalling hubs on their own, or their formation is induced
by the pathogen rather than as plant response. For animal LDs, it has been reported that
antimicrobial proteins accumulate at LDs after infection (Bosch et al., 2020) and eicosanoids
specifically synthesised from LD-derived arachidonic acid could mediate immune signalling
(Roingeard and Melo, 2017; Vallochi et al., 2018). A comparable plant reaction would be the
synthesis of 2-HOT (Shimada et al., 2014). In this context, the accumulation of TAGs might
serve as a plant response to increase LD number for expanded synthesis of antimicrobial
compounds. Nevertheless, higher TAG levels could also be induced by the pathogens to obtain
the plant lipids as carbon and energy source as has been reported from animal cells. There,
infecting bacteria and protozoan parasites were observed to recruit LDs from the host cell for
their own metabolism (Roingeard and Melo, 2017; Vallochi et al., 2018) and similar processes
in plant cells cannot be ruled out.

The cellular proteome is readjusted to adapt to stress

In addition to analysing the changes in the lipidome after fungal infection, bacterial infection
or heat stress, we then determined the proteome in leaves of accordingly treated plants.
Proteins were quantified by label-free bottom-up proteomics and protein abundancies were
compared between stress treatment and the respective mock or control treatment. Subsets
of proteins were selected that showed enrichment or depletion after the applied stresses and
subsequently, these subsets were analysed for the occurrence of specific protein clusters that
hint at overall cellular changes in reaction to the specific stresses (Suppl. Figure S5). Acommon
theme was the reduction in protein levels of photosynthesis-related proteins. This is not
surprising given that chlorophyll fluorescence imaging studies have shown reduced quantum
efficiency in response to infection (Bonfig et al., 2006; Pavicic et al., 2021) or heat stress (Kim
and Portis, 2005; Salvucci, 2007). In addition, heat stress is especially linked to decreases in
RuBisCO activity (Kobza and Edwards, 1987; Kim and Portis, 2005; Salvucci, 2007), consistent
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with our observation of RuBisCO subunits among the depleted proteins (Suppl. Figure S5).
Furthermore, for infection, several transcriptomics studies have shown that reduced gene
expression of photosynthetic genes is a general response to a plethora of pathogens, possibly
to allow for the upregulation of defence response pathways (Bilgin et al., 2010; Jiang et al.,
2017).

Proteins that accumulated after treatment were more diverse between the treatments,
conferring specificity to the plant’s reaction. In the proteome of heat-stressed plants this
resulted in an accumulation of heat shock proteins (HSPs; Figure 3), presumably to help
protect normal protein function in the stressed cells. HSPs for example prevent the formation
of protein aggregates and assist protein folding and protein transport across membranes (Lin
et al.,, 2001; Rosenzweig et al., 2019). Additionally, several chloroplast chaperonin protein
subunits were upregulated in response to heat stress, including CPN60A1 and CPN60B1 of
chaperonin 60, which interacts in the assembly of RuBisCO (Hemmingsen et al., 1988; Ishikawa
et al., 2003).

In the proteome of leaves after infection, proteins acting in metabolic pathways were more
prominent than in leaves of heat-stressed plants (Figure 3, Suppl. Figure 5). One conspicuous
change after both infections was the presence of glutathione S-transferases (GSTs) among the
upregulated proteins (Suppl. Figure S5). Different GSTs were previously reported to change in
abundance in a 2D-proteomics study of Arabidopsis infected with Alternaria brassicicola
(Mukherjee et al., 2010). GSTs thus may form part of a general defence responses, although
the functional role of various GST proteins are likely different. GSTF6, for example, has been
implicated in the biosynthesis of camalexin (Su et al., 2011), a phytoalexine with antifungal
properties against some B. cinerea strains (Kliebenstein et al.,, 2005). GSTF2, on the other
hand, was suggested to bind small molecules, including antimicrobial compounds like
camalexin, and to transport them within the cell to their site of action (Dixon et al., 2010;
Ahmad et al., 2017). Further metabolic pathways that seemed to become important after
B. cinerea infection were tryptophan biosynthesis and cyanide detoxification. Both might be
connected to synthesis of camalexin, as it derives from tryptophan and in camalexin
biosynthesis cyanide is released (Bottcher et al., 2009). Although cyanide is therefore
produced endogenously in plant metabolism, it is also a cytotoxic metabolite and plants have
a limited capacity for its detoxification (O’Leary et al., 2014). Hence, interference with cyanide
metabolism towards elevated cyanide levels and cell death might also serve the necrotrophic
life style of B. cinerea (Veloso and van Kan, 2018), so cyanide detoxification seems especially
important in interaction with this necrotrophic pathogen. Altogether, a rewiring of
metabolism towards antimicrobial compounds is a common feature against pathogen
infection and the selectivity of altered metabolic pathways conveys the distinct responses
towards specific pathogens.

Effects of the tgd1-1 sdp1-4 mutations are not limited to lipid metabolism

We used the Arabidopsis double mutant tgd1-1 sdp1-4 as a tool for LD isolation, however, we
also compared it to the wild type it in our lipidomic and proteomic analyses. The original
characterisation of the double mutant had highlighted its strong increase in TAG levels in
leaves (Fan et al.,, 2014) and we confirmed this increase in our lipidomics measurements
(Figure 2). Interestingly, the other important neutral lipid class in LDs, SEs, was depleted in

110



MANUSCRIPT |

tgd1-1 sdp1-4 (Figure 2). As of yet, it is unclear if SEs and TAGs in plant cells are both present
in mixed-compound LDs or form distinct LD subpopulations, as has been reported for LDs in
some animal cells (Khor et al., 2014). Molecular dynamic simulations usually are modelled
with only TAGs as core components (Bacle et al., 2017; Kim and Swanson, 2020; Kim et al.,
2022) so the biophysical properties of possible mixed LDs are unclear. Consequently, it is
difficult to estimate if increased TAG levels would directly interfere with SE accumulation, e.g.,
altering properties of mixed-compound LDs and/or by preoccupying the LD biogenesis
machinery.

Besides the proteome of LD-enriched fractions we also analysed total protein fractions from
leaves of tgd1-1 sdp1-4, which we compared to total protein fractions from Arabidopsis wild
type. This comparison revealed decreased amounts of photosynthesis proteins, most notably
of light harvesting complexes and proteins of the electron transfer chain (Suppl. Figure S6). As
photosynthesis takes place in the chloroplasts, it seems possible that this effect is related to
the loss of the plastid transporter TGD1. TGD1 is involved in the import of membrane lipid
precursors into plastids and its loss in the tgd1-1 mutant leads to a moderate reduction of
thylakoid galactolipids and an altered FA profile of these galactolipids (Xu et al., 2003).
Thylakoid lipids contribute to the organisation of thylakoids in planta (Demé et al., 2014) and
although changes in their fatty acid profile have been mostly connected to temperature
adaptation (Murakami et al., 2000; Kim and Portis, 2005; Hall et al., 2014) it seems reasonable
to speculate that the changes of thylakoid membrane lipids impacts thylakoid assembly and
thus photosynthesis. Another change we observed was the upregulation of the defence-
related proteins PR1, PR2 and PR5 and the concomitant increase in SA levels in tgd1-1 sdp1-4
(Figure 4). Neither TGD1 nor SDP1 have been linked to SA synthesis in Arabidopsis (Rekhter et
al., 2019), however, previous studies reported that a knock-out of the stearoyl-ACP desaturase
FAB2/SSI2 resulted in activated PR gene expression (Kachroo et al., 2001; Yang et al., 2016)
and traced SA-accumulation in an ssi2 mutant to decreased amounts of oleic acid (18:1A9;
Kachroo et al., 2007). In our lipidomics measurements, we observed changes in the relative
contribution of different FA species to TAGs, however, we rather measured a relative increase
of 18:1 in total TAGs.

On the other hand, it has been reported that interference with plastid lipid metabolism
impacts endogenous levels of jasmonates (Lin et al., 2016). There, knock-out of a gene
encoding a chloroplast outer envelope protein that synthesises digalactosyldiacylglycerol
caused the concomitant increase of JA and JA-lle (Lin et al., 2016). Assuming that the tgd1
mutation might similarly affect phytohormones that derive from plastids, the observed
differing levels of SA in tgd1-1 sdp1-4 could then also be a secondary effect of an altered
crosstalk between phytohormones. In this context, it is interesting to note that reduced
growth is a phenotype of both tgdi-1 and tgd1-1 sdp1-4 (Xu et al., 2005; Fan et al., 2014).
Given the differences in TAG accumulation between the single and the double mutant (Fan et
al., 2014), reduced growth is probably not caused by the hyperaccumulation of TAGs, instead,
autoimmune reactions might contribute to this growth difference. If that is the case,
connections between autoimmunity and mutations designed to increase TAG levels should be
taken into account in any future biotechnological approaches aimed at the hyperaccumulation
of TAG in vegetative tissues.
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In the context of the proteome at LDs, it is notable that we detected LDAP3 as the most
abundant protein of the LDAP family (Figure 8, Table 1). In previous proteomic studies of
senescent or drought-stressed leaves of Arabidopsis Col-0, LDAP1 was the major LDAP protein
(Brocard et al., 2017; Doner et al., 2021). One possible explanation could be differences of the
LD-cytosol interface between the smaller leaf LDs in Col-0 and the larger LDs of tgd1-1 sdp1-4
in terms of packing defects or exposed TAGs (Kim and Swanson, 2020) that would favour
binding of different LDAP proteins. However, an alteration towards LDAP3 instead of LDAP1
as dominant LDAP protein likely requires a change in the expression pattern of their respective
genes and it is unclear how that is triggered in the double mutant. Apart from the differences
between LDAP1 and LDAP3, the composition of the LD proteome is overall quite similar to
previously-published LD proteomes in senescent and drought-stressed Col-0 leaves (Brocard
et al.,, 2017; Doner et al., 2021). Also, in these other proteomic studies, CLO3 was a dominant
LD protein and, along with the LDAP proteins, comprised up to more than 90% of the LD
proteome. Other less abundant LD proteins were also found, including LDIP and a-DOX1, with
relative contributions to the total LD proteome that did not exceed 2% (Brocard et al., 2017;
Doner et al., 2021) and thus similar to our observations in tgd1-1 sdp1-4 (Table 1).

Observed LD-localisation of LDNP and CB5-E yields new questions about plant LD
functionality

We identified two new proteins with the ability to localise to LDs in plant leaves, CB5-E and
LDNP (Figure 7). Reanalysing previously published proteomic datasets, both proteins are also
enriched in LD-fractions from seedlings and drought-stressed leaves, but neither were
investigated further (Kretzschmar et al., 2018; Kretzschmar et al., 2020; Doner et al., 2021).
CB5-E is comparatively well-characterised and was originally described as cytochrome bs
protein able to accept electrons from the NADH-dependent cytochrome bs reductase CBR
(Fukuchi-Mizutani et al., 1999). CB5-E is part of a five-member protein family in Arabidopsis
that separates into two clades, one containing CB5-A and the other containing the other four
members CB5-B-E (Maggio et al., 2007; Nagano et al., 2009). Notably, CB5-D was also enriched
in our LD-enriched proteomic fractions (Suppl. Figure S9, Suppl. Dataset S13). Arabidopsis CBR
and CB5 proteins are involved in desaturation reactions (Kumar et al., 2006; Kumar et al.,
2012) and in microsomal fractions of castor bean, desaturation and hydroxylation reactions in
the synthesis of ricinoleic acid were dependent on cytochrome bs proteins (Smith et al., 1992).
CB5-D has also been previously localised to the ER (Maggio et al., 2007). Therefore, it was
commonly assumed that the CB5 isoforms B-E all localise to the ER and serve as electron
transport proteins in redox reactions. We could indeed observe ER localisation for CB5-D and
CB5-E, however, CB5-E also localized predominantly to LDs in some cells (Figure 7, Suppl.
Figure S9). This raises the question if particularly CB5-E could be involved in additional redox
reactions on FAs from LDs.

In comparison to CB5-E, much less is known about LDNP. Expression of LDNP did not show
specific tissue or developmental preferences (Klepikova et al., 2016) and it is annotated as
nuclear transport factor 2 (NTF2) family protein, but, to our knowledge, has not been further
studied. NTF2 proteins in general are well-established to mediate the transport of the small
GTPase Ran into the nucleus, which is required for nuclear import (Yoneda et al., 1999; Zhao
et al., 2006). However, LDNP was not initially identified as Arabidopsis NTF2 homolog (Zhao
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et al., 2006), and was likely classified as NTF2 family protein based on it being predicted to
contain a shared protein structural fold, which is thought to form a cone-like shape with
internal cavity (Eberhardt et al., 2013). In addition to the NTF2 proteins, this same protein fold
structure is also found in several other enzymatic and non-enzymatic proteins (Eberhardt et
al., 2013), so it remains to be determined if LDNP serves some metabolic, transfer or other
functions at plant LDs.

Changes in the LD proteome establish LDs as an additional player in stress responses

We analysed the LD proteome in leaves of the tgd1-1 sdp1-4 double mutant after different
stresses and comparison to the respective mock or control treatments enabled us also to
observe the dynamics in the composition of the leaf LD proteome. When analysing these
changes, it has to be taken into account that there are significant differences in the overall
proteome of leaf total protein fractions between the double mutant and the wild type. The
observed alterations of the LD proteome of tgd1-1 sdp1-4 therefore might not be completely
the same at leaf LDs in Col-0. Nevertheless, shared upregulated proteins between the wild
type and the double mutant demonstrate that our treatments induced similar pathways in
both Arabidopsis lines, hence it seems likely that our stress treatments will induce analogous
reactions in the LD proteome of both the double mutant and the wild type. One example is
the increased protein abundances of CLO3 and a-DOX1 that fit well with their previously
described roles in pathogen defence in wild type Arabidopsis plants (Shimada et al., 2014).

CLO3 and a-DOX1 were among the strongest responding LD proteins to pathogen treatment
and the protein abundance of CLO3 additionally increased after heat stress (Figure 8). This is
in line with reported transcriptome changes of leaves infected with B. cinerea and seedlings
subjected to heat, salinity and osmotic stress, i.e., CLO3 expression was induced by all
treatments, whereas a-DOX1 expression was reported as increased for infection and osmotic
but not heat treatment (Sham et al., 2015). When tested for pathogen susceptibility, however,
we did not observe any significant changes in T-DNA mutants of both genes, albeit there was
a slight increase of B. cinerea-induced lesion in clo3 (Figure 9). This differs from results
reported for another T-DNA mutant of CLO3 where strong visual differences in lesion size of
B. cinerea infection were observed (Sham et al., 2015). The difference might be related to the
different ecotypes of the mutants, given that natural variation of B. cinerea susceptibility has
been described for various Arabidopsis ecotypes (Denby et al., 2004).

On the other hand, a-DOX1 and CLO3 have been described to produce 2-HOT, which has no
reported activity against bacterial pathogens (Prost et al., 2005). A lack in antibacterial
properties of 2-HOT would be an explanation for the similar susceptibilities of c/o3 and the
a-dox mutants towards Pto DC3000 in comparison to their respective wild types. While CLO3
and a-DOX1 thus may not be major contributors in the plant defence reaction against the
tested pathogens, their strong reaction in the proteome of LDs implies that they form part of
the general plant immune response.

How LDs are integrated in plant stress response remains an interesting question. The initial
report on the involvement of CLO3 and a-DOX1 in 2-HOT synthesis also mentioned that they
preferentially localise to LDs in the perilesional leaf area (CLO3) and infected, as well as
perilesional leaf area (a-DOX1; Shimada et al., 2014). This raises the possibility that
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environmental stresses cause or drive the formation of LD subpopulations, producing
antimicrobial compounds close to the infection site or supporting TAG remodelling at specific
cellular membranes. Furthermore, environmental signals might alter the interaction of LDs
with other organelles, e.g. prompting the formation of membrane contact sites for lipid
remodelling. A first such contact site of LDs with the plasma membrane has been recently
described (Krawczyk et al., 2022b) and although the physiological relevance is unclear as of
yet, the interaction of LDs in plant membrane contact sites especially in reaction to stress are
an exciting avenue of future LD research.

Experimental Procedures
Plant lines and growth conditions and stress treatments

Lipidomic and proteomic experiments were carried out with Arabidopsis Col-0 and the oil-rich
tgd1-1 sdp1-4 double mutant line (Fan et al., 2014). Plant infection assays were performed on
Arabidopsis insertion lines of a-dox1, a-dox2, a-dox1 a-dox2 and clo3 (also known as rd20).
The Arabidopsis insertions lines for a-dox1-1 (SALK_ 005633, AT3G01420) and a-dox2-1
(SALK_029547, AT1G73680) and the double mutant a-dox1-1 a-dox2-1 are described in
(Bannenberg et al., 2009; Yang et al., 2022). A further double mutant a-dox1-2 a-dox2-1
(SALK_042813, AT3G01420; SALK_029547, AT1G73680) was obtained by crossing. A clo3
(FLAG_237F07, AT2G33380) line in the Ler background was obtained from Claire Bréhélin
(Université de Bordeaux, Bordeaux, France; Blée et al., 2014).

Seeds of Arabidopsis lines were surface-sterilised with 6% (w/v) sodium hypochlorite and 0.1%
(v/v) Triton X-100 and germinated on half-strength MS medium containing 0.8% (w/v) agar.
After ten days seedlings were transferred to soil (Einheitserde SPECIAL Vermehrung, Patzer
Erden, Sinntal-Altengronau, Germany) and grown under short-day condition (8 h light/16 h
darkness) at 22°C in the light and 18°C in the darkness as described previously (Guzha et al.,
2022). For lipidomic or proteomic analyses, plants were grown seven weeks before stress
treatment was applied and samples were prepared as described below. Pathogen infection
assays were carried out on six-week-old plants.

Pseudomonas syringae and Botrytis cinerea strains

For plant infections and further proteomic and lipidomic analysis of LDs, the Pseudomonas
strain Pseudomonas syringae pv. tomato (Pto) DC3000 AavrPto AavrPtoB and the Botrytis
cinerea strain B05.10 (in the following B. cinerea) were used. In plant infection assays of
Arabidopsis mutant lines, additionally the Pseudomonas strain Pseudomonas syringae pv.
tomato DC3000 was used.

Spores of B. cinerea were cultured on potato dextrose agar (PDA; Merck KGaA, Darmstadt,
Germany) for ten days before conidiospores were harvested by washing them off with %
potato dextrose broth (PDB; Merck KGaA, Darmstadt, Germany) and filtering through
Miracloth (Merck KGaA, Darmstadt, Germany). Spores were counted with a counting chamber
(Fuchs-Rosenthal) and stocks in 15% (v/v) glycerol were stored at -80°C.
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Pathogen treatment for proteomic analysis and subsequent LD-enrichment

For omics-samples of infection treatments, both pathogens were used in spray infections.
Infection with Pto DC3000 AavrPto AavrPtoB was adapted from (Yao et al., 2013). In brief, Pto
DC3000 AavrPto AavrPtoB was cultured in NYG-medium (0.5% peptone, 0.3% yeast extract,
2% glycerol; Merck KGaA, Darmstadt, Germany) with appropriate antibiotics (50 pg/ml
Rifampicin, 50 pg/ml Kanamycin; Duchefa Biochemie, Haarlem, The Netherlands) over night
and harvested by centrifugation (1500 x g, 20 min, room temperature) at the day of infection.
Bacteria were washed once with 10 mM MgCl, and then resuspended in 10 mM MgCl, + 0.02%
Silwet. Bacterial density was adjusted to an ODeoo of 1 and the bacterial suspension sprayed
onto well-watered plants until all leaves were evenly wet. Control plant were sprayed with
10 mM MgCl, + 0.02% Silwet. Plant were covered with plastic hoods to keep them at high
humidity.

B. cinerea spores from glycerol stocks were diluted to a concentration of 5 x 10* spores/ml in
% PDB (Merck KGaA, Darmstadt, Germany) and pre-germinated for 4 hours at room
temperature. Plants were sprayed until sprayed droplets ran off the leaves and subsequently
kept at humid conditions. Mock-treated plants were treated analogously with % PDB.

Plants were observed until they developed first symptoms to ensure infections were effective
and plant proteome alterations had occurred. LD-enrichment was thus carried out 4-5 days
after infection by ultracentrifugation adapting previous protocols (Kretzschmar et al., 2018).
In addition to the pathogen- and mock-treated plants, one proteomic dataset was obtained
from plants that were not treated at all.

For LD enrichment, leaves were ground in grinding buffer (50 mM Tris-HCl pH 7.5, 10 mM KCl,
0.4 M sucrose, 200 uM proteinase inhibitor PMSF; Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) with sea sand as abrasive agent. Grinding buffer, mortar and pestle were precooled
to 0 °Cand samples were kept between 0 —4 °C during processing. To remove sand and cellular
debris, samples were centrifuged for 1 minute at 100 x g. An aliquot was taken as total protein
extract sample and proteins were precipitated in 96% ethanol at -20°C. Subsequently, samples
were centrifuged at 100,000 x g for 35 min in a swing-out rotor. LDs were collected as fat pad
from the top of the sample and washed in grinding buffer. After washing, the fat pad was
collected and proteins were precipitated with 96% ethanol at -20°C.

Heat stress treatment for proteomic analysis and subsequent LD-enrichment

For heat stress, plants were kept at 37°C for 24 hours while control plants were kept at normal
temperatures. LDs were enriched directly after heat stress. To that end, leaves were ground
with grinding buffer (10 mM sodium phosphate buffer pH 7.5, 150 mM NaCl, 0.6 M sucrose,
25 mM Lomant reagent, 10 mM N-ethylmaleimide, 200 uM proteinase inhibitor PMSF; Carl
Roth GmbH + Co. KG, Karlsruhe, Germany and Merck KGaA, Darmstadt, Germany). Sea sand
was used as abrasive agent and together with cellular debris removed after grinding by
centrifugation for 1 minute at 100 x g. Total protein extract samples were precipitated from
the supernatant at -20°C with 96% ethanol in 10x excess. LDs were enriched by two
ultracentrifugation steps at 100,000 x g for 60 min in a swing-out rotor. After the first
ultracentrifugation, LDs were collected as fat pad and resuspended in washing buffer (10 mM
sodium phosphate buffer pH 7.5, 150 mM NaCl, 0.4 M sucrose, 200 uM proteinase inhibitor
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PMSF, 0.1% [v/v] Tween 20; Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The LD suspension
was overlaid with overlay buffer (10 mM sodium phosphate buffer pH 7.5, 150 mM NacCl,
0.2 M sucrose, 200 uM proteinase inhibitor PMSF, 0.1% [v/v] Tween 20; Carl Roth GmbH + Co.
KG, Karlsruhe, Germany). After the second ultracentrifugation, LDs were collected as floating
fat pad and proteins precipitated at -20°C with 96% ethanol. Before protein precipitation,
samples were kept at 0 — 4°C throughout LD enrichment; buffers, mortar and pestle were
precooled to the same temperature.

Proteomic sample preparation and LC-MS/MS analysis of peptides

Proteins were defatted and washed with 80% ethanol and the dissolved in 6 M urea and 5%
(w/v) SDS. Determination of protein concentration, in-gel tryptic-digest and peptide desalting
was carried out as described previously (Shevchenko et al., 2006; Rappsilber et al., 2007
Kretzschmar et al., 2018). Dried peptides were reconstituted in 20 pl sample buffer (2%
acetonitrile, 0.1% formic acid) and subjected to LC-MS/MS analysis. To that end, 1 to 3 pl of
each sample were subjected to reverse phase liquid chromatography for peptide separation
using an RSLCnano Ultimate 3000 system (Thermo Fisher Scientific). Peptides were loaded on
an Acclaim PepMap 100 pre-column (100 pm x 2 c¢cm, C18, 5 pm, 100 A; Thermo Fisher
Scientific) with 0.07% trifluoroacetic acid at a flow rate of 20 puL/min for 3 min. Analytical
separation of peptides was accomplished on an Acclaim PepMap RSLC column (75 pum x 50
cm, C18, 2 um, 100 A; Thermo Fisher Scientific) at a flow rate of 300 nL/min. The solvent
composition followed a gradual change within 94 min: from 96 % solvent A (0.1 % formic acid)
and 4 % solvent B (80 % acetonitrile, 0.1 % formic acid) to 10 % solvent B within 2 minutes, to
30 % solvent B within the next 58 min, to 45% solvent B within the following 22 min, and to
90 % solvent B within the last 12 min of the gradient. All solvents and acids had Optima grade
for LC-MS (Thermo Fisher Scientific). Eluting peptides were on-line ionized by nano-
electrospray (nESI) using the Nanospray Flex lon Source (Thermo Fisher Scientific) at 1.5 kV
(liquid junction) and transferred to the mass spectrometer. For mass spectrometry, either an
Orbitrap Velos Pro hybrid mass spectrometer or a Q Exactive HF mass spectrometer (both
Thermo Fisher Scientific) were used. On the Orbitrap Velos Pro hybrid mass spectrometer, full
scans were recorded within a mass range of 300 to 1850 m/z at a resolution of 30,000 with
the Orbitrap-FT analyser. Full scans were followed by data-dependent top 10 CID
fragmentation (dynamic exclusion enabled) within the ion trap Velos Pro analyser. For the Q
Exactive HF mass spectrometer, full scans were recorded in a mass range of 300 to 1650 m/z
at a resolution of 30,000 and followed by data-dependent top 10 HCD fragmentation at a
resolution of 15,000 (dynamic exclusion enabled). LC-MS method programming and data
acquisition was performed with the XCalibur 4.0 software (Thermo Fisher Scientific).

Computational processing of MS/MS data

MS/MS raw data were processed in the MaxQuant software (version 1.6.2.17) for feature
detection, peptide identification and protein group assembly (Cox and Mann, 2008). Mostly,
default settings were used with additional settings as specified in Supplemental Table S1. The
TAIR10 protein database was used as reference for identification. For quantification, label free
quantification was calculated according to the iBAQ and LFQ algorithms (Cox and Mann, 2008;
Schwanhdausser et al., 2011; Cox et al., 2014). Further data analysis was done in Perseus 1.6.2.2
(Tyanova et al., 2016), Excel (Microsoft Office) and RStudio 4.0.1 (RStudio Team (2021).
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RStudio: Integrated Development Environment for R. RStudio, PBC, Boston, MA.
http://www.rstudio.com/).

Protein localisation was annotated based on the Plant Proteome Database (Sun et al., 2009)
as of 14" June 2022. LD localisation was assigned based on previous studies (Kretzschmar et
al., 2018; Fernandez-Santos et al., 2020; Kretzschmar et al., 2020; Doner et al., 2021; Ge et al.,
2022; Li et al., 2022). Volcano plots were calculated in Perseus. rLFQ and riBAQ values of
proteins were log2-transformed and missing values were imputed from normal distribution
(parameters: width 0.3, down shift 2.5, separately for each sample). For the comparison of
different treatments, plant lines or isolated fraction, p-values were calculated by two-sided t-
tests. For plotting, transformed and imputed rLFQ or riBAQ values, and calculated p-values
were exported and plotted in RStudio 4.0.1.

Identification of candidate proteins for LD localisation was done using web tools. Potential
membrane-spanning regions were predicted using the TMHMM - 2.0 server, which predicts
transmembrane helices based on hidden Markov models (Krogh et al., 2001).

Lipidomic sample preparation and measurements

Infection with Pto DC3000 AavrPto AavrPtoB and B. cinerea, and heat stress treatment was
carried out as for proteomic samples. Samples were also harvested after the same incubation
times and flash-frozen in liquid nitrogen. Extraction and analysed of neutral lipids was adapted
from (Herrfurth et al., 2021). In brief, leaf material was homogenised with a ball mill and
500 mg of each sample were extracted by monophasic extraction with propan-2-
ol : hexane : water (60:26:14, v/v/v) at 60°C. Tripentadecanoin was added as internal
standard. After extraction, samples were centrifuged (2500 x g, 10 min) and the supernatant
evaporated to dryness under nitrogen stream. Extracted lipids were reconstituted in
tetrahydrofuran : methanol : water (7:2:1, v/v/v). UPLC-nanoESI-MS/MS analysis was carried
out as described in (Herrfurth et al., 2021) with the parameters listed in Supplemental Table
S2. Peak integration was performed with the MultiQuant software (Sciex of Danaher
Corporation, Washington, D.C., USA). Quantitative analysis of integrated peak values was
done in RStudio 4.0.1.

PR gene expression analysis via qRT-PCR

Leaves of wild type and tgd1-1 sdp1-4 plants were frozen in liquid nitrogen and ground to fine
powder with a ball mill (Retsch GmbH, Haan, Germany). RNA was extracted from 100 mg of
ground leaf material per biological replicate and line. RNA isolation was done using the
Spectrum Plant Total RNA Kit (Sigma-Aldrich) and subsequently treated with DNasel (Thermo
Fisher Scientific, Waltham, MA, USA) according to manufacturer’s instructions. For cDNA
synthesis, 0.5 ug RNA was reverse transcribed (Maxima Reverse Transcriptase; Thermo Fisher
Scientific). The reaction product was diluted 1:10 in double-distilled water before qPCR. For
each gPCR sample, 4 ul of the diluted cDNA was used together with Takyon No Rox SYBR
MasterMix dTTP Blue (Eurogentec, Seraing, Belgium). AT3G01150 was chosen as reference
gene (Czechowski et al., 2005), used primers for all genes of interest and the reference gene
are listed in Supplemental Table S3. The following PCR program was used for amplification:
95°C for 1 min 20 s (95°C for 20 s, 58°C for 20 s, 72°C for 40 s) x 39, 72°C 4 min. Amplicons
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were tested by melt curve analysis. PCR amplification and melt curve analysis were carried out
in an iQ5 gPCR cycler (BioRad Laboratories, Hercules, CA, USA).

Analysis of phytohormone levels

Phytohormones were extracted by biphasic extraction with MTBE based on (Matyash et al.,
2008). After extraction, phytohormones were reversed phase-separated using an ACQUITY
UPLC system (Waters Corp.) and analysed by nanoelectrospray ionization (nanoESl; TriVersa
Nanomate, Advion BioSciences) coupled with an AB Sciex 4000 QTRAP tandem mass
spectrometer (AB Sciex) employed in scheduled multiple reaction monitoring modes
(Herrfurth and Feussner, 2020) with the following modifications. For quantification, 10 ng D4-
SA (C/D/N Isotopes Inc., Pointe-Claire, Canada) were added at the beginning of the extraction
procedure. For SA and SAG analysis, the following mass transitions were included: 137/93
[declustering potential (DP) -25 V, entrance potential (EP) -6 V, collision energy (CE) -20 V] for
SA, 141/97 (DP -25 V, EP -6 V, CE -22 V) for D4-SA, and 299/137 (DP -30V, EP -4 V, CE -18 V)
for SAG.

Molecular cloning and candidate localisation studies in Nicotiana benthamiana leaves

Open reading frames of candidate genes were amplified from cDNA prepared from leaf RNA
that had been extracted using the Spectrum Plant Total RNA Kit (Merck KGaA, Darmstadt,
Germany). Constructs were amplified with the Phusion High-Fidelity DNA Polymerase (Thermo
Fisher Scientific, Waltham, MA, USA) following manufacturer’s instruction and using primers
listed in Supplemental Table S4. Gateway cloning into the plant binary vectors pMDC32-ChC
and pMDC32-ChN was carried out as described in (Miiller et al., 2017). Vector construction of
pMDC32-ChC and pMDC32-ChN has been described previously in (Kretzschmar et al., 2020)
and (Doner et al., 2021), respectively. Localisation of candidates was analysed in leaves of
N. benthamiana that were transiently transformed by infiltration with Agrobacterium
tumefaciens harbouring candidate expression vectors. Plant growth, leaf infiltration and
confocal laser scanning microscopy imaging was performed as previously described (Gidda et
al., 2016; Kretzschmar et al., 2020).

Plant infection assays

Pseudomonas plant infection of T-DNA mutants from genes of the LD-proteins CLO3 and
a-DOX1 was done with Pto DC3000 according to (Yao et al., 2013), except that bacterial
suspensions were prepared in 10 mM MgCl; instead of water. Three days after infection, leaf
discs were harvested, homogenised in 10 mM MgCl, + 0.001% Silwet and plated on NYG plates
in appropriate dilutions that enabled the counting of single colonies.

For B. cinerea drop infections, spores were prepared in a concentration of 5 x 10* spores/ml
in % PDB (Merck KGaA, Darmstadt, Germany) and pre-germinated for 4 hours at room
temperature. 6 pl-droplets of the spore suspension were placed on the adaxial surface of the
leaf besides the middle vein and plants were kept under high humidity conditions after
infection. After three days, lesion size diameters were measured with a MarCal 16ER digital
calliper (Mahr GmbH, Gottingen, Germany).
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Accession numbers

AT3G01420 (a-DOX1); AT1G73680 (a-DOX2); AT2G07050 (CAS); AT5G53560 (CB5-E);
AT2G33380 (CLO3); AT2G17840 (ERD7); AT1G01610 (GPAT4); AT4G00400 (GPATS);
AT1G67360 (LDAP1); AT2G47780 (LDAP2); AT3G05500 (LDAP3); AT5G16550 (LDIP);
AT5G04830 (LDNP); AT1G43890 (LDS1); AT1G73920 (LIDL2); AT4G33110 (LIME1); AT4G33120
(LIME2); AT1G45201 (OBL3); AT4G10790 (PUX10); AT5G13710 (SMT1)
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Table 1: Composition of LD proteome in LD-enriched fractions of leaves from Arabidopsis tgd1-1 sdp1-4. LDs were isolated from Arabidopsis leaves of tgd1-1 sdp1-
4 in non-stressed conditions and after different stresses. Stress treatments of leaves included infection with Botrytis cinerea (B. cinerea) or Pseudomonas syringae
pv. tomato DC3000 AavrPto AavrPtoB (Pseudomonas), or heat stress for 24 hours at 37°C. For each stress, a mock or control treatment was performed. The relative
contribution of individual LD proteins to the total LD protein abundance (riBAQ values) was calculated for each treatment separately. * denotes proteins that could
not be identified unequivocally.

% of LD proteins

:::;il AGI code Protein name trea:lr?went (B. I\c//l'sglr(ea) B. cinerea Mocrso(lrjit)/do— Pseudomonas control S':feasts
a-DOX1 AT3G01420  o-DIOXYGENASE 1 0.044 0 1.864 0 0.296 0.003 0
CAS1 AT2G07050 CYCLOARTENOL SYNTHASE 1 0.455 0 0.071 0.654 0.153 1.540 0.587
CB5-E AT5G53560 CYTOCHROME B5 ISOFORM E 2.216 3.109 3.022 1.340 5.322 1.148 0.389
CLO3 AT2G33380  CALEOSIN 3 41.633 33.859 53.205 40.516 73.881 9.051 18.235
ERD7 AT2G17840 EARLY RESPONSIVE TO DEHYDRATION 7 1.463 0 0.490 0.030 0.058 5.378 5.226
GLYCEROL-3-PHOSPHATE
GPATA AT1G01610 ACYLTRANSFERASE 4 0.218 0 0.063 0 0 2.003 0.756
GLYCEROL-3-PHOSPHATE
GPATS AT4G00400 ACYLTRANSFERASE 8 0 0 0 0 0 0.109 0
LDAP1 AT1G67360 LD ASSOCIATED PROTEIN 1 1.071 0.889 1.924 0.402 0 4.171 4.232
LDAP2 AT2G47780 LD ASSOCIATED PROTEIN 2 0.166 0 0.077 0 0 0.154 0.064
LDAP3 AT3G05500 LD ASSOCIATED PROTEIN 3 41.577 50.700 30.210 43.158 15.446 53.114 51.045
LDIP AT5G16550 LDAP - INTERACTING PROTEIN 4.056 2.635 2.154 2.613 0.994 6.115 7.684
LDNP AT5G04830 LD-LOCALISED NTF2 FAMILY PROTEIN 3.135 2.641 2.634 6.021 2.456 3.332 3.723
LDS1 AT1G43890 LIPID DROPLETS AND STOMATA 1 1.803 2.555 1.253 2.356 1.061 3.536 3.208
LIDL2 AT1G73920 LD-ASSOCIATED LIPASE 2 0.109 0 0 0 0 0.061 0.036
LIMEL/2* AT4G33110/  LD-ASSOCIATED METHYLTRANSFERASE
AT4G33120* 1/2 0.432 0.473 0.699 0.609 0 1.963 1.350
OBL3 AT1G45201  OIL BODY LIPASE 3 0.618 0.592 0.338 0.922 0.250 3.025 1.918
PLANT UBX DOMAIN CONTAINING
PUX10 AT4G10790 PROTEIN 10 0.479 0.728 0.297 0.307 0 0.580 0.259
SMT1 AT5G13710  STEROL METHYLTRANSFERASE 1 0.525 1.818 1.698 1.073 0.084 4.716 1.286
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Supplemental Figure S1: Relative composition of sterol species in sterol esters of Arabidopsis leaves
after different stress treatments. Sterol esters (SEs) in Arabidopsis leaves after infection with Botrytis
cinerea (B. cinerea), bacterial infection with Pto DC3000 AavrPto/AavrPtoB (Pseudomonas) or heat
stress for 24 hours at 37°C were determined. Normalised signal intensities of SEs with a common steryl
moiety were combined, subsequently the relative contribution of the combined value to total SE signal
intensity was calculated. Values are shown as mean + standard deviation, n = 5 biological replicates.
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Supplemental Figure S2: Total TAG signal intensities in Col-0 leaves after different stress treatments.
Arabidopsis plants were infected with Botrytis cinerea (B. cinerea), Pto DC3000 AavrPto/AavrPtoB
(Pseudomonas) or heat stressed. Subsequently, triacylglycerol (TAGs) were analysed, their signal
intensities quantified and normalised to signal intensities of the internal standard. Normalised values
of all TAGs in the respective treatments were then combined together into a combined standard-
corrected TAG intensity value, individual for each treatment. Values are shown as mean % standard

deviation, n = 5 biological replicates.
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Supplemental Figure S3: Relative TAG species composition of leaves after various stress treatments.
Arabidopsis Col-0 was either infected with one of the pathogens Pto DC3000 AavrPto/AavrPtoB
(Pseudomonas) or Botrytis cinerea (B. cinerea), or heat stressed before subsequent analysis of the
neutral lipid lipidome. For each treatment, signal intensities of TAG species were quantified and then
normalised to the respective total TAG signal. Stacked bar plots follow TAG species composition from
top to bottom as indicated in the legend, i.e. with the 50:2 TAG species at the top and the 54:9 TAG
species at the bottom. Values are shown as mean + standard deviation, n= 5 biological replicates.
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Supplemental Figure S4: Relative composition of sterol species in leaf sterol esters of Arabidopsis
Col-0 and tgd1-1 sdp1-4. Sterol esters (SEs) in Arabidopsis leaves of Col-0 and the TAG-rich line tgd1-1
sdp1-4 were quantified via UPLC-nanoESI-MS/MS measurements. Signals of SE species sharing the
same sterol moiety were combined and their contribution to total SEs was calculated. Values are
shown as mean % standard deviation, n > 4 biological replicates.
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Supplemental Figure S5: STRING networks of differentially accumulating proteins in Arabidopsis Col-0 leaves after different stresses. Arabidopsis Col-0 was
subjected to one of the following stress treatments: infection with Botrytis cinerea (A, D), heat stress for 24 hours at 37 °C (B, E) or infection with Pseudomonas
syringae pv. tomato DC3000 AavrPto/AavrPtoB (C, F). Total protein fractions were isolated from leaves and measured by LC-MS/MS. Protein abundance in
stressed plants was compared to respective mock-treated or control plants and proteins that were at least 1.5 fold depleted (A-C) or enriched (D-F) with a
statistical significance of p < 0.05 were analysed with the STRING 11.5 webserver. Statistical significance was calculated with Student’s t-test in Perseus 1.6.2.2.
Proteins were clustered by STRING based on an interaction score of 0.7 or higher, including the following interaction sources: “Experiments”, “Databases”, “Co-
expression”, “Neighborhood”, “Gene Fusion” and “Co-occurrence”. Depleted proteins of B. cinerea and heat treated plants (A, B) are color-coded according to
kmeans clustering of three clusters.
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Supplemental Figure S6: STRING networks of differentially accumulating proteins in leaf total protein extracts of Arabidopsis Col-0 and tgd1-1 sdp1-4. The
proteome of total protein extracts from non-stressed leaves of Col-0 and tgd1-1 sdp1-4 was determined and differences in protein abundance between double
mutant and wild type analysed by Student’s t-test. Proteins depleted (A) or enriched (B) in the mutant with p < 0.05 were selected for cluster analysis with STRING
11.5. Protein interactions of high confidence (interaction score > 0.7) are displayed. Interaction scores were based on the following data sources: “Experiments”,

“Databases”, “Co-expression”, “Neighborhood”, “Gene Fusion” and “Co-occurrence”. Depleted proteins (A) are color-coded according to kmeans clustering of
three clusters.
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Supplemental Figure S7: Protein abundance of three pathogenesis-related proteins in Arabidopsis
leaves of Col-0 and tgd1-1 sdp1-4 after different treatments. Arabidopsis plants were harvested after

infection with Botrytis cinerea (B.
AavrPto/AavrPtoB (Pseudomonas), heat stress for 24 hours at 37 °C or no treatment at all. The

cinerea),

Pseudomonas syringae pv.

tomato DC3000

proteome of total leaf protein extracts was measured and the abundance (rLFQ) of the pathogenesis-
related (PR) proteins PR1, PR2 and PR5 was determined. n > 3 biological replicates for each treatment.
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Supplemental Figure S8: Prediction of the membrane interacting region in CB5-E. The protein
sequence of CB5-E with the UniProt identifier Q42342 was used to predict a putative C-terminal
transmembrane region with the TMHMM 2.0 server. The prediction is based on hidden Markov models
and the potential region of membrane interaction is shown in purple.
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Supplemental Figure S9: Additional subcellular localisation studies of candidate proteins in
Nicotiana benthamiana leaves. Subcellular localisation studies were carried out by transient

expression in N. benthamiana leaves. Candidate proteins were fused to an mCherry-tag (magenta
channel) and LDs were stained with BODIPY 493/503 (cyan channel). Proteins with the accession
number AT1G65270 (A) and AT3G18430 (B) carried the mCherry-tag at the C-terminus of the protein,
while proteins with the accession number AT1G76180 and AT5G48810 were studied with C-terminal
(C,D,G) and N-terminal (E,F,H) mCherry-tag. Possible localisation of AT1G76180 to LDs was analysed
with the protein expressed alone (C, E) or in co-expression experiments with the mouse enzyme
DIACYLGLYCEROL ACYLTRANSFERASE 2 to induce LD-formation (D, F). Bars = 10 um.
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Supplemental Figure 10: Additional independent experiments testing pathogen susceptibility of
T-DNA mutants of CLO3 and a-DOX1. Plants were analysed by drop-inoculation of Botrytis cinerea (A)
or spray-infection with Pseudomonas syringae pv. tomato DC3000 (B). Drop inoculation with B. cinerea
was performed in two additional experiments for the c/lo3 mutant with n > 12 leaves and n > 32 leaves,
respectively. n > 29 leaves for B. cinerea assays of a-dox mutants. In (B), n = 5 biological replicates for
each Arabidopsis line. All results were tested for significant differences with Wilcoxon-Mann-Whitney-
Test (CLO3) or Kruskal-Wallis test (a-DOX), however, a significant difference (p > 0.05) was only
observed for clo3 plant spray-infected with Pseudomonas and is indicated by different letters.
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Supplemental Table S1: Metadata file for LC-MS/MS data processing with MaxQuant.
Proteome of Arabidopsis thaliana leaves, see also Supplemental Dataset S5

1. General features

Responsible persons

Prof. Till Ischebeck?, Dr. Oliver Valerius?, Dr. Kerstin Schmitt?, Prof.
Gerhard H. Braus?

1 Institute of Plant Biology and Biotechnology (IBBP), University of
Miinster, Green Biotechnology, Miinster 48143, Germany

2 Institute for Microbiology and Genetics and Service Unit LCMS Protein
Analytics, Department for Molecular Microbiology and Genetics,
University of Gottingen, Gottingen 37077, Germany

Instrument
manufacturer, model

Thermo Fisher Scientific, Orbitrap Velos Pro
- all samples marked with V

Thermo Fisher Scientific, Orbitrap Q Exactive HF
- all samples marked with Q

Experimental Design

Analysis of total protein fraction of Arabidopsis Col-0 and tgd1-1 sdp1-4
leaves and lipid droplet-enriched fraction of Arabidopsis tgd1-1 sdp1-4
leaves after the following treatments:

1) no stress,

2) infection with Botrytis cinerea (B. cinerea) and mock treatment,

3) infection with Pseudomonas syringae pv. tomato DC3000 AavrPto
AavrPtoB (Pseudomonas) and mock treatment,

4) heat stress for 24 hours at 37°C and control treatment

Groups

Total protein, lipid droplet-enriched fraction

Biological and
technical replicates

Biological replicates: 3-6 for different treatments as indicated below
Technical replicates (independent LC-MS runs): 1 for each sample, unless
stated otherwise

PS_V_01, 02, 03: non-stressed Arabidopsis Col-0 leaves, total protein
fraction (3 biological replicates)

PS_V_04, 06, 08: non-stressed Arabidopsis tgd1-1 sdp1-4 leaves, total
protein fraction (3 biological replicates)

PS_V_05, 07, 09: non-stressed Arabidopsis tgd1-1 sdp1-4 leaves, LD-
enriched fraction (3 biological replicates)

PS_Q_62, 71, 79: mock-treated (control to B. cinerea-treated)
Arabidopsis Col-0 leaves, total protein fraction (3 biological replicates)
PS _Q_64, 72, 75: mock-treated (control to B. cinerea-treated)
Arabidopsis tgd1-1 sdp1-4 leaves, total protein fraction (3 biological
replicates)

PS_Q_67, 70, 77: mock-treated (control to B. cinerea-treated)
Arabidopsis tgd1-1 sdp1-4 leaves, LD-enriched fraction (3 biological
replicates)

PS_Q_66, 68, 78: B. cinerea-treated Arabidopsis Col-0 leaves, total
protein fraction (3 biological replicates)

PS_Q_65, 73, 74: B. cinerea-treated Arabidopsis tgd1-1 sdp1-4 leaves,
total protein fraction (3 biological replicates)

PS_Q_63, 69, 76: B. cinerea-treated Arabidopsis tgd1-1 sdp1-4 leaves, LD-
enriched fraction (3 biological replicates)

PS_Q_10, 18, 27: mock-treated (control to Pseudomonas-treated)
Arabidopsis Col-0 leaves, total protein fraction (3 biological replicates)
PS_Q_14, 16, 19: mock-treated (control to Pseudomonas-treated)
Arabidopsis tgd1-1 sdp1-4 leaves, total protein fraction (3 biological
replicates)
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PS_Q_17, 22, 25: mock-treated (control to Pseudomonas-treated)
Arabidopsis tgd1-1 sdp1-4 leaves, LD-enriched fraction (3 biological
replicates)

PS_Q_12, 21, 26: Pseudomonas-treated Arabidopsis Col-0 leaves, total
protein fraction (3 biological replicates)

PS_Q_15, 20, 24: Pseudomonas-treated Arabidopsis tgd1-1 sdp1-4
leaves, total protein fraction (3 biological replicates)

PS_Q_11, 13, 23: Pseudomonas-treated Arabidopsis tgd1-1 sdp1-4
leaves, LD-enriched fraction (3 biological replicates)

PS_V 38,45, 51, 57: control Arabidopsis Col-0 leaves, total protein
fraction (4 biological replicates)

PS_V_29, 34, 43, 48, 53, 61: control Arabidopsis tgd1-1 sdp1-4 leaves,
total protein fraction (6 biological replicates)

PS V_31, 36, 41, 46, 55, 59: control Arabidopsis tgd1-1 sdp1-4 leaves, LD-
enriched fraction (6 biological replicates)

PS V_32,37, 44, 50, 56: heat-stressed Arabidopsis Col-0 leaves, total
protein fraction (5 biological replicates)

PS_V_28, 39, 42,52, 60: heat-stressed Arabidopsis tgd1-1 sdp1-4 leaves,
total protein fraction (5 biological replicates)

PS_V_30, 35, 40, 49, 54, 58: heat-stressed Arabidopsis tgd1-1 sdp1-4
leaves, LD-enriched fraction (6 biological replicates)

PS_Q_174, 175, 176, 177, 178: mock-treated (control to B. cinerea-
treated) Arabidopsis Col-0 leaves, total protein fraction (5 biological
replicates)

PS_Q_179, 180, 181, 182, 183: mock-treated (control to B. cinerea-
treated) Arabidopsis tgd1-1 sdp1-4 leaves, total protein fraction (5
biological replicates)

PS_Q_189, 190, 191, 192, 193: B. cinerea-treated Arabidopsis Col-0
leaves, total protein fraction (5 biological replicates)

PS_Q_184, 185, 186, 187, 188: B. cinerea-treated Arabidopsis tgd1-1
sdp1-4 leaves, total protein fraction (5 biological replicates)

Sample amount

97

2. Electrospray lonisation (ESI)

Supply type (static or fed

fed)

Interface Thermo Fisher Scientific
manufacturer

Sprayer type Nanospray Flex lon Source

3.1 Post source component — Analyser

Velos Pro Hybrid: Linear ion trap — Orbitrap
Q Exactive HF: Orbitrap analyser

3.2 Post source component — Activation/dissociation

Instrument
component where the
activation/dissociation
occurs

Velos Pro Hybrid: Velos Pro Linear ion trap
Q Exactive HF: HCD cell

Gas type

Velos Pro Hybrid: Helium
Q Exactive HF: Nitrogen

Activation/dissociation
type

Velos Pro Hybrid: CID
Q Exactive HF: HCD
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4.1 Spectrum and peak

list generation and annotation — Data acquisition

Software name and
version

Xcalibur 4.0

Acquisition
parameters

Data-dependent Top10

Software name and
version

MaxQuant 1.6.2.17

4.2 Spectrum and peak

list generation and annotation — Resulting data

Location of source and
processed files

The mass spectrometry proteomics data will be deposited to the
ProteomeXchange Consortium via the PRIDE partner repository

5. Description of the software and methods applied in the quantitative analysis

Quantification
software

MaxQuant 1.6.2.17

Description of the
selection and/or
matching method of
features, together
with the description of
the method of the
primary extracted
guantification values
determination for
each feature and/or
peptide

Upload of all .raw files into the software. Grouping of technical
replicates as one Experiment (“set experiment”).
Group-specific parameters:

1) Type: default

2) Digestion: default

3) Modifications: default

4) Label-free quantification: LFQ, default

5) Instrument: intensity determination: total sum, rest default
6) First search: default

7) Misc: default

Global parameters

1) Sequences: updated TAIR10 peptides from 14.12.2010, rest
default

2) Identification: PSM FDR=0.01, protein FDR=0.01, Match between runs
v/, rest default

3) Protein quantification: default

4) Label free quantification: iBAQ v’

5) Tables: default

6) Folder locations: default

7) MS/MS analyzer: FTMS recalibration v/, rest default

8) Advanced: default

Confidence filter
of features or
peptides prior to
guantification

Global parameters: identification: PSM FDR=0.01, protein
FDR=0.01, rest default

Normalisation

All values were divided by the total iBAQ intensities or total LFQ
intensities in one sample and multiplied by 1000.
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Supplemental Table S2: Parameters for lipid analysis by UPLC-nanoESI-MS/MS. Neutral lipid lipidome of Arabidopsis thaliana leaves, see also
Supplemental Datasets S1, S2. The ionisation mode depicts the polarity of the nanoESI source, while Q1 and Q3 list the structure of the
respective parent and product ions.

Sol\{e.nt start Flow r?te lonisation a1 Q3 DecIusFering Entra-nce Collision Cell (-exit
condition (% B) | (ml/min) mode potential [V] | potential [V] | energy [V] | potential [V]
Glycerolipids
Triacylglycerols | 90 | 0.13 | Positive | IM#NHJ* | [M—-Rcool* | 140 | 10 | 40 6
Sterol lipids
Sterol esters | 90 | 0.13 | Positive | [M+NH,]* | [Sterol - OH]* | 140 | 10 | 22 6
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Supplemental Table S3: Primers used for gene expression analysis via qPCR

Primer forward (5’-3’)

Primer reverse (5’-3’)

Target genes

PR1 GTGCTCTTGTTCTTCCCTCG GCCTGGTTGTGAACCCTTAG

PR2 GTTTCTGGAGCAGGGCTTGA ACCTTCCTTGAGACGGAGGA

PR5 TGTGTCTCTGACCTCAACGC TCTCACAGGCACTCTTGCAG

Reference gene

AT3G01150 GATCTGAATGTTAAGGCTTTTAGCG GGCTTAGATCAGGAAGTGTATAGTCTCTG
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Supplemental Table S4: Primers used for Gateway cloning and sequencing

Cloning of candidates

Candidate | Vector Primer forward (5’-3’) Primer reverse (5’-3’)

LDNP pMDC32-ChC CTTTGTACAAAAAAGCAGGCTCATGGATCCAGCGCGGGAATG CTTTGTACAAGAAAGCTGGGTCTTGGGAGTCAGGATCTTTACCA

CB5-E pMDC32-ChC CTTTGTACAAAAAAGCAGGCTCCATGTCTTCAGATCGGAAGGTTC | GGGGACCACTTTGTACAAGAAAGCTGGGTCGTCTTTCTTGGTAT
AGTGACGGAC

CB5-E pMDC32-ChN CTTTGTACAAAAAAGCAGGCTCCATGTCTTCAGATCGGAAGGTTC | CTTTGTACAAGAAAGCTGGGTCCTAGTCTTTCTTGGTATAGTGAC
GGAC

AT1G65270 | pMDC32-ChC CTTTGTACAAAAAAGCAGGCTCCATGGCGAAGCTCACACTTC CTTTGTACAAGAAAGCTGGGTCTCTTCTCCTGGCAGCTGGT

AT3G18430 | pMDC32-ChC CTTTGTACAAAAAAGCAGGCTCATGGGGAATACTTCATCGATGC CTTTGTACAAGAAAGCTGGGTCATCCACAGGAATTTCAACGTCC

AT1G76180 | pMDC32-ChC CTTTGTACAAAAAAGCAGGCTCCATGGCTGAGGAAATCAAGAATG | CTTTGTACAAGAAAGCTGGGTCTTCTTTATCTTTCTTCTCCTCCTC

AT1G76180 | pMDC32-ChN CTTTGTACAAAAAAGCAGGCTCCATGGCTGAGGAAATCAAGAATG | CTTTGTACAAGAAAGCTGGGTTTATTCTTTATCTTTCTTCTCCTCC
TC

AT5G48810 | pMDC32-ChC CTTTGTACAAAAAAGCAGGCTCCATGGGCGGAGACGGAAAAGTT | CTTTGTACAAGAAAGCTGGGTCAGAAGAAGGAGCCTTGGTCT

AT5G48810 | pMDC32-ChN CTTTGTACAAAAAAGCAGGCTCCATGGGCGGAGACGGAAAAGTT | CTTTGTACAAGAAAGCTGGGTCTCAAGAAGAAGGAGCCTTGGT
CT

Sequencing

Binding site Primer forward (5’-3’) Primer reverse (5’-3’)

mCherry-RP CACCCTTGGTCACCTTCAGC

pMDC32-FP GAGAGGACCTCGACTCTAGAGGA

mCherry-FP GCCTACAACGTCAACATCAAG

pMDC32-RP GTATTAAATGTATAATTGCGGGACTCTAATCA
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6 Additional results

Supplemental datasets containing processed proteomics data are available as additionally
uploaded files and are included on a data drive in the printed version of this thesis.

Author contribution:

Patricia Scholz planned and performed lipidomic analysis of steryl glycosides with the
exception of LC-MS/MS measurements. She processed and analysed the raw data.

For proteomic analysis of root LDs up to data processing with MaxQuant, she planned and
performed the experiments excluding LC-MS/MS measurements together with Philipp William
Niemeyer. She analysed the obtained raw data.
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6 Additional results

In manuscript I, Arabidopsis Col-0 and especially the mutant tgd1-1 sdp1-4 were analysed in
the context of LDs and LD proteome dynamics in leaves. However, additional results were
obtained that could not be included in the manuscript but will be shown in the following.
Firstly, analysis of neutral lipids in Arabidopsis leaves also comprised the examination of steryl
glycoside levels in reaction to stress and in comparison between the two lines. Secondly, the
tgd1-1 sdp1-4 mutant was employed to obtain an overview of the LD proteome in Arabidopsis
roots.

6.1 Steryl glycosides accumulate in leaves of the tgd1-1 sdp1-4 mutant

We analysed the changes of TAGs and SEs in leaves of Arabidopsis Col-0 plants in reaction to
different stresses and in comparison to the double mutant tgdl-1 sdpl-4 (Figure 1 in
manuscript 1). In addition, we evaluated steryl glycosides (SGs), as they also derive from
phytosterols by conjugation of a sugar molecule to the phytosterol’s 3-hydroxy group.

In Arabidopsis leaves infected with Botrytis cinerea, Pseudomonas syringae pv. tomato
DC3000 AavrPto AavrPtoB, or heat stressed at 37°C for 24 hours, SGs did not change
significantly compared to respective mock or control conditions (Figure 9A, Supplemental
Table S1). However, in leaves of the tgd1-1 sdp1-4 mutant, SGs accumulated 30-fold compared
to Col-0 (Figure 9B, Supplemental Table S1). The physiological reason for this accumulation is
unclear, nevertheless, it is interesting to note that in this TAG-accumulating mutant sterol-
derived compounds are also affected.
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Figure 9: Changes of steryl glycosides in Arabidopsis leaves in reaction to stress and in the oil-rich
mutant tgd1-1 sdp1-4. Arabidopsis Col-0 plants were infected with Botrytis cinerea (B. cinerea),
Pseudomonas syringae pv. tomato DC3000 AavrPto/AavrPtoB (Pseudomonas) or kept for 24 hours at
37 °C (heat stress). After stress treatments, leaves were harvested and steryl glycosides (SGs) analysed
via UPLC-nanoESI-MS/MS. Signal intensities were quantified and normalised to an internal standard.
Values of all detected SGs were added up, and for each stress treatment the combined sum was
normalised to the value of the respective control treatment (A). Furthermore, total SGs in leaves of
tgdi-1 sdp1-4 were quantified and normalised to Col-0 plants (B). Statistical comparisons were carried
out using the Wilcoxon-Mann-Whitney-Test with Holm-Bonferroni correction for multiple
comparisons. Different letters indicate significant differences with p < 0.05; n = 5 biological replicates
for each treatment and line. Values are given as mean * standard deviation.
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6.2 Proteomic analysis of LDs in Arabidopsis roots

The proteome of root LDs has so far not been explored in any species, probably because LD
content appears low and it is not easy to obtain sufficient material. However, the tgd1 and
sdpl mutation were independently observed to accumulate TAGs not only in leaves but also
in roots (Xu et al., 2005; Kelly et al., 2013). In addition, cultivation of Arabidopsis in liquid
culture was reported to yield high root biomass (Hétu et al., 2005). We therefore grew root
cultures of tgd1-1 sdp1-4, enriched LDs and analysed the proteome of LD-enriched fractions
in comparison to the original total cellular protein fraction. LD-enrichment and proteome
analysis was carried out for five replicates (Supplemental Dataset S1).

Table 2: LD proteins detected in the LD-enriched fraction of Arabidopsis tgd1-1 sdp1-4 roots. LDs
were enriched from roots of Arabidopsis grown in axenic liquid culture, analysed via proteomics and
quantified with the iBAQ algorithm. iBAQ values were then normalised to the total sum of all proteins,
the normalised value in per mille is given here as riBAQ. In addition, the number of replicates in which
a protein was detected is indicated with five replicates in total. * denote proteins that could not be
unambiguously identified

Protein name AGI code riBAQ replicates
CLO3 AT2G33380 0.20 5
CLO4 AT1G70670 2.07 5

HSD1/1 * AT5G50700 0.10 4
HSD3 AT3G47360 0.09 4
HSD4/7 * AT5G50690 0.45 5
LDAP1 AT1G67360 12.48 5
LDAP2 AT2G47780 0.02 4
LDAP3 AT3G05500 135.79 5
LDIP AT5G16550 4.80 5
PUX10 AT4G10790 0.21 5
SMT1 AT5G13710 1.88 5
CAS1 AT2G07050 0.33 5
OBL1 AT3G14360 0.15 5
OBL3 AT1G45201 0.54 5
OBL4 AT1G56630 0.42 5
OBL5 AT5G42930 0.04 4
a-DOX1 AT3G01420 45.82 5
LiDL1 AT1G18460 0.08 5
LIDL2 AT1G73920 0.33 5
LIME1 AT4G33110 0.02 4
LIME2 AT4G33120 3.69 5
LDAH1 AT1G10740 0.004 1
LDAH2 AT1G23330 0.05 5
ERD?7 AT2G17840 3.16 5
GPAT4 AT1G01610 0.91 5
GPAT8 AT4G00400 0.02 4
LDS1 AT1G43890 0.90 5
LDNP AT5G04830 6.79 5
CBSE AT5G53560 0.98 5
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Several known LD proteins were found in the LD-enriched fraction of roots, 29 LD proteins in
at least one replicate and 22 proteins in all five replicates of root LDs (Table 2). The detection
of these LD proteins suggested a successful enrichment of LDs. Nevertheless, we wanted to
analyse how proteins of different organelles are distributed into the LD fraction. To that end,
we assigned subcellular localisation to proteins with unique reported localisations according
to the plant proteome data base (PPDB). For each organelle, the abundance of its respective
marker proteins was then added up to obtain an approximate value of the organelle protein
amounts. The combined protein amounts of each organelle in the LD-enriched fraction could
subsequently be normalised to the corresponding values in the proteome of total extract
samples. This way, we could confirm that LD proteins are most strongly enriched, as they were
50-100 times more abundant in the LD fraction (Figure 10). Other consistently enriched
organelle proteomes were found for plastoglobules, however, the highest enrichment of
combined plastoglobule proteins was still less than 10-fold. All other organelles were either
not consistently enriched, or depleted according to this analysis.

lipid droplet
plastoglobules -
vacuole -

plasma membrane -
cytoskeleton -

ER -

unknown -
mitochondria -

peroxisome -

nucleus
golgi-
plastid

cytosol-

2 0 2 4 6
log, enrichment of combined organelle proteins
Figure 10: Enrichment of combined marker proteins of subcellular organelles. The summed
abundance of marker proteins of the indicated organelles in the LD-fraction was normalised to the
corresponding abundance in total extract samples. Assignment of marker proteins for all organelles
was done according to the Plant Proteome Database. Log,-transformed values of the enrichment are

displayed. Only organelles with at least five marker proteins were considered for the analysis and all
proteins that could not be assigned to a unique organelle were designated as “unknown”.

6.3 Proteomics of root LDs reveal further LD protein candidates

Given the successful enrichment of known LD proteins, we looked for possible LD candidate
proteins that were strongly enriched in the LD-fraction compared to the total protein fraction.
To gain higher stringency in the selection of candidate proteins, we analysed only those
proteins present in all five replicates of either LD-enriched fraction or total protein extract,
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which resulted in a selection of 2814 proteins. For each protein, abundance in the LD-enriched
fraction was divided by the abundance in the corresponding total protein extract sample and
statistical significance of the enrichment was calculated by Student’s t-test. Protein
enrichment at LDs and the statistical significance of that enrichment was then plotted in a
volcano plot (Figure 11, Supplemental Dataset S2).
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Figure 11: Analysis of Arabidopsis root proteins in the LD-enriched fraction. Protein abundance
(riBAQ values) in the LD-enriched fraction was normalised to their respective abundance in total
protein extracts and the significance of observed changes calculated. P-values were then plotted
against the log,-transformed ratios (A). Proteins enriched at LDs cluster in the upper right corner and
a magnified section of this area is shown in (B). Previously known LD proteins are highlighted in orange
and candidate proteins that were later confirmed to localise to LDs in tobacco pollen tubes are shown
in dark red. Only proteins detected in all five replicates were chosen for this analysis. Black lines show
a false discovery rate of 0.01.

Of the 2814 proteins analysed, 380 proteins were significantly enriched in the LD-enriched
fraction (Supplemental Dataset S2). Interestingly, when analysing putative enriched GO terms
of these 380 selected proteins, GO term enrichment of biological processes like ‘long-chain
fatty acid metabolic process’, ‘triterpenoid metabolic process’ or ‘sterol biosynthetic process’
was observed. Neither GO term was enriched for the subset of proteins significantly depleted
in the LD-enriched fraction of tgdl-1 sdpl-4 roots nor for the original 2814 proteins,
implicating that the respective processes could be active at LDs in roots.

Further selection of proteins significantly enriched at least 50-fold resulted in a dataset of 37
proteins, of which twelve proteins were previously described to localise to LDs. The remaining
25 proteins are interesting candidates for the identification of additional LD proteins
(Supplemental Table S2). Indeed, work of other group members could confirm for four of the
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listed candidate proteins that they co-localise with LDs upon transient expression in tobacco
pollen tubes (unpublished work of Philipp W. Niemeyer and Janis Dabisch). Co-localisation
with LDs in tobacco pollen tubes was also observed for one additional protein, ACYL-
COA:LYSOPHOSPHATIDYLETHANOLAMINE ACYLTRANSFERASE 1 (LPEAT1), that had a slightly
lower but still significant enrichment in the LD-enriched fraction (unpublished work of Philipp
W. Niemeyer and Janis Dabisch, Table 3).

Table 3: Newly identified proteins able to localise to LDs in transiently transformed pollen tubes.
Five candidate proteins could be confirmed to co-localise with LDs upon transient expression in
tobacco pollen tubes. Their functional description according to TAIR, abundance in the LD-enriched
fraction (riBAQ), enrichment and significance of the enrichment in the proteome of LD-fractions of
roots are indicated. “n.d. in TE” denotes proteins that were not detected in total protein extract
samples.

Gene AGI code description riBAQ enrichment p-value
symbol (- logao)
AT1G30130 DUF1365 containing protein 0.51 n.d.in TE 6.52

acyl-CoA:lysophosphatidyl-

LPEAT1 AT1G80950 . 0.17 15.18 5.64
ethanolamine acyltransferase
ATAG13160  Sin-binding domain containing 0.30 n.d. in TE 6.98
protein
THAS1 AT5G48010 oxidosqualene cyclase 4.90 255.02 6.05
GPAT9 AT5G60620 glycerol-3-phosphate 0.54 77.39 6.16

acyltransferase

Two of the new proteins found to localise to LDs have not been functionally characterised so
far, so we used web tools to analyse protein structure and possible interaction with LDs. The
overall domain structure was predicted by the protein family database Pfam (Mistry et al.,
2021) and was dominated by a DUF1365 domain for the protein with the accession number
AT1G30130 and a Zein-binding (DUF593) domain for the protein with the accession number
AT4G13160, which fitted to the annotation based on TAIR. Both proteins furthermore
contained disordered regions and a predicted N-terminal transmembrane region. The zein-
binding domain-containing protein additionally featured a predicted coil-coil domain (Figure
12A). We also used the TMHMM web server for additional analysis of the predicted
transmembrane region (Figure 12B). The TMHMM server uses hidden Markov models to
predict transmembrane helices (Krogh et al., 2001). No LD protein will have a standard
transmembrane helix due to the hydrophobic interior of LDs, nevertheless, the prediction
identifies potential regions in the protein where interaction with the phospholipid monolayer
and the hydrophobic core of LDs might occur. The TMHMM prediction corroborated the
overall domain structure, by identifying putative membrane interaction regions close to the
N-terminus in both proteins. These regions seem most likely to interact with the monolayer
of LDs, however, in the protein with the accession number AT1G30130 an additional region
between the amino acids 200-250 could be also involved in LD targeting. Further localisation
studies e.g. using truncated variants will be needed to analyse the LD association of these two
as of yet uncharacterised proteins.
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Figure 12: Predicted structural features of two LD-localising proteins with the accession numbers
AT1G30130 and AT4G13160. Domain structures were predicted with the Pfam database (A) while the
probability of transmembrane helices were analysed with the TMHMM — 2.0 server (B). All predictions
were based on protein sequences, which are deposited in the UniProt database with the identifiers
Q9C6Z4 (AT1G30130) and Q9SVR1 (AT4G13160), respectively.
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Experimental procedures
Lipidomics sample preparation and measurements

Lipid extraction and measurement was carried out as described in manuscript I. The mass
transitions and the isotope correction factors used for the detection of steryl glycosides are
listed in Table 4.

Table 4: Mass transitions for the detection of steryl glycosides. Indicated are the fragment sizes of
precursor and product ions of the detected steryl glycoside (SG)-species. In addition, the number of
carbon atoms of the respective species and the resulting isotope correction factor (icf) are given.

Number of carbon

Lipid name Precursor ion Product ion icf
atoms
SG-sitosteryl 594.5 397.38 35 1.46
SG-campesteryl 580.5 383.37 34 1.44
SG-stigmasteryl 592.5 395.37 35 1.46
SG-isofucosteryl 592.6 395.5 35 1.46

Cultivation of axenic root cultures

Axenic cultivation of Arabidopsis plants to yield a high root biomass was adapted from Hétu
et al., 2005. In brief, surface-sterilised and stratified seeds of the tgd1-1 sdp1-4 Arabidopsis
mutants were grown initially for 7 days on solid %2 MS medium (Duchefa Biochemie, Haarlem,
The Netherlands) containing 1% sucrose (Carl Roth GmbH + Co. KG, Karlsruhe, Germany).
Seedlings grew on sterilised steel grids, which were transferred after one week to 100 ml
Erlenmeyer flasks containing 10 ml liquid %2 MS medium supplemented with 1% sucrose. Liquid
cultures were grown at constant shaking (85 rpm) for 11 days with regular exchange of the
medium every three days. Then, the liquid culture medium was changed to 15 ml %2 MS
medium with 3% sucrose and plants were cultivated at constant shaking (85 rpm) for further
11 days with regular medium exchange. Plants were grown at 22°C with a 16 h light/ 8 h dark
cycle (150 umol photons m=2 s light strength).

Isolation of total protein and LD-enriched fractions

After cultivation of axenic root cultures, plants were harvested and roots were separated from
upper plant parts for LD enrichment. For one biological replicate, root pads from two
independent liquid cultures were combined. Each root sample was mixed with grinding buffer
(50 mM Tris-HCl pH 7.5, 10 mM KCl, 0.4 M sucrose, 200 uM proteinase inhibitor PMSF; Carl
Roth GmbH + Co. KG, Karlsruhe, Germany) and ground to a homogenous suspension using sea
sand as abrasive agent. Grinding buffer, mortar and pestle were precooled and all samples
were kept at 0-4°C during LD-enrichment. Sand and cellular debris were removed by
centrifugation for 1 minute at 100 x g. Of the supernatant an aliquot was taken, representing
the total protein fraction, and total proteins were precipitated in 96% ethanol at -20°C.
Remaining supernatant was overlayed with washing buffer (50 mM Tris-HCl pH 7.5, 10 mM
KCl, 0.2 M sucrose, 200 uM proteinase inhibitor PMSF; Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) and centrifuged at 100,000 x g for 35 min using a swing-out rotor. The resulting fat
pad from the top was collected and washed once in washing buffer (50 mM Tris-HCI pH 7.5,
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10 mM KCl, 0.2 M sucrose, 200 uM proteinase inhibitor PMSF). After a second centrifugation
at 100,000 x g for 35 min, LDs were collected as floating fat pad and proteins were precipitated
with 96% ethanol at -20°C.

Proteomic sample preparation and LC-MS/MS analysis

After precipitation, proteins were defatted two times with 80% ethanol, dried and washed
one additional time with 96% ethanol. After drying, defatted samples were dissolved in 6 M
urea and 5% (w/v) SDS. Determination of protein concentration, in-gel tryptic-digest of 20 ug
initial protein and peptide desalting was carried out as described previously (Shevchenko et
al., 2006; Rappsilber et al., 2007; Kretzschmar et al., 2018). Subsequently, peptides were
reconstituted in 20 pl sample buffer (2% acetonitrile, 0.1% formic acid) and subjected to LC-
MS/MS analysis.

LC-MS/MS analysis was performed with an EASY-nLC 1200 (Thermo Fisher Scientific) coupled
to an Exploris 480 mass spectrometer (Thermo Fisher Scientific). Separation of peptides was
performed on 20 cm frit-less silica emitters (CoAnn Technologies, 0.75 um inner diameter),
packed in-house with reversed-phase ReproSil-Pur C18 AQ 1.9 um resin (Dr. Maisch) and the
column was constantly kept at 50 °C. Peptides were eluted in 115 min using a segmented
linear gradient of 0 % to 98 % solvent B (solvent A 0 % ACN, 0.1 % formic acid; solvent B 80 %
ACN, 0.1 % formic acid) at a flow-rate of 300 nL/min. Mass spectra were acquired in data-
dependent acquisition mode. In case of full proteome samples, MS1 scans were acquired at
an Orbitrap Resolution of 120 000 with a Scan Range (m/z) of 380-1500, a maximum injection
time of 100 ms and a normalised AGC Target of 300 %. For fragmentation, only precursors
with charge states 2-6 were considered. Up to 20 Dependent Scans were taken. For dynamic
exclusion the exclusion duration was set to 40 sec and a mass tolerance of +/- 10 ppm was
used. The Isolation Window was set to 1.6 m/z with no offset. A normalised collision energy
of 30 was used. MS2 scans were taken at an Orbitrap Resolution of 15 000, with a fixed First
Mass (m/z) = 120. Maximum injection time was 22 ms and the normalised AGC Target 50 %.

Computational processing of measured data and prediction of transmembrane helices in
candidate proteins was carried out as described in manuscript I. GO term enrichment analysis
was carried out with the PANTHER 17.0 webtool (Thomas et al., 2022) comparing a subset of
proteins against all proteins predicted from the Arabidopsis genome. Standard settings were
used and GO term enrichment was carried out for GO terms associated to biological processes.
The subsets of proteins used for analysis were (i) all proteins identified by two peptides and
detected in five replicates of either total proteins or LD-enriched fractions from Arabidopsis
tgd1-1 sdpl1-4 roots, (ii) all proteins significantly enriched in the LD-enriched fractions of
tgd1-1 sdp1-4 root samples, or (iii) all proteins significantly depleted in the LD-enriched
fractions of tgd1-1 sdp1-4 root samples.
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7 Discussion

This thesis focused on two different aspects of lipids in plant cells: first, on the contribution of
the anionic phospholipid phosphatidic acid formed by a diacylglycerol kinase in tobacco to the
signalling networks in growing pollen tubes (chapter 4). Second, on the dynamics and
functions of neutral lipids and their dedicated organelles, lipid droplets (LDs), in vegetative
plant tissues (chapters 5, 6). The first part on the contribution of the tobacco enzyme
DIACYLGLYCEROL KINASE 5 to pollen tube growth has been published and respective results
have been discussed in their scientific context in the paper presented in chaper 4. Considering
this and the divergence of the topics, the following section will focus on the second part of
the thesis about LDs in vegetative tissues, setting the results of leaf LDs and the root LD
proteome in the wider context of LD biology.

7.1 The LD proteome of leaves and roots
7.1.1 The identified LD proteome of leaves is similar to previous data

The lipid droplet (LD) proteome of leaves has been reported so far from senescing, infected
and drought-stressed Arabidopsis leaves (Brocard et al., 2017; Ferndndez-Santos et al., 2020;
Doner et al., 2021). We wanted to obtain an overview of the LD proteome in unstressed leaves,
where TAGs as core component of LDs only accumulates in very low amounts (Kelly et al.,
2013). To circumvent this problem, we used the Arabidopsis double mutant tgd1-1 sdp1-4,
which had been previously characterised to accumulate high amounts of oil in its leaves (Fan
et al., 2014). We identified 16 of the LD proteins published so far and further observed LD
localisation of the proteins LD-LOCALISED NTF2 FAMILY PROTEIN (LDNP) and CYTOCHROME
B5 ISOFORM E (CB5-E; Table 5).

When comparing our data to previously published results from other groups, it has to be
considered that LD enrichment and quantification methods differed between the
experiments. Especially the datasets from Fernandez-Santos et al. have to be used with
caution for comparative purposes. Their protocol for LD enrichment used detergent
throughout the procedure and their proteomics quantification method differed too, as protein
abundance was quantified by the average number of peptides that could be assigned to the
detected proteins. In contrast, in our measurements and the other two studies, MS1 intensity-
based algorithms were used for protein quantification (Brocard et al., 2017; Fernandez-Santos
et al., 2020; Doner et al., 2021). Nevertheless, some common trends can be inferred from
comparison of the relative contributions of the identified LD protein to the total LD proteome.
Comparing our dataset on non-stressed leaves with the previously published studies,
guantitative dominance of CALEOSIN 3 (CLO3) in the total LD proteome of Arabidopsis leaves
appeared as a common feature (Brocard et al.,, 2017; Doner et al., 2021). The data from
Fernandez-Santos et al. differs quite strongly in that aspect (Table 5), however, comparison of
their data on senescent leaves with the data from Brocard et al. suggests that this might rather
be due to the technical differences mentioned above. CLO3 is strongly expressed in senescent
tissue and also strongly stress-induced (Partridge and Murphy, 2009; Aubert et al., 2010; Blée
et al., 2014; Shimada et al., 2014; Klepikova et al., 2016), which probably accounts partially for
its abundance of 60% and 90% in senescent and drought-stressed leaves, respectively
(Brocard et al., 2017; Doner et al., 2021). That the amount of CLO3 in mature, non-stressed
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leaves might be a bit lower is suggested from the data of the tgd1-1 sdpl1-4 mutant as
presented here, however, no data on unstressed Col-0 leaves is known so far.

A striking difference was the identity of the dominant protein of the LD associated protein
(LDAP) family. In proteomes of Col-O leaves, LDAP1 was the LDAP protein of highest
abundance, however, in tgd1-1 sdp1-4, LDAP3 dominated (Table 5). With MS1 intensity-based
guantification methods, either LDAP was usually observed to be among the two most
abundant LD proteins, whereby the percentage of CLO3 accounts for the largest part of the
differences between datasets. LDAPs have been proposed as coat proteins for LDs in
vegetative tissue, which seems a suitable explanation for their accumulation (Gidda et al.,
2013, 2016; Pyc et al., 2017b). Interestingly, LDAP targeting requires the full-length proteins.
The accumulated amino acid differences between LDAP1 and LDAP3 might thus induce slight
changes in binding behaviour so that altered LD properties in tgd1-1 sdp1-4 could favour
binding of LDAP3. However, differences in abundance in the LD-enriched fraction suggest also
variations in the total protein abundance of LDAP proteins in Col-0 or tgd1-1 sdp1-4 leaves
and the underlying cause of this variation is unclear. Gene expression of LDAP1 and LDAP3
differs in response to diverse stresses (Hruz et al., 2008), so overall cellular homeostasis in the
mutant might mimic certain stress condition that would favour LDAP3 expression over LDAP1
expression and subsequently lead to altered protein levels. LDAP3 could then become the
dominant protein of the LDAP family, independent of preferential targeting.

Further six LD proteins were found both in the LD proteomes of non-stressed leaves of tgd1-1
sdpl-4 andin at least two other previously published studies on Col-0 leaf LDs (Table 5). These
were a-DIOXYGENASE 1 (a-DOX1), EARLY RESPONSIVE TO DEHYDRATION 7 (ERD7), LDAP-
INTERACTING PROTEIN (LDIP), LD AND STOMATA 1 (LDS1), proteins of the LD
methyltransferase (LIME) family, and PLANT UBX DOMAIN-CONTAINING PROTEIN 10 (PUX10).
Of those, LDIP and PUX10 have been characterised in LD homeostasis: LDIP acts as a player of
LD biogenesis (Coulon et al., 2020; Pyc et al., 2021) while PUX10 interacts with the protein
CELL DIVISION CYCLE 48 in protein turnover and degradation of LD proteins (Deruyffelaere et
al., 2018; Kretzschmar et al., 2018). LDS1, a Rab GTPase, has also been reported very recently
to be involved in LD homeostasis in stomata development (Ge et al., 2022). ERD7 and a-DOX1
on the other hand are described in stress responses. For ERD7, a yeast two-hybrid screen
identified 36 potential interaction partners whose GO-Terms showed an enrichment in the
category “response to stress” (Doner et al., 2021). In addition, the protein was found to
accumulate upon cold stress (Barajas-Lopez et al., 2021). a-DOX1 has been reported as active
enzyme that together with CLO3 produces the phytoalexine 2-hydroxyoctadecatrienoic acid
(2-HOT) from the fatty acid (FA) a-linolenic acid (Shimada et al., 2014). Finally, LIME proteins
are putative enzymes that were named due to homology to other methyltransferases, albeit
no enzyme activity has been shown yet (Kretzschmar et al., 2020). Their physiological function
is also unknown so far, however, they are consistently present as low-abundant LD proteins
(Table 5), which could hint at some lipid-modifying enzyme activity.
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Table 5: LD proteins detected in leaves of the Arabidopsis tgd1-1 sdp1-4 mutant compared to
previous studies with Col-0. Quantification methods differed between studies, so quantitative values
are not comparable. Therefore, for each proteomics study, the respective relative amounts in the total
known LD proteome are given for each protein in %. The Arabidopsis lines used for proteomic analysis
and the studied treatments are indicated. Stress treatments of tgd1-1 sdp1-4 included infection with
Botrytis cinerea (B. cinerea), infection with Pseudomonas syringae pv. tomato DC3000 AavrPto
AavrPtoB (PstA) until first symptom development and heat stress for 24 hours at 37°C. Infection
treatments of Fernandez-Santos et al. were performed with Pseudomonas syringae pv. tomato DC3000
avrRpm1 (PstR). * denotes proteins that could not be identified unambiguously, ‘hpi’ means ‘hours
post infection’. Full protein names are listed in the following. a-DIOXYGENASE 1 (a-DOX1),
CYCLOARTENOL SYNTHASE 1 (CAS1), CYTOCHROME B5 ISOFORM E (CB5-E), CALEOSIN 3 (CLO3), EARLY
RESPONSIVE TO DEHYDRATION 7 (ERD7), glycerol 3-phosphate acyltransferase (GPAT), LD associated
protein (LDAP), LDAP-INTERACTING PROTEIN (LDIP), LD-LOCALISED NTF2 FAMILY PROTEIN (LDNP), LD
AND STOMATA 1 (LDS1), LD-ASSOCIATED LIPASE 2 (LIDL2), LD methyltransferase (LIME), oil body lipase
(OBL), PLANT UBX DOMAIN-CONTAINING PROTEIN 10 (PUX10), STEROL METHYLTRANSFERASE 1
(SMT1), LD-associated hydrolase (LDAH), PHYTOALEXIN-DEFICIENT 3 (PAD3).
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SR B;:f;rodl;t Ferndndez-Santos et al., 2020 Donze Orze 1t el
tgd1-1 sdpi-4 Col-0 Col-0 Col-0
no mock . mock heat senescing senescing 24 hpi 72 hpi drought

Protein treatment | (B. cinereaq) B. cinerea (PstA) PstA Gl stress leaves leaves PstR PstR stress

a-DOX1 0.04 1.86 0.30 0.003 0.30 7.84 15.56 0.50

CAS1 0.45 0.07 0.65 0.15 1.54 0.59 0.15

CB5-E 2.22 3.11 3.02 1.34 5.32 1.15 0.39 0.06

CLO3 41.63 33.86 53.21 40.52 73.88 9.05 18.24 60.68 23.31 13.24 25.00 90.21

ERD?7 1.46 0.49 0.03 0.06 5.38 5.23 0.29 3.43 0.51

GPAT4 0.22 0.06 2.00 0.76 25.56 15.69 12.22

GPATS8 0.11 11.27

LDAP1 1.07 0.89 1.92 0.40 4.17 4.23 34.71 21.05 7.35 12.22 4.71

LDAP2 0.17 0.08 0.15 0.06

LDAP3 41.58 50.70 30.21 43.16 15.45 53.11 51.04 0.79 9.80 1.13

LDIP 4.06 2.63 2.15 2.61 0.99 6.12 7.68 1.43 6.77 4.44 0.32

LDNP 3.13 2.64 2.63 6.02 2.46 3.33 3.72 0.30

LDS1 1.80 2.56 1.25 2.36 1.06 3.54 3.21 3.92 1.92

LIDL2 0.11 0.06 0.04

LIME1/2 * 0.43 0.47 0.70 0.61 1.96 1.35 0.08 0.15

OBL3 0.62 0.59 0.34 0.92 0.25 3.03 1.92 1.57

PUX10 0.48 0.73 0.30 0.31 0.58 0.26 0.16 23.31 16.18 22.22

SMT1 0.52 1.82 1.70 1.07 0.08 4.72 1.29

LDAH1/2 * 4.90

OBL2 0.05

PAD3 6.37 8.33
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Three proteins were found only at leaf LDs of tgd1-1 sdp1-4: LDAP2, LD-ASSOCIATED LIPASE 2
(LIDL2), and STEROL METHYLTRANSFERASE 1 (SMT1). However, all of these proteins have been
found in the proteome of LDs in Arabidopsis Col-0 seedlings (Kretzschmar et al., 2020). Their
relative quantitative contribution to the whole LD proteome is less than 1%, so it is possible
that they are either not present in LDs of Col-0 or that their abundance is too low to be
routinely picked up via proteomics. The increased number of LDs in the mutant would then
raise their protein levels to amounts that are possible to be detected. Nevertheless, all of
these proteins have been identified as bona fide LD proteins, so their presence in the LD-
enriched fraction is caused by association to LDs and not solely by contamination (Gidda et
al., 2016; Kretzschmar et al., 2018, 2020). On the other hand, three proteins were found in
other proteomic data sets but not in leaves of tgd1-1 sdpl-4: an LD-associated hydrolase
(LDAH) protein, OIL BODY LIPASE 2 (OBL2), and PHYTOALEXIN-DEFICIENT 3 (PAD3). Here again,
low protein amounts are probably one reason for differences in detection, considering the
small relative amounts of OBL2 and LDAH proteins in MS1 intensity-based quantification of LD
proteomes from drought-stressed leaves and seedlings, respectively (Kretzschmar et al., 2020;
Doner et al., 2021). Localisation of PAD3 to LDs has been reported to occur only in infected
cells (Fernandez-Santos et al., 2020), still we were not able to detect it even in the LD-enriched
fractions of tgdl-1 sdpl-4 leaves infected with either Botrytis cinerea or Pseudomonas
syringae pv. tomato DC3000 AavrPto AavrPtoB (Table 5). Independent of the precise
composition of the various leaf LD proteomes, it is notable that the detected LD proteins
overall imply active cell biological and metabolic processes at leaf LDs.

7.1.2 The LD proteome of roots contains several enzymes of lipid metabolism

After the study of leaf LDs, we further investigated the LD proteome in roots (Table 2,
Figure 11). For this, we used again the tgd1-1 sdp1-4 mutant, as the respective single mutants
were reported to accumulate oil also in roots (Xu et al., 2005; Kelly et al., 2013). In the LD-
enriched fraction of roots, we detected 29 LD proteins that had been previously identified in
other tissues (Table 2). When comparing the occurrence of LD proteins in these root samples
to other tissues, it has to be considered that samples of the root LD proteome were measured
on a different mass spectrometer and the difference in the number of detected LD proteins is
mostly due to very low abundant LD proteins. Therefore, low-abundant LD proteins detected
in roots might also be present in other tissues but escaped detection due to technical
differences or different ion suppression in the complex proteome of leaves. Nevertheless,
judging from the relative contribution to the LD proteome and other published datasets, the
presence of some root-specific LD proteins appears likely, as shall be discussed below.

All LD proteins observed in leaves could be found in roots, however, roughly 50% of the
individual protein found in LD-enriched fractions of Arabidopsis roots could not be detected
in Arabidopsis leaves. Looking at whole protein families on the other hand, there were only
two previously published LD protein families that were detected in roots of tgd1-1 sdp1-4 but
not in leaves of the double mutant. These protein families were the LDAH protein family and
steroleosins (HSDs, derived from hydroxysteroid dehydrogenases; Table 6). Of those, LDAHs
have been reported by Ferndndez-Santos et al. in Col-0 leaves after Pseudomonas-infection
while they contribute only 0.3%. to the combined abundance of all LD proteins in roots (Tables
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5, 6). Their absence in the detected LD proteome of tgd1-1 sdp1-4 leaves therefore could be
without functional implications and rather be caused by technical reasons.

In contrast, no HSDs have been detected in the LD-enriched fractions from leaves so far, so
their detection at root LDs could mark genuine tissue-specificity. The main steroleosin in root
LDs is HSD4/7, which was quantified as 0.45%o. of all proteins in the LD-enriched fraction (Table
2). Albeit not a major contribution, this is in the range of low-abundant LD proteins described
in seeds, seedlings and leaves (Suppl. Dataset S5 in manuscript |; Kretzschmar et al., 2020).
Interestingly, although different HSDs have been detected in other tissues like seeds and
seedlings (Baud et al., 2009; Kretzschmar et al., 2020), the detected HSDs did not include
HSD4/7. Consequently, its presence at root LDs hints at a root-specific function that might
revolve around modifications of plant sterols.

For the first identified HSD from sesame seeds, enzyme assays showed dehydrogenase activity
on the 17 B-hydroxysteroid estradiol and the 11 B-hydroxysteroid corticosterone (Lin et al.,
2002). In Arabidopsis, these enzyme activities were also reported for HSD1 (d’Andréa et al.,
2007) and it has been proposed that their endogenous substrates are brassinosteroids
(Chapmanetal., 2012). Indeed, Arabidopsis plants overexpressing HSD1 displayed phenotypes
like taller growth, larger stems or increased number of branches that are similar to plants
treated with exogenous brassinosteroids (Li et al., 2007). However, as there are no enzymatic
studies on HSD4/7, it is not certain that it has similar enzymatic function to HSD1. If an
analogous enzyme activity is assumed, the question arises what specific purpose the catalysed
modification of sterols might fulfil in roots. It is known that the spatial distribution of
brassinosteroids in roots is important for their signalling function (VukaSinovi¢ et al., 2021)
and brassinosteroid-dependent signalling is crucial in differentiating between root hair cells
and non-hair cells (Singh and Savaldi-Goldstein, 2015). A possible role for HSDs in roots could
then be to mediate brassinosteroid activity by converting between active and less active
steroid compounds (Chapman et al., 2012) and thus fine-tune brassinosteroid signalling
especially between neighbouring root hair and non-hair cells. Nevertheless, brassinosteroids
play a role in almost all other plant tissues as well, e.g. in the shoot apical meristem or the
formation of stomata (Singh and Savaldi-Goldstein, 2015), so it remains an open question why
HSDs would be needed in roots but not in other vegetative tissues. To unravel potential
connections between HSDs and brassinosteroids in roots will therefore require further
research on the possible enzyme activity of HSD4/7 and its root-specific function.

Besides the presence or absence of proteins at the LDs of roots or leaves, two conspicuous
differences in terms of protein abundance could be observed. Firstly, the low amounts of
caleosins in roots compared to leaves, where they make up around 1% and 40% of the total
LD proteome, respectively (Table 6). Secondly, the high accumulation of a-DOX1 in root tissue
where it is the second most abundant LD protein in our protein data set. Caleosins have been
attributed stabilising functions at LDs, especially in the absence of oleosins (Jiang et al., 2009;
Liu et al.,, 2009), however, in roots of tgd1-1 sdp1-4 neither protein family seems to be
required for this purpose. Instead, LDAPs like LDAP3 are probably the coating protein in root
LDs as has been previously suggested for LDs in leaves and avocado mesocarp (Horn et al.,
2013; Gidda et al., 2016; Pyc et al.,, 2017b). The low abundance of CLO3 is furthermore
interesting in light of the high abundance of a-DOX1. As mentioned, both proteins have been
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functionally described to act together in the synthesis of 2-HOT as biotic stress response in
leaves (Shimada et al., 2014). However, CLO3 is hardly present in the detected proteome of
roots, so a-DOX1 apparently serves an independent function. Its high accumulation might be
in part an artefact of stress caused by the culture method, as gene expression of a tomato
a-DOX1 was reported to increase in roots after wounding (Tirajoh et al., 2005). Nevertheless,
even under stress conditions, the strong accumulation of a-DOX1 is intriguing, considering it
has been described to oxidise FAs to hydroperoxy products, however, lacks peroxidase activity
that would further metabolise the instable 2-hydroperoxy FAs (Goulah et al., 2013; Shimada
et al., 2014). Given the toxic potential of 2-hydroperoxy FAs (Farmer and Mueller, 2013) they
likely have to be metabolised by another, as of yet unidentified peroxidase.

In addition to analysing the relative abundance of known LD proteins, we were able to identify
further proteins that co-localised to LDs upon transient expression in tobacco pollen tubes.
These include three enzymes of lipid metabolism, namely GLYCEROL-3-PHOSPHATE
ACYLTRANSFERASE 9 (GPAT9, AT5G60620), ACYL-COA:LYSOPHOSPHATIDYLETHANOLAMINE
ACYLTRANSFERASE 1 (LPEAT1, AT1G80950) and THALIANOL SYNTHASE1 (THAS1,
AT5G48010). In addition, two proteins of unknown functions, with the accession numbers
AT1G30130 and AT4G13160, were identified this way. These two proteins both contain
predicted transmembrane helices at their N-terminus that might convey LD-association
(Figure 12), however, otherwise their functions or physiological roles remain to be explored.

More information is available about the other three proteins, of which GPAT9 and LPEAT1 are
described to have acyl transferase activity (Stalberg et al., 2009; Shockey et al., 2016; Singer
et al., 2016). Intriguingly, their association to LDs in pollen tubes stands in contrast to previous
reports of an ER-localisation for both enzymes in tobacco BY-2 cells (Gidda et al., 2009;
Jasieniecka-Gazarkiewicz et al., 2021). These differences in localisation might originate from
varying abundance of LDs between the transient expression systems, so GPAT9 and LPEAT1
could be able to localise to both LDs and the ER. For THAS1, previous studies focused on its
enzymatic function in triterpenoid synthesis and the impact of the produced triterpenoids on
Arabidopsis roots (Fazio et al., 2004; Field and Osbourn, 2008; Bai et al., 2021). The enzyme is
part of the family of oxidosqualene cyclases, which also contains another LD-localised enzyme
in the form of CYCLOARTENOL SYNTHASE 1 (CAS1; Field and Osbourn, 2008; Kretzschmar et
al., 2018). THAS1 was initially discovered when screening for new triterpene-synthesising
enzymes and it catalyses the cyclisation of 2,3-oxidosqualene to a tricyclic compound that was
subsequently named thalianol (Fazio et al., 2004). The THAS1 gene is part of a gene cluster
encoding further thalianol-modifying enzymes and the combined activity of the respective
enzymes was proposed to shape the root microbiome (Field and Osbourn, 2008; Huang et al.,
2019). It might be interesting to analyse the subcellular localisation of other enzymes encoded
by the thalianol gene cluster and investigate if LDs act here as a source of substrates for
triterpenoid metabolism.
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Table 6: Comparison of LD proteins and protein families found in different tissues. To calculate
respective contributions to the LD proteome of different tissues, riBAQ values of individual LD proteins
were normalised to the total sum of riBAQ values of all known and detected LD proteins. For protein
families, the individual relative values were then summed up to obtain the relative abundance of the
whole protein family. All values are given in %. The species, tissues and Arabidopsis lines used for
proteomic analysis are indicated. The data shown for tgd1-1 sdp1-4 leaves represents the LD proteome
composition in non-stressed leaves. ‘hpg’ means hours post germination. Protein and protein family
abbreviations are as listed: LD associated protein (LDAP), LDAP INTERACTING PROTEIN (LDIP), PLANT
UBX DOMAIN-CONTAINING PROTEIN 10 (PUX10), STEROL METHYLTRANSFERASE 1 (SMT1),
CYCLOARTENOL SYNTHASE 1 (CAS1), oil body lipase (OBL), a-DIOXYGENASE 1 (a-DOX1), seed LD
protein (SLDP), LD-associated lipase (LIDL), LD PROTEIN OF SEEDS (LDPS), LD methyltransferase (LIME),
LD-associated hydrolase (LDAH), LD dehydrogenase (LDDH), EARLY RESPONSIVE TO DEHYDRATION 7
(ERD7), glycerol 3-phosphate acyltransferase (GPAT), LD AND STOMATA 1 (LDS1), LD-LOCALISED NTF2
FAMILY PROTEIN (LDNP), CYTOCHROME B5 ISOFORM E (CB5-E), POLLEN TUBE LD PROTEIN (PTLD),
ACYL-COA:LYSOPHOSPHATIDYL-ETHANOLAMINE  ACYLTRANSFERASE 1 (LPEAT1), THALIANOL
SYNTHASE 1 (THAS1).

Stud Kretzschmar et al., Niemeyer et al.,
y Kretzschmar et al., 2020 2018 z‘(l)zz
t:d lt_’;ash;:; 4 Arabldog:l:ot Lelong Nicotiana tabacum Cyperus esculentus

Protein .
family leaves | roots Re:z:thed S:((e)dl:ll:r:ggs Pollen tube Rehydrated tubers
oleosins 59.16 76.72 25.28 69.76
caleosins 41.63 0.99 8.30 6.21 50.64 27.13
steroleosins 0.28 32.03 10.58 1.13
a-DOX1 0.04 20.03 0.07
CAS1 0.45 0.14 0.01 0.06 5.18 0.0004
CB5-E 2.22 0.43 0.01 0.03 0.08
ERD7 1.46 1.38 0.13
GPAT 0.22 0.64 0.01 0.01
LDAH 0.03 0.06
LDAP 42.81 64.82 0.001 4.61 10.65 0.09
LDDH 0.09
LDIP 4.06 2.10 0.01 0.01 0.76 0.20
LDNP 3.13 2.97 0.0006 0.04
LDPS 0.09 0.03
LDS1 1.80 0.39 0.02 0.03 0.003
LIDL 0.11 0.18 0.10
LIME 0.43 1.62 0.19
OBL 0.62 0.51 0.05 0.27 0.73
PTLD 1.36
PUX10 0.48 0.09 0.01 0.04 4.64 0.02
SLDP 0.32 0.64 1.40
SMT1 0.52 0.82 0.14 0.80
LPEAT1 0.08 0.01
THAS1 2.14
AT1G30130 0.22 0.06
AT4G13160 0.13
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7.1.3 The seed LD proteome transitions to a distinct LD proteome in leaves and roots

In previous work, the LD proteome of Arabidopsis seeds and seedling had been established
(Kretzschmar et al., 2020) to which we could compare the detected LD proteins of leaves and
roots (Table 6). Additionally, the detected LD proteins in tobacco (Nicotiana tabacum) pollen
tubes (Kretzschmar et al., 2018) and tubers of yellow nutsedge (Cyperus esculentus; Niemeyer
et al., 2022) allowed some inferences about the comparison to these plant tissues, although
species-specific differences have to be taken into consideration. The most striking difference
is the complete absence of oleosins from LDs in Arabidopsis leaves and roots, while they have
been detected in tobacco pollen tubes, Arabidopsis seeds and seedlings, and tubers from
yellow nutsedge (Kretzschmar et al.,, 2018, 2020; Niemeyer et al.,, 2022). The absence of
oleosins matches published data on their expression in Arabidopsis, which occurs mostly in
desiccating tissue (Klepikova et al., 2016) and the ability to endure in a desiccated state is a
common feature of all those tissues in which oleosins were found. There, oleosins were
described as LD coating proteins that prevent LD fusion (Tzen et al., 1992; Shimada et al.,
2008). In addition, they are observed to be degraded during seedling development
(Deruyffelaere et al., 2018; Kretzschmar et al., 2018) and they are able to outcompete other
proteins for LD localisation in leaves (Gidda et al., 2016). This suggests that oleosins have an
LD-stabilising function, however, prevent the accessibility of LDs for other enzymes. The latter
is likely to be more problematic in tissues with active lipid metabolism and membrane
remodelling processes, especially during stress responses (Higashi et al., 2015; Tarazona et al.,
2015). Hence, it appears that oleosins are excluded from LDs in Arabidopsis leaves and roots
to allow for faster adaptations of those LDs to cellular requirements.

Judging from the measured proteome in leaves and roots, oleosins are instead replaced by
LDAPs. In leaves of Arabidopsis tgdi-1 sdp1-4, LDAP3 dominated the known LD proteome
together with CLO3 and in roots it was by far the most abundant protein (Tables 2, 5). When
following the dynamics of the LD proteome from seeds to seedlings, Kretzschmar and Doner
et al. observed absence of LDAP1 and LDAP3 in seeds and slowly increasing protein amounts
during seedling development (Kretzschmar et al., 2020). The increase in LDAP abundance
during seedling development fits to the hypothesis that LDAPs take over LD-stabilising
functions in vegetative tissues. Further support comes from observations in the dandelion
species Taraxacum brevicorniculatum: this plant accumulates rubber that is concentrated in
rubber particles coated by proteins homologous to Arabidopsis LDAPs (Hillebrand et al., 2012).
When these homologous proteins were depleted, rubber particles were more prone to
fusions, not unlike the phenotype observed for seed LDs in Arabidopsis ole1 ole2 and olel ole3
double mutants of seed oleosins (Shimada et al., 2008; Hillebrand et al., 2012). Given their
contributions to the total LD proteome in leaves and roots (Tables 2, 5), LDAP1 and LDAP3
appear as LD stabilising proteins in established vegetative tissues. LDAP2 on the other hand
seems to be most important in Arabidopsis seedling development, where it increased in
relative abundance (Kretzschmar et al., 2020). In contrast, it was detected only in small
amounts in the LD-enriched fractions of leaves and roots, so it might have its main function
during the seed-to-seedling transition (Tables 2, 5; Brocard et al., 2017; Fernandez-Santos et
al., 2020; Kretzschmar et al., 2020; Doner et al., 2021).
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Further differences include the seed lipid droplet protein (SLDP) family and the LIPID DROPLET
PROTEIN OF SEEDS (LDPS) that were absent from our datasets but present in Arabidopsis
seeds and seedlings. Both had been named according to their expression profiles and for LDPS
highest protein amounts were also observed in seed stages (Klepikova et al., 2016;
Kretzschmar et al., 2020). SLDPs were demonstrated to be part of a membrane contact site,
tethering LDs to the plasma membrane in developing seedlings (Krawczyk et al., 2022). This
subcellular organisation is not necessarily observed in leaves and roots, so SLDPs as LD-
organising proteins might not be required in later plant stages of Arabidopsis (Pyc et al.,
2017b). Nevertheless, an orthologue of SLDP was found in the tubers of yellow nutsedge
(Table 6). This is probably related to the seed-like qualities of these tubers that are
desiccation-tolerant and can sprout into a new plant upon rehydration. In this context, LD-
organisation might again become important so that yellow nutsedge tubers accumulate SLDP
protein even though the tubers originally derive from vegetative tissue (Niemeyer et al.,
2022).

In contrast, many proteins related to metabolism become important at LDs in leaves and
roots. These include i.a. a-DOX1, CLO3, different lipases, the putative methyltransferases of
the LIME protein family and enzymes of sterol metabolism like CAS1 and SMT1. A notable
exception is the steroleosin HSD1, which steadily decreases during seedling establishment
(Kretzschmar et al., 2020). However, the majority of LD protein families with demonstrated or
proposed enzymatic functions showed increased proportions among the known LD proteins
as seedling development progressed and reach their highest relative contribution in a
vegetative tissue (Table 6). From a proteomic point of view, LDs in seeds and LDs in vegetative
tissues are thus different versions of one organelle that are transformed from one to the other
during seedling establishment.

7.2 Targeting and surface interaction of leaf LD proteins
7.2.1 Proteins can associate to LDs through different mechanisms

Proteins target to LDs in different ways and no targeting signal in the amino acid sequence
that mediates subcellular localisation has been identified yet. Rather, two general pathways
of protein targeting to the ER have been distinguished: either (i) by initial insertion into the
cytosolic layer of the ER membrane and subsequent transfer onto the forming LD or (ii) by
direct targeting from the cytosol (Kory et al., 2016).

Each of the two pathways for LD targeting mentioned above contains further variations of
how the localisation is mediated. For example, initial insertion of oleosins into the ER takes
place via the signal recognition particle-pathway while for mammalian UBX DOMAIN-
CONTAINING PROTEIN 8 (UBXDS8) the peroxisome-biogenesis factor proteins PEX19 and PEX3
are required (Schrul and Kopito, 2016). UBXDS8 is the mammalian homolog of Arabidopsis
PUX10. Therefore, a similar pathway might be required for PUX10 in plants, especially as
PUX10 also shows dual localisation to LDs and the ER (Kretzschmar et al., 2018). On the other
hand, targeting of LD proteins from the cytosol has been proposed to occur via amphipathic
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helices, lipid anchors attached to the protein, or protein-protein interactions (Kory et al., 2016;
Bersuker and Olzmann, 2017). Consequently, LD targeting cannot be estimated directly from
the sequence and has to be determined experimentally for each identified LD protein.

Concerning the LD proteins identified in leaves, the targeting region is known for a few but
not for all of them. Detailed truncation analyses of LDAP3 suggested that the complete protein
sequence is required to mediate protein localisation (Gidda et al., 2016). However, when
LDAP3 is expressed in insect cells, it is able to localise to LDs on its own, suggesting a protein-
inherent ability to localise to LDs for LDAP3 and probably all LDAPs (Pyc et al., 2021). LDIP
requires an amphipathic helix for LD localisation (Pyc et al., 2017a), but when expressed in
insect cells, localisation was dependent on LD-localised LDAP3 (Pyc et al., 2021). LDIP
therefore appears to target to LDs via protein-protein interactions. ERD7 requires its
C-terminal senescence domain for LD-targeting when localised in the overexpression system
of Nicotiana benthamiana leaves and was otherwise described to accumulate in the cytosol
(Doner et al., 2021). All of these proteins are assumed to localise to LDs from the cytosol, given
their cytosolic localisation when their LD-interacting regions or interaction partners are
missing.

For Arabidopsis OBL3, there is no direct microscopic evidence on its localisation region, albeit
a hydrophobic region at its N-terminus appears to be involved (Eastmond, 2004; Miiller and
Ischebeck, 2018). AtOBL3 is part of a five-membered protein family whose members had been
originally identified as homologs of the acid lipase OBL1 from castor bean (Ricinus communis,
RcOBL1). In RcOBL1, an N-terminal hydrophobic stretch was detected at LDs after protease
treatment and suggested to mediate LD targeting (Eastmond, 2004). A similar hydrophobic
stretch was predicted with the TMHMM Server v. 2.0 in all Arabidopsis OBL proteins and
seems likely to confer LD targeting (Mdller and Ischebeck, 2018). It remains to be determined
though, if targeting requires an initial localisation to the ER or occurs directly from the cytosol.

Proteins that appear to be targeted to the ER before subsequent localisation to LDs in leaves
are PUX10 and the caleosin CLO3. Like oleosins, caleosins contain a proline knot motif that is
required for LD localisation stabilisation (Chen et al., 1999; Chen and Tzen, 2001; Liu et al.,
2009). In addition, the N-terminus of caleosins has been described to be required for LD-
targeting based on recombinant protein studies of Arabidopsis CLO1 in yeast. In fractionation
experiments, CLO1 was associated mainly to LDs but also to cellular membranes; truncated
protein variants of CLO1 missing the first 40, 60 or 95 amino acids increasingly associated to
cellular membranes at the expense of LD-association (Purkrtova et al., 2015). Based on the
similarities to oleosins, AtCLO1 membrane association in yeast, and assuming a conserved
localisation mechanism between different caleosins, targeting of CLO3 to LDs via initial ER-
insertion seems a reasonable hypothesis. For PUX10, targeting via the ER also appears as the
more likely pathway due to the observed dual localisation of tobacco NtPUX10c to both LDs
and ER (Kretzschmar et al., 2018). Further analysis could pinpoint the LD-targeting region of
NtPUX10c to a short stretch of about 50 amino acids combining a hydrophobic region and
adjoining amino acids. As has been described above, PUX10 is the homolog of mammalian
UBXDS8, which contains a similar targeting region (Suzuki et al., 2012), so PUX10 might be
targeted by a conserved mechanism involving peroxisome-biogenesis factor proteins. The
purpose of the targeting region and the hydrophobic stretch in this case is unclear.
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Of the other proteins found to localise to LDs, no confined targeting regions has been
described so far, although some circumstantial evidence is known in individual cases. For
example, there is a solved crystal structure for a-DOX1, where the authors distinguish two
domains: a base domain and a catalytic domain. The base domain shows some similarities in
terms of space orientation to the membrane-binding domain of murine CYCLOOXYGENASE 2.
The domain contains eight a-helices of which three helices have amphipathic character and
was consequently proposed to confer lipid binding (Goulah et al., 2013). If LD-binding is indeed
provided by the amphipathic helices of the base domain, this might favour targeting from the
cytosol onto the lipid monolayer of LDs rather than initial insertion into the ER cytosolic layer.
Localisation studies of tobacco NtCAS1 and especially NtSMT1 in tobacco pollen tubes on the
other hand showed an additional association of the proteins to reticulate structures
(Kretzschmar et al., 2018). This structures could be the ER, which would speak for targeting
from the ER to LDs, however, there also is the possibility of overexpression artefacts. Further
studies are needed to pinpoint the targeting regions and mechanisms of known LD proteins
which could in turn support the identification and characterisation of further proteins
associating to LDs.

7.2.2 The surface area of leaf LDs likely contains less proteins than seed LDs

Another interesting aspect of protein targeting to LDs is the question, how much of the LD
surface is actually covered by proteins. In seeds, early studies on oleosins established them as
surface proteins to prevent LD fusion (Tzen et al., 1992), which would require a strong
coverage of the LD surface by protein. However, the situation in leaves is less analysed. Based
on experimental data from our proteomic studies of leaf LD-enriched fractions, we estimated
the combined protein mass of CLO3 and LDAP3 to make up around 1 ppm of total leaf mass
in the tgd1-1 sdp1-4 mutant. Together with the published data on TAG accumulation in leaves
of tgd1-1 sdp1-4, this enabled a rough estimate on the protein coverage of LDs in leaves of
the mutant as shown below.

General assumptions

1) All proteins are assumed to form spheres, to allow estimation of their diameter and
the surface they cover on a membrane.
2) The density of proteins was estimated as:

p(protein) = 1.4 g/cm? based on (Fischer et al., 2004)
3) The density of plant oil was estimated as:
p(TAGs) =0.91 g/cm? based on (Sahasrabudhe et al., 2017)

4) The ratio of dry weight to fresh weight was estimated as: 0.1

Estimations from published and experimental data

5) The mass of both CLO3 and LDAP3 was rounded according to the TAIR database to:
27kDa=4.5-10%g
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6) Relative TAG content in leaves of tgd1-1 sdp1-4 was taken as:

8% of leaf dry weight based on (Fan et al., 2014).
7) Average radius of LDs in the leaves of tgd1-1 sdp1-4 was estimated as:
r (LD) =4 um based on microscopic images (Fan et al., 2014).

8) Proportion in the total leaf fresh weight of the combined proteins CLO3 and LDAP3
was approximated from experimental data of LD enrichments as:
m (total CLO3+LDAP3) = 1 ppm of leaf fresh weight

Estimation of protein coverage

9) With the proportions given above, no absolute value for total leaf fresh weight is
required. The total leaf fresh weight in gram is therefore assigned to the variable ‘W’.

Calculation of mass and volume of leaf TAGs using assumptions 3), 4) and 6)

m (TAGs) = M -relative TAG content in leaves -W = 0.1 - 0.08 - W

fresh weight
m (TAGs) = 0.008 W (1)
V (TAGs) = 2469 _0008W __ 0088 - W cm3 = 8.8 + 10° - W um? 2)

p (TAGs) 091 g/cm3

Calculation of volume, area and number of leaf LDs using assumption 7)
V(LD)=§-n-r(LD)3=§-n-(4um)3=268um3 (3)

A(D)=4 - -m -r(LD)>=4 -7 - (4um)? = 201 um? (4)

V (TAGs) _ 8.8-10% W um3
V(D) 268 um3

number (all LDs) = ~3.3-107-W (5)

Calculation of volume and number of CLO3 and LDAP3 in leaves using assumptions 1), 2), 5)
and 8)

P . —-20
V (protein) = rgg:;::il:)) = 4'15_4;(;msg =32-:10"20¢m3 = 3.2 - 1078 um3 (6)
.\ _ 3[3-V(protein) _ 3(3-3.2:10"8 um3 _ . -3
r (protein) = /—4-71 = ’—4_n =197 - 107° um (7)
A (protein) = m + r (protein)? = m - (1.97 - 1073 um)? = 1.22 - 1075 um? (8)

m (total CLO3+LDAP3) _ 1-1076 ‘W
p (protein) 1.4 g/cm3

V (all CLO3 + LDAP3) = =71-10"7-Wcm3 (9)

V (all CLO3+LDAP3) _ 7.1-10% W um3
V (protein) 3.2-1078 uym3

number (all CLO3 + LDAP3) = = ~22-103-W (10)
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Calculation of total area of all LDs and all CLO3 and LDAP3 proteins using results (4), (5), (8)
and (10)

A (all LDs) = number (all LDs) A (LD) =3.3 - 107 - W - 201 um?
A (all LDs) = 6.6 - 10° - W um? (11)

A (all CLO3 + LDAP3) = number (all CLO3 + LDAP3) - A (protein)
A(all CLO3 + LDAP3) =2.2 - 103 -W - 1.22 - 107> um? = 2.7 - 108 - W um?  (12)

Calculation of LD surface coverage using results (11) and (12)

A (all CLO3+LDAP3) _ 2.7-10%-W um?
A (all LDs) T 6.6-109 - W um?

coverage = ~ 0.04 (13)

This rough approximation on the surface coverage comes to the conclusion that
approximately 4% of the LD surface in leaves of tgd1-1 sdp1-4 are covered with the two
proteins CLO3 and LDAP3. Further proteins associate with the LDs in leaves, however, as
presented above the other LD proteins make up roughly 20% of the proteome in unstressed
leaves of the mutant (Table 5), so they will not substantially increase surface coverage. The
value should still be interpreted with caution, as a number of the made assumptions are not
met in the actual cellular situation. The proteins will not be spherical and consequently the
area they cover on the surface of LDs differs. Furthermore, the calculations on the numbers
of CLO3 and LDAP3 in the cell is error-prone: it depends on empirical values for the
contribution of CLO3 and LDAP3 to the total leaf mass and showed considerable variations
between experiments. In addition, there will be differences in the LD architectures of
Arabidopsis Col-0 and tgd1-1 sdp1-4, considering that the mutant accumulates TAGs and its
LDs in leaves are larger (Fan et al., 2014). Despite all these limitations of the approximation, it
gives a hint that the surface of LDs in leaves might contain larger areas where the phospholipid
monolayer is not covered with protein.

Intriguingly, a similar approximation for seeds suggests a much stronger protein coverage of
the surface from seed LDs. Arabidopsis seeds were reported to contain around 7 pg TAGs and
9 ug total protein (Baud et al., 2002) and in proteomic samples of seeds, LD proteins made up
roughly 6% of all proteins whereby about 60% of these LD proteins are oleosins (Kretzschmar
et al., 2020). Assuming an average diameter of 0.5 um for seed LDs and then applying the
same estimations as shown above yields an estimated protein coverage of the LD surface of
100 %. Similar constraints of the approximation apply also for this number, nevertheless, it is
in line with the general assumption that LDs in seeds are protected by their protein coat from
fusing with each other. On the other hand, LDs in leaves appear to be stable enough during
their lifecycle without the need of a completely surrounding protein coat. Also, accessibility
of the LD surface e.g. for metabolic enzymes or interaction with other cellular organelles is
increased. Furthermore, the association of additional proteins is easily possible without the
need of first removing other proteins. Hence, LDs in leaves can respond far more dynamically
to cellular changes than their counterparts in seeds.
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7.3 Dynamics of the leaf LD proteome in response to environmental stress

In light of the proposed differences between LDs in seeds and leaves, we aimed not only to
analyse the LD proteome of non-stressed leaves but also follow LD dynamics in Arabidopsis
leaves subjected to stress. While the LD proteomes of infected and drought-stressed leaves
had been described before (Fernandez-Santos et al., 2020; Doner et al., 2021), they did not
allow a comparison to non-stressed plants to observe LD alterations. Given that this was the
first study explicitly comparing changes of the LD proteome between stress and respective
control treatments, the mechanisms promoting its changes are very speculative. Changes in
LD protein abundance could be the results of de novo synthesis, increased targeting to LDs or
changes in protein degradation. In addition, different ways of targeting have to be considered:
LD proteins targeting from the cytosol can more easily interact with pre-existing free LDs,
whereas LD proteins originating from the ER require an LD-ER connection.

The most eye-catching alterations were the strong upregulation of a-DOX1 and CLO3 in
reaction to biotic stress (Figure 8B, C in manuscript I). For CLO3, it has been reported that
protein amounts increase after abiotic stress treatments like salt or cold as well as after
infection with the fungal pathogen Colletotrichum higginsianum (Partridge and Murphy, 2009;
Shimada et al., 2014). In case of a-DOX1, original identification also established protein
accumulation of the homologous protein in tobacco and later studies in Arabidopsis reported
enhanced gene expression after infection with Pseudomonas strains (Sanz et al., 1998;
Hamberg et al., 1999; De Ledn et al.,, 2002). Furthermore, a recent study suggests that
B. cinerea induces the gene expression of a-DOX1, as the gene is target of activating histone
modifications after infection (Crespo-Salvador et al., 2018). Thus it is very likely, that increased
abundance of both a-DOX1 and CLO3 at LDs is attributable to de novo synthesis.

As the targeting mechanism of a-DOX1 to LDs is unclear, it cannot be said how the newly
synthesised protein will then target to LDs. If the protein targets from the cytosol, it probably
would be able to interact with the phospholipid monolayer in surface areas not covered by
proteins. Localisation of a-DOX1 is likely independent from CLO3, despite its functional
interaction with CLO3 in the synthesis of 2-HOT: when analysing the distribution of
fluorescently-labelled proteins in infected leaves, a partially differential localisation of a-DOX1
and CLO3 was observed (Shimada et al., 2014). The different amounts of both proteins in root
tissues also support the idea that they are independent from each other in their interaction
with the LD surface.

CLO3 likely targets to LDs from the ER, which probably happens subsequently to its de novo
synthesis upon stress. This requires either the formation of a membrane-continuum between
the ER and pre-existing LDs, or biogenesis of new LDs onto which CLO3 can be targeted. In
Drosophila cells, formation of ER-LD bridges to a subpopulation of LDs has been reported
(Wilfling et al., 2013) and in yeast it was proposed that LDs stay connected to the ER after
biogenesis (Jacquier et al., 2011). In plants, there are no reports on contact formation between
ER and LDs after LD biogenesis, however, that does not exclude the possibility that LDs
reattach to the ER or stay connected as mature LD. Nevertheless, it has been reported that
TAG levels and LD number increase after pathogen infection (Ferndndez-Santos et al., 2020;
Schieferle et al., 2021). Therefore, it seems more likely that infection induces LD formation
and CLO3 concomitantly accumulates at the newly formed LDs.

174



DISCUSSION

Interestingly though, neither LDAPs nor LDIP show increases of protein abundance in the
LD-enriched fraction to match CLO3 and even appeared to decrease in abundance in some
treatments (Figure 8B, C in manuscript ). When the numbers of observed LDs increase after
pathogen infection (Fernandez-Santos et al., 2020), a concomitant increase in the proteins of
the LD biogenesis machinery would have appeared plausible. However, if infection leads to
increased turnover and synthesis of LDs, subcellular localisation of LDAPs and LDIP might shift
towards the site of LD biogenesis at the ER. According to the currently proposed model of LD
biosynthesis, LDIP initially interacts with seipins at the ER before LDAPs target to the nascent
LD and then recruit LDIP to the maturing LD surface (Pyc et al., 2021). In times of higher
biosynthesis activity, this would result in an increased concentration of LDAPs and LDIP at the
ER, where they are less likely to be enriched in the LD fraction with our ultracentrifugation-
based method of LD enrichment. Similar effects might occur in response to heat treatment,
as the reported increase in number of LDs (Gidda et al., 2016) is not matched by a
corresponding increase in the known LD proteome (Figure 8A in manuscript |). If LD synthesis
triggered by heat stress leads to higher numbers of LDs still connected to the ER, or LDs get in
contact with other cellular membranes like the plasma membrane for the purpose of
membrane remodelling (Krawczyk et al., 2022; Scholz et al., 2022) they might get lost during
LD enrichment as well.

The observed changes in the LD proteome thus capture most efficiently the changes in the
proteome of free LDs. These are mainly driven by CLO3 and a-DOX1, albeit for a-DOX1 only in
reaction to our two infection treatments and not to heat stress. Notwithstanding, the changes
in proteome composition highlight LDs as dynamic organelles in leaves that form part of the
cellular reaction to environmental signals.

7.4 Functions of LDs in the evolutionary context
7.4.1 LD functionality is diversified among tissues

The previous sections already hinted at differences of LDs between tissues. The context of the
cell shapes LDs and in distinct tissues LDs will adapt to different requirements. In seeds, LDs
have mainly a storage function and sequester neutral lipids into inert compartments so they
endure the desiccated state and subsequently provide carbon skeletons and redox equivalents
during seedling establishment (Baud et al., 2008; Graham, 2008). Consequently, it is most
important in that phase to stabilise seed LDs, to preclude their premature degradation and to
prevent LD fusion, which would impair later accessibility for hydrolysing enzymes due to
decreased surface-to-volume ratios. These functions are fulfilled by oleosins that dominate
the seed LD proteome (Table 6), but are degraded during seedling establishment (Tzen et al.,
1992; Shimada et al., 2008; Deruyffelaere et al., 2018; Kretzschmar et al., 2018, 2020).

In roots, the functions of LDs have been hardly studied, however, the first proteome of LD-
enriched fractions of root tissues from the Arabidopsis mutant tgd1-1 sdp1-4 gives clues to
possible roles of LDs (Table 2). Several of the detected LD proteins, for example the oil body
lipases (OBLs), SMT1 or CAS1, have metabolic functions and other proteins have been
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putatively assigned as enzymes, for example LIME1/2 (Corey et al., 1993; Diener et al., 2000;
Miiller, 2018; Kretzschmar et al., 2020). Proteins like HSD4/7 or THAS1 were unique for LDs in
roots and could be involved in the modulation of plant hormones and the synthesis of
metabolites in specialised metabolism of Arabidopsis (Fazio et al., 2004; Chapman et al.,
2012). THAS1 especially seems to have a root-specific function, catalysing an initial cyclisation
step to tricyclic triterpenoids that in turn could modulate plant-microbe interactions in the
rhizosphere (Huang et al., 2019). After their storage function in seeds, LDs appear to become
active players in cellular metabolism.

Enzymes of neutral lipid synthesis and acyl editing pathways like the glycerol-3-phosphate
acyltransferases (GPATs) and LPEAT1 were also detected in the LD-enriched fraction of roots
and co-localised with LDs in tobacco pollen tubes. Although at least GPAT9 takes part in the
pathways leading to TAG synthesis (Shockey et al., 2016; Singer et al., 2016), the catalysed
reactions have so far been assumed to occur between the leaflets of the ER (Li-Beisson et al.,
2013; Jayawardhane et al., 2018; Ischebeck et al., 2020). In addition, GPAT4 and GPATS, albeit
previously described to localise to LDs (Fernandez-Santos et al., 2020), are rather implicated
in the synthesis of extracellular lipids for which no functional connection to LDs has been
reported so far (Jayawardhane et al., 2018). One explanation could be that they are stored on
the LD surface without access to substrates or in an inactive form, until they are required at
the ER. Precedent for LDs as protein storage platforms comes from the animal field, where
histones were reported to be stored on LDs i.a. in Drosophila eggs, mouse oocytes and
embryos of house flies (Welte and Gould, 2017). Transient protein storage on LDs was also
reported for a transcriptional regulator in adipocyte tissue and an anti-viral protein that
relocalises to other compartments upon viral infection (Welte and Gould, 2017).

Finally, LDs in root hair cells might serve specialised functions in the membrane homeostasis
of tip-growing cells, as has been proposed for LDs in pollen tubes. Although the contribution
of LDs to pollen tube growth is not entirely clear, it has been suggested that they are used as
a pool of membrane lipid precursors to enable fast synthesis of the membrane lipids needed
at the tip while limiting the amount of cytotoxic intermediates (Ischebeck, 2016). As pollen
tubes and root hairs have long been described to share similarities in growth and cellular
organisation (Ovecka et al., 2012), LDs could play an analogous role of maintaining membrane
homeostasis and providing membrane lipid precursors in root hair cells.

Like LDs in roots, LDs in leaves appear to be involved in metabolic processes, harbouring
enzymes among their associated proteins (Table 5) and providing substrates e.g. for oxylipin
synthesis. This might be especially important in reaction to pathogen infection, where LDs are
a source of acyl chains for the concerted action of a-DOX1 and CLO3 in phytoalexine synthesis
(Shimada et al., 2014). Fittingly, we also observed strong increases in their protein abundance
in the LD-enriched fractions of infected Arabidopsis leaves (Figure 8C in manuscript I). In
addition, another study reported that LD size distribution is altered upon treatment with
fungal elicitors from Fusarium oxysporum. The proportion of LDs with diameters less than
0.5 um increased at the expense of LDs with diameters larger than 1 um (Coca and Segundo,
2010). While the functional relevance of this change was not analysed further, it could be
reasoned that smaller LDs have overall increased surface-to-volume ratios that could promote
LD accessibility to enzymes.
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Leaf LDs in general take a role as universal stress response organelles, be it in biotic or abiotic
stresses. Increased numbers of LDs in leaves are described as a common response to cold
stress, heat stress, drought stress, extended darkness and Pseudomonas infection (Gidda et
al., 2016; Fan et al., 2017; Fernandez-Santos et al., 2020; Doner et al., 2021). Increased levels
of its core component TAGs are also a broadly observed stress response (Vu et al., 2014;
Higashi and Saito, 2019; Schieferle et al.,, 2021), a trend which we observed in all our
treatments as well (Figure 1C in manuscript ). On the one hand, this could serve to provide
lipids and energy for the cell after overcoming or adapting to the stress. On the other hand,
LDs might accumulate for means of directly protecting against the stress, e.g. by sequestering
toxic lipid intermediates or scavenging ROS species (Fan et al., 2017; Higashi and Saito, 2019).
In the context of leaves, the latter is more strongly discussed (Ischebeck et al., 2020) especially
in connection to membrane remodelling. Heat stress gives a good illustration of this as the
acyl chain composition of cellular membranes is adjusted to keep membrane fluidity constant,
leading to the replacement of polyunsaturated acyl chains with more saturated acyl chain
species (Niu and Xiang, 2018). Concomitantly, TAG species with a high degree of desaturation,
for example with three 18:3 acyl chains, accumulate. This led to the conclusion that the acyl
chains of the membrane are channelled into TAGs and LDs (Higashi and Saito, 2019). During
heat stress recovery, TAG levels decrease again, possibly as acyl chains are channelled back
into membrane lipids (Higashi et al., 2015). Heat is the best observed example and established
the idea of LDs acting as transient sink for unsuitable lipid species. Nevertheless, LDs as sink
organelles have now been proposed as general feature of membrane remodelling processes,
during stress response as well as during membrane turnover in senescent leaves (Troncoso-
Ponce et al., 2013; Yang and Benning, 2018; Ischebeck et al., 2020). In this, organisation of LD
proliferation is at least partially mediated by the coating LDAP proteins, and their gene
expression is upregulated in reaction to temperature, drought and salt stress (Gidda et al.,
2016; Kim et al., 2016). Given their involvement in LD biogenesis (Pyc et al., 2021), they might
be important in the partitioning of the lipid intermediates into LDs during remodelling
processes. All in all, LDs in leaves are nothing like inert storage organelles and play instead an
important role in mediating lipid homeostasis under different environmental conditions.

7.4.2 The evolutionary past of LDs in seeds and vegetative tissue

LDs are evolutionary very conserved organelles and can be found i.a. across the green lineage
(Murphy, 2012). LD-like structures have even been described in cyanobacteria (Peramuna and
Summers, 2014; Gonzalez-Esquer et al., 2016; Aizouq et al., 2020), albeit these structures
might be more similar to plastoglobules than to cytosolic LDs. Even with their wide distribution
and despite the depicted differences of LDs in seeds and vegetative tissue of land plants, their
participation in cellular processes has a common theme: stress response and stress endurance
(de Vries and Ischebeck, 2020). In Arabidopsis as model for angiosperm plants, LDs are
important in stress responses in leaves; LDs in seeds on the other hand are part of a
desiccation-tolerant structure that enables spermatophytes to endure unfavourable
conditions. In algal relatives of land plants, LDs have apparently similar functions (Herburger
et al., 2015; Li-Beisson et al., 2019). Green algae of the genus Zygnema were reported to be
able to develop into so-called “pre-akinetes” under limited resources, modified cells that are
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more stress-tolerant. Importantly, these “pre-akinetes” accumulate LDs as major storage
compound and show a different FA composition than young vegetative cells (Herburger et al.,
2015; Pichrtova et al., 2016). The formation of these “pre-akinetes” was suggested to enable
the survival of Zygnema in arctic habitats, allowing them to endure the unfavourable
conditions of arctic winter (Pichrtova et al.,, 2014), in a manner similar to the seeds of
spermatophytes.

Albeit seeds are a defining feature of spermatophytes, the mechanisms driving its storage
accumulation and LD formation thus appear to be phylogenetically older. Consequently,
distant homologs of seed LD proteins have been discovered in non-seed plants and
streptophyte algae (Huang et al., 2013; de Vries and Ischebeck, 2020). Furthermore, the
expression of oleosin coding genes in two algal species of the Zygnomatophyceae was strongly
induced by drought or heat stress (Rippin et al., 2017; de Vries et al., 2020; de Vries and
Ischebeck, 2020), underlining again the connection between LDs and stress. Based on these
phylogenetic observations, oleosins appear as important proteins to cope with desiccation
that in angiosperms have been restricted to their remaining desiccation-tolerant structures,
most commonly seeds and pollen (Table 6). A connection of oleosins to desiccation-tolerance
rather than to specific tissues is further strengthened by the observation of the expression of
oleosin coding genes in desiccating leaves of Oropetium thomaeum and tubers of yellow
nutsedge (VanBuren et al., 2017; Niemeyer et al., 2022). Leaves of O. thomaeum are able to
desiccate for extended periods of drought stress before resuming cellular metabolism when
they are hydrated again whereby desiccation is accompanied by LD accumulation. In hydrated
states, leaves of O. thomaeum are, however, comparable to Arabidopsis without notable
expression of oleosins genes and low numbers of LDs (VanBuren et al., 2017). Similar features
were also observed in the tubers of yellow nutsedge: they are desiccation-tolerant,
accumulate oil, sprout after rehydration and their LD proteome contains homologues of
Arabidopsis seed LD proteins like oleosins or SLDPs (Niemeyer et al., 2022).

In addition to a phylogenetic background for LDs in long term stress endurance, the
accumulation of TAGs as fast stress response also has precedent in algal relatives. In
microalgae, TAG accumulation is induced by the deficiency of nutrients as well as
unfavourable environmental conditions regarding i.a. light intensity, temperature or salinity
(Zienkiewicz et al., 2016; Li-Beisson et al., 2019). Especially nitrogen deprivation is commonly
employed to promote TAG accumulation in microalgae under laboratory conditions and has
been used for example with Chlamydomonas reinhardtii, Nannochloropsis oceanica or
Nannochloropsis gaditana (Simionato et al., 2013; Takeuchi and Benning, 2019; Zienkiewicz et
al., 2020). Strikingly, in N. gaditana increased levels of TAG were accompanied by decreased
levels of membrane glycerolipids, hinting at a role of TAGs as sink during membrane
adaptations (Simionato et al., 2013). Another interesting observation related to the LD
proteins in C. reinhardtii: no oleosin homologues were found in the LD proteome, instead a
protein termed MAJOR LIPID DROPLET PROTEIN (MLDP) was identified as the dominant LD
protein (Moellering and Benning, 2010). While MLDP was initially reported to have orthologs
only in green algae (Moellering and Benning, 2010), more recently it was suggested that MLDP
shares an evolutionary past with angiosperm LDAPs (de Vries and Ischebeck, 2020). This
proposition was based on a protein of Klebsormidium nitens with N-terminal sequence
similarities to both MLDP and LDAPs. Features of LDs in leaves, like accumulation upon stress
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response, and possibly also the LDAP proteins, can thus be traced back to a common ancestor
with chlorophyte algae. Altogether, Arabidopsis LDs of long term desiccation tolerance and
short term lipid remodelling combine to equip different tissues with the necessary
requirements for their respective interaction with environmental stressors.
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8 Concluding Remarks

Lipids are one of the major biochemical compound classes and their contributions to cellular
homeostasis are as important as lipids are diverse. This thesis aimed to analyse two facets of
lipids in plants: (i) lipid signalling function of the anionic lipid phosphatidic acid (PA) in the
plant cell model of tobacco pollen tubes and (ii) the role of the neutral lipid organelles lipid
droplets (LDs) in vegetative plant tissues. For the first part we used a disturbation approach
where we altered PA homeostasis in tobacco pollen tubes by transiently expressing variants
of PA-producing diacylglycerol kinase enzymes. The second part employed “omics”-
technologies to observe the alterations of neutral lipids and the LD proteome of Arabidopsis
leaves under stress. In addition, this part of the thesis included a proteomics assessment of
the LD proteome in Arabidopsis roots.

Regarding the study of PA in pollen tubes we could characterise the enzyme tobacco
diacylglycerolkinase 5 (NtDGK5) and its impact on pollen tube growth. NtDGK5 was
demonstrated as active PA-producing enzyme that requires a conserved ATP-binding motif for
its enzymatic activity. Furthermore, its subcellular localisation could be pinpointed to the
plasma membrane shortly behind the pollen tube tip of growing pollen tubes where it most
likely interacts with anionic lipids of the membrane. Interfering with endogenous PA
production of tobacco pollen tubes by transient overexpression of NtDGK5 or a kinase-dead
variant caused obvious pollen tube growth phenotypes. The transformed pollen tubes were
more likely to display a wavy growth pattern or misshaped pollen tube tips. These phenotypes
were traced to altered cell wall secretion via a possible link of other signalling lipids.
Altogether, we could establish NtDGK5 as additional modulator of tobacco pollen tube
growth, however, several questions remain to be explored especially concerning the
downstream connection of lipid signals to cell wall secretion in pollen tubes.

Following neutral lipid dynamics in stressed leaves of Arabidopsis with lipidomic
measurements, we could witness a trend towards TAG hyperaccumulation as general
response to infection or heat stress treatments. Interestingly, the link between stress and
TAGs seemed to work both ways, as the cellular proteome of a TAG-accumulating mutant was
altered in a manner resembling the reaction to pathogen infection. We used this mutant to
track changes in the LD proteome of leaves following infection or heat stress. There, we could
confirm that LDs are part of the cellular response to various stresses as the protein
composition adapted to the applied treatments. Especially the LD protein CALEOSIN 3 stood
out as an active player of LD stress response. In addition, the combined proteomic datasets of
LD-enriched fractions isolated from Arabidopsis leaves allowed the identification of new
putative LD-interacting proteins. Two of those could be then confirmed to associate to LDs in
subcellular localisation studies using a transient expression system. Finally, in this thesis, |
present the first overview of LD-associated proteins in roots. Proteomic measurements
identified 29 LD proteins in LD-enriched fractions isolated from Arabidopsis roots. Later
studies could also establish five new proteins to be LD-localised. Among them is the root-
specific metabolic enzyme THALIANOL SYNTHASE 1 that implicates LDs as active metabolic
hubs in the root tissue. Overall, this work can hopefully serve as stepping stone towards a
more functional understanding of vegetative LDs and the multiple roles they play in the tissues
of leaves and roots.
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10 Supplemental Data

Supplemental Table S1: Steryl glycosides in Arabidopsis leaves — normalised icf-corrected peak areas.
Arabidopsis Col-0 were subjected to either of the following stress treatments: infection with Botrytis
cinerea, infection with Pseudomonas syringae pv. tomato DC3000 AavrPto AavrPtoB (Pseudomonas)
or heat stress for 24 hours at 37°C. Each stress was accompanied by a respective mock or control
treatment. After the stress, leaves were harvested and neutral lipids were extracted and measured by
UPLC-NanoESI-MS/MS. In addition, neutral lipids of non-stressed leaves from Arabidopsis tgd1-1
sdp1-4 were analysed in comparison to the Col-0. Signal intensities of steryl glycosides were integrated,
corrected for C13-isotope distribution and normalised to the internal standard tripentadecanoin and
sample mass. The steryl species is indicated. SG, steryl glycoside.

Botrytis cinerea

Mock - replicates Botrytis cinerea - replicates
SG-Sitosteryl 1.86 1.88 1.67 1.02 1.16 2.06 1.78 1.49 1.31 1.09
SG-Campesteryl 0.44 0.31 0.30 0.24 0.21 0.44 0.40 0.38 0.29 0.29
SG-Stigmasteryl 0.29 0.18 0.14 0.09 0.10 0.20 0.20 0.17 0.14 0.20
SG-Isofucosteryl 0.34 0.18 0.14 0.12 0.12 0.19 0.25 0.20 0.18 0.20
Pseudomonas

Mock - replicates Pseudomonas - replicates
SG-Sitosteryl 15.74 5.69 0.81 0.78 0.63 5.40 2.93 2.31 1.50 1.00
SG-Campesteryl 3.04 1.45 0.22 0.20 0.18 1.43 0.87 0.72 0.43 0.33
SG-Stigmasteryl 2.62 1.23 0.26 0.27 0.17 1.48 1.07 1.16 0.56 0.32
SG-Isofucosteryl 2.90 1.34 0.29 0.32 0.18 1.55 1.11 1.24 0.60 0.34
Heat stress

Control - replicates Heat stress - replicates

SG-Sitosteryl 0.53 0.22 0.27 0.56 0.27 0.55 0.66 0.59 0.43 0.42
SG-Campesteryl 0.11 0.06 0.05 0.11 0.06 0.13 0.16 0.11 0.13 0.07
SG-Stigmasteryl 0.06 0.03 0.04 0.05 0.03 0.06 0.11 0.08 0.09 0.05
SG-Isofucosteryl 0.05 0.03 0.03 0.07 0.03 0.06 0.09 0.09 0.07 0.05
No treatment

Col-0 - replicates tgd1-1 sdp1-4 - replicates
SG-Sitosteryl 0.21 0.28 0.16 0.18 0.01 4.29 4.14 6.72 5.74 2.23
SG-Campesteryl 0.03 0.06 0.03 0.03 0.00 0.89 0.99 1.29 1.24 0.67
SG-Stigmasteryl 0.02 0.02 0.01 0.02 0.00 0.57 0.51 0.88 0.88 0.41
SG-Isofucosteryl 0.02 0.03 0.02 0.03 0.00 0.65 0.55 0.93 0.89 0.47
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Supplemental Table S2: Candidate proteins for LD localisation in roots. LDs of Arabidopsis roots were
enriched and the proteome of the LD-enriched fractions and their original total cellular protein
fractions was measured by LC-MS/MS. Raw data was analysed and quantified with the iBAQ algorithm.
iBAQ values were then normalised as per mille of the total sum of all proteins (riBAQ). riBAQ values of
LD-enriched and total protein fractions were log2-transformed and missing values were imputed from
a normal distribution to enable statistical comparison. Protein enrichment values were calculated as
ratio between riBAQ-values of LD-enriched fractions to riBAQ values of total protein extracts viz as
difference of their respective log2-transformed values. P-values were calculated by Student’s t-test
and p-values below a false discovery rate of 0.01 were taken as significant. Candidate proteins were
then selected with the following criteria: (i) enrichment in the LD-enriched fraction of at least 50-fold
whereby (ii) the enrichment had to be significant. Leaving out already known LD protein, this resulted
in the 25 candidate proteins listed below. Their AGI code and, if present, their gene symbol is given in
addition to their respective enrichment values and their average abundance in LD-enriched fractions.
In addition, the p-values of the enrichment are indicated. “n.d. in TE” denotes proteins that were not
detected in total protein extract samples.

AGI code Gene symbol enrichment riBAQ (LD) -logio (p-value)
AT1G11755 LEW1 152.63 0.26 4.69
AT1G17430 n.d.in TE 0.43 7.63
AT1G25520 PML4 n.d.in TE 0.20 7.14
AT1G30130 n.d.in TE 0.51 6.52
AT1G44170 ALDH4 90.64 6.55 8.72
AT1G72175 n.d.in TE 0.15 4.80
AT1G78800 n.d.in TE 1.00 8.00
AT3G11430 GPATS n.d.in TE 0.32 7.21
AT3G23175 n.d.inTE 0.25 7.73
AT3G63520 CCD1 83.91 1.13 8.02
AT4G00550 DGD2 143.42 0.79 7.54
AT4G13160 n.d.in TE 0.30 6.98
AT4G27760 FEY3 132.49 0.91 5.52
AT4G33180 n.d.in TE 0.19 5.37
AT4G33360 FLDH 74.94 3.51 5.16
AT4G38540 96.68 2.97 6.85
AT5G01220 sSQD2 101.80 3.71 6.48
AT5G04070 n.d.in TE 0.19 6.52
AT5G10050 1974.13 1.23 9.30
AT5G15860 PCME 179.83 1.08 5.63
AT5G48010 THAS1 255.02 4.90 6.05
AT5G49900 99.24 0.91 7.55
AT5G59960 283.33 1.13 6.28
AT5G60620 GPAT9 77.39 0.54 6.16
AT5G64440 FAAH 61.60 1.53 6.06
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The following datasets can be found as individually uploaded file or on the data drive
appended to this thesis:

Supplemental Dataset S1: Proteins found in Arabidopsis roots of the tgd1-1 sdp1-4 mutant -
normalised riBAQ and rLFQ values.

Supplemental Dataset S2: Comparison of proteins in LD-enriched fractions to total protein
fractions isolated from Arabidopsis tgd1-1 sdp1-4 roots.
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11 Further contributions

Further contribution were made in another study on plant lipid droplets and in collaborations
for which metabolites were analysed. Author contributions are listed below and title pages of
respective papers are given in the following pages.

SEED LIPID DROPLET PROTEIN1, SEED LIPID DROPLET PROTEIN2, and LIPID DROPLET PLASMA
MEMBRANE ADAPTOR mediate lipid droplet—plasma membrane tethering

Krawczyk, H.E., Sun, S., Doner, N.M., Yan, Q., Lim, M.S.S., Scholz, P., Niemeyer, P.W., Schmitt,
K., Valerius, O., Pleskot, R., Hillmer, S., Braus, G.H., Wiermer, M., Mullen, R.T., Ischebeck, T.

The article was published online the journal The Plant Cell in March 2022. The article including
supplemental material can be found under the following DOI:

https://doi.org/10.1093/plcell/koac095

Author contribution:

Patricia Scholz performed cDNA synthesis and transcript analysis of SLDP and LIPA genes by
gPCR as shown in supplemental figures S3, S4 and S17. She processed and analysed the data
and wrote corresponding parts of the manuscript.
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SEED LIPID DROPLET PROTEIN1, SEED LIPID
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MEMBRANE ADAPTOR mediate lipid droplet—plasma
membrane tethering
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The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plcell) is: Till Ischebeck (till.ischebeck@uni-muenster.de).

Abstract

Membrane contact sites (MCSs) are interorganellar connections that allow for the direct exchange of molecules, such
as lipids or Ca’* between organelles, but can also serve to tether organelles at specific locations within cells. Here, we
identified and characterized three proteins of Arabidopsis thaliana that form a lipid droplet (LD)-plasma membrane (PM)
tethering complex in plant cells, namely LD-localized SEED LD PROTEIN (SLDP) 1 and SLDP2 and PM-localized
LD-PLASMA MEMBRANE ADAPTOR (LIPA). Using proteomics and different protein—protein interaction assays, we show
that both SLDPs associate with LIPA. Disruption of either SLDP1 and SLDP2 expression, or that of LIPA, leads to an aberrant
clustering of LDs in Arabidopsis seedlings. Ectopic co-expression of one of the SLDPs with LIPA is sufficient to reconstitute
LD-PM tethering in Nicotiana tabacum pollen tubes, a cell type characterized by dynamically moving LDs in the cytosolic

Received January 13, 2022. Accepted February 14, 2022. Advance access publication March 28, 2022 Open Access

© The Author(s) 2022. Published by Oxford University Press on behalf of American Society of Plant Biologists.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits
non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way, and that the work is properly cited. For commercial re-
use, please contact journals.permissions@oup.com
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IN A NUTSHELL

Background: Germinating seeds are not yet able to produce energy from sunlight. Therefore, the energy and car-
bon required for seedling establishment has to be provided from other sources such as oil. Seeds accumulate oil
inside organelles called lipid droplets. Besides oil storage, lipid droplets might have additional functions during
seedling establishment especially under unfavorable environmental conditions. Unfortunately, research on lipid
droplets is hampered by the fact that only few proteins associated to lipid droplets are described in detail.
Recently, we discovered several lipid droplet—localized proteins of unknown functions. One such protein is SEED
LIPID DROPLET PROTEIN (SLDP).

Question: We set out to investigate SLDP, to understand its cellular function and its role in seedling
establishment.

Findings: We determined that SLDP is important for spatial organization of lipid droplets during seedling estab-
lishment in the model plant Arabidopsis thaliana. Normally, lipid droplets line the inner side of the plasma mem-
brane that surrounds cells. The loss of SLDP, however, causes lipid droplets to form clusters within the cells.
Furthermore, SLDP interacts with another protein, LIPID DROPLET PLASMA MEMBRANE ANCHOR (LIPA), a pro-
tein that is anchored to the plasma membrane. Through their interaction, the proteins form a bridge, called
membrane contact site, and thereby anchor lipid droplets to the plasma membrane.

Next steps: Although the effect of a loss of SLDP or LIPA on the cellular level is striking, no effect on the level
of the whole plant was observed. Next steps will therefore aim at understanding the relevance of a contact site
between the plasma membrane and lipid droplets on the level of the cell and the whole organism, especially un-

der unfavorable environmental conditions.

streaming. Furthermore, confocal laser scanning microscopy revealed both SLDP2.1 and LIPA to be enriched at LD-PM
contact sites in seedlings. These and other results suggest that SLDP and LIPA interact to form a tethering complex that
anchors a subset of LDs to the PM during post-germinative seedling growth in Arabidopsis.

Introduction

As knowledge on organelle-specific functions and their pro-
teomes has expanded in recent years, there has been ever
mounting interest in interorganelle interactions that are in
part facilitated by membrane contact sites (MCSs; Prinz
et al, 2020). MCSs foster physical interactions and the ex-
change of molecules between organelles without the need
of membrane fusion events. The transient connections are
established through tethering proteins, connecting the
membranes of interacting organelles and allowing for direct
exchange of lipids, cellular signals (e.g. Ca’*, reactive oxygen
species [ROS], etc.) and/or other molecules (Baillie et al,
2020; Prinz et al, 2020; Rossini et al., 2020).

MCSs can form between nearly all organelles (Eisenberg-
Bord et al, 2016; Valm et al, 2017; Shai et al, 2018; Baillie
et al, 2020). The endoplasmic reticulum (ER) and peroxi-
somes, for example, are organelles with well-described inter-
actomes (Shai et al, 2016; Zang et al, 2020). Also, several
multiorganelle MCSs have been described, including the
three-way connection between mitochondria, ER, and lipid
droplets (LDs) that promotes de novo lipogenesis in human
adipocytes (Freyre et al, 2019).

Although ER-derived LDs can engage in various MCSs, the
LD interactome is less well described than that of other
organelles (Bohnert, 2020). LDs consist of a lipophilic core of

neutral lipids, such as triacylglycerols (TAGs) and sterol
esters, surrounded by a phospholipid monolayer and a vari-
ety of surface-associated “coat” proteins. Long believed to be
an inert storage organelle, it is now widely accepted that
LDs actively participate in a wide range of cellular processes
involving lipids and their derivatives (Thiam and Beller,
2017; Welte and Gould, 2017; Ischebeck et al, 2020). As
such, rather than just housing storage lipids, LDs are now
considered to be dynamic hubs for lipid homeostasis and
specialized metabolism (Schaffer, 2003). Furthermore, LDs
can serve as a sink for reducing cytosolic free fatty acids
(Fan et al, 2017; Olzmann and Carvalho, 2019; de Vries and
Ischebeck, 2020) and ROS (Muliyil et al., 2020), and also se-
quester potentially harmful proteins (Geltinger et al, 2020)
or histone complexes at the LD surface (Johnson et al,
2018).

Given the established role(s) of MCSs in the nonvesicular
transport of lipids (Cockcroft and Raghu, 2018), it is not sur-
prising that LDs form contacts with many other organelles
(Gao and Goodman, 2015; Schuldiner and Bohnert, 2017;
Valm et al, 2017; Bohnert, 2020; Rakotonirina-Ricquebourg
et al, 2022). The majority of these described LD MCSs, how-
ever, were found in mammalian or yeast cells. Knowledge in
plants is so far still limited to LD-ER and LD-peroxisome
MCSs, which are involved in storage lipid accumulation (Cai
et al, 2015 Greer et al, 2020; Pyc et al, 2021) and
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Cell wall-localized BETA-XYLOSIDASE4 contributes to immunity of Arabidopsis against
Botrytis cinerea

Guzha, A., McGee, R., Scholz, P., Hartken, D., Liidke, D., Bauer, K., Wenig, M., Zienkiewicz, K.,
Herrfurth, C., Feussner, I., Vlot, A.C., Wiermer, M., Haughn, G., Ischebeck, T.

The article was published online in the journal Plant Physiology in April 2022. Article and
supplementary materials can be found under the following link:

https://doi.org/10.1093/plphys/kiac165

Author contribution:

Patricia Scholz helped to adjust the method for GC-MS-based monosaccharide analysis of
mucilage and leaves. She performed monosaccharide analysis of leaves depicted in figures
S3A and S8. She performed statistical analysis of monosaccharide composition in leaves.
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The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
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Abstract

Plant cell walls constitute physical barriers that restrict access of microbial pathogens to the contents of plant cells. The
primary cell wall of multicellular plants predominantly consists of cellulose, hemicellulose, and pectin, and its composition
can change upon stress. BETA-XYLOSIDASE4 (BXL4) belongs to a seven-member gene family in Arabidopsis (Arabidopsis
thaliana), one of which encodes a protein (BXL1) involved in cell wall remodeling. We assayed the influence of BXL4 on
plant immunity and investigated the subcellular localization and enzymatic activity of BXL4, making use of mutant and
overexpression lines. BXL4 localized to the apoplast and was induced upon infection with the necrotrophic fungal patho-
gen Botrytis cinerea in a jasmonoyl isoleucine-dependent manner. The bxl4 mutants showed a reduced resistance to
B. cinerea, while resistance was increased in conditional overexpression lines. Ectopic expression of BXL4 in Arabidopsis
seed coat epidermal cells rescued a bx/T mutant phenotype, suggesting that, like BXL1, BXL4 has both xylosidase and arabi-
nosidase activity. We conclude that BXL4 is a xylosidase/arabinosidase that is secreted to the apoplast and its expression is
upregulated under pathogen attack, contributing to immunity against B. cinerea, possibly by removal of arabinose and xy-
lose side-chains of polysaccharides in the primary cell wall.

Received December 03, 2021. Accepted March 14, 2022. Advance access publication April 18, 2022
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Sustained Control of Pyruvate Carboxylase by the Essential Second Messenger Cyclic di-AMP
in Bacillus subtilis

Kriger, L., Herzberg, C., Wicke, D., Scholz, P., Schmitt, K., Turdiev, A., Lee, V.T., Ischebeck, T.,
Stilke, J.

The article was published online in the journal mBio in February 2022. The article and
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ABSTRACT In Bacillus subtilis and other Gram-positive bacteria, cyclic di-AMP is an essen-
tial second messenger that signals potassium availability by binding to a variety of proteins.
In some bacteria, c-di-AMP also binds to the pyruvate carboxylase to inhibit its activity. We
have discovered that in B. subtilis the c-di-AMP target protein DarB, rather than c-di-AMP
itself, specifically binds to pyruvate carboxylase both in vivo and in vitro. This interaction
stimulates the activity of the enzyme, as demonstrated by in vitro enzyme assays and in
vivo metabolite determinations. Both the interaction and the activation of enzyme activity
require apo-DarB and are inhibited by c-di-AMP. Under conditions of potassium starvation
and corresponding low c-di-AMP levels, the demand for citric acid cycle intermediates is
increased. Apo-DarB helps to replenish the cycle by activating both pyruvate carboxylase
gene expression and enzymatic activity via triggering the stringent response as a result of
its interaction with the (p)ppGpp synthetase Rel and by direct interaction with the enzyme,
respectively.

IMPORTANCE If bacteria experience a starvation for potassium, by far the most abundant
metal ion in every living cell, they have to activate high-affinity potassium transporters,
switch off growth activities such as translation and transcription of many genes or replica-
tion, and redirect the metabolism in a way that the most essential functions of potassium
can be taken over by metabolites. Importantly, potassium starvation triggers a need for
glutamate-derived amino acids. In many bacteria, the responses to changing potassium
availability are orchestrated by a nucleotide second messenger, cyclic di-AMP. c-di-AMP
binds to factors involved directly in potassium homeostasis and to dedicated signal trans-
duction proteins. Here, we demonstrate that in the Gram-positive model organism Bacillus
subtilis, the c-di-AMP receptor protein DarB can bind to and, thus, activate pyruvate carbox-
ylase, the enzyme responsible for replenishing the citric acid cycle. This interaction takes
place under conditions of potassium starvation if DarB is present in the apo form and the
cells are in need of glutamate. Thus, DarB links potassium availability to the control of
central metabolism.

KEYWORDS Bacillus subtilis, cyclic di-AMP, TCA cycle, protein-protein interaction,
pyruvate carboxylase, c-di-AMP, second messenger

n most organisms, the tricarboxylic acid (TCA) cycle is the central hub in metabolism. The
cycle provides the cells with reducing power for respiration and to fuel anabolic reactions,
and it generates precursors for important anabolic reactions, such as 2-oxoglutarate and oxalo-
acetate, for the biosynthesis of glutamate and aspartate and the derived amino acids, respec-
tively. Accordingly, at least a partial TCA cycle is present in most organisms, with the notable
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Summary

Roundup® is the brand name for herbicide solutions
containing glyphosate, which specifically inhibits the
5-enolpyruvyl-shikimate-3-phosphate (EPSP) synthase
of the shikimate pathway. The inhibition of the
EPSP synthase causes plant death because EPSP is
required for biosynthesis of aromatic amino acids.
Glyphosate also inhibits the growth of archaea, bacteria,
Apicomplexa, algae and fungi possessing an

Received 8 September, 2021; accepted 29 October, 2021. *For cor-
respondence. E-mail fabian.commichau @b-tu.de; Tel. +49-3573-85-915;
Fax +49-3573-85-809.

EPSP synthase. Here, we have characterized two
glyphosate-resistant bacteria from a Roundup solu-
tion. Taxonomic classification revealed that the iso-
lates 1CH1 and 2CH1 are Burkholderia anthina and
Burkholderia cenocepacia strains respectively. Both
isolates cannot utilize glyphosate as a source of
phosphorus and synthesize glyphosate-sensitive
EPSP synthase variants. Burkholderia. anthina 1CH1
and B. cenocepacia 2CH1 tolerate high levels of
glyphosate because the herbicide is not taken up by
the bacteria. Previously, it has been observed that
the exposure of soil bacteria to herbicides like
glyphosate promotes the development of antibiotic
resistances. Antibiotic sensitivity testing revealed
that the only the B. cenocepacia 2CH1 isolate
showed increased resistance to a variety of antibi-
otics. Thus, the adaptation of B. anthina 1CH1 and
B. cenocepacia 2CH1 to glyphosate did not gener-
ally increase the antibiotic resistance of both bacte-
ria. However, our study confirms the genomic
adaptability of bacteria belonging to the genus
Burkholderia.

Introduction

Roundup is the brand name for a solution containing the
systemic broad-spectrum herbicide glyphosate [N-(pho-
sphonomethyl(glycine)] (Franz, 1979; Duke and Powles,
2008). Glyphosate specifically inhibits the 5-enolpyruvyl-
shikimate-3-phosphate (EPSP) synthase of the shikimate
pathway (Steinricken and Amrhein, 1980). The EPSP
synthase converts phosphoenolpyruvate (PEP) and
shikimate-3-phosphate to EPSP, which is an essential pre-
cursor for de novo synthesis of phenylalanine, tyrosine
and tryptophan (Steinriicken and Amrhein, 1980; Herr-
mann and Weaver, 1999). The glyphosate-dependent
inactivation of the EPSP synthase results in the depletion
of the cellular levels of the three amino acids and thus in
plant death (Gresshoff, 1979; Fischer et al., 1986; Wicke
et al., 2019). Glyphosate targets the PEP binding site of
the EPSP synthase, thereby acting as a competitive

© 2021 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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SUMMARY

Astrocyte-derived cholesterol supports brain cells under physiological conditions. However, in demyelin-
ating lesions, astrocytes downregulate cholesterol synthesis, and the cholesterol that is essential for remye-
lination has to originate from other cellular sources. Here, we show that repair following acute versus chronic
demyelination involves distinct processes. In particular, in chronic myelin disease, when recycling of lipids is
often defective, de novo neuronal cholesterol synthesis is critical for regeneration. By gene expression
profiling, genetic loss-of-function experiments, and comprehensive phenotyping, we provide evidence
that neurons increase cholesterol synthesis in chronic myelin disease models and in patients with multiple
sclerosis (MS). In mouse models, neuronal cholesterol facilitates remyelination specifically by triggering
oligodendrocyte precursor cell proliferation. Our data contribute to the understanding of disease progression
and have implications for therapeutic strategies in patients with MS.

INTRODUCTION

During normal brain development, cholesterol is produced locally
by de novo synthesis involving all CNS cells (Berghoff et al., 2021;
Camargo et al., 2012; Funfschilling et al., 2012). Neuronal choles-
terol is essential during neurogenesis (Funfschilling et al., 2012),
but the highest rates of cholesterol synthesis in the brain are
achieved by oligodendrocytes during post-natal myelination (Diet-
schy, 2009). The resulting cholesterol-rich myelin enwraps,
shields, and insulates axons to enable rapid conduction of
neuronal impulses. In the adult brain, cholesterol synthesis is
attenuated to low steady-state levels (Dietschy and Turley, 2004).

Destruction of lipid-rich myelin in demyelinating diseases
such as multiple sclerosis (MS) likely impairs neuronal function

by disrupting the axon-myelin unit (Stassart et al., 2018). Re-
myelination is considered crucial for limiting axon damage and
slowing progressive clinical disability. Statin-mediated inhibi-
tion of the cholesterol synthesis pathway impairs remyelina-
tion (Miron et al., 2009). Previously, we showed that following
an acute demyelinating episode, oligodendrocytes import
cholesterol for new myelin membranes from damaged myelin
that has been recycled by phagocytic microglia (Berghoff
et al., 2021). In contrast, oligodendroglial cholesterol synthe-
sis contributes to remyelination following chronic demyelin-
ation (Berghoff et al., 2021; Voskuhl et al., 2019). Notably,
astrocytes reduce expression of cholesterol synthesis genes
following demyelination (Berghoff et al., 2021; Itoh et al.,
2018). As in the healthy brain, astrocytes support neurons

Cell Reports 37, 109889, October 26, 2021 © 2021 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

219



FURTHER CONTRIBUTIONS

Microglia facilitate repair of demyelinated lesions via post-squalene sterol synthesis

Berghoff, S.A., Spieth, L., Sun, T., Hosang, L., Schlaphoff, L., Depp, C., Diliking, T., Winchenbach,
J., Neuber, J., Ewers, D., Scholz, P., van der Meer, F., Cantuti-Castelvetri, L., Sasmita, A.O.,
Meschkat, M., Ruhwedel, T., Mobius, W., Sankowski, R., Prinz, M., Huitinga, I., Sereda, M.W.,
Odoardi, F., Ischebeck, T., Simons, M., Stadelmann-Nessler, C., Edgar, J.M., Nave, K.-A. and
Saher, G.

The article was published online in the journal Nature Neuroscience in December 2020. The
full article including supplementary data can be found under the following DOI:

https://doi.org/10.1038/s41593-020-00757-6

Author contribution:

Patricia Scholz performed sterol extraction and sterol analysis by GC-MS of animal and cell
culture samples presented in figures 4f, 4g, 5b, 5d and 5e. She processed and analysed the
data.

220


https://doi.org/10.1038/s41593-020-00757-6

nature
necuroscience

ARTICLES

https://doi.org/10.1038/s41593-020-00757-6

‘ '.) Check for updates

Microglia facilitate repair of demyelinated lesions
via post-squalene sterol synthesis

Stefan A. Berghoff, Lena Spieth®?, Ting Sun'?, Leon Hosang?, Lennart Schlaphoff®', Constanze Depp®?,
Tim Diiking', Jan Winchenbach’, Jonathan Neuber', David Ewers ®'*5, Patricia Scholz®$,
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The repair of inflamed, demyelinated lesions as in multiple sclerosis (MS) necessitates the clearance of cholesterol-rich
myelin debris by microglia/macrophages and the switch from a pro-inflammatory to an anti-inflammatory lesion environ-
ment. Subsequently, oligodendrocytes increase cholesterol levels as a prerequisite for synthesizing new myelin membranes.
We hypothesized that lesion resolution is regulated by the fate of cholesterol from damaged myelin and oligodendroglial
sterol synthesis. By integrating gene expression profiling, genetics and comprehensive phenotyping, we found that, paradoxi-
cally, sterol synthesis in myelin-phagocytosing microglia/macrophages determines the repair of acutely demyelinated lesions.
Rather than producing cholesterol, microglia/macrophages synthesized desmosterol, the immediate cholesterol precursor.
Desmosterol activated liver X receptor (LXR) signaling to resolve inflammation, creating a permissive environment for oligo-
dendrocyte differentiation. Moreover, LXR target gene products facilitated the efflux of lipid and cholesterol from lipid-laden
microglia/macrophages to support remyelination by oligodendrocytes. Consequently, pharmacological stimulation of sterol

synthesis boosted the repair of demyelinated lesions, suggesting novel therapeutic strategies for myelin repair in MS.

ated with myelin', a lipid-rich membrane stack that insu-

lates axons. During brain development, oligodendrocytes
synthesize most of the cholesterol for myelin membrane expan-
sion, and, correspondingly, oligodendroglial cholesterol synthesis
is rate limiting for myelination”. In the adult brain, all cell types
contribute to CNS cholesterol homeostasis, which is independent
of peripheral sources'. Cholesterol synthesis is counterbalanced by
LXR-mediated release of cellular cholesterol’. As mammals can-
not degrade cholesterol, it is either excreted from the brain or
locally recycled.

Functional repair of demyelinated lesions in individuals with
MS, an inflammatory demyelinating disease of the CNS*?, is inevita-
bly linked to local cholesterol metabolism. Myelin degenerates and
releases myelin-associated cholesterol, which decreases local sterol
synthesis by feedback inhibition®~. To phagocytose and clear myelin
debris, microglia/macrophages adopt a pro-inflammatory signa-
ture'®. In MS, chronic neuroinflammation also involves T lympho-
cytes and can cause permanent brain damage. As immunomodulatory

Q pproximately 70% of brain cholesterol in adults is associ-

treatments of MS ameliorate neuroinflammation but cannot rescue
neurological disabilities*’, novel treatment strategies should also
support remyelination.

Spontaneous repair of demyelinated lesions occurs in animal
models, and likely also in the early stages of MS, but necessitates
the transition to a regenerative environment’. Oligodendrocytes can
then synthesize myelin membranes for functional repair'"". In ath-
erosclerosis, a lipid-driven inflammatory disease of the vasculature,
LXR signaling is critically involved in the resolution of inflamma-
tion". However, whether LXR signaling links local sterol metabo-
lism to inflammation in demyelinated CNS lesions and which cell
types mediate endogenous repair remain poorly understood.

In this study, we investigated cell-type-specific sterol synthesis
in the microenvironment of demyelinated lesions and its role in
inflammation and remyelination. We made the surprising observa-
tion that sterol synthesis in microglia/macrophages was essential
for repair after acute demyelination. The LXR ligand desmosterol,
not cholesterol, orchestrated the resolution of inflammation and
facilitated lipid recycling for remyelination. Our findings highlight
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