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ABSTRACT

Abstract

Lipid droplets (LD) are unique organelles, whose physiological relevance has been 

underestimated for a long time. Well-known in seed tissues for storing triacylglycerol (TAG) to 

fuel post-germinative seedling establishment, LDs in plants are nowadays known to be 

involved in many more processes. They also present a highly dynamic hub for cellular lipids 

through the short-term turnover of lipids. They are involved in lipid homeostasis and 

remodelling of various cellular membranes, e.g. through regulating the balance of lipid storage 

versus membrane expansion or by storing and buffering excess, unneeded or toxic lipids. This 

sink – rather than source – function of LDs is especially important during various stresses, 

such as e.g. heat stress. Here, membranes quickly have to adapt their membrane properties 

to maintain membrane integrity and prevent hyperfluidity, i.e. unsaturated fatty acids (FAs) with 

low melting points have to be replaced by saturated FAs with higher melting points. Indeed, 

LDs are observed to accumulate in response to different abiotic stresses, including heat stress, 

and with their lipid buffering functions they are often involved in amelioration of the stress. To 

fulfil their roles in maintaining lipid homeostasis of various organellar membranes, especially 

during stress conditions, contacts of LDs with these organelles are important. These 

membrane contact sites (MCS) of LDs are well-described in yeast and mammals and likewise 

often increase in response to stress. In mammals and yeast, they have been observed 

between LDs and nearly all other organelles. Data on plant LD contact sites, however, is scarce 

and limited to LD-ER and LD-peroxisome contacts. 

In the present study, I shed light on the involvement of LD-stored TAG in the process of 

Nicotiana tabacum pollen tube heat adaptation. Pollen tubes are reproductive tissues highly 

sensitive to abiotic stresses and rich in LDs. Proper growth of the pollen tube is crucial for 

fertilisation and pollen competition and the ability to quickly react to changing environments is 

of upmost importance. We here show that heat-stress causes quick membrane lipid 

remodelling in ex vivo grown pollen tubes, leading to a pronounced decrease of unsaturated 

fatty acids (FAs) in nearly all phospholipid classes. Concomitantly, an unspecific increase in 

TAG and a significant increase in transcripts of several Tobacco DIACYLGLYCEROL 

ACYLTRANSFERASE (DGAT) isoforms is observed. We propose a model, where heat stress 

causes unspecific bulk membrane lipid degradation in growing pollen tubes, and released FAs 

are channelled into TAGs in a DGAT1-dependant way to be replaced in the membranes by 

newly synthesised saturated FAs, thereby ensuring correct membrane fluidity. 

Furthermore, I identify a putative MCS between LDs and the plasma membrane (PM) in 

Arabidopsis thaliana seeds and seedlings. Two formerly undescribed proteins, SEED LIPID 

DROPLET PROTEIN (SLDP) 1 and 2, were shown to be LD-localised proteins. Mutations of 

these proteins cause aberrant clustering of LDs that normally evenly distribute along the PM 

during germination in Arabidopsis thaliana. Mutation of a putative interaction partner, PM-
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localised LIPID DROPLET PM ANCHOR (LIPA), was found to cause the same phenotype. In 

addition, a mutual recruitment of ectopically expressed LIPA and SLDP to the PM and LDs, 

respectively, was observed in pollen tubes. By expressing both proteins in this non-native 

tissue, a seedling-like distribution of LDs could be reconstituted: LDs, that usually float 

dynamically through the cytoplasm in pollen tubes are immobilised along the PM when both 

proteins are co-expressed. Taken together, we suggest a model, where proper cellular LD 

distribution along the PM in germinating A. thaliana is achieved through a MCS between LD-

localised SLDP and PM-localised LIPA.
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1 Introduction

1.1 The lipid droplet (LD) – a long underestimated organelle

Lipid droplets (LDs) were first reported in the 1880s (Farmer, 1901), yet it took another 100 

years for research on this phylogenetically highly conserved organelle to really pick up pace. 

Only when the link between obesity and several common illnesses, such as hypertension or 

diabetes, occurred to researchers in the 1980s, interest in the fat-storing organelles was 

sparked (reviewed in Murphy, 2012; Coleman, 2020). Still, they long remained considered as 

inert fat storage depots. Today, due to an increase in LD research over the last decade, it is 

widely appreciated that LDs are ubiquitous and versatile organelles present in many different 

cell and tissue types. It was found that LDs actively participate in many cellular processes such 

as lipid homeostasis, lipid signalling, and stress responses (reviewed in Welte and Gould, 

2017; Thiam and Beller, 2017; Ischebeck et al., 2020; de Vries and Ischebeck, 2020).

1.1.1 LD Biogenesis
To understand fundamental processes of LD biology and to grasp their versatile roles within 

the cell, it is important to regard their unique architecture. In contrast to most other organelles, 

LDs do not give rise to an aqueous compartment surrounded by a phospholipid bilayer, but 

instead have a lipophilic core surrounded by a phospholipid monolayer. A highly diverse protein 

coat decorates this monolayer, thereby contributing to the various functions of LDs.

LDs bud off the outer ER membrane leaflet

The unique architecture of LDs arises from their conserved mode of biogenesis, which occurs 

at the cytosolic leaflet of the ER membrane in a not entirely understood process: According to 

a widely accepted model, LD formation starts with the synthesis of neutral lipids such as 

triacylglycerol (TAG) or sterol esters (SEs). Enzymes involved in the final synthesis of these 

lipids reside in the ER membrane (Buhman et al., 2001) and sequester the neutral lipids 

between the two leaflets of the ER membrane. There, they can freely diffuse laterally, but at 

one point, most likely when concentrations reach a critical threshold, a lipid lens forms that 

finally buds off towards the cytosol in an asymmetric manner (Figure 1: LD biogenesis). It is 

unclear how this lens formation and budding is facilitated, however lens structures may have 

phospholipid packing defects and a characteristic membrane curvature, which can be sensed 

by proteins that facilitate the asymmetric budding. The LD-surrounding phospholipid 

monolayer thus originates from the outer ER membrane leaflet. (Jacquier et al., 2011; Kassan 

et al., 2013; Choudhary et al., 2015; Walther et al., 2017; Nettebrock and Bohnert, 2020). 

In recent years, evidence accumulated that LD biogenesis occurs at specialised ER 

subdomains, but generally, the temporal and spatial organisation of LD biogenesis still leaves 

many open questions. (Joshi et al., 2018; Choudhary et al., 2020; Choudhary and Schneiter, 

2020; Nettebrock and Bohnert, 2020).
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Figure 1: Simplified depiction of LD budding. Neutral lipids (yellow) accumulate between the two leaflets of the 

ER membrane until they reach a critical threshold. A lipid lens forms, that grows until it buds towards the cytosol. It 

continues to grow to a mature LD that stays connected to the ER via a lipidic bridge or completely detaches and 

forms a cytosolic LD.

Neutral lipid production initiates LD formation

LD biogenesis is initiated by the synthesis of neutral lipids in the ER membrane (reviewed in 

Chapman et al., 2019). The main stored neutral lipid is triacylglycerol (TAG), which composes

of a glycerol backbone esterified to three fatty acids (FAs). For the synthesis of the direct TAG 

precursor diacylglycerol (DAG) and subsequently TAG, different routes exist in plants: DAG 

can be completely synthesised de novo (via the Kennedy pathway), it can be synthesised de 

novo combined with phosphatidylcholine (PC)-FA modification and acyl-editing or it can 

completely be PC-derived. Depending on the pathway, DAG and TAG species with varying 

acyl chains arise. Differences in the substrate specificities of the involved enzymes and the 

respective activities and contributions of the different trafficking routes lead to differences in 

chain lengths or desaturation of the acyl-chains (reviewed in Bates and Browse, 2012; Bates 

et al., 2013; Bates, 2016). Arabidopsis thaliana seeds use up to 48 % of PC-modified FAs for 

their TAG synthesis (reviewed in Bates and Browse, 2012). An exemplary overview of the 

different TAG synthesis routes in Arabidopsis thaliana seeds is shown in Figure 2.

The easiest way to produce DAG for TAG synthesis is via the Kennedy-pathway, where acyl-

CoAs, de novo synthesised and exported from the chloroplast or from the existing cytosolic 

acyl-CoA pool, are directly used for de novo assembly of DAG. For this, fatty acyl-CoAs are 

subsequently esterified to the sn-1 and sn-2 positions of glycerol-3-phosphate (G3P) by 

glycerol-3-phosphate acyltransferase (GPAT) and lysophosphatidic acid acyltransferase

(LPAAT) to yield first lysophosphatidic acid (LPA) and then phosphatidic acid (PA). Then,

phosphatidic acid phosphatase (PAP) replaces the phosphate group of PA with a hydroxyl 

group to yield DAG. This way, if the acyl-CoA is derived from de novo synthesized fatty acids,

mostly 16:0-, 18:0- and 18:1-FAs are incorporated into DAG/TAG. Many oilseeds however also 
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produce DAG from PC-derived FAs, which allows for modifications of the acyl-chains while 

they are in the PC-pool and leads to TAGs containing more diverse FA compositions. First of 

all, PC can provide free fatty acids or acyl-CoAs for the Kennedy pathway by the action of 

phospholipases A1 and A2, or lysophosphatidylcholine acyltransferases (LPCAT), 

respectively. Alternatively, PC from the membrane lipid pool can be converted to 1,2-DAG 

directly by action of phospholipase C (PLC) or diacylglycerol cholinephosphotransferase 

(PDCT), or it is first converted to phosphatidic acid as intermediate step by subsequent action 

of phospholipase D (PLD) and then to 1,2-DAG by PAP. Vice versa, 1,2-DAG that is not used 

for TAG production can be converted to PC by choline phosphotransferase (CPT) or PDCT. 

TAG is finally produced by acylation of 1,2-DAG. Diacylglycerol acyltransferase 1 (DGAT1) or 

phospholipid:diacylglycerol acyltransferase (PDAT) acylate 1,2-DAG to yield TAG, using acyl-

CoA or PC as acyl-donor, respectively. (reviewed in Bates, 2016; Ischebeck et al., 2020).

Figure 2: TAG synthesis routes in Arabidopsis. Fatty acids are either de novo synthesised in the plastid and 

exported as acyl-CoAs or fed into the cytosolic acyl-CoA pool by the action of LYSOPHOSPHATIDYLCHOLINE 

ACYLTRANSFERASE (LPCAT) on the phosphatidylcholine (PC)-pool. These acyl-CoAs can be converted to 

diacylglycerol (DAG) by the stepwise action of GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE (GPAT), 

LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE (LPAAT) and PHOSPHATIDIC ACID PHOSPHATASE (PAP), 

which subsequently add an acyl-chain to glycerol-3-phosphate (G3P) and lysophosphatidic acid (LPA) and replace 

the phosphate group of produced phosphatidic acid (PA) with a hydroxy group, respectively, to yield DAG. DAG is 

converted to TAG by addition of another acyl-group by DIACYLGLYCEROL ACYLTRANSFERASE 1 (DGAT1) and 

PHOSPHOLIPID:DIACYLGLYCEROL ACYLTRANSFERASE (PDAT), where DGAT1 uses acyl-CoA as acyl-donor 

and PDAT uses PC. Alternatively, DAG is converted to PC by a CHOLINE PHOSPHOTRANSFERASE (CPT) and 

feeds into the PC-pool, for further desaturation. PHOSPHOLIPASE D and C use the PC-pool to produce PA or 

DAG, resp., which again can be acylated to TAG by DGAT1 and PDAT. Thus, TAG is either synthesised using de 

novo produced acyl chains or derives from the membrane lipid pool. Figure from Ischebeck et al., 2020.



INTRODUCTION

4

Proper LD formation requires several proteins

Proper LD biogenesis relies not only on enzymes for neutral lipid synthesis, but on a wide array 

of other proteins. The ER bilayer has to be split into monolayers for lipid lens formation, 

asymmetric budding of the nascent LD (towards the cytosol but not towards the ER lumen) 

has to be controlled and also LD filling and growth, bridging of the ER and the LD as well as 

detaching of mature LDs suggests requirement of further proteins (reviewed in Nettebrock and 

Bohnert, 2020).

One protein family involved in proper LD biogenesis is the highly conserved Seipin family 

(Fld1p (few LDs 1) in yeast). Seipin has been found at LD-ER contact sites in different 

organisms, including humans, Drosophila melanogaster, Caenorhabditis elegans and 

Saccharomyces cerevisiae (in the following referred to as yeast) (reviewed in Hugenroth and 

Bohnert, 2020). Yeast Seipin homologue Fld1p has e.g. been shown to be involved in the 

directional budding of LDs into the cytosol (Cartwright et al., 2015), in LD size regulation (Fei 

et al., 2008) and in stabilising LD-ER contact sites via interaction with Ldb16p (Grippa et al.,

2015). In plants, unlike other organisms, several Seipin isoforms exist. These plant Seipin 

proteins, too, have been shown to be important for LD biogenesis: When expressed in leaves, 

they promote LD formation (Cai et al., 2015), while their knockout leads to abnormal LD 

formation in seeds and pollen, causing negative effects on seed dormancy and pollen 

transmission (Taurino et al., 2018). Recently, plant Seipins were found to interact with 

VESICLE ASSOCIATED PROTEIN (VAP) 27-1, a known ER-PM tether (Greer et al., 2020). 

A putative role in LD biogenesis is also attributed to members of the family of “LD associated 

proteins” (LDAPs). An LD-surface localised LDAP was initially identified in LD proteomes of 

avocado mesocarp tissue (Horn et al., 2013), but later also found in e.g. Arabidopsis seedlings, 

senescent leaves and Tobacco pollen tubes (Brocard et al., 2017; Kretzschmar et al., 2018; 

Kretzschmar et al., 2020). LDAPs are abundant on LDs in non-seed organs and are involved 

in LD maintenance and regulation, especially during abiotic stress and post-germinative 

growth. The Arabidopsis genome harbours three LDAP genes, but mammals and yeast lack 

homologues of LDAP (Gidda et al., 2016). LDAPs directly interact with LDAP-interacting 

protein (LDIP), which is also plant-specific and LD-localised (Pyc et al., 2017). Overexpression 

of LDAP resulted in an increased LD number, while suppression resulted in a decrease (Gidda 

et al., 2016), knockout of LDIP likewise resulted in a decrease of LD abundance, but increase 

in neutral lipid content (Pyc et al., 2017). The exact roles of LDAP and LDIP in plant LD 

biogenesis remain to be elucidated. 

Other proteins potentially implicated in LD biogenesis are oleosins (OLEs). Oleosins are 

described as plant-specific structural proteins with some functional analogy to mammalian 

perilipins (PLINs) and are one of the major LD proteins in plants, especially in reproductive 
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tissues such as seeds or pollen. Oleosins, too, have been shown to promote LD biogenesis 

(Beaudoin et al., 2000; Jacquier et al., 2013; Ischebeck et al., 2020). Expression of oleosins 

or PLINs in yeast (which completely lack oleosin or PLIN homologues) promotes LD formation 

(Jacquier et al., 2013) and it was shown that proper targeting of oleosin to LD-ER contact sites 

is necessary for the directional budding of LDs towards the cytosol (Huang and Huang, 2017). 

Also, in soybean, RNAi-mediated suppression of oleosin leads to the formation of aberrant LD-

ER complexes, a structure of interconnected ER and LDs, including micro- and giant LDs 

(Schmidt and Herman, 2008). Knockout of different oleosins in Arabidopsis seeds causes an 

enlargement of LDs (Siloto et al., 2006; Shimada et al., 2008). However, oleosins are not 

present in most vegetative tissues, such as leaves or stems. Instead, they are mostly found in 

organs that undergo desiccation processes, such as seeds and pollen. It is therefore assumed 

that oleosins, rather than functioning in LD biogenesis, play a role in preventing 

dehydration/rehydration-induced fusion of LDs and thereby influence LD size (Chapman et al.,

2019). 

A current model of plant LD biogenesis at the ER membrane including oleosin, LDAP/LDIP, 

Seipin, DGAT1 and PDAT is depicted in Figure 3.

Figure 3: Current model of LD biogenesis and involved proteins. Triacylglycerol (TAG) is synthesized at the 

ER by DIACYLGLYCEROL ACYLTRANSFERASES 1 (DGAT1) and/or PHOSPHOLIPID:DIACYLGLYCEROL 

ACYLTRANSFEASE (PDAT), sequestered between the leaflets and channelled into a growing LD that is connected 

to the ER via a lipidic bridge. At this ER-LD junction, Seipin proteins are involved in regulating LD formation. Several 

proteins on the LD surface might play a role in proper LD formation, such as oleosin (OLE), LD-associated proteins 

(LDAPs), and LDIP (LDAP-interacting protein). Oleosins are co-translationally inserted into the ER membrane via 

SRP/Sec61 and reach the LD surface from the ER. Figure from Ischebeck et al., 2020.



INTRODUCTION

6

1.1.2 LD Proteome

As already touched upon in section 1.1.1, an interplay of several proteins is needed for LD 

biogenesis, some of which are localised to the LD surface. Indeed LDs are not only comprised 

of their neutral lipid core and the surrounding phospholipid monolayer, but their surface is also 

heavily decorated with proteins involved in e.g. stress responses, metabolism or protein 

degradation. Some proteins, such as SEED LD PROTEIN (SLDP) and LIPID DROPLET PM 

ANCHOR (LIPA) identified and analysed in the present study, are of unknown function. The 

LD’s protein coat is highly diverse and varies with the analysed organism, tissue type and 

developmental state. Focus here will be put on plant LD proteins. An overview of the diversity 

in LD-associated proteins and their respective functions in plants is shown in Figure 4.

Figure 4: Selection of known plant LD proteins and their functions. A selection of published and confirmed LD-

associated proteins and the respective cellular processes they are involved in. Many LD-associated proteins are 

involved in biotic or abiotic stress reactions. Also, many proteins are enzymes with metabolic functions, e.g. in sterol 

metabolism. Other functions are protein degradation or remain so far unknown. This study focuses on the two 

functionally undescribed protein families SEED LD PROTEIN (SLDP) and LIPID DROPLET MEMBRANE 

ADAPTOR (LIPA).

Several plant LD proteomes have been published

The first plant LD-localised proteins described were the major protein family of oleosins (Qu et 

al., 1986), followed by lipoxygenases in 1992 (Feußner and Kindl, 1992). Two other major LD 

proteins followed, caleosins and steroleosins (also called hydroxysteroid dehydrogenases, 

HSDs), that were initially identified on sesame seed LDs as a putative calcium-binding protein 

(Chen et al., 1999) and a putative sterol-binding dehydrogenase (L.,-J., Lin et al., 2002) , 

respectively. Plant LD proteomes are now available of Arabidopsis thaliana seeds, seedlings, 

and infected and aging leaves (Jolivet et al., 2004; Brocard et al., 2017; Kretzschmar et al.,

2020; Fernández-Santos et al., 2020), Brassica napus (rapeseed) mature seeds (Katavic et 
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al., 2006a; Jolivet et al., 2009), Persea americana (avocado) mesocarp (Horn et al., 2013), 

Helianthus annuus (sunflower) developing seeds (Thakur and Bhatla, 2016), Zea mays 

(maize) embryos (Tnani et al., 2011), Sesamum indicum (sesame) seeds (Hamada et al.,

2020), Nicotiana tabacum (Tobacco) pollen tubes (Kretzschmar et al., 2018), Triadica sebifera 

(Chinese tallow) mesocarp and seed tissues (Zhi et al., 2017), Jatropha curcas (physic nut) 

seeds (Popluechai et al., 2011; Liu et al., 2015), peanut (Zaaboul et al., 2018) and hazelnut 

(Zuidmeer-Jongejan et al., 2014; Lamberti et al., 2020). Proteomes of plastidial LDs, so called 

plastoglobuli are e.g. available for Arabidopsis leaves (Lundquist et al., 2012), but the focus of 

the present thesis lies on cytosolic LDs.

Intriguingly, some proteins not expected to localise to LDs have repeatedly been reported in 

LD proteome analyses, e.g. heat shock proteins (HSPs) (Horn et al., 2013; Liu et al., 2015; Zhi 

et al., 2017; Hamada et al., 2020). Based on their functions in e.g. protein folding, they would 

rather be expected in the ER or the cytosol (Li and Srivastava, 2003), but not on LDs. Results 

like these could suggest that these proteins are either true LD-localised proteins, interacting 

with LD-localised proteins or that they might be co-purifying in LD fractions as alleged 

contaminants because of membrane contact sites (MCS) of LDs with other organelles. In total, 

many proteins have been suggested to localise to LDs by proteomic analyses, but LD-

association is often not confirmed by localisation studies and contaminants could be 

mistakenly believed to be LD-associated. Moreover, while high-confidence LD-associated 

proteins in mammals are reported to be around 100-150 in a prototypical mammalian cell and 

35–40 in yeast (reviewed in Olzmann and Carvalho, 2019), the numbers in plants are even 

lower. Table 1 shows an overview of high-confidence LD-localised protein families in plants. 

In conclusion, LD proteome data show that the LD-protein coat is highly dynamic and 

dependent not only on tissue-type and developmental state, but also influenced by stress, such 

as infection.

Table 1: Selection of high-confidence plant LD protein families. An overview of high-confidence LD-

localised protein families in plants, based on proteomic studies and/or imaging techniques. Also given 

is the plant and tissue where LD-association was originally identified as well as protein functions/putative 

protein functions.

Protein family originally detected on LDs in (putative) function

oleosin (OLE, OLEO) maize scutella (Qu et al., 1986)
LD biogenesis, LD size, biotic 

stress/emulgator

lipoxygenase (LOX)
cucumber and soybean cotyledons 

(Feußner and Kindl, 1992)
oxylipin metabolism/signalling

caleosin (CLO) sesame seeds (Chen et al., 1999)
oxylipin metabolism/biotic and 

abiotic stress

steroleosin (HSD) sesame seeds (L.,-J., Lin et al., 2002) sterol metabolism

oil body-associated lipase (OBL) castor bean (Eastmond, 2004) TAG degradation/biotic stress
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9/13-hydroperoxide lyase (HPLF)
Medicago truncatula (De Domenico 

et al., 2007)
oxylipin metabolism/signalling

LD associated protein (LDAP)
avocado mesocarp tissue (Horn et 

al., 2013)
LD biogenesis? abiotic stress

- -DOX)
Arabidopsis leaves (Shimada et al.,

2014)
oxylipin metabolism/biotic stress

MAG lipase (MAGL8)
Arabidopsis germinating seeds and 

leaves (R., J., Kim et al., 2016)
metabolism

LDAP interacting protein (LDIP)
Arabidopsis cDNA library (Pyc et al.,

2017)
LD biogenesis? abiotic stress

cycloarthenol synthase (CAS1)
Tobacco pollen tubes (Kretzschmar 

et al., 2018)
sterol metabolism

sterol methyltransferase (SMT1)
Tobacco pollen tubes (Kretzschmar 

et al., 2018)
sterol metabolism

pollen Tube LD protein (PTLD2)
Tobacco pollen tubes (Kretzschmar 

et al., 2018)
unknown

plant UBX domain-containing 
protein 10 (PUX10)

Tobacco pollen tubes (Kretzschmar 
et al., 2018)

protein degradation

phospholipid:sterol 
acyltransferases (PSAT1)

Tomato (Lara et al., 2018) sterol metabolism

LD associated lipase (LIDL1)
Arabidopsis seeds and seedlings 

(Kretzschmar et al., 2020)
metabolism

LD methyltransferase (LIME1)
Arabidopsis seeds and seedlings 

(Kretzschmar et al., 2020)
metabolism

LD dehydrogenase (LDDH1)
Arabidopsis seeds and seedlings 

(Kretzschmar et al., 2020)
metabolism

LD-associated hydrolase (LDAH1)
Arabidopsis seeds and seedlings 

(Kretzschmar et al., 2020)
metabolism

LD protein of seeds (LDPS1)
Arabidopsis seeds and seedlings 

(Kretzschmar et al., 2020)
unknown

seed LD protein (SLDP)
Arabidopsis seeds and seedlings 

(Kretzschmar et al., 2020)
unknown

glycerol- 3-phosphate 
acyltransferase (GPAT4 and 8)

Arabidopsis leaves (Fernández-
Santos et al., 2020)

Wax synthesis

phytoalexin-deficient (PAD3)
Arabidopsis leaves (Fernández-

Santos et al., 2020)
biotic stress, phytoalexin 

production

1.1.3 LD functions

With their lipid storing capacity and their variable protein coat, LDs are involved in a wealth of 

processes, including energy and lipid homeostasis, hormone synthesis, detoxification, stress 

responses, pathogen/defence responses and signalling. Although a lot of research on these 

functions has been conducted in yeast or mammals and less in plants, some examples will be 

described here to convey the idea of LDs as highly versatile and diverse organelles. To 

understand the cellular roles of the conserved organelle also in other organisms is important 

to find and understand putative functions and implications of LDs in plants. An overview of the 

described functions of LDs can be found in Figure 5.
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Lipid storage and homeostasis – balancing the lipidome

One of the main functions of LDs, especially in fat-accumulating tissues such as adipocytes or 

seeds, is storage of lipids as energy supply. TAGs stored in LDs can be used to fuel membrane 

biosynthesis and/or metabolic processes during cellular growth/membrane expansion or 

starvation (reviewed in Olzmann and Carvalho, 2019; Ischebeck et al., 2020). In oilseed 

species such as Arabidopsis, LDs are still best known for their functions in seeds and 

seedlings, where they are the main storage organelle for stored lipids. TAG accumulation 

already starts during embryogenesis. Then, during germination and seedling establishment, 

stored TAG is converted to sugars and fuels heterotrophic growth of the establishing seedling 

until it achieves photosynthetic competence (Graham, 2008; Yang and Benning, 2018). 

LDs are not just involved in cellular energy homeostasis, but also in maintaining lipid 

homeostasis. They are e.g. involved in the balance of lipid storage versus membrane 

expansion. In yeast, PA is converted to DAG by the conserved phosphatidate phosphatase 

(Pah1p). Upon nutrient stress, Pah1p relocates from the cytosol to a nuclear membrane 

subdomain in contact with growing LDs to convert PA to DAG for TAG synthesis and has thus 

been proposed to be a metabolic switch for rechannelling lipid fluxes from membrane synthesis 

to TAG storage. In yeast mutant strains lacking LDs, Pah1 is still relocated to nuclear 

membranes upon starvation, but lipid precursors are used for phospholipid synthesis and not 

channelled into TAG, causing nuclear deformation and proliferation of ER membranes 

(Barbosa, Sembongi, et al., 2015). 

This example reinforces the importance of LDs in maintaining cellular lipid homeostasis but 

also highlights another peculiarity of LDs: instead of drawing on LD stores upon starvation, 

LDs are often observed to accumulate upon nutrient starvation or other stresses (reviewed in 

Nguyen and Olzmann, 2017; Ischebeck et al., 2020). LD-stored TAGs here play a role as a 

transitory FA depot. Starvation induces autophagic processes for quick mobilisation and 

recycling of resources and thereby often leads to the bulk release of FAs or other cytotoxic 

lipid species such as acylcarnitine, DAG or ceramides (reviewed in Olzmann and Carvalho, 

2019; Nguyen and Olzmann, 2017). In this context, LDs can serve as a buffering system, 

protecting the cell or certain compartments from lipotoxicity of free FAs or other lipotoxic 

components. In starving yeast cells, for example, LDs are crucial for ER homeostasis and 

buffering of FAs during autophagy, and it was excluded that their role is just to provide a source 

for autophagosome membrane lipids (Barbosa, Sembongi, et al., 2015; Velázquez et al.,

2016). In mammals, lipids released by starvation-induced autophagy were shown to be first 

channelled into LD-stored TAG in a DGAT1-dependent manner, before they were delivered to 

mitochondria for degradation. By this, LDs prevent lipotoxicity of accumulating acylcarnitines 

(transport form of FAs for mitochondrial import, lipotoxic in large amounts) (Nguyen et al.,
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2017). A similar notion is observed in plants after prolonged dark treatment. Prolonged dark 

treatment causes carbon starvation, as carbon fixation is inactive and starch reserves are used 

up. Membrane lipids released by starvation-induced degradation after the dark treatment were 

here sho -oxidation in 

peroxisomes. This channelling was found to act as a buffer for cytotoxic lipid intermediates, 

but intriguingly also protected against reactive oxygen species (ROS) (Fan et al., 2017). 

These mechanisms highlight the important role of LDs in providing a transitory depot for lipids, 

thereby buffering excess or cytotoxic lipids.

LDs during heat stress – remodelling of lipids 

Free FAs are not only generated during autophagic processes but can also be released from 

membranes of the endomembrane system and other organelles by lipases. During 

senescence or stress-induced lipid remodelling, free FAs can accumulate (reviewed in Yang 

and Benning, 2018). LD-stored TAGs as a transitory FA depot are likely important during these 

processes and have been shown to accumulate in response to different abiotic or biotic 

stresses and during senescence (reviewed in Yang and Benning, 2018; Higashi and Saito, 

2019; Lu et al., 2020). 

-oxidation rates are reported to be increased and due to the concomitant 

increase of LDs, it was suggested that membranes are degraded, leading to free FA release 

-oxidation to prevent accumulation of toxic 

lipid species (reviewed in Masclaux-Daubresse et al., 2020). However, some stresses, such 

as e.g. temperature-induced stress, require membrane remodelling rather than degradation. 

High temperature for example can cause membrane hyperfluidity and subsequent bilayer 

disintegration and also poses an increased risk of peroxidation of unsaturated FAs by ROS 

(reviewed in Higashi and Saito, 2019). Organisms can circumvent this by altering the 

physicochemical properties of their membranes. The main constituents of membranes such as 

the PM are phospholipids, consisting of two fatty acyl chains esterified to a glycerol backbone 

and a variable, polar head group (Fahy et al., 2005). Physicochemical properties, such as 

melting points, are mainly determined by the phospholipids’ fatty acyl chains: The number of 

C-C bonds as well as chain lengths have an impact on melting points of the respective FA. 

While unsaturated FAs e.g. tend to have lower melting points, saturated FAs have a higher 

melting point (Knothe and Dunn, 2009). The phospholipids’ head groups have less impact on 

melting points, however regarding the membrane as a whole, lipid composition and especially 

asymmetry in the distribution of different phospholipid classes, e.g. between the two 

membrane leaflets, present another important membrane property. By altering the saturation 

status and lengths of phospholipid acyl chains or changing overall phospholipid composition, 

membrane properties can be adapted to changing environments (reviewed in Niu and Xiang, 
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2018). Accordingly, in plant leaves it is generally observed that the amount of phospholipids 

containing saturated acyl chains increases, while poly-unsaturated acyl chains are removed 

from the phospholipid pool. Concomitant increases in TAGs have frequently been observed in 

leaves (reviewed in Higashi and Saito, 2019). Increases of TAG levels upon heat stress were 

not just reported in leaves but also in e.g. Arabidopsis seedlings or tomato fruits (Mueller et 

al., 2015; Higashi et al., 2015; Shiva et al., 2020; Almeida et al., 2020), as well as in several 

algal species (Converti et al., 2009; Yang et al., 2013; Allen et al., 2018). A study on 

Chlamydomonas reinhardtii observed that neither total FA content, nor total FA composition 

changed upon heat-stress. However, lipid class analyses revealed an increase of TAG at the 

expense of other lipid classes, suggesting the channelling of membrane lipids into TAGs 

(Légeret et al., 2016). What is more, Arabidopsis pdat1 mutants are unable to accumulate 

TAGs upon heat stress, further indicating that increased TAG levels upon heat stress are due 

to lipid remodelling via the PC-pool rather than due to de novo DAG synthesis (see also section 

1.1.1) (Mueller et al., 2017). These data hint at an important role of LDs during stress-induced 

lipid remodelling. Also, levels of sterol derivatives were reported to increase upon heat stress 

in Arabidopsis leaves (Shiva et al., 2020). Sterols in membranes can regulate permeability, 

fluidity and also raft formation and the adaptation of sterol compositions in membranes is 

another possibility to react to external stimuli and stresses (Valitova et al., 2016).

LDs in sterol metabolism

Regarding LD-stored SEs, again, LDs do not simply serve as a passive storage site. SEs, fatty 

acid-esterified sterols, are important for membrane sterol homeostasis and serve as a storage 

pool for maintaining and recycling free sterol levels in cell membranes (Ferrer et al., 2017). 

Sterols are main constituents of membranes in animals, fungi and plants. In contrast to 

animals, where cholesterol is the predominant sterol species, fungi and plants synthesise a 

broader and more diversified range of sterols (reviewed in Zhang et al., 2020). The importance 

of LDs in sterol homeostasis is for example highlighted by an increase of SEs in Arabidopsis 

plants, when sterol synthesis is upregulated (Shimada et al., 2019). Moreover, in proteomic 

and cell biological analyses of Nicotiana tabacum pollen tube LDs, the steroidogenic enzymes 

CAS1 and SMT1 were found to localise to LDs (Kretzschmar et al., 2018). In addition,

subcellular localisation studies of tomato (Solanum lycopersicum) PHOSPHOLIPID:STEROL 

ACYLTRANSFERASE 1 (PSAT1), a type of sterol acyltransferase, revealed LD-localisation of 

the enzyme (Lara et al., 2018). All these data hint at an involvement of LDs in sterol 

metabolism.

In steroidogenic cells, especially in mammalian endocrine gonad cells, cholesteryl esters 

stored in LDs are also used for the synthesis of several steroid hormones (Kraemer et al.,

2013). Interestingly, LD-proteome analysis of a steroidogenic mouse tumour cell line revealed 
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an association of steroidogenic enzymes with LDs: not just two steroleosins were co-purified, 

but also CYP11A1 and CYP17 and thus all enzymes that are needed for testosterone synthesis 

(Yamaguchi et al., 2015), suggesting an involvement of LDs in steroid hormone synthesis in 

mammals. In plants, LDs and LD-localised steroleosins are suggested to be involved in 

metabolism of brassinosteroids, a class of plant polyhydroxysteroid hormones (L., J., Lin et al.,

2002; Ischebeck et al., 2020).

These data might suggest that LDs do not simply store SEs but are actively involved in 

steroidogenesis and synthesis of steroid hormones (and potentially their regulation).

Other stored components

Apart from TAGs and SEs, yet to a lesser but often physiological relevant extent, other lipid-

derived components are also stored in LDs. One example are lipophilic vitamins. Plastoglobuli 

(LDs inside plastids) in plants and cyanobacteria, as well as LDs in human adipocytes, for 

example store Vitamin E (tocopherol) (Traber and Kayden, 1987; Peramuna and Summers, 

2014; Spicher and Kessler, 2015; Welte and Gould, 2017). Vitamin A (retinol) can be stored 

as retinyl esters inside LDs, e.g. in human hepatic stellate cells (a type of fat-storing cell in the 

liver) (Senoo et al., 2007; Welte and Gould, 2017). Also, hydrocarbons such as alkanes, 

alkenes or isoprenoids are lipophilic and thus likely partition to LDs. Some plants use LDs as 

a depot for natural rubber (cis-1,4-polyisoprene) in specialised LDs called rubber particles 

(Laibach et al., 2014) and the filamentous cyanobacterium Nostoc punctiforme sequesters 

heptadecane into LDs (Peramuna et al., 2015). In yeast, the sterol synthesis intermediate 

squalene (C30H50) was shown to be stored in LDs to prevent toxicity (Valachovic et al., 2015), 

again highlighting the involvement of LDs in preventing lipotoxicity. Not only toxic lipid species 

or excess FAs can be stored away in LDs for detoxification. It was also shown that an 

endolichenic fungus can trap endo- and exogenic toxic compounds in LDs as a (self-)

resistance mechanism (Chang et al., 2015). In addition, as an ecological remediation strategy, 

date palm (Phoenix dactylifera) seed LDs have been analysed for their capacity to extract 

dioxins from aquatic systems. It has been shown that exposure to a highly toxic dioxin (2,3,7,8-

tetrachlorodibenzo-p-dioxin) resulted in upregulation of several caleosin and steroleosin genes 

and increased LD formation, although effective partitioning of the dioxin into LDs was 

independent from LD proteins (Hanano et al., 2016). Apart from these, toxic polycyclic aromatic 

hydrocarbons and polychlorinated biphenyls were also confirmed to be LD-associated 

(reviewed in Welte and Gould, 2017).

LDs and proteostasis

An often underestimated component of LDs besides their lipid core is their protein coat. LDs 

have been implicated in various steps of the life cycle of proteins, as has been reviewed by

Welte and Gould (2017). First of all, LDs can be involved in protein assembly, as several 
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viruses, e.g. Hepatitis C or Dengue, highjack LDs not only for energy supply but also to 

promote viral assembly. It remains unresolved, however, how exactly LD-association helps in 

viral protein maturation (reviewed in Welte and Gould, 2017).

LDs can also store proteins. This was e.g. shown for histones in Drosophila melanogaster 

eggs. Eggs contain abundant LDs provided by the mother during oogenesis and several 

histones associate with these LDs. The presence of histones on LDs was also demonstrated 

in mammals, e.g. in mouse oocytes. Regarding functionality, it was suggested that histones 

can either be long-term stored on LDs to be readily available for chromatin assembly, short-

term stored to balance newly synthesised histone amounts or serve as antibacterial agents 

(reviewed in Welte and Gould, 2017).

LDs have also been shown to mitigate ER stress, for one thing by removing excess lipids and 

maintaining membrane lipid composition (Fuchs et al., 2012; Bosma et al., 2014; Velázquez 

et al., 2016; Chitraju et al., 2017), for another thing a study on yeast speculated that LDs are 

involved in the removal of ubiquitination-marked misfolded or damaged proteins from the ER. 

Supposedly, LDs deliver these proteins to the vacuole via microlipophagy for degradation 

(Vevea et al., 2015). It has also been suggested that LDs act as a storage for misfolded 

proteins in the ER, operating along with the ER-associated degradation (ERAD) pathway

(Vevea et al., 2015). However, other studies in yeast and mammals clearly showed that LDs 

are dispensable for ERAD and that at least certain misfolded proteins can still dislocate from 

the ER and be targeted to the proteasome for degradation, also in the absence of LDs 

(Olzmann and Kopito, 2011; To et al., 2017). It was therefore suggested, that LDs are only 

needed for a subset of ERAD substrates, while other ERAD substrates can be degraded LD-

independently (Welte and Gould, 2017). 

On the other hand, parts of the ERAD machinery are also used for a process termed LD-

associated degradation, as was e.g. shown for Arabidopsis plant UBX-domain containing 

protein 10 (PUX10). LD-localised PUX10 recruits Cell Division Cycle 48 (CDC48) to LDs and 

interacts with ubiquitin and a mechanism was suggested, where PUX10 recruits CDC48 to 

ubiquitinated LD-proteins, mainly oleosins, to remove them from LDs for degradation via the 

26-S proteasome (Kretzschmar et al., 2018; Deruyffelaere et al., 2018).

LDs and signalling

Another process LDs are involved in is signalling. The TAG precursors DAG and PA both can 

serve as signalling molecules and as described, their levels can quickly change upon stress, 

thereby influencing the stress responses (Henne et al., 2018). LDs also play a role in signalling 

through other lipid-derived signalling molecules. One class of these lipid-derived signalling 

molecules are oxylipins. Oxylipins are generally not stored, but synthesised de novo upon need 

through oxidation of polyunsaturated fatty acids (PUFAs) and often play a role in intra- or extra-
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cellular signalling processes. In animals, cyclooxygenases (COX), lipoxygenases (LOX), or the 

cytochrome P450 epoxygenases catalyse oxylipin formation, while plants mainly rely on LOX-

dependant synthesis, although plant LD- - -DOX) shows homology to 

mammalian COX enzymes. Well-known oxylipins in plants include the hormone jasmonic acid 

(JA) (reviewed in Wasternack and Feussner, 2018). LDs are likely implicated in oxylipin 

production. One of the major plant LD-localised proteins, caleosin, has peroxygenase activity 

and is involved in epoxy fatty acid biosynthesis, which represents a step in oxylipin metabolism 

(reviewed in Rahman et al. -DOX have been found 

associated to plant LDs (Feußner and Kindl, 1992; Shimada et al., 2014). Arabidopsis LDs 

have been identified as a site for synthesis of the oxylipin 2-hydroxyoctadecatrienoic acid (2-

HOT) via CL -DOX1 upon fungal infection and senescence. 2-HOT has antifungal 

activity and thus acts as a phytoalexin (Shimada et al., 2014). Intriguingly, the Medicago 

truncatula hydroperoxide lyase (HPL) 9/13-HPL (HPLF), a CYP74C enzyme that catalyses the 

cleavage of PUFA hydroperoxides produced by LOX enzymes to generate volatile aldehydes 

and oxo acids, also shows dual localisation to LDs and the cytosol. The produced aldehyde 

volatiles are believed to play a role in inter- and intra-organismal plant signalling, as well as in 

molecular cross-talk with surrounding non-plant organisms (De Domenico et al., 2007). Also, 

exogenous application of certain oxylipins in mammalian adipocytes was shown to reduce or 

even block TAG accumulation in LDs, suggesting a putative feedback regulation (Zahradka et 

al., 2017). All in all, there are not many reports on LD-produced oxylipins, but localisation of 

precursors as well as enzymes involved in oxylipin metabolism suggests a role of LDs in 

oxylipin signalling and regulation.

LDs have also been implicated in nuclear signalling mechanisms in mammals. One example 

is the PLIN5-mediated LD- -adrenergic receptor stimulation, LD-

localised PLIN5 is phosphorylated and subsequently translocated to the nucleus. 

Monounsaturated FAs derived from ATGL (adipose tag lipase) activity bind to PLIN5 and are 

trafficked along. In the nucleus, they allosterically activate sirtuin1 (SIRT1) and promote 

SIRT1-mediated deacetylation of target genes that eventually leads to an increase in 

mitochondrial biogenesis and FA oxidation (reviewed in Seibert et al., 2020). However, so far, 

no such mechanisms have been described in plants. 
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Figure 5: Overview of varying LD functions from different organisms. LDs have various, partly overlapping 

functions, a selection of which is depicted here. Processes LDs are involved in include energy homeostasis, stress 

responses, signalling and pathogen defence. The best known function of LDs is the storage and provision of energy 

in form of TAG. By transitory storing and providing FAs as required, LDs actively participate in cellular and organellar 

lipid homeostasis. LDs might also be involved in homeostasis of free sterol levels in membranes and provide 

enzymes and precursors for sterol synthesis and steroid hormone synthesis. Other LD-stored components include 

e.g. lipophilic vitamins, but also proteins, as e.g. histones, can be stored on LDs. Another important function of LDs 

is detoxification. Not only excess and toxic lipids, but also other lipophilic toxins and pollutants can be detoxified by 

buffering and storing them away. It was also suggested that LDs are involved in detoxification of misfolded proteins 

from the ER by transferring them to the vacuole via lipophagy, putatively also with an involvement of ERAD, however 

this function was questioned. Lastly, LDs provide precursors as well as enzymes for the synthesis of lipid-derived 

oxylipins. They have also been implicated in direct LD to nucleus signalling, influencing gene regulation. Reviewed 

in Welte and Gould, 2017; Nguyen and Olzmann, 2017; Thiam and Dugail, 2019; Olzmann and Carvalho, 2019; 

Ischebeck et al., 2020).
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1.2 Membrane Contact sites (MCS)

Membrane contact sites (MCS) present a topic of increasing interest. MCS are transient 

physical contacts between organelles without fusion of their membranes. They are established 

through proteins that span the usually 10-30 nm between the interacting organelles and pose 

an alternative, non-vesicular route for the exchange of molecules or signals (mostly Ca2+, ROS 

or lipid signals) through the cytosol. Moreover, they are involved in autophagy and 

plasmodesmata formation, as well as plant virus infection via plasmodesmata. Also, they have 

been implicated in lipid metabolism, stress response and organelle trafficking and biogenesis 

(reviewed in Prinz et al., 2020; Prinz, 2014). Although initially believed to only occur between 

the ER and the PM or the ER and mitochondria, the last decades showed that MCS occur 

ubiquitously between all organelles in the cell (Eisenberg-Bord et al., 2016; Valm et al., 2017;

Scorrano et al., 2019; Baillie et al., 2020; Prinz et al., 2020; Rossini et al., 2020). 

1.2.1 Functions of MCS

MCS function in connecting two organelles, thereby allowing for molecular exchange. With 

their role in interorganellar transport of molecules such as lipids or Ca2+, they are e.g. involved 

in signalling and metabolic channelling, thereby also regulating membrane dynamics and 

homeostasis. By tethering organelles they are also involved in e.g. organelle trafficking 

(reviewed in Prinz et al., 2020). As is true for LD research, also MCS research in the last years 

in great parts focused on mammals and yeast, while plant MCS research is lagging behind. To 

understand the impact of MCS on trafficking or signalling mechanisms, again also some non-

plant MCS functions will be highlighted here.

Lipid transport

Molecular mechanisms of lipid transport at MCS are not fully understood and the functions of 

non-vesicular transport, as opposed to vesicular transport, in general are not entirely clear. 

Organelles that are not part of the secretory pathway, thus not receiving vesicles, must receive 

lipids in a vesicle-independent way (reviewed in Wong et al., 2019). Also, loss of the secretory 

pathway for bulk transport of lipids can obviously be compensated by cells, as genetic or 

chemical inhibition of vesicle transport has little effect on lipid transfer capacity (Vance et al.,

1991; Baumann et al., 2005). There are hints from yeast and mammals that an ER-Golgi tether-

mediated transport of ceramides between the ER and the Golgi is upregulated, when vesicular 

transport is inhibited. These data suggest that non-vesicular transport can overtake transport 

functions when vesicle transport is impaired (Funato and Riezman, 2001; Hanada et al., 2003; 

Liu et al., 2017; Prinz et al., 2020). Moreover, non-vesicular lipid trafficking was proposed to 

be faster than vesicular trafficking, enabling rapid adaptations of membrane lipid compositions 

to adjust for changing environmental conditions such as heat or cold stress. Another advantage 
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of lipid transfer via MCS might be that in contrast to vesicular trafficking, no proteins are carried 

along with the lipids (reviewed in Wong et al., 2019).

Mostly, lipid transfer at MCS occurs via lipid transfer proteins (LTPs). LTPs are found in all 

species and all of the identified LTPs have a common feature: they provide a hydrophobic 

environment that allows for the transport of lipids (reviewed in Wong et al., 2019). Often (but 

not exclusively), LTPs localise to MCS, e.g. through binding other MCS-localised proteins such 

as VESICLE ASSOCIATED PROTEINs (VAPs, reviewed in Wong et al., 2019; Prinz et al.,

2020). Most LTPs form a cavity and move lipids, one by one, from the donor to the acceptor 

compartment. Sometimes, one lipid species is exchanged for another (reviewed in Wong et 

al., 2019). This is also called ‘counter transport’ and often occurs when lipids are transported 

against a gradient: LTPs, such as oxysterol-binding proteins, then often use 

phosphatidylinositol 4-phosphates (PI4P) concentration differences between two membranes

to drive the transport of another lipid (reviewed in Prinz et al., 2020). Interestingly, the large 

group of non-specific LTPs, which occur only in land plants but not in algae or any other 

species, have been suggested to be key proteins in the conquest of terrestrial habitats 

(reviewed in Edqvist et al., 2018).

An example for lipid transport at MCS is the transport of phosphatidylserine (PS) from the ER 

(where it is synthesised) to mitochondria (where it is e.g. needed to maintain proper PE levels) 

via MCS in yeast, channelling of which is driven by its own production (Kannan et al., 2017). 

The transport of lipids to mitochondria is especially important for mitochondrial membrane 

synthesis and signalling, as lipid exchange with mitochondria occurs mostly non-vesicular. In 

addition, transport from outer to inner mitochondrial membranes occurs via MCS, in plants for 

example via TIM, TOM or MICOS complexes (reviewed in Michaud et al., 2017). Another 

example are ceramides, which are produced at the ER and are transported to the Golgi for 

further sphingolipid synthesis via a ceramide transport protein (CERT)-mediated MCS in 

mammalian cells (Kumagai and Hanada, 2019). In plants, no CERT or CERT-like proteins 

have been identified, although also in plants, ceramides and sphingolipids in general have to 

be transported form the ER to other destinations (Hurlock et al., 2014). 

By their functions in lipid trafficking, MCS are also implicated in lipid signalling mechanisms, 

e.g. through transport of phosphatidylinositol (PI). PI is synthesised at the ER and a precursor 

for phosphoinositides, such as PI4Ps, which are lipid signalling molecules. Different kinases, 

not residing at the ER, convert PI to phosphoinositides and thus require transport of PI to the 

site of phosphoinositide synthesis. This transport is partly mediated via MCS (Dickson and 

Hille, 2019). Phosphorylation of PI or hydrolysis of phosphoinositides was also suggested to 

occur via a process called signalling ‘in trans’. Signalling in trans describes the action of an 

enzyme localised in one compartment on a substrate localised in another compartment and 
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presents a form of an MCS. In yeast, the ER-localised phosphoinositide phosphatase Sac1p 

might hydrolyse PM- or Golgi-localised PI4P to PI in trans, however this is still under debate 

(reviewed in Prinz et al., 2020). In tomato, e.g. the PM-localised ACYL-COA:STEROL 

ACYLTRANSFERASE (SlASAT) was suggested to catalytically act in trans on its ER-

embedded sterol substrate (Lara et al., 2018). Signalling in trans can also occur lipid-

independently, e.g. by the ER-localised protein tyrosine phosphatase 1b (PTP1b) that 

dephosphorylates PM- or endosome-localised receptor tyrosine kinases (RTKs) in mammals 

(reviewed in Haj et al., 2012; Prinz et al., 2020).

Metabolic Channelling and signalling of non-lipidic molecules

As described above, one important function of MCS in metabolite channelling is the channelling 

of lipids through the hydrophilic cytosol, but also other molecules are exchanged. MCS also 

facilitate the efficient vesicle-independent transport of Ca2+. The entry of Ca2+ through the PM 

into the cell for example requires a MCS between the PM and the ER to allow for a direct flux 

of Ca2+ into the ER, without increasing cytosolic Ca2+ concentrations (reviewed in Prinz et al.,

2020). By transporting Ca2+, MCS are again involved in signalling mechanisms: Ca2+ and ROS 

signalling often occur at ER-mitochondria MCS. In mammals for example, a protein tether 

between the ER and mitochondria is formed by the mitochondrial localised voltage-dependent 

anion-selective channel protein (VDAC), the mitochondrial localised chaperone 75-kDa 

glucose-regulated (GRP75; also mitochondrial stress-70 protein) and the ER-localised inositol-

1,4,5-trisphosphate receptors (IP3Rs). This complex influences e.g. cell death signalling 

(Szabadkai et al., 2006). Generally, there is a close interplay of Ca2+ and ROS signalling at 

ER-mitochondria contacts, as e.g. Ca2+-induced ROS mobilisation from mitochondrial cristae 

in human cell cultures creates dynamic H2O2 nanodomains at the ER-mitochondrion interface 

that in turn regulate Ca2+ channels (Booth et al., 2016). This way, MCS can also influence ROS 

signalling. 

Apart from Ca2+ and lipids, other small molecules can probably also be exchanged at MCS, 

e.g. iron, that is directly transferred between mitochondria and endosomes in erythroid cells. 

MCS might even enable the direct exchange of metabolites between enzymes, thereby 

increasing reaction rates and also preventing intermediates from being channelled to other 

metabolic pathways (reviewed in Prinz et al., 2020).

Regulation of organellar membrane dynamics

Another important function of MCS is the regulation of organellar membrane dynamics. MCS 

play a role in organelle fission and fusion, autophagosome formation, diffusion barriers, 

endosomal cargo sorting, organelle trafficking and positioning, and organelle subpopulations 

(reviewed in Prinz et al., 2020).
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Of special interest for the present thesis is the proposed function of MCS in organelle trafficking

and positioning, as well as in the establishment of organelle subpopulations. One way MCS 

can influence organelle trafficking is when an organelle hitchhikes another organelle that is 

transported in a motor-based way. This hitchhiking is made possible by MCS that connect the 

two organelles. Peroxisomes in Aspergillus nidulans hitchhike early endosomes this way to 

reach their proper cellular destination (Salogiannis et al., 2016). On the other hand, vesicles 

can be prevented from being transported through the cell by anchoring them to immobile 

organelles via MCS (Jongsma et al., 2016; Prinz et al., 2020). Some MCS proteins can switch 

between anchoring an organelle to another organelle or to motor proteins. The human 

cholesterol sensor ORP1L for example connects endosomes and dynactin motor complexes 

when cholesterol levels are sufficient. When cholesterol levels decrease, ORP1L releases 

dynactin and starts to interact with ER-localised VAPs, anchoring endosomes to the ER instead 

(reviewed in Prinz et al., 2020).

In budding yeast cells, another implication of MCS in organelle trafficking can be observed. 

Here, MCS are involved in the inheritance of organelles from mother to daughter cells. 

Peroxisomes in budding yeast divide asymmetrically, creating a peroxisome subpopulation 

containing an ER-anchor and a subpopulation lacking the anchor. Peroxisomes lacking the 

anchor are transferred to daughter cells during budding. Peroxisomes containing the anchor 

are retained in the mother cell by forming an MCS with the ER, thereby ensuring stable 

peroxisome transfer over generations (Knoblach et al., 2013). A similar mechanism is 

observed for LDs: a subset is transferred to daughter cells while another subset is retained at 

the perinuclear ER through an MCS (Knoblach and Rachubinski, 2015). Likewise, inheritance 

of mitochondria in budding yeast is regulated by at least three different tethers with the PM and 

ER (reviewed in Prinz et al., 2020).

Lastly, MCS can also create subpopulations of organelles: functionally distinct subpopulations 

of organelles can form contacts with other membranes. However, this has so far only been 

described for functionally distinct LDs that are in contact with certain ER subdomains in yeast 

and functionally distinct mitochondria in contact with LDs in mammalian brown adipose tissue 

(reviewed in Prinz et al., 2020). 

1.2.2 Specialised plant MCS

Many MCS are conserved among eukaryotes, but generally data on plant MCS is scarce. 

However, some known MCS are specific to plants. Among the plant-specific MCS, there are 

stress-inducible MCS formed e.g. by stromules or plasmodesmata (PD), which pose a special 

form of MCS allowing for intercellular communication (reviewed in Pérez-Sancho et al., 2016).
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Chloroplast and stress-inducible MCS

As plastids are unique features of plants and algae (reviewed in Sadali et al., 2019), MCS 

between plastids, such as the chloroplast, and other organelles are unique to these species. 

The transport of lipids from the ER to plastids is believed to be facilitated by non-vesicular 

transport and ER-plastid MCS have indeed been microscopically observed (reviewed in 

Michaud and Jouhet, 2019). The part of the ER that is in close association to plastids is 

characterised by a specific lipid and protein composition – it for example contains PC synthase 

activity. PC is the main precursor of plastidial galactoglycerolipids, such as 

monogalactosyldiacylglycerol (MGDG) or digalactosyldiacylglycerol (DGDG), both of which 

are synthesised in the plastid envelope (Benning, 2008). MGDG synthase 1 (MGD1) in the 

inner envelope uses PC-derived DAG as substrate for MGDG synthesis, however it is not 

resolved yet which lipid is transferred from the ER to the plastid. PC, lyso-PC, PA and/or DAG 

have been proposed as candidates, evidence for all three are reviewed and discussed in 

Michaud and Jouhet (2019). What is more, plastids are able to grow stroma-filled protrusions, 

called stromules, which can interact with other organelles such as the ER, the nucleus or the 

PM. These stromules are stress-inducible and it is believed that stress-induced stromules 

establish contact sites e.g. with the nucleus to directly transfer plastidial proteins and 

chloroplast-localised transcription factors (reviewed in Pérez-Sancho et al., 2016). Likewise, 

also peroxisomes are able to grow protrusions, called peroxules. Peroxules, too, are inducible 

by changing redox-status and aid in detoxifying ROS. They can form contacts with chloroplasts 

or mitochondria and also tri-organellar contacts of these organelles have been observed after 

high light stress (reviewed in Pérez-Sancho et al., 2016). Furthermore, peroxules can form 

contacts with LDs for TAG breakdown, which will be described in section 1.2.3. Stress-induced 

protrusions that form contacts with plastids can also be produced by mitochondria. DGDG was 

shown to be relocated from plastid membranes to mitochondrial membranes upon phosphate 

starvation, putatively via a large mitochondrial transmembrane lipoprotein complex (MTL) 

(reviewed in Pérez-Sancho et al., 2016).

Plasmodesmata

Another example for unique plant MCS are plasmodesmata (PD). PD are specialised ER-PM 

contact sites only occurring in plants (reviewed in Pérez-Sancho et al., 2016). PDs are 

cytoplasmic pores connecting neighbouring cells through the cell wall and are important for 

intercellular signalling and molecule exchange. Both the PM and the ER run through PDs 

forming membrane tubules. Intriguingly, along the PD’s whole length, the ER is in contact with 

the PM through unidentified proteinaceous elements (Ding et al., 1992; Pérez-Sancho et al.,

2016). In Arabidopsis, the two proteins SYNAPTOTAGMIN 1 (SYT1) and VAP27-1, that are 

involved in a ER-PM MCS, have been identified in PD, though, and are putative tethering 

candidates (Levy et al., 2015; Wang et al., 2016; Levy and Tilsner, 2020).
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Generally, research on plant MCS is still in its infancy. It is expected that within the next years, 

basic questions on plant MCS will be tackled and also e.g. the influence of MCS on delivering 

lipidic cell wall components or release of vacuolar content to the apoplast will be elucidated 

(reviewed in Pérez-Sancho et al., 2016). A recent overview of identified plant MCS can be 

found in Baillie et al. (2020).

1.2.3 MCS of LDs
Several recent reviews focus on MCS between LDs and other organelles (reviewed in Barbosa, 

Savage, et al., 2015; Barbosa and Siniossoglou, 2017; Schuldiner and Bohnert, 2017; Thiam 

and Dugail, 2019; Bohnert, 2019; Bohnert, 2020). It is well established that LDs engage in 

contact sites with nearly all other organelles. However, focus of these reviews is mostly put on 

yeast or animals, whereas data on plant LD-MCS (as is true for plant MCS in general) is scarce. 

To date, only LD-peroxisome and LD-ER contact sites have been described in plants. It is likely 

however, that LDs in plants, too, interact with many more organelles. An overview of the 

described MCS, putatively also occurring in plants, is shown in Figure 6.

Figure 6: Depiction of confirmed and putative LD contact sites in plants. Plant LDs are believed to be in 

contact with most other cellular compartments. However, so far, only LD-ER and LD-peroxisome MCS have been 

characterised on the molecular level. From what is known in mammals and yeast, connections of LDs with the 

vacuole, mitochondria, the nucleus, the PM and other LDs are likely, have however not been experimentally 

validated or characterised so far. 

LD-ER

LD-ER contact sites have extensively been reviewed by Hugenroth and Bohnert (2020) and 

are probably one of the best described LD contacts – and a contact that has also been 

described in plants. The number of proteins known to be involved in LD-ER contacts is 
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constantly increasing (Gross et al., 2011; Cai et al., 2015; Grippa et al., 2015; Xu et al., 2018; 

Hariri et al., 2019; Ugrankar et al., 2019; Greer et al., 2020). 

Apart from the already mentioned Seipins, which are involved in LD biogenesis at LD-ER 

contact sites, several other proteins have been described, e.g. yeast Mdm1 (human Snx14) 

(Hariri et al., 2019; Datta et al., 2019) or the mammalian SNARE-interacting Rab18 (Xu et al.,

2018). Mdm1, an ER-anchored protein that was originally discovered as a tether for nucleus-

vacuole-junctions, is also involved in the biogenesis of LDs (Henne et al., 2015; Hariri et al.,

2018; Hariri et al., 2019). Mdm1 likely facilitates a tri-organellar connection between the ER, 

the vacuole and LDs. As for many LD proteins, Mdm1/Snx14 does not have any sequence 

homologues in plants. Described plant LD-ER tethers are limited to Seipins and their interactor 

VAP27-1, which are important for LD biogenesis and proliferation (Cai et al., 2015; Greer et 

al., 2020). 

Generally, LD-ER contacts present a special case of MCS and not only true protein-mediated 

MCS are found. LDs are connected to the ER via lipidic bridges of the LD phospholipid 

monolayer and the outer ER membrane leaflet during their formation. Yeast LDs have been 

described to permanently stay connected to the ER, but the extent of this connection in other 

organisms is less clear (reviewed in Hugenroth and Bohnert, 2020). It is known, however, that 

LDs can also re-attach to the ER, likely in a COP I-dependent manner (Thiam et al., 2013; 

Wilfling et al., 2014; Hugenroth and Bohnert, 2020). The lipidic continuities are unique to LD 

contacts and do not necessarily meet the criteria for a true MCS, since membranes are fused. 

Per definition, true MCS differ from other organelle contacts in that physical integrity of both 

organelles is sustained (in contrast to e.g. vesicle fusion, which ultimately results in 

disintegration of the vesicle and mixing of contents). The connection of the monolayer-bound 

LD with the outer leaflet of the bilayer-bound ER is thus a special case, as membranes fuse, 

but content mixing of the organelles cannot occur when a monolayer fuses with a bilayer. 

(reviewed in Hugenroth and Bohnert, 2020).

The functions of the different LD-ER contact sites, apart from the obvious function in LD 

biogenesis and lipid exchange is protein exchange. Some proteins exhibiting a hydrophobic 

hairpin/helix topology, are able to insert into bi- or monolayers and can be exchanged between 

LDs and ER via the lipidic bridges, as was e.g. shown for GPAT4 (Wilfling et al., 2013; Kory et 

al., 2016). How this process is regulated remains to be elucidated. 

LD-peroxisome

Contacts between LDs and peroxisomes have long been described and are, regarding 

peroxisomes’ central roles in lipid metabolism, not surprising (Schrader, 2001; Binns et al.,

2006; Valm et al., 2017). Molecular tethering machineries however long remained unknown

(reviewed in Bohnert, 2020). 
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In plants and yeast, the peroxisome is considered the major site o -oxidation (reviewed in 

Poirier et al. -oxidation takes place in mitochondria and only 

very-long-chain fatty acids and branched fatty acids are degraded in peroxisomes (reviewed 

in Olzmann and Carvalho, 2019). Concomitantly, there are also striking differences in the 

formation of MCS between LDs and peroxisomes in animals, plants and yeast. Contact sites 

in plants are established by the already mentioned peroxules, tubular protrusions from the 

peroxisome that wrap around the LD. Yeast cells form so called pexopodia, which are 

-oxidation that penetrate into LDs. Animal 

peroxisomes do not form peroxules or pexopodia but instead the LD membrane probably 

grows a tubule (reviewed in Esnay et al., 2020).

In plants, SDP1 catalyses the hydrolysis of TAG and releases FAs that can be transported to 

peroxisomes (Eastmond, 2006). The lipase is described to be delivered to LDs (in a not entirely 

understood process) by growing peroxules, requiring the activity of VPS29, a core component 

of the retromer protein complex (Thazar-Poulot et al., 2015). True localisation of SDP1 during 

this process is unclear and while it might be delivered to LDs, it might also stay on the peroxule 

and establish the MCS from there. In any case, access of SDP1 to TAG and subsequent 

transport of FAs to peroxisomes via the peroxisomal membrane-bound ATP-binding cassette 

(ABC) transporter PXA1 (also called PED3) is enabled (Thazar-Poulot et al., 2015). In the 

peroxisome, FAs -oxidation and fed into the glyoxylate cycle to fuel e.g. 

sucrose production (reviewed in Michaud and Jouhet, 2019; Esnay et al., 2020). Knockout of 

SDP1 increases physical interaction between peroxisomes and LDs, this effect can be 

c -oxidation has the 

same effect, suggesting that LDs and peroxisomes disengage in a sucrose-dependant manner 

(Cui et al., 2016). Proteins directly involved in the formation of the contact site have not yet 

been identified. It was however suggested, that PXA1, that contains a putative VAP-interacting 

FFAT-like motif, might form a tethering complex with VAPs (Mikitova and Levine, 2012; Esnay 

et al., 2020). As already touched upon in previous sections, VAPs are proteins engaging in 

contacts of the ER with other cellular components such as vesicles or the PM (Wang et al.,

2016; Siao et al., 2016; Stefano et al., 2018; Greer et al., 2020). They are ER-localised, tail-

anchored proteins and characterised by a major sperm domain that interacts with FFAT-motifs. 

In mammals, VAPs are often described to stabilise MCS, especially those involved in lipid 

transfer (reviewed in Esnay et al., 2020). Based on the major sperm domain, the Arabidopsis 

genome harbours 10 VAP isoforms, VAP27-1 to 27-10, most of which remain uncharacterised. 

VAP27-1, VAP27-3 and VAP27-4 in Arabidopsis have been described to localise to PM-ER 

contacts (Wang et al., 2016); VAP 27-1 is also involved in LD-ER tethering (Greer et al., 2020). 

Taken these data together, it was therefore suggested – although direct evidence is lacking –
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that VAPs might also play a role in LD-peroxisome contacts in plants (reviewed in Esnay et al.,

2020).

Interestingly, studies on budding yeast found that LD biogenesis and biogenesis of pre-

peroxisomal vesicles occur at the same ER subdomains, including cooperation of Seipin and 

PEX30, and authors proposed a correlation between LD and peroxisome biogenesis (Joshi et 

al., 2018; Wang et al., 2018). 

LD-mitochondria

As is true for LD-peroxisome contacts, LD-mitochondria contacts also serve in the direct 

-oxidation takes place 

predominantly in mitochondria (reviewed in Olzmann and Carvalho, 2019). Contacts of 

mitochondria and LDs in mammals increase upon nutrient deprivation, as is expected for using 

the stored energy reserves (reviewed in Bohnert, 2020). Contrarily, a study on an LD-bound 

subpopulation of mitochondria in brown adipose tissue found reduce -oxidation rates and 

increased ATP synthesis, and this ATP was suggested to fuel FA activation that is needed 

prior to TAG synthesis (Benador et al., 2018). As already described in the section on LD 

functions (see 1.1.3), mitochondria-LD contacts were shown to protect mitochondria from 

lipotoxicity by accumulating acylcarnitines after autophagy-derived bulk lipid release (Nguyen 

and Olzmann, 2017). Recently, also a tri-organellar contact site between mitochondria, LDs 

and the ER in white adipose tissue was described. Mitoguardian 2 (MIGA2) is anchored in the 

mitochondrial outer membrane via its N-terminal transmembrane segments and associates to 

LDs via a C-terminal amphipathic helix. It also contains a FFAT-motif in its middle domain, 

interacting with ER-localised VAPs, thereby connecting the three organelles (Freyre et al.,

2019). Overexpression of MIGA2 results in increased contacts between mitochondria and LDs 

as well as mitochondria and the ER, and knockout of MIGA2 causes defects in TAG synthesis 

and LD expansion. Knockout also renders cells unable to convert glucose to TAG (Freyre et 

al., 2019).

Other candidates for mediating LD-mitochondria contacts in mammals are LD-localised PLINs, 

e.g. PLIN5. The C-terminus of PLIN5 was shown to recruit mitochondria in mammals (Wang 

et al., 2011). Another described mammalian MCS is mediated by LD-localised PLIN1 and 

mitochondrial mitofusin 2 (MFN2) (reviewed in Olzmann and Carvalho, 2019). As mentioned, 

plant genomes do not harbour sequence homologues of PLINs. Overall, MCS of mitochondria 

with other organelles are well described in yeast and mammals, but information on plant 

mitochondria-MCS in general and mitochondria-LD contacts in specific are scarce (reviewed 

in Michaud et al., 2017). Contacts are likely, though, as also yeast mitochondria, which in 

-oxidation, were found in contact with 

LDs (Shai et al., 2018). Some proteomic analyses on plant LD proteins also suggested 
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connections of LDs and mitochondria, based on co-purified mitochondrial proteins in LD-

fractions (Zhi et al., 2017; Hamada et al., 2020).

In conclusion, LD-mitochondrial contacts can serve as sites for lipogenesis (as a mean of 

detoxification) as well as lipolysis (for energy supply), according to tissue type and 

environmental conditions (Olzmann and Carvalho, 2019; Bohnert, 2020).

LD-vacuole

Contacts of LDs and the vacuole in yeast (or LDs and lysosomes in mammals) have been well 

described, especially regarding their role in lipophagy. LDs can be degraded via two pathways: 

lipolysis, involving lipases, or lipophagy, involving the degradation of LDs in the vacuole (or 

lysosomes). For lipophagy, again two distinctions exist: microlipophagy, describing the direct, 

autophagosome-independent engulfment of LDs into invaginations of the vacuole or lysosome 

lumen; and macrolipophagy, describing the uptake of LDs into double membrane-bound 

autophagosomes and subsequent delivery to the vacuole (reviewed in Huang et al., 2019). All 

of the described processes likely require the presence of MCS. In yeast, proteins of the highly 

conserved endosomal sorting complexes required for transport (ESCRT) machinery have been 

shown to be involved in LD turnover during microlipophagy, independently of the core 

autophagy-related gene (ATG) proteins (Oku et al., 2017). It was suggested that the ESCRT 

machinery induces the invagination of LDs during microlipophagy (reviewed in Huang et al.,

2019). Arabidopsis ESCRT homologues are known to play a role in regulating 

autophagosome-vacuole fusion and also vacuole biogenesis, however their direct role in LD 

turnover and in LD-MCS in plants remains unclear (reviewed in Huang et al., 2019). In a study 

on dark-induced starvation in Arabidopsis leaves, LDs were reported to be found inside the 

vacuole and a lipophagic mechanism morphologically resembling microlipophagy was 

proposed (Fan et al., 2019). Tonoplast-surrounded LDs have also been observed during 

germination in Arabidopsis and here, too, an internalisation into the vacuole was suggested 

(Poxleitner et al., 2006). Data are however not conclusive as to whether LDs are truly 

completely internalised or just appear so in 2D images and are actually just pushed into the 

vacuole from several sides. 

In yeast, also the existence of a tri-organellar LD-ER-vacuole tether mediated by Mdm1 has 

been reported. It promotes locally confined LD biogenesis at the nucleus-vacuole junctions 

(NVJ), a well-studied yeast MCS, at the beginning of yeast stationary growth phases (Hariri et 

al., 2019). For this, also the yeast LD organisation (Ldo) machinery is needed, which is also 

known to interact with Seipin (Teixeira et al., 2018; Eisenberg-Bord et al., 2018; reviewed in 

Bohnert, 2020). Interestingly, upon progression into the late stationary growth phase, LDs in 

yeast move from NVJs to the vacuole surface, where they stay in contact with the vacuole 

membrane until they are taken up for degradation via microlipophagy. Concomitantly to LD 

movement across the vacuole membrane, liquid-ordered membrane domains rich in sterols 
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develop in the vacuole membrane. LDs were shown to be attached to these sterol-rich 

membrane domains and also are needed for formation of these domains, so that a mutual 

correlation was suggested. Proteins involved in this tether are to date unknown and it is also 

unknown if these contacts serve a physiological function except microlipophagy (reviewed in 

Olzmann and Carvalho, 2019; Bohnert, 2020).

LD-LD

MCS can also occur between LDs themselves. In mammals, these contacts are mediated by

the cell death-inducing DFFA-like effector (CIDE) proteins CIDEA, CIDEB and CIDEC (also 

called fat-specific protein 27, FSP27), which form trans-organelle oligomers. Through this 

mechanism, LDs can fuse and thus grow (Gao et al., 2017). By forming oligomers, CIDE 

proteins establish a pore through which TAGs – but not proteins – can be exchanged, always 

from the smaller to the larger LD (Gong et al., 2011; Jambunathan et al., 2011). To date, it is 

not known what happens to remaining proteins and phospholipids, as the smaller LD shrinks 

during fusion (Olzmann and Carvalho, 2019). It is however believed that the contacts serve 

additional functions, apart from complete LD fusion, like e.g. modulating accessibility of 

cytosolic lipases to stored TAGs by altering surface-to-volume ratios (Schuldiner and Bohnert, 

2017; Olzmann and Carvalho, 2019). Depletion or knockout of CIDE leads to accumulation of 

numerous small LDs, however LD-LD contacts are still observed, indicating that additional LD-

LD tethers exist (reviewed in Olzmann and Carvalho, 2019).

In plants, as in any other clade except vertebrates, again no sequence homologues of CIDE 

proteins are found. A study however tested stable ectopic expression of mouse FSP27 

(CIDEC) in Arabidopsis and found that it does stably localise to LDs and accumulate at LD-LD 

contact sites. Also, number and size of LDs as well as LD fusion and clustering were increased, 

indicating that expression of CIDEC alone is sufficient to induce LD-LD contacts, also in non-

native species (Price et al., 2020). Moreover, fusion of LDs in vivo does occur in plants, as is 

e.g. observable during germination (Miquel et al., 2014; Kretzschmar et al., 2018), however it 

is not clear if this is a passive process where LDs without protein coat coalesce and fuse or 

whether it is actively protein-mediated.

Apart from CIDE protein, little is known about tethering machineries connecting LDs and it 

remains to be verified, if these contacts exist without ultimately resulting in complete LD fusion 

(which would per definition not be a true MCS) (reviewed in Schuldiner and Bohnert, 2017).
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1.3 Aims

LDs barely received attention of cell biologists for the first decades after their discovery. 

Consequently, not only knowledge on detailed mechanisms of LD biology is lacking, but also 

basic questions are still not resolved, including fundamental processes like biogenesis, 

degradation, interactions with other organelles or protein targeting. The overall aim of this work 

was to contribute to a general understanding of LDs and processes they are involved in. Two 

projects were pursued: (i) Identification and functional characterisation of a family of so far 

unknown LD-associated proteins in the model plant Arabidopsis thaliana and (ii) elucidation of

the role of LDs in heat stress adaptation of Nicotiana tabacum pollen tubes.

A prerequisite for the first part was to confirm the LD-localisation of candidate proteins from an 

already existing proteome screen. For this, fluorophore-tagged protein candidates were

cloned, transiently transformed into Nicotiana tabacum pollen tubes and protein localisation 

determined via confocal laser scanning microscopy. The verification of two homologous LD-

associated proteins, SLDP1 and SLDP2, led to their molecular characterisation in planta. This 

was based on cell biology and proteome analyses of transient expression and/or mutant lines 

obtained through forward genetics (T-DNA insertion, CRISPR/Cas9). Loss of SLDP1 and 

SLDP2 revealed a putative interaction partner, LIPA, which was likewise investigated to 

ultimately unravel potential recruitment mechanisms between the proteins in question, LDs 

and other cellular compartments. 

For the second part, a more functional approach was chosen. Pollen and pollen tubes are 

tissues very sensitive to abiotic stresses such as heat or drought stress and naturally harbour 

many LDs. Three major objectives aimed at elucidating the involvement of LDs in heat-induced 

lipid remodelling and thermotolerance in pollen tubes. A lipidome analysis by LC-MS/MS and 

GC-MS of heat stressed pollen tubes in comparison to non-stressed tubes was performed to 

establish a potential role of LDs as sink for unsaturated fatty acids and/or hub for fatty acid 

shuffling. A complementary transcriptome analysis was conducted to understand heat stress 

adaptation in pollen tubes and support a predicted involvement of LDs. Lastly, changes in 

central metabolites were analysed by GC-MS to obtain a more complete picture of the pollen 

tube response to high temperatures.
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2 Article I: Lipid droplets in plants and algae: Distribution, formation, turnover 

and function

This review was published online in the journal Seminars in Cell and Developmental Biology

in February 2020. The full article can also be found online:

https://doi.org/ 10.1016/j.semcdb.2020.02.014

Author contribution

H. E. Krawczyk wrote a paragraph for chapter 2. She concepted and created the figures. and 

critically read and revised the manuscript. 
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3 Article II: Identification of Low-Abundance Lipid Droplet Proteins in Seeds 

and Seedlings

This research article was published online in the journal Plant Physiology in March 2020.

Supplementary figures and Supplementary datasets can be found online together with the full 

article:

https://doi.org/10.1104/pp.19.01255

Author contribution

H. E. Krawczyk cloned and microscopically screened several of the identified putative LD-

localised proteins to confirm their LD-localisation. She identified SLDP1, presented in Figure 

5F, to be an LD-localised protein. 
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4 Manuscript I: Identification of a putative lipid droplet-plasma membrane 

tethering complex

The manuscript is being prepared for submission. Supplementary figures are attached to the 

main part. Supplementary tables containing raw and processed proteomics data are available 

on the data drive included in this thesis and will be available online after publication.

Supplementary Material

Supplementary Material: Sequences

Supplementary Dataset S1: Raw LFQs

Supplementary Dataset S2: Normalised and filtered LFQs

Supplementary Dataset S3: Imputations

Supplementary Dataset S4: LD-enriched proteins

Supplementary Movies S1-S6 

Supplementary Figures 1-8 

Author contribution

H. E. Krawczyk designed experiments. All in silico analyses as well as all data analyses were 

performed by her. She generated CRISPR/Cas9 mutant lines and cloned all constructs (except 

for leaf transformations). She performed most of the transient transformations and pollen tube 

microscopy, including quantifications on images. Time course analyses of seedlings were 

performed by her, as was RNA extraction for qPCR analyses lipid extractions. Proteome data 

analysis was performed by her. She prepared all figures and supplements and wrote the 

manuscript.

Other contributions

TI helped designing experiments; NMD did Nicotiana benthamiana transformation and 

microscopy as well as cloning of the respective constructs; PS performed qPCR analysis; SS 

did protein isolations and prepared samples for proteome analysis; TI and SS helped in 

acquiring pollen tube images and did pollen tube time series; SH performed electron 

microscopy. HEK prepared figures; NMD, and TI read and revised the manuscript. 
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Identification of a putative lipid droplet-plasma membrane tethering complex

Hannah Elisa Krawczyk1, Siqi Sun1, Nathan M. Doner2, Patricia Scholz1, Kerstin Schmitt3,

Oliver Valerius3, Stefan Hillmer4, Gerhard H. Braus3, Robert T. Mullen2, Till Ischebeck1,5

1University of Göttingen, Albrecht-von-Haller-Institute for Plant Sciences and Göttingen Center 

for Molecular Biosciences (GZMB), Department of Plant Biochemistry, 37077 Göttingen, 

Germany
2University of Guelph, Department of Molecular and Cellular Biology, Guelph, ON N1G 2W1, 

Canada
3University of Göttingen, Institute for Microbiology and Genetics and Göttingen Center for 

Molecular Biosciences (GZMB), Department for Molecular Microbiology and Genetics, 

Göttingen, Germany
4Heidelberg University, Electron Microscopy Core Facility, Heidelberg, Germany
5University of Göttingen, Albrecht-von-Haller-Institute for Plant Sciences, Göttingen 

Metabolomics/Lipidomics Platform, 37077 Göttingen, Germany

Abstract

Membrane contact sites (MCS) are interorganellar contacts that allow for the direct exchange 

of molecules such as lipids or Ca2+ between organelles, but can also be a mean for tethering 

of organelles. In mammals and yeast, LDs have been shown to engage in MCS with nearly all 

organelles in the cell, while in plants only LD-ER and LD-peroxisome contacts have been 

characterised. We here analyse three proteins of previous unknown function, LD-localised 

SEED LIPID DROPLET PROTEIN (SLDP) 1 and 2 and PM-localised LIPID DROPLET 

PLASMA MEMBRANE ADAPTOR. Knockout of SLDP1 and 2, as well as knockout of LIPA 

lead to aberrant clustering of LDs in seedlings, while ectopic co-expression of SLDP and LIPA 

in Nicotiana tabacum pollen tubes is sufficient to reconstitute LD-PM tethering in this tissue, 

where LDs normally dynamically float in the cytosol stream. We propose a model, in which 

SLDP and LIPA interact and thereby form a tether to anchor a subset of LDs to the PM during 

post-germinative growth in Arabidopsis thaliana.

Key words

Arabidopsis, lipid droplets, seed, germination, seedling, TAG, membrane contact sites, 

tethering complex, plasma membrane
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Introduction 

As the availability of organelle-specific proteome data increases, it is also the inter-organelle 

connections via membrane contact sites (MCS) that are increasingly sparking interest (Prinz 

et al., 2020). MCS facilitate physical interactions and even exchange 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 

allow for direct exchange of lipids, signals (e.g. Ca2+, ROS) or other molecules (Baillie et al.,

2020; Prinz et al., 2020; Rossini et al., 2020). It is well-recognised that MCS can form between 

nearly all organelles (Eisenberg-Bord et al., 2016; Valm et al., 2017; Shai et al., 2018; Baillie 

et al., 2020). The ER or the peroxisome for example are organelles with comparatively well 

described interactomes (Shai et al., 2016; Zang et al., 2020). Also, multi-organelle contacts 

have been described: For instance, the human protein MIGA2 connects mitochondria, the ER 

and lipid droplets (LDs) to promote de novo lipogenesis in adipocytes (Freyre et al., 2019). 

Although the ER-derived LD is another organelle promiscuously engaging in MCS, its 

interactome is less well described than others (Bohnert, 2020). The LD consists of a lipophilic 

core of neutral lipids such as triacylglycerols (TAGs) and sterol esters and is surrounded by a 

protein-decorated phospholipid monolayer. Long believed to be an inert storage organelle, it 

is nowadays widely appreciated that LDs actively participate in many cellular processes 

involving lipids or their derivatives (Thiam and Beller, 2017; Welte and Gould, 2017; Ischebeck 

et al., 2020). Rather than just providing storage lipids when needed, LDs act as dynamic hubs 

for cellular lipid fluxes. Excess lipids, especially free fatty acids, are cytotoxic and lipid 

homeostasis is crucial for the cell (Schaffer, 2003). In this regard, LDs can serve as a sink, 

effectively reducing cytosolic free fatty acids (Fan et al., 2017; Olzmann and Carvalho, 2019; 

de Vries and Ischebeck, 2020) and ROS (Muliyil et al., 2020) but also sequestering harmful 

proteins (Geltinger et al., 2020) or storing histone complexes (Johnson et al., 2018) on the LD 

surface.

Taking the role of MCS in non-vesicular transport of lipids through the hydrophilic cytosol into 

account (Cockcroft and Raghu, 2018), it is not surprising that LDs, too, have been described 

to engage in contact sites with nearly all other organelles in the cell (Gao and Goodman, 2015; 

Schuldiner and Bohnert, 2017; Valm et al., 2017; Bohnert, 2020). However, most described 

contact sites have been observed in mammalian or yeast cells. Described LD-MCS in plants 

are limited to LD-ER contact sites for storage lipid accumulation (Cai et al., 2015; Greer et al.,

2020) and LD-peroxisome contact sites for storage lipid breakdown (Eastmond, 2006; Cui et 

al., 2016). An LD contact site that has so far not been described in plants is between LDs and 

the plasma membrane (PM) - a connection that has recently been described in Drosophila 

melanogaster (Ugrankar et al., 2019).
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SEED LD PROTEIN 1 (SLDP1) was recently described as an LD-localised protein 

(Kretzschmar et al., 2020). It has a close homologue in Arabidopsis thaliana, SLDP2. We have 

found that double mutants of the corresponding genes display an aberrant positioning of LDs 

during germination. We have also identified a new LD protein, here termed LIPA, that mis-

localises to the PM in the absence of SLDP2 and found that lipa mutants phenocopy 

sldp1 sldp2 mutants in terms of LD positioning during germination. Moreover, we show that 

SLDP2 recruits LIPA to LDs and provide evidence that LIPA anchors LDs to the PM via 

interaction with SLDP2.

Results

SEED LIPID DROPLET PROTEIN (SLDP) 1 and 2 represent an undescribed LD-localised 

protein family

We described Arabidopsis SLDP1 to be an LD-associated protein in a previous study

(Kretzschmar et al., 2020) and a homologue of SLDP1 has also been found in a proteomic 

screen of LDs isolated from Chinese tallow seeds (Zhi et al., 2017). SLDP1 has a close 

homologue in Arabidopsis, SLDP2 (AT5G36100). SLDP1 has 3 splice variants and SLDP2 

has 2; however SLDP1.3 and SLDP2.1 share the highest homology (43.7 % sequence 

identity). They share a conserved C-terminus that is missing in SLDP1.1 and SLDP2.2. In 

addition, SLDP1.1 and SLDP1.2 contain an insertion before the C-terminus that is not found 

in SLDP2 (Figure 1a, Supplementary Figure 1). We therefore focused on SLDP1.3 and 

SLDP2.1. Bioinformatic analyses on protein sequences of SLDP1.3 and SLDP2.1 revealed 

that both proteins contain potential amphipathic helices at their N-termini (Figure 1b), partly 

overlapping with a following uncharged hydrophobic region of around 40 amino acids (residues 

31 – 69/25 – 62 respectively, Supplementary Figure 2). According to the Arabidopsis 

AtGenExpress, SLDP1 is only expressed in seeds and expression is highest in stage 9 

developing seeds (no data available for SLDP2) (Nakabayashi et al., 2005; Schmid et al., 2005; 

Winter et al., 2007; Waese et al., 2017). According to the Klepikova eFP browser, both SLDP1

and SLDP2 are only expressed in seeds and senescing siliques with highest expression in dry 

seeds (Klepikova et al., 2016; Waese et al., 2017). Protein abundance of SLDP1 and SLDP2 

was reported in seeds and up to 60 h old seedlings (Kretzschmar et al., 2020). Transcript 

analysis of all splice variants in 24 h imbibed seeds by qPCR resulted in very low overall 

expression levels (relative to the internal standard UBQ10), with SLDP1 showing higher 

expression than SLDP2. Highest expressed splice variants are SLDP1.1 and SLDP2.1

(Supplementary Figure 3).

Transient ectopic expression of mVenus-tagged SLDP1.3 and SLDP2.1 in Nicotiana tabacum 

pollen tubes confirmed that both proteins co-localise with stained LDs (Figure 1c). A truncated

version of SLDP1.3, containing the amino acid residues 19-81 (including the amphipathic helix 
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and the hydrophobic stretch until the next proline residue) was sufficient to successfully target 

SLDP1.3 to LDs. The C-terminus of SLDP1.3, starting at amino acid residue 82 and thereby 

lacking the putative amphipathic helix and the hydrophobic stretch, is not targeted to LDs but 

to the cytosol (Figure 1d).  

Figure 1: Analysis of SLDP
a Protein alignment of SLDP1.3 and SLDP2.1 (the two major splice variants in seeds), as generated by T-Coffee. 
In blue, hydrophobic/uncharged regions of SLDP1.3 and SLDP2.1 are highlighted, potential amphipathic helices
are highlighted in red. For alignment of all splice variants, see Supplementary Figure 1. 
b Helical wheel plots of N-terminal regions of SLDP1.3 (amino acid residues 13-30) and SLDP2.1 (amino acid 
residues 16-39). Plots were generated with Heliquest (https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py).
c SLDP-localisation in Tobacco pollen tubes. Transient expression of LAT52::SLDP1.3-mVenus and 
LAT52::SLDP2.1-mVenus in Nicotiana tabacum pollen tubes grown for ~ 5 h. Pollen tubes were fixed in 
formaldehyde and LDs were stained with Nile red (Sigma-Aldrich). Images are representative of at least 10
observed pollen tubes. In merged channel: Magenta: mVenus-tagged proteins; green: Nile red-stained LDs; white: 
co-localisation. Bars: 10 mm. 
d Truncation constructs of SLDP1.3. An mVenus-tagged LAT52::SLDP1.3 truncation construct containing the 
amphipathic helix and the hydrophobic stretch (SLDP1.3 19-81) and another truncation construct containing just the 
C-terminus without the hydrophobic stretch or the amphipathic helix (SLDP1.3 82-288) were analysed for their
localisation in Nicotiana tabacum pollen tubes grown for 5 h. Pollen tubes were fixed in formaldehyde and LDs were
stained with Nile red (Sigma-Aldrich). Images are representative of at least 10 observed pollen tubes. In merged
channel: Magenta: mVenus-tagged proteins; green: Nile red-stained LDs; white: co-localisation. Bars: 10 µm.
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Knockout of SLDP severely interferes with cellular organisation during germination

T-DNA and CRISPR/Cas9 mutant lines of SLDP were investigated in this study (Figure 2a,

Supplementary Material). While neither single nor double knockout mutants of SLDP showed

any obvious growth or development phenotypes (Supplementary Figure 4), a phenotype could

be observed on the cellular level. Here, Nile red-stained LDs were monitored every 12 h during

post-germinative growth over a time course from 12 h until 48 h after stratification in the wild

type and mutants. Wild-type seedlings displayed the expected cellular LD distributions: at 12 h,

LDs in cotyledon (Figure 2b) as well as hypocotyl (Supplementary Figure 5) cells take up most

space in the cell and are still crammed between the protein storage vacuoles and the plasma

membrane. In wild-type plants during the course of germination, LDs increase in size and

decrease in number, while LDs stay in the cell periphery and accumulate at the PM. In sldp1

sldp2 knockout seedlings on the other hand, LDs do not evenly distribute along the PM during

germination, but instead cluster in the middle of the cell. This phenotype is especially striking

from 24 – 36 h. The phenotype is not observed in sldp1 single knockout mutants, however

cotyledon (but not hypocotyl) cells of sldp2 single knockout seedlings show a light clustering

phenotype, too. The described phenotype was observed for both analysed independent mutant

lines (T-DNA and CRISPR).



MANUSCRIPT I

68 

Figure 2: Time-course analysis of SLDP mutant line LDs in cotyledons. 
a Schematic depiction of the genomic regions of SLDP1.3 and SLDP2.1 with untranslated regions (grey boxes), 
exons (black boxes), introns (black line), T-DNA insertion sites (triangle, arrow indicating direction of T-DNA) and 
CRISPR deletion lines (red line). Bar: 200 bp 
b Confocal laser scanning microscopy images of germinating wild-type, sldp1-1, sldp1-3, sldp2-1, sldp2-2, sldp1-
1 sldp2-1 and sldp1-3 sldp2-2 seedlings (cotyledons). Surface-sterilised seeds were placed on solid half-strength 
MS medium supplemented with 1 % sucrose, stratified for 4 days at 4 °C in the dark and LDs were microscopically 
analysed 12, 24, 36 and 48 h (± 2 h) after stratification. For analysis, LDs were stained with Nile red. Images are 
single plane images from the middle of the cell (similar planes were chosen for all images). Representative images 
for each stage and genotype were chosen, at least 5 images were taken. Bars: 10 µm.
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Proteomic analyses of wild type and mutant seedlings are mostly unchanged 

Proteomic analyses of WT, sldp1-1, sldp2-1 and sldp1-1 sldp2-1 seedlings (36 h after 

stratification) was performed. Proteins from total cellular extracts (TE fraction) as well as LD-

enriched fractions (LD fraction) were analysed. In total, 2166 proteins were identified. After 

filtering for proteins detected in all three replicates in at least one group and identified by at 

least two peptides, a total of 1218 proteins remained, 666 in LD fractions and 1078 in TE 

fractions (Supplementary Figure 6a,b). 

Many of the 666 detected proteins in LD-fractions are likely contamintants co-purifying with 

LDs and are no bona fide LD proteins. To get a set of proteins localising to LDs with high 

confidence, LD enrichment analysis was performed by comparing protein abundances in TE 

fractions to protein abundances in LD fractions (Figure 3a). For this, filters (detected at least 

three times in at least one group and identified by at least two peptides) were applied to the 

whole data set, including LD and TE fractions (see Supplementary Dataset S1 for raw LFQs 

and S2 for normalised and filtered LFQs). To present the data in volcano plots, imputations 

were performed (so that LD enrichment or depletion could also be calculated for proteins 

absent in one of the fractions) (Supplementary Dataset S3). This way, also proteins with overall 

low abundance but high enrichment in LD fractions as compared to TE fractions could be 

detected (see also Kretzschmar et al., 2020). Overall, only minor differences between the lines 

were observed, only analysis of sldp2-1 resulted in fewer LD-enriched proteins than the other 

analyses (Figure 3a, Supplementary Dataset S4). As expected, several oleosins and caleosins 

were highly enriched and of similar abundance in the wild type and mutant plants analysed. In 

the wild type, SLDP1 was strongly LD-enriched, but SLDP2 was filtered out in the analysis (it 

was not detected in three replicates in at least one group). In the sldp1sldp2 and sldp1 LD-

enrichment analysis, SLDP1 enrichment was much weaker. SLDP1 was however still 

enriched, because the analysed mutant line is not a knockout but a strong knock-down and 

abundance was however decreased ~10-fold in both the sldp1 and sldp1sldp2 mutants 

(Supplementary Dataset S1-3).  

Comparative proteome analyses reveal LIPID DROPLET PLASMA MEMBRANE ANCHOR 

(LIPA) as potential interaction partner of SLDP2

Co-purifications of associated membranes and their proteins can give insights on putative 

MCS. Therefore, also whole LD fractions were analysed and compared between the lines. For 

this, LD and TE fractions were handled separately and filtering was performed independently 

for both sets of proteins (Supplementary Dataset S2). Again, imputations were performed to 

create volcano plots that show proteins enriched or depleted in one of the genotypes (as 

compared to the wild type), including also proteins completely absent in one of the lines 
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(Supplementary Dataset S3). In all three analyses (sldp1 vs. wild type, sldp2 vs. wild type and 

sldp1sldp2 vs. wild type), only two proteins were found (statistically significantly) differentially 

accumulated (Figure 3b). RING DOMAIN LIGASE2 (RGLG2) was detected and significantly 

enriched in LD fractions of sldp1 sldp2 seedlings but was absent in wild-type LD fractions (it 

was detected in sldp1 and sldp2 LD fractions but differential accumulation there was not 

statistically significant). In contrast, an LD enriched-protein, here called LIPA, was absent on 

LDs of sldp2 and sldp1sldp2 plants. On sldp1 mutant LDs, LIPA was detected at levels similar 

to the wild type (Supplementary Dataset S1-3).

The same comparison was performed for TE fractions but did not result in any statistically 

significant differences between the wild type and the analysed mutants (Supplementary Figure 

6d).

Knockout of SLDP2 (but not ~10-fold knock-down of SLDP1) thus seems to be sufficient to 

lose LIPA in LD fractions and might hint at an interaction of the two proteins. 

Figure 3: Proteomic Analyses of sldp mutants
Proteins were isolated from germinating seedlings 36 h after stratification. Proteins from LD enriched fractions and 
total protein fractions were analysed by LC-MS/MS after a tryptic in-gel digest (n = 3 replicates). 
a Volcano plots of imputed rLFQ values from TE versus LD fractions, to detect proteins enriched at LDs. Proteins 
in the top right hand corner are significantly enriched at LDs in the respective analysed genotype. SLDP1 and LIPA 
are marked in black both plots, known LD-proteins among the significantly LD-enriched proteins are marked in 
green. 
b Volcano plots of imputed rLFQ values from LD fractions of the wild type versus mutants, to detect proteins 
differentially accumulating in the respective genotype. Top left hand corner proteins are significantly depleted in 
sldp1 sldp2 LD fractions, top right hand corner proteins are significantly depleted in wild-type LD fractions. SLDP1 
and LIPA are marked.
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LIPA localises to the PM and the cytosol in pollen tubes and leaves

LIPA is a short, 144 amino acid protein consisting of just one exon and no introns. Several 

previous Arabidopsis LD proteome studies have found that LIPA is enriched at LDs in siliques, 

seeds, and seedlings (Pyc et al., 2017; Kretzschmar et al., 2018; Kretzschmar et al., 2020), 

which is in agreement with our data from wild-type plants (Supplementary Dataset S4). 

Localisation studies of LIPA in Tobacco pollen tubes and Nicotiana benthamiana leaves 

instead found that LIPA is a PM and/or cytosol-localised protein. In pollen tubes, C-terminally 

tagged LIPA localises to the cytosol, while N-terminally tagged LIPA partly localises to the 

cytosol but also shows plasma membrane (PM)-like localisation (Figure 4a). This may suggest 

that LIPA depends on accessibility of its C-terminus for PM localisation in pollen tubes. 

Interestingly, in transiently transformed N. benthamiana leaves no localisation differences 

between N- or C-terminally tagged LIPA was observed. Both fusion proteins show localisation 

to the cytosol and the PM (Figure 4c). The vector used for N. benthamiana transformation 

contains a slightly different and longer linker region (+4 amino acids) between LIPA and the 

fluorophore (GFP) than the vector used for pollen tube expression (mVenus), which may be 

responsible for differences in localisation. 

When co-expressed, LIPA and SLDP mutually recruit each other

Proteomic analysis hinted at a co-purification of LIPA with SLDP2-decorated LDs, but not with 

LDs lacking SLDP2. These data suggest that SLDP2 plays a role in LD-localisation of LIPA.

According to the Klepikova eFP browser, SLDP as well as LIPA are seed-specific and the 

respective genes are not natively expressed in pollen tubes or leaves. To test if SLDP2 is 

indeed needed for LIPA to localise to LDs, mCherry-tagged SLDP2.1 and mVenus-tagged 

LIPA were co-transformed in pollen tubes. 

The mCherry-tagged SLDPs show the same LD-localisation as mVenus-tagged SLDPs 

(Figure 1c, Supplementary Figure 7a). Co-expression of LIPA with SLDP2.1 causes some LDs 

to form agglomerates. More strikingly, co-expression of SLDP2.1-mCherry and LIPA-mVenus 

(C-terminally tagged) in pollen tubes causes LIPA to re-localise from the cytosol to LDs. Upon 

co-expression of SLDP2.1-mCherry and mVenus-LIPA (N-terminally tagged), SLDP2.1 

changes localisation and shows dual localisation to LDs and partly to the PM (Figure 4a). In 

re-localising to the PM, SLDP2.1 seems to drag LDs along, which are frequently found in PM-

proximity upon co-localisation, suggesting a putative role of LIPA and SLDP2 in LD-PM 

tethering. 

To quantify the PM-anchoring of SLDP and LIPA, LDs in close proximity to the PM were 

counted manually for all transient expression combinations. Co-expression of SLDP2.1 with 

N-terminally tagged LIPA significantly increases the number of LDs in proximity to the PM to 
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around 0.3 LDs per µm pollen tube. Pollen tubes transformed with C-terminally tagged LIPA 

and SLDP2.1, alone or co-transformed, show on average 0.08 – 0.09 LDs per µm, pollen tubes 

transformed with N-terminally tagged LIPA alone have 0.18 LDs per µm (Figure 4b).

LIPA immobilises SLDP-decorated LDs at the PM in pollen tubes

To further support the concept of a putative membrane tether, time series imaging of Nile red-

stained LDs in LIPA and SLDP co-transformed pollen tubes were performed. Upon co-

expression of mVenus-LIPA and SLDP2.1-mVenus, a large amount of LDs is anchored and 

immobilised at the PM (Figure 4c, Supplementary movie S4, all movies are representative of 

five recorded videos). In pollen tubes expressing mVenus-LIPA or SLDP2.1-mVenus alone 

(Figure 4c, Supplementary movie S2-S3), as well as in control pollen tubes expressing just 

mVenus (Supplementary Figure 7c, Supplementary movie S1), LDs dynamically move through 

the pollen tube with the cytoplasmic streaming

Similar but weaker results were obtained for SLDP1.3-mCherry: mutual recruitment is possible, 

but especially videos show that fewer LDs are anchored to the PM than with SLDP2.1 

(Supplementary Figure 7b,c, Supplementary movie S5-S6).
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Figure 4: Localisation analysis of LIPA in pollen tubes
a Transient expression of LAT52::mVenus-LIPA and LAT52::LIPA-mVenus alone and co-expressed with 
LAT52::SLDP2.1-mCherry in Nicotiana tabacum pollen tubes grown for ~ 5 h. Pollen tubes were fixed in 
formaldehyde and LDs were stained with Lipi-Blue. At least 10 pollen tubes were analysed for each transformation, 
images of at least 5 pollen tubes were taken. For merged image with two channels: magenta: mVenus (LIPA); 
green: LDs. For merged images with three channels red: mVenus (LIPA), blue: mCherry (SLDP), green: LDs. Bars: 
10 µm. 
b Analysis of LDs in proximity to the PM (pLDs). LDs close to the PM were counted manually in the Lipi-Blue channel 
and number of pLDs per mm were calculated. Results are presented as boxplot (displaying lower hinge = 25% 
quantile, median = 50% quantile, upper hinge = 75% quantile, upper whisker = largest observation less than or 
equal to upper hinge + 1.5 * IQR, lower whisker = smallest observation greater than or equal to lower hinge - 1.5 * 
IQR). One-way ANOVA was performed, followed by Tukey post-hoc analysis (F (4,81) = 23.37, p = 7.24e-13, n = 
as indicated). Results are presented as compact letter display of all pair-wise comparisons in increasing order.
c Pollen tube time series. Transient expression of LAT52::mVenus-LIPA and LAT52::SLDP2.1-mVenus alone and 
co-expressed in Nicotiana tabacum pollen tubes grown for ~ 5 h. Pollen tubes were fixed in formaldehyde. LDs 
were stained with Nile red (Sigma Aldrich) and Nile red fluorescence was recorded over the indicated time course. 
Images for mVenus-LIPA and SLDP2.1-mVenus show LDs moving with the cytoplasmic streaming, while for co-
expression of mVenus-LIPA and SLDP2.1-mVenus, LDs are immobilised at the PM. Bars: 10 µm. 
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Re-localisation of LIPA is also observed in leaves

To further confirm the interaction between SLDP2 and LIPA, transient transformations were 

performed in N. benthamiana leaves. Localisation results were in agreement with the pollen 

tube localisation data. GFP-tagged LIPA localised to the PM and/or cytosol in leaf cells, but 

when co-expressed with mCherry-tagged SLDP2, LIPA re-localised to LDs (Figure 5). This

shows that the SLDP-induced re-localisation of LIPA is not tissue-specific. Due to the large 

central vacuole in leaf epidermal cells, most of the cytoplasm (and consequently, LDs) is 

adjacent to the PM. The LDs that co-localise with SLDP2 and LIPA are found near the PM, but 

we were not able to determine if they were indeed associated with the PM as in pollen tubes.

LIPA and SLDP thus mutually influence their localisation in pollen tubes and leaves. SLDP can 

recruit LIPA to LDs, while LIPA can recruit SLDP to the PM, thereby anchoring LDs to the PM.

Figure 5: Localisation analysis of LIPA in leaves
Transient expression of pMDC43/LIPA (GFP-LIPA), pMDC32-CGFP/LIPA (LIPA-GFP), and pMDC32-
CherryC/SLDP2.1, expressed alone or co-expressed in different combinations in Nicotiana benthamiana leaves. 
LDs were stained with MDH. Images were taken in the cell periphery close to the top of the cell. For single 
expressions of LIPA-constructs, also images from the mid-plane are shown. For merged image with two channels: 
magenta: mVenus (LIPA); green: LDs. For merged images with three channels red: mVenus (LIPA), blue: mCherry
(SLDP), green: LDs. Bars: 10 µm 
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Coiled-coil domain of LIPA mediates interaction with SLDP

In silico domain analysis of LIPA did not result in any known domains. Also, no hydrophobic 

stretches or uncharged regions were detected, neither were transmembrane domains 

(Supplementary Figure 8a-b). However, analysis with the coiled-coil prediction algorithm 

COILS (Lupas et al., 1991) revealed a putative coiled-coil domain in the region of amino acid 

residues 60 – 115 (Supplementary Figure 8c). A truncated version of LIPA, consisting of an N-

terminal mVenus and the predicted coiled-coil region of LIPA (amino acid residues 64-113 of 

144, LIPA64-113), was transformed into pollen tubes, alone and together with SLDP2. LIPA64-113

alone shows cytosolic localisation but is recruited to LDs after co-expression of SLDP2.1 

(Figure 6a) and is thus sufficient to mediate interaction of SLDP2 and LIPA. To further analyse 

the importance of the coiled-coil region, two proline residues were introduced in order to disrupt 

the coiled-coil. Site-directed mutagenesis of a leucine residue at position 80 and a valine 

residue at position 98 to prolines (LIPA L80P V98P) is predicted to prevent coiled-coil formation 

(Supplementary Figure 8c). The mutagenesis does not interfere with localisation of full-length 

N-terminally or C-terminally tagged LIPA in pollen tubes when expressed alone

(Supplementary Figure 9). However, interaction of (C- or N-terminally tagged) LIPA L80P V98P

and SLDP2.1 in co-transformed pollen tubes is abolished (Figure 6b).

The coiled-coil region of LIPA is thus sufficient and most likely also necessary to mediate

interaction of SLDP2 and LIPA.

Figure 6: Analysis of LIPA coiled-coil
Transient co-expression of a LAT52::mVenus-LIPA64-113 and LAT52::SLDP2.1-mCherry and b LAT52::mVenus-
LIPA L80P V98P or LAT52::LIPA L80P V98P-mVenus and LAT52::SLDP2.1-mCherry in Nicotiana tabacum pollen 
tubes grown for ~ 5 h. Pollen tubes were fixed in formaldehyde and LDs were stained with Lipi-Blue. Images of at 
least 5 pollen tubes were taken. For merged image with two channels: magenta: mVenus (LIPA); green: LDs. For 
merged images with three channels red: mVenus (LIPA), blue: mCherry (SLDP), green: LDs. Bars: 10 µm.
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Both SLDP proteins as well as LIPA are needed for proper LD distribution during 

germination

Two knockout lines of LIPA were investigated, a T-DNA insertion line and a line created by 

CRISPR/Cas9 as part of this study. Time-course microscopy of lipa knockout seedlings was 

performed as described before and revealed the same LD clustering phenotype that was 

observed for sldp1 sldp2 mutant seedlings (Figure 7). Knockout of LIPA alone thus results in 

the same phenotype as knockout of SLDP2 or double knockout of SLDP1 and SLDP2 and 

suggests that all three proteins act together during germination to enable proper LD distribution 

in the cell. 

In wild-type seedlings, always a portion of LDs is always observed in contact with the PM, as 

is here shown by high-pressure freezing electron microscopy (Figure 8). The presented images 

show LDs in contact with the PM, most likely not because they are pressed there by other 

organelles like e.g. the expanding vacuole, but rather because of a true MCS between LDs 

and the PM. This contact of LDs with the PM is hampered by knockout of either SLDP2 or 

LIPA.

Figure 7: Time-course analysis of LDs in cotyledons
a Schematic depiction of the genomic regions of LIPA with untranslated regions (grey boxes), one exon (black 
boxes), T-DNA insertion sites (triangle, arrow indicating direction of T-DNA) and CRISPR deletion line (red line). 
Bar: 200 bp 
b Confocal laser scanning microscopy images of germinating lipa-1 and lipa-2 seedlings (cotyledons). Surface-
sterilised seeds were placed on solid half-strength MS medium supplemented with 1 % sucrose, stratified for 4 days 
at 4 °C in the dark and LDs were microscopically analysed 12, 24, 36 and 48 h (± 2 h) after stratification. For 
analysis, LDs were stained with Nile red. Images are single plane images from the middle of the cell (similar planes 
were chosen for all images). Representative images for each stage and genotype were chosen, at least 5 images 
were taken. Bars: 10 µm.



MANUSCRIPT I 

77 

Figure 8: Electron microscopy of LD-PM contacts
High-pressure freezing electron microscopy images of wild-type seedlings after 40 - 48 h of germination. Whole 

cell overview (large) and close-ups (from different cells) of LDs in contact with the PM. Bars as indicated. Chl – 
Chloroplast; LD – Lipid Droplet; PM – Plasma Membrane; V – Vacuole.

Discussion

In the present study, plant mutant lines affected in the genes coding for the LD-localised 

proteins SLDP1 and SLDP2 were analysed. These mutants displayed an aberrant cellular 

distribution of LDs that were not in contact with the PM during post-germinative growth. 

Proteomic analyses showed that SLDP2 is needed to recruit LIPA to LDs and further 

microscopic analyses revealed that upon co-expression of SLDP and LIPA, a portion of LDs 

was immobilised at the PM. The lack of mobile LDs in co-transformed pollen tubes suggests 

that we were able to recreate the PM-tethered LDs found in wild-type seedlings by co-

expressing SLDP2 and LIPA. Though the LDs in sldp2, sldp1sldp2, and lipa establishing 

seedlings were not streaming through the cytoplasm, they were improperly positioned in the 

cotyledon and hypocotyl cells and many were no longer in contact with the PM. Based on these 

results, we suggest a model where in seedlings, PM-associated LIPA interacts with LD-

localised SLDP and forms a MCS to attach LDs to the PM during post-germinative growth 

(Figure 9).
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Figure 9: Schematic model of a PM-LD tether formed by SLDP and LIPA 
SLDP1 and SLDP2 are bound on LDs and might or might not interact there. LIPA binds to the PM and interacts 
with SLDP2 and maybe SLDP1 through its coiled-coil region. Thus, LDs might be tethered to the luminal side of the 
PM.

We show that LD-association of SLDP is mediated by an N-terminal hydrophobic region, 

similar to what has been reported before for other LD-localised proteins (Wilfling et al., 2013; 

Kretzschmar et al., 2018). Interaction of LIPA with SLDP is mediated by a coiled-coil region of 

LIPA. How LIPA is associated to the PM remains unclear, since no transmembrane domains 

were detected within LIPA protein sequence. LIPA may associate with the PM via binding to 

an unidentified PM-localised protein. This putative third interaction partner might be present in 

pollen tubes, but absent in leaves, potentially explaining the differences in localisation of 

transiently transformed LIPA in the respective organs. 

Alternatively, the C-terminal Cys residue of LIPA (IHSKSWRC*) may be subjected S-

palmitoylation, S-farnesylation or S-geranylgeranylation (according to GPS-lipid prediction with 

high threshold, Xie et al., 2016).

Protein membrane targeting can also be mediated by anionic lipids such as phosphoinositides 

(PI), phosphatidylserine (PS) or phosphatidic acid (PA). The negatively charged headgroups 

of these lipids can recruit polybasic stretches of proteins through electrostatic interactions or 

through lipid-binding domains such as PX or pleckstrin homology domains (Noack and Jaillais, 

2020). Indeed, LIPA harbours a polybasic stretch close to its C-terminus (residues 102-123: 

RKREDKTDKEKKTPKKKKGLRK) that might mediate PM-association and indeed a variant 

missing this region no longer localizes to the PM (Figure 5a). Other proteins involved in 

interorganellar tethers have been described to bind one of the interacting membranes this way, 

e.g. the phosphoinositide-binding PX domains of Drosophila Snz (localises to ER-PM-LD 

contacts) (Ugrankar et al., 2019) or yeast Mdm1 (tethering LDs to nucleus-vacuolar junctions 
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(Henne et al., 2015; Hariri et al., 2018; Hariri et al., 2019). Replacing the yeast Mdm1 vacuole-

binding PX domain by a PM-binding one leads to Mdm1 re-localisation to ER-PM contact sites 

and the accumulation of LDs in the cell periphery (Hariri et al., 2019). Lipid-binding specificity 

of tethering proteins thus determines location of their interacting LDs in the cell and is sufficient 

to induce re-localisation of LDs. Loss of this targeting mechanism could reversely lead to the 

aberrant accumulation of LDs within the cell, as described in the present study. 

Another open question is the function of a putative LD-PM contact site in post-germinative 

growth. Indirect evidence for a putative LD-PM/LD-ER-PM contact sites in plants is already 

available: It was recently found that ER-LD junction-localised Seipin interacts with ER-PM 

junction-localised vesicle-associated membrane protein (VAMP)-associated protein 27-1

(VAP27-1) in Arabidopsis (Greer et al., 2020). Seipin is a highly conserved protein that forms 

large ring-like oligomers in the ER membrane, likely tethering LDs to the ER during LD 

biogenesis (Sui et al., 2018), while VAP27-1 is an ER-associated protein involved in several 

functions, including tethering of the ER to the PM through interaction with AtSYT1 (Siao et al.,

2016). These findings might indicate that LDs are found in contact with the PM also in other 

tissues than seedling tissue. Functional implications of a LD-PM tether however remain 

unclear, as well.

A possible function of LDs at the PM during seedling establishment might be buffering of 

excess lipids, similar to what has been observed during starvation-induced autophagy. During 

autophagy, LD biogenesis is a protective mean to prevent lipotoxicity of bulk lipid release and 

subsequent accumulating acylcarnitines (Nguyen et al., 2017). In a similar way, LDs might be 

needed as a buffer to prevent toxic lipid accumulation during post-germinative growth. 

Seedling establishment, especially etiolation when seeds are buried in the soil, requires 

massive membrane lipid supply for hypocotyl elongation. If membrane lipid synthesis takes 

place at very high rates, situations of oversupply might arise. Accumulating excess lipids could 

be sequestered into LDs for detoxification. LDs might also be needed at the PM for membrane 

repair, either for the same reason as described (to buffer excess lipids produced for membrane 

repair) or to provide the lipids for membrane repair. More generally spoken, the PM-LD tether 

might be needed for maintaining PM lipid composition and homeostasis, as has been shown 

for LD contact sites with e.g. the ER (Velázquez et al., 2016). The importance of this MCS 

might possibly only come into effect as response to different stresses (e.g. salt stress, freezing 

stress, mechanical stresses, membrane rupture), which would explain the lack of macroscopic 

phenotypes observed under laboratory conditions in the present study, despite the striking 

cellular phenotype. 

More studies will have to be conducted in the future to gain mechanistic insights into the 

localisation, assembly and interaction of the tethering components, analyse the putative 
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involvement of the ER and/or further proteins and finally to elucidate physiological importance 

of the LD-PM contact site in seedlings.
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Experimental Procedures 

Plant material and growth conditions

All Arabidopsis thaliana (L.) plants employed the ecotype Col-0 or were derived from it in the 

case of T-DNA and CRISPR mutant lines. They were grown in a climate chamber (York) in 60 

% relative humidity, with a constant temperature of 23 °C and under 16-h/8-h day/night cycle 

with a daytime light intensity of 150 µmol photons m 2 s 1 (the climate chamber was equipped 

with LuxLine Plus F36W 830 Warm White de Luxe fluorescent tubes; Osram Silvania). Plants 

were either grown on soil or on half-strength MS medium (Murashige and Skoog, 1962)

supplemented with 0.8 % (w/v) agar with or without 1 % (w/v) sucrose (as indicated) and 

stratified for four days at 4 °C in the dark. Seeds grown on medium were surface sterilised in 

6 % sodium hypochlorite solution for 15 – 20 minutes. For hygromycin-selection, half-strength 

MS plates were supplemented with 25 µg/ml hygromycin and 1 % (w/v) sucrose, stratified for 

two days at 4 °C, subjected to light for 4 h and then kept vertically in the dark for three days. 

Hygromycin-resistant seedlings were transferred to half-strength MS + 1 % (w/v) sucrose 

without hygromycin for one week prior to transplanting them into soil. 

Tobacco (Nicotiana tabacum L. cv. Samsun-NN) plants were grown in the greenhouse as

previously described (Rotsch et al., 2017). Plants were kept under 14 h of light from mercury-

vapor lamps in addition to sunlight. Light intensities reached 150 – 300 µmol m 2 sec 1 at the 

flowers and 50 – 100 µmol m 2 sec 1 at leaves at mid-height. Temperature was set to 16 °C at 

night and 21 °C during the day with a humidity of 57–68%. 

Nicotiana benthamiana plants were grown in soil at 22 °C with a 16-h/8-h day/night cycle and 

50 µE·m-2s-1 light intensity. 
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Accession Numbers and T-DNA lines

Sequence data from this article can be found in the GenBank/EMBL data libraries under the 

following accession numbers: AT1G65090 (SLDP1); AT5G36100 (SLDP2); AT1G07985 

(LIPA). Sequence analyses and predictions of all analysed mutant lines are also shown in 

Supplementary Material.

Knockout lines of SLDP1, SLDP2 and LIPA were generated. The commercially available T-

DNA insertional lines SALK_204434C (sldp1-1, T-DNA inserted in intronic region behind base 

1028) and SALK_068917 (sldp2-1, T-DNA inserted in first exon behind base 42) and Gabi-

KAT 59-K025364-022-723-C08-8409 (lipa-1, T-DNA inserted behind base 20) were used, and 

CRISPR/Cas9 was used to generate sldp1-2, sldp2-3, and lipa-2 (see below). Sequence 

analyses and predictions of all analysed mutant lines are shown in Supplementary Material.

CRISPR/Cas9

To generate CRISPR/Cas9 mutants, sgRNAs were designed using the Cas-Designer and Cas-

OFFinder at http://www.rgenome.net/ for a SpCas9 protospacer adjacent motif (PAM) 

sequence and with a length of 19 bp (without PAM) against the Arabidopsis thaliana (TAIR10) 

genome (Bae et al., 2014; Park et al., 2015). Cloning was performed as described previously 

(Xing et al., 2014). As template for the sgRNA cassette (including one sgRNA backbone, one 

U6-26 terminator and one U6-29 promoter), pCBC DT1T2 was used and the generated PCR-

product was cloned into pHEE401E via BsaI restriction sites, between a U6-26 promoter on 

one side and a second sgRNA backbone and a U6-29 terminator on the other side (as 

described Xing et al., 2014; Wang et al., 2015). This way, a CRISPR/Cas9 construct containing 

two sgRNAs under two U6 promoters and a Cas9 under the egg-cell specific EC1.2 promoter 

was obtained. To knock out one gene, two different sgRNAs were targeted at it, aiming at 

deleting the whole gene stretch between the target sequences. This made it possible to screen 

for mutant plants via PCR. For this, gDNA was extracted from rosette leaves, the area of 

interest was amplified via REDTaq®-PCR and screened for the desired smaller PCR-products 

that indicated a deletion. Homozygous mutants were obtained in the T2 and T1 generation for 

SLDP1 and SLDP2, respectively. To remove the Cas9-transgene, homozygous mutants were 

backcrossed to WT plants (and Cas9-loss was confirmed by PCR with U6- and Hygromycin-

specific primers). 

For SLDP1, a mutant line with deletion of bases 333-564 in the first exon (resulting in a 

frameshift and a premature stop codon at position 650-652 for AT1G65090.1 and .2 or at 

position 686-688 for AT1G65090.3, producing a potential 139 amino acid protein for 

AT1G65090.1 and .2 or 152 amino acids for AT1G65090.3) was obtained and called sldp1-2.

For SLDP2, a mutant line with deletion of bases 304-379 in the first exon (resulting in 
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frameshift and premature stop codon at position 398-400, producing a potential 107 amino 

acid protein) was obtained and called sldp2-3. For LIPA a mutant line with deletion of bases 

94-214 (resulting in a frameshift and premature stop codon at position 230-232 and a 

potential 36 amino acid protein) was obtained and called lipa-2. Sequence analyses and 

predictions of all analysed mutant lines are shown in Supplementary Material.  

RNA isolation and qPCR

RNA from three replicates was isolated using an RNA extraction kit (Monarch Total RNA 

Miniprep Kit, NEB). For dry seeds, 5 mg of starting material was used. cDNA synthesis was 

performed with 900 ng total RNA and 100 pmol oligo(dT) primer using the Maxima Reverse 

Transcriptase (Thermo Scientific) according to the manufacturer’s instructions. Transcript 

analysis by qPCR was carried out with AT4G05320 (POLYUBIQUITIN 10) as reference

(Czechowski et al., 2005). Amplification and quantification were performed with the TakyonTM

No Rox SYBR® MasterMix dTTP Blue Kit (Eurogentec) in the iCycler System (iQ™5 Real-

Time PCR Detection System, Bio-Rad). The amplification mix contained 1x TakyonTM No Rox 

SYBR® MasterMix dTTP Blue, 2 mM primers and 4 µl cDNA in a final reaction volume of 20 

µl. The PCR program consisted of a 3 min denaturation step at 95°C followed by 40 cycles of 

10 s at 95°C, 20 s at 58°C, and 40 s at 72°C.

Data analysis was performed using the 2- method that has previously been described (Livak 

and Schmittgen, 2001).

Plasmid construction

For localisation studies in pollen tubes, coding sequences of the genes of interest were cloned 

into pLatMVC-GW, pLatMVN-GW or pLatMCC-GW (Müller et al., 2017) via classical or fast 

Gateway® (Thermo Fisher Scientific) cloning as described before (Müller et al., 2017). All pLat-

constructs contain a LAT52 promoter for strong expression in pollen tubes (Twell et al., 1991) 

and were verified by sequencing. 

For localisation studies in leaves, cloning of pMDC32-ChC/SLDP2, encoding SLDP2 

appended at its C-terminus to the red fluorescent protein mCherry (SLDP2-mCherry), 

pMDC32-CGFP/LIPA, encoding LIPA appended at its C-terminus to a monomerised version 

of GFP (LIPA-mGFP), and pMDC43/LIPA, encoding LIPA appended at its N-terminus to GFP 

(GFP-LIPA), was performed using Gateway cloning technology (Müller et al., 2017) and the 

binary vectors pMDC32-ChC (Kretzschmar et al., 2020), pMDC43 (Curtis and Grossniklaus, 

2003), and pMDC32-CGFP (described below), respectively. Each binary vector contains the 

35S cauliflower mosaic virus promoter and was verified by automated sequencing performed 

at the University of Guelph Genomics Facility.
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The pMDC32-CGFP binary vector contains a Gateway recombination site followed by the full-

length mGFP open reading frame, which provides for the expression of a fusion protein with a 

C-terminal-appended mGFP. To construct pMDC32-CGFP, the mGFP coding sequence was

amplified from pRTL2/monoGFP-MCS (Shockey et al., 2006), using primers GFP-FP-PacI (5’-

CCGGCCTTAATTAAAATGAGTAAAGGAGAAGAACTTTT-3’) and GFP-RP-SacI (5’-

CCGGCCGAGCTCTTATTTGTATAGTTCATCCATGCC-3’), which also added 5’ PacI and 3’

SacI restriction sites. The resulting PCR products were digested with PacI and SacI and ligated

into similarly-digested pMDC32-ChC to yield pMDC32-CGFP.

Particle bombardment and pollen tube microscopy

Nicotiana tabacum pollen tubes were transiently transformed using a gene gun. For this, 6 µg 

of construct DNA was coated onto approx. 0.9 mg gold particles (1 µm), shot onto freshly 

harvested N. tabacum pollen of 5 flowers per transformation. Pollen tubes were grown for 5-7 h 

in liquid pollen tube medium on a microscope slide in a humid environment (in detail methods 

on coating and transformation were described before in Müller et al., 2017). For co-

transformation, 6 µg DNA of each construct were pre-mixed and then coated onto the gold 

particles.

For pollen tube microscopy, pollen tubes were fixed in a final concentration of 1.8 % (v/v) 

formaldehyde in pollen tube medium (modified from Read et al., 1993): 5 % w/v sucrose, 12.5 

% w/v PEG-4000, 15 mM MES-KOH pH 5.9, 1 mM CaCl2,1 mM KCl, 0.8 mM MgSO4, 0.01 % 

H3BO3 v/v, 30 µM CuSO4) and LDs were stained with 0.05 % Nile red (Sigma-Aldrich, St. 

Louis, Missouri, USA) in DMSO or 0.5 % Lipi-Blue (Dojindo, Molecular Technologies, 

Rockville, MD, US) in DMSO, as indicated. Micrographs were acquired as single z-sections 

using a Zeiss LSM 510 or a Zeiss LSM780 confocal microscope (Carl Zeiss). For excitation, 

405 nm Diode was used, Lipi-Blue fluorescence was detected from 443 – 475 nm, Nile red

was excited with 561 nm and detected at 583-667 nm. Constructs with mCherry were excited 

with 561 nm and detected at 571 – 614 nm, mVenus was excited with 488 nm and detected at 

518 – 550 nm or 497-533 nm when co-imaged with Nile red. HFT 405/ 514/633-nm major beam 

splitter (MBS) was used. 

N. benthamiana infiltration and microscopy

For infiltration, leaves of 4-week-old N. benthamiana plants were (co-)infiltrated with 

Agrobacterium tumefaciens (strain LBA4404) harbouring a selected binary vector, as 

described previously (Kretzschmar et al., 2020). All (co)infiltrations also included A. 

tumefaciens transformed with pORE04-35S::P19, which encodes the tomato bushy stunt virus 

gene P19 to enhance transgene expression (Petrie et al., 2010). 



MANUSCRIPT I

84 

(Co-)infiltrated N. benthamiana leaves were prepared for confocal laser scanning microscopy 

(CLSM) by first fixing with 4% (w/v) formaldehyde, washing with PIPES buffer, and then 

staining with neutral lipid-specific dye monodansylpentane (MDH) (Abcepta) (Yang et al.,

2012) at a working concentration of 0.4 mM, as described previously (Gidda et al., 2016). 

Micrographs of leaf epidermal cells were acquired as single z-sections using a Leica SP5 

CLSM (Leica Microsystems) with the same excitation and emission parameters for mCherry, 

GFP, and MDH as reported previously (Gidda et al., 2016). All images of cells are 

representative of at least two independent experiments (i.e., infiltrations), including at least 

three separate (co-)transformation of leaf epidermal cells.

Seedling preparation and microscopy

For seedling time-course microscopic analyses, wild-type and mutant seedlings were grown 

and stratified on half-strength MS-medium without sucrose as described above. They were 

transferred to light at 07.30 am (light period 7 am – 11 pm, 16-h/8-h day/night cycle) and then 

analysed after 12, 24, 36 and 48 h of germination. Seedlings were harvested into H2O + 0.1 % 

Nile red (Sigma Aldrich) in DMSO and directly used for microscopy after removal of seed coats. 

Micrographs were taken as single z-sections using a Zeiss LSM780 confocal microscope (Carl 

Zeiss). For Nile Red excitation, 561 nm laser was used, fluorescence was detected at 571-603 

nm with a 488/561 MBS. Images of hypocotyl and cotyledon cells are representative of at least 

two independent experiments (except lipa-2, sldp1-3 and sldp2-2, just 1 experiment) including 

at least 10 observed seedlings. At least 5 images were acquired per genotype and time point.

Proteomic analysis

Arabidopsis thaliana seedlings were surface-sterilised, placed on half-strength MS-medium 

without sucrose, stratified for 72 h at 4 °C in the dark and then grown at 22°C under 16 h/ 8 h

of light-dark regime for 38 h.

Total protein isolation of total extract (TE) and LD fractions, LD-enrichment, proteomics sample 

preparation including a tryptic in-gel digest, LC/MS analysis and analysis of MS/MS2 raw data 

was performed for three replicates as previously described (Kretzschmar et al., 2018).

LFQ values were determined using MaxQuant software 1.6.2.10 (Cox and Mann, 2008; Cox 

et al., 2014). Perseus software (version 1.6.6.2) (Tyanova et al., 2016) was used for data 

analysis. PCA plots were created from unfiltered raw LFQ values (Supplementary Dataset S1). 

LFQ values were normalised as ‰ of total sum of all LFQs per replicate and log2-transformed 

(rLFQ) for further analyses. For LD-enrichment analysis within one line, all proteins from TE 

and LD fractions together were filtered for those detected at least three times in at least one 

group and identified by at least two peptides (Supplementary Dataset S2). 



MANUSCRIPT I 

85 

For differential abundance analysis of LD or TE fractions between the lines, LD fraction and 

TE fraction were analysed separately and filtering was performed independently of the 

respective other fraction (Supplementary Dataset S2). 

For enrichment and differential abundance analyses, rLFQ-values were imputed: missing 

values were replaced from normal distribution (for total extract: width 0.3, down shift 1.8; for 

LD fractions: width 0.5, down shift 1.8; for both fractions together: width 0.8, down shift 1.8; 

Supplementary Dataset S3). To obtain proteins significantly enriched on LDs, LD fractions 

were compared to TE fractions and analysed for proteins enriched in LD fractions. To find 

differentially abundant proteins between the different lines, LD fractions of mutants were 

compared to LD fractions of the wild type, the same was done for TE fractions. Proteins were 

considered LD-enriched or differentially abundant, respectively, if FDR < 0.01 and S0 > 2 (as 

determined by two-sided t-test with 250 randomisations). Volcano plots were created to 

visualise the results. 

Electron microscopy

High pressure freezing electron microscopic analysis was performed similarly as described 

before (Hillmer et al., 2012). Plant material was dissected from hypocotyls or cotyledons of 

36-48 h germinated seedlings with a biopsy punch (pfmmedical, Köln; 2mm diameter),

submerged in freezing medium (200 mM Suc, 10 mM trehalose, and 10 mM Tris buffer, pH

6.6) transferred into planchettes (Wohlwend, Sennwald, Switzerland; type 241 and 242), and

frozen in a high-pressure freezer (HPM010; Bal-Tec, Liechtenstein). Freeze substitution was

performed in a Leica EM AFS2 freeze substitution unit in dry acetone supplemented with 0.3%

-h period. After

washing with 100 % ethanol for 60 min, samples were stepwise infiltrated (intermediate steps

of 30 %, 60 % HM20 in ethanol, and twice with 100% HM20 for 1h each), embedded in Lowicryl

°C and polymerized for 3 d with UV light in the freeze substitution apparatus at -

35 °C. Ultrathin sections were cut on a Leica Ultracut S and poststaind with 3 % aqueous

uranyl acetate and lead citrate for 3 min each. Micrographs were taken at a Jeol JEM1400

TEM (Jeol Germany, Freising) equipped with a TVIPS TEMCAM F416 digital camera (TVIPS,

Gauting) using EMMenue 4 (TVIPS, Gauting).

Bioinformatics

For sequence alignments, T-Coffee (Notredame et al., 2000) 

(http://tcoffee.crg.cat/apps/tcoffee/do:regular) was used with default settings. Sequence 

identity was calculated by Needleman-Wunsch global alignment of two sequences 

(Needleman and Wunsch, 1970) with EMBOSS needle on default settings 

(https://www.bioinformatics.nl/cgi-bin/emboss/needle). Helical wheel plots were created by 
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Heliquest (Gautier et al., 2008) (https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py) with 

Helix type: alpha and window size: 1_TURN. For hydrophobicity plots, ExPASy ProtScale 

(https://web.expasy.org/protscale/) was used with a Kyte&Doolittle scale (Kyte and Doolittle, 

1982) and a window size of 9. Charge plots were created by EMBOSS explorer charge 

(http://www.bioinformatics.nl/cgi-bin/emboss/charge?_pref_hide_optional=0) with a window 

length of 5. TMDprediction was performed with ExPASy TMpred (https://embnet.vital-

it.ch/software/TMPRED_form.html). Coiled-coils were predicted by ExPASy COILS (Lupas et 

al., 1991) (https://embnet.vital-it.ch/software/COILS_form.html) with a window width of 21.
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Supplementary Figures

Supplementary Figure 1

Supplementary Figure 1: Alignment of all SLDP1 and SLDP2 protein variants
Alignment was generated using T-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:regular), shading was performed 
using BoxShade (https://embnet.vital-it.ch/software/BOX_form.html). The splice variants analysed in the present 
study are underlined.

Supplementary Figure 2

Supplementary Figure 2: In silico analysis of SLDP
Protein sequences of SLDP1.3 and SLDP2.1 were analysed for hydrophobicity and charges. Protein hydrophobicity 
plots were generated using ProtScale. Kyte & Doolittle scale was used with a window size of 9. Protein charge plots 
were generated using EMBOSS explorer charge with a window length of 5.
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Supplementary Figure 3

Supplementary Figure 3: qPCR analysis of SLDP splice variants
Total RNA was extracted from 24 h imbibed wild-type seeds and analysed by real-time quantitative PCR. Primers 
were designed to detect single splice variants. UBQ10 was used as reference gene and relative expression is 
presented as normalised expression differences between reference and target gene of all replicates (red cross = 
mean, lines = SD). One-way ANOVA was performed, followed by Tukey post-hoc analysis (F (4.10) = 58.62, p =
6.63e-07, n = 3). Results are presented as compact letter display of all pair-wise comparisons in increasing order. 
The splice variants analysed in the present study are underlined.

Supplementary Figure 4

Supplementary Figure 4: Images of sldp mutants
Seeds of wild type and sldp single and double mutants were stratified for 72 h at 4 °C in the dark and grown in 16-
h/8-h day/night cycle. Pictures are representative of average sized plants after 3 weeks of growth. No obvious 
macroscopic phenotype was observed.
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Supplementary Figure 5

Supplementary Figure 5: Time-course analysis of SLDP and LIPA mutant line LDs in hypocotyls
Confocal laser scanning microscopy images of germinating wild-type, sldp1-1, sldp1-3, sldp2-1, sldp2-2,
sldp1-1 sldp2-1, sldp1-3 sldp2-2, lipa-1 and lipa-2 seedlings (hypocotyls). Surface-sterilised seeds were placed on 
solid half-strength MS medium supplemented with 1 % sucrose, stratified for 4 days at 4 °C in the dark and LDs 
were microscopically analysed 12, 24, 36 and 48 h (± 2 h) after stratification. For analysis, LDs were stained with 
Nile red. Images are single plane images from the middle of the cell (similar planes were chosen for all images). 
Representative images for each stage and genotype were chosen, at least 5 images were taken. Bars: 10 µm.
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Supplementary Figure 6

Supplementary Figure 6: Proteomic Analyses of sldp mutants.  
Proteins were isolated from germinating seedlings 36 h after stratification (n=3). Proteins from LD enriched fractions 
and total extract (TE) fractions. Proteins were filtered for those detected at least three times in at least one group 
and identified by at least two peptides. 
a Tabular overview of the number of detected proteins in the respective fractions of the respective lines. 
b Venn diagrams of detected proteins in LD and total extract (TE) fractions in the respective lines.
c PCA-plots of filtered rawLFQs.
d LFQs were normalised as ‰ of total sum of all LFQs per replicate and log2-transformed (rLFQ). Imputations were 
performed, missing values were replaced from normal distribution (width 0.3 and down shift 1.8 for TE, width 0.5 
and down shift 1.8 for LD fractions). Imputed rLFQ values were used to create different volcano plots (significance 
threshold: FDR < 0.01 and log2(FC) > 2): Wild-type versus sldp1-1, sldp2-1 and sldp1-1 sldp2-1 total extract (TE) 
fractions, respectively to detect proteins differentially accumulating in the respective genotype. No proteins were 
statistically significantly differentially accumulated.
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Supplementary Figure 7

Supplementary Figure 7: Co-localisation analysis of SLDP and LIPA. 
a SLDP-localisation in Tobacco pollen tubes. Transient expression of LAT52::SLDP1.3-mCherry and 
LAT52::SLDP2.1-mCherry in Nicotiana tabacum pollen tubes grown for ~ 5 h. Pollen tubes were fixed in 
formaldehyde and LDs were stained with Lipi-Blue. Images are representative of at least 10 observed pollen tubes. 
In merged channel: Magenta: mCherry-tagged proteins; green: Lipi-Blue-stained LDs; white: co-localisation. Bars: 
10 µm.
b Transient expression of LAT52::mVenus-LIPA and LAT52::LIPA-mVenus alone and co-expressed with 
LAT52::SLDP1.3-mCherry in Nicotiana tabacum pollen tubes grown for ~ 5 h. Pollen tubes were fixed in 
formaldehyde and LDs were stained with Lipi-Blue. At least 10 pollen tubes were analysed for each transformation, 
images of at least 5 pollen tubes were taken. For merged image with two channels: magenta: mVenus (LIPA); 
green: LDs. For merged images with three channels red: mVenus (LIPA), blue: mCherry (SLDP), green: LDs. Bars: 
10 µm.  
c Pollen tube time series. Transient expression of LAT52::mVenus, LAT52::mVenus-LIPA and LAT52::SLDP1.3-
mVenus alone and co-expressed in Nicotiana tabacum pollen tubes grown for ~ 5 h. Pollen tubes were fixed in 
formaldehyde. LDs were stained with Nile red (Sigma Aldrich) and Nile red fluoresence was recorded every 0.97 
seconds. Every fifth image is presented here. Bars: 10 µm. 
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Supplementary Figure 8

Supplementary Figure 8: In silico analysis of LIPA
Protein sequence of LIPA was analysed for hydrophobicity (a), charges (b), transmembrane domains (c) and coiled-
coils (d). No hydrophobic stretches or TMDs were detected. A putative coiled-coil was predicted between residues 
64 - 113 and is abolished by introduction of two proline residues at position 80 and 98.

Supplementary Figure 9

Supplementary Figure 9: Coiled-coil mutants of LIPA
Transient expression of LAT52::LIPA L80P V98P-mVenus and LAT52::mVenus-LIPA L80P V98P in Nicotiana tabacum
pollen tubes grown for ~ 5 h. Pollen tubes were fixed in formaldehyde and LDs were stained with Lipi-Blue. Images 
are representative of at least 10 observed pollen tubes. In merged channel: Magenta: mVenus-tagged proteins; 
green: Lipi-Blue-stained LDs; white: co-localisation. Bars: 10 µm.
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5 Manuscript II: Lipidomic, metabolomic and transcriptomic adaptations to heat 

stress in Nicotiana tabacum pollen tubes

The manuscript is being prepared for submission. Supplementary figures are attached at the 

end. Supplementary datasets containing raw and processed data are available on the data 

drive included in this thesis and will be available online after publication. 

Supplementary Material

Supplementary Figure 1: Boxplot and Biological Coefficient of Variation plots of transcript raw 

counts.

Supplementary Datasets 1-4: Lipidomics

Supplementary Datasets 5-6: Sterols

Supplementary Datasets 7-8: Metabolites

Supplementary Datasets 9-11: Transcriptomics

Supplementary Datasets 12-15: GO-term analysis

Supplementary Datasets 16-17: Transcriptomics – transcription factors

Supplementary Datasets 18-19: Transcriptomics – lipid genes
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Abstract

After reaching the stigma, pollen grains germinate and form a pollen tube that transports the 

sperm cells to the ovule. Due to selection pressure between pollen tubes, they must have 

evolved mechanisms to quickly adapt to temperature changes to sustain an elongation at the 

highest possible rate. We investigated these adaptions in Nicotiana tabacum pollen tubes 

grown in vitro under 22°C and 37°C by a multi-omic approach including lipidomic, metabolomic 

and transcriptomic analysis. Both phospholipids and galactolipids increased in saturated acyl 

chains under heat stress while triacylglycerols changed less in respect to desaturation but 

showed higher levels. Most amino acids increased during heat stress (HS), including the non-

codogenic amino acids -amino butyrate and pipecolate. Furthermore the sugars 

sedoheptulose and sucrose showed higher levels. Also the transcriptome underwent massive 

changes with 1570 of 23,053 detected genes being differentially up- and 813 being 

downregulated. Transcripts coding for heat shock proteins and many transcriptional regulators 

were most strongly upregulated, but also transcripts that have so far not been linked to heat 

stress. Transcripts involved in TAG synthesis was upregulated, while the modulation of acyl 

chain desaturation seemed not to be transcriptionally controlled.

Introduction

Around 80 % of the more than 350,000 known plant species are flowering plants (angiosperms) 

that mainly rely on sexual reproduction to pass on their genes to the next generation 

(Christenhusz and Byng, 2016). Sexual reproduction is also the prerequisite for seed and fruit 

set in crop plants. In most angiosperms, the male gametophyte – the pollen containing the 

sperm cells or the generative cell that later divides into the two sperm cells – double-fertilises 

the female gametophyte. To this end, the pollen has to land on the stigma of a pistil and adhere, 

rehydrate and germinate there. Since seed plant sperm cells are immotile, they have to be 

delivered through the female reproductive tissues to the ovule by tip-growing pollen tubes that 

are formed by the vegetative cells of the pollen (Sprunck, 2020). In some species, pollen tubes 

have to grow several centimetres to reach the egg-cell containing ovule. Maize pollen tubes, 

for example, can grow up to 50 cm in length with a speed of more than 1 cm per hour 

(Mascarenshas, 1993). Especially for these very long pollen tubes it is unlikely that enough 

lipids for the elongation are stored in the pollen grain, but the tubes rather depend on rapid de 

novo synthesis for their growth (Ischebeck, 2016). This assumption is supported by the fact 

that proteins involved in fatty acid synthesis are five to ten times more abundant in maturing 

pollen and growing pollen tubes of Tobacco than in leaves or roots (Ischebeck et al., 2014; 

Ischebeck, 2016). 

The process of sexual reproduction in plants is very sensitive to abiotic stresses like heat or 

cold stress. Male gametophytes are especially sensitive to heat stress during all stages of their 
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life and are generally more susceptible than female tissues (Hedhly, 2011; Santiago and 

Sharkey, 2019). One effect of heat stress on developing pollen is early tapetum degradation 

likely due to accumulation of reactive oxygen species (ROS) and the consequent disruption of 

concerted ROS signals (Zhao et al., 2018). Furthermore, anthers can fail to release pollen 

grains, possibly due to heat-induced changes in cell wall composition, sucrose transport and 

water movement (Santiago and Sharkey, 2019). Also, the developing male gametophyte itself 

can encounter problems at different stages of development (Müller and Rieu, 2016; Raja et 

al., 2019; Santiago and Sharkey, 2019). 

The effects of heat stress on pollen germination and pollen tube growth are less well studied 

than those on pollen development but have also been addressed in several studies. It was 

shown that tomato pollen germination is negatively affected by heat stress in in vitro

experiments (germination and pollen tube growth in medium outside of female tissues); an 

effect also attributed to elevated ROS levels (Luria et al., 2019). Various sorghum genotypes 

show in vitro pollen germination reductions of 2 – 95 % under different heat stresses (Sunoj et 

al., 2017). In vivo experiments with pollen from rice or the pine Pinus edulis gave similar results 

(Flores-Rentería et al., 2018; Shi et al., 2018).

Inhibited pollen tube growth has been observed as well. Experiments on in vivo grown cotton 

pollen tubes attribute reduced pollen tube growth to heat-stress-induced reduction of soluble 

carbohydrate content in the pistil (Snider, Oosterhuis and Kawakami, 2011; Snider, 

Oosterhuis, Loka, et al., 2011). Heat-induced pollen tube growth inhibition in rice was 

described to be likely due to altered auxin homeostasis within the pistil (Zhang et al., 2018). 

These experiments highlight the importance of biochemical interactions between pollen tubes 

and the surrounding pistil tissue during stress. However, pollen tube growth inhibition is also 

observed in vitro. Experiments with tomato pollen showed maximal germination rates at 15 °C 

and maximal pollen tube lengths at 25 °C, higher (or lower) temperatures were inhibitory 

(Karapanos et al., 2010). Another in vitro study in tomato showed that high-temperature-

induced ROS inhibit pollen tube growth and that elevated flavonol levels can counteract the 

heat-induced ROS-imbalance (Muhlemann et al., 2018). Also, in vitro pollen tube growth of 

cotton, rice and Arabidopsis is inhibited by high temperatures (Boavida and McCormick, 2007; 

Song et al., 2015; Coast et al., 2016), indicating that growth inhibitions are not solely due to 

altered crosstalk with the female tissue, but also due to effects in the pollen tube itself.

A challenge all organs of plants have to meet during elevated temperatures, is maintaining 

membrane fluidity and integrity; this holds true for the plasma membrane (PM) as well as for 

intracellular membranes (Niu and Xiang, 2018). Among the challenges plant membranes have 

to meet under elevated temperatures are the prevention of bilayer disintegration (because of 

membrane hyperfluidity under high temperatures) and peroxidation of unsaturated fatty acids 

by ROS (Higashi and Saito, 2019). 
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The effects of long- and short-term heat stress on the leaf lipidome of different species has 

been reviewed recently (Higashi and Saito, 2019): Levels of phospholipids containing 

saturated or mono-unsaturated acyl chains increase; while most phospholipid species with 

polyunsaturated acyl-chains decrease. For glycolipids, 18:2 containing species (including 36:4-

monogalactosyl diacylglycerol (MGDG), 36:5-MGDG, 34:2-digalactosyl diacylglycerol 

(DGDG), 36:4-DGDG, 36:5-DGDG, 34:2-sulfoquinovosyl diacylglycerol (SQDG), 36:4-SQDG, 

and 36:5-SQDG) increase and lipids harbouring two 16:3 or 18:3 acyl chains decrease. At the 

same time, triacyl glycerol (TAG) levels increase.

Nicotiana tabacum used in this study is a versatile model organism that is also very suited to 

study pollen tube growth. Here we show that Tobacco pollen tubes can grow well at a relatively 

high temperature of 37°C and monitor the adaptions of the pollen tubes on its lipidome, 

transcriptome and metabolome. 

Results

Tobacco in vitro pollen tube growth is not inhibited by elevated temperatures

The Nicotiana tabacum genome has been sequenced, Tobacco flowers are large and rich in 

pollen that germinates and grows tubes effectively in vitro (Read et al., 1993; Edwards et al.,

2017). First, we tested if Tobacco pollen tubes also grow at higher temperatures, and thereby 

pose a possible model organism to study successful heat adaptation. For this, we analysed 

pollen tube elongation under five different conditions (Figure 1a) with or without heat stress 

(HS): 3 h of growth at room temperature (22°C, RT 3 h), 6 h of growth at RT (RT 6 h), 3 h 

growth at RT and then 3 h growth under HS (HS 3+3 h), 3 h growth at RT and then 6 h growth 

under HS (HS 3+6 h) and 3 h growth at RT followed by 3 h growth under HS and finally 3 h at 

RT for heat stress relief (HSR 3+3+3 h). As shown in Figure 1b and 1c, pollen tubes grown at 

RT for 3 h reach an average length of 0.45 mm, after 6 h they on average elongate by another 

0.6 mm. If shifted to HS after 3 h, they only elongate by 0.38 mm, meaning an average 

reduction of around 38 % in comparison to RT 6 h. If subjected to prolonged heat stress of 6 

h, the picture slightly changes: Heat stressed tubes reach an average length of 1.27 mm, while 

heat stress relieved pollen tubes only reach 1.19 mm.
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Figure 1: A Schematic depiction of the experimental setup. Pollen tubes were grown under five different conditions: 
either unstressed for 3 or 6 h at room temperature (22 °C; RT 3h, RT 6h); at RT for 3 h followed by either 3 or 6 h 
of heat stress (37 °C; HS 3+3 h, HS 3+6 h); or with heat stress relief for 3 h at RT, followed by 3 h HS at 37 °C and 
then another 3 h at RT (HSR 3+3+3 h).
B Violin plot of measured pollen tube lengths under the different conditions. Boxplots are shown within the diagram.
ANOVA was performed, followed by Post-hoc Tukey analysis. Results are presented as compact letter display of 
all pair-wise comparisons in increasing order. n = 183 – 201.
C Images of pollen tubes grown under the indicated conditions. Bars = 0.5 mm
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Relative phospholipid and galactolipid composition changes upon heat stress 

Heat stress usually induces membrane remodelling in order to maintain membrane integrity. 

Sustaining pollen tube growth under elevated temperatures thus likely requires lipidomic 

adaptations, too. To assay such a remodelling, pollen tubes were grown at different 

temperature regimes (Figure 1a) and the lipid classes PC, PG, PE, PS, MGDG, DGDG, DAG 

and TAG were analysed by UPLC-nanoESI-MS/MS (Figure 2, 3, 4a). SQDG species could not 

be detected in any of the samples.

In total, 164 species were detected and quantified (Supplementary Dataset 1-4). On a total 

lipid level, heat stress had only mild effects on relative abundances (normalised to the values 

after 3 h of RT growth) of most lipid classes (Figure 2a). For PC and PE, only subtle to no 

changes in abundance were observed when the tubes were grown for an additional 3 h at RT 

or 3 h under heat stress (total growth of 6 h). After a total growth of 9 h, the amounts of PC 

and PE increased, but accumulation was slightly reduced in heat stressed tubes when 

compared to stress relieved tubes. Stronger relative increases were observed for the other 

membrane lipids, especially so after prolonged pollen tube growth. Particularly DGDG and PS 

showed strong relative increases upon heat treatment in comparison to control or stress-

relieved samples. Furthermore, the neutral storage lipid TAG showed a strong increase over 

time and under heat stress. Its synthesis and breakdown intermediate DAG showed a less 

pronounced increase under heat stress. 

Looking at overall saturation levels, the proportion of saturated acyl chains increased in all 

membrane lipid classes except for PS and DAG, while the relative abundance of 

polyunsaturated acyl chains decreased (Figure 2b). The changes were more pronounced in 

DGDG and PG in comparison to PC, PE and MGDG and were further increased after 

prolonged heat exposure. Shifting the tubes back to RT partly led to a reversion of the effects 

in PC, PE, and PG while levels in MGDG and DGDG remained approximately constant. 

Regarding fatty acid composition of major lipid species (> 1 % of the total lipid class in at least 

one condition, shown in Figures 3, 4a), a relative increase in most 16:0-containing phospholipid 

species was observed after 3 h of HS. Exceptions are 34:2-PG and 34:3-species of PC, PE 

and PG. Similar results were obtained for species containing 18:0, while species without 

saturated acyl chains generally decreased in relative abundance. After prolonged HS for 6 h, 

the picture slightly changed. Some palmitate-containing species further increased (34:2-PC 

and -PS, 32:0-PG), others were mostly unchanged in comparison to 3 h of HS and two species 

even decrease again (34:1-PC, 34:3-PS). Were the pollen tubes shifted back to RT, most 

species containing 16:0 and 18:0 decreased again; while lipids containing no saturated acyl 

chains increased. PS containing 18:2 and 24:0 decreases under HS and recovered after stress 

relief. 
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The general trend observed in MGDG and DGDG is the same as for phospholipids: 16:0-

species increase, while 18:3 containing species decrease. Stress relief partially reverses the 

observed effects again for some species but not for all.

Fewer changes were observed in the acyl-chain composition of the storage lipids DAG and 

TAG. DAG profile remained more or less constant under all tested conditions. For TAG, some 

changes over time but almost no changes in response to heat stress were observed. Strongest 

changes were observed for short-chain containing species (50:1 – 50:3), that strongly increase 

over time and accumulate after 3 h of HS (but not after prolonged stress); and for 54:6 – 54:8-

TAG, that showed a decrease over time (but no changes upon HS). 

To further validate the increase of TAG levels under HS, and to get information on absolute 

TAG levels, TAGs were also quantified by GC-FID (Figure 4b). Heat stressed pollen tubes (3 

h RT + 3 h HS) produce more than twice the amount of TAG as control pollen tubes (6 h RT) 

did. Looking at the fatty acid profile, 16:0 shows a strong relative increase, while 18:1 and 18:3 

show relative decreases. Intriguingly, proportion of 18:0 also decreased significantly.
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Figure 2: A Relative amounts of the lipid classes PC, PE, PG, PS, MGDG, DGDG, DAG and TAG in pollen tubes. 
Amounts after 6 h RT, 3 h RT + 3 h HS, 3 h RT + 6 h HS and 3 h RT + 3 h HS + 3 h RT were normalised to the 
respective amounts after 3 h RT, each lipid class was calculated separately. Total lipid class amounts were 
determined as sums of all detected lipid species per class, measured by UPLC-nanoESI-MS/MS. Statistic analyses 
are presented separately in Table 1. 
B Relative saturation of the respective lipid class after 3 h RT, 6 h RT, 3 h RT + 3 h HS, 3 h RT + 6 h HS and 3 h 
RT + 3 h HS + 3 h RT. Relative amounts of all saturated (black), monounsaturated (grey) and polyunsaturated 
(white) fatty acid per class were summed up and divided by the number of fatty acids per respective lipid molecule. 
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Figure 3: Relative fatty acid composition of the membrane lipids PC, PG, PE, PS, MGDG and DGDG from pollen 
tubes grown at 3 h RT, 6 h RT, 3 h RT + 3 h HS, 3 h RT + 6 h HS and 3 h RT + 3 h HS + 3 h RT. Lipid species 
were quantified as peak areas measured by UPLC-nanoESI-MS/MS, normalised to the peak sum of all lipid species 
per class, only major lipid species (< 1 % of total) are depicted. Statistic analyses are presented separately in Table 
2.
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Figure 4: A Relative fatty acid composition of the neutral lipids DAG and TAG, extracted from pollen tubes grown 
at 3 h RT, 6 h RT, 3 h RT + 3 h HS, 3 h RT + 6 h HS and 3 h RT + 3 h HS + 3 h RT. Lipid species were quantified 
as peak areas measured by UPLC-nanoESI-MS/MS, normalised to the peak sum of all measured lipid species per 
class. Only major lipid species (< 1 % of total) are depicted. Statistic analyses are presented separately in Table 3.
B Absolute quantification of TAG from heat stressed (3 h RT+ 3 h HS) and non-stressed (6h RT) pollen tubes per 
1 mg of dry pollen. Also shown is the relative contribution of the respective fatty acids to the total TAG amount. 
Measurements were performed with GC-FID and quantified as peak areas. *** p < 0.005; ** p < 0.001; * p < 0.05; 
determined by two-sided Student’s t-test.
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Sterol synthesis in pollen tubes is upregulated under heat stress conditions

Sterols are important structural lipid constituents of membranes, especially the plasma 

membrane, and are important for membrane microdomain (lipid raft) formation and through 

this involved in diverse cellular processes, including polar cell growth (Simons and Ikonen, 

1997; Beck et al., 2007; Simon-Plas et al., 2011). 

The sterol profile in pollen from various species differs greatly from that in leaves or other 

sporophytic tissues and it was shown that the sterol synthesis pathway in growing Tobacco

pollen tubes is truncated with only two species being de novo synthesised: presumably 

methylenepollinastanol and its precursor cycloeucalenol (Villette et al., 2015; Rotsch et al.,

2017). Relative abundance of these sterol species increases during pollen tube growth (Rotsch 

et al., 2017), as can be seen in the presented data (Figure 5, Supplementary Dataset S5-6). 

Especially cycloeucalenol accumulated strongly under HS and less at RT. After heat stress 

relief, increased accumulation ceased and levels remained constant.

Figure 5: Relative amounts of newly synthesised sterol species. Only two sterol species are newly synthesised in 
growing Tobacco pollen tubes: Unknown M412 and Cycloeucalenol. Presented are relative abundances of the 
respective sterol based on the total ion current as measured by GC-MS, pollen tubes were grown 23°C for 3 h or 6 
h, or shifted to 37 °C after 3 h for 3 h or 6 h (3+3h HS, 3+6h HS). Another batch of tubes was grown for 23°C for 3 
h shifted to 37 °C for 3 h and then shifted back (3+3+3h HSR). ANOVA was performed, followed by Post-hoc Tukey 
analysis. Results are presented as compact letter display of all pair-wise comparisons in increasing order.
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Metabolomic adaptations

In our study, we identified 51 metabolites by GC-MS that are mostly part of central metabolism 

including organic acids, amino acids and sugars (Supplementary Dataset S7-8). In addition, 

17 markers were identified. Values of all timepoints were normalised to the values after 3 h of 

RT. While most metabolites accumulated during prolonged pollen tube growth, not all of these 

were affected by HS. Most amino acids increased during HS, including the non-codogenic 

amino acids -lactate, -amino butyrate (GABA) and pipecolate (Figure 6d, Supplementary

Dataset S5-6). Proline and glutamate levels, however, were not strongly affected by 

temperature. Also, sugar levels were only mildly affected by HS with the exception of the 7-

carbon sugar sedoheptulose that increased ~ 3-fold, and sucrose that increased 2-fold after 

HS in comparison to the control (Figure 6b). Among the organic acids an increase in 2-

isopropylmalate, an intermediate in leucine biosynthesis, and 2-oxoglutarate (2-OG) was 

observed (Figure 6c). Interestingly, fumarate and malate were not affected by HS but strongly 

increased after stress relief. Further metabolites that show an increase under HS include 

Glycerol-3-phosphate (G3P, Figure 6e and 6f, Supplementary Dataset S5-6) and the so far 

unidentified marker A171005 deposited in the Golm metabolome database (Kopka et al.,

2005).
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Figure 6: Relative amount of a selection of detected metabolites, normalised to RT 3h. A legend: black line and 
filled black circles: no stress (RT 3h and RT 6); dotted line and grey squares: stress (HS 3+3h and HS 3+6h); 
dashed lines and white rhombus: stress relief (HSR 3+3+3h). Shown are a selection of detected sugars (B), a 
selection of detected organic acids (C), a selection of detected amino acids (D), a selection of detected polyols (E)
and others (F). ANOVA was performed, followed by Post-hoc Tukey analysis. Results are presented as compact 
letter display of all pair-wise comparisons in increasing order.

Heat stress leads to strong alteration on the transcriptome level

To assess whether the different adaptations are reflected on a transcriptional level, 

transcriptome analyses of pollen tubes grown for 3 or 6 h at RT or 3 h at RT followed by 3 h at 

HS were performed by RNA sequencing (Figure 7). 

Overall, 26743 genes were detected, 24013 of which with more than 0.5 counts per million 

(CPM) in at least 2 libraries and 21241 of these could be assigned a UniProt protein ID (Table 

4). The respective protein sequences were then blasted vs the TAIR 10 Arabidopsis protein 
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library and to 19,798 Tobacco proteins, Arabidopsis homologues with an Expect value (E-

value) < 10-5 were found. The respective Arabidopsis protein identifiers were later used for 

functional annotation.

In the analysis of pollen tubes grown for three versus six hours at room temperature, 561 genes 

-regulated 

and 255 of which were down-regulated (Figure 7b). 

In the comparison of heat-stress versus non heat-stressed pollen tubes, 2383 genes were 

differentially expressed, 1570 of which were up-regulated and 813 of which were down-

regulated (Figure 7c). For analyses of gene functions, we further explored the second 

comparison making use of the functional annotation of the Arabidopsis genome and proteome. 

Figure 7: Analysis of transcriptome data. A Principle component analysis (PCA) of RT 3 h, RT 6 h and HS 3+3 h. 
B and C Volcano plots of RT 3h vs. RT 6h and RT 6h vs. HS 3+3 h, respectively. Red lines indicate threshold for 
differential expression (abs. log2FC > 1, red dots and FDR < 0.005, orange dots).

Table 4: Number of detected and annotated genes in the respective analysis.

Analysis
Detected 

genes
UniProt

ID
Arabidopsis 

homolog

RT 3 h vs. RT 6 h 23,043 20,459 19,162

RT 6 h vs. HS 3+3 h 23,053 20,445 19,779

total 24,013 21,241 19,798

total unfiltered 26,743 - -

Number of detected genes in total and in the two comparisons and number of total detected genes (unfiltered). For 
DE analyses, genes were filtered for a CPM < 0.5 in at least two of the respective analysed libraries. Genes were 
annotated a UniProt identifier (UniProt ID), some genes could not be annotated, number of annotated genes is 
given. Annotated Tobacco proteins were blasted against Arabidopsis to find closest homologs, only hits with E-
value < 10-5 were considered. Number of genes with an Arabidopsis protein homolog hit is given.
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GO-term analysis gives first insights

For gene ontology (GO) analysis, the GO terms assigned to the annotated Arabidopsis 

homologues were analysed. For the analysis of RT 6 h versus HS 3+3 h, 20,370 genes were 

assigned with 5994 different GO terms, giving a total of 152,469 GO term-gene combinations. 

RPKM values of all genes belonging to the same GO term were summed up and averaged for 

the respective condition to calculate log2FCs. The summed up RPKM values were also 

analysed by a Student’s T-test for significances. The number of total detected genes belonging 

to the respective GO-term was determined as well as the number of genes within the term that, 

according to statistical testing (Supplementary Dataset S10), showed differential expression 

(Table 5 and Supplementary Dataset S12-15). 

A selection of the most changed GO terms between RT 6 h and HS 3+3 h are presented in 

Table 5, grouped by sub-ontology (for complete lists see Supplementary Dataset S12-15). 

Among them are several heat shock-related GO terms containing many up-regulated genes 

and only few down-regulated genes. The terms include “functions in Hsp90 protein binding”, 

“has unfolded protein binding”, and “involved in response to heat”. Another strongly changed 

GO term is “involved in response to reactive oxygen species” with 76 detected genes, 46 of 

which showed statistically significant up-regulation. Other changed GO terms like “has pre-

mRNA 3'-splice site binding” and “involved in positive regulation of mRNA splicing, via 

spliceosome” might hint at a role of alternative splicing under heat stress, which has been 

shown before, e.g. in tomato pollen (Keller et al., 2017). Interestingly, several changed GO 

terms suggest that auxin metabolism and/or signalling might be affected (“has auxin receptor 

activity”, “involved in auxin catabolic process”, and “involved in regulation of auxin biosynthetic 

process”). Up-regulation of the GO term “auxin catabolic process” as well as “auxin 

biosynthetic process” are due to up-regulation of putative Tobacco DIOXYGENASE FOR 

AUXIN OXIDATION 1 (DAO1) and REVEILLE1 (RVE1) homologues; while “auxin receptor 

activity” contains two down-regulated homologues of the Arabidopsis auxin receptor 

TRANSPORT INHIBITOR RESPONSE 1 (TIR1).
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Transcripts of transcriptional regulators are strongly affected

The GO term analysis revealed that the term “has transcription coactivator activity” was 3.2-

fold upregulated, with 9 of 46 genes being differentially upregulated. The terms “functions in 

transcription regulatory region DNA binding” and “has DNA-binding transcription factor activity” 

showed 34 of 395 and 72 of 654 differentially upregulated but also 31 and 15 downregulated 

genes, respectively. The total transcript abundance within these terms was, however, only little 

changed (Supplementary Dataset S14). To get a closer look at putative transcriptional 

regulators important during heat stress, the transcript data was mined for genes homologous 

to Arabidopsis transcriptional regulators according to the Arabidopsis Plant Transcription 

Factor Database with 2192 gene entries (Pérez-Rodríguez et al., 2009). Overall, 1319 

Tobacco genes could be assigned to transcriptional regulators (117 up- and 42 differentially 

downregulated, Supplementary Dataset S16-17). The highest proportion of upregulated genes 

was found among the heat shock transcription factors (HSF, 9 of 19) and DNA-binding protein 

phosphatases (DBP, 6 of 10). Three of the HSFs were among the top 100 upregulated genes 

but also two members of the multiprotein bridging factor (MBF1) family with fold changes 

ranging from 155 to 421. The MBF1 family is part of a heat stress regulon in Arabidopsis 

(Suzuki et al., 2011). Furthermore, the transcription factor families MYB-related and AP2-

EREBP showed a comparably high number of upregulated genes (14 and 9 respectively). 

Transcripts related to lipid metabolism are barely affected by heat stress

To find out whether lipid adaptations are mirrored on a transcriptional level, a list of 746 

Arabidopsis genes with a role or putative role in glycerolipid, sphingolipid and sterol 

metabolism was compiled from several sources (see method section and Supplementary

Dataset S18). Comparing our transcript data to this list, 713 Tobacco transcripts were assigned 

a putative function in lipid metabolism (Supplementary Dataset S19). Of these, only 43 genes 

were differentially expressed, 20 of which were up- and 23 down-regulated (Table 6). 

This result already indicates that lipid adaptations are not strongly reflected on a transcriptional 

level. To take a closer look at the differentially expressed genes, lipid genes were grouped 

according to their pathways.
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Table 6: List of all detected transcription factor families with differentially expressed 
genes.

Transcription factor 
family

Type
Arabidopsis 

genes
Detected 

genes
DEG 
up

DEG 
down

ABI3VP1 TF 57 27 1 1

Alfin-like TF 7 10 0 1

AP2-EREBP TF 146 34 9 1

ARF TF 23 15 2 1

ARID Other 10 17 1 1

AUX/IAA Other 28 1 1 0

BES1 TF 8 10 0 1

bHLH TF 136 44 5 3

bZIP TF 70 49 1 5

C2C2-CO-like TF 17 4 0 1

C2C2-GATA TF 29 13 2 0

C2H2 TF 99 43 3 3

C3H TF 68 90 7 1

CCAAT TF 43 39 3 0

Coactivator p15 Other 3 2 2 0

CSD TF 4 3 2 0

DBP TF 4 10 6 0

EIL TF 6 8 2 0

FAR1 TF 17 26 2 1

FHA TF 17 20 3 0

G2-like TF 40 20 2 0

GNAT Other 32 34 1 0

GRAS TF 33 17 3 3

HB TF 91 19 1 0

HSF TF 23 19 9 0

LOB TF 43 14 1 0

LUG Other 2 6 1 0

MADS TF 105 30 2 2

MBF1 Other 3 7 2 0

mTERF TF 34 11 1 1

MYB TF 147 55 2 2

MYB-related TF 65 71 14 1

NAC TF 104 26 3 0

Orphans TF 83 35 4 1

PHD Other 45 92 3 1

Pseudo ARR-B Other 5 5 1 1

RWP-RK TF 14 10 2 1

SET Other 33 46 3 0

Sigma70-like TF 6 6 3 0
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SNF2 Other 38 57 0 3

SWI/SNF-BAF60b Other 16 10 1 0

TCP TF 24 5 0 1

Tify TF 15 9 0 1

TRAF Other 25 16 0 2

TUB TF 10 15 2 0

ULT TF 2 4 0 1

VOZ TF 2 4 1 0

WRKY TF 72 22 3 1

List of all detected transcription factor families that contain differentially expressed genes. As reference, the 
Arabidopsis Plant Transcription Factor Database PlnTFDB with 2192 gene entries was used (Pérez-Rodríguez et 
al. 2009; accessed on 4th June 2020). Given are the transcription factor family names, their type (TF = transcription 
factor, Other = other transcriptional regulator), the number of Arabidopsis genes belonging to the respective family, 
the number of detected Tobacco genes putatively belonging to the respective family and the number of differentially 
expressed genes (DEG; log2FC > |1|, FDR < 0.005) within the family.

Fatty acid synthesis is not transcriptionally upregulated

Pollen tube growth requires fatty acid synthesis in the plastids to cope with the increasing need 

for membrane lipids in growing pollen tubes (Ischebeck, 2016). Under HS, pollen tubes seem 

to need slightly more membrane lipids, as several minor lipid classes as well as TAG levels 

accumulated stronger at high temperature (Figure 2a). However, neither of the pathways 

leading to acetyl-CoA synthesis via the pyruvate dehydrogenase or pyruvate decarboxylase 

seem to be strongly affected (Supplementary Dataset S19). The same is true for fatty acid 

synthesis itself, as only one relevant gene, one of six putative Ketoacyl-ACP Reductases 

(KAR) was up-regulated; on the other hand, a hydroxyacyl-ACP dehydrase (HAD) homologue 

was down-regulated. It was previously shown that downregulation of the ketoacylsynthase 

KASII/FAB1, which is responsible for the elongation from C16 to C18 acyl chains, leads to 

strongly increased levels of C16 acyl chains in Arabiodopsis (Pidkowich et al., 2007). 

Interestingly, none of the four isoforms was considerably downregulated in Tobacco pollen 

tubes under heat stress, despite the increase of 16:0 acyl chains across lipid classes (Figure 

3). Furthermore, an upregulation of thioesterase expression that could result in an increased 

release of C16 fatty acids, was not observed. On the contrary, three of the six thioesterases 

detected were even significantly downregulated.

What is more, no differentially expressed fatty acid desaturases (FADs) were detected in our 

screen. FAD2 and FAD3, the desaturases that catalyse the desaturation from 18:1- to 18:2- 

and 18:2- to 18:3-PC, respectively, are not downregulated but several isoforms were slightly 

upregulated. No homologues of FAD4, the enzyme catalysing the desaturation of 16:0 to 16:1 

PG, were detected; neither were FAD5 homologues, desaturating 16:0 MGDG to 16:1. Two 

homologues of FAD6, the enzyme responsible for the desaturation of 16:1 and 18:1 MGDG 

and PG to 16:2 and 18:2 and of 18:1 SQDG and DGDG to 18:2, were detected, none of which 
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showed differential expression; neither did the FAD7 homologue or the two FAD8 homologues 

that desaturate 18:2 and 16:2 MGDG, DGDG, SQDG and PG to 18:3 and 16:3, respectively.

Genes involved in fatty acid degradation were mostly unchanged, too. Only the transcript of 

one (of two detected) acyl-coenzyme A oxidases (ACX, involved in fatty acid degradation via 

fatty acid beta-oxidation) was down-regulated. 

Transcript does not reflect adaptations in glycerolipid profiles

The expression levels of enzymes involved in glycerolipid metabolism gave a rather indifferent 

picture. While some individual isoforms were differentially expressed (Table 7), only few clear 

trends could be observed. Among the upregulated, but not differentially expressed genes, two

putative PA phosphatases homologous to Arabidopsis LPP1/PAP1 which had a very high 

abundance level that increased by 25 and 55 %, respectively. Also two of three CGI58-type 

lysophosphatidic acid acyltransferases that are involved in membrane and neutral lipid 

homeostasis (Ghosh et al., 2009; James et al., 2010) were slightly upregulated by 32 and 35 

%, respectively (Supplementary dataset S19). Regarding galactolipids, the adaptations were 

equally indifferent: Some transcripts involved in galactolipid synthesis showed a trend towards 

slight upregulation, while others showed a tendency towards downregulation. However, none 

of the changes met the threshold for differential expression.  

Transcripts important for sulfolipid metabolism were not detected, indicating again that these 

lipids do not occur in Tobacco pollen tubes.
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Transcripts hint at a dynamic turnover of TAG upon heat stress

Taking a closer look at TAG metabolism, we found that diacylglycerol acyltransferase 1 

(DGAT1), DGAT2 and DGAT3 homologues are strongly transcriptionally up-regulated after 3h 

of HS. However, a homologue of the major TAG lipase SUGAR DEPENDENT 1 (SDP1) is also 

up-regulated, so is another putative TAG lipase. A putative cytosolic DAD1-like seedling 

establishment-related lipase (DSEL) homologue is down-regulated, a lipase that in Arabidopsis 

showed preference for DAG and MAG in vitro and is supposed to be a negative regulator of 

seedling establishment by inhibiting break-down of storage oils (Kim et al., 2011). Thus, down-

regulation of this lipase might promote TAG break-down. The concomitant up- and down-

regulation of different TAG synthesis and break-down genes hints at increased TAG turn-over 

rather than just an increase in TAG synthesis (as could be expected from lipidomic results; 

Figure 2a and 4b). 

Up-regulated genes also include some known LD-localised proteins, a 11-beta-hydroxysteroid 

dehydrogenase-like 5 isoform is very strongly upregulated (125 fold), which is interesting as 

previously no HSDs were found on LDs of Tobacco pollen tubes on the protein level 

(Kretzschmar et al., 2018). Also, an oleosin, a lipid droplet-associated protein (LDAP) and a 

putative lipid droplet associated hydrolase (LDAH) (Kretzschmar et al., 2020) show 

upregulation; while another putative oleosin family protein is down regulated. Some low but 

significant changes can be observed in the scaffold protein plant UBX-domain containing 

protein (PUX10), that plays a role in the degradation of LD proteins (Deruyffelaere et al., 2018; 

Kretzschmar et al., 2018). All four detected putative homologues show slight upregulation 

(Supplementary Dataset S19).

Several genes involved in sterol and sphingolipid metabolism show differential expression

A transcript encoding for a methylsterol monooxygenase 2 (SMO2)-like isoform showed 8-fold 

upregulation. SMO proteins are involved in sterol synthesis, to be more precise SMO2-1 and 

SMO2-2 are involved in the reaction from 24-methylenelophenol to episterol (precursor of 

campesterol, brassinosteroids and brassicasterol) and from 24-ehtylenelophenol to 7-

avenasterol (that can be converted to isofucosterol, sitosterol and stigmasterol later). 

Furthermore, a putative delta(24)-sterol reductase shows two-fold upregulation. Its closest 

Arabidopsis homologue is DWARF1 (DWF1), which among others catalyses the reactions from 

isofucosterol to sitosterol and from 24-methylenecholesterol to 24-epi-campesterol and 

campesterol. However, neither of the mentioned sterols showed differential accumulation upon 

heat stress (Supplementary Dataset S5-6) and also are not believed to be newly synthesised 

in pollen tubes (Villette et al., 2015; Rotsch et al., 2017).  
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Regarding sphingolipid metabolism, a delta(8)-fatty-acid desaturase-like protein that shares 

62 % sequence identity with the Arabidopsis SPHINGOID LONG CHAIN BASE DESATURASE 

2 (SLD2) is two-fold downregulated on transcript level, while other homologues of this enzyme 

show upregulation (Table 7, Supplementary Dataset S19). The transcript of a putative 

sphingoid base hydroxylase 2 (SBH2) showed two-fold upregulation. Both, SBH2 and SLD2 

have previously been reported to be highly expressed in Arabidopsis pollen, leading to a distict 

sphingolipid profile in Arabidopsis pollen that is high in glucosylceramides (GlcCers) and N-

acetyl-glycosylated glycosylinositolphosphoceramides (GIPCs) (Luttgeharm et al., 2015).

Differentially expressed genes among others suggest involvement of hormones and 

polyamines in heat stress adaptation

Some other interesting differentially expressed genes that have not been covered so far are 

highlighted in Table 8. The gene displaying the strongest up-regulation is annotated as 

“uncharacterised protein” in Tobacco and its closest Arabidopsis homologue, AT3G10020, is 

annotated as “plant/protein”. Publications suggest that it is a stress-responsive gene. Strongest 

downregulation was observed for a homologue of BON association protein 2 (BAP2), a 

reported inhibitor of programmed cell death (Yang et al., 2007). 

While auxins were already mentioned in the GO-terms, some other hormones might also play 

a role in heat stress adaptation of Tobacco pollen tubes. Strong upregulation was observed 

for a homologue of Arabidopsis JASMONATE-INDUCED OXYGENASE2 (JAO2), annotated 

as a protein with similarity to flavonol synthases and involved in the detoxification of polycyclic 

aromatic hydrocarbons (Hernández-Vega et al., 2017). JASMONATE-ZIM-DOMAIN PROTEIN

8 (JAZ8) on the other hand was transcriptionally downregulated. Transcript of a putative 

homologue of BRI1-associated receptor kinase 1 (BAK1), a receptor-like kinase in 

brassinosteroid sensing, was downregulated under HS. 

Also, an involvement of polyamines including spermine and spermidine in HS response, as 

has been reported (Fu et al., 2019; Toumi et al., 2019; Jing et al., 2020; Zhou, R. et al., 2020;), 

is reflected in the transcriptome. A putative SPERMINE SYNTHASE 3 (SPDS3) was more than 

8-fold and a putative POLYAMINE OXIDASE 2 (PAO2) was 2-fold upregulated. PAO2 was

recently shown to be involved in regulating excess spermidine contents in Arabidopsis seeds

and seedlings (Takahashi et al., 2019). Several other putative PAO1-4 homologues were

detected and showed up- and down-regulation, however none had FC > 2. Also involved in

polyamine metabolism is ARGININE DECARBOXYLASE 2 (ADC2), of which 4 putative

Tobacco homologues were detected, 3 were differentially downregulated (and one log2FC of

-0.977). ADCs catalyse the first and rate-limiting step in polyamine synthesis.
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Discussion

Tobacco pollen tube transcriptome shows expected but also unique adaptations to heat stress 

As shown in several previous studies on plants, heat stress leads to a rapid and strong 

remodelling of the transcriptome (Kotak et al., 2007; Mittal et al., 2012; Rahmati Ishka et al.,

2018). One reaction conserved across pro- and eukaryotes is the upregulation of heat shock 

proteins (HSPs) (Jacob et al., 2017). Accordingly, most transcripts strongly upregulated in 

response to heat stress encode HSPs in this study as well (Supplementary dataset S10). This 

upregulation has also been found to be a key response under heat stress in developing pollen, 

prior to pollen tube growth (Fragkostefanakis et al., 2016; Keller et al., 2018).

Other genes previously reported to be upregulated under heat stress show an increase in 

pollen tubes as well. These include genes encoding a homologue of ATFKBP62 (AT3G25230), 

which is known to mediate thermo-tolerance through interaction with a complex of HSP90.1 

and the transcription factor HsfA2. Thereby ATFKBP62 sustains high levels of small HSPs 

(Meiri and Breiman, 2009). Another example is a homologue to the Bax inhibitor-1 family 

protein (AT1G03070) that is also upregulated under heat stress in vegetative tissues of 

Arabidopsis (Kilian et al., 2007), where it might act as a ER-localized cell death repressor 

(Ishikawa et al., 2011).

However, we also found differences between heat stress responses in Tobacco pollen tubes 

and vegetative tissues of Arabidopsis, as several heat-induced genes in Arabidopsis are 

expressed, but not upregulated upon heat stress in Tobacco pollen tubes. These include genes 

encoding for LATE EMBRYOGENESIS ABUNDANT (LEA) proteins, which protect other 

proteins and membranes especially during desiccation but are also upregulated by heat stress 

(Priya, Dhanker, et al., 2019). Similarly, the HSF binding protein 1 (HSBP1), which is heat-

induced, but a negative regulator of heat stress responses in Arabidopsis leaves (Hsu et al.,

2010), was present albeit not upregulated in Tobacco pollen tubes. Further examples are 

homologues of genes coding for the Arabidopsis serine protease PARK13/DEG14 

(AT5G27660) (Basak et al., 2014), the phytocystatin CYS5 (AT5G47550) (Song et al., 2017), 

a putative inhibitor of cysteine proteases, or a temperature induced lipocalin (AT5G58070) (Chi 

et al., 2009). All these proteins mediate thermotolerance and are upregulated during heat 

stress in Arabidopsis but not in the present study.

On the contrary, we found genes upregulated that have so far not been associated with heat 

stress. These include for example a Flotillin-like gene with homology to Arabidopsis FLOT2. 

Flotillins are involved in formation of membrane microdomains (Haney and Long, 2010; Li et 

al., 2012). Moreover, Arabidopsis FLOT1 was shown to be involved in callose deposition upon 

bacterial infection, and it was suggested to play a role in different endocytotic processes, e.g. 

the regulation of respiratory burst oxidase homolog D (RbohD) activity through clathrin- and 
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microdomain-dependent endocytosis (Hao et al. et al., 2020). Medicago 

truncatula FLOT4 was shown to exclusively localise to tips of elongating root hairs upon 

inoculation with bacteria (Haney and Long, 2010). These data suggest, that Flotillins might 

also play an important role during pollen tube growth, maybe especially so under stress. The 

presence of sterol-rich membrane microdomains containing flotillin-like protein in rice pollen 

has recently been shown (Han et al., 2018). 

Another example is a Tobacco homologue of PEROXIN22 (PEX22), which to our knowledge 

has not been connected to heat stress so far. It was reported, however, that mutations in yeast 

PEX22 led to increased malate production and mislocalisation of a peroxisomal malate 

dehydrogenase to the cytosol (Negoro et al., 2018). Interestingly, in pollen tubes, an increased 

transcript expression of a putative chloroplastic malate dehydrogenase (MDH) was observed 

and malate concentrations were significantly reduced by prolonged HS as compared to heat 

stress relieved pollen tubes, hinting at an involvement of malate in heat stress adaptation of 

pollen tubes.

Heat induced lipid remodelling is not controlled transcriptionally

The expression data shows no conclusive picture as to how the membrane lipid composition 

is altered. Nevertheless, several conclusions can be drawn from membrane lipid remodelling: 

Especially striking is the increase of the saturated acyl chains 16:0 and 18:0, while the ratio of 

monounsaturated and polyunsaturated acyl chains is not altered severely. This result suggests 

a regulation of fatty acid synthesis in the plastids, where it is determined if the acyl carrier 

protein (ACP)-connected acyl chains are initially elongated and desaturated. Only after 

elongation and desaturation from 16:0 to 18:1 the acyl chains can be precursors for further 

extraplastidial desaturation. 

Arabidopsis and likely also other plant species harbour three types of ketoacylsynthases (KAS) 

with only one, KASII/FAB1, being responsible for the elongation of 16:0-ACP to 18:-ACP (Wu 

et al., 1994; Pidkowich et al., 2007). KASII/FAB1 would thus pose a good target for regulation. 

Regulation of the 9 desaturase OLE1 could be a further factor, as it introduces the first double 

bond to form 18:1. Thioesterases might also play a role, as knockout of FATB leads to a strong 

reduction of saturated acyl-chains (Bonaventure et al., 2003), and knockdown of the two FATA 

genes also influences acyl-composition (Moreno-Pérez et al., 2012).

One can speculate that the de novo synthesised fatty acids are even stronger saturated than 

reflected by the membrane lipid composition, as some acyl chains were probably already 

synthesised prior to heat stress. This would imply a rapid and strong adaptation of the above 

mentioned enzymes, likely through protein degradation, post-translational modification or a 

direct influence of temperature on the enzymatic activities. A transcriptional regulation is 

unlikely, as respective transcripts were little or not changed.
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Role of PS and galactolipids in heat stress adaptation

Some lipid classes increase comparably stronger under heat stress. This is especially true for 

PS and DGDG. PS is found in the cytosolic leaflets of the plasma membrane and in endosomes 

and is negatively charged. It can form nanodomains in the plasma membrane that are 

important for Rho signalling (Platre et al., 2019). These small G proteins have also been shown 

to be very important for the regulation of pollen tube growth (Scholz et al., 2020), but it remains 

to be studied if they also depend on PS, how PS is distributed in the pollen tube, and if this 

distribution changes under heat stress. 

PS is synthesized by just one enzyme in Arabidopsis, PHOSPHATIDYLSERINE SYNTHASE1 

(PSS1). In Tobacco we found three homologues of PSS1, none of them is transcriptionally 

affected by heat stress. Due to its mode of synthesis, PS has to flip leaflet sides; 

AMINOPHOSPHOLIPID ATPASEs (ALAs) are flippases that have been shown to be able to 

flip PS in yeast (Noack and Jaillais, 2020). Although it does not explain increased PS levels, it 

is interesting to note that 6 putative homologues of ALA1 were detected, five of which were 

upregulated, two of them meeting the threshold for differential expression. Knockdown of ALA1 

in Arabidopsis has been reported to render plants more sensitive to cold stress (Gomes et al., 

2000). On the other hand, 4 detected putative homologues of ALA3 were tendentially 

downregulated (not meeting the threshold for differential expression). Knockout of ALA3 in 

Arabidopsis did not only result in impaired pollen tube growth, but pollen fitness was further 

reduced under heat or cold stress (McDowell et al., 2013). Moreover, ALA3 has recently been 

shown to be important for polar localisation of apical PS distribution in pollen tubes (Zhou, Y.

et al., 2020).

Galactolipids are the most abundant lipids of thylakoids and the effect of chloroplast 

galactolipids remodeling under temperature stress in Arabidopsis (Chen et al., 2006; Higashi 

et al., 2015) and tomato (Spicher et al., 2016). In agreement with studies concerning other 

class of membranes lipids, the level of unsaturation in galactolipids is inversely correlated with 

growth temperature. Furthermore, heat acclimation at 38°C in wild-type Arabidopsis increases 

DGDG, DGDG to MGDG ratio and saturation level of DGDG lipid (Higashi et al., 2015). Also, 

a role for galactolipids in acquired thermotolerance was already described in a study in 2006, 

when the authors did a mutant screen for plants defective in the acquisition of thermotolerance 

and found a mutant of DGD1 (Chen et al., 2006). While pollen tubes contain plastids, these 

harbour no thylakoids (Staff et al., 1989) and galactolipids in pollen tubes were discussed to 

be especially important in extraplastidial membranes, where they are also formed in 

phosphate-starved vegetative tissues (Härtel, et al. 2000). Evidence for the abundance of 

galactolipids in the male gametophyte comes from glycerolipid profiling of lily pollen tubes 

before and after elongation revealing a 5.7-fold increase in DGDG and a 2.8-fold increase in 

the MGDG levels (Nakamura et al., 2009). The use of the MGDG synthase inhibitor 
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galvestine-1 developed by the team in Grenoble further highlighted an important role of 

galactolipids in pollen tube growth and the use of a specific antibody indicated a DGDG 

localization at the periphery of Arabidopsis pollen tubes most probably at the plasma 

membrane (Botté et al., 2011). Also, the fact that galactolipids account for 11 % of all 

membrane forming glycerolipids in Tobacco pollen tubes (Müller and Ischebeck, 2017) speaks 

for their presence in extraplastidial membranes.

Transcript and lipidome suggest dynamic adaptations in LD-turnover and TAG metabolism

While transcripts involved in lipid metabolism were mostly unaffected by heat stress, 

transcripts coding for genes involved in TAG turnover and LD biology showed more dynamic 

adaptations to heat stress. Homologs of all 3 DGAT isoforms were found to be upregulated, 

so were different TAG lipases. Also, two oleosin-homologues were found to be differentially 

up- and down-regulated, respectively. A HSD5 homologue was even 125-fold up-regulated. 

These results indicate that LDs and the stored TAG reserves play an important role during 

heat stress adaptation. 

An increase of TAG levels under heat stress has already been observed, e.g. in the algal 

species Nannochloropsis oculata (Converti et al., 2009), Ettlia oleoabundans (Yang et al.,

2013), Coccomyxa subellipsoidea C169 (Allen et al., 2018), or Chlamydomonas reinhardtii

(Légeret et al., 2016), but also in Arabidopsis thaliana leaves (Higashi et al., 2015; Shiva et 

al., 2020) and seedlings (Mueller et al., 2015) or tomato fruits (Almeida et al., 2020). In 

Arabidopsis seedlings, PHOSPHOLIPID:DIACYLGLYCEROL ACYLTRANSFERASE1 

(PDAT1), an enzyme transferring a fatty acid from the acyl-CoA pool or from PC to DAG to 

yield TAG, is necessary for heat-induced TAG accumulation. Also, pdat1 mutant seedlings 

were more sensitive to heat-stress, indicating that PDAT1-mediated TAG accumulation 

mediates thermotolerance (Mueller et al., 2017). In our screen, five putative PDAT1 

homologues were identified and showed comparably high expressions, however their 

transcript abundance did not react strongly to heat stress. PDATs might already be so highly 

expressed in Tobacco pollen tubes that a further increase in transcript upon heat stress is not 

necessary to mediate thermotolerance. Also, in Tobacco pollen tubes no reduction of 

membrane lipids could be observed, including PC and PE which are the most abundant 

glycerolipids (Müller and Ischebeck, 2017). A study on Chlamydomonas reinhardtii observed 

that heat-stressed cells did not accumulate significantly higher amounts of total fatty acids, nor 

did total fatty acid profile change. However, more differentiated analyses of single lipid classes 

revealed increases in TAG levels at the expense of mainly MGDG, diacylglyceryl-O- -(N,N,N,-

trimethyl)- homoserine (DGTS), PE and PG, suggesting a flux from different lipid classes into 

TAG. Moreover, a concomitant decrease in 18:3/16:4-MGDG and an increase in 18:3/16:4-

DAG and 18:3/16:4/18:3-TAG was observed (Légeret et al., 2016). Such an effect could not 
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be observed in the present study. In contrast, the average number of double bonds in TAG 

decreased from 1.68 to 1.38 after 6 h growth under heat stress. As of this, we speculate that 

the synthesis of saturated fatty acids is increased and FAs are then incorporated into 

membrane lipids. In parallel, there might be an increased, unspecific push of FAs released 

from membrane lipids into TAG that does not discriminate between acyl moieties.

Another interesting fact hinting at an involvement of not just TAG but LDs as organelles in heat 

stress adaptations is the 125-fold upregulation of a putative HSD5 homologue suggests 

involvements of LDs in heat stress adaptation beyond TAG accumulation. HSDs, also called 

steroleosins, are important for plant development and are involved in stress responses as well 

as wax metabolism (Li et al., 2007; Zhang et al., 2016; Shao et al., 2019). Steroleosins are 

presumably involved in brassinosteroid metabolism (Li et al., 2007) but were previously not 

found on LDs of Tobacco pollen tubes (Kretzschmar et al., 2018). In this study only two 

transcripts with very low expression levels were detected at non-stressed conditions.

Metabolomic adaptations might facilitate thermotolerance

In previous studies on heat stressed shoot tissues of Arabidopsis (Kaplan et al., 2004; Harsh 

et al., 2016; Zinta et al., 2018; Lawas et al., 2019), it was found that different sugars 

accumulated, including glucose, fructose and in some cases sucrose. In Tobacco pollen tubes, 

the heat-induced accumulation of sugars was rather modest in comparison and the somewhat 

higher increase in sucrose has to be considered with care, as sucrose was also contained in 

the growth medium. Interestingly though, we found a strong increase in sedoheptulose, a 

seven carbon sugar normally occurring in its phosphorylated form in the Calvin-Benson cycle 

and the pentose phosphate pathway. It is unclear if this sugar has any protective function, but 

it was also found to highly accumulate in the alga Phaeodactylum tricornutum under nitrogen 

deprivation (Popko et al., 2016).

In addition, an increase in free amino acids was observed in the above mentioned studies. 

Exceptions were methionine, -alanine, aspartate and serine as well as glutamate and proline. 

Especially proline levels stay relatively stable upon heat stress and although it accumulates 

very strongly after 9 hours of pollen tube growth, it does so under normal as well as stress 

conditions. This is interesting, as proline was found to be clearly heat-inducible in studies on 

shoot tissues (Harsh et al., 2016; Zinta et al., 2018; Lawas et al., 2019). However, a study on 

potato leaves showed that heat stress alone does not have significant influence on proline 

levels, neither in stress susceptible nor in resistant potato cultivars. In the study, proline only 

accumulated after drought or combined heat and drought stress (Demirel et al., 2020). The 

same study observed an increase in lysine in one of the stress susceptible cultivars following 

heat stress It is possible that pipecolate, similar in structure to proline, plays a role in adaptation 

to heat in pollen tubes, as pipecolate was more heat-responsive than proline in the present 
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study. Pipecolate was also shown to strongly accumulate during Tobacco pollen development 

(Rotsch et al., 2017) and it increases in shoot tissues upon pathogen infection (Ding et al.,

2016).

Glutamate amounts do not increase strongly and stay relatively stable from 6 to 9 hours of 

growth, without regard of heat stress. This indicates important roles for these two amino acids 

as likely their homeostasis is tightly controlled to keep up constant levels under heat stress. 

The glutamate derivative GABA has been reported to play an important role in sexual 

reproduction of angiosperms (Bouché et al., 2003; Biancucci et al., 2015; Domingos et al.,

2019; Lora et al., 2019). It has long been known that GABA levels increase upon exposure to 

different abiotic stresses and reports on a role in biotic stress response accumulate, too 

(Tarkowski et al., 2020). 

Also, GABA and especially the GABA shunt pathway that bypasses two steps of the 

tricarboxylic acid (TCA)-cycle have been linked to heat tolerance (Ludewig et al., 2008; Cao et 

al., 2013; Li et al., 2016; Yu et al., 2017; Priya et al., 2019). Although GABA showed a tendency 

of increased accumulation upon heat stress, this increase was not significant. 2-Oxoglutarate 

(2-OG, also -ketoglutarate) a glutamate and thereby GABA precursor showed strong 

accumulation after 3 hours of heat stress.

Other factors influencing heat adaptation

Another part of the heat stress response could be alternative splicing, as 12 of 159 genes in 

the GO-term “involved in RNA splicing” were differentially upregulated as well as 7 of 20 in 

“has pre-mRNA 3'-splice site binding”. Alternative splicing has been observed in tomato pollen 

under heat stress (Keller et al., 2017) and the alternative splicing of the transcription factor 

HsfA2 from tomato has been previously shown to be an important factor for thermotolerance 

(Hu et al., 2020).

Important for the abundance of proteins is not only their transcription and translation rates but 

also the rate of their degradation via autophagy or the ubiquitin-proteasome pathway. 

Alterations here are indicated by strong changes in the GO terms “involved in positive 

regulation of autophagy”, “involved in endoplasmic reticulum unfolded protein response” (49 

genes, 10 up), “involved in protein ubiquitination” (582, 50 up, 20 down), and “involved in 

ubiquitin-dependent protein catabolic process” (425, 26, 14). Apart from degrading proteins to 

adapt the proteome to the elevated temperatures, these proteins could also be involved in the 

degradation of an increased number of misfolded proteins.
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Conclusion

Since adaptation to heat stress is a complex and multi-layered trait that requires intricate 

interplay of different cellular processes, no conclusive picture as to how thermotolerance of 

Tobacco pollen tubes is mediated can be drawn. A rapid lipid remodelling that is not controlled 

transcriptionally is equally as important as metabolomic adaptations and transcriptional 

changes. However, the present study with its different large datasets poses a useful mean for 

datamining. 

Materials and Methods

Plant material and growth conditions

Tobacco (Nicotiana tabacum L. cv. Samsun-NN) plants were grown in the greenhouse as 

previously described (Rotsch et al., 2017): plants were kept under 14 h of light from mercury-

vapor lamps in addition to sunlight with light intensities of 150 – 300 µmol m sec at flowers 

and 50 – 100 µmol m sec at mid-height leaves. Temperature was set to 16 °C at night and 

21 °C during the day with a relative humidity of 57–68 %.

Anthers were harvested from flower buds right before anthesis and dried at room temperature 

for up to four days before pollen from the anthers was collected by sieving. Pollen were 

weighed and rehydrated for 10 minutes in liquid pollen tube medium (5 % w/v sucrose, 12.5 % 

w/v PEG-4000, 15 mM MES-KOH pH 5.9, 1 mM CaCl2,1 mM KCl, 0.8 mM MgSO4, 0.01 % 

H3BO3 v/v, 30 µM CuSO4, modified from (Read et al., 1993). The indicated amounts were 

spread onto cellophane foil (Max Bringmann KG) and placed on 50 ml of solid pollen tube 

medium (2 % Agarose w/v, 5 % sucrose w/v, 6 % PEG-4000 w/v, 15 mM MES-KOH pH 5.9, 1 

mM CaCl2,1 mM KCl, 0.8 mM MgSO4, 0.01 % H3BO3 v/v, 30 µM CuSO4) inside square petri 

dishes (120 mm x 120 mm x 17 mm with vents, Greiner Bio-One), sealed with MicroporeTM 

(3M). All pollen tubes were grown for 3 hours at room temperature (RT). Control pollen tubes 

were kept at RT for another 3 hours, while heat stressed (HS) pollen tubes were transferred to 

37 °C for 3 hours. For stress relief, pollen tubes were then transferred to RT again for the next 

3 hours, while non-relieved pollen tubes remained at 37 °C.  

RNA extraction, library preparation, and sequencing

Total RNA was extracted from 200 mg of pollen tubes using SpectrumTM Plant Total RNA Kit 

(Sigma-Aldrich, St. Louis, Missouri, USA). RNA-seq libraries were performed using the non-

stranded mRNA Kit from Illumina (Cat. N°RS-122-2001). Quality and integrity of RNA was 

assessed with the Fragment Analyzer from Advanced Analytical by using the standard 

sensitivity RNA Analysis Kit (DNF-471). All samples selected for sequencing exhibited an RNA 
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integrity number over 8. After library generation, for accurate quantitation of cDNA libraries, 

the fluorometric based system QuantiFluor™dsDNA (Promega) was used. The size of final 

cDNA libraries was determined using the dsDNA 905 Reagent Kit (Fragment Analyzer, 

Advanced Bioanalytical) exhibiting a sizing of 300 bp in average. Libraries were pooled and 

sequenced on an Illumina HiSeq 4000 (Illumina), generating 50 bp single-end reads (30-40 

Mio reads/sample).

Raw read and quality check

Sequence images were transformed with Illumina software BaseCaller to BCL files, which was 

demultiplexed to fastq files using bcl2fastq 2.17.1.14. The sequencing quality was asserted 

using FastQC (version 0.11.5) (Andrews, 2010: FastQC: A quality control tool for high 

throughput sequence data. babraham Bioinforma: 

http://www.bioinformatics.babraham.ac.uk/projects/).

Mapping and normalisation

Samples were aligned to the reference genome Nicotiana tabacum (Ntab version TN90, 

https://www.ncbi.nlm.nih.gov/assembly/GCF_000715135.1/) using the STAR aligner (version 

2.5.2a) (Dobin et al., 2013) allowing for 2 mismatches within 50 bases. Subsequently, reads 

were quantified for all Ntab version TN90 genes in each sample using featureCounts (version 

1.5.0-p1) (Liao et al., 2014). 

Differential gene expression analysis

Read counts were analysed in the R/Bioconductor environment (Release 3.10, 

www.bioconductor.org) using edgeR package (version 3.28.1) (Robinson et al., 2009; 

McCarthy et al., 2012) gene names were translated to UniProt protein identifiers. For more 

detailed functional analyses, these Tobacco proteins were blasted against the TAIR 10 

Arabidopsis protein library (TAIR10, 

https://www.arabidopsis.org/download_files/Proteins/TAIR10_protein_lists/TAIR10_pep_201

01214) using Protein-Protein BLAST 2.5.0+ with a maximum target sequence of 1. Only those 

hits with an Expect value (E-value, describes amount of hits to be expected by chance for the 

respective database size) < 10-5 were considered. The obtained Arabidopsis AGI-codes were 

then assigned GO-terms for GO-term analysis The GO term annotations were obtained from 

the The Arabidopsis Information Resource (www.arabidopsis.org) in a version updated on 

1.1.2020.

To analyse genes with a putative involvement in lipid metabolism, a compiled list of lipid genes 

was generated using the The Arabidopsis Acyl-Lipid Metabolism Website (Li-Beisson et al.,

2013), KEGG pathway (https://www.genome.jp/kegg/pathway.html, latest update 10th March 
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2020), and genes from Kretzschmar et al., 2020, Kelly and Feussner, 2016 and Luttgeharm et 

al., 2016.

Lipid extraction and fatty acid methyl esterification

For analyses by gas chromatography flame ionisation detection (GC-FID), total lipids from 

pollen tubes grown from 20 mg of dry pollen were extracted by methyl-tert-butyl ether (MTBE) 

extraction (modified from Matyash et al., 2008). Pollen tubes were harvested into 2 mL of pre-

heated isopropanol (75 °C) and kept at 75 °C for 5 – 10 minutes. 0.05 mg Tri-17:0-

Triacylglycerol (Sigma-Aldrich, St. Louis, Missouri, USA) in 50 µL chloroform as internal 

standard for absolute quantification was directly added to the isopropanol. Isopropanol was 

transferred to a new vial and evaporated under N2-stream, the pollen tubes were covered with 

2 mL of MTBE/methanol (3:1, v/v). Pollen tube tissue was disrupted with a spatula, vortexed 

and then shaken at 4 °C for one hour. After 5 minutes of centrifugation at 1000 x g, the 

supernatant was transferred to the vial with the evaporated isopropanol and 1 mL of 0.9 % 

(w/v) NaOH was added. Samples were vortexed and centrifuged again before the upper phase 

was transferred to a new vial. Solvent was evaporated under N2-stream and samples dissolved 

in 250 µL chloroform/methanol/water 65:56:8 (v/v/v). 

The total lipids were then separated by thin layer chromatography (TLC). 80 µL of the dissolved 

samples were spotted with a TLC spotter to TLC plates (TLC Silica gel 60, Merck KGaA). For 

extraction of TAGs, plates were run in hexane/diethylether/acetic acid 80:20:1 (v/v/v). The 

bands comigrating with the TAG-standard were scratched out. To obtain fatty acid methyl 

esters (FAMEs), samples were then subjected to 1 mL FAME reagent (2.5 % v/v H2SO4, 2 % 

v/v Dimethoxypropane in Methanol/Toluol 2:1, v/v) (Miquel and Browse, 1992) and under 

constant shaking incubated at 80 °C in a water bath for one hour. The reaction was stopped 

by adding 1 mL of saturated NaCl-solution and vortexing. FAMEs were then extracted adding 

1 mL of hexane, centrifuging 10 minutes at 2,000 x g and transferring the upper phase to a 

new vial. Hexane was evaporated and samples resuspended in 25 µL of acetonitrile for 

subsequent GC-FID analysis. 

For lipidomic analyses by liquid chromatography mass spectrometry (LC-MS), samples were 

extracted according to Grillitsch et al., 2014 with minor modifications. Briefly, pollen tubes 

grown from 20 mg of dry pollen were extracted. They were first lyophilised and ground with a 

bead mill and resuspended in isopropanol/hexane/water (60:26:14 v/v/v) and incubated at 60 

°C for 30 min. After centrifugation at 635 x g for 20 min, the supernatant was dried under 

nitrogen stream and dissolved in tetrahydrofuran/methanol/water (4:4:1, v/v/v). 
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Central metabolite and sterol extraction and derivatisation 

Primary metabolite and sterol extraction were performed as previously described (Rotsch et 

al., 2017). Per time point, pollen tubes grown from 5 mg of pollen were harvested and freeze-

dried overnight. After tissue disruption, 500 µL extraction solution (MeOH/ChCl3/H2O

32.25:12.5:6.25, v/v/v) were added per sample, vortexed and incubated for 30 minutes at 4 °C 

under constant shaking. Supernatant was transferred to a new tube and pollen tubes were 

extracted again with another 500 µL of extraction solution. Incubation was repeated and 

supernatants combined. 0.0125 mg allo-inositol in 0.5 ml H2O were added, incubated again at 

4 °C for 30 minutes, centrifuged 5 minutes at full speed and the aqueous phase containing the 

metabolites was transferred. 20 µL were evaporated under N2 and used for derivatisation with 

15 µL of methoxyamine hydrochloride in pyridine (30 mg/mL) overnight at room temperature. 

Derivatisation with 30 µL N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) followed for 

at least 1 h to obtain methoxyimino (MEOX)- and trimethylsilyl (TMS)-derivatives of the 

metabolites (Bellaire et al., 2014).

For the analysis of sterols, 2 ml of MTBE/MeOH 3:1 (v/v) and 1 ml of 0.9% NaCl were added 

to 200 µl of the organic phase (200 µL) and evaporated under N2-stream. Samples were 

dissolved in 20 µL pyridine, 10 µl of which were used for MSTFA-derivatisation with 10 µL of 

MSTFA 1-6 h prior to analysis.

GC-FID and GC-MS

GC-FID analysis of fatty acid methyl esters was performed as described in (Hornung et al.,

2002): an Agilent GC 6890 system (Agilent, Waldbronn, Germany) coupled with an FID 

detector equipped with a capillary HP INNOWAX column (30 m × 0.32 mm, 0.5 µm coating 

thickness, Agilent, Waldbronn, Germany) was used. Helium served as carrier gas (30 cm s ), 

with an injector temperature of 220 °C. The temperature gradient was 150 °C for 1 min, 150 –

200 °C at 15 °C min , 200–250 °C at 2 °C min , and 250 °C for 10 min. 

For quantification, peak integrals were determined using Agilent ChemStation for LC 3D

systems (Rev. B.04.03) and used to calculate absolute amounts of TAG as well as relative 

fatty acid contributions.

For the measurement of central metabolites and sterols, GC-MS measurements were 

performed as previously described in Touraine et al. 2019 for metabolites and Rotsch et al.

2017 for sterols. If the metabolites were not identified by an external standard, the spectra 

were identified with the Golm metabolome database (GMD) and the National Institute of 

Standards and Technology (NIST) spectral library 2.0f. The chemical information on 

metabolites identified with the GMD can be obtained at http://gmd.mpimp-

golm.mpg.de/search.aspx (Kopka et al., 2005). Due to the high levels, sucrose was measured 

in separate runs using only one-tenth of the sample as used for the regular runs. 
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Data was analysed using MSD ChemStation (F.01.03.2357). Masses used for quantification 

are depicted in Supplementary Dataset S7.

LC-MS

Lipids were analyzed using an UPLC-nano ESI-MS/MS system equipped with a 6500 

QTRAP® tandem mass spectrometer (AB Sciex, Framingham, MA, USA) and data were 

processed as previously described (Tarazona et al., 2015). Data of the molecular lipid species 

are shown as relative peak area (in %), where the peak areas of all lipid species from each 

lipid class per sample were summarized to 100 %.

Statistical analyses

Statistical analyses were performed as indicated for the respective experiments.

For multiple comparisons, ANOVA was performed, followed by Post-hoc Tukey analysis. 

Results are presented as compact letter display of all pair-wise comparisons in increasing 

order, either in the diagram or as a separate table.

Unpaired two-sample t-tests were performed if just two means were compared. Results are 

presented as * (p < 0.05), ** (p < 0.01) and *** (p < 0.005).
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Supplementary Figure 1

Supplementary Figure 1: A Boxplot of raw counts from transcriptome analysis. B Biological coefficient of variation 
(BCV) plots of RT 3h vs RT 6h and RT 6h vs. HS 3+3 h. Displayed are trended (blue line) and genewise (tagwise, 
black dots) BCV estimates (empirical robust bayes tagwise dispersions for negative binomial GLMs using 
observation weights).
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6 Additional results: Further characterisation of sldp mutants

Obtained results as well as methods not included in the manuscript “Identification of a putative 

lipid droplet-plasma membrane tethering complex” are presented in this chapter. For the 

manuscript, we concentrated on cell biological phenotypes of sldp and lipa mutants and less 

on physiological functions. However, these are also of great importance and some experiments 

focusing on the physiological impact of SLDP have been conducted. So far, results are only 

available for T-DNA mutants of SLDP and not for CRISPR mutant lines and also not for LIPA 

lines. Still, obtained data give valuable insight into putative physiological functions of SLDP.

Contributions: 

All additional data were acquired and processed by H. Elisa Krawczyk, except for the SLDP1.3 

Y2H screen.

Acknowledgements:
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Results

The clustered LD phenotype is already detectable during embryogenesis

The LD-clustering phenotype described in manuscript II was analysed in detail during post-

germinative growth and thereby during TAG breakdown. We were interested if the phenotype 

is already visible during TAG accumulation throughout embryogenesis. Figure 7a shows an 

overview of LDs in wild-type embryos in the course of embryo development. Aligning of LDs 

along the PM, similar to the LD distribution in post-germinative growth, is also observable 

during TAG accumulation, most prominently during walking stick and upturned U stages, when 

cells are not yet completely filled with LDs. To analyse if sldp mutant embryos are impaired in 

this LD distribution, embryos from late walking stick/early upturned U stage were analysed. 

Figure 7b shows hypocotyls and cotyledons of wild-type and sldp1-1 sldp2-1 mutant embryos. 

Nile red staining of LDs displayed that already during embryo development the phenotype of 

clustered LDs becomes visible, albeit to a lesser extent and not as clear as during post-

germinative growth. However, the phenotype is visible, especially in cotyledons. 

Figure 7: LDs in embryos. a LD accumulation in developing wild type embryos from heart stage to mature green 
stage. LDs are visualised by Nile red staining of stored neutral lipids. b Late walking stick/early upturned U stage 
wild-type and sldp1-1 sldp2-1 embryos. An overview as well as 3.5x magnification of a cotyledon and a hypocotyl 
are presented. A representative image for each stage and genotype were chosen, at least 10 embryos each were 
analysed and at least 5 images taken. Bars: 10 µm. 
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Seed weight of sldp1 sldp2 is increased

To get an idea about physiological impacts, different seed traits of wild-type, sldp1-1, sldp2-1

and sldp1-1 sldp2-1 seeds were analysed. Analyses of seed size did not result in significant 

differences between the genotypes. 200 to 258 dry seeds of each genotype (all grown and 

harvested together) were measured to obtain lengths and width and ratios of length/width. 

Moreover, ImageJ was used for automated seed area detection. Figure 8 shows the results 

presented as violin plots with mean points. Data show that seed sizes are not severely altered. 

Wild-type seeds have a slightly increased seed area as compared to mutant seeds, however, 

there were no differences in seed width and only sldp2-1 seeds are (significantly) slightly 

longer. The ratio of length to width, as a mean to measure roundness of the seeds, was not 

different between the mutants and the wild type. Overall, no major differences in seed size 

were measurable.

Figure 8: Analysis of seed morphology. Dry seeds from the wild type, sldp1-1, sldp2-1 and sldp1-1 sldp2-1 were 
manually measured for length and width, the ration length/width was calculated and ImageJ was used for automated 
area calculation. One-way ANOVAs were performed, followed by Tukey post-hoc analysis. Results are presented 
as compact letter display of all pair-wise comparisons in increasing order.

Another analysed trait was seed weight. For this, 5 times 500 seeds from the wild-type and 

sldp1-1 sldp2-1 were counted and weighed. The obtained weights were used to calculate the 

per seed weight. Data revealed that sldp1-1 sldp2-1 seeds are statistically significantly heavier 

than wild-type seeds: While one wild-type seed from the analysed batch weighed on average 
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19.4 µg, one sldp1-1 sldp2-1 seed from the same batch weighed 20.8 µg and is thereby around 

1.4 µg heavier (Figure 9a). The presented results are consistent with another independent 

experiment with another seed batch. To further analyse the increased seed weight, a water 

loss experiment was conducted. Defined amounts of seeds (8-14 mg) from the wild type and 

sldp1-1 sldp2-1 mutants in three replicates were placed at 100 °C over night (15 h) and 

weighed again the next day to analyse water loss and thereby find out if increased seed weight 

is due to higher amounts of water in the dry seed. However, analysis revealed that both the 

wild type and sldp1-1 sldp2-1 lost around 5.2 % of their initial seed weight (Figure 9b),

indicating that the dry weight of the mutant seeds is also increased.

Figure 9: Seed weight analysis. For seed weight analyses (a), 5 times 500 seeds of the wild type and sldp1-1
sldp2-1 were weighed and the per seed weight was calculated. Dry seed water content was analysed (b) by putting 
a defined amount of dry seeds at 100 °C over night and % water loss (relative to per seed dry weight) was calculated. 

Mutant seeds accumulate more FAs but are not impaired in TAG degradation

The aberrant clustering of LDs in sldp and lipa knockout mutants suggested that accessibility 

of lipases to the LD-stored TAGs might be impaired. Therefore, TAG degradation rates of wild-

type, sldp1-1, sldp2-1 and sldp1-1 sldp2-1 seedlings were analysed in dry seeds, during 

germination and post-germinative growth. In Arabidopsis seeds, 20:1 FA is a marker for TAG, 

as it is only incorporated to TAG. By following the amount of 20:1 FA, the fate of TAG can thus 

be monitored, assuming that the proportion of 20:1 acyl-chains in TAG is constant. As shown 

in Figure 10a, the relative TAG FA composition is not altered. Surprisingly, Figure 10b shows 

that no major differences in TAG degradation rates were observed. Despite the striking 

aberrant LD clustering, breakdown of TAG, as monitored by 20:1 FA breakdown, is not 

impaired. However, when looking at total lipid contents of the analysed seeds and seedlings, 

a significant increase especially in dry seeds of sldp1-1 and sldp1-1 sldp2-1 is observable

Figure 10c. For dry seeds, one sldp1-1 sldp2-1 seed contains around 5.74 ± 0.19 µg FAs and 

a wild-type seed contains around 4.87 ± 0.48 µg. 
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a 

b c 

Figure 10: Lipid analyses of dry and germinating seeds. Total lipid contents from dry seeds, stratified seeds (0) 
and 1-4 day imbibed seeds of the wild type, sldp1-1, sldp2-1 and sldp1-1 sldp2-1 were extracted and analysed by 
GC-FID. For TAG breakdown analysis. a Total FA composition of dry seeds was analysed, relative to the total FA 
amount. b Relative 20:1 FA amounts, as measurement for TAG content, in the course of germination (normalised 
to the amount in dry seeds) were monitored. c Absolute lipid contents of the described seeds and seedlings over 
the time course were analysed. One-way ANOVAs were performed, followed by Tukey post-hoc analyses. Results 
are presented as compact letter display of all pair-wise comparisons in increasing order. n=5, the presented results 
are representative of another, independent experiment with another seed batch.

Seedling growth under normal conditions is not altered 

Apart from dry seeds, also seedlings were analysed for their capacity to germinate in the light 

or in the dark in the absence of exogenous sucrose supply. In the dark, wild-type hypocotyls 

reached around 0.92 mm length and sldp1-1 sldp2-1 hypocotyls reached 0.9 mm. In the light, 

wild-type as well as sldp1-1 sldp2-1 hypocotyls were on average 0.14 mm long. No statistically 

significant differences were obtained for light- or dark-grown hypocotyls (Figure 11). Data stem 

from one experiment only, with 97 – 215 seedlings analysed per condition and genetic 

background. 
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Figure 11: Hypocotyl lengths in the light and the dark without exogenous sucrose supply. Seeds (sieved to 
a size of 250-300 µm) were analysed for their capacity to establish a seedling in the absence of exogenous sucrose 
in the light and in the dark. Seeds were placed on solid half-strength MS-medium without sucrose, stratified for four 
days in the dark and grown for 5 days prior to measurements. n = 97 – 215

Yeast-2-hybrid analysis reveals putative interaction partners

As SLDP1 and 2 are small proteins without a predicted enzymatic function or known domain, 

their function could be to interact with other proteins. One likely interaction partner, LIPA, was 

identified by the proteomic analysis of LDs from sldp1 sldp2 mutant lines in comparison to wild-

type LDs. This interaction was further supported by cell biological and genetic experiments. 

However, it is possible that SLDP1 and 2 have additional interaction partners. 

To find further potential interaction partners of SLDP1, a yeast-2-hybdrid (Y2H) screen was 

performed. A truncated -81, lacking the first 81 amino acids containing a 

hydrophobic stretch) was used as bait (with the full length version no protein expression in 

yeast was observed, which might be due to instability and degradation of the full-length protein 

in yeast). A leaf cDNA bank was used as prey. Y2H association was classified as strong, 

moderate or weak based on the relative growth of yeast on selective media. Results are 

presented in Table 2. Several putative interaction partners were identified by strong Y2H 

association, among them voltage dependent anion channel 3 (VDAC3), SYT1, clathrin light 

chain protein, pyrophosphorylase 5 (PPa5), DNAJ heat shock family protein 6 (DJA6) and 

molecular chaperone Hsp40/DNAJ family protein (DJA5). No formation of homodimers of 

SLDP1.3 were observed.

Table 2: Results from Y2H-screen. -81) was used as bait, a leaf cDNA 

bank was used as prey. Identified potential interaction partners are named and described, Y2H association as 

assessed by yeast growth on selective media is given

Gene
Y2H 

association
Description

AT5G15090 Strong 
Voltage dependent anion channel 3 (VDAC3). Prominently localized in outer 
mitochondrial membrane, involved in metabolite exchange b/w organelle and 
cytosol, involved in defence response to bacterium.

AT2G20990 Strong 
Arabidopsis synaptotagmin A (SYTA/SYT1). Encodes a protein specifically 
localized to the ER-PM boundary with similarity to synaptotagmins, a class of 
membrane trafficking proteins. SYT1 is expressed in all tissues. Loss of 
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function mutations show hypersensitivity to NaCl and electrolyte leakage from 
the plasma membrane. SYT1 also affects calcium dependent freezing tolerance 
and mechanical stress response. Regulates endocytosis endosome recycling at 
the plasma membrane, but not membrane traffic along the secretory pathway. 
SYT1 may have a role in membrane repair such as membrane resealing after 
freezing induced damage. SYT1 binds to phosphatidylinositol phosphates in 
vitro. It is distributed to immobile tubules and likely plays an important role in 
the formation of the tubular ER network as well as in cellular ER-PM tethering.

AT2G40060 Strong 
Clathrin light chain protein. Encodes a clathrin that is localized to the cortical 
division zone and the cell plate, co-localises with TPLATE during cell plate 
anchoring.

AT4G01480 Strong 
Pyrophosphorylase 5 (PPa5). Encodes a protein that might have inorganic 
pyrophosphatase activity.

AT2G22360 Strong 
DNAJ heat shock family protein 6 (DJA6). Functions in unfolded protein 
binding, heat shock protein binding, protein folding, and heat response.

AT4G39960 Strong 
Molecular chaperone Hsp40/DNAJ family protein (DJA5). Functions in 
unfolded protein binding, heat shock protein binding, protein folding, and heat 
response.

AT3G52200 Moderate
Dihydrolipoamide acetyltransferase, long form protein (LTA3). Involved in 
acetyl-CoA biosynthetic process from pyruvate and metabolic processes.

AT2G32910 Moderate Development and cell death (DCD) domain protein. Unknown function.

AT1G22930 Moderate T-complex protein 11. Unknown function.

AT2G37940 Weak
Inositol phosphorylceramide synthase 2 (AtIPCS2). Encodes plant 
inositolphosphorylceramid (IPC) synthase and plays an important role in 
modulating plant programmed cell death.

AT2G28590 Weak
Protein kinase superfamily protein. Involved in protein serine/threonine 
kinase activity and aa phosphorylation.

AT3G02690 Weak
Nodulin MtN21/EamA-like transporter family protein. Unknown function, 
located in chloroplasts and membranes. 

AT5G62850 Weak
Vegetative cell expressed 1 (AtVEX1). Nodulin MtN3 family protein. Encodes 
a protein that is expressed in vegetative cells of pollen. Member of the SWEET 
sucrose efflux transporter family proteins.

AT3G51230 Weak
Chalcone-flavanone isomerase family protein. Plant enzyme responsible for 
isomerization of chalcone to naringenin, a key step in the biosynthesis of 
flavonoids.

AT1G15200 Weak Protein-protein interaction regulator family protein.

AT3G16220 Weak
Putative eukaryotic LigT. Molecular function unknown, located in the 
cytoplasm.

AT3G53670 Weak Unknown/hypothetical protein.

AT5G67110 Weak
Basic helix-loop-helix (bHLH) DNA-binding superfamily protein. Encodes a 
myc/bHLH transcription factor-like protein, gene product involved in fruit 
dehiscence.

AT1G52580 Weak
Rhomboid-like protein 5 (RBL5). Functions in serine-type endopeptidase 
activity.

AT1G79230 Weak

Mercaptopyruvate sulfurtransferase 1 (MST1). Involved in sulfate transport 
and aging. Encodes sulfurtransferase/rhodaneses, which belongs to a group of 
enzymes widely distributed in all three phyla that catalyze transfer of sulfur from 
a donor to a thiophilic acceptor substrate. Evidence suggests sulfutransferases 
are involved in cyanide detoxification.

AT3G22200 Weak
Pollen-pistil incompatibility 2 (POP2). Pyridoxal phosphate (PLP)-dependent 
transferases superfamily protein. Genetically redundant with POP3; mediates 
pollen tube guidance.

AT1G43800 Weak
Plant stearoyl-acyl-carrier-protein desaturase family protein (AKA Floral 
transition at the meristem 1). Involved in oxidation reduction, fatty acid 
metabolic processes, fatty acid biosynthetic processes.
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AT1G49340 Weak
1-phosphatidylinositol 4-kinase alpha (ATPI4K Alpha). Involved in aa 
phosphorylation and has found to be expressed in inflorescences and shoots.

AT2G47470 Weak

Unfertilized embryo sac 5 (UNE5). Thioredoxin family protein. Encodes a 
protein disulfide isomerase-like protein. Transcript levels are upregulated in 
response to three different chemical inducers of ER stress – dithiothreitol, 
betamercaptoethanol, and tunicamycin).

AT2G20130 Weak Like COV1 protein (LCV2). Protein of unknown function in A.thaliana.

AT1G74010 Weak
Calcium-dependent phosphotriesterase superfamily protein. Functions in 
strictosidine synthase activity and is involved in a number of biological 
processes.

AT1G62480 Weak
Vacuolar calcium-binding protein-like protein. Involved in cadmium ion and 
salt stress response.

AT5G20740 Weak
Plant invertase/pectin methylesterase inhibitor superfamily protein.
Located in the endomembrane system. Displays enzyme inhibitor and 
pectinesterase inhibitor activity.

AT3G47520 Weak
Malate dehydrogenase (MDH). Encodes a protein with NAD-dependent 
malate dehydrogenase activity, located in chloroplasts.

AT5G59880 Weak
Actin depolymerizing factor 3 (ADF3). Involved in response to oxidative 
stress and cadmium ions. Located in mitochondrion, intracellularly, 
chloroplasts, and plasma membrane.

AT3G16920 Weak
Chitinase-like protein 2 (CTL2). Encodes a chitinase-like protein expressed 
predominantly in stems. Mutants accumulate ligning in etiolated hypocotyls. 

AT1G18197 Weak GCK domain protein. Unknown function.

AT2G29550 Weak
Tubulin beta-7 chain (TUB7). Encodes a beta-tubulin that is expressed in 
leaves, roots, and flowers. Involved in response to salt stress and cadmium 
ions.

AT5G17920 Weak

Cobalamin-independent methionine synthase (ATMS1). Involved in 
methionine regeneration via the activated methyl cycle (SAM cycle). Protein 
undergoes thiolation following treatment with the oxidant tert-
butylhydroperoxide.

AT4G29450 Weak
Leucine-rich repeat protein kinase family protein. Involved in protein aa 
phosphorylation and located in the endomembrane system.

AT1G53970 Weak GDSl esterase/lipase-like protein. Unknown function.

AT3G16500 Weak
Phytochrome-associated protein 1 (PAP1). Functions in sequence-specific 
DNA binding transcription factor activity and response to auxin stimuli.

AT1G67440 Weak
Embryo defective 1688 (EMB1688). Functions in GTP binding and embryo 
development ending in seed dormancy.

AT3G60210 Weak GroES-like family protein. Functions in ATP binding and protein folding.

Experimental procedures

Seed measurements (size, weight)

To analyse seed size, dry seeds were placed on white paper (Whatman® filter paper grade 6, 

Whatman plc, Little Chalfont, United Kingdom) and images were recorded with the Ocular 

scientific image acquisition software (version 1.0, Digital Optics Ltd, Auckland, New Zealand) 

on a binocular (Olympus SZX12 binocular, Olympus Corporation, Tokyo, Japan) attached to a 

camera (R6 Retiga camera, QImaging, Surrey, Canada). Seed length as well as width was 

measured with ImageJ software (1.52p) (Rueden et al., 2017) and ratio of width/length as a 
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measurement for seed roundness was determined. Automated seed area measurements were 

performed with the ‘analyse particles’ functions implemented in ImageJ. To assess seed 

weight, 5 times 500 seeds were counted manually and weighed three times on a micro scale 

(KERN & SOHN GmbH, Balingen-Frommern, Germany). Means of the three technical 

replicates were calculated and used for further analyses. Means and SDs of the 5 replicates 

were calculated and divided by 500 to obtain the average per seed weight and per seed SD.

Seed lipid analysis

All seeds used for seed lipid analyses were sieved to a size of 250 – 300 µm prior to analyses 

to ensure observed effects are really comparable and not due to differences in seed size that 

influence lipid content. Six biological replicates were performed (seeds from six different 

mother plants were harvested and 25 seeds each were analysed per time point and genotype). 

Seeds were germinated on wet filter papers (Whatman® filter paper grade 6, Whatman plc, 

Little Chalfont, United Kingdom) soaked in 1.6 ml H2O and put in a petri dish in humid 

environment. Apart from seeds for dry seed analysis, seeds were stratified for 4 days at 4 °C 

in the dark prior to imbibition. After 4 days of stratification, 0 day samples were harvested; the 

other samples were placed into 16-h/8-h day/night cycle (light period: 08:00 – 24:00) in a 

Percival (CU-36L/D, Percival Scientific Inc., Perry, USA) and harvested after the indicated time 

points. Total lipid contents of dry seeds and seedlings after 0, 24, 48, 72 and 96 h of imbibition 

were analysed by gas chromatography flame ionisation detection (GC-FID). For this, seeds 

and seedlings were harvested into 1 ml fatty acid methyl ester (FAME) reagent (2.5 % v/v 

H2SO4, 2 % v/v dimethoxypropane in methanol/toluol 2:1, v/v) (Miquel and Browse, 1992) with 

30 µl of 0.33 mg/ml tri-15:0 TAG (1,2,3- -Aldrich, St. 

as internal standard and ground with a glass stick. Samples were then incubated at 80 °C in a

water bath under constant shaking for one hour to esterify all FAs to methanol. The reaction 

was stopped with 1 ml of saturated NaCl-solution and vortexing. FAMEs were then extracted 

twice adding 1 ml of hexane, centrifuging 10 min at 2,000 x g and transferring the upper phase 

to a new glass tube. Hexane was evaporated and samples resuspended in 30 µl of acetonitrile 

(HPLC Gradient grade, Fisher Chemical, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA). Subsequent GC-FID analysis was performed as described in (Hornung et al., 2002): an 

Agilent GC 6890 system (Agilent, Waldbronn, Germany) coupled to an FID detector equipped 

with a capillary HP INNOWAX column (30 m × 0.32 mm, 0.5 µm coating thickness, Agilent, 

Waldbronn, Germany) was used. Helium ser

temperature of 220 °C. The temperature gradient was 150 °C for 1 min, 150–200 °C at 15 °C 

min 1, 200–250 °C at 2 °C min 1, and 250 °C for 10 min. Quantification was performed as 

described in manuscript II.
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Embryo preparation and microscopy

For microscopic analyses of embryos, green siliques from wild-type or sldp1-1 sldp2-1 plants 

were harvested and embryos were dissected from developing seeds. Using a binocular 

(Olympus SZX12 binocular, Olympus Corporation, Tokyo, Japan), embryo stage was 

determined according to Goldberg et al. (1994). Embryos were then harvested and stained 

with 0.5 µg/ml Nile red (Sigma Aldrich, St. Louis, Missouri, USA) in water. Microscopic analysis 

was performed as described in manuscript I for seedling time course microscopy.

Hypocotyl measurements

All seeds used for hypocotyl analyses were sieved to a size of 250 – 300 µm prior to analyses 

and stratified for 4 days at 4 °C in the dark. They were surface-sterilised in 6 % sodium 

hypochlorite solution for 15 – 20 minutes and placed on half-strength MS medium (Murashige 

and Skoog, 1962) supplemented with 0.8 % (w/v) without sucrose. Seedlings were grown 

vertically in the light for 7 days under 16-h/8-h day/night regime (light period: 08:00 – 24:00) or 

4 h in the light and then 7 days in the dark in a Percival (CU-36L/D, Percival Scientific Inc., 

Perry, USA) and hypocotyls were recorded with the Ocular scientific image acquisition 

software (version 1.0, Digital Optics Ltd, Auckland, New Zealand) on a binocular (Olympus 

SZX12 binocular, Olympus Corporation, Tokyo, Japan) attached to a camera (R6 Retiga 

camera, QImaging, Surrey, Canada). Hypocotyl length was measured with ImageJ software 

(1.52p) (Rueden et al., 2017) and violin plots with mean points were generated using ggplot2 

package (version 3.3.2) in the R environment (version 4.0.1).

Y2H analysis

A Y2H library, consisting of Arabidopsis cDNA from leaf tissues cloned into the appropriate 

prey vector, was screened with the Matchmaker Gold Y2H System (Clontech Laboratories, 

Inc., http://www.clontech.com/) as described by the manufacturer, using a truncated version of 

-81) as bait. Screening was performed as 

described previously (Pyc et al., 2017).
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7 Discussion

In the present thesis, LDs in two different reproductive tissues, seeds and pollen tubes, were 

analysed. One study resulted in the identification of a putative MCS between LDs and the PM 

in seeds and seedlings, functional consequence of which still has to be elucidated. The other 

study illuminated a putative function of LDs as a FA sink in heat stress-induced lipid 

remodelling.

7.1 On the putative LD-PM contact site

In manuscript I, we have shown that SLDP and LIPA most likely form a protein complex that 

tethers LDs to the PM during post-germinative growth and probably embryogenesis in 

Arabidopsis. So far, the physiological consequences of the presence or absence of this contact 

site are still unclear. 

7.1.1 True MCS have to be distinguished from non-functional contacts of organelles 

An important aspect in the analysis of MCS is the distinction of true MCS and mere stochastic, 

non-functional contacts of organelles (reviewed in Prinz et al., 2020). Especially in the 

presented case of LDs at the PM, the possibility of passive pushing of LDs against the PM by 

the expanding vacuole has to be excluded. The existence of a true MCS between LDs and the 

PM could be verified by various approaches. Methods for detection, analysis and visualisation 

of true MCS, as well as their pros and cons, have been discussed in Scorrano et al. (2019) 

and Baillie et al. (2020). The imaging methods by confocal microscopy used here could be 

supplemented by using e.g. split fluorescent reporters. Among the fluorescence tag-based 

methods, FRET/FLIM (Förster resonance energy transfer/ fluorescence lifetime imaging) 

(Osterrieder et al., 2009; Csordás et al., 2010; Venditti et al., 2019) and BiFC (Bimolecular 

fluorescence complementation) (Yang et al., 2018; Cieri et al., 2018) are commonly used 

methods for MCS analysis. Other microscopy-based approaches include electron microscopy 

(EM), e.g. in combination with immuno-gold labelling (Pérez-Sancho et al., 2015; Cui et al.,

2016; Wang et al., 2016), as well as the super-resolution microscopy techniques SIM 

(Structured illumination microscopy) and dSTORM (direct Stochastic Optical Reconstruction 

Microscopy) (Modi et al., 2019). Furthermore, three dimensional electron tomography has 

been used to visualise MCS (De Brito and Scorrano, 2008; Fernández-Busnadiego et al.,

2015) and could help in the present example to exclude that LDs are just passively pushed to 

the PM by other organelles. There are also more sophisticated methods available than mere 

imaging, e.g. electrical tweezers (Andersson et al., 2007; Sparkes et al., 2009; Gao et al.,

2016; Osterrieder et al., 2017; White et al., 2020) or femtosecond laser shock waves (Oikawa 

et al., 2015) for quantitative measurements of physical interactions between MCS components. 

These methods could potentially also provide further proof for the putative LD-PM MCS 

discussed here. 
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For confirmation or also identification of further MCS-components putatively interacting with 

SLDP or LIPA, proximity labelling-based techniques like BioID (van Vliet et al., 2017) or APEX2 

(Jing et al., 2015) could be used, both of which are biotinylation probes. In addition, simple co-

immunoprecipitation assays of SLDP or LIPA or co-purification of associated membranes (and 

pretended contaminants) in cell fractionation and organelle-specific proteome analyses could 

reveal further LD-PM MCS components (Kriechbaumer et al., 2015). 

7.1.2 Putative role of LD-PM contacts in resource allocation 

The observed clustering effect of LDs is already conceivable during embryogenesis (Figure 7).

Also, the presented additional data in Chapter 6 showed that the distribution of LDs along the 

PM is dispensable for TAG breakdown – lipases obviously still can access the LD core to 

degrade the contents and deliver them to peroxisomes, as TAG contents of analysed mutant 

seeds decreased similarly to wild-type seeds (Figure 10b). Moreover, under all so far analysed 

conditions, no growth phenotype of the sldp1 sldp2 knockout lines was observed. The need 

for a putative LD-PM tether during post-germinative growth is thus not directly tangible. 

However, we showed that total lipid contents in dry seeds of sldp1 sldp2 mutants were 

increased (Figure 10c). This increased lipid content of sldp1 sldp2 seeds might be due to 

increased rates of fatty acid synthesis during early embryo maturation. However, as an overall 

increase in seed weight, rather than just increased lipid contents, is observed (Figure 9), SLDP 

and LIPA might be important even earlier, during seed filling, and clustering during germination 

might just be a remnant of a function that comes into effect earlier. 

Seeds are heterotrophic organs and as such fully depend on nutrients supplied by parental 

tissues for development (Zhang et al., 2007). Although highly speculative, it is an intriguing 

thought that the putative LD-PM anchoring might be needed for proper organelle inheritance 

during seed development, similar to what has been reported for organelle-inheritance in 

budding yeast. In yeast, as described in section 1.2.1, LDs can be retained in mother cells 

during cell division through MCS anchoring them to the perinuclear ER, while other LDs are 

inherited to daughter cells (Knoblach and Rachubinski, 2015). During development of the 

embryo sac (the female gametophyte), a certain subset of LDs might be transmitted to filial

tissues, while another subset could be retained in maternal tissues. The lack of an LD-PM 

anchor might cause an oversupply of LDs, TAG or sucrose to filial tissues, already during 

transition from somatic to germline identity, during gametophyte development or later during 

division of the embryo sac (female gametophyte) into the zygote and the endosperm precursor 

cell. The embryo-sac will be double-fertilised by the two sperm nuclei inside a pollen grain, 

resulting in a diploid zygote (2n) and the triploid primary endosperm cell (3n). While the zygote 

will develop into the embryo and its suspensor (the small structure carrying the embryo), the 

primary endosperm cell develops into the endosperm by several rounds of mitosis without 
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subsequent cell division. It is known and shown in Figurer 7 that the embryo, will start to

accumulate LDs and TAG during maturation (reviewed in Baud et al., 2008). For this, it 

depends in the endosperm. During nutrient loading, released nutrients from maternal tissues 

first accumulate in the endosperm, which will then nourish the embryo, mainly in the form of 

starch (Hill et al., 2003; Baud et al., 2008). An oversupply of LDs or TAG to the endosperm 

could allow increased nutrient availability for the embryo and hence increased seed weight and 

oil content of the mature seed.

However, seed weight is influenced by a wide array of other maternal factors (Bennett et al.,

2012) and resource allocation is just one of the possibilities. All in all, influence of a putative 

LD-PM MCS in organelle inheritance and resource allocation remains highly speculative. More 

detailed analyses on the amount of produced seeds and siliques and also the duration of seed 

production have to be conducted to get a more complete picture and see if resource allocation 

in sldp1 sldp2 mutants might be altered.

7.1.3 Synaptotagmin is a putative interaction partner of SLDP

As shown in Table 2, SYT1 was identified as a putative strong interaction partner of SLDP1.3 

in a Y2H screen. For the screen, a leaf database was used and SLDP1.3 is not expressed in 

leaves. Interaction of SLDP1.3 and SYT1 might thus also be due to the non-native expression 

of SLDP and might not occur in seeds. However, according to the Arabidopsis eFP browser, 

SYT1 is ubiquitously expressed, also in seeds (Schmid et al., 2005; Nakabayashi et al., 2005; 

Winter et al., 2007; Waese et al., 2017). It is therefore still possible that SLDP1.3 and SYT1 

interact in seeds and/or seedlings. 

Arabidopsis SYT1 (also called SYTA) has been reported to maintain PM integrity (Schapire et 

al., 2008; Eckardt, 2008), plays a role in virus movement (Lewis and Lazarowitz, 2010; Levy 

et al., 2015), is involved in endocytosis (Lewis and Lazarowitz, 2010) and in Ca2+-dependent 

freezing tolerance (through membrane resealing) (Yamazaki et al., 2008). Subcellular 

localisation analyses revealed that it is enriched at ER-PM contact sites, where it confers 

resistance to mechanical stresses and is likely involved in plasmodesmata formation (Pérez-

Sancho et al., 2015; Ishikawa et al., 2018; Levy and Tilsner, 2020). These SYT1-enriched ER-

PM contact sites often co-localise with VAP27-1-enriched ER-PM contact sites, which SYT1 

seems to stabilise (Siao et al., 2016). VAP27-1 was recently found to also interact with ER-LD 

contact site-localised Seipin (Greer et al., 2020). Localisation of Arabidopsis SYT1 to ER-PM 

contact sites is resembling the localisation of mammalian extended synaptotagmins (E-SYTs), 

which have been reported to be involved in e.g. lipid transfer through a synaptotagmin-like 

mitochondrial and lipid binding protein (SMP) domain (Schauder et al., 2014; Yu et al., 2016; 

Nath et al., 2020). Arabidopsis SYT1 also contains an SMP domain (Levy and Tilsner, 2020). 

The SYT1-mediated ER-PM contact is enhanced under ionic stress (E., Lee et al., 2019). 
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Regarding the described functions and homology to mammalian E-SYTs, SYT1 likely plays an 

important role in membrane repair and/or stabilisation under salt, cold and mechanical 

stresses.  

A putative interaction of SLDP and SYT1 or even an involvement of SYT1 in the LD-PM tether 

is therefore conceivable. SLDP, LIPA and SYT1 might act together to form a tri-organellar, 

rather than a bi-organellar, tether between the ER, LD and PM. The functions of SYT1 in 

membrane repair and/or stabilisation and in lipid transfer might require LDs in proximity as 

buffering system. This is supported by the fact that SYT1 also interacts with VAP27-1, which 

interacts with LD-ER junction-localised Seipins, hinting at another putative LD-ER-PM tether. 

Redundancies in tethers are often observed and complicate functional analysis of MCS. In 

yeast for example, where up to 40 % of the PM is connected to the ER, at least seven different 

tethers are involved in ER-PM tethering. Three of these tethers are tricalbins, orthologs of the 

mammalian extended synaptotagmins (Manford et al., 2012; Quon et al., 2018; Jorgensen et 

al., 2020). One putative yeast ER-PM tether, Ice2, is also a known LD-ER tether (together with 

Ldb16) coupling LD lipolysis to phospholipid formation in the ER (Shpilka et al., 2015), again 

supporting the existence of a putative three-way contact of LDs, the PM and the ER.

Taken together, these data might hint at a tri-organellar MCS rather than a bi-organellar 

contact, where SLDP, LIPA and SYT1 might act together to tether the ER, LDs and the PM to 

mediate and buffer lipid transfer for membrane repair upon mechanical, salt or freezing stress.

7.1.4 PM-anchored LDs – Not LD-PM but rather LD-PM-ER contact site?

All these data undermine the importance of not just LD-PM contacts, but rather of tri-organellar 

contacts involving the ER and LDs in contact with another organelle. MCS involving LDs have 

been shown to be tri-organellar rather than just connecting two organelles. This is the case for 

MIGA2, a human protein connecting LDs, the ER and mitochondria (Freyre et al., 2019); Snz, 

a drosophila protein connecting LDs, the ER and the PM (Ugrankar et al., 2019); and Mdm1, 

a yeast protein connecting the LDs, the ER and the vacuole (Hariri et al., 2018; Hariri et al.,

2019). Looking at the functions of MCS in lipid transfer on the one hand and the roles of LDs 

in balancing lipid fluxes and buffering lipids, it seems likely that for these functions, LDs and 

the ER have to be in contact. LDs, as well as MCS, have been shown to be involved in stress 

responses. Various cellular stresses were shown to shift lipid fluxes and often TAG serves as 

a lipid hub with lipids being channelled through TAG prior to degradation or other uses. One 

example was already described: to protect the mitochondrion from accumulating 

acylcarnitines, lipids are channelled into LDs in a DGAT1-dependent manner first (Nguyen et 

al., 2017). Taking into account that mitochondria are not connected to vesicular trafficking 

pathways (reviewed in Prinz, 2010) and that enzymes catalysing the last step in TAG synthesis 

reside in the ER (reviewed in Bates, 2016), it is not surprising that a tri-organellar contact 

between the ER, LDs and mitochondria has to exist for LDs to be able to buffer toxic or excess 
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lipids as TAG. A similar mechanism might also occur during heat stress – heat-induced PM 

remodelling causes reduction of unsaturated FA levels in membranes. For unsaturated FAs 

cannot be turned saturated again, they either have to be stored or degraded. As shown in TAG 

analysis of manuscript II, not just TAGs containing unsaturated FAs increase upon heat stress, 

but rather there is an overall, unspecific increase of TAGs. It might therefore be that heat stress 

causes a bulk membrane lipid degradation and phospholipids are unspecifically degraded, 

regardless of their saturation level, and replaced by saturated FAs. This bulk degradation of 

phospholipids could, similarly to what has been observed during autophagy, lead to lipotoxicity, 

therefore prior to their d -oxidation, these lipids might be channelled through 

TAG. As described previously, apart from vesicular transport, these channelling mechanisms 

might also rely on close contacts with the ER (where the final step of TAG synthesis takes 

place), LDs (where TAGs are then stored), and the site from where the bulk lipid release stems 

– e.g. the PM or other cellular membranes that are being degraded.

For putative buffering/detoxification functions of LDs at different organelles, it is thus possible

that tri-organellar contacts between the ER, LDs and the respective organelle have to exist, so 

that FAs can be channelled into LDs via action of DGAT (or other TAG synthesising enzymes 

in the ER).

7.2 Evolution of LD proteins

LDs are highly conserved from archaea to eukaryotes – many, if not all, eukaryotes and 

bacterial cells contains LDs and also several archaea contain LDs (Murphy, 2012; Zhang and 

Liu, 2017). It was suggested that LDs evolved as transient depots for dietary lipids that were 

exceeding cellular needs and only later evolved their functions as long-term carbon storages 

and obtained their diverse and specialised functions (reviewed in Murphy, 2012). These 

specialised functions could likely evolve with the concomitantly evolving diversifying LD 

proteome. Prokaryotic LDs likely indeed merely serve as energy/carbon stores, as opposed to 

the various functions of eukaryotic LDs. Differences between eu- and prokaryotic LDs are also 

found in their stored lipids. While eukaryotes mostly store TAG in their LDs, prokaryotes often 

store polymeric lipids, most commonly polyhydroxyalkanoates such as polyhydroxybutyrate or 

polyhydroxyvalerate (reviewed in Murphy, 2012). Focus here will be put on eukaryotic LDs. 

7.2.1 SLDP and LIPA likely evolved in flowering plants 

Regarding LDs’ primary function in lipid storage, proteins uniform to all LDs are lipid metabolic 

enzymes, such as lipases or acyltransferases, but also enzymes involved in sterol metabolism 

(Lundquist et al., 2020). Enzymes involved in TAG synthesis, e.g. DGAT, show strong 

eukaryotic conservation (reviewed in de Vries and Ischebeck, 2020). 
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While the lipid metabolism machinery is highly conserved among species, there seems to be 

more variability in other LD proteins, such as structural proteins or proteins involved in 

biogenesis. LD biogenesis protein Seipin for example is conserved among eukaryotes, 

although Seipins diversified during e.g. plant evolution (de Vries and Ischebeck, 2020). Other 

LD biogenesis proteins, however, are species-specific, such as PEX30 that is only involved in 

fungal LD biogenesis, or LDAP that is specific to plants (reviewed in Lundquist et al., 2020). 

Major structural proteins are diverse, as well. Perilipins for example are found in all eukaryotes 

except for the plant lineage. In flowering plants, lycopods, mosses and algae, oleosins are 

major structural proteins and overtake similar scaffolding functions (reviewed in Lundquist et 

al., 2020). In some algae, e.g. Chlamydomonas reinhardtii, MAJOR LD PROTEIN (MLDP) is 

found instead of oleosins (Moellering and Benning, 2010). Oleosins, MLDP and perilipins do 

not show sequence homology and although these proteins differ in some specialised functions, 

they all serve the same function in stabilising LDs and preventing uncontrolled fusion. They 

might be examples of a convergent evolution, where proteins evolved in independent events 

to fulfil the same function.

In the present study, three proteins, SLDP1 and 2 and LIPA, were analysed. As discussed in 

manuscript I, SLDP1, SLDP2 and LIPA transcripts are reported to be highly seed-specific in 

different transcript databases (Nakabayashi et al., 2005; Schmid et al., 2005; Winter et al.,

2007; Klepikova et al., 2016; Waese et al., 2017). Amino acid sequence analysis reveals that 

all three proteins are specific for vascular plants, where homologues of SLDP and LIPA are 

found in diverse species. However, no homologues are found in liverworts, mosses or 

hornworts and also within the vascular plants, homologues are restricted to magnoliopsida. 

Interestingly, protein blast analysis of SLDP2.1 reveals a distinct homologue in the lycophyte 

Selaginella moellendorffii. This spike moss from an ancient lineage shares similarities with 

vascular plants but also with non-seed plants and harbours one of the smallest plant genome 

sizes reported (Banks, 2009; Banks et al., 2011; de Vries and Ischebeck, 2020). The 65 C-

terminal amino acid residues of SLDP2.1 share 34 % sequence identity with the C-terminus of 

four S. moellendorffii proteins annotated as midasin isoforms. Midasins are nuclear 

chaperones aiding in exporting pre-60S ribosome subunits from the nucleus and in Arabidopsis 

are reported to be involved in seed proteome establishment and de-repression of ABI5 for 

proper seed germination (Li et al., 2019). Interestingly, it was suggested that spermatophytes 

co-opted the already existing LD protein framework, evolved to tolerate drought and 

desiccation, for the development of seeds and seed-specific programs (de Vries and 

Ischebeck, 2020). Not only SLDP2.1 has a distinct homologue in a non-seed species, but also 

e.g. LIPID DROPLET PROTEIN OF SEEDS (LDPS), another LD-protein in seeds, has

homologues in streptophyte algae. Regarding the homologues of LD proteins from Arabidopsis

seeds in non-seed species, authors speculate that seed-specific LD proteins might already
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have evolved before seeds did, which is certainly true for some LD proteins (de Vries and 

Ischebeck, 2020). In the case of SLDP2.1 a homology outside of seed plants was only 

observed for the C-terminus of the S. moellendorffii midasin isoform (the last 65 of around 405 

amino acids) and the C-terminus of SLDP2.1 (last 65 amino acids of 295). This part of the 

annotated S. moellendorffii midasin does not harbour any particular domains. However, the C-

terminus of SLDP2 is highly conserved in angiosperm SLDP2 homologues. LIPA homologues, 

as well as SLDP1.1, SLDP1.2, SLDP1.3 and SLDP2.2 homologues, are only found in flowering 

plants. 

In conclusion, the protein homology analyses implicate a role of SLDP and LIPA specific to 

seeds of flowering plants, although a distinct relative of SLDP2.1 might already have existed 

in a non-seed plant and might have been lost in other species. Either, SLDP and LIPA indeed 

fulfil a function that is specific to seeds, or the proteins represent an example of convergent 

evolution in LD proteins and do have functional analogues but lack sequence homologues, 

similar to what is observed e.g. for oleosins and perilipins. Similar to oleosins, SLDP and LIPA 

might be restricted to non-vegetative tissues with other proteins taking over their functions in 

vegetative tissues (and putatively non-seed species). However, in contrast to oleosins, SLDP 

and LIPA transcripts, at least in Arabidopsis, are not found in other reproductive tissues, such 

as pollen. A more detailed functional analysis of SLDP and LIPA in seeds and seedlings as 

well as their physiological implication will shed more light on the evolution of this two protein 

families. 

7.2.2 SLDP targeting to LDs via its N-terminus might be a conserved mechanism

Interestingly, transgenic expression of various LD proteins across species was shown to result 

in proper LD-localisation, suggesting a conserved targeting mechanism, however no specific 

targeting signal for LDs has been identified so far (reviewed in Zhang and Liu, 2017; Olzmann 

and Carvalho, 2019).

Generally, LD-localised proteins have been classified in two groups: Class I proteins that 

associate to the LD monolayer through hydrophobic domains and Class II proteins that 

associate via amphipathic helices or FA modifications (Kory et al., 2016; Bersuker and 

Olzmann, 2017). The classification of proteins into these two groups is a generalisation, as 

actiual protein topologies often remain unknow, but was described to provide a ‘conceptual

framework for discussing how proteins associate with the LD membrane’ (Bersuker and 

Olzmann, 2017) and is therefore used here. Class I proteins enter the LD membrane by lateral 

diffusion from the ER, where they are inserted into the membrane, through lipidic ER-LD 

bridges. Most of them adopt a hairpin conformation, so that often the C- as well as the N-

terminus are located towards the cytosol. Typically, these proteins can be accommodated in 

ER bilayers as well as LD monolayers. In the absence of LDs, these proteins localise 
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throughout the ER (reviewed in Olzmann and Carvalho, 2019). Regulation of the partitioning 

of class I LD proteins from the ER to LDs and their asymmetric distribution between the 

organelles still poses an open question in LD biology.

Class II proteins insert directly from the cytosol and several modes of association have been 

reported. Examples are binding via lipid modifications or via interactions with another LD-

localised protein. Often, however, class II proteins contain an amphipathic helix, adopting a 

topology where all hydrophobic residues face one side of the helix and all polar residues face 

the other side (Kory et al., 2016; Olzmann and Carvalho, 2019). Proteins only fold into this 

helical structure upon contact with polar-apolar interfaces, such as lipid surfaces, and thereby 

can adsorb to membranes and anchor proteins there (Giménez-Andrés et al., 2018). Such 

amphipathic helices can have various properties, depending on their length, the density and 

size of hydrophobic residues per turn as well as the charge and distribution of polar residues. 

Interestingly, amphipathic helices do not only serve localisation purposes. They were also 

shown to be able to sense membrane curvatures and packing defects or levels of lipid 

desaturation, and they can act as a protective shield for membranes. Perilipin4 for example 

adopts a giant amphipathic helix structure of 968 amino acids that coats LDs and was 

et al., 2018). The same study 

showed that amphipathic helix length, hydrophobicity, and charge influence LD targeting. 

Some proteins, as e.g. plant LDAP3, completely lack concise targeting sequences and the 

whole sequence was shown to be needed for proper LD localisation (Gidda et al., 2016).

SLDP, analysed in the present study, likely enters LDs from the ER and is thus a class I protein. 

Expression analyses in pollen tubes often not only revealed LD-localisation but upon strong 

expression also ER-like patterning of SLDP. A motif at the N-terminus of SLDP was shown to 

be necessary (and sufficient) for LD-localisation and is also highly conserved. This part 

contains an amphipathic helix and a hydrophobic stretch. This hydrophobic stretch is around 

40 amino acids long, similar to other class I LD proteins, such as PUX10 or GPAT4 (Wilfling 

et al., 2013; Kretzschmar et al., 2018). GPAT4, a protein that targets only a subpopulation of 

LDs in Drosophila melanogaster, contains a 44 amino acid hairpin, consisting of two 

hydrophobic helices linked by three amino acids. This hairpin alone was shown to be sufficient 

to mediate ER localisation and subsequent LD re-localisation. Similar proteins, as e.g. 

AGPAT1 or DGAT1 that remain in the ER membrane and are not relocated to LDs, have similar 

topologies but with longer and hydrophilic linker regions within the hairpin. If the hairpin linker 

region of GPAT4 is replaced by such a longer hydrophilic linker sequence, GPAT4 localises to 

the ER but fails to relocate to LDs. On the other hand, if the hairpin itself is replaced by a 

hydrophilic linker sequence, GPAT4 fails to insert into the ER but is directly recruited to LDs 

from the cytosol (Wilfling et al., 2013). Thus, the hairpin is likely needed for ER localisation and 
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the linker allows for re-localisation to LDs, however yet another C- or N-terminal region 

contributes to LD localisation. An interplay of a positively charged region followed by a central 

hydrophobic domain was also shown to be necessary for proper LD localisation of mammalian 

class I LD proteins and it was hypothesised that the hydrophobic domain mediates ER 

membrane localisation, while the positively charged stretch then mediates sorting and loading 

onto LDs (Ingelmo-Torres et al., 2009).

Similarly, in the present study, the hydrophobic stretch of SLDP might mediate ER localisation 

of SLDP1 and SLPD2 and the amphipathic helix might facilitate loading of the protein onto 

LDs. More detailed analyses on the amphipathic helix and the hydrophobic stretch alone have 

to be conducted to clarify the exact mode of localisation. Interestingly, by their chemical 

diversity, amphipathic helixes can mediate specificities of proteins to just certain lipids – 

thereby allowing for specific targeting to organellar subdomains or formation of subpopulations 

of organelles, if there is a compositional bias in the membranes. This way, subpopulations of 

LDs with a certain protein coat might be created by varying the phospholipid composition 

(and/or curvature/desaturation) of LDs. This mechanism could explain, why only a portion of 

LDs in seedlings are in contact to the PM but not all. The putative amphipathic helix of SLDP 

might only adsorb to certain, ‘matching’ LDs and only these LDs will be anchored to the PM by 

the subsequent interaction of SLDP and LIPA. However, in silico analysis does not provide 

sufficient proof for true amphipathic helix formation of SLDP. The putative adoption of this

conformation for LD targeting could e.g. be verified by systematic cysteine mutagenesis and 

subsequent solvent accessibility analysis via PEGylation assays as described in (Pataki et al.,

2018).

PM-localised LIPA would be a class II LD protein that most likely binds LDs from the cytosol 

through interaction with another LD-localised protein. Masking the C-terminus leads to re-

localisation of LIPA to the cytosol and not e.g. retention in the ER. LIPA is thus likely not a 

subject of the secretory pathway, but probably recruited to the PM from the cytosol. 

Concomitantly, SLDP probably recruits LIPA to LDs directly from the cytosol or when LIPA is 

already bound to the PM.

The exact mechanism by which SLDP and LIPA are targeted to LDs and the putative creation 

of LD subpopulations by differential protein recruiting poses a promising topic for future studies 

and might contribute to a general understanding of LD targeting, not just in plants but in all 

eukaryotes.
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7.3 Functional diversity of LDs in vegetative and reproductive tissues

There are differences of LDs in vegetative and reproductive tissues. LDs in reproductive 

tissues have mostly been implicated in FA storage and supply, while LDs in vegetative tissues 

are often associated to stress responses. Generally, less is known about stress responses of 

LDs in reproductive tissues. In manuscript II, we show a clear correlation of LD-stored TAGs 

and stress response in a reproductive tissue, the pollen tube.

7.3.1 Specific functions of LDs in vegetative tissues

Usually, vegetative tissues do not accumulate LDs in higher amounts. Various abiotic and 

biotic stresses as well as senescence have however been reported to induce LD accumulation 

in vegetative tissues (reviewed in Yang and Benning, 2018; Lu et al., 2020). 

Major functional differences between LDs in vegetative and reproductive tissues are 

determined by the coating proteins. Oleosins represent by far the most abundant proteins on 

seed LDs, followed by caleosins (Katavic et al., 2006; Thakur and Bhatla, 2016; Zhi et al.,

2017; Hamada et al., 2020; Kretzschmar et al., 2020). LD proteomes in non-seed tissues are 

less well studied, but as described in section 1.1.2, some proteome data are available. In 

mesocarp tissues, neither oleosins nor caleosins were detected, but LDAP is one of the most 

abundant proteins in Chinese tallow and avocado mesocarp (Horn et al., 2013; Zhi et al.,

2017). In leaves, oleosins are not detected in ageing or in Pseudomonas-infected leaves. A 

study on senescing Arabidopsis leaves instead reported CLO3 and LDAP1 to be the most 

abundant LD-proteins (Brocard et al., 2017) and in a study on infected leaves in comparison 

to senescing leaves, similar results were obtained: Two of the four most abundant proteins in 

infected, as well as senescing leaves, were again CLO3 and LDAP1. Some other proteins like 

-DOX were only detected in LD proteomes of infected leaves (Fernández-Santos 

et al., 2020), suggesting a dynamic adaptation of the LD protein coat, according to cellular 

needs. Interestingly, in Nicotiana tabacum pollen tubes, caleosin and oleosin isoforms 

(NtOLE6, NtCLO1) were found most abundant on LDs, but also a Tobacco LDAP1 isoform is 

amongst the most abundant proteins on LDs (Kretzschmar et al., 2018).

Generally, the proteins found on vegetative LDs are often involved in stress responses, 

reflecting the observed increase of LDs in vegetative tissues upon various stresses (Singer et 

al., 2016; Yang and Benning, 2018). Arabidopsis LDAPs were shown to be involved in abiotic 

stress responses and are needed for LD proliferation in leaves following heat or cold stress 

(Gidda et al., 2016). LDAPs are also involved in drought stress response and double knockout 

of LDAP1 and LDAP3 renders plants more susceptible to drought stress, while overexpression 

increases drought tolerance in Arabidopsis (E., Y., Kim et al., 2016). Also, LDs in leaves are 

diurnally controlled in a process requiring LDAP1-3 and increase in abundance towards the 

end of the night (Gidda et al., 2016). CLO3 and -DOX1 have been reported to act together in 
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response to senescence or fungal infections in leaves to produce antimicrobial phytoalexins 

(Shimada et al., 2014) but are also found in seedlings grown under sterile conditions 

(Kretzschmar et al., 2020). CLO3, also called RESPONSIVE TO DEHYDRATION20 (RD20) 

moreover plays a role in oxidative stress (Blée et al., 2014) as well in drought tolerance, as 

knockout leads to increased stomatal apertures and transpiration rates (Aubert et al., 2010). 

Involvement in stomatal opening and closure is therefore another supposed function of LDs in 

vegetative tissues (reviewed in Yang and Benning, 2018). Indeed, guard cells accumulate LDs

in larger amounts than other leaf cells -oxidation of TAGs was 

hypothesised to drive light-induced stomatal opening, as opening is delayed after genetic or 

chemical inhibition of TAG catabolism (McLachlan et al., 2016). Supporting a putative role of 

TAG-derived FAs in stoma -oxidation enzyme 3-

ketoacyl-CoA thiolase-2 (KAT2), that influences abscisic acid (ABA)-induced stomatal closure, 

was shown to reduce stomatal closure (Jiang et al., 2011). 

Cross talk of LDs and ABA is also observed in seedlings (a vegetative tissue). The transcription 

factor ABA insensitive (ABI) 4, a key regulator in ABA signalling, was shown to bind the 

promoter of DGAT1 under nitrogen-deficiency, increasing DGAT1 expression and 

consequently TAG accumulation (Yang et al., 2011). Both, ABI4 and ABI5 transcription factors 

were later shown to synergistically regulate DGAT1 in 7-day-old seedlings under different 

stresses, including e.g. salt or osmotic stress (Kong et al., 2013). In drought-stressed 

seedlings, ABA-dependent TAG accumulation was shown to be regulated by the transcription 

factor MYB96, in drought-stressed seedlings (H., G., Lee et al., 2019). Based on these data, a 

tight correlation of stress-induced ABA accumulation and stress-induced TAG accumulation in 

vegetative tissues was suggested (Lu et al., 2020).

Concluding, all these data show that LDs in vegetative tissues are involved in a wealth of 

abiotic and biotic stress responses.

7.3.2 Specific functions of LDs in reproductive tissues

Generally, less is known about LDs in stress response in seeds. There, stress-inducible LDs 

might be masked by the sheer mass of storage LDs. It is thinkable, that in seeds, different 

subpopulations of LDs exist: the huge subpopulation dedicated to storage purposes and a 

small, ‘basal’ subpopulation that is needed for stress response. The few LDs detected in leaves 

might reflect this basal amount of LDs. Especially MCS have been reported to be involved in 

the creation of organellar subpopulations within one cell. The putative LD-PM MCS analysed 

in the present thesis did not seem to have an impact on TAG degradation rates, nor was any 

phenotype observable after knocking the tether out. It is therefore possible, that the LD-PM 

anchor is only important for a subset of LDs in seeds and a physiological role only comes into 

effect under stress conditions. The MCS might therefore pose an example for creating different 
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subpopulations of LDs, which could be important for stress-related functions of LDs in 

reproductive tissues (the seed) and/or vegetative tissues (the seedling). 

A specific role of LDs in reproductive tissues is during fertilisation. LDs have been shown to 

accumulate in flower petals, tapetum cells of anthers, pollen grains, and wet stigmata and have 

several functions there, e.g. forming the pollen coat or providing energy and carbons for pollen 

germination and tube growth (reviewed in Yang and Benning, 2018; Ischebeck et al., 2020). 

Indeed, TAGs are crucial for pollen, as pdat1 dgat1 double knockout pollen grains, that are 

incapable of accumulating TAGs and LDs, are male sterile (Zhang et al., 2009). Also, mutants 

defective in Seipin, that produce enlarged LDs that cannot enter the growing pollen tube from 

the pollen grain, are also strongly impaired in male fertility (Taurino et al., 2018). However, the 

amount of TAGs accumulated in pollen was calculated to be insufficient to generate enough 

energy and/or membrane lipids to fuel pollen tube growth and fertilisation alone (Ischebeck, 

2016) and at least in tobacco pollen tubes, peroxisomes do not seem to get in contact with 

peroxisomes (Müller et al., 2017). Instead, pollen tubes depend on nourishment from female 

tissues (Selinski and Scheibe, 2014). Therefore, LDs in pollen likely have further functions. 

Pollen tube penetration and directional pollen tube growth are two such processes shown to 

require TAGs (reviewed in Yang and Benning, 2018). Polyunsaturated TAGs in the exudate of 

wet stigmata for example (e.g. in Nicotiana tabacum) are sufficient and necessary for 

directional pollen tube penetration (Wolters-Arts et al., 1998; Yang and Benning, 2018). Also, 

LDs are e.g. involved in pollen coat formation, a layer covering the pollen grain involved in 

pollen protection and stigma-interaction (Lévesque-Lemay et al., 2016).

What is more, OIL BODY ASSOCIATED LIPASE 1 (OBL1), a lipase shown to be important for 

Tobacco pollen tube growth (Müller and Ischebeck, 2017), is also reported to be involved in 

the production of oxylipin-derived volatiles in tomato leaves (Garbowicz et al., 2018) and was 

suggested to play a similar role in Tobacco pollen tubes (Ischebeck et al., 2020).

Another function of LDs especially in pollen and seeds might be involvement in brassinosteroid 

(BR) metabolism. BRs are a class of polyhydroxysteroid phytohormones first discovered in the 

1970s (Mitchell et al., 1970; Mitchell and Gregory, 1972). They are involved in a plethora of 

cellular processes and play crucial roles in plant growth, development and stress tolerance. 

Several lines of evidence might hint at an involvement of LDs in BR metabolism. Firstly, BRs 

by far accumulate strongest in immature seeds and pollen with 1–100 g/kg fresh weight – 

both of which are organs rich in LDs – while e.g. leaves (containing few LDs) usually only 

accumulate amounts of 0.01–0.1 g/kg fresh weight (Bajguz, 2011). Also, BRs are for example 

involved in in seed dormancy and post-germinative growth (Hu and Yu, 2014), they play a role 

in leaf senescence (Chory et al., 1991), stress responses (Anwar et al., 2018), plant immunity 

(Lozano-Durán and Zipfel, 2015; Shigenaga and Argueso, 2016), pollen viability and tube 
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growth and pollen exine patterning (reviewed in Ye et al., 2010). As already reviewed in this 

thesis, LDs were shown to play a role in all of these processes, too. What is more, 

overexpression of the LD-protein HYDROXYSTEROID DEHYDROGENASE 1 (HSD1) in 

Arabidopsis was shown to result in similar phenotypes as overproduction of BRs. Plants 

exhibited hypersensitivity towards exogenous BR, while germination was hyposensitive to the 

BR antagonist abscisic acid (ABA) (Li et al., 2007). Although the exact function of plant HSDs 

remain elusive, they have been suggested to play a role in BR synthesis (L.,-J., Lin et al., 2002; 

Ischebeck et al., 2020). Lastly, BRs are synthesised in cycloartenol- or cycloartanol-dependent 

pathways (Bajguz et al., 2020). In plants, two key sterol synthesis genes have been shown to 

localise to LDs: CAS1, catalysing the reaction from squalene to cycloartenol and SMT1, 

catalysing the conversion of cycloartenol to 24-methylencycloartenol (Kretzschmar et al.,

2018). Taken together, all these data strongly suggest a role of LDs in BR metabolism.

Interestingly, in the present study on heat stressed pollen tubes, a 125-fold increase of a 

Tobacco HSD5 isoform was observed. Indeed, exogenously applied BRs have been reported 

to convey tolerance against heat stress in e.g. Arabidopsis seedlings or turf grass (reviewed 

in Divi et al., 2010; Alam et al., 2018). What is more, BRASSINAZOLE RESISTANT 1 (BZR1), 

one of the main transcription factors regulating BR-responses, was shown to be involved in 

heat stress tolerance in tomato (Yin et al., 2018). Taken together, the increase of LDs, as 

measured by increased TAG-levels, in heat-stressed pollen tubes might also mediate 

thermotolerance by playing a role in BR accumulation through increased HSD5 levels. Analysis 

of BR levels in heat stressed pollen tubes might give further insights into a putative correlation 

of LDs, BRs and thermotolerance.

Another putative role for LDs in heat-stressed pollen tubes was demonstrated in the present 

thesis. Heat stress induces lipid remodelling of phospholipids, causing a decrease of 

unsaturated FAs in phospholipids and an unspecific increase in TAG species. Putatively, TAGs 

in pollen tubes can serve as a sink for released membrane lipids that are likely channelled into 

TAGs in a DGAT-dependent manner. Interestingly, although an increase in several DGAT

isoforms was observed in the present study, none of the transcription factors involved in stress-

induced DGAT-expression in vegetative tissues, such as MYB96 (H., G., Lee et al., 2019) or 

ABI4/ABI5 (Kong et al., 2013), were induced by heat stress. This suggests that in pollen tubes, 

other transcription factors might be involved in stress-induced expression of DGATs,

potentially MYB-related transcription factors, which showed transcriptional up-regulation. Also, 

in contrast to what has been described for e.g. heat-stressed Chlamydomonas reinhardtii

(Légeret et al., 2016), very few significant expression differences of transcripts encoding 

enzymes involved in lipid metabolism were observed here. 
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Further analyses of heat stressed pollen tubes, impaired in TAG accumulation (e.g. dgat1 or 

pdat1 mutants) could give further insights on putative heat stress adaptation mechanisms in 

pollen tubes. 
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7.4 Concluding remarks

The aim of this thesis was to shed light on functions of LDs in two different plant organs – 

seeds and pollen tubes. For this, two approaches were used: In a bottom-up approach, 

unknown proteins localising to LDs were analysed to find out about their functions and thereby 

potentially unravel previously unknown processes involving LDs. In a top-down approach, a 

process already known to involve LDs but through uncertain molecular mechanisms and 

proteins was analysed. Concludingly, both approaches used in this thesis gave new insights 

into the intricate and versatile biology of LDs: one identified a previously unknown putative 

tethering complex, anchoring LDs to the PM during post-germinative growth. The other shed 

light on the involvement of LDs as putative lipid hubs for heat-induced lipid remodelling in 

pollen tubes. 

Regarding the identification of an LD-PM tethering complex, two previously unknown LD-

proteins, SLDP1 and SLDP2, were identified from a proteomic screen of LD-enriched 

Arabidopsis thaliana seedling fractions. Their localisation to LDs was confirmed and knockout 

phenotypes, such as increased oil accumulation in seeds and aberrant cellular LD distribution, 

were discovered. Moreover, an interaction partner, LIPA, another previously unknown protein, 

was identified by a proteomic analyses of sldp knockouts. Knockout of LIPA causes the same 

aberrant LD localisation as SLDP knockout. It was found that the interaction partner alone does 

not localise to LDs but to the PM. It can however be recruited to LDs in a non-native tissue by 

co-expressing SLDP and LIPA. What is more, it can relocate SLDP-decorated LDs to the PM 

and immobilise them there in pollen tubes. So far, no physiological consequences of losing

this tethering mechanism in its native tissue could be observed. We speculate that SLDP and 

LIPA interact to form an MCS between the PM and LDs, importance of which might only come 

into effect upon stress conditions, such as salt, mechanic or cold stress. The ER, and putatively 

also LDs, are then be needed in proximity to the PM to facilitate membrane repair and LDs 

might act as a buffering system to protect the cell from free FAs. 

Concerning the role of LDs in heat-induced lipid remodelling, we found that relative and 

absolute TAG levels unspecifically increase upon heat stress. Transcriptome analysis revealed 

increases of several DGAT homologues. To adapt membrane properties to the increased 

temperatures, unsaturated FAs have to be removed. As an increase of several TAG-derived 

FAs, not just unsaturated ones, is observed. We suggest that upon heat stress, there is an 

unspecific bulk degradation of membrane lipids. To prevent lipotoxicity of free FAs, acyl chains

are putatively channelled into the TAG-pool, where they might be stored for later reuse or from 

where they might be channelled to degradation. As no relative decrease in most phospholipid 

species is observed, concomitant to bulk degradation, probably de novo synthesis might occur. 

This is however not reflected on a transcriptional level. Apart from this presumed TAG-
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mediated thermotolerance, lipidome, transcriptome and metabolome data analyses revealed 

several other adaptations of pollen tubes to heat stress. The increase of pollen specific sterol 

species upon heat stress and the concomitant increased transcript expression of SMO2, an 

enzyme involved in sterol metabolism, are one example. Other examples are e.g. the observed 

differential accumulation of several TCA-intermediates and several other primary metabolites 

or the increased expression of several transcription factors of the MYB-related or the AP2-

EREBP family. Taken together, the study provides multifaceted insights into the many layers 

of heat stress adaptation in Tobacco pollen tubes and contributes many incentives for future 

research.  
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immer für mich da seid und mir Rückhalt gebt! 

Moni, auch dir bin ich unbeschreiblich dankbar, dass du mich in den letzten Monaten des 

Doktors begleitet hast. Danke für all deine Geduld die letzten Wochen, deine 

Krisenbewältigungsstrategien (je nach Ausmaß der Krise in Form von Pringles oder 

Schnapspralinen), deine Unterstützung und einfach dafür, dass du da bist!

“I would maintain that thanks are the highest form of thought, and that gratitude is happiness 

doubled by wonder.” 

Gilbert K. Chesterton (1874 – 1936)




