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Abstract 
Lipid droplets (LDs) are lipid storage organelles found across all kingdoms of life. In recent years, 

the perception of the organelle has shifted from inactive lipid storage sites to dynamic organelles 

central to the lipid metabolism. In plants, LDs are best studied in the seed of oil seed plants like 

the model plant Arabidopsis thaliana or the related crop Brassica napus.  

LDs have a unique membrane topology, because they consist of a phospholipid monolayer that 

shields the neutral lipid core from the aqueous environment of the cytosol. This special topology 

requires a unique set of proteins to associate with the organelle.  

The most abundant LD proteins in both plants and animals are coat proteins that are not 

conserved between the two kingdoms. In plants, oleosins, steroleosins and caleosins are 

embedded in the phospholipid monolayer and are thought to be anchored into the neutral lipid 

core through hydrophobic domains. Enzymatic activities have been observed for steroleosins and 

caleosins, and oleosins have been shown to shield LDs from each other to keep them from 

coalescing. However, these three proteins alone are not able to fully describe the dynamic role of 

LDs in different tissues and different developmental stages. Therefore, efforts have been taken to 

expand the LD proteome to help investigate the many open questions that remain about LD 

biology: their biogenesis, functions, interactions in the cellular environment, and the breakdown 

of their component. 

In this thesis, I present a bottom-up proteomics approach of LD-enriched fractions of tobacco 

pollen tubes, and Arabidopsis siliques, seeds and seedlings. By quantitative comparison to total 

cellular extracts followed by cell biological studies, I could contribute to the discovery of eight new 

plant LD proteins or protein families. Within these are three protein families annotated as 

unknown, three proteins or protein families with putative enzymatic activity in the lipid 

metabolism, one protein family conserved in plants except in Brassicaceae, and a scaffold protein 

whose homologs in other systems are involved in protein degradation pathways. 

For this scaffold protein, PUX10, we could confirm its involvement in protein degradation; 

specifically at the LD. Mutants of this protein are delayed in the degradation of LD coat proteins, 

mainly oleosins, during seedling establishment.  
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1. Introduction 

1.1. Arabidopsis thaliana – an Oil-Seed Model Organism 

1.1.1. The Seed 

The seed is one of the most crucial adaptations to land life during plant evolution. Together with 

the development of pollen, the seed was responsible for the rapid spread of seed plants, or 

Spermatophytes, which began at the end of the Carbon age when the climate started to get drier 

(Campbell, 1997). Today, seeds are of enormous economic importance: 70 % of the food we eat 

comes directly from seeds; most of the remaining 30 % are derived from animals that are also 

predominantly fed with seeds. In addition, seed-derived products are also important for industrial 

applications like lubricants and oils for both cosmetics, machinery and pharmaceutical industry 

(Bewley et al., 2013). The seeds of angiosperms, while varying greatly in size and appearance 

between the numerous species, all have the same principle components: the embryo, non-

embryonic storage tissue, and a seed coat (Figure 1). The seed coat (or testa) is the final protective 

barrier between the embryo and the environment. Seed coats, too, are highly variable between 

species, but often contain higher concentration of protective molecules like waxes or pectin. Two 

major forms of non-embryonic storage tissue, usually mutually exclusive in matured seeds, can be 

distinguished: the perisperm and the endosperm. The diploid perisperm will not be discussed 

here in any more detail. The endosperm, which is triploid due to the fusion of one pollen tube 

nucleus with the two polar nuclei of the central cell, can be the major storage sites for reserve 

compounds. Depending on the endosperm to embryo size ratio, two seed variants can be 

distinguished: endospermic and non-endospermic seeds. In endospermic seeds, the endosperm 

serves as major storage site, and the embryo remains small, as it is the case for cereals like wheat 

and rice. In non-endospermic seeds, for example of many legumes, the embryo itself contains the 

storage compounds. In all of the cases, however, the embryo inside the seeds is always composed 

of one or two cotyledons, the shoot apex, and an embryonic axis, which contains the embryonic 

root (also called radicle) and the hypocotyl.  

 Figure 1: Components of the mature Arabidopsis thaliana seed. The mature 
embryo (yellow), which constitutes the majority of the volume in the oil seed 
Arabidopsis thaliana, is surrounded by a single-cell but robust endosperm (orange). The 
seed coat (green) protects the embryo from the environment but is also the first barrier 
the embryo has to overcome to germinate. 
Figure from (Sharma et al., 2012) 

 

1.1.2. Seed Storage Reserves 

The aspect that makes seeds so economically interesting is that they store high amounts of 

nutritious, energy dense biomolecules: carbohydrates, proteins, and neutral lipids mostly in the 
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form of triacylglycerols (TAGs). Both the embryo and the endosperm may contain storage 

reserves, in varying composition and concentration. While all three major reserves can be found 

in the seeds of most economically important species, there is usually a bias towards one or not 

more than two of them. Cereals, for example, all store majorly carbohydrates in their endosperm, 

usually around three quarters of their dry weight (Table 1). Additionally, they contain around 

10 % of dry weight as protein reserves, and only minor amounts of oil. Legumes and other crops 

may contain carbohydrates (beans and peas), proteins (soybean), or oil (peanut, rape seed) as 

their major storage compound.  

Table 1: Composition of major storage compounds (in percent) of selected crops and the model plant 
Arabidopsis thaliana. Table adapted from (Bewley et al., 2013). 

Plant Protein Oil Carbohydrates Major storage site 
Barley 12 3 76 Endosperm 
Rice 7 3 75 Endosperm 
Garden pea 25 6 52 Cotyledons 
Soybean 37 17 26 Cotyledons 
Rape (Brassica napus) 21 48 19 Cotyledons 
Arabidopsis thaliana 
(Baud et al., 2008) 

30 – 40  30 – 40  2 Cotyledons 

 

While the localization of the storage reserve within the seed may vary between endosperm and 

embryo, their subcellular localizations are more conserved. Storage proteins, which can be 

divided into 4 classes based on their solubility (Osborne, 1924), are usually deposited in a 

specialized organelle called the protein storage vacuole (PSV). The most common carbohydrate 

stored in seeds is starch. It is synthesized in the amyloplast, a non-photosynthetic plastid, and 

stored in granules inside this plastid. Another specialized organelle serves as neutral lipid storage: 

the lipid droplet (LD, also known as lipid body, oil body, spherosome or oleosome). LDs can be 

found in both endosperm (castor bean) and the embryo (rapeseed) as major sites of oil storage.  

1.1.3. Oil Seed Plants 

Oil-seed rape (Brassica napus) is the second most important oil seed crop in the world, behind 

soybean (Sharma et al., 2012). Its relevance, and therefore world production, increased in recent 

years, and it is the major oil-seed grown in the European Union. Despite its economic importance, 

genomic studies on Brassica napus are notoriously challenging. This is due to fact that the species 

has a allopolyploid genome, created through its origin as a hybrid of Brassica rapa and Brassica 

oleacea, followed by a genome duplication event (Chalhoub et al., 2014). Consequently, Chalhoub 

et al., 2014 identified more than 100,000 putative genes in the B. napus genome. However, the 

model organism of plant biology, Arabidopsis thaliana, is from the same family, Brassicaceae, like 

Brassica napus. The Arabidopsis genome was the first plant genome sequenced (Arabidopsis 

Genome Initiative, 2000). Researchers have long been able to manipulate the diploid, small, and 

gene-rich Arabidopsis genome via Agrobacterial-mediated transformation (Clough and Bent, 
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1998), and recently, advances in the CRISPR-Cas9 gene editing technology have also been 

expanded to this model organism (Wang et al. 2015). Like Brassica napus, Arabidopsis stores high 

concentrations of neutral lipids in its embryo (Table 1). While the amount of protein reserves are 

equally high, the lipids and the ability of the embryo to mobilize them during germination are 

determining germination success (Eastmond, 2006).  

As mentioned earlier, neutral lipids are generally stored in a specialized organelle called LDs. The 

following chapters will summarize relevant findings on the biogenesis, functions, and turnover of 

LDs in plants, with many of the studies being conducted on Arabidopsis thaliana. Furthermore, 

these results are compared to findings in yeast and animals.  
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1.2. The Lipid Droplet – a Neutral Lipid Storage Organelle 

The ability to store hydrophobic substances in specialized, membrane-separated compartments 

can be found in all domains of life. Many prokaryotes and some archaea species form some type 

of LDs where they store liquid or semi-solid hydrophobic biomolecules, most commonly 

polyhydroxylbutyrates (Murphy, 2012).  

In eukaryotes, it becomes more and more clear that most, if not all, cells are able to synthesize LDs 

and also contain them at some time or under certain conditions, if one “look(s) hard enough” 

(Murphy, 2001). In mammals, LDs are most prominent, and best studied, in white and brown 

adipose tissue, steroidogenic cells, mammary gland epithelial cells, different leukocytes including 

macrophages, hepatocytes and enterocytes, and the pigmented epithelial cells in the retina 

(Murphy, 2012). In plants, in addition to oil seeds containing large amounts of LDs, the organelle 

can be found in high numbers in pollen and pollen tubes, and the tapetum. To a lesser extent, LDs 

are also found in vegetative tissues like roots and leaves. In normal leaves, the highest number of 

LDs are found in stomatal cells, but they accumulate generally in leaf cells during heat and drought 

stress, and leaf senescence (Gidda et al., 2016; Kim et al., 2016a; Shimada et al., 2015). 

Additionally, LDs can be found in the oil-rich mesocarp of some fruits, like avocado (Persea 

americana) and olive (Olea europaea). 

In plants, LD-like particles can also be found in plastids, where they are referred to as 

plastoglobules or plastoglobuli. Plastoglobules can vary in shape, size, and composition depending 

on the type of plastid in which they are formed (van Wijk and Kessler, 2017).  

In animals, plants and fungi, the most common neutral compounds stored in LDs are either TAGs 

or sterol esters (SEs), or a combination of the two. In mammals, for example, LDs of adipocytes 

store mostly TAG, but those in steroidogenic cells contain predominantly cholesterol-esters 

needed for hormone production (Onal et al., 2017). In Arabidopsis seeds, SEs make up less than 

one percent of all neutral lipids (Bouvier-Nave et al., 2010), whereas in tobacco pollen, SEs 

contribute 24 % to neutral lipid weight (Rotsch et al., 2017). Within LDs with mixed neutral lipid 

composition, the different neutral lipids probably do not occur as a homogenous mass. Rather, it 

seems like different SEs form distinct shells around a TAG core, like it was observed in yeast 

(Czabany et al., 2008). 

In the plant kingdom, other interesting hydrophobic compounds can be found as the main storage 

molecule in LDs. Jojoba (Simmondsia chinensis) seeds are filled with LDs that contain wax esters 

as their hydrophobic matrix. This unique composition makes jojoba interesting for both cosmetic, 

pharmaceutical, and chemical industry, where wax esters find a range of applications (Al-Obaidi 

et al., 2017). Another commercially important hydrophobic compound stored in LD-like particles 
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is natural rubber of the rubber tree (Hevea brasiliensis), which consists mainly of polyisoprenes 

(Nawamawat et al., 2011). In the liverwort Marchantia polymorpha, the LDs contain mainly 

isoprenoids, many of which have been shown to have interesting pharmacological functions (He 

et al., 2013). 

In all cases, the hydrophobic core is separated from the aqueous cytoplasm by a phospholipid (PL) 

monolayer (Figure 2).  

Figure 2: Composition of Lipid Droplets. LDs store large 
amounts of neutral lipids. The neutral lipid core is separated 
from the aqueous cytoplasm via a phospholipid monolayer. 
Proteins are integrated and associated with this monolayer. 

Figure from (Walther and Farese Jr., 2012)  

  

The most abundant PL of this monolayer is in most cases phosphatidylcholine (PC). The exact 

composition of the phospholipidome, just like that of the neutral lipids, can vary. In both yeast and 

humans, for example, phosphatidylserine and phosphatidic acid (PA) are mostly absent from LD 

membranes, while lyso-PC and lyso-phosphoethanolamine (PE) are found to be enriched in LDs 

isolated from cultured cells (Bartz et al., 2007; Grillitsch et al., 2011; Onal et al., 2017). In LDs of 

Brassica napus seeds, PA is one of three most abundant PL classes (Katavic et al., 2006).  

Like other membranes in the cell, the PL monolayer of the LDs is decorated with a selection of 

proteins. LDs in all systems are collectively covered with coat proteins, a principle otherwise 

known from cellular vesicles (Murphy, 2012). Between plants and animals, the most abundant LD 

“coat“ proteins are not conserved.  

In mammals, LD membranes harbor a family of five proteins called Perilipins (PLINs, Kimmel et 

al., 2010). PLINs are conserved from slime molds to humans, but not found in the plant lineage 

(Murphy, 2012). Although PLINs lack a classical transmembrane domain, there is mounting 

evidence that a conserved 11-mer repeats domain of the proteins, which is proposed to form 

amphipathic helices, contributes to LD targeting (Figure 3, Čopič et al., 2018; Rowe et al., 2016). 

While PLINs are expressed in all LD-enriched mammalian tissues (white adipocytes – PLIN1 and 

PLIN4, liver – PLIN2, brown adipocytes – PLIN5), and PLIN3 is even expressed ubiquitously, all 

these LDs contain TAG as major storage lipid. Interestingly, on cholesterol ester-storing LDs from 

mouse tumor cells two enzymes were found as major proteins (Yamaguchi et al., 2015).  
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Another family of proteins found on mammalian LDs is also among the major LD coat proteins in 

plants: hydroxysteroid dehydrogenases (HSD, or steroleosins in plants (Lin et al., 2002)). 

Together with the oleosin and caleosin protein families, steroleosins constitute the majority of the 

seed LD proteome (Chapman et al., 2012). Steroleosins contain the HSD domain C-terminally to a 

hydrophobic domain responsible for LD localization (Lin et al., 2002). Due to the conservation 

between plant and mammalian HSDs, related enzymatic activities are assumed between the 

enzymes. For example, AtHSD1 can convert estradiol to its biologically less active, 

dehydrogenated form estrone in vitro (Lin et al., 2002). Also in plants, steroid-based hormones 

(brassinosteroids) play important roles in developmental processes (Clouse and Sasse, 2002). 

Alterations in AtHSD1 expression resulted in phenotypes that mimic those of plants with altered 

brassinosteroid metabolism (Li et al., 2007). 

While oleosins are only found in plants, caleosin homologs have been detected in both plants and 

fungi (Partridge and Murphy, 2009). Oleosins possibly derived from evolutionary older caleosin 

genes after genome duplication events. As opposed to PLINs, specific hydrophobic domains 

responsible for LD anchoring have been identified in all three major plant LD coat protein families. 

The hydrophobic domains are quite long and contain a proline knot, in case of oleosins and 

caleosins, or a proline knob, in steroleosin. For oleosin, the proline knot is necessary for LD 

targeting, variants where the prolines were replaced by leucines do not retarget from the ER 

membrane, where the proteins are co-translationally inserted, to the growing LD (Abell et al., 

1997). The two cytosolic domains of oleosins are proposed to fold into amphipathic helices, 

integrating into the PL monolayer via the hydrophobic side while exposing charged residues 

towards the cytosol (Tzen et al., 1992). The exact three-dimensional structure of any of these 

protein families is yet to be elucidated, but it is proposed that both N-terminal and C-terminal 

regions of the proteins face the cytosol while the hydrophobic middle part reaches into the lipid 

droplet, where a hairpin structure is formed by the proline residues (Figure 3). Circular dichroism 

structural analysis of an Arabidopsis oleosin heterologously expressed in S. cerevisiae revealed β-

sheets as the dominant fold of the hydrophobic sequence of the protein (Vindigni et al., 2013). 

Oleosins are thought to be mere structural proteins. They are specific to land plants, and within 

those, to organs affected by desiccation, like seeds, pollen, the tapetum and the spores of mosses 

(Huang et al., 2009). They are less abundant in tropical plants where seeds are less effected by 

desiccation and do not require a desiccation phase for successful germination. Additionally to 

increasing LD stability during dessication, a protective effect of oleosins has also been found 

during cold stress. Single mutants of three abundant seed oleosins germinated at a much lower 

rate after freezing treatment (Shimada et al., 2008). The observed effect was even more severe in 

different double mutant combinations. The germination phenotype was combined with the 
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observation that freeze-treated mutant seeds contained much larger LDs than WT or mutants that 

had not been exposed to cold stress.  

 
Figure 3: Domain structures of LD coat proteins in mammals and plants. The major LD proteins 
in mammals are the five-member Perilipin (PLIN) protein family (A). They all share a region of 11-
mer repeats that is important for LD targeting. Four of the five PLINs additionally contain the PAT 
domain, and a 4-helix bundle also implicated in LD localization. In plants, there are three families of 
major coat proteins: Oleosins, caleosins, and steroleosins (B). All of them are anchored into the 
hydrophobic LD core through a hydrophobic domain containing a specific proline motif. Caleosins 
and steroleosins additionally harbor protein domains with enzymatic functions.  

Figures adapted from Itabe et al., 2017 for Perilipins, and Chapman et al., 2012 for plant coat proteins. 

So far, oleosins have not been found on leaf LDs. Caleosins (CLOs), however, are conserved here, 

but in different isoforms than in seeds. While CLO1 and CLO2 are the coating LDs in seeds, CLO3 

and CLO4 are expressed in leaves, and their expression there is even increasing during pathogen 

attack and senescence (Aubert et al., 2010; Kim et al., 2011).  

In the model alga Chlamydomonas reinhardtii, LDs are coated by a protein unrelated to the major 

plant LD coat proteins or perilipins named major LD protein (MLDP, Moellering and Benning, 

2010). Knockdown of this protein had similar effects like oleosin knockouts in plant seeds: A 

decrease in protein on the surface of the LDs led to a significant increase in LD size (Moellering 

and Benning, 2010). The MLDP also has orthologs in other green algae species (Murphy, 2012).  

In the yeast Saccharomyces cerevisiae, coat proteins of both plants and animals are absent, though 

this observation is not true for all fungi which might contain both PLIN proteins and caleosins 

(Rahman et al., 2018; Wang and St. Leger, 2007). The most abundant yeast LD proteins are 

enzymes associated with lipid metabolism, though it is questionable whether they can be 

considers coat proteins like PLINs and oleosins (Athenstaedt et al., 1999). 
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1.3. The Biogenesis of Lipid Droplets 

The eukaryotic LDs discussed in this thesis all have a common place of biosynthesis: the 

endoplasmic reticulum (ER).  

In plant seeds, the genetic control of LD formation has been subject of intensive research. During 

seed maturation, the action of the transcription factor LEAFY COTYLEDON2 (LEC2), which is 

considered a key regulator of seed development, leads to the induction of another transcription 

factor, WRINKLED1 (WRI1, Baud et al., 2007; Cernac & Benning, 2004; Santos Mendoza et al., 

2005). Overexpression of both transcription factors can lead to the reprogramming of a vegetative 

tissue like leaves to “seed-like” state, hallmarked by the accumulation of TAGs in oleosin-coated 

LDs (Che et al., 2009; Shen et al., 2010; Stone et al., 2008). WRI1 mainly activates genes involved 

in the biosynthesis of fatty acids (FA), the precursors for TAG production. Given that WRI1 

knockout seeds contain up to 80 % less oil than WT, the availability of FA is one of the determining 

factors for successful seed oil production (Focks and Benning, 2002). FAs, which are synthesized 

in the chloroplast, are converted into acyl-CoAs and in subsequent reactions used for the acylation 

of glycerol-3-phosphate, lyso-PA, and PA to diacylglycerol (DAG). DAG can in a last acylation 

reaction, by the action of an enzyme called Diacylglycerol-Acyltransferase (DGAT), be used as a 

direct TAG precursor, or it can be converted to PC, which itself can be converted into TAG by 

additional enzymes (Chapman and Ohlrogge, 2012; Kennedy, 1961). These conserved TAG 

biosynthesis pathways take place in the ER membrane.  

The exact biophysics and molecular biology of the processes happening next are yet to be 

elucidated. What is clear is that for a LD to form, newly synthesized TAG needs to accumulate 

between the two leaflets of the ER membrane, forming a separate phase from the bilayer, a process 

termed nucleation (Figure 4). Then, the nascent LD needs to grow, but not just by accumulating 

more TAG but also by bending one part of the membrane leaflet (the cytosolic) more than the 

other, to achieve directionality. Finally, the mature LD becomes almost completely spherical, 

enclosed by the cytosolic ER membrane leaflet (Thiam and Forêt, 2016). Under this condition, 

termed budding, the LD is also able to dissociate completely from the mother bilayer membrane. 

It was shown recently that with specific combinations of PLs and TAGs, LDs bud of a bilayer 

membrane spontaneously and without the help of proteins (M’barek et al., 2017).  

In vivo, proteins are likely supporting and regulating this process. Knockout mutants of a variety 

of proteins show changes in LD size, implicating roles during LD biogenesis, budding, or growth. 

In plants, coat proteins seem to influence LD biogenesis. Oleosins, which are first co-

translationally inserted into the ER membrane, display a higher affinity for growing LDs in the 

membrane (Abell et al., 2004). Double knockout of OLEOSIN1 and OLEOSIN2 creates seeds with 
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very large LDs (Shimada et al., 2008). Because LD biogenesis in plants is yet to be observed in vivo, 

it is unclear whether oleosins regulate LD size directly during growth and budding, or indirectly 

by inhibiting coalescence. Experimental evidence, while not excluding the first option, supports 

the second hypothesis. Oleosins are positively charged at pH 7, creating charge repulsion from 

different LD surfaces to each other, inhibiting coalescence (Tzen et al., 1992). Trypsin treatment 

of isolated LDs from maize embryos lead to coalescence, while treatment with phospholipases A2 

and C did not. After trypsin treatment, only a small peptide remained, probably corresponding to 

the hydrophobic domain inaccessible to the protease (Tzen and Huang, 1992).  

Figure 4: LD biogenesis in mammalian cells. The action of ER-resident acyltransferases leads to 
lens-like accumulation of the neutral lipid TAG between the two membrane leaflets. Through 
regulated addition of neutral lipids, PLs, and proteins, the nascent LD grows and matures. The access 
to the growing LD is presumably regulated by SEIPIN and Fat storage-inducing transmembrane 
proteins localized at ER/LD junction sites. CTP:phosphocholine cytidylyltransferase synthesizes 
CDP-choline needed for membrane lipid synthesis. The mature LD can bud off into the cytoplasm or 
remain in constant connection with the ER. In the cytoplasm, LDs engage in multiple interaction with 
other organelles like mitochondria, peroxisomes, and the autophagosome. Through the action of 
CIDE proteins, LD can fuse with each other. 

Figure adapted from (Pyc et al., 2017a). 

A class of conserved ER-localized proteins has a major influence on LD size during biogenesis, 

with implications on human health: SEIPINs (Szymanski et al., 2007). Mutations of SEIPIN lead to 

Berardinelli-Seip congenital lipodystrophy in humans, and to severe LD phenotypes in yeast and 

Arabidopsis (Cai et al., 2015; Fei et al., 2008, 2011; Magré et al., 2001; Taurino et al., 2018). 

SEIPINs have been found to localize to ER-LD junction sites, and are thought to regulate the access 

of lipids and/or proteins to the growing LD. In Arabidopsis, where the genome contains three 

9



variants of the single gene found in humans and yeast, single knockdowns lead to decreased seed 

size and seed oil content (Cai et al., 2015). Combinations of multiple knockouts decrease 

fertilization efficiency because the LDs are so large that they are no longer able to enter the 

growing pollen tube (Taurino et al., 2018). In yeast, SEIPIN was identified in a mutant screen 

through a 50-fold size increase of LDs (Fei et al., 2008, 2011). In the same screen, mutants of 

enzymes of PL synthesis were identified, indicating the importance of the synthesis of TAG 

precursors and the action of PL themselves on LD growth or coalescence behavior after budding 

(Fei et al., 2011). Interestingly, in SEIPIN knockout mutants of both yeast and Arabidopsis, the 

formation of nuclear LDs was observed, indicating a possible involvement of SEIPIN in the 

directionality of LD growth (Cartwright et al., 2015; Taurino et al., 2018). 

Another class of ER-resident proteins influences LD size in animal cells are fat storage-inducing 

transmembrane proteins (FIT) (Kadereit et al., 2008). Knockouts of the adipose tissue-specific 

isoform FIT2 resulted in the inability of mice to develop normal white adipose tissue (Miranda et 

al., 2014). In plants, no homologs of these proteins are known. However, heterologous expression 

of FIT2 in Arabidopsis led to increased neutral lipid contents of both seeds and leaves (Cai et al., 

2017). 

The composition of the PL monolayer also contributes to LD budding and size (Krahmer et al., 

2011; M’barek et al., 2017). In animals, the rate limiting enzyme in the synthesis of PC, 

CTP:phosphocholine cytidylyltransferase, was found to be reversibly retargeted from the ER to 

growing LDs (Krahmer et al., 2011), and therefore actively regulating PL composition of the LD 

monolayer. 

Consequently, multiple factors contribute to LD size within a cell, and some of those factors can 

vary in different cell types or organisms, while others, like the impact of SEIPINs, are conserved. 

Different cells and organisms also deal differently with mature LDs. In yeast, there is compelling 

evidence that at least a subpopulation of LDs stays in continuous membrane connection with the 

ER, indicated by energy independent exchange of proteins between the ER and LDs (Jacquier et 

al., 2011). The opposite was observed in a study on HeLa cells, where the recruitment of the 

adipocyte triglyceride lipase (ATGL) from the ER to the LDs was COP-dependent, which the 

authors explained by a lack of continuous membrane between the two organelles (Soni et al., 

2009). However, how exactly a COP protein-coated vesicle would fuse or otherwise interact with 

a LD is still unclear. It has been reported that the COPI machinery can indeed assemble at the LD 

PL monolayer and alter the PL surface tension by removing 60 nm “nano-LDs” from the mother 

LD (Thiam et al., 2013a). 

Even after the detachment from the ER membrane, LDs can continue to grow, meaning that they 

can acquire more neutral lipids, PLs and attached proteins. The mammalian TAG synthesis 
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enzyme DGAT2 was observed on LD surfaces (Kuerschner et al., 2008). However, its topology 

indicates two distinct putative transmembrane regions. This suggest that it still resides at least 

partially in the ER membrane, proposing it is one of the proteinaceous mediators of ER/LD contact 

sites (Schuldiner and Bohnert, 2017). Independent of ER membrane proteins is the growth of LDs 

by fusion. In mammals, a family of proteins called “CELL DEATH-INDUCING DFF45-LIKE 

EFFECTOR” (CIDE, also FAT-SPECIFIC PROTEIN 27) have been identified as important players 

mediating LD fusion (Gao et al., 2017). CIDE proteins are thought to create a pore- or channel-like 

structure for the transfer of neutral lipids between two lipid droplets. No homologs or analogs of 

CIDE proteins have been detected in plants. LDs can also fuse spontaneously, if their surface 

tension is low enough (Thiam et al., 2013b). In vivo, this is usually avoided through coating of LDs 

with proteins and controlling PL composition of the monolayer, in return requiring proteins to 

mediate fusion when it is wanted.  

In recent years, it has become more and more evident that LDs are in center of the lipid 

metabolism of the cell (Barbosa et al., 2015). They therefore must closely interact with other 

organelles involved in these metabolic pathways, like the ER, where lipid synthesis takes place, 

and mitochondria or peroxisomes, the side of β-oxidation in animals and plants, respectively. Such 

connections of LDs with the ER, peroxisomes, or mitochondria, have been shown in many cells 

(Binns et al., 2006; Tarnopolsky et al., 2007). It is a still matter of ongoing research how those 

interactions are mediated, as well as their extent in space and time.  
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1.4. The Degradation of Lipid Droplets 

As described in chapter 1, LDs are one of the three major seed storage sites. The degradation of 

storages during germination and seedling establishment supplies the embryo with the energy 

necessary to break out of the seed coat, reach the light, and start photosynthesis. In seeds where 

LDs are the major storage reserve, like in Arabidopsis thaliana or Brassica napus, the degradation 

of LD components are determining for species survival. In the following chapter, I will present 

findings that have contributed to our understanding of seed germination based on TAG 

degradation, again comparing this process to findings in other species. I will also touch upon our 

limited knowledge concerning the degradation of the other LD components, namely PLs and 

proteins. 

1.4.1. The Regulation and Function of Neutral Lipid Breakdown 

The breakdown of TAGs in lipid-storing tissues or cells of both plants and animals is a highly 

regulated process. Misregulation would lead either to an energy shortage, in the case of inhibited 

lipolysis, or to an accumulation of toxic free FAs, if lipolysis rates are higher than the metabolism 

of the lipolysis products.  

Germination sensu stricto is defined as the time period between initial water uptake by the dry 

seed until the emergence of the radicle or any other part of the embryo (Nonogaki et al., 2010). 

The success of this initial phase in a plant’s life is mostly determined during seed maturation 

(Rajjou et al., 2012), as it depends on an initial set of metabolic proteins and conserved mRNAs 

deposited in the seed, and the ability of the seed to determine the ideal germination conditions. 

However, the seedling establishment, which follows germination, is of equal importance for the 

success of the plant species. This phase is hallmarked by the mobilization of storage reserves 

(Bewley et al., 2013). In Arabidopsis thaliana, the energy required for successful and fast seedling 

establishment come from the degradation of the TAG stored in the LDs. The initial hydrolysis of 

TAG into DAG and one FA is performed by two lipases, SUGAR-DEPENDENT1 (SDP1) and SUGAR-

DEPENDENT1-LIKE (SDP1L), which together account for 95 % of TAG lipolysis in seedlings (Kelly 

et al., 2011). Double mutants of the lipases complete germination sensu stricto slower, but at 

almost the same rate as WT seeds. During post-germinative growth, however, only 20 % of 

seedlings can be established, a phenotype that can be completely rescued by the supply of an 

external carbon source (Kelly et al., 2011). Originally, it was assumed that SDP1 is localized at the 

LD surface (Eastmond, 2006). However, newer data suggests that the lipase resides in the 

peroxisomal membrane, which encircles LDs via membrane extensions (peroxules) during post-

germinative growth, therefore allowing a close proximity of FA release and further processing via 

β-oxidation (Thazar-Poulot et al., 2015). Both SDP1 and SDP1L can hydrolyze TAG and DAG, with 

a strong preference for TAG (Eastmond, 2006; Kelly et al., 2011), indicating the necessity for one 
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or more separate DAG lipases involved in LD breakdown. No such enzymes has been identified on 

LDs, so far. Recently, a major seed and pollen MAG lipase could be identified (Kim et al., 2016b), 

and there is evidence that it localizes to the LD in Arabidopsis seedlings. The FAs hydrolyzed from 

TAG, DAG, and MAG are imported into the seed’s specialized peroxisomes, which are also called 

glyoxysomes, where the activated acyl-CoAs are degraded by β-oxidation to acetyl-CoA. Acetyl-

CoA is then utilized in the glyoxylate cycle to generate the organic acid precursors of 

gluconeogenesis, ATP production, amino acid synthesis, and membrane lipid synthesis 

(Theodoulou and Eastmond, 2012).  

In mammalian adipocytes, the lipases responsible for the complete degradation of TAG as well as 

their regulation are better understood than in plant seeds. The activation of TAG degradation in 

adipocytes is hormone-dependent: Upon β-adrenergic stimulation, PLIN1, which normally shields 

LD from lipase activity, becomes phosphorylated (Brasaemle et al., 2009). This leads to the release 

of a PLIN1-bound effector protein that binds and activates the ATGL (Granneman et al., 2009). In 

addition, ATGL itself is phosphorylated upon adipocyte stimulation (Pagnon et al., 2012) and 

recruited to the LD surface (Yang et al., 2010). In addition to ATGL, also the adicocyte DAG lipase, 

called hormone-sensitive lipase (HSL), is hormone-activated (Lass et al., 2011). Upon adipocyte 

stimulation, HSL is phosphorylated and interacts with phosphorylated PLIN1, both events 

boosting its activity. Only the activity of the enzyme that completes the hydrolysis of TAG to 

glycerol and free FA by hydrolyzing MAG seems to be hormone-independent (Lass et al., 2011). 

1.4.2.  Degradation of other Lipid Droplet Components 

For a LD to be degraded, it is not only necessary to degrade the neutral lipids but also the PL 

monolayer and the coat proteins embedded in it. In fact, there is evidence that, at least partially, 

the degradation of PLs and proteins is a prerequisite for the efficient degradation of neutral lipids.  

1.4.2.1. The Degradation of Coat Proteins 

In mammals, the degradation of the LD coat proteins PLINs is mediated by both the major cellular 

degradation pathway: the ubiquitin-proteasome system and autophagy. As described above, 

PLIN1 does not only passively shield the LDs and therefore blocks lipase access to the lipids, it 

additionally actively participates in the regulation of ATGL activity. Therefore, the degradation of 

PLINs might be required for efficient lipolysis. PLIN1 has been identified as a substrate of both the 

proteasome and the autophagy pathway (Kovsan et al., 2007; Xu et al., 2006). It was observed that 

the degradation of PLIN1 happened before neutral lipid breakdown. Similarly, also PLIN2 has 

been identified as a substrate of autophagic degradation, preceding lipolysis (Kaushik and Cuervo, 

2015). In a different study, pharmacological inhibition of the proteasome could protect PLIN2 

levels, leading to an accumulation of polyubiquitinated PLIN2 in the cells (Masuda et al., 2006). 
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In plants, the first indications on the degradation of LD coat proteins were found in sesame 

(Sesamum indicum L.) seedlings (Hsiao and Tzen, 2011). Ubiquitination sites could be identified 

on both oleosins and caleosins. Additionally, it was shown that the abundance of these proteins 

decreased over time after germination. However, the authors also hypothesized possible other 

signals transmitted by the seemingly random ubiquitination patterns on the proteins, for example 

to establish contacts between the peroxisomes and LDs (Hsiao and Tzen, 2011; Thazar-Poulot et 

al., 2015). In Arabidopsis, oleosins marked by K48 di-ubiquitination were indeed degraded by the 

proteasome, and the efficiency of this process could be blocked by the addition of pharmacological 

proteasome inhibitors (Deruyffelaere et al., 2015).  

1.4.2.2. The Degradation of Phospholipids 

Similarly to proteins, PLs somewhat limit the access of lipases to the neutral lipid core, especially 

when the lipases lack hydrophobic domains with which they can get access to the neutral lipids. 

However, very little is known about how and when the amount of PL on a degrading LD is being 

reduced.  

One possibility for the reduction of PL content is the budding of nano-LD in a COPI-dependent 

manner (Thiam et al., 2013a). This exposed hydrophobic patches and altered the LD surface 

tension. Both these processes could be used by proteins to bind to the LDs and execute their 

enzymatic function on the neutral lipid core. 

In plants, the activity of Phospholipase A (PLA) has been detected on the surface of LDs, creating 

holes in the PL monolayer of LD from cucumber (Cucumis sativus) seeds (Noll et al., 2000). These 

hydrophobic patches could again be used to grant access to TAG lipases. PLA was one of the major 

enzymatic activities detected on LDs from olive pollen tubes (Zienkiewicz et al., 2013). The activity 

of the enzyme increased when the pollen tubes were grown without external carbon source, 

indicating that the demand for rapid and efficient TAG degradation can be a regulator of enzymatic 

activity. 
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1.5. Functions of Lipid Droplets in Non-Lipid-Storing Tissues 

So far, I have presented the basic function, composition and life cycle of LDs in the major lipid-

storing tissues, like oil seeds in plants and adipocytes in humans. However, as research on LDs 

intensified and covered different organisms, organs, and cells, it became clear that the functions 

of LDs can be as diverse as their occurrence. In the following, I would therefore like to present 

findings that support the notion that LDs are multi-functional organelles contributing to fitness 

and survival of an organism.  

1.5.1. Lipid Droplet Function in Anther Development 

The stamen, consisting of a filament and the anther, is the male part of the flower. It harbors the 

developing pollen grains, the strongly reduced male gametophyte of seed plants. Inside the anther, 

there is a highly metabolically active layer of cells called the tapetum. During pollen development 

in Brassica species, tapetum cells accumulate two kinds of specialized organelles: the elaioplast 

and the tapetosome (Platt et al., 1998). The elaioplast is a plastid that instead of thylakoids 

contains plastoglobuli rich in SEs. The tapetosome is an ER-derived, TAG-containing and oleosin-

coated LD (Hsieh and Huang, 2004). However, the oleosin genes expressed in the tapetum are 

very different from the ones found in seed and pollen (Hsieh and Huang, 2004). While non-

tapetum oleosins are small (15-30 kDa), the tapetal oleosins can be much larger, one of them being 

more than 100 kDa. The function of the specialized organelles comes into place at the end of pollen 

maturation: Then, the tapetum cells die and selectively release the oleosins of the tapetosomes 

and the SEs from the elaioplast onto the pollen grains. There, they form a hydrophobic barrier, the 

pollen coat. The pollen coat functions in different aspects ensuring successful fertilization: It 

protects the pollen grain from dehydration, helps in successful transmission from the anther to 

the stigma, and allows communication with the stigma to transition into the next phase of 

fertilization – the pollen tube growth (Murphy, 2006).  

1.5.2. Functions of Lipid Droplets in Pollen Tube Growth 

Pollen grains and pollen tubes are another plant organ that harbor comparably large amounts of 

TAG stored in LDs (Rotsch et al., 2017). When the pollen tube germinates, the LDs contained in 

the grain enter into the tube, where they are transported along the cytoplasmic stream (Müller et 

al., 2017). However, the fate and purpose of LDs in the pollen tubes are is not completely clear. 

Whether the FAs released during TAG degradation are used for pollen tube growth or not, 

depends on the species. In olive, no additional carbon source is needed in the medium for tube 

growth in vitro (Zienkiewicz et al., 2013), while pollen tubes from Nicotiana tabacum (tobacco) or 

Arabidopsis are not viable for long during in vitro experiments without external carbon source 

(Boavida and McCormick, 2007; Rotsch et al., 2017). However, it was shown recently that a lipase 

does contribute significantly to pollen tube growth in Arabidopsis and tobacco (Müller and 
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Ischebeck, 2018). In tobacco, there is also evidence that no glyoxylate cycle takes place (Bucher et 

al., 1995; Mellema et al., 2002; Müller et al., 2017). At the same time, TAG does not only seem to 

be degraded but also synthesized in tobacco pollen tubes (Mellema et al., 2002). These 

observations could indicate that in tobacco pollen tubes, LDs and the TAG stored within them 

serves as a sink and source of membrane building blocks which are needed in large amounts for 

the rapid apical growth of the pollen tube (Müller and Ischebeck, 2018). 

1.5.3. Lipid Droplets in Leaves 

In recent years, LDs in leaves have shifted more into focus of the plant LD research community. 

While leaves contain only comparably small amounts of neutral lipids stored in few LDs, those 

LDs seem to have important functions in the metabolic coupling inside the leaf. Leaves are the 

major site of photosynthetic activity in the plant. The carbon that is reduced during the day is 

stored as starch in the leaf chloroplasts. It can be degraded to maltose or glucose to supply non-

photosynthetic tissues or to be used directly for growth during the night (Chapman et al., 2013). 

Although TAG is the most energy-dense form of reduced carbon, starch is the preferred carbon 

storage compound in leaves. Via genetic manipulation, this balance can be shift more towards the 

oil side, for example by overexpression of seed transcription factors like WRI1 or LEC2 (Che et al., 

2009; Shen et al., 2010; Stone et al., 2008).  

Within leaves, a rather high and consistent amount of LDs are found in guard cells (McLachlan et 

al., 2016). These LDs are degraded after a blue-light stimulus and the energy generated from the 

TAG breakdown is used for the opening of the stomata (McLachlan et al., 2016).  

The TAG concentration and LD abundance in leaves can also be increased by environmental 

factors. Senescence, drought and temperature stress have all been shown to induce LD formation 

(Gidda et al., 2016; Kim et al., 2016a; Shimada et al., 2015). One family of proteins has been 

observed to correlate with increased LD abundance during these conditions: LD-associated 

proteins (LDAP; Gidda et al., 2016; Kim et al., 2016a). Originally discovered on the oleosin-devoid 

LD of the avocado mesocarp (Horn et al., 2013), they are homologs of coat proteins of LD-like 

organelles of the rubber tree (Oh et al., 1999). Further analysis of the gene family showed that 

they are conserved in plants, and that Arabidopsis contains three isoforms (Gidda et al., 2016; Kim 

et al., 2016a). Different from typically seed LD proteins, the expression of LDAPs is rather 

ubiquitious (Gidda et al., 2016). Changes in LDAP expression, whether it is through knockout or 

overexpression, changes the LD abundance in direct correlation. For example, overexpressors of 

LDAPs contain more leaf LDs, larger seed LD and are more resistant to drought stress (Kim et al., 

2016a). However, the functions of LDAPs remain still unknown. Pyc et al., (2017a) proposed a role 

for LDAP in the lipid metabolism through membrane remodeling or lipid signaling.  
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Possibly, the molecular functions of LDAPs could be solved with the help of a recently discovered 

interactor of this protein family: the LDAP-interacting protein (LDIP) (Pyc et al., 2017b). Until 

now, not much is known about the function of LDIP, either. It is a LD-localized protein that has an 

influence on LD size in both seeds and leaves (Pyc et al., 2017b).  

The recent discovery of previously unknown LD proteins has opened new possibilities for the 

elucidation of LD functions in non-seed tissues. The ubiquitous presence of the organelle 

throughout the plants indicates an important role in the lipid homeostasis of all cells.  

1.5.4. Production Site for Antimicrobial Compounds  

Plants lack features that are essential in animals for fighting off infection. Therefore, plant 

microbial defense has developed to be multilayered and complex, consisting in one part of the 

production of specific or non-specific secondary metabolites.  

Pathogen attack has been shown to induce expression of the LD-localized proteins CLO3 and α-

dioxygenase (α-DOX, Shimada et al., 2015). Caleosins are peroxygenases, and their activity is 

calcium- and heme-dependent (Hanano et al., 2006; Næsted et al., 2000). On the LDs in 

Arabidopsis, caleosins work in close coordination with α-DOX1 (Shimada et al., 2014). α-DOX1 

catalyzes the oxidation of α-linolenic acid to 2-hydroperoxy-octadecatrienoic acid, which is highly 

unstable. Then, CLO3 metabolizes this compound to the stable 2-hydroxy-octadecatrienoic acid 

(2-HOT). 2-HOT is an antimicrobial compound that has been shown to be active against the fungus 

Collectotrichum higginsianum (Shimada et al., 2014). Furthermore, this compound has been found 

in increased amounts during leaf senescence. 

In addition to dioxygenases, LDs have long been known to harbor lipoxygenases that also require 

the presence of polyunsaturated FAs for their activity (Feussner and Kindl, 1992). LOX produces 

hydroperoxides and a conjugated double bond system next to it, for example 13-

hydroperoxyoctadecatrienic acid (13-HPOT), produced by 13-LOX. In Arabidopsis, two 13-LOX 

enzymes are expressed in the cytosol of leaf cells and could therefore potentially produce this 

compound (Bannenberg et al., 2009). CLO3 has been implicated in the production of 13-

hydroxyoctadecatrienic acid (13-HOT) and 15,16-epoxy-13-HOT (Blée et al., 2014). The 

production of both compounds requires 13-HPOT as a substrate. 13-HOT itself is active against 

oomycete and fungal infections, for example by Botrytis cinerea (Prost et al., 2005).  
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1.6. Aims of this Study 

The limitations in the study of plant LD function, biogenesis, degradation, and interaction with 

other cellular compartments arise, at least partially, from the lack of proteins known to associate 

with this organelle.  

Therefore, one aim of this work was the identification of new LD-localized proteins and protein 

families. For this, we employ a bottom-up proteomics approach. What sets our approach apart 

from similar attempts already present in the literature is a two-step process to ensure that the 

candidates we identify are reliable. First, in addition to a LD-enriched fraction, we perform 

bottom-up proteomics on the total protein extract sampled before LD enrichment. This way, we 

can calculate enrichment factors, allowing the separation of true candidates from contaminant. 

Secondly, LD candidate proteins are subjected to a cell biology approach to analyze their 

subcellular localization. Only proteins that are confirmed to localize to LD with this approach are 

then studied in further detail.  

For the successful processing of label-free bottom-up proteomics data in our group, my first aim 

was to establish the use of MaxQuant as data processing software. In a first application of the 

software, I reprocessed an older LD dataset from Nicotiana tabacum pollen tubes to allow label-

free quantification of the data with a newly published, improved proteome for this species.  

Furthermore, I was aiming to identify new LD proteins from different tissues of Arabidopsis 

thaliana where LD are particularly prominent. The total and LD proteome of eight different 

developmental phases during Arabidopsis seed development, seed germination, and seedling 

establishment were to be sampled. We hoped to not only identify new LD proteins, including 

proteins specific to a certain phase, but also to create an extensive bottom-up proteomics study of 

those delicate phases of plant development. Furthermore, we aimed to be able to study the 

dynamics of LD proteins with the data collected during this study. 

The detailed characterization of LD proteins was another aim of this thesis. I have employed a 

combination of classical genetics, cell biology and modern proteomics approaches to assess the 

function of the LD-localized protein PUX10. The impact of the knockout of PUX10 was studied by 

a comparative proteomics approach. These data were correlated with the results of cell biological 

studies of the knockout mutants.  

In summary, the aims of this thesis were to extent the LD proteome and with that, lay the ground 

work for further studies on the function of LD proteins, and LD themselves.  
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2. Article I: PUX10 is a lipid droplet-localized 
scaffold protein that interacts with CELL DIVISION 
CYCLE48 and is involved in the degradation of lipid 
droplet proteins 

 

This article was published online in the journal The Plant Cell in August 2018. The supplemental 

figures are attached to the main article. The supplemental tables containing processed mass 

spectrometry data can be found online together with the full article: 

https://doi.org/10.1105/tpc.18.00276 

Author contribution: 

Franziska K. Kretzschmar reprocessed the proteomics data of Nicotiana tabacum pollen tubes that 

lead to the identification of the correct isoforms of caleosin and oleosins present in this tissue, and 

to the new identification of PTLD. She cloned, expressed and performed the microscopy presented 

in Figure 1A-G, 2B and 3A-C. She performed some of the cloning and all the expression and 

microscopy for the images presented in Figure 4. She performed microscopy on pux10-1, pux10-

3, C#1, C#2, Ws-4 and qrt PUX10 seedlings, analyzed and statistically analyzed the data presented 

in Figure 6. She performed the proteomics experiment, mass spectrometry data processing and 

data analysis presented in Figures 7 and 9 and all the supplemental tables. She cloned, expressed 

and performed microscopy presented in Figure 8 C-F. She designed Figures 4, 6-10 as well as the 

supplemental figures, wrote the introduction, material and methods, half of the results, and the 

discussion.  
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3. Manuscript II: Calculation of enrichment factors
identifies low abundant lipid droplet-associated 
proteins from Arabidopsis thaliana seeds and 
seedlings 

This is the status of the manuscript pre-submission. Supplemental figures are attached to the 

main part. The final, published manuscript including supplemental datasets and tables 

containing processed proteomics data are available online in the publication via 

https://doi.org/10.1104/pp.19.01255.                                                                           

Author contribution: 

Franziska K. Kretzschmar planned and performed the proteomics analysis with exception of the 

LC-MS/MS measurements. She processed and analyzed the data. She cloned, expressed and 

performed microscopy on the candidates proteins presented in Figure 9 A and B. She wrote this 

first draft of the manuscript.  
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Abstract 

The developmental program of seed formation and seedling development requires not 

only tight regulation of cell division and metabolism but also the adaption of organelles 

in structure and function. Therefore, changes in organellar protein composition is one 

crucial factor in development. Of particular interest in plants is the switch to 

photoautotrophic growth, for which biosynthesis and degradation of lipid droplets (LDs) 

play a critical role. We present here a bottom-up proteomics study analyzing eight 

different developmental phases during silique development, seed germination and 

seedling establishment. We investigated both total protein fractions and LD-enriched 

fractions for each time point. The overall changes in the seed and seedling proteome 

during germination and seedling establishment monitored in this study present a rich 

resource for researchers interested in different questions of early seedling biology. The 

analysis of the proteome of LDs using LD-enrichment factors allowed the identification 

of four LD-associated protein families, which were subsequently confirmed by a cell 

biological approach. In addition to protein discovery, our dataset allows for the study 

of the dynamics of LD proteins throughout the developmental phases analyzed. We 
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found that the relative levels of oleosin stay stable, while many other proteins 

accumulate on LDs at later stages of seedling establishment. The methodology 

described here is shown to be well suited for describing a comprehensive and 

quantitative view of the Arabidopsis proteome across time, with a particular focus on 

proteins associated with LDs. 

Introduction 

While the sporophyte of Arabidopsis as a whole is photoautotrophic during most 

of its life cycle, it is largely heterotrophic during its initial formation including embryo 

development and seedling establishment. During seed formation, the growing embryo 

is still protected by the mother plant, which provides it with nutrients for embryo growth 

and the accumulation of storage compounds crucial for seed germination and seedling 

establishment. Usually, three different phases of seed development are distinguished: 

embryogenesis, seed maturation including seed filling, and desiccation (Baud et al., 

2002). During seed filling in Arabidopsis, a combination of storage proteins and lipids 

accumulate mostly in the embryo, with a minor proportion being deposited in the 

endosperm (Penfield et al., 2005). During late maturation, the seeds are prepared for 

a quiescent desiccated phase. Germination itself can again be defined as a three-step 

process: water intake (also called imbibition), reinitiation of metabolic processes, and 

radicle emergence that concludes germination sensu stricto (Nonogaki et al., 2010). 

Successful germination and seedling establishment is dependent on multiple factors, 

one of the most important ones being the ability to mobilize storage compounds. In 

Arabidopsis, the mobilization of storage lipids is important for successful germination. 

Arabidopsis dry seeds contain up to 40 % of their dry weight in lipids (Baud et al., 

2002). Most of the lipids are triacylglycerols (TAGs) that are stored in lipid droplets 

(LDs). Numerous LDs with sizes between 0.5 to 2 µm fill up to 60 % of the volume of 

a mature embryonic cell making these the most abundant organelles by volume 

together with the storage vacuoles (Kretzschmar et al., 2018; Mansfield and Briarty, 

1992; Tzen et al., 1993). The degradation of the TAGs in the Arabidopsis seed during 

germination has been subject of extensive research, leading to a rather comprehensive 

picture of which components contribute how to germination success. In summary, 

TAGs are mobilized by the action of SUGAR-DEPENDENT LIPASE (SDP1(Eastmond, 

2004)) and SDP1-LIKE (Kelly et al., 2011). SDP1 localizes to the peroxisomal surface, 
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which is in close interaction with LDs during germination, possibly through peroxisomal 

extensions termed “peroxules” (Cui et al., 2016; Thazar-Poulot et al., 2015). The 

resulting fatty acids are metabolized in glyoxysomes, which are specialized 

peroxisomes and perform ß-oxidation and the glyoxylate cycle in oil seeds during 

germination. Another step limiting germination success is the import of FAs into the 

glyoxysome. Several independent mutants of the ABC transporter in the glyoxysomal 

membrane have been identified (Footitt et al., 2002; Hayashi et al., 2002; Zolman et 

al., 2001). Products of the glyoxylate cycle are fed into gluconeogenesis which is 

essential for seedling growth (Penfield et al., 2005).  

While the major function of LDs in seeds is energy storage, which is well understood, 

their roles in vegetative tissue and after seedling establishment are less explored. In 

recent years, through the discovery of new LD-associated proteins, the picture of the 

functional roles of LDs has increased in complexity (Pyc et al., 2017a). The first family 

of LD proteins discovered were the oleosins (Qu et al., 1986; Vance and Huang, 1987). 

They are a class of proteins predominantly found in higher plants, and more 

specifically, in tissues exposed to desiccation (Huang, 2017). Multiple studies have 

shown the importance of oleosins in LD formation and maintenance of seed vigor. The 

double knockout mutant ole1 ole2 has strongly enlarged LDs and displays germination 

defects (Shimada et al., 2008; Siloto et al., 2006). The single mutants are more 

sensitive to freezing stress, which promotes unwanted LD coalescence, suggesting 

that oleosins enhance the integrity of LDs in desiccated seeds during winter. 

Steroleosins (also referred to as HYDROXYSTEROID DEHYDROGENASE, HSD) are 

homologs of metazoan sterol dehydrogenases (Lin et al., 2002). These enzymes 

mediate the homeostasis of the biologically active and less active forms of steroid-

derived hormones (Chapman et al., 2012). While the exact substrate and products of 

steroleosins are still to be determined, plant mutants display a similar phenotype like 

plants impaired in brassinosteroid metabolism (Baud et al., 2009; Li et al., 2007). 

Caleosins are calcium-binding and heme-containing peroxygenases (Hanano et al., 

2006; Næsted et al., 2000). They have been shown to produce hydroxylated fatty 

acids, which are important precursors for a large variety of secondary metabolites 

(Shimada et al., 2014). Eight caleosins genes are known in Arabidopsis, two of which 

have been shown to be seed specific (AtCLO1 and AtCLO2), and with two different 

isoforms being expressed in leaves (AtCLO3 and AtCLO4), the activity of caleosins 

seems to be of more systemic importance than oleosins (Chapman et al., 2012; 
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Hanano et al., 2006). Caleosins appear to work in close coordination with another LD 

protein: α-dioxygenases (α-DOX). These LD-proteins produce together the compound 

2-hydroxy-octadecatrienoic acid that can act as a phytoalexine suggesting LDs as a 

production site for antimicrobial compounds within the plant cell (Shimada et al., 2014). 

The discovery of the LD-associated protein (LDAP) family allowed the first insights into 

the function of LDs in vegetative tissues. Originally identified in the mesocarp of 

Avocado (Horn et al., 2013), LDAPs were later shown to be ubiquitously expressed in 

Arabidopsis tissues (Gidda et al., 2016). In leaves, LDAPs influence LD abundance, 

as was shown through overexpression and mutant studies. LDAP overexpression also 

confers resistance to drought stress (Kim et al., 2016). Since LD formation is induced 

under abiotic stress (Gidda et al., 2016; Pyc et al., 2017a; VanBuren et al., 2017) and 

the major structural protein oleosin has so far not been found in true leaves, LDAPs 

might play a role in LD formation and size. Through yeast-two-hybrid analysis, the 

LDAP-INTERACTING PROTEIN (LDIP) was discovered (Pyc et al., 2017b). While the 

physiological role of this protein remains to be determined, its ubiquitous expression, 

LD localization, and mutant phenotype suggest that it is important in LD biology. 

Recently, we investigated how the degradation of LD-associated proteins might be 

regulated. We discovered a member of the Plant UBX domain-containing (PUX) 

protein family found to be localized to tobacco pollen tube and Arabidopsis seed LDs 

(Deruyffelaere et al., 2018; Kretzschmar et al., 2018). Mutants of PUX10 showed a 

delay in LD protein breakdown during germination. This was in accordance with earlier 

findings that oleosins and caleosins are ubiquitinated (Hsiao and Tzen, 2011) and that 

oleosins are substrate for the Ubiquitin-Proteasome Pathway (Deruyffelaere et al., 

2015). Thus, during germination, not only the lipid components of LDs are degraded 

but also the proteins associated with the organelle. How this protein degradation is 

regulated exactly in the fine regulatory network that mediates seed germination and 

seedling establishment is still to be determined.  

Since the first complete genome sequence of Arabidopsis was released in 2000 

(Arabidopsis Genome Initiative, 2000), seed formation and germination have been the 

topic of different proteomics studies. Often, two or more conditions are compared to 

each other, for example the influence of different hormones (Chibani et al., 2006; Li et 

al., 2016; Yin et al., 2015) or environmental conditions like salt or cold stress (Fercha 

et al., 2016; Lee et al., 2015; Xu et al., 2017). In addition, the influence of dormancy, 

seed ripening and seed aging were studied (Chibani et al., 2006; Gallardo et al., 2001; 
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Kubala et al., 2015; Nguyen et al., 2015; Yin et al., 2015). Other studies focus on 

specific post-translational modifications important during germination (Han, Wang, & 

Yang, 2014; Han, Yang, Sakata, & Komatsu, 2014;,(Aguilar-Hernández et al., 2017; 

Aryal et al., 2015). In Oryza sativa, both seed formation and germination have been 

studied in extensive time course experiments (Han et al., 2014c; Lee and Koh, 2011; 

Li et al., 2016; Yang et al., 2007). Large studies of proteomic changes during seed 

formation and germination have also been performed for peanut (Arachis hypogaea, 

(Wang et al., 2016)), identifying more than 5500 proteins. Seed formation has been 

investigated in soybean (Glycine max; (Hajduch et al., 2005)), castor bean (Ricinus 

communis, (Houston et al., 2009)), and Brassica napus (Hajduch et al., 2006). In 

Arabidopsis thaliana, studies about the proteome in a collection of different tissues 

(Baerenfaller et al., 2008; Giavalisco et al., 2005) identify a large quantity of proteins 

in seeds and siliques. More detailed time course studies from the recent years focused 

on the seed development (Hajduch et al., 2010; Lorenz et al., 2018), and on different 

time points or conditions during germination (Durand et al., 2019; Quan et al., 2013), 

or after seedling establishment (Kim et al., 2013; De Michele et al., 2016). However, 

those studies are not as extensive as the ones existing for seed development. None 

of the studies offers a comprehensive proteome of any one specific organelle. 

We present here an extensive time course proteomic study of two time points during 

silique development, and six time points during seed germination and seedling 

establishment, using a state-of-the-art proteomics platform. Additionally, we provide a 

proteome of a LD-enriched fraction for each of those time points and present four new 

protein families confirmed to be associated with LDs by fluorescence microscopy. The 

dynamics of LD protein composition during silique development and germination was 

monitored for 30 proteins from 14 protein families. Our proteomic data on LD-enriched 

proteins serve to enhance our understanding of the LD proteome in plants. By 

assessing different stages of seed development and germination, we provide 

quantitative temporal data that will inform further research aimed at better 

understanding these processes, and the roles that are played by LDs. 
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Results 

A large proteomics data set spanning seed development to seedling 

establishment was generated 

We have used label-free Orbitrap mass spectrometry to investigate Arabidopsis 

thaliana silique development, seed germination, and seedling establishment.  

For this, proteins were isolated from two phases of silique growth, corresponding 

roughly to seed maturation and desiccation as defined in (Baud et al., 2002). However, 

no yellowing siliques were used in the experiment. Additionally, seed germination and 

seedling establishment was monitored over six time points: 30 min after seed 

rehydration, directly after 74 h stratification at 4°C in the dark, and at four time points 

during post-germinative growth under long-day conditions. After 24 h in long-day 

condition at 22 °C, seeds had completed germination sensu stricto, defined by radicle 

emergence. Within the next 24 h, cotyledons emerged and opened, and after 60 h, the 

cotyledons had grown and were dark green (Suppl. Figure 1). 

For each time point, total protein and LD-enriched fractions were generated in five 

biological replicates. The LD-enriched fractions were generated from homogenized 

biological material without the addition of harsh chemical conditions. This approach 

was employed to avoid the removal of proteins loosely interacting with the LDs. 

Proteins were tryptically digested in-gel and analyzed on a Thermo Fisher Scientific Q 

Exactive HF Orbitrap mass spectrometer.  

The mass spectrometral raw data files were processed in MaxQuant (for more 

information see Methods section, Suppl. Datasets 1 – 4, and Suppl. Table 1). The 

label-free quantification package MaxLFQ was used, and both the LFQ and iBAQ 

intensities determined. iBAQ values were calculated as ‰ of all intensities in each 

sample (relative iBAQ or riBAQ, relative LFQ or rLFQ), unless stated otherwise. 

When comparing and relating LD-enriched fractions to total protein fractions, riBAQ 

values were used, as this algorithm picks up smaller values more often. For 

quantitative comparison of the total proteome of different time points, rLFQ values 

are shown as these display smaller variations between replicates in our hands.  

In total, we were able to detect 2696 protein groups that were identified by at least two 

peptides with the iBAQ data processing algorithm (Table 1). The number of protein 

groups in the total proteome is lowest in older siliques and rehydrated seeds, and 
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Figure 1. Graphical representation of proteomic data derived from siliques, seeds and seedlings. Proteins of two
developmental stages of silique development (phase I, 7-14 d after fertilization and phase II, 14-21 d after fertilization)
and six stages of seedling establishment (rehydrated and stratified seeds, and seedlings 24 h to 60 h after
stratification). Both a total protein fraction and an LD-enriched fraction were obtained. Peptides were examined by LC-
MS/MS after tryptic digest of the proteins. Data was processed by MaxQuant. n=5 per stage and fraction. A: Venn
diagram of the distribution of the all detected proteins across different time points. Many proteins are shared between
all samples, while others are unique for the only one condition. Proteins of both total and LD-enriched fraction identified
with at least two peptides with the iBAQ algorithm were grouped into 4 groups as depicted. Overlapping proteins of the
groups were identified via InteractiVenn (Heberle et al., 2015). B: Principal component analysis (PCA) comparing the
distribution of biological replicates within the total protein fraction of all time points. LFQ processed data was analyzed
in Perseus. After initial filtering for potential contaminants, reverse peptides, and site-based identification, the data was
log2-transformed and filtered for 5 valid values in at least one of the time points. After imputation of missing values by
normal distribution (width: 0.9, down shift: 1.8), PCA was performed with Perseus default settings. Projections were
exported and the graph for Component 1 vs. Component 2 was recreated in Excel. C: Principal component analysis
comparing the distribution of biological replicates within the LD-enriched fraction of all time points. LFQ processed data
of the LD-enriched fraction was analyzed like for the total protein fraction, with adapted imputation parameters (width:
0.9, down shift: 2.1).
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highest during the late stages of seedling establishment. The complexity of the LD-

enriched fractions behaved in a similar manner. Within the LD-enriched fraction, known 

LD-associated protein families (and families first described in this study) make up 

between 17 % (in the silique samples) and more than 30 % (in seeds and 60 h 

seedlings; Table 1, Suppl. Dataset 19), indicating contaminations by proteins that do 

not localize to LDs.  

More than half of the proteins detected were shared between all conditions and 

samples (Figure 1A; Heberle et al., 2015). Other proteins were unique for one 

developmental phase or another.  

The five biological replicates of each time point reproducibly cluster together in the 

principal component analysis (PCA, Figure 1B, C, Suppl. Datasets 5 – 12). For this 

analysis, only proteins were taken into account that were found in all replicates of at 

least one of the stages, and the data is based on rLFQ values. The PCA plots also 

underline the unique proteome of siliques compared to all the other samples, as these 

are clearly separated by component 1. This observation can be made for both the total 

protein fractions and the LD-enriched fractions. However, the distribution along 

component 2 indicates in both cases that the younger siliques are more similar to the 

greenest seedlings (60 h seedlings), while the older siliques are more similar to seeds 

(rehydrated or stratified seeds). Along component 2, the seeds and seedlings are 

distributed in a time-dependent manner.  

Seed and seedling establishment-specific proteins were identified in the 

total proteome 

One objective for the creation of an extensive proteomics dataset for 

Arabidopsis germination and post-germinative growth was to identify growth stage-

specific proteins for those critical periods in the plant’s life cycle such as the desiccation 

phase and the switch from hetero- to photoautotrophic growth. Therefore, we analyzed 

our total proteome data for proteins that were increased in abundance during those 

developmental phases.  

LFQ-processed total protein data were first filtered for four valid values in at least one 

of the eight different time points investigated. Then, the maximum intensity for each 

protein was set to one, and the intensities during the other time points were 

calculated as a proportion of this maximum value (Suppl. Datasets 11 and 12). This 

data matrix 
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Figure 2. Identification of protein expression clusters in total protein fractions. A: Hierachical clustering analysis
of changes in protein abundance over the time points analyzed. LFQ-processed data was filtered for at least 4 valid
values in at least one of the eight time points. For each protein, the maximum value was set to one, and the remaining
time points were calculated as fractions of that value. The resulting data matrix was used for hierarchical clustering in
Perseus 1.6.2.2 with Euclidean Distances and preprocessing with k-means. In the following, 40 row clusters were
defined. Clusters harbouring more than 20 proteins are marked in the figure with labels. Several clusters of particular
interest for this study could be identified. For example, in Clusters 1 and 2, seed-specific proteins are found. Clusters 11
and 12 contain proteins present predominantly during early stages of seedling establishment. B: Graphs showing the
expression changes of all proteins collected in Clusters 1 and 2 (left graph) and Clusters 11 and 12 (right graph).
Defining for the clusters is the maximum of protein expression achieved during seed stages, or after 24 h and 36 h of
germination, in Clusters 1 and 2, and Cluster 11 and 12, respectively.
I – Phase I siliques; II – Phase II siliques, RS – rehydrated seeds, StS – stratified seeds, 24 h to 60 h – seedlings 24h to
60 h after stratification.
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(Suppl. Dataset 12) was used for hierarchical clustering in Perseus 1.6.2.2 using 

Euclidean distances and preprocessing with k-means. In the resulting heat map, 40 

clusters were defined. Clusters containing more than 20 proteins are labeled in Figure 

2A. Four of these clusters contain proteins that have highest intensities either during 

seed stages (Cluster 1 and Cluster 2, see Suppl. Dataset 12 for all the proteins 

sorted by cluster) or during early seedling establishment (Cluster 11 and Cluster 12). 

Cluster 1 and 2 together contain 71 proteins, Cluster 11 and 12, 70 proteins. In 

Cluster 1 and 2, we find late embryogenesis abundant proteins, two cell wall 

modifying enzymes and proteins of unknown function. While seed storage proteins 

like CRUCIFERIN2 and CRUCIFERIN3 also have their highest intensities during 

these stages, their degradation is slower than that of the proteins presented in 

Clusters 1 and 2. In Clusters 11 and 12, we find proteins involved in β-oxidation like 

LACS7 (LONG-CHAIN ACYL-COA SYNTHETASE 7), ACX1 (ACYL-COA OXIDASE 

1) and the enoyl-CoA hydratase AIM1 (ABNORMAL INFLORESCENCE 

MERISTEM). Furthermore, other enzymes of lipid metabolism like CYCLOARTENOL 

SYNTHASE and OIL BODY LIPASE1 cluster with these enzymes. Nucleotide 

synthesis enzymes and proteins involved in vesicle transport are also found. Proteins 

of the glyoxylate cycle, like the peroxisomal NAD-MALATE DEHYDROGENASE 1 or 

MALATE SYNTHASE are grouped in Cluster 10. They too, have their highest 

intensity after 36 h of germination but remain present during later stages of seedling 

establishment.  
We also employed GO Term analysis on our complete data set (Figure 3, Suppl. 

Datasets 13 – 15), by assigning all the proteins found in our study to all the GO terms 

they are associated with. Then, rLFQ intensities of all proteins assigned to each GO 

Term were added up. In the following, changes over the course of development could 

be identified. For example, fatty acid biosynthesis and degradation proteins have high 

abundance during silique development and seed germination, respectively. Proteins 

associated with the GO Term “nutrient reservoir activity" are most abundant in the seed 

stages, correlating the mobilization of protein storage molecules during germination. 

Proteins involved in processes that have been shown to be involved in seedling 

establishment are indeed upregulated during this phase, such as β-oxidation, 

glyoxylate cycle, and proteasomal degradation. As the abundance of photosynthesis-

related proteins (e.g. RuBisCo subunits) strongly increases between the 48 h and 60 

h seedlings, it is possible that these proteins are still increasing at later time points. 
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Furthermore, we analyzed the subcellular origin of the proteins. For this, we used the 

proteomics-confirmed annotation data set of the Plant Proteome Database (Sun et al., 

2009). This dataset contains 78 different subcellular annotations that we summed up 

to ten different origins: plastid, ER, vacuole, peroxisome, golgi apparatus, 

mitochondria, nucleus, cytoplasm, plasma membrane, and plastoglobules. LD 

annotation was performed by us based on previous studies and taking into account 

LD-associated proteins identified in this study. The strongest changes in abundance 

can be observed for the proteins annotated as plastidial (Table 2, Suppl. Datasets 16 

– 18). Their abundance changes tenfold between siliques and seeds, and seeds and

60 h seedlings. This curve shows the opposite trend compared with the changes in LD 

protein abundance, which is highest during the seed stages. The abundance of LD 

proteins within the total protein fraction correlates with the formation and degradation 

of LDs during seed development and germination, respectively. It doubles from 

younger to older siliques, is highest in rehydrated and stratified seeds and decreases 

during the next time points, approximately by a factor of 2 every twelve hours (Table 

2, Suppl. Figure 2). 

The calculation of enrichment factors allows the identification of LD-

associated proteins 

The second objective of this work was to identify new protein families associated 

with LDs. The future in-depth study of these proteins could aid further understanding 

of LD functions, biogenesis, and breakdown.  

Our approach of LD enrichment avoids the use of harsh chemicals or extensive 

washing of the LDs. While we hope to preserve loose interactions on the LDs that might 

yield interesting new discoveries, we also generate a large data set that likely still 

contains many contaminants. As shown in Table 1, more than 1000 proteins were 

identified in each of our LD-enriched fractions, and only between 16 and 34 percent of 

the protein intensities in those fractions originated from LD-associated proteins. 

Nevertheless, LD-associated proteins should be of higher abundance in the LD-

enriched fraction in comparison to the total protein fraction, but we had to make sure 

that no other subcellular compartment was co-purified with the LDs. Therefore, we 

calculated the enrichment factor of proteins from different subcellular compartments 

at each time point (Figure 4, Suppl. Dataset 19). This indicates that while some 

organelles seem to be co-purified with LDs, the enrichment factor was always highest 

89



Figure 5. Enrichment analysis of proteins in the LD-enriched fraction. For each protein, the time point with the
highest riBAQ intensity in the LD-enriched fraction (LDF) was chosen for this analysis, if the average riBAQ intensity at
that stage was higher than 0.1. Then, the data was log2-transformed and a Vulcano plot created in Perseus with default
parameters. For this, the fold change of a protein in the LDF compared to the TF was plotted against the respective p-
value. Significantly depleted proteins are grouped in the left side of the plot, significantly enriched proteins on the right
side. Proteins chosen for analysis of subcellular localization are marked in blue, previously known LD proteins are
marked in magenta. LDF – Lipid droplet-enriched fraction, TF – total protein fraction.
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for LDs (ranging from 3.9 to 80.8), while other subcellular compartments were only in 

some cases co-purified with LDs. The highest enrichment of any other organelle was 

seen in the LD-enriched fraction of rehydrated seeds, where plastoglobular and 

cytosolic proteins reached factors of 3.2 and 3.0, respectively. 

To identify new LD protein candidates within the extensive proteome of the LD-

enriched fraction, we used again enrichment factors and tested the enrichment of each 

protein for statistical significance. For each protein, the stage where its abundance was 

highest in the LD-enriched fraction was chosen for further analysis. We also only 

considered proteins that were identified in at least 4 of 5 replicates in this stage. The 

volcano plot in Figure 5 graphically represents the results of this analysis. On the right 

side of the plot, all proteins significantly enriched in the LD-enriched fraction are found, 

a total of 291 proteins. Most previously identified LD proteins are found in this area 

(marked in magenta). We studied the subcellular localization of a selection of promising 

candidates (marked in blue). Candidates were partially chosen because of their strong 

enrichment and high p-value, and partially due to promising features like the presence 

of hydrophobic regions in the peptide sequence. Other criteria for selection included 

interesting annotations either as unknown proteins, like for SEED LIPID DROPLET-

ASSOCIATED PROTEINs (SLDPs), or as proteins potentially involved in either 

metabolism (like LIPID DROPLET-ASSOCIATED METHYLTRANSFERASE (LIME) 

and LIPID DROPLET-ASSOCIATED LIPASE (LIDL).  

The candidates were then studied in regard to their subcellular localization using two 

independent cell biological systems, Nicotiana tabacum pollen tubes transformed by 

particle bombardment and Nicotiana benthamiana leaves transformed by 

Agrobacterium tumefaciens infiltration. For both cases, the genes were cloned as 

fluorescent fusion proteins, transiently expressed, and studied by confocal laser 

scanning microscopy. LD localization was confirmed by staining of LDs with Nile Red 

or BODIPY 493/503. ER localization was investigated with co-expression of ERD2-

CFP.  

The LD localization of four proteins could be confirmed with both transient expression 

systems (Figure 6 and Figure 7 for pollen tubes and leaves, respectively). We termed 

these proteins SLDP2, LIME1, LIDL1, and LDPS1. Another protein, though promising 

candidate marked by a highly significant, strong enrichment, did not localize to LD in 

the cell biological assays. For ATS3A, a punctuate localization could be observed in 
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Figure 6. Subcellular localization of LD protein candidates in N. tabacum pollen tubes. Candidate proteins N-
terminally fused to mVenus were transiently expressed in Nicotiana tabacum pollen tubes (cyan channel). LD were
stained with Nile Red (magenta channel). In the merge channel, colocalization events appear white. Bar corresponds to
10 µm.
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Figure 7. Subcellular localization of LD protein candidates in N. benthamiana leaves. Candidate proteins N-
terminally fused to mCherry were transiently expressed in Nicotiana benthamiana leaves (cyan channel). LD were
stained with Bodipy (magenta channel). In the merge channel, the ring-like fluorescence of the protein around the
BODIPY stain can be observed. B is a magnified version of A. Bar corresponds to 20 µm.

D

93



N
ile

R
e
d

m
e
rg

e
A

T
S

3
A

-
m

V
e
n
u
s

A

m
e
rg

e
A

T
S

3
A

-
m

V
e
n
u
s

C
F

P
-S

K
L

B

BODIPY mergeATS3A-mCherry
C

Figure 8. Subcellular localization of LD protein candidate AT3A. AT3A was N-terminally fused to mVenus (A, B) or
mCherry (C) and transiently expressed in Nicotiana tabacum pollen tubes (A, B), or Nicotiana benthamiana leaves (C)
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both pollen tubes and leaves after transient expression (Figure 9). However, this 

punctuate structures did not colocalize with LD stainings, and also not with a 

peroxisomal marker.  

A protein family, called oil body-associated proteins, have been described to be LD 

localized, using a maize isoform (Lopez-Ribera et al., 2014). However, in Arabidopsis, 

we continuously observed a depletion of these proteins in our LD fraction during 

different proteomics experiments (Kretzschmar et al., 2018; Pyc et al., 2017b). Also in 

this study, two proteins of the OBAP family are only slightly enriched in the LD-enriched 

fraction during silique stage, and strongly depleted during the other phases 

investigated (Suppl. Figure 3B and C). When transiently expressed as either C- or N-

terminally mVenus fusion in tobacco pollen tubes, the protein OBAP1A shows a 

homogenous fluorescence in the pollen tube, indicating no specific membrane or 

organellar association (Suppl. Figure 3A).  

The lipid droplet proteome changes during seedling establishment 

In addition to the discovery of potential new LD proteins, the extensive LD 

proteome data collected highlighted the dynamics of the LD protein composition. As 

presented in Table 1, the abundance of LD proteins in the total proteome decreases 

after germination. In order to assess the changes of the composition of the LD 

proteome during development, the abundance of known LD-associated proteins was 

added in each stage, and the individual fraction for each protein was calculated 

(Suppl. Dataset 20). Oleosins make up a rather constant proportion of the LD 

proteome throughout seedling establishment both on an individual and total level 

(Figure 9, Suppl. Figure 4). The abundance of the major caleosin, CLO1, and the 

major steroleosin, HSD1, on the other hand, continuously decreases during the same 

time, while CLO2 and HSD2/3, increase. In general, more than 85 % of the LD 

proteome during all time points investigated is made up of only six proteins: OLE1, 

OLE2, OLE4, OLE5, CLO1, and HSD1. Very diverse dynamics can be observed for 

less abundant LD proteins (Figure 10). While some of these proteins can be detected 

during all time points investigated, namely LDIP, SLDP2, LDPS, and OBL1, they 

undergo strong changes in their levels. The contribution of OBL1, for example, 

increases over the course of seedling establishment, while that of LDPS decreases. 

In general, a few LD proteins that were identified only recently or even in this work 

contribute only to the seedling proteome, but not to that of seeds or siliques. This is 

the case for example for 
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Figure 9. Dynamics of the LD coat protein families. The riBAQ intensities of all isoforms of the LD coat protein
families oleosin (OLE), caleosin (CLO), steroleosin (HSD) detected in the LD-enriched fraction were calculated as % of
all known LD-associated proteins. This way, the contribution of each protein to the complete LD proteome and the
dynamic changes in the abundance of the LD proteins can be investigated. 6 isoforms of the major LD protein families,
namely OLE1, OLE2, OLE4, OLE5, CLO1, and HSD1 contribute more than 85 % to the LD proteome at all investigated
time points.
I – Phase I siliques; II – Phase II siliques, RS – rehydrated seeds, StS – stratified seeds, 24 h to 60 h – seedlings 24h to
60 h after stratification.
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Figure 10. Dynamics of the less abundant LD protein families. The riBAQ intensities of all isoforms of the less
abundant LD protein families and LD proteins LD-ASSOCIATED PROTEINS (LDAP), LDAP-INTERACTING PROTEIN
(LDIP), Plant UBX DOMAIN-CONTAINING PROTEIN 10 (PUX10), STEROLMETHYLTRANSFERASE 1 (SMT1),
CYCLOARTENOL/LANOSTEROL SYNTHASE (CAS/LAS), SEED LD-ASSOCIATED PROTEINS (SLDP), OIL BODY
LIPASEs (OBL), α-DIOXYGENASE1 (α-DOX), LD-ASSOCIATED LIPASE (LIDL), LD-ASSOCIATED PROTEIN OF
SEEDS (LDPS), and LD-ASSOCIATED METHYLTRANSFERASE (LIME) detected in the LD-enriched fraction were
calculated as % of all known LD proteins. This way, the contribution of each protein to the complete LD proteome and
the dynamic changes in the abundance of the LD proteins can be investigated.
I – Phase I siliques; II – Phase II siliques, RS – rehydrated seeds, StS – stratified seeds, 24 h to 60 h – seedlings 24h to
60 h after stratification.
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the LD lipases LIDL1 and LIDL2, or LIME1. The LDAPs are either not detected in seeds 

(LDAP2 and LDAP3) or contribute only very minor amounts to the complete proteome. 

Instead, they are most abundant in the siliques (LDAP1 and LDAP3) or in seedlings 

(LDAP2). Interestingly, also α-DIOXYGENASE1 that was previously described to be 

LD-enriched under senescence (Brocard et al., 2017) and pathogen attack (Shimada 

et al., 2014) was already present after 36 h. 

Phosphorylation and Ubiquitination of LD proteins 

Posttranslational modifications can influence the activity, localization and fate of a 

protein. Two of such modifications, phosphorylations and ubiquitinations have been 

identified on the LD protein families oleosin, caleosin and steroleosin (Deruyffelaere et 

al., 2015; Hsiao and Tzen, 2011; Kretzschmar et al., 2018). We analyzed our proteomic 

data for peptides with such modifications. Modifications were detected on 182 

proteins, and 5 LD proteins (Suppl. Datasets 21 – 30). More than 80 of the proteins 

contain both a phosphorylation and a ubiquitination. In OLE4, we could identify a total 

of four ubiquitination sites and four phosphorylation sites; though not all modifications 

were found at all time points (Table 4). Of the four phosphorylations identified in 

OLE4, three occurred on a tyrosine, and one on a serine. A single ubiquitination site 

during one time point could be identified on OLE2, as well as a single 

Phosphorylation during a different time point. Modifications were also identified on 

HSD1, LDAP2 and CLO1. On UBIQUITIN itself, four different ubiquitination sites 

were identified including K48 and K63. These indicate ubiquitin chains most 

commonly associated with degradation, and these were found during seedling 

establishment (24 h – 48 h seedlings). 

Discussion 

The seedling proteome dataset fills a gap in seed and seedling proteomics 

studies 

We present here a proteomic dataset of Arabidopsis thaliana seed germination 

and seedling establishment generated with an Orbitrap mass spectrometer X. Because 

of the depth and width of the dataset, it will become a helpful resource for researchers 

interested in different questions of early seedling biology.  
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For a long time, the use of 2D electrophoresis (2DE) combined with mass spectrometry 

was used to identify proteins that were differently expressed during two conditions. The 

limitation of that approach is that many of the protein spots remained unidentified. The 

amount of identified proteins in these studies is thus usually in the range of hundreds. 

Nevertheless, also bottom-up proteomics as presented here is likely far from covering 

the whole proteome of the sample investigated given that more than 10,000 transcripts 

have been described in seeds alone (Narsai et al., 2011). When compared to 2DE 

approaches, the total number of proteins identified is significantly larger in the bottom-

up proteomic approach. For example, Gallardo et al., while detecting more than 1200 

proteins from dry seeds via 2DE (Gallardo et al., 2001), they later on only identified a 

small amount of all detected proteins.  

The 2DE-MS approach was for example combined with the [35S]-methionine labelling 

to identify newly synthesized proteins. Galland and colleagues monitored the protein 

synthesis during germination sensu stricto (Galland et al., 2013); the time points 

investigated are roughly comparable to the stages of rehydrated seeds, stratified 

seeds, and 24 h seedlings presented in this study. Remarkably, many of the proteins 

they found to be newly synthesized were not only detected in our study but show similar 

intensity patterns like they observed. For example, they already identified two of the 

late embryogenesis-abundant proteins that we also found in Cluster 1 and 2, defined 

by maximum intensities during seed stages (Figure 2B). They also detect a very early 

synthesis of proteins in central metabolism, like peroxisomal ketoacyl-CoA 

(AT2G33150) and isocitrate lyase (AT3G21720). We also observe an early increase 

in intensity of those proteins that continues to increase until later seedling 

establishment (Suppl. Dataset 12).  

Our data is consistent with published proteomes, but offers coverage of a larger 

number of proteins and more developmental stages including seedling establishment. 

While post-translational modification can be detected in bottom-up proteomics 

approaches without previous enrichment for specific modifications, the depth of 

analysis we achieved here is not comparable to what is possible after purification. For 

both ubiquitination and phosphorylation, more extensive datasets have been 

generated in Arabidopsis thaliana seedlings (Aguilar-Hernández et al., 2017; Aryal et 

al., 2015; Kim et al., 2013), but our data provides insights into changes of protein 
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modification during development. Interesting changes were observed for example for 

CRUCIFERINA or UBIQUITIN (Table 4; Suppl. Dataset 29).  

The combination of a proteomics with a cell biological approach allows 

the identification of LD protein candidates 

With the rise of mass spectrometric analysis techniques in recent years, the 

number of studies investigating the protein composition of LDs has increased. Such 

studies were performed on LDs isolated from senescent leaves (Brocard et al., 2017) 

or a variety of algae species (Lupette et al., 2019; Nguyen et al., 2011; Siegler et al., 

2017; Wang et al., 2009). Bottom-up proteomics allows the detection of hundreds or 

even thousands of proteins in a fraction. However, one should not assume that all 

proteins identified in LD-enriched fraction, no matter how stringently prepared, are LD 

proteins. In our approach, we therefore combine two different measures of quality 

control to ensure the discovery of true LD-associated proteins. In a first step, in addition 

to sampling the LD-enriched fraction, we take a sample of the total protein before LD 

enrichment. This way, we can calculate the enrichment or depletion of every single 

detected protein between the two fractions (Figure 5, Suppl. Dataset 19). Secondly, 

after the identification of potential candidates, we perform a cell biological study to 

confirm the LD localization of the candidate protein. Here, we present a combination 

of two cell biological approaches (Figures 6 – 8) that have been previously used to 

study the subcellular localization of LD proteins.  

Our work shows that while our approach is suitable for the identification of LD-

associated proteins, there are still obstacles to overcome. For example, as seen in 

Figure 5, the number of significantly enriched proteins is too great to quickly analyze 

and present them in this study. On the other hand, we applied stringent criteria for a 

protein to be considered for the analysis presented in Figure 5. Other true LD proteins 

may remain undiscovered because their abundance was too low, and they were 

therefore not detected in enough biological replicates to be considered for the analysis. 

We employed two cell biological approaches to verify LD localization. We have shown 

before that Nicotiana tabacum pollen tubes are a suitable tool for this experiment, as 

they are easy to transform, allow quick analysis, and are a naturally LD-rich organ 

(Kretzschmar et al., 2018; Müller et al., 2017; Siegler et al., 2017). The more common 

tool of transient transformation of Nicotiana benthamiana leaves are more laborious, 

and have the drawback not containing many LDs. Through co-expression of the 
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transcription factor LEC2, LD biogenesis is stimulated and can facilitate LD-localization 

experiments. We used this system to strengthen the results obtained for the pollen 

tube system. 

While we are able to present four new LD-localized protein families in this study 

(Figures 6 and 7), we also present the subcellular localization of a protein that did not 

localize to LDs despite being excellent candidate (Figure 8), based on enrichment in 

the LD-enriched fraction. This emphasizes that not every protein in the LD-enriched 

fraction is a LD protein. Localization experiments are required in order to distinguish 

true LD proteins from contaminating proteins. We also provide evidence that proteins 

previously annotated as LD-localized by homology to other species might in fact not 

be LD-associated in Arabidopsis. In our hands, we did not observe an enrichment of 

OIL BODY-ASSOCIATED PROTEIN1 (OBAP1A) in the LD fractions of seed and 

seedlings, nor did the transiently expressed protein localize to LDs in tobacco pollen 

tubes (Suppl. Figure 3). These observations contradict the localization presented by 

López-Ribera, though these studies were performed with the maize OBAP1 which 

shares about 64 % sequence identity with AtOBAP1A (Lopez-Ribera et al., 2014). 

However, the LD-localization of ZmOBAP1 seemed to be mediated via the hydrophilic 

C-terminus, a rather unusual observation for a LD protein (Kory et al., 2016). López-

Ribera discusses that this might indicate an indirect localization to the LD. We cannot 

exclude the possibility that this mediator protein is missing in tobacco pollen tubes, 

therefore leading to a cytosolic localization of AtOBAP1A, and that the interaction 

between OBAP and the mediator is very weak, leading to its removal from the LD 

during preparation.  

The lipid droplet proteome is varied across species and developmental 

stages 

One objective of this work was the creation of a time course data set to monitor 

the changes in the LD proteome during and after germination. The total number of LD 

proteins decreased during seedling establishment, and since LDs are degraded during 

seedling establishment to supply the growing seedling with energy and molecular 

building blocks, this observation was expected. In recent years, insight into the 

mechanism of protein breakdown on the LDs has been gained. It has been shown that 

oleosins and steroleosin are ubiquitinated and are removed from the LD with the 

involvement of the LD-localized protein PUX10 (Deruyffelaere et al., 2015, 2018; 
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Kretzschmar et al., 2018). PUX10 helps to mediate the transfer of ubiquitinated 

oleosins to the proteasome.  

Oleosins have been described as proteins specific to pollen, the tapetum and seeds 

(Fang et al., 2014). However, in our data set, we did not observe the replacement of 

oleosins in favor of other LD coat proteins. On the contrary, the contribution of oleosins 

to the complete LD proteome remains very constant (Suppl. Figure 4). Therefore, it is 

worth investigating if this replacement takes place at all or if the LDs found in vegetative 

tissue do contain oleosins. Proteomic analysis of LDs from senescent Arabidopsis 

leaves did not identify oleosins, only CLO3 and α-DOX, which have been previously 

shown to be involved in pathogen defense in leaves (Brocard et al., 2017; Shimada et 

al., 2014). If oleosins do indeed vanish from vegetative LD, the question is when the 

transition from oleosin-bearing seed LD to oleosin-free vegetative LD takes place. 

According to microarray data, the oleosin transcripts are already reduced in dry seeds 

compared to developing seeds, indicating that no new oleosin synthesis takes place 

after germination (Winter et al., 2007). 

Despite the continuous presence of oleosins, the LD proteome diversifies over the 

course of seedling establishment (Figure 10). This diversification could be representing 

a transition from seed-type LDs to vegetative-type LDs. Further research on 

vegetative-type LDs will show which proteins we show here to be expressed during 

later stages of seedling establishment are present at LDs from other tissues, as shown 

for the LDAPs, LDIP and α-DOX (Gidda et al., 2016; Pyc et al., 2017b; Shimada et al., 

2014) 

The different tissues analyzed in this work do not only vary in comparison with each 

other, but also compared to pollen tubes. In pollen tubes from N. tabacum, no HSDs 

were identified (Kretzschmar et al., 2018). Proteins first described in this study, LIME, 

LIDL, LDPS and SLDP, were not detected in the pollen tube proteome. On a 

quantitative level, LDAP proteins were more abundant in pollen tubes than seedling 

LDs. Oleosins and caleosins, on the other hand, were detected, though with varying 

intensities, in both tobacco pollen tubes and all tissues of this study. One could 

hypothesize that in fact, the core plant LD proteome might be rather stable 

evolutionary, as most LD proteins identified are also found in lower plants like mosses 

(Huang et al., 2009). This not the case however for algae. In algal models, proteomics 

studies have indicated a unique set of LD localized proteins with low conservation to 
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plants or animals (Moellering and Benning, 2010; Nguyen et al., 2011; Siegler et al., 

2017; Vieler et al., 2012; Yoneda et al., 2016).  

New LD proteins add new potential functions of LDs 

In this study, we successfully identified four protein families so far not described 

to be LD localized in plants: a putative lipase (LIDL), and a potential methyl transferase 

(LIME1), as well as two proteins exclusively expressed in seeds (SLDP and LDPS1).  

Both LDPS and SLDP are so far annotated as unknown proteins. We identified two 

SLDP isoforms in Arabidopsis thaliana. Homology analysis revealed that SLDP is 

specific for higher plants, while LDPS is also found in mosses. However, no homologs 

were discovered in animals or fungi. Other recently discovered LD proteins are plant 

specific, like the LDAPs and LDIP. Because there is low homology between animal or 

yeast LD proteomes and plant LD proteomes, it is likely that there are unique functions 

of plant LDs not found in the animal or fungal kingdoms. On the other hand, non-

homologous proteins might play similar roles in different species and have emerged 

by convergent evolution.  

LIME and LIDL were named according to their putative annotation as a putative 

coclaurine N-methyltransferase and a lipase family protein, respectively. In this study, 

we could detect two distinct LIDL isoforms, while the two Arabidopsis LIME isoforms 

were not distinguishable from the proteomic results. In contrast to the above-

mentioned proteins, LIDL and LIME homologs were detected not only in plants and 

mosses but also algae, fungi and animals. Based on their current annotation, both 

LIME and LIDL are putative enzymes. So far, a few enzymes related to the lipid 

metabolism have been described at LDs. Members of a family of oil body lipases have 

been shown to be LD localized and to hydrolyze TAG, diacylglycerol, and 

monoacylglycerol to free fatty acids and glycerol (Eastmond, 2004; Müller and 

Ischebeck, 2018). Also, lipoxygenase and phospholipase A activity has been detected 

on the surface of LDs (Feussner and Kindl, 1992; Noll et al., 2000; Zienkiewicz et al., 

2013). LD store other hydrophobic compounds in addition to triacylglycerol. Another 

storage molecule are sterol esters, which are found in only minor amounts in 

Arabidopsis seed LDs but can make up a much higher proportion of the neutral lipid 

weight in other organisms and tissues (Onal et al., 2017; Rotsch et al., 2017). In plants, 

there is so far no sterol esterase described that localizes to the LDs. A homolog of LIDL 

in Saccharomyces cerevisiae has been shown to have sterol esterase activity, and 
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loss-of-function mutants accumulate sterol esters (Athenstaedt et al., 1999; Jandrositz 

et al., 2005). 

Coclaurine is an intermediate from the morphine biosynthetic pathway. Morphine is a 

hydrophobic compound found in the latex of the opium poppy. Latex particles are a 

class of lipid droplets that instead of triacylglycerols and sterol esters, contain 

polyisoprenoids (Nawamawat et al., 2011). However, neither coclaurine nor the 

pathway leading to its synthesis exist in Arabidopsis. Similar pathways to those 

described for coclaurine can be imagined with other secondary metabolites, which are 

stored within Arabidopsis LDs due to their high hydrophobicity.  

In conclusion, the discovery of new LD proteins opens up the possibility for new 

perspectives on plant LD functions, biogenesis, and turnover. The existence of several 

proteins conserved across kingdoms implies that much of LD biology is conserved, yet 

the existence of plant-specific proteins suggests that plant LDs play additional roles 

not found in other organisms. Insight into such functions will be gained by identifying 

and confirming new LD proteins.  

Experimental procedures 

Plant growth 

Nicotiana tabacum (tobacco) plants and Arabidopsis thaliana ecotype Col-0 

plants were grown as described before (Kretzschmar et al., 2018). 

For the two silique development phases, one freshly bloomed flower of 5 weeks old 

Col-0 Arabidopsis plants was removed from each inflorescence. Exactly one week 

later, all developing flowers of every inflorescence were removed to abolish any further 

fertilization. This way, another week later, two phases of seed development could be 

distinguished: one between two and three weeks after fertilization below the first 

marking, and a second one between one and two weeks after fertilization above the 

marking. Complete siliques were harvested, and 2 g of the older siliques, or 3 g per of 

the younger siliques were pooled for one biological replicate. 

For rehydrated seeds (RS), stratified seeds (StS), and seedlings 24 h, and 36 h post 

stratification, 100 mg of dry seed material per biological replicate was used. For 48 h 

and 60 h, dry seed starting material was increased to 160 mg per biological replicate. 
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RS were incubated in water for 30 minutes without surface-sterilization. For all other 

germination time points, surface-sterilized seeds were spread on half-strength 

Murashige and Skoog media and incubated in the dark at 4 °C for 74 h. Then, StS 

samples were harvested, and all other plants transferred into a 22 °C 16-h-light/8-h-

dark cycle growth chamber with 150 µmol photons m-2s-1 daytime light strength. The 

time points (24 h, 36 h, 48 h, 60 h) indicate the time spent by the seeds in this condition. 

Isolation of total and LD-enriched fractions 

After harvest, each sample was mixed with appropriate amounts (2 mL for RS, 

3 mL for IS – 48 h samples, 3.5 mL for 60 h, 15 mL for younger siliques, 20 mL for 

older siliques) of grinding buffer (10 mM sodium phosphate buffer pH 7.4, 200 µM 

PMSF, 0.5 mM Lohman’s reagent) and ground with sand to homogeneity with a pre-

cooled mortar and pestle. For the total protein sample, the homogenates were 

centrifuged for 1 min at 100 x g to precipitate sand and larger plant debris, and 100 µL 

of the homogenate was precipitated in 900 µL 96% ethanol. For enrichment of LDs, 

the homogenate was then subjected to three consecutive 20,000xg centrifugations for 

15 min at 4 °C. After each centrifugation step, the resulting fat pad was taken off the 

aqueous phase and transferred into a fresh aliquot of grinding buffer, where it was 

resuspended. After the third centrifugation step, the fat pad was resuspended in 1 mL 

96% ethanol.  

Proteomic Sample preparation and LC-MS/MS Analysis of Peptides 

Proteins were isolated, protein concentration determined and in-gel tryptically 

digested as described before (Kretzschmar et al., 2018), but with twenty micrograms 

of protein digested per replicate. Peptides were then subjected to LC-MS/MS analysis 

modified from what was previously described (Schmitt et al., 2017). First, 2 µL peptide 

samples were separated by nano-flow LC on a RSLCnano Ultimate 3000 system 

(Thermo Fisher Scientific). The peptides were loaded with 0.07% trifluoroacetic acid 

on an Acclaim PepMap 100 precolumn (100 µm x 2 cm, C18, 3 µm, 100 Å; Thermo 

Fisher Scientific) with a flow rate of 20 µL/min for 3 minutes. Then, peptides were 

separated by reverse phase chromatography on an Acclaim PepMan PSLC column 

(75 µm x 50 cm, C18, 3 µm, 100 Å; Thermo Fisher Scientific) with a flow rate of 300 
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nL/min. The solvent composition was gradually changed within a time period of 94 min 

from 96 % solvent A (0.1 % formic acid) and 4 % solvent B (80 % acetonitrile, 0.1 % 

formic acid) to 10 % solvent B within 2 minutes, to 30 % solvent B within the following 

58 min, to 45% solvent B within the next 22 min, and to 90 % solvent B within the 

following 12 min. All solvents and acids were of Optima LC/MS quality and purchased 

at Thermo Fisher Scientific. Eluted peptides were ionized on-line by nano-electrospray 

ionization (nESI) with a Nanspray Flex Ion Source (Thermo Fisher Scientific) at 1.5 kV 

(liquid junction) and analyzed with a Q Exactive HF mass spectrometer (Thermo Fisher 

Scientific). Full scans were recorded in a mass range of 300 to 1650 m/z at a resolution 

of 30,000 followed by data dependent top 10 HCD fragmentation (dynamic exclusion 

enabled). LC-MS method programming and data acquisition was performed with the 

XCalibur 4.0 software (Thermo Fisher Scientific). 

Mass spectrometral data processing 

MS and MS/MS raw data was processed for feature detection, peptide 

identification, and protein group assembly with MaxLFQ algorithm in the MaxQuant 

software version 1.6.2.10 (Cox and Mann, 2008; Cox et al., 2014). Settings are 

specified in the metadata file (Suppl. Tables 1/2). In brief, default settings were used. 

Additionally, label-free quantification was enabled in group-specific parameter settings. 

In global parameter settings, match between runs and iBAQ were enabled. The 

TAIR10 protein database was used as reference. Data analysis was performed in 

Perseus 1.6.2.2 and in Excel as described in the corresponding figures or 

supplementary datasets. 

Particle Bombardment and Microscopy of Nicotiana tabacum Pollen 

Tubes 

Pollen grains were transformed by particle bombardment, in vitro cultivated on 

microscope slides, stained with Nile Red and analyzed by confocal laser scanning 

microscopy as described (Müller et al., 2017) or with a Zeiss LSM780 (Carl Zeiss, Jena, 

Germany).  
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Molecular Cloning etc. 

LDPS, LIDL, SLDP2 and ATS3a were amplified from Arabidopsis mature (dry) 

seed cDNA and LIME1 was amplified from 7 d old seedling cDNA using Phusion High-

Fidelity DNA Polymerase (Thermo Fisher Scientific), as per the manufacturer’s 

protocol. LDPS1 and ATS3A PCR products were inserted into the pDONR/zeo entry 

vector using Gateway technology (Curtis and Grossniklaus, 2003) with the Gateway 

BP clonase enzyme mix (Invitrogen). Entry vector genes were subsequently subcloned 

into the appropriate binary expression vectors (e.g., pMDC32-ChC) using Gateway LR 

clonase enzyme mix (Invitrogen). Molecular cloning into the Gateway vector pUC-

LAT52-mVenusC-GW and pUC-LAT52-mVenusN-GW was performed as described in 

(Müller et al., 2017). The use of CFP-SKL for peroxisomal marking has been previously 

described (Müller et al., 2017). 

The pMDC32-ChC plant expression binary vector, encoding the monomeric 

Cherry fluorescent protein open reading frame (ORF) adjacent to a 5’ recombination 

site that allows for mCherry to be translational fused to the C terminus a protein of 

interest, was constructed in the following manner. First the mCherry ORF was amplified 

using the mCherry-FP-PacI and mCherry-RP-SacI primers and pRTL2-Cherry (Gidda 

et al., 2011) as template DNA. The resulting PCR products were then digested with 

PacI and SacI and inserted into similarly-digested pMDC32 (Curtis and Grossniklaus, 

2003), yielding pMDC32-ChC1. Thereafter, the Cmr/ccdB region of pMDC32/ChC1 

was amplified using the primers ccdB-FP-KpnI and ccdB-RP-PacI, which resulted in 

the removal of a stop codon upstream of the Cherry ORF, and reinserted into KpnI-

PacI-digested pMDC32-ChC1, yielding pMDC32-ChC.  

Custom oligonucleotide primers were synthesized by Sigma-Aldrich; a 

complete list of all primers is given in Suppl. Table 3. All plasmids constructed in this 

study, including their promoter and cloning regions and any fusion protein ORFs, 

were verified by automated sequencing performed at Microsynth AG (Balgach, 

Switzerland) or the Advanced Analysis Centre Genomics Facility (Guelph, Canada). 

Transient transformation of Nicotiana benthamiana leaves 
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Nicotiana benthamiana plants were grown in soil with a 16-h/8-h day/night cycle at 22 

°C. Leaves of ~4-week-old plants were infiltrated with Agrobacterium tumefaciens 

(strain LBA4404) harboring the selected expression vector as described in Pyc et al., 

2017b. All infiltrations were performed with pORE04-35S:p19 containing the tomato 

bushy stunt virus gene P19 in order to enhance transgene expression (Petrie et al., 

2010). 

Microscopy 

A. tumefaciens-infiltrated tobacco leaves were processed for CLSM imaging, 

including staining of LDs with BODIPY 493/503 (Invitrogen), as previously described 

(Gidda et al., 2016). Micrographs of tobacco leaves were acquired using a Leica SP5 

CLSM (Leica Microsystems). Excitations and emission signals for fluorescent proteins 

and BODIPY were collected sequentially as single optical sections in double-labelling 

experiments as those described in Gidda et al. (2016); single-labelling experiments 

showed no detectable crossover at the settings used for data collection. All fluorescent 

images of cells shown are representative of at least two separate experiments, 

including at least three separate transformations of tobacco leaf cells. 

Accession numbers 

AtLIDL1 - AT1G18460; AtLIDL2 - AT1G73920; AtLDPS1 - AT3G19920; AtLIME1 - 

AT4G33110; AtLIME2 - AT4G33120; AtSLDP1 - AT5G36100; AtSLDP2 - AT1G65090; 

AtOBAP1A - AT1G05510; AtOLE1 - AT4G25140; AtOLE2 - AT5G40420; AtOLE3 - 

AT5G51210; AtOLE4 - AT3G27660; AtOLE5 - AT3G01570; AtOLE6 - AT1G48990; 

AtOLE7 - AT2G25890; AtOLE8 - AT3G18570; AtCLO1 - AT4G26740; AtCLO2 - 

AT5G55240; AtCLO3 - AT2G33380; AtCLO5 - AT1G70680; AtHSD1/1 – 

At5G50600/AT5G50700; AtHSD2 - AT3G47350; AtHSD3 - AT3G47360; AtHSD5 - 

AT4G10020; AtHSD6 - AT5G50770; AtLDAP1 - AT1G67360; AtLDAP2 - AT2G47780; 

AtLDAP3 - AT3G05500; AtLDIP - AT5G16550; AtPUX10 - AT4G10790; AtSMT1 - 

AT5G13710; AtCAS - AT2G07050; AtLAS - AT3G45130; AtOBL1 - AT3G14360; 

AtOBL3 - AT1G45201; AtαDOX - AT3G01420. 
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Supplemental Data 

Supplemental Figure 1. Post-germinative growth of Arabidopsis thaliana Col-0. 

Supplemental Figure 2. Abundance of LD proteins within the total protein 

fraction. 

Supplemental Figure 3. Characterization of the AtOBAP protein family. 

Supplemental Figure 4. Changes in contribution of all detected oleosins to the 

complete LD proteome. 

Supplemental Dataset 1. Proteins found in siliques and seedlings - raw LFQ 

values. 

Supplemental Dataset 2. Proteins found in siliques and seedlings - normalized 

and sorted LFQ. 

Supplemental Dataset 3. Proteins found in siliques and seedlings - raw iBAQ 

values. 

Supplemental Dataset 4. Proteins found in siliques and seedlings - normalized 

and sorted iBAQ. 

Supplemental Dataset 5. Proteins found in siliques and seedlings - imputated 

log2 transformed LFQ values of Total protein fraction. 

Supplemental Dataset 6. Loadings of PCA plot created with Supplemental 

Dataset 5. 

Supplemental Dataset 7. Projections of PCA plot created with Supplemental 
Dataset 5. 

Supplemental Dataset 8. Proteins found in siliques and seedlings - imputated 

log2 transformed LFQ values of lipid droplet-enriched fractions. 

Supplemental Dataset 9. Loadings of PCA plot created with Supplemental 

Dataset 8. 
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Supplemental Dataset 10. Projections of PCA plot created with Supplemental 
Dataset 8. 



Supplemental Dataset 11. Proteins found in the total protein fraction of 

siliques and seedlings - normalized and sorted LFQ with at least four valid 

values in at least one condition. 

Supplemental Dataset 12. Data set used to create heat map presented in Figure 

2. 

Supplemental Dataset 13. Sums of rLFQ values of proteins associated with the 

same GO ID.  

Supplemental Dataset 14. Phase-dependent averages of sums of rLFQ values 

of proteins associated with the same GO ID. 

Supplemental Dataset 15. Selected GO ID sums. 

Supplemental Dataset 16. Subcellular localization of proteins 

Supplemental Dataset 17. Sums of riBAQ values of proteins with the same 

localization. 

Supplemental Dataset 18. List of curated localization acquired from the 

http://ppdb.tc.cornell.edu/. 

Supplemental Dataset 19. Results Matrix from enrichment analysis. 

Supplemental Dataset 20: Contribution of LD proteins to the total LD proteome. 

Supplemental Dataset 21: Modified proteins identified in Phase I silique samples. 

Supplemental Dataset 22: Modified proteins identified in Phase II 

silique samples. 

Supplemental Dataset 23: Modified proteins identified in rehydrated 

seeds samples. 
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Supplemental Dataset 24: Modified proteins identified in stratified seeds 

samples. 

Supplemental Dataset 25: Modified proteins identified in 24 h seedling samples. 

Supplemental Dataset 26: Modified proteins identified in 36 h seedling samples. 



Supplemental Dataset 27: Modified proteins identified in 48 h seedling samples. 

Supplemental Dataset 28: Modified proteins identified in 60 h seedling samples. 

Supplemental Dataset 29: All modified proteins identified across 

samples including their modified sites 

Supplemental Dataset 30: All modified LD proteins identified across 

samples including their modified sites. 

Supplemental Table 3: Primers used for molecular cloning via GateWay 

cassette, and sequencing. 

Supplemental Table 1: Metadata file for LC-MS/MS data processing with 

MaxQuant. 

Author contribution 

F.K.K., G.H.B., R.T.M. and T.I. designed the work, F.K.K., N.D., H.E.K., P.S., K.S., and 

T.I. performed research, F.K.K., H.E.K., P.S., K.S., G.H.B. and T.I. analyzed data, and 

F.K.K. and T.I. wrote the manuscript. All authors critically read and revised the 

manuscript and approved the final version. 

Acknowledgements 

We thank Ivo Feussner for all his support and many helpful discussions and Prof. Gatz 

and Dr. Alexander Stein for valuable advice. Thanks goes to Prof. Kent Chapman, Dr. 

John Dyer for discussing our work with us.  

We are also grateful to Prof. Großhans and Prof. Johnsen for granting access to 

their confocal microscopes as well as Dr. Florian Wegwitz and Johannes Sattmann for 

their assistance. We also thank Dr. Leonie Steinhorst and Prof. Jörg Kudla (University 

of Münster) for generating and providing plasmids. Thanks for help in the lab to Siqi 

Sun and Antony Grüness. 

111

Supplemental Table 2: Metadata file for LC-MS/MS data processing with 

MaxQuant for posttranslationally modified peptides. 



This work was supported by funding from the DFG (IS 273/2-2 to T.I., GR1945/3-

1, SFB937/TP10 and INST1525/16-1 FUGG to Prof. Großhans) and the 

Studienstiftung des deutschen Volkes (to F.K.K. and P.S.). 

112



Tables 

Table 1: Summary of proteins identified across samples and the percentage of LD 
proteins within all samples. iBAQ processed proteomic data of both total protein 
fraction and LD-enriched fraction was filtered for at least 2 peptides per protein group. 
Then, the relative abundance of LD-associated proteins in the LD-enriched fraction 
was calculated based on their iBAQ scores. LD proteins were chosen taking into 
account the results of this work. 

Total protein 
fraction 

LD-enriched 
fraction 

% of LD-associated 
proteins in LD-enriched 

fraction 
Stage I siliques 1723 1266 16.8±4.4 
Stage II siliques 1417 1337 17.5±1.1 
Rehydrated 
seeds 

1425 1353 32±1.4 

Stratified seeds 1511 1024 31.8±8 
24 h seedlings 2004 1158 24.4±7.9 
36 h seedlings 2197 1368 26±5.1 
48 h seedlings 2218 1478 28.5±4.4 
60 h seedlings 2198 1723 34.1±12.2 
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Table 2: Annotation of subcellular localization of proteins in the LD-enriched fraction. All proteins were annotated with 
78 subcellular localization obtained from the Plant Proteome Database and combined into 11 groups. The riBAQ 
intensities (in ‰) of the proteins were added up for 11 different subcellular compartments.  

 Total protein fraction fractions  
Phase I 
siliques 

Phase II 
siliques 

Rehydrated 
seeds 

Stratified 
seeds 

24 h 
seedlings 

36 h 
seedlings 

48 h 
seedlings 

60 h 
seedlings 

Plastid 571.3±24.6 392.3±59.4 44.1±8.8 40±5.9 52.4±10.3 154±26.2 334.3±42.7 477.5±33.2 
ER 8±0.5 5.1±0.9 2.2±0.3 2.6±0.5 8.8±1.6 13.2±1.5 13.1±3.5 15.9±10.6 
Vacuole  14.8±1.8 16.1±2.1 4.8±1 5.5±2.4 7.1±1.7 9.9±1.1 12.1±3.5 23.6±2.2 
Peroxisome  15.1±0.2 9.8±1.1 9.6±2.4 10±2.5 22.7±3.6 26.6±2.6 26.4±2 21.2±13.7 
Golgi apparatus 0.3±0.1 0.2±0.1 0.5±0.1 0.6±0.2 1.1±0.3 1.4±0.2 0.7±0.4 0.5±0.6 
Mitochondria  22.8±1.6 13.5±1.6 9±1.3 10.7±1.7 32±3.8 39.5±1.3 33.9±3.5 34.5±4.4 
Nucleus  29.1±2.5 18.7±3.1 17.3±4 19.3±2.3 29.2±2.9 34.3±1.4 35.8±6.5 26.8±1.8 
Cytosol  67.8±5.4 28.3±4.7 40.3±1.9 48.3±4 148.1±6.1 195.7±2.3 205.9±10.7 183.5±15.9 
Plastoglobules  12.3±0.9 14.1±3.2 0.8±0.2 0.8±0.2 0.9±0.1 2±0.2 5.1±1.3 6.4±0.1 
Plasma 
membrane  15.4±2. 9.1±1.5 2.5±0.7 3±0.7 6.3±1.6 8.9±1.7 9.3±1.4 9.2±1.5 
LD 12.3±8 25.5±7.7 57.4±7.8 69.9±8.9 38±5 19±1.1 8.3±1.8 4.8±4.5 
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Table 3: Proteins chosen as LD protein candidates. Enrichment factors and p-values were calculated from the given 
developmental stages at which the protein had the highest riBAQ intensity value in the LD-enriched fraction.  

Protein 
name 

AGI code Description 

Stage with 
highest 

abundance in LD 
fraction 

Abundance at 
highest stage 

(riBAQ ‰) 

Enrichment 
factor (log2 LD 

- log2 TE) 

p-value 
(-log) 

localization 

LIDL1 AT1G18460.1 Lipase family protein 60 h seedlings 0.31±0.15 4.75 6.01 LD 

LIME1 AT4G33110.1 
Coclaurine 

methyltransferase 
48 h seedlings 1.12±0.62 4.92 3.55 LD 

SLDP2 AT1G65090.3 unknown 60 h seedlings 2.1±0.45 4.13 6.31 LD 

LDPS1 AT3G19920.1 unknown Imbibed seeds 0.31±0.19 2.89 2.36 LD 

ATS3A AT2G41475.1 
Embryo-specific 
protein related 

48 h seedlings 1.16±0.54 6.12 6.39 
Punctate 
structures 
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Table 4: Posttranslational modifications detected on LD proteins and Ubiquitin. Sites marked with an asterisk 
were not identified unambiguously. For complete list of modified proteins and modification sites, see Supplemental 
Dataset 26-35. 

 

 Ubiquitination Phosphorylation 

  RS StS 24 36 48 60 RS StS 24 36 48 60 

OLE2     K146 
 

S18      

OLE4 K157* 
K159* 
K168 

K157* 
K159* 

K43 
K157* 
K159* 
K168 

K157* 
K159* 
K168 

K157* 
K159* 
K168 

K157* 
K159* 
K168 

Y153 
Y164 

Y153 S40 
Y42 

   

CLO1  K4 
 

K4         

HSD1    K289 
K295 

  S340 
T343 
S348 

S348  T283 
  

LDAP2    K108 
K125 

     T118 
S122 

 
S128 

UBQ13   K48 
K63 
 

K6 
K11 
K48 
K63 

K48 
K63 
 

   S246 
S247 
 

T7 
T9 
S246 
S247 
 

S246 
S247 
T249 
 

 

116



References 

Aguilar-Hernández, V., Kim, D.Y., Stankey, R.J., Scalf, M., Smith, L.M., and Vierstra, 
R.D. (2017). Mass spectrometric analyses reveal a central role for ubiquitylation in 
remodeling the Arabidopsis proteome during photomorphogenesis. Mol. Plant 10, 
846–865. 

Arabidopsis Genome Initiative (2000). Analysis of the genome sequence of the 
flowering plant Arabidopsis thaliana. Nature 408, 796–815. 

Aryal, U.K., Ross, A.R.S., and Krochko, J.E. (2015). Enrichment and analysis of 
intact phosphoproteins in Arabidopsis seedlings. PLoS One 10, e0130763. 

Athenstaedt, K., Zweytick, D., Jandrositz, A., Kohlwein, S.D., and Daum, G. (1999). 
Identification and characterization of major lipid particle proteins of the yeast 
Saccharomyces cerevisiae. J. Bacteriol. 181, 6441–6448. 

Baerenfaller, K., Grossmann, J., Grobei, M. a, Hull, R., Hirsch-hoffmann, M., 
Yalovsky, S., Zimmermann, P., Grossniklaus, U., Gruissem, W., and Baginsky, S. 
(2008). Genome-scale proteomics reveals Arabidopsis thaliana gene models and 
proteome dynamics. Science (80-. ). 320, 938–941. 

Baud, S., Boutin, J.P., Miquel, M., Lepiniec, L., and Rochat, C. (2002). An integrated 
overview of seed development in Arabidopsis thaliana ecotype WS. Plant Physiol. 
Biochem. 40, 151–160. 

Baud, S., Dichow, N.R., Kelemen, Z., D’Andréa, S., To, A., Berger, N., Canonge, M., 
Kronenberger, J., Viterbo, D., Dubreucq, B., et al. (2009). Regulation of HSD1 in 
seeds of Arabidopsis thaliana. Plant Cell Physiol. 50, 1463–1478. 

Brocard, L., Immel, F., Coulon, D., Esnay, N., Tuphile, K., Pascal, S., Claverol, S., 
Fouillen, L., Bessoule, J.-J., and Bréhélin, C. (2017). Proteomic analysis of lipid 
droplets from Arabidopsis aging leaves brings new insight into their biogenesis and 
functions. Front. Plant Sci. 8. 

Chapman, K.D., Dyer, J.M., and Mullen, R.T. (2012). Biogenesis and functions of 
lipid droplets in plants. J. Lipid Res. 53, 215–226. 

Chibani, K., Ali-Rachedi, S., Job, C., Job, D., Jullien, M., and Grappin, P. (2006). 
Proteomic analysis of seed dormancy in Arabidopsis. Plant Physiol. 142, 1493–1510. 

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates, 
individualized p.p.b.-range mass accuracies and proteome-wide protein 
quantification. Nat. Biotechnol. 26, 1367–1372. 

Cox, J., Hein, M.Y., Luber, C.A., Paron, I., Nagaraj, N., and Mann, M. (2014). 
Accurate proteome-wide label-free quantification by delayed normalization and 
maximal peptide ratio extraction, termed MaxLFQ. Mol. Cell. Proteomics 13, 2513–
2526. 

Cui, S., Hayashi, Y., Otomo, M., Mano, S., Oikawa, K., Hayashi, M., and Nishimura, 
M. (2016). Sucrose production mediated by lipid metabolism suppresses the physical 
interaction of peroxisomes and oil bodies during germination of arabidopsis thaliana. 
J. Biol. Chem. 291, 19734–19745. 

Curtis, M.D., and Grossniklaus, U. (2003). A gateway cloning vector set for high-
throughput functional analysis of genes in planta. Plant Physiol. 113, 462–469. 

117



Deruyffelaere, C., Bouchez, I., Morin, H., Guillot, A., Miquel, M., Froissard, M., 
Chardot, T., and D’Andrea, S. (2015). Ubiquitin-mediated proteasomal degradation of 
oleosins is involved in oil body mobilization during post-germinative seedling growth 
in Arabidopsis. Plant Cell Physiol. 56, 1374–1387. 

Deruyffelaere, C., Purkrtova, Z., Bouchez, I., Collet, B., Cacas, J.-L., Chardot, T., 
Gallois, J.-L., and D’Andrea, S. (2018). PUX10 is a CDC48A adaptor protein that 
regulates the extraction of ubiquitinated oleosins from seed lipid droplets in 
Arabidopsis. Plant Cell 30, 2116–2136. 

Durand, T.C., Cue, G., Godin, B., Valot, B., and Cl, G. (2019). Combined proteomic 
and metabolomic profiling of the Arabidopsis thaliana vps29 mutant reveals 
pleiotropic functions of the retromer in seed development. Int. J. Mol. Sci. 20, 1–22. 

Eastmond, P.J. (2004). Cloning and characterization of the acid lipase from Castor 
beans. J. Biol. Chem. 279, 45540–45545. 

Fang, Y., Zhu, R.L., and Mishler, B.D. (2014). Evolution of oleosin in land plants. 
PLoS One 9, 1–10. 

Fercha, A., Capriotti, A.L., Caruso, G., Cavaliere, C., Stampachiacchiere, S., 
Zenezini Chiozzi, R., and Laganà, A. (2016). Shotgun proteomic analysis of soybean 
embryonic axes during germination under salt stress. Proteomics 16, 1537–1546. 

Feussner, I., and Kindl, H. (1992). A lipoxygenase is the main lipid body protein in 
cucumber and soybean cotyledons during the stage of triglyceride mobilization. 
FEBS Lett. 298, 223–225. 

Footitt, S., Slocombe, S.P., Larner, V., Kurup, S., Wu, Y., Larson, T., Graham, I., 
Baker, A., and Holdsworth, M. (2002). Control of germination and lipid mobilization by 
COMATOSE, the Arabidopsis homologue of human ALDP. EMBO J. 21, 2912–2922. 

Galland, M., Huguet, R., Arc, E., Cueff, G., Job, D., and Rajjou, L. (2013). Dynamic 
proteomics emphasizes the importance of selective mRNA translation and protein 
turnover during Arabidopsis seed germination. Mol. Cell. Proteomics 13, 252–268. 

Gallardo, K., Job, C., Groot, S.P.C., Puype, M., Demol, H., Vandekerckhove, J., and 
Job, D. (2001). Proteomic analysis of Arabidopsis seed germination and priming. 
Plant Physiol. 126, 835–848. 

Giavalisco, P., Nordhoff, E., Kreitler, T., Klöppel, K.-D., Lehrach, H., Klose, J., and 
Gobom, J. (2005). Proteome analysis of Arabidopsis thaliana by two-dimensional gel 
electrophoresis and matrix-assisted laser desorption/ionisation-time of flight mass 
spectrometry. Proteomics 5, 1902–1913. 

Gidda, S.K., Shockey, J.M., Falcone, M., Kim, P.K., Rothstein, S.J., Andrews, D.W., 
Dyer, J.M., and Mullen, R.T. (2011). Hydrophobic-domain-dependent protein-protein 
interactions mediate the localization of GPAT enzymes to ER subdomains. Traffic 12, 
452–472. 

Gidda, S.K., Park, S., Pyc, M., Yurchenko, O., Cai, Y., Wu, P., Andrews, D.W., 
Chapman, K.D., Dyer, J.M., and Mullen, R.T. (2016). Lipid droplet-associated 
proteins (LDAPs) are required for the dynamic regulation of neutral lipid 
compartmentation in plant cells. Plant Physiol. 170, 2052–2071. 

Hajduch, M., Ganapathy, A., Stein, J.W., and Thelen, J.J. (2005). A systematic 
proteomic study of seed filling in Soybean. Establishment of high-resolution two-

118



dimensional reference maps, expression profiles, and an interactive proteome 
database. Plant Physiol. 137, 1397–1419. 

Hajduch, M., Casteel, J.E., Hurrelmeyer, K.E., Song, Z., Agrawal, G.K., and Thelen, 
J.J. (2006). Proteomic analysis of seed filling in Brassica napus. Developmental 
characterization of metabolic isozymes using high-resolution two-dimensional gel 
electrophoresis. Plant Physiol. 141, 32–46. 

Hajduch, M., Hearne, L.B., Miernyk, J.A., Casteel, J.E., Joshi, T., Agrawal, G.K., 
Song, Z., Zhou, M., Xu, D., and Thelen, J.J. (2010). Systems analysis of seed filling 
in Arabidopsis: Using general linear modeling to assess concordance of transcript 
and protein expression. Plant Physiol. 152, 2078–2087. 

Han, C., Wang, K., and Yang, P. (2014a). Gel-based comparative phosphoproteomic 
analysis on rice embryo during germination. Plant Cell Physiol. 55, 1376–1394. 

Han, C., Yang, P., Sakata, K., and Komatsu, S. (2014b). Quantitative proteomics 
reveals the role of protein phosphorylation in rice embryos during early stages of 
germination. J. Proteome Res. 13, 1766–1782. 

Han, C., He, D., Li, M., and Yang, P. (2014c). In-depth proteomic analysis of rice 
embryo reveals its important roles in seed germination. Plant Cell Physiol. 55, 1826–
1847. 

Hanano, A., Burcklen, M., Flenet, M., Ivancich, A., Louwagie, M., Garin, J., and Blée, 
E. (2006). Plant seed peroxygenase is an original heme-oxygenase with an EF-hand 
calcium binding motif. J. Biol. Chem. 281, 33140–33151. 

Hayashi, M., Nito, K., Takei-Hoshi, R., Yagi, M., Kondo, M., Suenaga, A., Yamaya, 
T., and Nishimura, M. (2002). Ped3p is a peroxisomal ATP-binding cassette 
transporter that might supply substrates for fatty acid β-oxidation. Plant Cell Physiol. 
43, 1–11. 

Heberle, H., Meirelles, G.V., da Silva, F.R., Telles, G.P., and Minghim, R. (2015). 
InteractiVenn: A web-based tool for the analysis of sets through Venn diagrams. 
BMC Bioinformatics 16, 169. 

Horn, P.J., James, C.N., Gidda, S.K., Kilaru, A., Dyer, J.M., Mullen, R.T., Ohlrogge, 
J.B., and Chapman, K.D. (2013). Identification of a new class of lipid droplet-
associated proteins in plants. Plant Physiol. 162, 1926–1936. 

Houston, N.L., Hajduch, M., and Thelen, J.J. (2009). Quantitative proteomics of seed 
filling in Castor: Comparison with soybean and rapeseed reveals differences between 
photosynthetic and nonphotosynthetic seed metabolism. Plant Physiol. 151, 857–
868. 

Hsiao, E.S.L., and Tzen, J.T.C. (2011). Ubiquitination of oleosin-H and caleosin in 
sesame oil bodies after seed germination. Plant Physiol. Biochem. 49, 77–81. 

Huang, A.H.C. (2017). Plant lipid droplets and their associated oleosin and other 
proteins: potential for rapid advances. Plant Physiol. pp.01677.2017. 

Huang, C.-Y., Chung, C.-I., Lin, Y.-C., Hsing, Y.-I.C., and Huang, A.H.C. (2009). Oil 
bodies and oleosins in Physcomitrella possess characteristics representative of early 
trends in evolution. Plant Physiol. 150, 1192–1203. 

Jandrositz, A., Petschnigg, J., Zimmermann, R., Natter, K., Scholze, H., Hermetter, 

119



A., Kohlwein, S.D., and Leber, R. (2005). The lipid droplet enzyme Tgl1p hydrolyzes 
both steryl esters and triglycerides in the yeast, Saccharomyces cerevisiae. Biochim. 
Biophys. Acta - Mol. Cell Biol. Lipids 1735, 50–58. 

Kelly, A.A., Quettier, A.-L., Shaw, E., and Eastmond, P.J. (2011). Seed storage oil 
mobilization is important but not essential for germination or seedling establishment 
in Arabidopsis. Plant Physiol. 157, 866–875. 

Kim, D.-Y., Scalf, M., Smith, L.M., and Vierstra, R.D. (2013). Advanced proteomic 
analyses yield a deep catalog of ubiquitylation targets in Arabidopsis. Plant Cell 25, 
1523–1540. 

Kim, E.Y., Park, K.Y., Seo, Y.S., and Kim, W.T. (2016). Arabidopsis small rubber 
particle protein homolog SRPs play dual roles as positive factors for tissue growth 
and development and in drought stress responses. Plant Physiol. 170, 2494–2510. 

Kory, N., Farese, R. V., and Walther, T.C. (2016). Targeting fat: Mechanisms of 
protein localization to lipid droplets. Trends Cell Biol. 26, 535–546. 

Kretzschmar, F.K., Mengel, L.A., Müller, A.O., Schmitt, K., Blersch, K.F., Valerius, O., 
Braus, G.H., and Ischebeck, T. (2018). PUX10 is a lipid droplet-localized scaffold 
protein that interacts with CELL DIVISION CYCLE48 and is involved in the 
degradation of lipid droplet proteins. Plant Cell 30, 2137–2160. 

Kubala, S., Garnczarska, M., Wojtyla, Ł., Clippe, A., Kosmala, A., Zmieńko, A., Lutts, 
S., and Quinet, M. (2015). Deciphering priming-induced improvement of rapeseed 
(Brassica napus L.) germination through an integrated transcriptomic and proteomic 
approach. Plant Sci. 231, 94–113. 

Lee, J., and Koh, H.J. (2011). A label-free quantitative shotgun proteomics analysis 
of rice grain development. Proteome Sci. 9, 61. 

Lee, J., Lee, W., and Kwon, S.W. (2015). A quantitative shotgun proteomics analysis 
of germinated rice embryos and coleoptiles under low-temperature conditions. 
Proteome Sci. 13, 1–11. 

Li, F., Asami, T., Wu, X., Tsang, E.W.T., and Cutler, A.J. (2007). A putative 
hydroxysteroid dehydrogenase involved in regulating plant growth and development. 
Plant Physiol. 145, 87–97. 

Li, Q.-F., Xiong, M., Xu, P., Huang, L.-C., Zhang, C.-Q., and Liu, Q.-Q. (2016). 
Dissection of brassinosteroid-regulated proteins in rice embryos during germination 
by quantitative proteomics. Sci. Rep. 6, 34583. 

Lin, L.-J., Tai, S.S.K., Peng, C.-C., and Tzen, J.T.C. (2002). Steroleosin, a sterol-
binding dehydrogenase in seed oil bodies. Plant Physiol. 128, 1200–1211. 

Lopez-Ribera, I., La Paz, J.L., Repiso, C., Garcia, N., Miquel, M., Hernandez, M.L., 
Martinez-Rivas, J.M., and Vicient, C.M. (2014). The evolutionary conserved oil body 
associated protein OBAP1 participates in the regulation of oil body size. Plant 
Physiol. 164, 1237–1249. 

Lorenz, C., Brandt, S., Borisjuk, L., Rolletschek, H., Heinzel, N., Tohge, T., Fernie, 
A.R., Braun, H.-P., and Hildebrandt, T.M. (2018). The role of persulfide metabolism 
during Arabidopsis seed development under light and dark conditions. Front. Plant 
Sci. 9, 1–15. 

120



Lupette, J., Jaussaud, A., Seddiki, K., Morabito, C., Brugière, S., Schaller, H., Kuntz, 
M., Putaux, J.L., Jouneau, P.H., Rébeillé, F., et al. (2019). The architecture of lipid 
droplets in the diatom Phaeodactylum tricornutum. Algal Res. 38, 101415. 

Mansfield, S.G., and Briarty, L.G. (1992). Cotyledon cell development in Arabidopsis 
thaliana during reserve deposition. Can. J. Bot. 70, 151–164. 

De Michele, R., McFarlane, H.E., Parsons, H.T., Meents, M.J., Lao, J., González 
Fernández-Niño, S.M., Petzold, C.J., Frommer, W.B., Samuels, A.L., and 
Heazlewood, J.L. (2016). Free-flow electrophoresis of plasma membrane vesicles 
enriched by two-phase partitioning enhances the quality of the proteome from 
Arabidopsis seedlings. J. Proteome Res. 15, 900–913. 

Moellering, E.R., and Benning, C. (2010). RNA interference silencing of a major lipid 
droplet protein affects lipid droplet size in Chlamydomonas reinhardtii. Eukaryot. Cell 
9, 97–106. 

Müller, A.O., and Ischebeck, T. (2018). Characterization of the enzymatic activity and 
physiological function of the lipid droplet-associated triacylglycerol lipase AtOBL1. 
New Phytol. 217, 1062–1076. 

Müller, A.O., Blersch, K.F., Gippert, A.L., and Ischebeck, T. (2017). Tobacco pollen 
tubes - a fast and easy tool for studying lipid droplet association of plant proteins. 
Plant J. 89, 1055–1064. 

Næsted, H., Frandsen, G.I., Jauh, G.Y., Hernandez-Pinzon, I., Nielsen, H.B., Murphy, 
D.J., Rogers, J.C., and Mundy, J. (2000). Caleosins: Ca2+-binding proteins 
associated with lipid bodies. Plant Mol. Biol. 44, 463–476. 

Narsai, R., Law, S.R., Carrie, C., Xu, L., and Whelan, J. (2011). In-depth temporal 
transcriptome profiling reveals a crucial developmental switch with roles for RNA 
processing and organelle metabolism that are essential for germination in 
Arabidopsis. Plant Physiol. 157, 1342–1362. 

Nawamawat, K., Sakdapipanich, J.T., Ho, C.C., Ma, Y., Song, J., and Vancso, J.G. 
(2011). Surface nanostructure of Hevea brasiliensis natural rubber latex particles. 
Colloids Surfaces A Physicochem. Eng. Asp. 390, 157–166. 

Nguyen, H.M., Baudet, M., Cuiné, S., Adriano, J.-M., Barthe, D., Billon, E., Bruley, C., 
Beisson, F., Peltier, G., Ferro, M., et al. (2011). Proteomic profiling of oil bodies 
isolated from the unicellular green microalga Chlamydomonas reinhardtii: With focus 
on proteins involved in lipid metabolism. Proteomics 11, 4266–4273. 

Nguyen, T.-P., Cueff, G., Hegedus, D.D., Rajjou, L., and Bentsink, L. (2015). A role 
for seed storage proteins in Arabidopsis seed longevity. J. Exp. Bot. 66, 6399–6413. 

Noll, F., May, C., and Kindl, H. (2000). Phospholipid monolayer of plant lipid bodies 
attacked by phospholipase A2 shows 80 nm holes analyzed by atomic force 
microscopy. Biophys. Chem. 86, 29–35. 

Nonogaki, H., Bassel, G.W., and Bewley, J.D. (2010). Germination—Still a mystery. 
Plant Sci. 179, 574–581. 

Onal, G., Kutlu, O., Gozuacik, D., and Dokmeci Emre, S. (2017). Lipid Droplets in 
Health and Disease. Lipids Health Dis. 16, 128. 

Penfield, S., Graham, S., and Graham, I.A. (2005). Storage reserve mobilization in 

121



germinating oilseeds: Arabidopsis as a model system. Biochem. Soc. Trans. 33, 
380–383. 

Petrie, J.R., Shrestha, P., Liu, Q., Mansour, M.P., Wood, C.C., Zhou, X.-R., Nichols, 
P.D., Green, A.G., and Singh, S.P. (2010). Rapid expression of transgenes driven by 
seed-specific constructs in leaf tissue: DHA production. Plant Methods 6, 8. 

Pyc, M., Cai, Y., Greer, M.S., Yurchenko, O., Chapman, K.D., Dyer, J.M., and Mullen, 
R.T. (2017a). Turning over a new leaf in lipid droplet biology. Trends Plant Sci. 22, 
596–609. 

Pyc, M., Cai, Y., Gidda, S.K., Yurchenko, O., Park, S., Kretzschmar, F.K., Ischebeck, 
T., Valerius, O., Braus, G.H., Chapman, K.D., et al. (2017b). Arabidopsis LDAP-
interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in 
both leaves and seeds. Plant J. 12, 3218–3221. 

Qu, R., Wang, S.M., Lin, Y.H., Vance, V.B., and Huang, A.H. (1986). Characteristics 
and biosynthesis of membrane proteins of lipid bodies in the scutella of maize (Zea 
mays L.). Biochem. J. 235, 57–65. 

Quan, S., Yang, P., Cassin-Ross, G., Kaur, N., Switzenberg, R., Aung, K., Li, J., and 
Hu, J. (2013). Proteome analysis of peroxisomes from etiolated Arabidopsis 
seedlings identifies a peroxisomal protease involved in -oxidation and development. 
Plant Physiol. 163, 1518–1538. 

Rotsch, A.H., Kopka, J., Feussner, I., and Ischebeck, T. (2017). Central metabolite 
and sterol profiling divides tobacco male gametophyte development and pollen tube 
growth into eight metabolic phases. Plant J. 92, 129–146. 

Schmitt, K., Smolinski, N., Neumann, P., Schmaul, S., Hofer-Pretz, V., Braus, G.H., 
and Valerius, O. (2017). Asc1p/RACK1 connects ribosomes to eukaryotic 
phosphosignaling. Mol. Cell. Biol. 37. 

Shimada, T.L., Shimada, T., Takahashi, H., Fukao, Y., and Hara-Nishimura, I. (2008). 
A novel role for oleosins in freezing tolerance of oilseeds in Arabidopsis thaliana. 
Plant J. 55, 798–809. 

Shimada, T.L., Takano, Y., Shimada, T., Fujiwara, M., Fukao, Y., Mori, M., Okazaki, 
Y., Saito, K., Sasaki, R., Aoki, K., et al. (2014). Leaf oil body functions as a 
subcellular factory for the production of a phytoalexin in Arabidopsis. Plant Physiol. 
164, 105–118. 

Siegler, H., Valerius, O., Ischebeck, T., Popko, J., Tourasse, N.J., Vallon, O., Khozin-
Goldberg, I., Braus, G.H., and Feussner, I. (2017). Analysis of the lipid body 
proteome of the oleaginous alga Lobosphaera incisa. BMC Plant Biol. 17, 1–17. 

Siloto, R.M.P., Findlay, K., Lopez-Villalobos, A., Yeung, E.C., Nykiforuk, C.L., and 
Moloney, M.M. (2006). The accumulation of oleosins determines the size of seed 
oilbodies in Arabidopsis. Plant Cell 18, 1961–1974. 

Sun, Q., Zybailov, B., Majeran, W., Friso, G., Olinares, P.D.B., and van Wijk, K.J. 
(2009). PPDB, the plant proteomics database at Cornell. Nucleic Acids Res. 37, 
D969–D974. 

Thazar-Poulot, N., Miquel, M., Fobis-Loisy, I., and Gaude, T. (2015). Peroxisome 
extensions deliver the Arabidopsis SDP1 lipase to oil bodies. Proc. Natl. Acad. Sci. 
U. S. A. 112, 4158–4163. 

122



Tzen, J.T.C., Cao, Y., Laurent, P., Ratnayake, C., and Huang, A.H.C. (1993). Lipids, 
proteins, and structure of seed oil bodies from diverse species. Plant Physiol. 101, 
267–276. 

VanBuren, R., Wai, C.M., Zhang, Q., Song, X., Edger, P.P., Bryant, D., Michael, T.P., 
Mockler, T.C., and Bartels, D. (2017). Seed desiccation mechanisms co-opted for 
vegetative desiccation in the resurrection grass Oropetium thomaeum. Plant Cell 
Environ. 40, 2292–2306. 

Vance, V.B., and Huang, A.H. (1987). The major protein from lipid bodies of maize. 
Characterization and structure based on cDNA cloning. J. Biol. Chem. 262, 11275–
11279. 

Vieler, A., Brubaker, S.B., Vick, B., and Benning, C. (2012). A lipid droplet protein of 
Nannochloropsis with functions partially analogous to plant oleosins. Plant Physiol. 
158, 1562–1569. 

Wang, Y., Ma, X., Zhang, X., He, X., Li, H., Cui, D., and Yin, D. (2016). ITRAQ-based 
proteomic analysis of the metabolic mechanisms behind lipid accumulation and 
degradation during peanut seed development and postgermination. J. Proteome Res. 
15, 4277–4289. 

Wang, Z.T., Ullrich, N., Joo, S., Waffenschmidt, S., and Goodenough, U. (2009). 
Algal lipid bodies: Stress induction, purification, and biochemical characterization in 
wild-type and starchless Chlamydomonas reinhardtii. Eukaryot. Cell 8, 1856–1868. 

Winter, D., Vinegar, B., Nahal, H., Ammar, R., Wilson, G. V., and Provart, N.J. 
(2007). An “electronic fluorescent pictograph” browser for exploring and analyzing 
large-scale biological data sets. PLoS One 2, e718. 

Xu, E., Chen, M., He, H., Zhan, C., Cheng, Y., Zhang, H., and Wang, Z. (2017). 
Proteomic analysis reveals proteins involved in seed imbibition under salt stress in 
rice. Front. Plant Sci. 7, 1–11. 

Yang, P., Li, X., Wang, X., Chen, H., Chen, F., and Shen, S. (2007). Proteomic 
analysis of rice (Oryza sativa) seeds during germination. Proteomics 7, 3358–3368. 

Yin, X., He, D., Gupta, R., and Yang, P. (2015). Physiological and proteomic 
analyses on artificially aged Brassica napus seed. Front. Plant Sci. 6, 1–11. 

Yoneda, K., Yoshida, M., Suzuki, I., and Watanabe, M.M. (2016). Identification of a 
major lipid droplet protein in a marine diatom Phaeodactylum tricornutum. Plant Cell 
Physiol. 57, 397–406. 

Zienkiewicz, A., Zienkiewicz, K., Rejón, J.D., Rodríguez-García, M.I., and Castro, 
A.J. (2013). New insights into the early steps of oil body mobilization during pollen 
germination. J. Exp. Bot. 64, 293–302. 

Zolman, B.K., Silva, I.D., and Bartel, B. (2001). The Arabidopsis pxa1 mutant is 
defective in an ATP-Binding Cassette transporter-like protein required for 
peroxisomal fatty Acid beta-oxidation. Plant Physiol. 127, 1266–1278. 

 

123



2
4
 h

3
6
 h

4
8
 h

6
0
 h

Supplemental Figure 1. Post-germinative growth of
Arabidopsis thaliana Col-0. After a 74 h stratification period at 4
°C in the dark, seeds were incubated in long-day conditions (16 h
light/8 h dark) for the given period of time. Germination sensu
stricto was complete after 24 h. After 48 h, cotyledons had opened.
Bar 1 cm
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Supplemental Figure 2. Abundance of LD proteins within the total protein fraction. Abundance of LD
protein within the total protein fraction increases during silique ripening. After germination sensu stricto, the
abundance of LD proteins decreases constantly. All known LD proteins and LD protein identified in this
study were taken into account.
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Supplemental Figure 3. Characterization of the AtOBAP protein family. A) AtOBAP1A was cloned in
both C- and N-terminal fusion with mVenus. The fluorescence of the fusion protein in transformed Nicotiana
tabacum pollen tubes was homogenous, not indicating any membrane association. B) and C) The riBAQ
intensity in the total and the LD-enriched fraction of AtOBAP1A and AtOBAP2. In the samples isolated from
siliques, the riBAQ intensity is higher in the LD-enriched fraction than in the total protein fraction. During all
other stages, the riBAQ intensities of both homologs is higher in the total protein fraction, and strongly
depleted in the LD-enriched fraction. Bars 10 µm,
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Supplemental Figure 4. Changes in contribution of all detected Oleosins to the complete LD 
proteome. The contribution of each LD protein during each stage to the complete LD proteome (defined as 
presented in Suppl. Dataset 19) was calculated in % (Figures 9 and 10). Over the time points monitored, the 
contribution of the oleosins to the LD proteome is very stable.

127



4. Article III: Arabidopsis lipid droplet-associated 
protein (LDAP) – interacting protein (LDIP) 
influences lipid droplet size and neutral lipid 
homeostasis in both leaves and seeds 

 

This article was published online in the journal The Plant Journal in October 2017. The 

supplemental tables containing processed mass spectrometry data can be found online together 

with the full article:  

https://doi.org/10.1111/tpj.13754 

Author contribution: 

Franziska K. Kretzschmar performed the LD isolation and proteomics experiment presented in 

Figure 1B and C with exception of the LC-MS/MS analysis. She processed and helped analyze the 

data and wrote the corresponding parts of the manuscript.  
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5. Discussion 

5.1. The Proteome of Lipid Droplets in Plants and Beyond 

In this thesis, I investigated the LD proteome from four different tissues: Nicotiana tabacum pollen 

tubes, and Arabidopsis thaliana siliques, seeds, and seedlings. Using label-free bottom-up 

proteomics, the proteome of LDs cannot only be accessed qualitatively, but also compared in a 

quantitative manner. 

5.1.1. The Composition of the Plant Lipid Droplet Proteome 

LDs were first described in the late 1800, around the same time like the ER and Golgi apparatus 

(Garnier, 1897; Golgi, 1898; Murphy, 2012). For a long time, LDs were thought to be constricted 

to specific cell types, in which they serve as long-term storage for energy and carbon. Research in 

the last thirty years, however, has accumulated evidence of a dynamic organelle central to the 

lipid metabolism that is ubiquitous through taxa, organism, and tissues (Murphy, 2012). Despite 

this ubiquitous occurrence of LDs, their protein composition strongly differs across species and 

cell types.  

The highly abundant plant LD proteins oleosins, caleosins and steroleosins were discovered 

already decades ago in seeds (Chen et al., 1999; Lin et al., 2002; Qu et al., 1986). Additionally, 

caleosins and oleosins have been found in pollen of different species, including olive (Zienkiewicz 

et al., 2010, 2011), lily (Jiang et al., 2007, 2008), and pine (Pasaribu et al., 2017). In Brassicaceae, 

a specific set of oleosin homologs, different from the ones found in seeds, have been identified in 

pollen (Kim et al., 2002; Ross and Murphy, 1996). Transcription analysis did detect expression of 

seed-like oleosins OLE7 and OLE8 in mature pollen grains of Arabidopsis (Honys and Twell, 

2004), but these are not the major oleosins found in seeds (Manuscript II, Figure 9). In the 

Solanacea Nicotiana tabacum, we could show that homologs of the Arabidopsis seed oleosins are 

found also in the pollen tubes, but are distinct from the isoforms that were detected in tobacco 

seeds (Kretzschmar et al., 2018, Supplemental Figure 1). This distinction was less clear for 

caleosins, where some isoforms were shared between the two tissues investigated while others 

were unique for the tissues (Kretzschmar et al., 2018, Supplemental Figure 2). In Arabidopsis 

pollen tubes and mature pollen grains, CLO4 was detected by transcript analysis, and CLO8 on 

peptide level (Grobei et al., 2009; Honys and Twell, 2004). Tobacco CLO4 was also the isoform 

identified exclusively in pollen tubes and not in tobacco seeds, consistent with the Arabidopsis 

expression data. In Arabidopsis seeds, CLO1 and CLO2 are most abundant (Manuscript II, Figure 

9; Næsted et al., 2000), and CLO3 was found in senescing leaves (Brocard et al., 2017; Takahashi 

et al., 2000). 
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Table 2: Contribution of LD-associated proteins in different tissues to the complete LD proteome. Relative iBAQ intensities were used to calculate the 
contribution of each LD-associated in percent of all presented LD-associated proteins.1 Kretzschmar et al., 2018, 2 Manuscript II, RS – rehydrated seeds; 
StS – stratified seeds; 24 h, 36 h, 48 h, 60 h – seedlings after stratification 

N. tabacum pollen tubes1 A. thaliana siliques2 A. thaliana seeds2 A. thaliana seedlings2 

proteins % of all LD proteins proteins % of all LD proteins proteins % of all LD proteins proteins % of all LD proteins 
   Phase I Phase II  RS StS  24 h  36 h 48 h 60 h 

NtOLE6a 8.97 OLE1 3.42 2.78 OLE1 9.00 14.59 OLE1 15.27 10.64 10.23 14.38 
NtOLE6b 16.31 OLE2 12.62 17.45 OLE2 12.32 14.49 OLE2 15.14 11.65 11.71 12.36 
NtCLO1a 40.32 OLE3 0.03 0.18 OLE3 0.11 0.13 OLE3 0.04 0.05 0.05 0.04 

NtCLO1b/(d) 10.28 OLE4 20.64 24.16 OLE4 22.37 19.66 OLE4 14.23 22.53 22.10 19.14 
NtCLO4g/h 0.04 OLE5 38.83 23.10 OLE5 14.73 19.90 OLE5 27.17 25.90 26.18 30.19 
NtPux10a/b 0.57 OLE6 0.51 0.43 OLE6 0.17 0.23 OLE6 0.19 0.15 0.13 0.18 

NtPux10c 3.82 OLE8 0.10 0.11 OLE7 0.01 0.01 OLE7 0 0.01 0 0 
NtPux10d 0.25 CLO1 10.30 10.20 OLE8 0.46 0.51 OLE8 0.34 0.72 1.14 0.66 
NtLDIPa 0.29 CLO2 1.50 1.95 CLO1 6.66 5.27 CLO1 5.08 3.96 3.38 1.99 
NtLDIPb 0.47 CLO3 0.14 0.41 CLO2 1.64 1.58 CLO2 2.23 3.25 4.23 4.23 

NtLDAP1a 7.15 CLO5 0 0.01 HSD1/1 30.96 22.48 CLO3 0 0 0.01 0.01 
NtLDAP1b 1.78 HSD1/1 7.13 16.66 HSD5 1.05 0.69 HSD1/1 19.00 18.31 14.62 10.41 

NtLDAP2a/b 0.43 HSD5 0.97 1.23 HSD6 0.03 0.01 HSD3 0 0 0.03 0.04 
NtLDAP3a/b 1.29 HSD6 0.01 0.00 LDAP2 0 0.01 HSD5 0.59 0.35 0.22 0.14 

NtCASa 1.04 LDAP1 0.91 0.12 LDIP 0.01 0.01 HSD6 0.01 0.04 0.06 0.02 
NtCASb/(c) 4.14 LDAP2 0 0.25 PUX10 0.01 0 LDAP1 0 0.01 0.05 0.04 
NtSMT1c/d 0.80 LDAP3 2.60 0.52 CAS/LAS 0.01 0 LDAP2 0.14 1.56 4.09 4.28 
NtPTLD1a 0.70 SMT1 0.01 0.01 OBL1 0.05 0.05 LDAP3 0 0.05 0.19 0.31 
NtPTLD1b 0.03 OBL1 0.04 0.06 SLDP1 0.02 0.01 LDIP 0.01 0 0.01 0.01 
NtPTLD2a 0.44 SLDP1 0.01 0.01 SLDP2 0.31 0.29 PUX10 0.04 0.08 0.05 0.04 
NtPTLD2b 0.19 SLDP2 0.22 0.31 LDPS1 0.09 0.10 SMT1 0 0.02 0.11 0.14 
NtOBL1b/c 0.06 LDPS1 0 0.02    CAS/LAS 0.01 0.02 0.07 0.06 

NtOBL1 0.67       OBL1 0.08 0.12 0.20 0.23 
        OBL3 0 0 0.01 0.04 
        α-DOX 0 0.01 0.06 0.07 
        SLDP1 0 0.02 0.03 0.03 
        SLDP2 0.32 0.44 0.56 0.61 
        LIDL1 0 0 0.05 0.09 
        LIDL2 0 0 0.01 0.01 
        LDPS1 0.09 0.05 0.03 0.03 
        LIME1/2 0 0.05 0.40 0.20 
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Despite low level of HSD6 expression being detected by Honys and Twell, we and others could not 

identify steroleosins in tobacco pollen tubes or Arabidopsis pollen grains on the protein level 

(Grobei et al., 2009), but only in the seeds of these species. This indicates that 1. Not a complete 

set of plant coat proteins is needed for proper LD formation and function, 2. In addition to coat 

protein function, the enzymatic activity of steroleosins is only needed in specific tissues 

(Kretzschmar et al., 2018, Supplemental Figure 3).  

As shown in Table 2, the LD proteome of different tissues can be distinguished based on two 

factors: the diversity and the abundance of different LD proteins within the proteome. In 

Arabidopsis thaliana seedlings, we detected the most diverse proteome. Two of proteins that are 

described as part of this thesis, LIME and LIDL, were originally discovered in the proteome of 

Arabidopsis seedlings and were not expressed in the other tissues investigated. PUX10 was 

identified in pollen tubes of tobacco, and seeds and seedlings of Arabidopsis (Table 2). However, 

analysis of transgenic Arabidopsis expressing PUX10 in fusion with GFP under the native PUX10 

promoter revealed that PUX10 is also expressed in embryos (Kretzschmar et al., 2018, Figure 5). 

The SLDPs were detected in all seed-related tissues, including tobacco seeds (Kretzschmar et al., 

2018, Suppl. Dataset 5 and 6). LDIP, originally discovered in seedlings (Pyc et al., 2017b), can also 

be found in pollen tubes and in seeds.  

Even more interesting than the qualitative comparison between different tissues are the 

differences on a quantitative basis. The quantification of proteins by proteomics is biased on 

different levels: the efficiency of protein isolation and accessibility for tryptic digest, the varying 

ability of peptides to ionize and be detected in the mass spectrometer, and the bias created by 

processing of the data. Despite of this, it can give good estimates of changes in protein 

composition. 

Pollen tubes, as mentioned above, do not contain steroleosins. More than half of LD proteome is 

instead contributed by caleosin. In seed-related tissues from Arabidopsis, the contribution of 

caleosins is smaller than 15 % at any investigated time point. When steroleosins are detected, like 

in all seed-related tissues, they contribute more to the complete LD proteome than caleosins, with 

the exception being Phase I siliques (Manuscript II, Figure 9). As caleosins are so abundant in 

pollen tubes, they are also more abundant than oleosins. The two oleosin isoforms detected in 

pollen tubes only contribute about 25 % to the complete LD proteome. In pollen tubes, the third 

most abundant protein family are LDAPs, which contribute with more than 10 % twice as much 

to the complete proteome than in any other tissue investigated.  

Another interesting observation is that only in siliques and seedlings but not in pollen tubes or 

seeds, the most abundant single protein isoform is an oleosin. In seeds, HSD1 is the most abundant 

protein, and in pollen tubes, CLO1.  
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Given that these are the first comprehensive, quantitative studies of LD proteomes of different 

tissues, the functional basis of these differences is very speculative. The presence or absence of 

certain proteins can be interpreted as pinpointing towards specific functions of these proteins 

that are either required, or not needed. For example, as mentioned above, the absence of 

steroleosin from pollen tubes indicates that its putative function in brassinosteroid hormone 

signaling is not required for pollen tube growth. Pollen contain one of the highest concentration 

of brassinosteroids of all plant tissues, and brassinolide was first isolated from pollen (Grove et 

al., 1979; Takatsuto, 1994). The enzymatic activity and preferred substrates of HSD1 have been 

studied in a targeted manner (d’Andréa et al., 2007). While this clarified that HSD1 can catalyze 

the dehydrogenation of estradiol and cortisol, it did not react with cholesterol and other 3β-

hydroxysteroids as substrate (d’Andréa et al., 2007). The in vivo substrate of HSD1, however, is 

not known. So far, it was also not possible to study knockout mutants of the HSD1 gene, mainly 

because HSD1 is the product of a very recent gene duplication, leaving two copies of the gene very 

close to each other in the genome (AT5G50600 and AT5G50700) that have not yet diverted on a 

sequence level. The same is true for other members of the gene family. In the future, it will be 

hopefully possible to further elucidate the function of this interesting protein family by creating 

knockout mutants by a CRISPR-CAS9 approach and by investigating the steroid composition of 

those mutants. This will also potentially reveal new interesting functions about LDs themselves.  

It is possible that the function of HSDs or other coat proteins is partially taken over by LDAPs, 

explaining the high abundance of this protein family in pollen tubes compared to the other 

investigated tissues. It has been proposed that LDAPs might function as coat proteins in vegetative 

tissues (Pyc et al., 2017a). This idea is supported by the fact that the knockout of LDAP homologs 

in the rubber plant Russian dandelion (Taraxacum brevicorniculatum) resulted in a similar 

phenotype like the knockout of oleosins in Arabidopsis seeds. In both cases, rubber particles and 

LDs were bigger in the mutants (Hillebrand et al., 2012; Shimada et al., 2008). LDAPs were 

originally discovered in the oil-rich non-seed tissue of avocado mesocarp (Gidda et al., 2013; Horn 

et al., 2013), but expression analyses of different Arabidopsis tissues revealed that the mRNAs are 

also detected in dry and imbibed seeds (Gidda et al., 2016). We detected LDAP proteins in all 

investigated tissues but seeds, meaning in all cases that they share the LD surface with oleosins. 

This does not exclude their proposed function as coat proteins in oleosin-free tissues but indicates 

further functions beyond that. Analysis of Arabidopsis LDAP overexpression lines indicated an 

involvement of the proteins in the regulation of LD abundance during the day/night cycle, abiotic 

stress, and the regulation of seed oil mobilization during early stages of seedling establishment 

(Gidda et al., 2016). While these data indicate a systemic role of LDAPs in LD biology, the evidence 

is so far descriptive and does not further pinpoint toward a molecular concept. More studies, for 

example by the investigation of the Arabidopsis triple mutant, are necessary.  
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In conclusion, the proteome of seed and pollen LDs, but especially of seedling LDs is more diverse 

than originally observed. The diversity is observed on both a qualitative and a quantitative scale. 

The diversification of the proteome during seedling establishment could be indicative of a 

transition from seed LDs to vegetative LDs. While it seems like the proteomic differences between 

seed and vegetative LDs might not be as large as originally anticipated, these distinct populations 

of LDs probably still have very different core functions. The primary function of seed LDs is to 

provide an energy and carbon source for the heterotrophic growth of the plant seedling. For this, 

they have to be stable in relation to time and environmental conditions, especially during 

desiccation. Vegetative LDs have to be much more dynamic. They have to grow and shrink quickly 

in response to different stimuli, to provide or take up building blocks (fatty acids, sterols, other 

hydrophobic metabolites) for or from different metabolic pathways. Like this they could be 

connected to metabolism taking place also at different places inside the cell (plastids, ER, 

peroxisomes, mitochondria). Further quantitative proteomics studies of vegetative LDs under 

different conditions (senescence, pathogen attack, abiotic stresses) might help to elucidate 

differences and similarities to seed and seedling LDs and fill the gap left by the study in Manuscript 

II. Time points from older established seedlings might help to clarify when, for example, oleosins 

are finally degraded completely. This would, according to the current consensus, mark the point 

of transition from seed to vegetative LDs, and maybe even from heterotrophic to autotrophic 

growth of seedlings.  

5.1.2. Conservation of Plant Lipid Droplet-associated Proteins throughout 

Evolution 

As described in the introduction, the most common proteins found on LDs from different domains 

of life do not share much sequence similarity. However, they are to a certain extent functionally 

analogous. Both oleosins and PLINs are considered coat proteins. One of the main functions of 

those protein families embedded in the phospholipid monolayer of the LD is to decorate this 

monolayer and with this, passively inhibit the coalescence and fusion of the organelle. Thereby, 

they might also mark the membrane of the organelle in a recognizable manner, not only to us 

researchers, but also to cell interior.  

Elucidating the function of newly identified LD-associated proteins is much easier if functions of 

related variants have been described. This was true for example in the study of PUX10, as shall be 

discussed later.  

Therefore, the in silico analysis of plant LD-associated proteins concerning their evolutionary 

conservation could provide insights in potential functions of the proteins. Figure 5 shows the 

result of such an investigation, performed for one isoform of each protein family mentioned in this 

thesis. A collection of model organism were searched for homologs of this protein with the help of 
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the Basic Local Alignment Search Tool (BLAST-P). The best hit for each organism with an e-value 

smaller than 10-10 was taken into consideration.  

The conservation of the plant LD proteome, thus, varies substantially. Only two proteins were 

strongly evolutionary conserved: HSDs and Plant UBX-domain containing proteins (as UBX 

domain-containing proteins). For UBX domain-containing proteins, conserved functions in the 

cell’s protein homeostasis have been shown (Schuberth and Buchberger, 2005). Five other 

proteins are not exclusively plant-specific: the recently described putative metabolic enzymes 

LIME and LIDL (Manuscript II), caleosins, α-DOX1, and the lipase OBL1. While the closest homolog 

of OBL1 in Neurospora crassa is a lipase with an e-value of ~10-4, closer homologs can be found in 

other fungi such as Rhizopus microsporus.  

Especially interesting here is that homologs of α-DOX1, caleosins and the lipase OBL1 are present 

in fungi. All three of them have been implemented in the production of oxylipins (Garbowicz et al., 

2018; Shimada et al., 2014) and at least α-DOX1 and the caleosin CLO3 act in a common pathway. 

Oxylipinsare also formed by fungi (Brodhun and Feussner, 2011). This could be an indication that 

a whole LD-based module is conserved between plants and fungi.  

PTLD and SLDP are the least conserved proteins. PTLD is plant specific, including the liverwort 

Marchantia polymorpha, but excluding both the moss Physcomitrella patens, and Brassicaceae. Full 

length SLDP is only found in Brassicaceae, in other seed plants only the central domain is 

conserved. Oleosins, LDAPs, LDIP, and LDPS are conserved in land plants. However full length 

LDPS is only found in Brassicaceae and in sunflower (of the species investigated), the other 

variants found in the remaining seed plant species lacked the N-terminal region. The observation 

that oleosins are less conserved than caleosins has led to the hypothesis that oleosins are in fact 

evolutionary descendants of caleosins (Partridge and Murphy, 2009).  
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Figure 5: The conservation of plant LD-associated proteins. The given AGI codes or gene loci 
were used for a BLAST-P analysis in the presented organisms (with the corresponding Taxa ID given 
in brackets). For each organism, the best hit with an e-value smaller than 10-10 was considered for 
comparison. A cyan box corresponds to a positive search result, a magenta box to a negative result. 

*1 no homology of N-terminal region; *2 central part missing, only N- and C-terminal region 
conserved. 

These observations raise a number of questions: Why are the main LD-associated proteins so little 

conserved between domains of life in the first place? If the conservation of different plant LD 

proteins varies so much, this must lead to conclusions about the functions of those proteins, but 

also of the function of LDs themselves. 

As described in the introduction, the ability to sequester neutral macromolecules in a separate 

compartment has been observed in all domains of life, including bacteria and archaea (Murphy, 

2012). Also the general features of the synthesis of phospholipids and neutral lipids are well 

conserved in Eukaryotes (Lombard et al., 2012; Turchetto-Zolet et al., 2011). Even certain 

proteins involved in the synthesis of LDs, like SEIPIN, are found in yeast, mammals, and plants 

(Cai et al., 2015; Fei et al., 2008; Szymanski et al., 2007). Considering this, the lack of homology of 

the major LD proteins between plants and animals, but also between plants and algae seems even 

more puzzling. One possibility is that while the ability to synthesize TAG remained throughout 
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evolution, the necessity to pack larger amounts of it in stable LDs was lost at certain points, and 

re-emerged later. These LDs were then coated with different proteins available in plants, algae, 

and animals. Apparently, the ability to synthesize and utilize stable LDs did give organisms an 

evolutionary advantage under certain conditions, given the omnipresence of LDs in today’s life, 

and the importance they play for example in mammals and seed plants. Particularly visible is the 

evolutionary advantage coming from the generation of LDs in unicellular algae: Here, LDs are 

formed as response to nutrient starvation (Zienkiewicz et al., 2016). This process is hallmarked 

by growth arrest and the degradation of photosynthetic membranes resulting in massive carbon 

channeling into TAG. Upon resupply of the starved nutrient, cell division and photosynthesis can 

resume after LD degradation. Thus, algae capable of this process will have had a major survival 

advantage. A similar process has been observed for plant leaves, were LD formation is induced by 

different kind of abiotic stresses (Gidda et al., 2016; Kim et al., 2016a; Shimada and Hara-

Nishimura, 2015). Thus, the LD production in algae and leaves, and the LD production in storage 

tissues like seeds and the adipocytes are fundamentally different responses: The first form in 

response to stress as a sink for carbon, the latter are synthesized particularly in times of 

abundance and serve a source during conditions that are more limiting. Conversely, when 

conditions are limiting, algae will make LDs, and humans will degrade them.  

To elucidate varying functions of LDs and LD-associated proteins, different research groups 

investigated LDs from different non-seed tissues, like avocado mesocarp (Horn et al., 2013) or 

tobacco pollen tubes (Kretzschmar et al., 2018). While this approach proofed fruitful at the first 

glance, as previously unknown LD-associated protein families were detected, further studies 

indicated that most of the proteins newly identified were also present in the “classical” system of 

Arabidopsis seeds or seedlings.  

In conclusion, the plant LD protein composition is very lowly conserved in other eukaryotes. This 

slows the elucidation of the protein functions as well as the function of LDs themselves.  

5.1.3. Targeting of Lipid Droplet-associated Proteins 

In principle, proteins interact with membranes in two possible ways: Via direct interaction with 

the membrane lipids, or via interaction with proteins that interact with the membrane lipids (Kory 

et al., 2016). Therefore, for all proteins that are somehow associated with a specific membrane in 

the cell, two defining questions should be answered: How does the protein recognize or find the 

specific membrane, and how does it interact with it in a stable manner. In many cases, the 

subcellular localization of proteins is mediated via specific amino acids sequences incorporated 

in the sequence of the protein.  

Recently, LD proteins were divided into two different classes based on their LD targeting 

mechanism (Kory et al., 2016). According to this, class I proteins are targeted to LDs after (co-
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translational) insertion into the ER membrane, a mechanism that was shown for oleosins (Abell 

et al., 1997). Class II proteins target the LD membrane from the cytosol, which was proposed for 

example for PLINs. The two classes are distinguished via their membrane domain topology: class I 

proteins contain a hydrophobic helix or hairpin that can also insert into a bilayer membrane, 

class II proteins more often have an amphipathic helix or hydrophobic sequences that might not 

able to insert into a bilayer membrane.  

However, whether each (plant) LD-associated protein can be clearly sorted in one of the two 

proposed groups is questionable. While oleosins are considered class I proteins, their N- and C-

terminal domains are proposed to fold into extensive amphipathic helices (Tzen et al., 1992). 

Examples like CAS and LDAP, that both do not have a clear hydrophobic sequence (Kretzschmar 

et al., 2018, Suppl. Figure 25), indicate that LD-associated proteins outside of these two groups 

exist. For LDAP, no particular sequence was identified for correct LD targeting; rather the 

complete protein sequence was needed (Gidda et al., 2016). This indicates that a certain protein 

fold might in fact mediate LD localization. The localization of CAS, on the other hand, might be 

mediated through interaction with other LD-associated proteins or specific lipids.  

In other LD-associated proteins, hydrophobic sequences can be identified. In most cases so far 

investigated, they contribute to LD localization, and are often even required for it. For example, a 

hydrophobic sequence in castor bean (Ricinus communis) OIL BODY LIPASE1 and 2 were trypsin-

resistant, presumably because they were embedded in the membrane (Eastmond, 2004). For 

PUX10, we have proposed that a combination of hydrophobic domain and amphipathic helix is 

both necessary and sufficient for LD targeting, and no co-translational insertion signal could be 

identified (Kretzschmar et al., 2018). This would make it a class II protein. The observation, that 

more than just the hydrophobic sequence is necessary for correct targeting of PUX10 is consistent 

with an observation made with the mammalian homolog UBXD8. The hydrophobic sequence of 

UBXD8 alone cannot achieve correct membrane localization, but a construct containing the 

hydrophobic region including flanking regions (36 amino acids to both sides) achieves correct 

localization (Schrul and Kopito, 2016). However, we could observe PUX10 not only on the LD 

surface but also on the ER when the protein was overexpressed in tobacco pollen tubes. This is in 

conflict with what Kory et al., describe for class II proteins (Kory et al., 2016), but is again 

confirming what is known from the mammalian homolog UBXD8 (Olzmann et al., 2013). For 

UBXD8, the cofactors needed for its recruitment from the cytosol to the ER membrane were 

recently identified (Schrul and Kopito, 2016). Interestingly, these cofactors are distinct from the 

proteins involved in the canonical ER protein targeting pathways via the signal recognition 

particle and SEC61 translocon (Alberts et al., 2008), or the TRC/GET pathway (Favaloro et al., 

2008; Stefanovic and Hegde, 2007). The cofactors bind UBXD8 after translation in the cytosol. The 

binding efficiency is partially dependent on the presence of the region N-terminal of the 
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hydrophobic sequence, again confirming our truncation results for PUX10, where we could not 

achieve proper membrane localization by the hydrophobic sequence alone (Kretzschmar et al., 

2018, Figure 2D). The cofactors identified for correct UBXD8 localization are interestingly also 

chaperones for the insertion of peroxisomal membrane proteins (Schrul and Kopito, 2016). These 

proteins are conserved in plants, and an investigation in their involvement in the localization of 

PUX10 specifically, and other LD-associated proteins in general, can potentially answer many 

questions about the localization of LD proteins.  

Particularly for class I proteins like oleosins, the question of how the proteins find the LD goes 

alongside another major puzzle of LD biology: How are sites of LD synthesis defined? For plant 

DGATs, the final enzyme in the synthesis of TAG from DAG and acyl-CoA, a heterogeneous ER 

localization pattern has been observed (Shockey et al., 2006). But is the presence of DGATs 

defining LD synthesis sites and lead to a recruitment of other factors of LD biogenesis? If yes, what 

are the reasons for the observed heterogeneity of DGAT localization? Proteins marking membrane 

microdomains (lipid rafts) have been identified on LD membranes in animals (Browman et al., 

2007). Oleosins have been shown to have an increased affinity to monolayers (Abell et al., 2004). 

They might therefore passively migrate to TAG synthesis sites. Additionally to DGAT and oleosins, 

other ER-resident proteins influencing the size of LDs, like SEIPINs or FITs, find their way to the 

sites of LD synthesis. In conclusion, many open questions remain concerning the definition of LD 

synthesis sites and the regulation of LD synthesis components.  

One caveat in the discovery of LD-associated proteins is that no consensus sequence for LD 

localization is known. The search for a common LD localization signal in plants was so far 

hampered by the small number of known LD proteins. With more LD-associated proteins 

identified, more data is available for bioinformatics analysis on this topic. If such a signal was 

identified, it could considerable speed up LD protein identification; making extensive proteomics 

studies no longer the only method available because candidate proteins could also be identified 

directly from their protein sequences.  
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5.2. Degradation of LDs and LD proteins 

While the degradation of the TAG in seeds is relatively well understood, the same cannot be said 

for other LD components, may it be proteins or phospholipids, as discussed in the introduction. 

Here, I will shortly introduce the main cellular pathways for protein or organellar degradation 

and discuss how they contribute to the turnover of LDs as well as our contributions on that topic. 

5.2.1. The Degradation of Lipid Droplet Proteins by the Ubiquitin Proteasome 

System 

The Ubiquitin Proteasome System (UPS) is a ubiquitous, conserved and specific protein 

degradation system. While many more components are necessary, the two most important parts 

are ubiquitin (Ub) and the proteasome.  

Ub is a 76 amino acid-long polypeptide. In the genome, it is usually present as polyubiquitin, 

meaning that each gene consists of 4 or more copies of Ub, or it is fused with two or three (in 

Arabidopsis) essential ribosomal proteins (Callis et al., 1995; Kimura and Tanaka, 2010). Ub is 

conjugated onto an ε-amino group of a Lysine in the substrate protein is a three-step process that 

requires ATP and a specific set of enzymes (Alberts et al., 2008). Ubiquitination (or ubiquitylation) 

acts as a signal to the cellular environment, and it changes the fate of the protein it is conjugated 

to. The signal is variable and depends on how many single Ubs are added to a protein (mono- or 

multimonoubiquitination), on which amino acids they are conjugated, or whether and what kind 

of Ub chain is formed (Alberts et al., 2008). Polyubiquitin chains are created by conjugation of an 

activated Ub on a Lysine of a Ub already bound to a substrate protein. Homogenous chains of 

Lysine (K)-48 linked Ubs are well known to target the marked substrate protein for proteasomal 

degradation. However, less frequently also other homogenous Ub chains, formed with K11 or K29, 

have been shown to induce proteasomal degradation (Komander and Rape, 2012). Chains of K63, 

on the other hand, have been associated with autophagy (Zaffagnini and Martens, 2016). 

The proteasome is an ATP-dependent protease that degrades proteins that have been marked by 

polyubiquitination. It is a 2.5 MDa protein complex consisting of multiple subunits that function 

in substrate recognition, Ub recycling, and proteolytic activity.  

The proteasome is restricted to the cytosol and the nucleus. Protein degradation in the aqueous 

compartments of the organelles or their memrbanes must therefore be mediated in one of two 

ways: UPS-independent via organelle-specific proteases and regulation, or after 

retrotranslocation of the proteins into the UPS-active cytoplasm. The ER famously employs the 

latter mechanism: The ER-associated protein degradation (ERAD) pathway is based on the 

selective retrotranslocation of proteins destined for degradation from the ER lumen or membrane 

back into the cytoplasm. There, the proteins are received by an adapted UPS machinery that 
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mediates their ubiquitination and channeling towards the proteasome (Smith et al., 2011). In 

recent years, ERAD components have been studied in detail in yeast and mammals, but still the 

knowledge and understanding of the process in incomplete. In plants, elucidation of ERAD 

functions and components is even less exhaustive.  

ERAD consists of multiple steps: substrate recognition, retrotranslocation, ubiquitination, 

substrate extraction, processing, and delivery to the proteasome. Functional Arabidopsis 

homologs of many essential yeast ERAD proteins involved in the above-mentioned steps have 

been identified (Liu and Li, 2014). However, one of the still missing components is a UBX-domain 

containing protein mediating the interaction between ubiquitinated ERAD substrates exiting the 

ER and cytosolic effector of the UPS, like the AAA-type ATPase CDC48. In yeast, Cdc48p interacts 

with ER membrane-bound ERAD complexes via a UBX domain-containing scaffold protein Ubx2p 

(Neuber et al., 2005). Interestingly, Ubx2p has an influence on a yeast cell’s lipid metabolism and 

knockouts of Ubx2 contain smaller LDs and have a generally reduced TAG content (Wang and Lee, 

2012). The mammalian homolog of Ubx2p, UBXD8, is not only involved in ERAD but also in the 

turnover of a cofactor that controls the activity of adipocyte TAG lipase (ATGL), inhibiting the 

lipase activity and leading to bigger LDs (Olzmann et al., 2013). In plants, the family of UBX 

domain-containing proteins (termed PUX for plant UBX domain-containing proteins) has 16 

members but is largely uninvestigated (Liu and Li, 2014). Two members, PUX1 and PUX7, have 

been shown to interact with CDC48 via their conserved UBX domain (Gallois et al., 2013; Rancour 

et al., 2004). Only PUX7 has been studied with regard to its subcellular localization, which appears 

nuclear, eliminating it as a candidate of the plant ERAD UBX protein (Gallois et al., 2013). We and 

others could identify another homolog, PUX10, that localizes to LDs (Kretzschmar et al. 2018, 

Figure 2A; Deruyffelaere et al. 2018). Analysis of PUX10 mutants revealed a delay in the 

degradation of LD coat proteins, and an accumulation of ubiquitin on the LDs. K48 ubiquitinations 

were also detected on ubiquitin, indicating that it was used as a marker for proteasomal 

degradation (Deruyffelaere et al., 2018; Kretzschmar et al., 2018). The unique LD membrane 

topology raises questions about how the degradation of LD-associated proteins might be 

regulated. In particular, LD coat proteins oleosins, caleosins, and steroleosins are tightly bound to 

the organelle by hydrophobic domains reaching into the TAG core (Chapman et al., 2012). 

Originally, it was assumed that this protein topology would require proteolysis of the cytosolic 

domains of oleosin, but it was recently shown that intact oleosins are extracted from the LD before 

degradation by the proteasome (Deruyffelaere et al., 2015). Therefore, a specific set of proteins is 

required to extract them if they are marked for degradation. CDC48 has been shown to be 

necessary for the final extraction of ERAD substrates from the ER membrane (Ye et al., 2001). It is 

possible that the extraction of proteins from the LD requires less energy than the extraction of a 

protein from a bilayer, when a hydrophilic domain has to cross through the hydrophobic 
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membrane. Therefore, for the extraction of proteins from bilayers like the ER, a channel is 

required to form a hydrophilic pore. For the extraction of monolayer proteins on the other hand, 

the force generated by AAA ATPAses like CDC48 might be sufficient because no hydrophilic 

domain has to cross a hydrophobic layer.  

We could show that PUX10 interacts with CDC48 via its UBX domain and thus helps recruit this 

cytosolic protein to the LD membrane (Kretzschmar et al. 2018, Figure 4). Interestingly, the effect 

of PUX10/UBXD8 depletion in Arabidopsis and HeLa cells had reverse effects. In plants, we 

observed a delayed LD turnover, although this was marked by a delay in protein degradation but 

no significant effect on TAG hydrolysis (Deruyffelaere et al., 2018; Kretzschmar et al., 2018). In a 

human cell line, depletion of UBXD8 led to an increased LD degradation (Olzmann et al., 2013). 

These observations are probably due to the protein degradation substrates that are controlled by 

PUX10 and UBXD8: Oleosin in plants and ATGL in humans.  

Recently, a potential connection of LD protein degradation and ERAD was suggested for class I LD 

proteins like oleosins (Kory et al., 2016). Through membrane connections between the LD and the 

ER, these proteins could channel into the ER bilayer where they can become ERAD substrates. 

While oleosins degradation, particularly during seedling establishment, is better understood than 

the degradation of any other plant LD-associated protein, no experimental evidence exists to 

neither proof nor disproof this hypothesis. As mentioned earlier, so far no ER localized UBX-

domain containing protein has been identified in plants. The involvement of an UBX-domain 

containing proteins in ERAD is conserved both in yeast and mammals, and can therefore be 

expected to also be present in plants. The best candidate protein to date is PUX10. While PUX10 

is highest expressed in cells and developmental stages with high LD abundance, it in fact has a 

basal ubiquitous expression. Additionally, while full-length PUX10 preferably localizes to LDs, it 

also decorates the ER membrane (Kretzschmar et al., 2018, Figure 2B). Still, whether PUX10 is 

also the protein involved in the Arabidopsis ERAD remains to be investigated.  

The potential function of PUX10 on vegetative LD turnover is also worth exploring. As mentioned 

above, I expect vegetative LDs to be more dynamic than seed LDs and thus respond faster to 

changing environmental conditions. This does also require the ability to quickly adapt the 

proteome. This adaptation can be reflected in the expression of certain proteins that will then 

localize to LDs, where they for example execute enzymatic functions. But adaptation is also 

reflected in the targeted degradation of LD-resident proteins that are no longer needed. Therefore, 

it might be worth exploring if plants lacking PUX10 had difficulties adapting to situations for 

which the involvement of vegetative LDs has been shown. This includes drought and temperature 

stress (Gidda et al., 2016; Kim et al., 2016a). Highly dynamic LDs are also observed in guard cells 

(McLachlan et al., 2016). There, blue light stimuli induce the TAG degradation, and with that 

presumably also the degradation of LD-associated proteins, to generate the energy needed for 
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stomatal opening. According to expression data, PUX10 expression is comparably high in these 

cells (Winter et al., 2007). Reduced or delayed stomatal opening caused by a lack of PUX10 could 

have different effects. On the one hand, closed stomata reduce water loss and should therefore 

increase drought resistance. On the other hand, reduced CO2 levels lead to higher photorespiration 

rates. In extreme cases, this could also reduce rates of photosynthesis. Under laboratory 

conditions, no growth defects of pux10 plants were observed.  

In conclusion, we could contribute to the understanding how the degradation of LD-associated 

proteins is regulated. Further research will clarify how conserved this mechanism is in different 

plant species and tissues, and what other factors contribute upstream or downstream to the 

regulation of LD protein degradation. For example, it is still unclear at what point and how 

oleosins are ubiquitinated, or what other ubiquitination patters or phosphorylations that were 

detected by Deruyffelaere et al., mean (Deruyffelaere et al., 2015, 2018). 

5.2.2. The Degradation of Lipid Droplets by Autophagy 

With PUX10, we could identify a component of a LD-localized protein degradation system. 

However, analysis of the mutant revealed that PUX10 is not essential for the proper degradation 

of the organelle (Deruyffelaere et al., 2018; Kretzschmar et al., 2018). Therefore, the degradation 

must be mediated in another way, either by redundant protein factors, or by alternative 

degradation pathways. Another major pathway of protein and organelle degradation in the cell is 

autophagy. 

Autophagy, deriving from the Greek meaning “self-eating”, is a pathway for the degradation of 

cellular components via the vacuole (or lysosome in animals). It is a conserved eukaryotic process 

that is best known for degrading old organelles like mitochondria or peroxisomes. Autophagy is a 

multistep process that starts with the de novo formation of a double membrane (nucleation) that 

will expand and engulf the target organelle or macromolecule. After closure of the double 

membrane, the now mature autophagosome will fuse with the vacuole, leading to the degradation 

of the inner membrane and all components engulfed previously.  

Different versions of autophagy can be distinguished. The term “autophagy” normally refers to 

macroautophagy, which has been identified in animals, yeast, and plants. The selective autophagy 

of organelles is achieved by macroautophagy and referred to by organelle-specific terms: 

mitophagy for mitochondria, pexophagy for peroxisomes, and lipophagy for LDs, to name a few.  

Lipophagy was first observed in human hepatocyte cell culture (Singh et al., 2009). Both the 

pharmacological inhibition of autophagy and the knockdown of an autophagy gene led to an 

increase of intracellular TAG and LDs. Since its initial discovery, lipophagy has been studied 

extensively in animals and yeast, and is accepted to be a crucial pathway for lipid homeostasis in 
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these systems (Ward et al., 2016; Zechner et al., 2017). Due to the compelling evidence for the 

importance of this pathway in both animals and fungi, it is surprising that there is so little 

indication for this process in plants. This is true at least for cytosolic LDs as discussed in this thesis. 

For plastoglobuli, LDs of different composition accumulating in the chloroplast, vacuolar 

degradation has been known for quite some time and is even considered a hallmark of plant 

senescence (Elander et al., 2018; Guiamét et al., 1999). So far, there has been only one published 

incident of cytosolic LD in the vacuole during seed germination (Poxleitner et al., 2006), and there 

has been no follow-up study confirming and further explaining this observation. As highlighted in 

the introduction, the severe disruption of seedling establishment after knockout of two TAG 

lipases indicates that lipophagy, even if the components for it were present, is not used as a major 

pathway of neutral lipid breakdown (Eastmond, 2006; Kelly et al., 2011). However, LDs were 

found inside the vacuole also in lily pollen (Jiang et al., 2007). Whether lipophagy in pollen in 

general, or in lily pollen in particular, is metabolically relevant remains to be investigated.  

Autophagy is also required for the differentiation of human lipid storage cells, as this process 

requires extensive cellular remodeling mediated by autophagy (Baerga et al., 2009; Zhang et al., 

2009). In plants, there is only very limited, indirect evidence for the involvement of autophagy 

during LD biogenesis or cellular differentiation. For example, rice pollen grains lacking one 

essential autophagy gene contain less TAG and starch, and showed germination defects, leading 

to male sterility (Kurusu et al., 2014). In Chlamydomonas reinhardtii, a unicellular alga that 

normally accumulates LDs under nitrogen-starvation conditions, this process can be blocked by 

the pharmacological inhibition of autophagy. This indicates that autophagy provides building 

blocks required for extensive LD biogenesis (Couso et al., 2018).  
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6. Concluding Remarks 
Lipid droplets (LDs) are ubiquitous but unique organelles. They consist of a hydrophobic matrix 

surrounded by a phospholipid monolayer that is decorated with a specific set of proteins. Such 

structures are found in all kingdoms of life and have recently been acknowledged as bona fide 

organelles central to the lipid metabolism.  

While LD are conserved, the proteins associated with them vary to a large degree between animals 

and plants. Until recently, only about one dozen proteins or protein families have been shown to 

localize to plant LDs, a small number compared to both animal LDs and other plant organelles. 

The discovery of new LD proteins is not only hampered by the lack of conservation between the 

plant and animal LD proteome, but also because no consensus sequence for LD localization is 

known in either domain of life.  

We employ a three-step process to identify and characterize new plant LD proteins and with that, 

help to expand the knowledge about plant LD biology. LD proteins are identified via a label-free 

bottom-up proteomics approach of total protein fractions and LD-enriched fractions isolated from 

a specific plant tissue or developmental stage. By calculating enrichment factors, we are able to 

preselect significantly enriched proteins in the LD-enriched fraction for further analysis. These 

proteins are than subjected to a cell biological approach to study their subcellular localization in 

a transient expression system. Candidate proteins that localize to LDs in this approach are further 

characterized for their role in LD biology.  

In this thesis, I present the expansion of the plant LD proteome by eight proteins and protein 

families. However, a number of factors still exist that limit progress in the research of LD biology. 

First, the identification of new LD protein candidates would be much facilitated if a consensus 

signal sequence responsible for LD targeting were known. Second, the characterization of LD-

associated proteins has been slow and rather descriptive in recent years. Often, mutants display 

a phenotype in LD size or abundance, an observation that does not immediately allows 

conclusions about the molecular mechanisms in which the proteins are involved in LD biology. 

Lack of homology to the better understood animal LD-associated proteins further hamper 

progress in this regard. Combining the results of different descriptive studies will in the future 

hopefully allow a deeper understanding about the functions of individual LD proteins and LDs 

themselves in the variety of tissues and conditions they are present.  

With the in-depth study of one LD-associated protein, PUX10, we could contribute a new piece in 

the puzzle that is the turnover of proteins on the LDs. PUX10 is involved in, but not essential for, 

the degradation of LD coat proteins during seedling establishment. Its potential role on vegetative 

LDs and the plant ERAD pathway remains to be investigated.   
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