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The developmental program of seed formation, germination, and early seedling growth requires not only tight regulation of cell
division and metabolism, but also concerted control of the structure and function of organelles, which relies on specific changes
in their protein composition. Of particular interest is the switch from heterotrophic to photoautotrophic seedling growth, for
which cytoplasmic lipid droplets (LDs) play a critical role as depots for energy-rich storage lipids. Here, we present the results of
a bottom-up proteomics study analyzing the total protein fractions and LD-enriched fractions in eight different developmental
phases during silique (seed) development, seed germination, and seedling establishment in Arabidopsis (Arabidopsis thaliana).
The quantitative analysis of the LD proteome using LD-enrichment factors led to the identification of six previously unidentified
and comparably low-abundance LD proteins, each of which was confirmed by intracellular localization studies with fluorescent
protein fusions. In addition to these advances in LD protein discovery and the potential insights provided to as yet unexplored
aspects in plant LD functions, our data set allowed for a comparative analysis of the LD protein composition throughout the
various developmental phases examined. Among the most notable of the alterations in the LD proteome were those during
seedling establishment, indicating a switch in the physiological function(s) of LDs after greening of the cotyledons. This work
highlights LDs as dynamic organelles with functions beyond lipid storage.

While the sporophyte of angiosperms is photoauto-
trophic during most of its life cycle, it is largely heter-
otrophic during its initial formation, including embryo

development and early seedling establishment. Toward
that end, the growing embryo is protected during seed
formation by the mother plant, which provides it with
nutrients for embryo growth and the accumulation of
storage compounds needed later for seed germination
and seedling establishment. In Arabidopsis (Arabidopsis
thaliana) seeds, a combination of storage proteins and
lipids accumulates in the embryo, with a minor pro-
portion also being deposited in the endosperm (Penfield
et al., 2005). This leads to seeds that contain up to 40%
of their dry weight in lipids (Baud et al., 2002), most of
which are in the form of neutral lipids, such as triacyl-
glycerols (TAGs) and sterol esters, and that are com-
partmentalized and stored in cytoplasmic lipid droplets
(LDs). LDs in seeds typically range in size from 0.5
to 2 mm and comprise up to ;60% of the volume of a
mature embryonic cell, making them, along with stor-
age vacuoles, the most abundant organelles (Mansfield
and Briarty, 1992; Tzen et al., 1993; Kretzschmar et al.,
2018). The proper mobilization of these storage lipids
within LDs during germination and seedling estab-
lishment is essential for providing the growing plant
with carbon and energy. However, while the major
function of LDs in seeds is related to energy storage,
which is relatively well understood in terms of the
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metabolic pathways involved, the roles of LDs after
seedling establishment, and later in development in
vegetative tissues (i.e. leaves, roots, and stems), are far
less understood.
A variety of proteins are known to be associated with

the surface of LDs in plant cells and to carry out specific
structural and/or enzymatic functions (Chapman et al.,
2019). Among these so-called LD proteins, three major
families, oleosins, steroleosins, and caleosins, have been
relatively well characterized in terms of their associa-
tion with LDs and participation in LD biology. Oleo-
sins, for instance, were the first family of plant LD
proteins discovered (Qu et al., 1986; Vance and Huang,
1987) and are predominantly expressed in the seeds and
pollen, where they are the most abundant proteins on
LDs (Huang, 2017). The functions of oleosins include
roles in the formation of nascent LDs at the endoplas-
mic reticulum (ER), as well as preventing the fusion
and coalescence of mature LDs (Siloto et al., 2006;
Shimada et al., 2008). Steroleosins (also referred to as
HYDROXYSTEROID DEHYDROGENASES [HSDs])
are homologs of metazoan sterol dehydrogenases (Lin
et al., 2002), which mediate the homeostasis of steroid-
derived hormones (Chapman et al., 2012). While the
substrates and products of steroleosins remain to be
determined, they are thought to play a role in brassi-
nosteroid metabolism (Li et al., 2007; Baud et al., 2009).
Caleosins are calcium-binding and heme-containing
peroxygenases that, like oleosins, accumulate primar-
ily in seeds (Naested et al., 2000; Hanano et al., 2006),
although their function is not known. In leaves, how-
ever, caleosins appear to work in close coordination
with another LD protein, a-dioxygenase (a-DOX), to
produce 2-hydroxy-octadecatrienoic acid that can act as
a phytoalexin, indicating that LDs serve as a production
site for antimicrobial compounds within the plant cell
(Shimada et al., 2014). Other LD proteins involved in
the generation of oxylipins are lipoxygenases in cu-
cumber (Cucumis sativus; Rudolph et al., 2011) and a
lipase from tomato (Solanum lycopersicum; Garbowicz
et al., 2018). Homologs of the latter in castor bean
(Ricinus communis) and Arabidopsis localize to LDs
and catalyze the hydrolysis of lipids, including TAG
(Eastmond, 2004; Müller and Ischebeck, 2018).
With ongoing advances in proteomic techniques, it is

becoming increasingly easier to detect proteins that are
of relatively low abundance. This has facilitated the
discovery of LD proteins in recent years, and in doing
so has presented an increasingly complex picture of the
functional roles of LDs in plants (Pyc et al., 2017b). For
instance, the identification of the LD-ASSOCIATED
PROTEIN (LDAP) family has provided insights into the
function of LDs in vegetative tissues. Originally iden-
tified in the LD proteome of the mesocarp of avocado
(Persea americana; Horn et al., 2013), LDAPs were sub-
sequently shown to be ubiquitously expressed in Ara-
bidopsis and to influence LD abundance in leaves
(Gidda et al., 2016), as well as conferring resistance to
drought stress (Kim et al., 2016). Additionally, an
interacting protein of the LDAPs, referred to as LDIP

(LDAP-INTERACTING PROTEIN) has since been
identified (Pyc et al., 2017a). While the physiological
role of LDIP remains to be determined, its ubiquitous
expression, LD localization, and unique LD phenotype
in the leaves of mutant plants (i.e. enlarged LDs) sug-
gest that it is important in LD biogenesis and/or turn-
over. Another recently discovered plant LD protein is a
member of the UBX domain-containing (PUX) protein
family, PUX10, which was shown to localize to LDs in
the tobacco (Nicotiana tabacum) pollen tube and Arabi-
dopsis seeds, and appears to play a role in the poly-
ubiquitination pathway for degradation of other LD
proteins (Deruyffelaere et al., 2018; Kretzschmar et al.,
2018). Evidence for this latter conclusion include a de-
lay in the turnover of LD proteins, including the oleo-
sins, during seed germination in the pux10 mutant,
which is consistent with the oleosins being a substrate
for the ubiquitin-proteasomal pathway (Hsiao and
Tzen, 2011; Deruyffelaere et al., 2015).
Despite the above-mentioned examples, only a few

other plant LD proteins have been identified, which is
conspicuous considering the relatively large number of
LD proteins that have been found in other evolution-
arily diverse organisms, such as yeast and animals, and
the correspondingly wide range of cellular functions
ascribed to these proteins (Du et al., 2013; Bersuker
et al., 2018; Zhang and Liu, 2019). Moreover, given
the general conservation that appears to exist in LD
functioning and biogenesis/turnover among different
organisms (Chapman et al., 2019), including plant
versus nonplant species, there are likely many as yet
unidentified plant LD proteins that carry out compa-
rable, as well as plant-specific, functions.
Proteomic approaches have been used with a variety

of plant species as a means to inventory proteins in-
volved in specific processes during growth and de-
velopment, in certain organs and tissues, and/or in
response to an environmental cue (Eldakak et al.,
2013). Also, seeds of several plant species have been
the focus of previous proteomics-based studies
(Hajduch et al., 2005; Li et al., 2016; Wang et al., 2016).
In studies on Arabidopsis seeds, for example, often
two or more conditions are compared to each other,
such as the influence of different hormones (Chibani
et al., 2006; Yin et al., 2015; Li et al., 2016) or stress (Lee
et al., 2015; Fercha et al., 2016; Xu et al., 2017). Simi-
larly, proteomics approaches have been used to study
Arabidopsis seed dormancy, ripening, and aging
(Gallardo et al., 2001; Chibani et al., 2006; Kubala et al.,
2015; Nguyen et al., 2015; Yin et al., 2015), seed devel-
opment (Hajduch et al., 2010; Lorenz et al., 2018), ger-
mination (Quan et al., 2013; Durand et al., 2019), and
seedling establishment. However, none of these latter
studies provided a comparative analysis of proteomes
from these different developmental stages, nor a pro-
teome of any specific organelle(s), such as LDs.
Here, we present the results of a study using a state-

of-the-art proteomics platform to survey tissues from
two stages during Arabidopsis silique development
and six stages during seed germination and early
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seedling establishment. Additionally, we analyzed the
proteome of an LD-enriched fraction for each devel-
opmental stage and discovered six proteins that localize
to LDs, as confirmed by fluorescence microscopy. Our
proteomics survey also allowed us to follow the dy-
namics of LD protein composition through silique de-
velopment, germination, and seedling establishment,
which will undoubtedly serve to help inform further
research aimed at understanding the molecular mech-
anisms underlying LD (protein) biology in plants and
will provide a better understanding of these develop-
mental stages in Arabidopsis in general.

RESULTS

A Proteomic Analysis of Arabidopsis Tissues from Silique
Development to Seedling Establishment

In order to gain more insight into the proteins me-
diating the processes underlying silique development,
seed germination, and seedling establishment in Ara-
bidopsis, we investigated the proteome at each of these
stages using label-free tandem mass spectrometry
(MS/MS). More specifically, proteins were isolated from
two phases of silique growth, corresponding roughly to
seed maturation (referred to as Phase I siliques, 7–14 d
after fertilization [DAF]) and desiccation (i.e. Phase II

siliques, 14–21 DAF), as previously defined (Fig. 1A;
Baud et al., 2002). Additionally, proteomes during seed
germination and seedling establishment were moni-
tored using rehydrated mature seeds, stratified seeds,
and seedlings at 24, 36, 48, and 60 h after stratification
(Fig. 1A). In the latter experiments, seeds had com-
pleted germination, as defined by radicle emergence
after 24 h in long-daylight conditions at 22°C. By 48 h,
seedling cotyledons had emerged and opened, and by
60 h, they were dark green.

For each developmental stage examined, total cellu-
lar extracts and LD-enriched fractions were generated
in five biological replicates. As described in more detail
in the “Materials and Methods” section, peptides de-
rived from both fractions were analyzed by liquid
chromatography (LC)-MS/MS, and the MS raw data
files were processed using MaxQuant software to
identify proteins (Supplemental Datasets S1–S4). Pro-
tein intensities were determined by both the intensity-
based absolute quantification (iBAQ) and the label-free
quantification (LFQ) algorithms (Cox and Mann, 2008;
Cox et al., 2014). iBAQ and LFQ values were then cal-
culated as per mille of all intensities in each sample to
obtain relative iBAQ (riBAQ) and relative LFQ (rLFQ)
values. When calculating enrichment factors for protein
identification (i.e. the relative protein abundance in
the LD-enriched fraction divided by the relative abun-
dance in the total fraction), riBAQ values were used.

Figure 1. Graphical representation of
proteomic data derived from Arabi-
dopsis siliques, seeds, and seedlings. A,
Tissues were collected from two devel-
opmental stages of silique development
(phase I, 7–14 DAF; phase II, 14–21
DAF) and six stages of seed germination
and seedling establishment (rehydrated
seeds, stratified seeds, and seedlings
from 24 to 60 h of growth). B, Venn di-
agram of the distribution of all detected
proteins from each of the different de-
velopmental stages examined. Proteins
identified with at least two peptides
using the iBAQ algorithm were grouped
into four groups, as depicted. Com-
mon proteins were identified via Inter-
actiVenn (Heberle et al., 2015). C and
D, PCA was performed to compare the
distribution of the five biological repli-
cates at each developmental stage for
both the total protein and LD-enriched
fractions. Numbers in brackets give
the percentage of the total variance
represented by Components 1 and 2,
respectively.

1328 Plant Physiol. Vol. 182, 2020

Kretzschmar et al.

http://www.plantphysiol.org/cgi/content/full/pp.19.01255/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01255/DC1


For quantitative comparison of the total proteome of
different stages (i.e. protein dynamics), rLFQ values
were used. In total, we detected 2,696 protein groups
identified by at least two peptides, based on the iBAQ
data processing algorithm (Table 1). The number of
protein groups was lowest in older (Phase II) siliques
and rehydrated seeds and highest during the late stages
of seedling establishment.
As shown in Figure 1B, more than half of the total

protein groups detected (i.e. 1,428 of 2,696) were shared
between all of the developmental stages examined,
while a wide range of other proteins were unique for
certain stages. In principal component analysis (PCA)
plots, the total protein and LD-enriched protein groups
from the five biological replicates of each stage clus-
tered closely together (Fig. 1, C and D; Supplemental
Datasets S5–S10), indicating good reproducibility of
protein sampling and processing. The PCA plots also
reflected the unique proteome of siliques compared to
the other tissues, based on their separation in compo-
nent 1 for both the total protein and LD-enriched pro-
tein fractions (Fig. 1, C and D). This unique proteome is
likely based, in part, on the inclusion of silique wall
material in these samples. Further, the distribution
along component 2 indicated in both total and LD-
enriched protein fractions that the younger siliques
(Phase I) are more similar to older (60 h) green seed-
lings, while the older siliques (Phase II) aremore similar
to rehydrated or stratified seeds. The fact that siliques
aremore similar to seedlings than seeds in component 2
may be because of the high content of silique wall cells
in addition to developing seed cells. Likewise, along
component 2, the seeds and seedlings are distributed in
a stage-dependent manner, with rehydrated seeds and
60 h seedlings being the most distinct (Fig. 1, C and D).

Unique Proteins Exist in the Seed and Early Seedling Total
Protein Proteomes

One objective for generating an extensive proteomics
dataset for Arabidopsis during seed development, ger-
mination, and post-germinative growth was to iden-
tify developmental-stage-specific proteins potentially

involved in distinct cellular processes during these time
points in the plant’s life cycle, such as during seed
desiccation and the switch in the seedling from hetero-
to photoautotrophic growth. Toward that end, we
performed hierarchical clustering after data normali-
zation to analyze our total proteome datasets for pro-
teins that were increased in abundance during these
developmental phases (Supplemental Datasets S11 and
S12). In total, 40 clusters were defined, and clusters
containing.20 proteins are presented as a heat map in
Figure 2A. Notably, four of the clusters contain proteins
that are highest in abundance during either the two
seed stages (i.e. Fig. 2, A and B, RS and StS, Clusters
1 and 2) or the two earliest stages of seedling estab-
lishment (i.e. 24 and 36 h after stratification; Clusters 11
and 12; Fig. 2, A andC). In Clusters 1 and 2, for instance,
we found 71 proteins (Supplemental Dataset S12), in-
cluding several late-embryogenesis-abundant proteins,
two cell wall-modifying enzymes, and several proteins
of unknown function. While seed storage proteins like
CRUCIFERIN2 and CRUCIFERIN3 also have their
highest intensities during the seed stages, their degra-
dation is slower than that of the proteins present in
Clusters 1 and 2. Clusters 11 and 12 contained 70 pro-
teins (Supplemental Dataset S12), including several
involved in either b-oxidation, such as LONG-CHAIN
ACYL-COA SYNTHETASE7 (LACS7), ACYL-COA
OXIDASE1 (ACX1), and enoyl-CoA hydratase AB-
NORMAL INFLORESCENCE MERISTEM1 (AIM1), or
lipid metabolism, such as CYCLOARTENOL SYN-
THASE (CAS) and OIL BODY LIPASE1 (OBL1). On the
other hand, glyoxylate cycle enzymes, such as the per-
oxisomal NAD-MALATE DEHYDROGENASE1 or
MALATE SYNTHASE, were grouped in Cluster 10,
which, like Clusters 11 and 12, was also highest in a-
bundance at 36 h after stratification, but remained so
during later stages of seedling establishment.
We also applied a gene ontology (GO) term analysis

of our proteomics datasets (Fig. 3; Supplemental
Datasets S13–S15) by assigning all of the associated GO
terms to every protein identified in the total protein
fractions for each developmental stage. Thereafter,
rLFQ intensities of all proteins assigned to each GO
term were summed. As presented in Figure 3, the GO

Table 1. Summary of proteins identified in the total protein and LD-enriched protein fractions derived from Arabidopsis siliques, seeds, and
seedlings, and the percentage of LD proteins within all samples

iBAQ-processed proteomic data of both the total protein fraction and the LD-enriched fraction was filtered for at least two 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 protein families known and identified in this work.

Developmental Stage Total Protein Fraction LD-Enriched Fraction % of LD Proteins in LD-Enriched Fraction

Phase I siliques 1,723 1,266 16.8 6 4.4
Phase II siliques 1,417 1,337 17.5 6 1.1
Rehydrated seeds 1,425 1,353 31.8 6 1.5
Stratified seeds 1,511 1,024 31.8 6 8
24 h seedlings 2,004 1,158 24.3 6 7.9
36 h seedlings 2,197 1,368 25.9 6 5.1
48 h seedlings 2,218 1,478 28.5 6 4.5
60 h seedlings 2,198 1,723 34.1 6 12.2
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term analysis revealed some important general trends.
For instance, proteins involved in the “fatty acid bio-
synthesis process” were more abundant during silique
(seed) development, and proteins associated with
“nutrient reservoir activity”were of highest abundance
during the seed stages. Further, proteins involved in
GO-term-defined processes related to seedling estab-
lishment were upregulated during this phase (i.e. 24-
to 60-h seedlings). These include proteins involved
in “Fatty acid b-oxidation” and the “Glyoxylate cycle,”
as well as the “Proteasome-mediated ubiquitin-
dependent protein catabolic process,” which, as men-
tioned in the the first section. reflects, at least in part, the
proteasomal degradation of LD proteins but also of
other proteins. There was also a higher abundance of
proteins with GO terms associated with photoautotro-
phic growth (e.g. “Chlorophyll biosynthetic process”

and “Reductive pentose-phosphate cycle”) at the later
stages of seedling establishment (i.e. 48- and 60-h
seedlings).

We next analyzed the subcellular localization of the
proteins. For this, we used the proteomics-confirmed
annotation dataset at the Plant Proteome Database
(Sun et al., 2009). This dataset contains 78 different
subcellular annotations that we summed up to 10 dif-
ferent localizations: plastid, ER, vacuole, peroxisome,
Golgi apparatus, mitochondrion, nucleus, cytoplasm,
plasma membrane, and plastoglobule. The LD anno-
tation was performed by us based on previous studies
and taking into account LD proteins identified in this
study (see later). Overall, the largest changes in abun-
dance were observed for the proteins annotated as
plastidial (Table 2; Supplemental Datasets S16–S18),
with their abundance changing ;10-fold between

Figure 2. Identification of protein abun-
dance clusters in total protein fractions
derived from Arabidopsis siliques, seeds,
and seedlings. A, Hierarchical cluster-
ing analysis of the normalized protein
abundance over each of the develop-
mental stages examined. In total, 40
row clusters were defined. Clusters
harboring .20 proteins are labeled
C1–C16. B and C, The expression
profiles of all proteins in Clusters
1 and 2 (B; pink and brown lines;
seed-specific proteins) and Clusters
11 and 12 (C; red and blue lines; early
seedling establishment proteins) are
shown. As silique samples also con-
tain proteins derived from the silique
wall, they should not necessarily be
considered seed precursors, as indicated
by the interrupted line between the II
and RS samples. I, Phase I siliques; II,
phase II siliques; RS, rehydrated seeds;
StS, stratified seeds; 24 to 60 h, seedlings
24 to 60 h after stratification.
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siliques and seeds, and between seeds and 60-h seed-
lings. On the other hand, the abundance of LD proteins
nearly triples from younger to older siliques, is highest
in rehydrated and stratified seeds, and decreases pro-
gressively in seedlings (Table 2; Supplemental Fig. S1).

Calculation of Enrichment Factors Enables the
Identification of Low-Abundant LD Proteins
in Arabidopsis

The second main objective of this work was to iden-
tify previously unidentified proteins associated with
plant LDs, since further characterization of these pro-
teins would undoubtedly aid in our understanding of
LD functions and/or biogenesis, maintenance, and
turnover. Our LD enrichment protocol (see “Materials
and Methods” for details) avoided the use of harsh
chemicals or extensive washing of the LDs in an effort
to preserve weaker protein associations to the LDs and,
thus, allowing us to potentially identify new, low-
abundant LD proteins, albeit at the cost of perhaps in-
cluding non-LD protein contaminants.
As shown in Table 1,.1,000 proteins were identified

in each of the LD-enriched fractions from the different

developmental stages examined. Known LD proteins
(and those proteins described in this study) constituted
between;17% (in the siliques) and.30% (in seeds and
60-h seedlings) of the total protein content in the LD-
enriched fractions (Table 1). To distinguish putative LD
proteins from contaminating proteins, we calculated
the LD-enrichment factor for each protein, i.e. the ratio
of the protein’s relative intensity in the LD-enriched
fraction to its relative intensity in the total protein
fraction (Supplemental Dataset S19). Further, in order
to ensure that no other subcellular compartment(s)
copurified with LDs, we also calculated the enrichment
factors of proteins from different subcellular com-
partments (Supplemental Fig. S2). Overall, the LD-
enrichment factors indicated that while occasionally
some organelles copurified with LDs (i.e. enrichment
factor .1), most had enrichment factors ,1, and the
enrichment factors were consistently the highest for
LDs (ranging from 4.7 to 122.7; Supplemental Fig. S2).
As LDs are ER derived (Chapman et al., 2019), our data
could help to identify ER proteins that are localized at
ER-LD junction sites. On the other hand, it is important
to rule out ER proteins that are simply copurifying with
LDs. We believe this to be unlikely, as the overall en-
richment factors of previously annotated ER proteins

Figure 3. Changes in protein intensity of functional groups, based on GO terms, in the total protein fractions derived from
Arabidopsis siliques, seeds, and seedlings. Proteins were assigned to GO terms and the relative abundance (rLFQ) of all proteins
within a GO term is shown for each stage examined. “n total” corresponds to the total number of genes assigned to one GO term,
“n TF” to the number of proteins detected in the total cellular fraction assigned to this GO term. Darker red represents higher total
intensities compared to the other growth stages. Shown are selected GO terms.
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only reached a highest value of 2.1 in 60-h seedlings,
while LD proteins had an overall enrichment factor of
122.7 in this stage (Supplemental Fig. S2). Also, none of
the annotated ER proteins showed large enrichment
factors that would make them strong candidates to be
LD proteins (Supplemental Fig. S3).

To narrow down candidate LD proteins from the
extensive proteome of the LD-enriched fraction(s), we
calculated enrichment factors for each protein and
tested whether this enrichment was statistically signif-
icant. In doing so, we obtained a P-value based on on a
two-sided t test (Supplemental Dataset 19). For each
protein, we chose the stage where its abundance was
relatively highest, only considering proteins that were
identified in at least four of the five replicates in this
stage, and had a riBAQ of at least 0.1 ‰. These data
were used to generate the volcano plot shown in Fig-
ure 4. In total, 291 proteins significantly enriched in the
LD-enriched fraction were found (refer to proteins on
the right side of the plot in Fig. 4). Among these were
most previously known LD proteins, including oleosin,
steroleosin, and caleosin family members, as well as the
LDAPs. Also prevalent in the LD-enriched fraction
were several promising candidate LD proteins, which
were chosen based on their strong enrichment and high
P-value. On the other hand, overall abundance was less
of a factor for selection, and several of the candidate LD
proteins had a riBAQ of ,0.4 ‰ in the LD-enriched
fraction (Table 3) and were not among the top 100
most abundant proteins therein (based on data in-
cluded in Supplemental Dataset S4).

The subcellular localization of the candidate LD
proteins was subsequently assessed using two inde-
pendent plant cell systems that are both well estab-
lished for the study of protein trafficking and
localization, including to LDs: N. tabacum pollen tubes
transformed by particle bombardment (Fig. 5;
Supplemental Fig. S4; Müller et al., 2017) and Nicotiana
benthamiana leaves transformed by Agrobacterium
tumefaciens infiltration (Fig. 6; Cai et al., 2015; Gidda
et al., 2016). In both cases, full-length open reading
frames (ORFs) encoding candidate LD proteins were
cloned as mVenus or mCherry fluorescent protein fu-
sions and transiently expressed, and subcellular local-
ization then was assessed by confocal laser-scanning
microscopy. LD localization of fusion proteins was
determined by staining of LDs with the neutral lipid
stains Nile red (Greenspan et al., 1985) or BODIPY493/
503 (Listenberger and Brown, 2007).

In total, the LD localization of six proteins was con-
firmed using both plant cell systems (Figs. 5 and 6). We
termed these proteins LD-ASSOCIATED LIPASE1
(LIDL1), LD METHYLTRANSFERASE1 (LIME1), LD
PROTEIN OF SEEDS (LDPS), SEED LD PROTEIN1
(SLDP1), LD-ASSOCIATED HYDROLASE1 (LDAH1),
and LD DEHYDROGENASE1 (LDDH1), taking into
account their functional annotations at The Arabidopsis
Information Resource (TAIR) and their expression
patterns based on the Arabidopsis eFP Browser
tool at the Bio-Analytic Resource for Plant BiologyT
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(https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi).
Other proteins, although initially selected as promising
candidates due to their highly significant, strong en-
richment in LD-enriched fractions (Fig. 4), did not lo-
calize to LDs, based on experiments in pollen tubes
(Supplemental Fig. S4), although at least one of these
proteins, SEC61g, which is a subunit of the Sec
translocon at the ER membrane (Spiess et al., 2019),
appeared to localize to regions of the ER that in some
instances were in close proximity to or encircled LDs
(Fig. 7). These results with SEC61g are intriguing be-
cause they are reminiscent of the localization of SEI-
PIN in plant cells, an ER membrane protein involved
in the formation of nascent LDs (Cai et al., 2015),
suggesting that SEC61g might also function at ER-LD
junctions.
Another candidate protein assessed in terms of its

subcellular localization was the OIL BODY-ASSOCI-
ATED PROTEIN1A (OBAP1A). OBAPs were described
previously to be localized to LDs, based on studies with
a maize (Zea mays) protein isoform (López-Ribera et al.,
2014). However, all three Arabidopsis OBAPs identi-
fied in this study (i.e. OBAP1A, OBAP2, and OBAP3)
were only slightly enriched in the LD-enriched frac-
tion during the silique stage andwere strongly depleted
in LDs during all other phases examined, including
those stages where their abundance in total protein
fractions was highest (i.e. rehydrated and stratified

seeds; Supplemental Fig. S4A; refer also to Fig. 4). These
results are consistent with our previous reported Ara-
bidopsis seedling LD proteomes (Pyc et al., 2017a;
Kretzschmar et al., 2018), in which OBAPs were not
enriched. Consistent with these observations, when
transiently expressed as either C- or N-terminal-tagged
mVenus fusion proteins in tobacco pollen tubes,
OBAP1A displayed exclusively a diffuse fluorescence,
indicative of its localization to the cytoplasm, and there
were no obvious associations with any distinct subcel-
lular compartment(s) (Supplemental Fig. S4B). Sim-
ilarly, OBAP1A-mCherry transiently expressed in
N. benthamiana leaf cells localized throughout the cell
(i.e. cytoplasm) and did not appear to localize to
BODIPY-stained LDs (Supplemental Fig. S4C).

The LD Proteome Changes during Seedling Establishment

In addition to the discovery of LD proteins (Figs. 5
and 6), we analyzed the dynamics of LD proteins in
general, in terms of their relative abundance through-
out the various stages of seed development, germina-
tion, and post-germinative growth. As presented in
Table 1 and Supplemental Figure S1, the abundance
of both previously known and newly identified LD
proteins in the total proteome increased during seed
development (i.e. in siliques), was relatively high in

Figure 4. Enrichment analysis of pro-
teins in the LD-enriched fractions de-
rived from Arabidopsis siliques, seeds,
and seedlings. A volcano plot was
constructed to visualize proteins that
are significantly LD enriched (upper
right). The developmental stage (si-
liques, seeds, and seedlings) with the
highest abundance (riBAQ) was chosen
for each protein and the log2-trans-
formed values and P-values were cal-
culated at this stage. Only proteins
detected in four of the five replicates
and with an riBAQ .0.1 are included
in this figure. As depicted in the legend,
known LD and peroxisomal proteins
are indicated in blue and orange, re-
spectively, and the proteins chosen for
further study that did or did not localize
to LDs in pollen tubes and tobacco
leaves are shown in blue and green, re-
spectively. Black lines indicate a false
discovery rate of 0.001. Abbreviations:
ATS3A, EMBRYO-SPECIFIC PROTEIN;
BCSAP, BRISC COMPLEX SUBUNIT
ABRO1-LIKE PROTEIN; CCLP, CUR-
CULIN-LIKE LECTIN FAMILY PROTEIN;
SMT, STEROL METHYLTRANSFERASE;
TMPU, TRANSMEMBRANE PROTEIN
OF UNKNOWN FUNCTION.
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seeds (rehydrated and stratified seeds), and then
progressively decreased in seedlings after germination,
until 60 h after stratification when it was highest. Next,
in order to further assess changes in the composition of

the LD proteome during development, the abundance
of all LD proteins was added in each stage, and the
individual fraction for each protein was calculated
(Supplemental Dataset S20).

Figure 5. Subcellular localization of
selected candidate LD proteins in N.
tabacum pollen tubes. A to F, Can-
didate proteins fused to mVenus
at their C termini were transiently
expressed inN. tabacum pollen tubes
(cyan channel). LDs were stained
with Nile red (magenta channel). In
the merge channel, colocalization
appears white. Note, in B, that ex-
pression of LDDH1-mVenus led to
clustering of LDs. Bars 5 10 mm.

Figure 6. Subcellular localization of selected LD protein candidates inN. benthamiana leaves. A to F, Candidate proteins fused to
mCherry at their N or C termini were transiently expressed in N. benthamiana leaves (cyan channel). LDs were stained with
BODIPY 493/503 (magenta channel). In the corresponding merge channel, note that a torus fluorescence pattern attributable to
the expressed fusion protein encircles the BODIPY-stained LDs. Boxes denote portions of the cells shown at higher magnification
in the insets. Bars 5 10 mm (1 mm in insets).
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Collectively, the most abundant oleosin protein
family members (i.e. OLE1, OLE2, OLE4, and OLE5)
contributed a relatively constant proportion of proteins
in the LD proteome throughout seedling establishment
(Fig. 8). By contrast, the prevalence of the most abun-
dant caleosin, CLO1, and steroleosin, HSD1, continu-
ously decreased during the same time period, while
CLO2 and HSD2/3 increased. In general, .85% of the
LD proteome during all of the developmental stages
examined consisted of six proteins: OLE1, OLE2, OLE4,
OLE5, CLO1, and HSD1. Less abundant LD proteins,
on the other hand, displayed a wide range of dynamics
(Fig. 8). For instance, while some of these proteins, such
as LDIP, SLDP1, LDPS, and OBL1, were detected in the
LD proteomes at most or all time points, their relative
abundance varied considerably. The proportion of
OBL1, for example, increases steadily over the course of
seedling establishment, while that of LDPS decreases
(Fig. 8). Several other proteins, e.g. LIDL1 and LIDL2,
LIME1/2, LDAH1/2, and LDDH1/2, contribute only
to the seedling LD proteomes, but not those of seeds or
siliques. None of the LDAP protein isoforms, LDAP1–
LDAH3, were detected in the seed LD proteomes, but
were most abundant in siliques (LDAP1 and LDAP3)
and seedlings (LDAP2; Fig. 8). Interestingly, a-DIOX-
YGENASE1, which was previously described to be
specifically enriched at LDs during senescence (Brocard
et al., 2017) and pathogen attack (Shimada et al., 2014),
was present in the seedling LD proteome at 36 h and
onward, suggesting that it might also have functions
during early plant growth.

Phosphorylation and Ubiquitination of LD Proteins

It is well established that posttranslational modifi-
cations can influence the activity, localization, and/or
fate (e.g. turnover) of a protein (Arsova et al., 2018).
Two such modifications, phosphorylation and ubiq-
uitination, have previously been identified on oleosins,
caleosins, and steroleosins, and their ubiquitination has
been implicated in their degradation (Hsiao and Tzen,
2011; Deruyffelaere et al., 2015; Kretzschmar et al.,
2018). To assess whether other LD proteins are targets
of similar posttranslational modifications, possibly as a
means of (protein) regulation in the cell, we analyzed
our proteomic dataset for peptides with appended
phosphate and/or ubiquitin moieties. Overall, modifi-
cations were detected on 182 proteins, including the
LD proteins CLO1, HSD1, LDAP2, OLE2, and OLE4
(Table 4; Supplemental Datasets S21–S30).

DISCUSSION

Growth Stage-Specific Proteomes Provide Extensive and
Useful Data

We present here a quantitative proteomic dataset,
generated with an Orbitrap MS, for Arabidopsis silique
development, seed germination, and seedling estab-
lishment. Previous works investigating Arabidopsis
seed germination (Gallardo et al., 2001; Galland et al.,
2014) identified 67 and 475 proteins, respectively. Our
data are consistent with those studies, but offer

Figure 7. Subcellular localization of
SEC61g in tobacco pollen tubes andN.
benthamiana leaves. SEC61g fused at
its C terminus to mVenus or mCherry
was transiently expressed in N. taba-
cum pollen tubes (A and B) or in N.
benthamiana leaves (C). LDs were
stained with Nile red (A and B) or
BODIPY 493/503 (C and D). SEC61g
was cotransformed with the ER marker
ERD2-CFP (A and B) and partially
colocalizes with the ER. SEC61g also
accumulates at potential ER-LD contact
sites (B–D). The box in C indicates the
area of the cells shown at higher mag-
nification in D. Bars5 10 mm (A and C)
or 2 mm (B and D).
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coverage of a relatively larger number of proteins
across various developmental stages, including seed-
ling establishment. In another recent study on the seed
proteome of Arabidopsis seeds, 3,243 proteins were
identified (Li et al., 2019). While the number of proteins
in our study is lower, we also used more stringent cri-
teria for protein selection (such as a minimum of two
peptides per protein instead of one peptide) and

focused on changes in protein abundance throughout
several developmental phases. More specifically, in
order to detect relative differences in abundance of in-
dividual proteins between different samples, the cor-
responding MS raw datasets were analyzed with the
MaxQuant software (https://www.maxquant.org/).
MaxQuant integrates and compares the area of pep-
tide peaks within MS1 spectra and considers the

Figure 8. Dynamic composition of the LD proteome derived from Arabidopsis siliques, seeds, and seedlings. The riBAQ in-
tensities of LD-associated proteins in the LD-enriched fraction were calculated as a percentage of the riBAQ 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 observed. Protein isoform numbers separated by a slash indicate that these proteins could
not be distinguished based on the proteomic data. Two highly similar genes of the steroleosin family are both annotated as HSD1.
I, Phase I siliques; II, phase II siliques; RS, rehydrated seeds; StS, stratified seeds; 24 to 60 h, seedlings 24 to 60 h after stratification.
As silique samples also contain proteins derived from silique wall, they should not necessarily be considered to be seed pre-
cursors, as indicated by the interrupted line between the II and RS samples. n 5 5 per stage. Error bars represent the SD.
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monoisotopic peak, as well as isotopic peaks. This in-
tegration is considered more accurate than peptide-
count-based quantification (Cox et al., 2014; Wang
et al., 2019a). Isotope labeling‐based methods have
advantages in relative and absolute quantification of
proteins in comparison to label-free quantification, as
used in this study, as peptides from different samples
can be mixed and analyzed in a single run. However,
the number of isotope tags that can be used to differ-
entiate between peptides from different samples is
usually#10 (Wang et al., 2019a), limiting the number of
comparable conditions (in this study, for example, 16
conditions were analyzed).

MaxQuant implies two quantification algorithms. In
the simpler iBAQ algorithm, the sum of the MS1 in-
tensities of peptides from one protein is divided by the
number of theoretically possible peptides of reasonable
length, thereby giving protein intensities normalized to
the theoretical peptide number. The intensities of a
given protein can be also compared between samples
(Krey et al., 2014). By contrast, the LFQ algorithm uses
elaborated normalization strategies between samples
on the level of peptide intensities within and across
MS1 chromatograms (Cox et al., 2014). It leads to
smaller variations of relative quantifications between
biological replicates in general, as well as in our sam-
ples (Supplemental Datasets S2 and S4).

While the coverage of our proteomics dataset is rel-
atively lower than that of datasets derived using
transcriptomic-based techniques (Narsai et al., 2011),
transcript abundance does not necessarily correlate
with protein abundance, especially during develop-
mental processes when transcripts can exist before they
are actually translated. For example, one of the proteins
we identified, AT4G27450, which is annotated (by
TAIR) to be of unknown function, is present at the
transcript level during seed maturation (based on eFP
Browser; Nakabayashi et al., 2005; Schmid et al., 2005),

but is not detectable at the protein level. Instead,
AT4G27450 protein abundance increases sharply in
seedlings 24 h after stratification and decreases there-
after (Fig. 2, Cluster 11; Supplemental Datasets S11 and
S12). Since AT4G27450 transcripts are not present in
vegetative tissues, except during anoxia stress (based
on the eFP Browser), it is also a good candidate to play a
distinct role(s) during seed germination, which could
be further addressed by studying knockout lines. Other
proteins from Clusters 11 and 12 that increased tran-
siently during seedling establishment could also play
important roles during seed germination. Examples of
proteins from Clusters 1 and 2 (Fig. 2; Supplemental
Datasets S11 and S12) that are almost exclusively pre-
sent in imbibed seeds and then decrease in abundance
include putative oxidoreductase (At1g54870) and
b-glucosidase (AT3G21370) enzymes (Supplemental
Datasets S11 and S12), which are highly abundant
(18.5‰ and 7.3‰, respectively (Supplemental Datasets
S11 and S12), indicative of important roles during seed
desiccation or germination that could be further
studied.

Proteomics Combined with a Cell-Biological Approach
Was Used to Identify Low-Abundance LD Proteins

The number of studies to date investigating the pro-
tein composition of LDs in plants, including senescent
Arabidopsis leaves (Brocard et al., 2017) and a variety of
algal species (Moellering and Benning, 2010; Siegler
et al., 2017; Lupette et al., 2019; Wang et al., 2019b),
has increased concomitantly with the use of MS-based
proteomic techniques in general. However, in those
studies, as well as in this one, not all proteins detected
in LD-enriched fractions are necessarily bona fide LD
proteins, as other proteins may copurify with LDs or
are just not sufficiently depleted, which is an intrinsic

Table 4. Posttranslational modifications detected on LD proteins and ubiquitin

Sites marked with an asterisk were not identified unambiguously. For a complete list of modified proteins and modification sites, see Supplemental
Datasets 21–30. RS, rehydrated seeds; StS, stratified seeds.

Protein

Ubiquitination Phosphorylation

RS StS
24-h

Seedlings

36-h

Seedlings

48-h

Seedlings

60-h

Seedlings
RS StS

24-h

Seedlings

36-h

Seedlings

48-h

Seedlings

60-h

Seedlings

OLE2 – – – – K146 – S18 – – – – –
OLE4 K157* K157* K43 K157* K157* K157* Y153 Y153 S40 – – –

K159* K159* K157* K159* K159* K159* Y164 – Y42 – – –
K168 – K159* K168 K168 K168 – – – – – –
– – K168 – – – – – – – – –

CLO1 – K4 – – – – – – – – – –
HSD1 – – – K289 – – S340 S348 – T283 – –

– – – K295 – – T343 – – – – –
– – – – – – S348 – – – – –

LDAP2 – – – K108 – – – – – T118 – S128
– – – K125 – – – – – S122 – –

UBQ13 – – K48 K6 K48 – – – S246 T7 S246 –
– – K63 K11 K63 – – – S247 T9 S247 –
– – – K48 – – – – – S246 T249 –
– – – K63 – – – – – S247 – –
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shortcoming of MS-based analysis of LDs. To address
this important potential caveat, we employed several
measures of “quality control” in order to minimize
false-positive LD proteins. First, in addition to sam-
pling the LD-enriched fraction, we took a sample of the
total cellular protein extract prior to LD enrichment.
With both the LD-enriched proteome and the total
cellular proteome we were able to calculate LD-
enrichment factors. We then used the iBAQ algorithm
for candidate discovery, since the LFQ algorithm, as
discussed above, leads to a larger number of missing
values, causing low-abundance proteins to be missing
from the total cellular extracts and disallowing calcu-
lation of an enrichment factor.
Using enrichment factors, we could identify con-

taminants in the LD-enriched fractions that were
abundant therein, but did not have a high enrichment
factor. On the other hand, we were also able to identify
proteins of relatively low abundance (e.g. LDAH1 is
only the 283rd most abundant protein in the LD frac-
tion in 60-h seedlings) as good candidates for a cell-
biological verification. These latter studies were
carried out using two different model plant cell systems
(Figs. 5 and 6) that have been successfully used else-
where to assess the subcellular localization of fluores-
cent protein-tagged LD proteins, tobacco pollen tubes
andN. benthamiana leaves (Cai et al., 2017; Müller et al.,
2017; Pyc et al., 2017a; Siegler et al., 2017; Kretzschmar
et al., 2018).
Overall, we confirmed six candidate LD proteins

(Fig. 5 and 6), and we also presented the subcellular
localization of several proteins that did not localize
to LDs (Supplemental Fig. S4) despite being excel-
lent candidates based on their prevalence in the LD-
enriched fractions (Fig. 4). This indicates that candidate
protein selection based on enrichment factors can still
yield false positives, probably caused by noise and/or
artificial protein coenrichment. Importantly, apparent
non-LD localization could also occur because these
candidate proteins need specific binding partners for
LD association that are either present in insufficient
amounts or absent in pollen tubes and leaves. Fur-
thermore, the interaction of proteins with LDs might
be more transient, yielding an enrichment in isolated
LD fractions, but not readily apparent (via microscopy)
in plant cell-based expression studies. We also pro-
vided evidence that proteins previously annotated as
being localized to LDs, based on their homology to
proteins in other species, might not in fact be associ-
ated with LDs in Arabidopsis. A pertinent example is
OBAP1A, a transiently expressed (fusion) protein that
was not enriched in the LD fractions of seeds and
seedlings and did not localize to LDs in pollen tubes
or leaves (Supplemental Fig. S5). These observations
are in contrast to the reported LD localization of
maize OBAP1 in N. benthamiana leaves, which shares
;64% amino acid sequence identity with Arabidopsis
OBAP1A (López-Ribera et al., 2014), suggesting that the
two proteins have diverged in terms of their ability to
target to LDs.

The LD Proteome Varies Across Developmental Stages
and Tissues

The considerable changes in the protein composition
of LDs over the time frame of seed formation and
maturation, germination, and seedling establishment
(Fig. 8) highlights the organelle’s dynamic nature in
terms of its functioning throughout these various stages
of growth and development. The main role of LDs
during seed development, for instance, is to serve as
cellular depots for newly synthesized storage lipids
(e.g. TAGs), which, during germination, are subse-
quently mobilized via b-oxidation and used as an en-
ergy source for early seedling growth. Thereafter,
during greening of the cotyledons in seedlings and
the onset of photoautotrophic growth (i.e. in 48- and
60-h seedlings), LDs are no longer primarily required
for the compartmentalization of stored lipids for het-
erotrophic growth and thus likely play roles in other
cellular processes. Consistent with the latter notion,
the LD proteome in the 48- and 60-h seedlings under-
went among some of the most rapid and pronounced
changes (Fig. 8), and many of the 35 LD proteins
identified are only found in these two stages. Indeed,
this diversification possibly represents a transition from
seed-type LDs to vegetative-type LDs, wherein func-
tions other than energy storage are carried out. One
such previously described function for LDs in vegeta-
tive tissues is pathogen defense, which is mediated,
in part, by CLO3 and a-DOX (Shimada et al., 2014;
Brocard et al., 2017). Further, RNA sequencing data
indicate that the newly identified LD proteins LIDLs,
LDAHs, LDDHs, and LIME1 are all ubiquitously
expressed in vegetative tissues, while LIME2 is expressed
primarily in roots (Supplemental Dataset S31; data
based on trava.org; Klepikova et al., 2016). Further re-
search on these and other LD proteins will undoubt-
edly add to the growing list of functions related to
vegetative-type LDs.
The changes in the LD proteome observed across the

different stages of growth and development that we
examined (Fig. 8) may require not only the synthesis of
proteins, but also their degradation. For instance, dur-
ing germination and seedling establishment, the over-
all amount of LD proteins decreases (Supplemental
Fig. S1) and the bulk of the proteins is degradedwithin
the first 36 h after stratification. During these time
points, the LD protein PUX10, which is known to
be involved in the degradation of other LD proteins
via the ubiquitin-proteasome degradation pathway,
shows the highest relative abundance on LDs (Fig. 8;
Deruyffelaere et al., 2018; Kretzschmar et al., 2018).
Our data also show that several LD proteins harbor
ubiquitination sites (Table 3). Furthermore, on ubiq-
uitin itself, we detected ubiquitinations on lysines 48
and 63 (K48 and K63), which is indicative of poly-
ubiquitin chains associated with protein degradation
(Komander and Rape, 2012) only during the earlier
stages of seedling establishment (i.e. 24- to 48-h seed-
lings; Table 3).
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The Identification of LD Proteins Inspires Future
Investigation into the Roles of Plant LDs

We successfully identified members of six protein
families that have not been described previously as lo-
calized to LDs in plant cells or been studiedwith respect
to their physiological function. Five of these proteins,
namely LIDL1, LIME1, LDDH1, LDAH1, and SLDP1,
each have one homolog (45% to 90% identity at the
amino acid sequence level) that was either found sep-
arately in our proteomics dataset enriched in the LD
fraction or was indistinguishable from its counterpart
based on the detected peptide sequences (Supplemental
Dataset S4). The function of the six identified proteins
can in part be hypothesized by considering their ho-
mology to other related and characterized proteins,
including those with known or putative enzymatic
function(s).

The LIME1/LIME2 proteins, for example, share ho-
mologywith a protoberberine methyltransferase (Liscombe
and Facchini, 2007) and a coclaurine N-methyltransferase
from poppy (Papaver somniferum), which catalyzes the
synthesis of methylate coclaurine, an intermediate in
the morphine biosynthetic pathway (Onoyovwe et al.,
2013). Morphine is a hydrophobic compound found in
the latex of the opium poppy, and latex particles are a
class of LDs that contain polyisoprenoids instead of
TAGs and sterol esters (Nawamawat et al., 2011). Thus,
the LIME1/LIME2 proteins in Arabidopsis might cat-
alyze a step in the synthesis of secondary metabolites,
which are stored within LDs due to their high hydro-
phobicity. Similarly, the LD protein LDPS may also
participate in plant secondary metabolism. LDPS is
annotated as a BTB/POZ-domain-containing protein,
the domain of which is thought to mediate protein-
protein interactions (Collins et al., 2001). The homolog
of LDPS, AT5G64230.1, which shares 33% identity at
the protein level, is annotated as a 1,8-cineole synthase
but has not been studied in terms of whether it actually
functions in the monoterpene biosynthetic pathway.
Nonetheless, this sequence similarity suggests that
LDPS is also involved in monoterpene metabolism in
plant cells, perhaps serving in the proper compart-
mentalization of hydrophobic monoterpenes in LDs.

The yeast (Saccharomyces cerevisiae) homolog of Ara-
bidopsis LIDL1 and LIDL2, which are putative lipases,
has been shown to have sterol esterase activity, and
loss-of-function yeast mutants accumulate sterol esters
(Athenstaedt et al., 1999; Jandrositz et al., 2005), sug-
gesting that LIDL1 and LIDL2may be LD-specific sterol
esterases. This latter hypothesis is notable because ste-
rol esters are also present in the LD core, where they are
found in minor amounts in Arabidopsis seed LDs
(Bouvier-Navé et al., 2010) but can make up a much
higher proportion of the stored neutral lipid in other
tissues in plants or in other organisms (Onal et al., 2017;
Rotsch et al., 2017). Whether LIDL1 and LIDL2 are re-
sponsible for the metabolism of stored sterol esters in
Arabidopsis is an open question. It also remains to be
determinedwhether LDAH1 and LDDH1 participate in

plantmetabolism, as indicated by their annotation as an
a/b-hydrolase and a putative erythronate-4-phosphate
dehydrogenase, respectively. Interestingly, LDDH1
was found previously to be associated with plastids
(Teresinski et al., 2019) and we detected it only after
the greening of the (60 h) seedling cotyledons. This
could indicate that LDDH1 is associated with plastid-
LD contact sites. LDDH1 may also act in concert with
LDAH1, as these two genes are coexpressed based on
ATTED-II version 9.2 (Obayashi et al., 2018) and
GENEVESTIGATOR 7.2.6 (Hruz et al., 2008).

SLDPs are uncharacterized proteins, and with the
exception of a hydrophobic domain near their N ter-
mini that might serve as a membrane anchor, they
possess no conserved domains/motifs or significant
sequence similarity to other characterized proteins in
plants or in nonplant species, such as yeast and mam-
mals. SLDP2, like SLDP1, was found enriched in the
LD fraction, but was much less abundant and therefore
did not meet the criteria to be considered a strong
candidate LD protein (Fig. 4).

While some of the candidate proteins investigated
did not localize to LDs (Supplemental Fig. S4), despite
being excellent candidates based on their prevalence in
the LD-enriched fractions (Fig. 4), it is still possible that
these proteins are important for LD biology. One such
protein is SEC61g, which was enriched in the LD pro-
teome and localized to regions of the ER that were often
in close contact with LDs (Fig. 7). The SEC61 complex is
important for both the incorporation of nascent pro-
teins into the ER (Spiess et al., 2019) and also their ret-
rotranslocation (Scott and Schekman, 2008). Therefore,
it is plausible that this complex is also involved in the
targeting and/or degradation of LD proteins, as was
previously discussed in a study where oleosin was ec-
topically expressed in yeast (Beaudoin et al., 2000).

In conclusion, the discovery of LD proteins in this
study opens up the possibility for uncovering new as-
pects of plant LD function, biogenesis, and turnover.
The existence of several proteins conserved across
kingdoms implies that at least some aspects of LD bi-
ology are conserved, yet on the other hand, there are
also plant-specific LD proteins, suggesting that plant
LDs serve additional, unique roles not found in other
organisms (Chapman et al., 2019). Undoubtedly, in-
sights into such functions will be gained by identifying
and confirming additional LD proteins in plants, and
the combined MS-based proteomics and cell-biological
approach used here will continue to serve toward that
end. Furthermore, our understanding of LDs will in-
crease as these proteins are investigated further.

MATERIALS AND METHODS

Plant Materials

Tobacco (Nicotiana tabacum) and Arabidopsis (Arabidopsis thaliana, ecotype
Columbia) plants were grown as described previously (Kretzschmar et al.,
2018). For the two silique development phases (I and II), complete siliques
were harvested, and 2 g of the older siliques, or 3 g of the younger siliques, were
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pooled for one biological replicate. For rehydrated seeds, stratified seeds, and
seedlings 24 and 36 h post-stratification, 100 mg of dry seed material per bio-
logical replicate was used. For 48- and 60-h seedlings, dry seed starting material
was increased to 160 mg per biological replicate. Rehydrated seeds were in-
cubated in water for 30 min without surface sterilization. For stratified seeds
and post-stratification seedling time points, surface-sterilized seeds (sterilized
with 6% [w/v] sodium hypochlorite and 0.1% [v/v] Triton X-100) were spread
on half-strengthMurashige and Skoogmedia (Murashige and Skoog, 1962) and
incubated in the dark at 4°C for 74 h. Then, stratified seed samples were har-
vested, and all other plants were transferred into a 22°C 16-h light/8-h dark
cycle growth chamber with 150 mmol photons m22 s21 daytime light strength;
post-stratification seed/seedling time points (24–60 h) indicate the time spent in
this condition.

Isolation of Total and LD-Enriched Protein Fractions

Afterharvesting, eachsamplewasmixedwithappropriateamounts (2mLfor
rehydrated seeds, 3mL for stratified seeds – 48 h samples, 3.5mL for 60 h, 15mL
for younger siliques, 20 mL for older siliques) of grinding buffer [10 mM sodium
phosphate buffer, pH 7.4, 200 mM phenylmethylsulfonyl fluoride, 0.5 mM

dithiobis (succinimidyl propionate)] and ground with sand to homogeneity
with a precooled (on ice) mortar and pestle. The homogenates were centrifuged
for 1 min at 100g. For the total protein sample, 100 mL of the homogenate was
mixed with 900 mL 96% (v/v) ethanol to precipitate proteins. For enrichment of
LDs, the homogenate was subjected to three consecutive 20,000g centrifuga-
tions 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% (v/v) ethanol.

Proteomic Sample Preparation and LC-MS/MS Analysis
of Peptides

Proteins were isolated and their concentrations were determined. Theywere
then subjected to in-gel tryptic-digestion as described previously (Kretzschmar
et al., 2018), but with 20 mg of protein digested per replicate. Peptides were then
subjected to LC-MS/MS analysismodified fromwhatwas described previously
(Schmitt et al., 2017). First, 2 mL peptide samples were separated by nano-flow
LC on a RSLCnano Ultimate 3000 system (Thermo Fisher Scientific). The pep-
tides were loaded with 0.07% (v/v) trifluoroacetic acid on an Acclaim PepMap
100 precolumn (100 mm 3 2 cm, C18, 3 mm, 100 Å; Thermo Fisher Scientific)
with a flow rate of 20 mL/min for 3 min. Then, peptides were separated by
reverse-phase chromatography on anAcclaim PepMan RSLC column (75 mm3
50 cm, C18, 3 mm, 100 Å; Thermo Fisher Chemical) with a flow rate of 300 nL/
min. The peptides were elutedwith the following gradient: 96% solvent A (0.1%
[v/v] formic acid) and 4% solvent B (80% [v/v] acetonitrile and 0.1% [v/v]
formic acid) to 10% solvent B over 2 min, to 30% solvent B over 58 min, to 45%
solvent B over 22 min, and to 90% solvent B over 12 min. All solvents and acids
were of Optima LC-MS quality and purchased from Thermo Fisher Scientific.
Eluted peptides were ionized online by nano-electrospray ionization with a
Nanospray Flex Ion Source (Thermo Fisher Scientific) at 1.5 kV (liquid junction)
and analyzed with a Q Exactive HF mass spectrometer (Thermo Fisher Scien-
tific). Full scans were recorded in a mass range of 300–1,650 m/z at a resolution
of 30,000 followed by data-dependent top 10 higher-energy collisional disso-
ciation fragmentation (dynamic exclusion enabled). LC-MS method program-
ming and data acquisition were performedwith XCalibur 4.0 software (Thermo
Fisher Scientific).

MS Data Processing

MS and MS/MS raw data were processed for feature detection, peptide
identification, and protein group assembly with the MaxLFQ algorithm in
MaxQuant software version 1.6.2.10 (Cox and Mann, 2008; Cox et al., 2014).
Default settings were used and are specified in the metadata file (Supplemental
Table S1). 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. Only
proteins identified by at least two peptides were considered. When comparing
and relating LD-enriched fractions to total protein fractions, riBAQ values were
used, as this algorithm picks up smaller values more often. Enrichment factors
were calculated by dividing the average riBAQ value of the LD-enriched

fraction by the riBAQ value of the total cellular extract. For quantitative com-
parison of the total proteome of different time points, rLFQ values are shown, as
these display smaller variations between replicates in our hands.

To identify posttranslational modifications, the data were searched for
phosphorylation of Ser, Thr, and Tyr, and for ubiquitination of Lys. Settings are
specified in the metadata file (Supplemental Table S2). Data analysis was per-
formed in Perseus 1.6.2.2 (Tyanova et al., 2016) and in Excel 2016 (Microsoft).

The Venn diagramwas created with InteractiVenn (Heberle et al., 2015). For
PCA, proteins were only taken into account if they were found in all replicates
of at least one of the stages. The rLFQ values were log2-transformed. After
imputation of missing values by normal distribution (width, 0.9; down shift, 1.8
for total cellular extracts and 2.1 for LD-enriched fractions), PCA was per-
formed with Perseus using default settings. Projections were exported and the
data were graphed in Excel 2016.

For cluster analysis, LFQ-processed data were filtered for at least four valid
values in at least one of the eight time points. For each protein, the maximum
value was set to 1, and the remaining time points were calculated as fractions of
this value. The resulting data matrix was used for hierarchical clustering in
Perseus 1.6.2.2, with Euclidean distances and preprocessing with k-means.

GO termswere assignedbased on the annotation of the TAIRhomepage as of
December 13, 2018. Annotations of protein localization were obtained from the
Plant Proteome Database (Sun et al., 2009) as of February 26, 2019. LD locali-
zation was reassigned based on results of this study and Kretzschmar et al.
(2018). The volcano plot was created with Perseus. Proteins were included if the
average riBAQ intensity was .0.1 in at least one stage and if the protein was
detected in at least four of the five biological replicates of at least one stage.
Missing values were imputed by 0.01 before log2 transformation and calcula-
tion of P-values and false discovery rate using the following settings: Test, t test;
side, both; number of randomizations, 250; s0 (artificial within groups vari-
ance), 0.1; and false discovery rate, 0.001.

Molecular Cloning and Plasmid Construction

ComplementaryDNAwasprepared fromRNAextracted from10mgmature
(dry) seeds, 50 mg 7-d-old seedlings, or 50 mg inflorescences using a Spectrum
Plant Total RNA Kit (Sigma-Aldrich). All constructs were amplified using
PhusionHigh-Fidelity DNAPolymerase (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Molecular cloning into the Gateway vectors pUC-
LAT52-mVenusC-GW and pUC-LAT52-mVenusN-GW (Müller et al., 2017), as
well as the vector pMDC32-ChC, was performed as depicted in Müller et al.
(2017). The use of CFP-SKL for marking peroxisomes (Müller et al., 2017) and
the use of ERD2-CFP (ARABIDOPSIS ENDOPLASMIC RETICULUM RE-
TENTION DEFECTIVE2) for marking the ER (Kretzschmar et al., 2018) has
been described previously.

The pMDC32-ChC plant expression binary vector, encoding the monomeric
Cherry fluorescent protein ORF adjacent to a 59 recombination site that allows
for mCherry to be translationally fused to the C terminus protein of interest,
was constructed in the followingmanner. First themCherry ORFwas amplified
using the mCherry-FP-PacI andmCherry-RP-SacI primers (Supplemental Table
S3) 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 (Supplemental Table S3), which
resulted in the removal of a stop codon upstream of the Cherry ORF and
reinsertion 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 Supplemental Table S3. 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 or the University of Guelph Advanced Analysis Centre Ge-
nomics Facility.

Particle Bombardment and Microscopy of N. tabacum
Pollen Tubes

Pollen grainswere transformed by particle bombardment, in vitro cultivated
on microscope slides, stained with Nile red (Sigma-Aldrich), and analyzed by
confocal laser-scanning microscopy as described by Müller et al. (2017) and
Kretzschmar et al. (2018), or with a Zeiss LSM780 (Carl Zeiss) using similar
settings. For each construct, at least 10 pollen tubes were imaged.
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Transient Transformation and Microscopy of Nicotiana
benthamiana Leaves

N. benthamiana plants were grown in soil with a 16-h light/8-h dark day/
night cycle at 22°C. Leaves of ;4-week-old plants were infiltrated with Agro-
bacterium tumefaciens (strain LBA4404) harboring the selected expression vector
as described in Pyc et al. (2017b). All infiltrationswere performedwith pORE04-
35S:p19 containing the tomato bushy stunt virus gene P19 in order to enhance
transgene expression (Petrie et al., 2010).

A. tumefaciens-infiltrated leaves were processed for confocal laser scanning
microscopy imaging, including staining of LDs with BODIPY 493/503 (Invi-
trogen), as previously described (Gidda et al., 2016). Micrographs of leaves
were acquired using a Leica SP5 confocal laser scanning microscope (Leica
Microsystems). Excitations and emission signals for fluorescent proteins and
BODIPY were collected sequentially as single optical sections in double-labeling
experiments like those described in Gidda et al. (2016); single-labeling experi-
ments showed no detectable crossover at the settings used for data collection. All
fluorescence images of cells shown are representative of at least two separate
experiments, including at least three separate transformations of leaf cells.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AT3G01420 (aDOX); AT2G41475 (ATS3A);
AT3G08780 (BCSAP); AT2G07050 (CAS); AT1G78830 (CCLP); AT4G26740
(CLO1); AT5G55240 (CLO2); AT2G33380 (CLO3); AT1G70680 (CLO5);
AT1G29330 (ERD2); At5G50600/AT5G50700 (HSD1/1); AT3G47350 (HSD2);
AT3G47360 (HSD3); AT4G10020 (HSD5); AT5G50770 (HSD6); AT3G45130
(LAS); AT1G10740 (LDAH1); AT1G23330 (LDAH2); AT1G67360 (LDAP1);
AT2G47780 (LDAP2); AT3G05500 (LDAP3); AT1G75180 (LDDH1); AT1G19400
(LDDH2); AT5G16550 (LDIP); AT1G18460 (LIDL1); AT1G73920 (LIDL2);
AT3G19920 (LDPS); AT4G33110 (LIME1); AT4G33120 (LIME2); AT3G20820
(LRR); AT1G05510 (OBAP1A); AT3G14360 (OBL1); AT1G45201 (OBL3);.
AT4G25140 (OLE1); AT5G40420 (OLE2); AT5G51210 (OLE3); AT3G27660
(OLE4); AT3G01570 (OLE5); AT1G48990 (OLE6); AT2G25890 (OLE7);
AT3G18570 (OLE8); AT4G10790 (PUX10); AT5G50460 (SEC61g); AT1G65090
(SLDP1); AT5G36100 (SLDP2); AT5G13710 (SMT1); and AT1G27290 (TMPU).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Abundance of LD proteins within the total pro-
tein fraction from Arabidopsis siliques, seeds, and seedlings.

Supplemental Figure S2. Enrichment of organelle-specific proteins in the
LD-enriched fractions from Arabidopsis siliques, seeds, and seedlings.

Supplemental Figure S3. Enrichment analysis of proteins in the LD-
enriched fractions derived from Arabidopsis siliques, seeds, and seed-
lings with highlighted LD and ER proteins.

Supplemental Figure S4. Subcellular localization of other selected, candi-
date proteins in N. tabacum pollen tubes.

Supplemental Figure S5. Abundance in total and LD-enriched protein
fractions and subcellular localization of the Arabidopsis OBAP1A protein.

Supplemental Table S1. Metadata file for LC-MS/MS data processing
with MaxQuant.

Supplemental Table S2. Metadata file for LC-MS/MS data processing
with MaxQuant checking for posttranslational modifications.

Supplemental Table S3. Primers used for Gateway molecular cloning and
sequencing.

Supplemental Dataset S1. Proteins found in siliques and seedlings—Raw
LFQ values.

Supplemental Dataset S2. Proteins found in siliques and seedlings—
Normalized and sorted LFQ values.

Supplemental Dataset S3. Proteins found in siliques and seedlings—Raw
iBAQ values.

Supplemental Dataset S4. Proteins found in siliques and seedlings—
Normalized and sorted iBAQ values.

Supplemental Dataset S5. Proteins found in siliques and seedlings—
Imputed log2-transformed LFQ values of total protein fraction.

Supplemental Dataset S6. Loadings of PCA plot created with
Supplemental Dataset 5 (total fraction).

Supplemental Dataset S7. Projections of PCA plot created with
Supplemental Dataset 5 (total fraction).

Supplemental Dataset S8. Proteins found in siliques and seedlings—
Imputed log2-transformed LFQ values of lipid droplet-enriched fractions.

Supplemental Dataset S9. Loadings of PCA plot created with
Supplemental Dataset 8 (lipid droplet-enriched fraction).

Supplemental Dataset S10. Projections of PCA plot created with
Supplemental Dataset 8 (lipid droplet-enriched fraction).

Supplemental Dataset S11. Proteins found in the total protein fraction of
siliques and seedlings—Normalized and sorted LFQs with at least four
valid values in at least one condition.

Supplemental Dataset S12. Data set used to create the heat map presented
in Figure 2.

Supplemental Dataset S13. Sums of rLFQ values of proteins associated
with the same GO ID.

Supplemental Dataset S14. Phase-dependent averages of sums of rLFQ
values of proteins associated with the same GO ID.

Supplemental Dataset S15. Selected GO ID sums.

Supplemental Dataset S16. Subcellular localization of proteins.

Supplemental Dataset S17. Sums of riBAQ values of proteins with the
same subcellular localization.

Supplemental Dataset S18. List of curated subcellular localization ac-
quired from the Plant Proteome Data Base.

Supplemental Dataset S19. Results matrix from the enrichment analysis.

Supplemental Dataset S20. Contribution of LD proteins to the total LD
proteome.

Supplemental Dataset S21. Modified proteins identified in Phase I silique
samples.

Supplemental Dataset S22. Modified proteins identified in Phase II silique
samples.

Supplemental Dataset S23. Modified proteins identified in rehydrated
seed samples.

Supplemental Dataset S24. Modified proteins identified in stratified seed
samples.

Supplemental Dataset S25. Modified proteins identified in 24-h seedling
samples.

Supplemental Dataset S26. Modified proteins identified in 36-h seedling
samples.

Supplemental Dataset S27. Modified proteins identified in 48-h seedling
samples.

Supplemental Dataset S28. Modified proteins identified in 60-h seedling
samples.

Supplemental Dataset S29. All modified proteins identified across sam-
ples, including their modified sites.

Supplemental Dataset S30. All modified LD proteins identified across
samples, including their modified sites.

Supplemental Dataset S31. Gene expression levels of LD proteins identi-
fied in this study.
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