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Abstract
Lipid droplets (LDs) stored during seed development are mobilized and provide essential energy and lipids to support seedling
growth upon germination. Triacylglycerols (TAGs) are the main neutral lipids stored in LDs. The lipase SUGAR DEPENDENT 1
(SDP1), which hydrolyzes TAGs in Arabidopsis thaliana, is localized on peroxisomes and traffics to the LD surface through perox-
isomal extension, but the underlying mechanism remains elusive. Here, we report a previously unknown function of a plant-
unique endosomal sorting complex required for transport (ESCRT) component FYVE DOMAIN PROTEIN REQUIRED FOR
ENDOSOMAL SORTING 1 (FREE1) in regulating peroxisome/SDP1-mediated LD turnover in Arabidopsis. We showed that LD
degradation was impaired in germinating free1 mutant; moreover, the tubulation of SDP1- or PEROXIN 11e (PEX11e)-marked
peroxisomes and the migration of SDP1-positive peroxisomes to the LD surface were altered in the free1 mutant. Electron to-
mography analysis showed that peroxisomes failed to form tubules to engulf LDs in free1, unlike in the wild-type. FREE1 inter-
acted directly with both PEX11e and SDP1, suggesting that these interactions may regulate peroxisomal extension and trafficking
of the lipase SDP1 to LDs. Taken together, our results demonstrate a pivotal role for FREE1 in LD degradation in germinating
seedlings via regulating peroxisomal tubulation and SDP1 targeting.
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Introduction
In seed plants, lipid droplets (LDs) are major reservoirs pro-
viding energy and essential lipid-derived molecules such as
phospholipids, phytohormones, and oxylipins, that support
seedling growth during germination and survival under envi-
ronmental stresses (Shimada and Hara-Nishimura, 2015; Pyc
et al., 2017a). In plants, triacylglycerols (TAGs) are the major
neutral storage lipids in LDs, whereas oleosins (Siloto et al.,
2006; Huang and Huang, 2015; Huang and Huang, 2017),
caleosins (Naested et al., 2000; Poxleitner et al., 2006), LD-as-
sociated proteins (LDAPs; Gidda et al., 2016; Kim et al.,
2016), and LDAP-interacting protein (Pyc et al., 2017b) are
the major decorators on the LD surface. These surface deco-
rators are highly dynamic during LD mobilization. Recently,
it has been revealed that the ubiquitinated oleosins on the
LD surface are disassociated from the surface by cooperation
of PLANT UBX-DOMAIN CONTAINING FAMILY
PROTEIN10 and the AAA ATPase CELL DIVISION CYCLE 48,
followed by lipolysis to release energy for seedling growth
(Deruyffelaere et al., 2018; Kretzschmar et al., 2018). In land
plants, SUGAR DEPENDENT 1 (SDP1), a patatin domain-
containing protein lipase, plays a major role in the lipolytic
pathway to modulate TAG metabolism and release free fatty
acid (FA) for maintaining seedling growth during seed ger-
mination (Eastmond, 2006; Kelly et al., 2011, 2013). In mam-
mals, the delivery of lipase to the LD surface is coordinated
by coat protein complex I (COPI) and coat protein complex
II (COPII) vesicles; however, in plants, SDP1 is localized on
peroxisomes and moved to the LD surface likely through
retromer-regulated peroxisomal extension (Soni et al., 2009;
Thazar-Poulot et al., 2015; Huang et al., 2019b).

Peroxisomes are ubiquitous, membrane-bound organelles
that contain enzymes essential for multiple metabolic

pathways to support cell growth (Hu et al., 2012; Farre et al.,
2019). In plants, b-oxidation of FAs, hormone biosynthesis,
and nitrogen metabolism occur in peroxisomes (Hu et al.,
2012). Peroxisomes are in close contact with LDs, and the
peroxisome–LD contact sites are thought to facilitate FA
trafficking to peroxisomes to prevent oxidative toxicity aris-
ing from the accumulation of cytosolic FAs (Binns et al.,
2006; Barbosa et al., 2015; Pyc et al., 2017a). Peroxins, re-
ferred to as PEXs, have been implicated in peroxisome bio-
genesis through division of preexisting peroxisomes or de
novo formation from the endoplasmic reticulum (Farre
et al., 2019). The division of peroxisomes is initiated by a
membrane remodeling process (Opalinski et al., 2011b,
2011a). Moreover, PEX11s contain a conserved N-terminus
sequence that adopts an amphipathic helix (AH) structure
essential for peroxisomal membrane remodeling in animals
(Opalinski et al., 2011b; Yoshida et al., 2015). In Arabidopsis
thaliana, PEX11s likely play roles in modulating peroxisomal
tubule formation and fission (Lingard and Trelease, 2006;
Orth et al., 2007). Nevertheless, the molecular mechanisms
underlying peroxisomal extension and migration to the LD
surface for LD homeostasis remain unknown in plants.

The endosomal sorting complex required for transport
(ESCRT) machinery consisting of ESCRT-0, ESCRT-I, ESCRT-II,
and ESCRT-III, with several accessory components, are evolu-
tionarily conserved in eukaryotes and participate in many
cellular processes (Gao et al., 2017). Recent evidence has
shown that ESCRTIII components are required to release
preperoxisomal vesicles from the ER to mediate peroxisome
biogenesis to regulate LD metabolism in yeast (Mast et al.,
2018). Membrane-shaping ESCRTIII components are
recruited by M1 spatstin (a membrane-bound AAA ATPase)
to reshape the LD membrane and facilitate FA trafficking
from LD to peroxisomes in mammalian cells (Chang et al.,

IN A NUTSHELL
Background: Lipid droplets (LDs) are major reservoirs providing energy and lipids for seedling establishment. In
vascular plants, the peroxisome-localized lipase SUGAR DEPENDENT 1 (SDP1) has been shown to play a major
role in modulating LD metabolism, while the retromer and endosomal sorting complex required for transport
(ESCRT) III components play a role in LD metabolism via regulating peroxisomal extension and peroxisomal inner
membrane formation, respectively, in Arabidopsis. However, how the peroxisome-localized SDP1 traffics to the
LD surface for turnover remains elusive. We previously characterized a plant-unique ESCRT component FYVE
DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL SORTING 1 (FREE1) and showed multiple functions in the
endomembrane system and autophagy. Here we report a new role of FREE1 in LD turnover.

Question: Depletion of FREE1 led to accumulation of LDs in germinating seedlings with unknown mechanism.
This study aims to illustrate the underlying mechanism of FREE1 function in regulating LD turnover.

Findings: We showed that both the formation of SDP1- or PEROXIN 11e (PEX11e)-positive tubules and the en-
gulfment of LDs by the peroxisomes were impaired in free1 mutants. The degradation of LDs was also impaired
in free1 mutants. We further showed that FREE1 interacts specifically with the amphipathic helix (AH) motif of
PEX11e and SDP1 to regulate peroxisomal tubulation and SDP1 targeting to the LD surface.

Next steps: Future work should investigate the possible involvements and mechanisms of ESCRT-I and other
ESCRT components in regulating peroxisome tubule formation and LD mobilization in plants.
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2019; Henne, 2019). Other ESCRT components, such as
Vps27, play functional roles in regulating LD degradation
through the incorporation of LDs into the vacuole via an in-
teraction with clathrin to translocate into the vacuole in
yeast (Oku et al., 2017). In plants, Arabidopsis ESCRTIII com-
ponents are essential for peroxisomal inner membrane for-
mation and LD metabolism (Wright and Bartel, 2020).

We have recently characterized a plant-unique ESCRT
component termed FYVE DOMAIN PROTEIN REQUIRED
FOR ENDOSOMAL SORTING 1 (FREE1)/FYVE1, which is
necessary for seedling development and plays important
roles in regulating multivesicular body (MVB) biogenesis,
MVB–vacuole trafficking, autophagosome–vacuole fusion,
and vacuole formation in Arabidopsis (Gao et al., 2014, 2015;
Reyes et al., 2014; Kolb et al., 2015). A detailed examination
of transmission electron microscope (TEM) images indicated
extensive accumulation of LDs in the root cells of germinat-
ing free1 mutant compared with those of the wild-type
(WT; Gao et al., 2015), indicating a possible role for FREE1 in
regulating LD degradation in germinating Arabidopsis
seedlings.

In this study, we confirmed that LDs accumulated in ger-
minating seedlings of the free1 mutants as compared with
those of WT. We also generated transgenic Arabidopsis
plants expressing GFP–SDP1 or mCherry-PEROXIN 11e
(PEX11e) in WT or the free1 mutant background to follow
the fate and dynamics of SDP1 and PEX11e in germinating
seedlings. Distinct from WT, GFP–SDP1 or mCherry-PEX11e
in germinating free1 mutants failed to form visible tubules,
and the migration of SDP1 to the LD surface was also im-
paired. Electron tomography (ET) analysis with nanometer
resolution showed that peroxisomes failed to form tubules
to engulf LDs in free1 mutant, which is distinct from the
WT in which LDs were encapsulated by peroxisomes.
Further pull down and co-immunoprecipitation (co-IP)
analysis showed that FREE1 interacted directly with both
PEX11e and SDP1 to regulate peroxisomal tubulation and
trafficking of lipase SDP1 to LD. We have thus revealed a
pivotal role of FREE1 in mediating LD degradation in germi-
nating seedlings via promoting peroxisomal tubulation and
SDP1 targeting. This work also demonstrates that a plant-
specific ESCRT component functions in a nonendosomal
organelle.

Results

Peroxisome tubulation and migration to LD is
defective in free1
We have previously shown that the plant-unique ESCRT
component FREE1 regulates MVB and vacuole formation in
plants, as the free1 mutant shows defects in ILV formation
and exhibits fragmented vacuoles in root cells (Gao et al.,
2014, 2015; Kolb et al., 2015). A subsequent closer examina-
tion of the TEM images indicated a possibility of LD accu-
mulation in germinating free1 mutants as compared with
the WT (Gao et al., 2015). Indeed, further detailed TEM
analysis on germinating seedlings of WT and free1 mutants

confirmed the accumulation of LDs in free1 mutants
(Supplemental Figure S1). These results indicate a possible
role of FREE1 in regulating LD degradation in Arabidopsis.

The lipolytic pathway, which involves the lipase SDP1 and
peroxisomal tubulation for engulfing LDs, is mainly responsi-
ble for LD mobilization during seed germination in
Arabidopsis (Eastmond, 2006; Kelly et al., 2011, 2013). In
mammals and yeast, lipophagy is also an important pathway
for LD turnover, in which LDs are sequestrated into lyso-
somes via macrolipohagy or microlipophagy (Singh et al.,
2009; Velikkakath et al., 2012; Schepers and Behl, 2021). In
plants, LDs can be delivered to vacuoles for degradation via
the autophagy-dependent pathway in Arabidopsis leaves un-
der dark conditions (Fan et al., 2019). To explore the possi-
ble role of lipophagy in LD turnover, we performed
mobilization profile analysis of LDs in germinating seedlings
of autophagy-deficient mutants atg5 and atg7 under normal
conditions. Our results showed that LD degradation was not
affected in both atg5 and atg7 mutants (Supplemental
Figure S2), indicating that lipophagy plays a minor role
in LD mobilization in comparison with the lipolytic
pathway under normal growth conditions in Arabidopsis.
Furthermore, to investigate if FREE1 depletion would affect
the proper targeting of SDP1 and peroxisomal tubulation,
we generated transgenic Arabidopsis plants expressing
GFP–SDP1 in the WT or the free1 mutant background or
the DEX::FREE1-RNAi line for DEX-induced knockdown
(KD) of FREE1 (Gao et al., 2015) for investigation of the
SDP1-positive peroxisomal tubulation. In the hypocotyl
cells of 4-day-old transgenic Arabidopsis seedlings express-
ing GFP–SDP1, both ring-like structures and tubular struc-
tures, which likely represent peroxisomes and peroxisomal
tubulation, respectively, were detected in WT cells
(Figure 1A, left; Supplemental Figure S3A, upper and mid-
dle parts). These results are consistent with a previous
study (Thazar-Poulot et al., 2015). In contrast, in hypo-
cotyl cells of transgenic Arabidopsis free1 GFP–SDP1 or
DEX-treated DEX::FREE1-RNAi GFP–SDP1 seedlings, albeit
showing similar ring-like structures, GFP–SDP1 did not
show obvious tubular structures in free1 mutant or
DEX::FREE1-RNAi with DEX induction (Figure 1A, right;
Supplemental Figure S3A, lower). Further quantification
analysis confirmed that the SDP1-positive tubules were signif-
icantly longer in WT than those in free1 mutants or in DEX-
treated DEX::FREE1-RNAi lines (Figure 1B; Supplemental
Figure S3B). Taken together, these results suggested that
FREE1 is required for the formation of SDP1-positive tubules.

To further explore if the defective SDP1 tubules in the
free1 mutants were caused by impaired peroxisomal tubula-
tion, we also crossed the free1 mutant or DEX::FREE1-RNAi
line with a plant expressing mCherry-PEX11e, which is a per-
oxisomal membrane protein belonging to the PEX11 family
and plays key roles in peroxisomal proliferation and tubula-
tion (Orth et al., 2007). Indeed, mCherry-PEX11e mainly la-
beled long tubules along with punctae and ring-like
structures in WT background (Figure 1C, WT—left;
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Supplemental Figure S3C, upper and middle parts), as
expected for peroxisomal tubulation and proliferation (Orth
et al., 2007). However, mCherry-PEX11e in the free1 mutant
background or in DEX-treated DEX::FREE1-RNAi line showed

mainly punctae and ring-like structures but few tubules
(Figure 1C, right; Supplemental Figure S3C, lower). Further
quantification analysis showed that the length of mCherry-
PEX11e tubules in WT was significantly longer than those in

Figure 1 FREE1 regulates peroxisomal tubule formation and peroxisome encapsulated LDs. A, The formation of SDP1-positive tubules is defective
in free1 mutants. GFP–SDP1 in WT and free1 mutants were germinated on MS medium for 4 days (D), followed by confocal imaging of the seed-
ling hypocotyl region. Fifteen slices were collected in a total thickness of 15 lm for generating the 3D projection image. Arrows indicate examples
of peroxisome tubulation. Dotted box indicates the area of enlargement. D, days after germination. Scale bars, 20 lm. B, Quantification of SDP1-
positive tubule size in WT and free1 mutants in germinating seedlings shown in (A). The lengths of SDP1-positive tubules were analyzed using
ImageJ software (NIH). The total number of 92 and 41 tubules were counted from the whole images of five individual hypocotyls of WT and free1
mutant, respectively. Error bars represent the S.D. from five individual seedlings, **P5 0.01 in Student’s t test. C, The formation of PEX11e-positive
tubules is defective in free1 mutants. Transgenic Arabidopsis WT mCherry-PEX11e and free1 mCherry-PEX11e seeds were germinated in MS me-
dium for 4 days (D), followed by confocal imaging of the hypocotyl region. Fifteen slices were collected in a total thickness of 15 lm for generating
the 3D projection image. Dotted box indicated the area of enlargement. Scale bars, 20 lm. D, Quantification of PEX11e-positive tubule size in WT
and free1 mutants in germinating seedlings shown in (C). The lengths of PEX11e-positive tubules were analyzed using ImageJ software (NIH). The
total number of 112 and 72 tubules were counted from the whole images of five individual hypocotyls of WT and free1 mutant, respectively. Error
bars represent the SD from five individual seedlings, **P5 0.01 in Student’s t test. E, The trafficking of SDP1 to LDs is defective in free1 mutants.
Transgenic DEX::FREE1-RNAi GFP–SDP1 or WT GFP–SDP1 seeds were germinated in MS medium with or without DEX for 4 days (D), followed by
LD staining using Nile Red dye and subsequent confocal imaging of hypocotyl regions showing GFP–SDP1 and LD. Dotted box indicates the area
of enlargement. Arrows indicate examples of peroxisome-engulfed LD. Scale bars, 20 lm. F, The percentage of GFP–SDP1 engulfed LDs in
DEX::FREE1-RNAi GFP–SDP1 shown in (E) are quantified. The total number of 267, 236, and 665 LDs were counted from the whole images of five
individual hypocotyls of WT ( + DEX), DEX::FREE1-RNAi (–DEX) and DEX::FREE1-RNAi ( + DEX), respectively. The total number of 118, 101, and 33
SDP1-engulfed LDs were counted from the whole images of five individual hypocotyls of WT ( + DEX), DEX::FREE1-RNAi (–DEX) and DEX::FREE1-
RNAi ( + DEX), respectively. Error bars represent the SD from five individual seedlings, **P5 0.01 in Student’s t test. G, Working model of FREE1
function in regulating peroxisome tubulation in germinating seedlings. FREE1 regulates the tubulation of peroxisome and the trafficking of SDP1
to LD surface for TAG hydrolysis. However, the peroxisome tubulation and the trafficking of SDP1 to LD surface were impeded in free1 mutant. P,
Peroxisome; Tubular P, tubular peroxisome.
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free1 mutant or in DEX-treated DEX::FREE1-RNAi line
(Figure 1D; Supplemental Figure S3D). Taken together, these
results (Figure 1, A–D; Supplemental Figure S3, A–D) indi-
cated that FREE1 is required for peroxisomal tubulation in
Arabidopsis.

To further study the effects of FREE1 depletion on the re-
lationship between LDs and peroxisomes in germinating
seedlings, we used Nile Red to stain LDs in germinating
seedlings of DEX::FREE1-RNAi GFP–SDP1 in the presence or
absence of DEX or free1 GFP–SDP1. As shown in Figure 1E,
in DEX-treated WT GFP–SDP1 or non-DEX-treated
DEX::FREE1-RNAi GFP–SDP1 or WT GFP–SDP1, GFP–SDP1
showed typical ring-like and tubular structures, and interest-
ingly, many of the Nile Red-stained LDs were engulfed by
the GFP–SDP1 (Figure 1E, upper and middle parts;
Supplemental Figure S3E, upper), indicating the engulfment
of LDs by the peroxisomes. In contrast, in DEX-induced KD
of FREE1 or free1 mutant background, GFP–SDP1 exhibited
mainly ring-like structures with little tubulation and the Nile
Red-stained LDs were found largely outside and separated
from the GFP–SDP1-positive ring-like structures (Figure 1E,
lower; Supplemental Figure S3E, lower). Further quantifica-
tion analysis confirmed these observations on the distinct
relationship between SDP1 and LDs in WT versus KD
( + DEX) or free1 mutant (Figure 1F; Supplemental Figure
S3F). In summary, our confocal imaging data showed that
both the formation of SDP1- or PEX11e-positive tubules and
the engulfment of LDs by the peroxisomes were impaired in
free1 mutants (Figure 1G).

ET analysis of relationship between peroxisomes
and LDs in WT and free1 mutant
To further explore the above confocal results on the
peroxisome–LD relationship at the ultracellular level, we
first performed TEM analysis in hypocotyls of 4-day-old
germinating seedlings of WT GFP–SDP1 and free1 GFP–
SDP1; however, we failed to obtain complete sections
containing sufficient numbers of LDs and peroxisomes for
quantification, likely owing to the existence of large
vacuoles in the hypocotyl cells. We next performed TEM
analysis in root tip cells of 1-day-old germinating seedlings
of WT GFP–SDP1 and free1 GFP–SDP1. We first per-
formed TEM analysis of multiple cells of WT GFP–SDP1
and free1 GFP–SDP1, showing defective peroxisomal tubu-
lation in free1 GFP–SDP1 (Supplemental Figure S4). We
also performed TEM analysis on the DEX::FREE1-RNAi
GFP–SDP1 line with or without DEX treatment. Our data
showed that few peroxisome-engulfed LDs were observed
in DEX::FREE1-RNAi GFP–SDP1 line upon DEX induction
in comparison with the control (Supplemental Figure S5).
To further explore the nature of LD–peroxisome associa-
tion, we performed immunogold-TEM analysis with GFP
antibodies on ultrathin sections of high-pressure frozen/
freeze-substituted 1-day-old WT GFP–SDP1 root tip cells,
showing specific gold-particle labeling on peroxisomes
that engulf LDs (Supplemental Figure S6).

ET analysis with nanometer resolution has become a pow-
erful tool to elucidate organelle relationships and organelle
biogenesis (Zhuang et al., 2017; Cui et al., 2019; Cao et al.,
2022). We performed ET analysis on two representative cells
of 14 continuous 300-nm-thick sections from the TEM-
analyzed WT GFP–SDP1 and free1 GFP–SDP1, respectively.
As shown in Figure 2A, a representative tomographic slice of
a WT cell showed the presence of numerous LDs and perox-
isomes, with various profiles of tubulation as well as LD–per-
oxisome association (Figure 2A, parts 1 and 3), and the
corresponding ET models further illustrated various stages
or profiles of possible engulfment of LDs by the peroxisomal
tubules and their tight association (Figure 2A, parts 1–4;
Supplemental Movie S1). Moreover, we observed different
stages of contact between peroxisomes and LDs, such as
peroxisomes with short tubules enwrapping only a small
surface of LDs, peroxisomes with long tubules wrapping
around half of the LD surface, and peroxisomes nearly
completely engulfing the whole surface of LDs, confirming
that peroxisome–LD groupings are tightly associated with
profiles of engulfment of LDs by peroxisomes in WT
(Figure 2A). In addition, serial sections of representative
samples showed the nearly complete engulfment of LDs by
peroxisomes in WT (Supplemental Figure S7A).

In contrast, when similar ET analysis was performed in
root tip cells of 1-day-old germinating seedlings of the free1
mutant, different results were obtained (Figure 2B). Both the
representative tomographic slice and the corresponding
models of a free1 mutant cell showed few elongated peroxi-
somes and little surface tethering between peroxisomes and
LDs (Figure 2B; parts 1–4; Supplemental Movie S2), albeit
with rare observations of peroxisomes surrounding with
multiple LDs with few contact areas (Figure 2B, part 2, indi-
cated by asterisk). Additional enlarged serial sections of rep-
resentative samples further confirmed that little tethering or
engulfing between peroxisomes and LDs was seen in the in
free1 mutant (Supplemental Figure S7B). These few surface
attachments between peroxisomes and LDs in the free1 mu-
tant may decrease the efficiency of LD mobilization, leading
to the delay or impairment of LD degradation in free1
mutants. Taken together, the results of the ET analysis
(Figure 2) are consistent with the confocal data (Figure 1;
Supplemental Figure S3) and support the notion that FREE1
is required for the peroxisomal tubulation and the peroxi-
somal engulfment of LDs as well as proper SDP1 targeting
to LDs.

FREE1 interacts directly with both PEX11e and
SDP1 to mediate LD degradation
Our results so far showed that both SDP1-positive tubules
and PEX11e-positive tubules were defective in free1 mutants
(Figure 1; Supplemental Figure S3), and such defects of per-
oxisomal tubulation in the free1 mutant were further verified
by ET analysis (Figure 2). To investigate the possible dynamic
relationship between FREE1 and SDP1 or PEX11e in living
cells, we also generated double transgenic Arabidopsis plants
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Figure 2 ET analysis of peroxisome–LD relationship in germinating seedlings of WT and free1 mutant. A, ET analysis of 14 continuous 300-nm-
thick sections revealed relationships between peroxisomes and LDs in germinating seedlings of 1-day-old WT GFP–SDP1 root tip cells. The corre-
sponding 3D model (part 2) shows the various profiles and stages of possible engulfment of LDs (yellow) by the tubular peroxisomes (green) in
WT cells. The dashed box (part 1) and the corresponding 3D model are enlarged (parts 3 and 4). Arrows indicate examples of peroxisome-
engulfed LDs. Peroxisomes adjacent to LDs are depicted in the 3D models. ET data were collected at 6.3099 nm/pixel. Scale bars, 500 nm. B, ET
analysis of 14 continuous 300-nm-thick sections revealed relationships between peroxisomes and LDs in germinating seedlings of 1-day-old free1
GFP–SDP1 mutant root tip cells. The corresponding 3D model (part 2) shows the largely separated profiles of LDs (yellow) and nontubulated or
less-tubulated peroxisomes (green) in free1 mutant cells. The dashed box (part 1) and the corresponding 3D model are enlarged (parts 3 and 4).
Arrows indicate examples of no engulfment of LDs by the peroxisomes. Peroxisomes adjacent to LDs are depicted in the 3D models. ET data were
collected at 6.3099 nm/pixel. Scale bars, 500 nm.
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co-expressing GFP-FREE1 mCherry-SDP1 or GFP-FREE1
mCherry-PEX11e. Indeed, FREE1 showed a close association
with both SDP1-positive and PEX11e-positive tubules in live-
cell confocal imaging analysis (Supplemental Figure S8).

We next performed biochemical analysis to explore the
possible molecular links among FREE1, PEX11e, and SDP1. A

protease protection assay using microsomes from Arabidopsis
cells expressing either SDP1–GFP or YFP–SDP1 confirmed the
predicted topology of SDP1 that both the C-terminus and
the N-terminus of SDP1 face the cytosol (Supplemental
Figure S9, A and B). Further fractionation analysis of
Arabidopsis cells expressing SDP1–GFP demonstrated that

Figure 3 FREE1 interacts with both PEX11e and SDP1. A, Y2H analysis of the binary interaction between FREE1 and PEX11e or SDP1. Transformed yeast
cells were grown on synthetic complete medium lacking leucine and tryptophan (SD-2) as a control, or on SD-3 (without histidine, –His) + 3-AT for in-
teraction assays, and three colonies were picked for interaction assay at the same dilution. 3-AT is a chemical used to suppress self-activation of the BD
genes. B, In vitro pull-down assay demonstrated the direct interaction between SDP1 and FREE1. His-Sumo-FREE1 and His-Sumo-GFP were incubated
with SDP1–Flag and pulled down by Flag beads. Samples of input (left) and pull-down (right) were separated by SDS–PAGE, followed by immunoblot
analysis with indicated antibodies. Arrowhead indicated His-Sumo-FREE1 protein pulled down by SDP1–Flag. C and D, FRET analysis showed direct in-
teraction between FREE1 and PEX11e or SDP1 in vivo. Panels as well as 5 � enlarged views in the dashed box are images before FRET. FRET efficiency
was quantified by using the (similar) punctae shown in the left bottom inlets of the merged panel. FRET efficiency was quantified as follows: FRETeff =
(Dpost – Dpre)/Dpost where Dpost is the fluorescence intensity of the donor after photobleaching and Dpre is the fluorescence intensity of the donor
before photobleaching. For each group, 10 individual protoplasts were used for FRET efficiency quantification and statistical analysis. Error bars are the
SD of FRET efficiency. Scale bars, 25 lm. E–G, Co-IP assay showing interaction among SDP1, FREE1, and PEX11e. Transformed Arabidopsis protoplasts
expressing the indicated constructs were subjected to protein extraction and IP with GFP-Trap. Samples of cell lysate (left) and GFP-Trap IP (right)
were separated by SDS–PAGE, followed by immunoblot analysis with indicated antibodies.
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SDP1 is an integral membrane protein (Supplemental Figure
S9C). We then expressed and purified recombinant proteins
of His-Sumo-FREE1, His-Sumo-GFP, and Flag–SDP1 for further
in vitro binding assays (Supplemental Figure S9D). PEX11s are
peroxisomal membrane proteins that play important roles in
peroxisomal proliferation and tubulation (Orth et al., 2007).
Phylogenetic analysis showed that the N-termini of PEX11e,
PEX11c, and PEX11d are highly conserved among themselves,
but both PEX11a and PEX11b are less similar to PEX11e,
PEX11c, and PEX11d (Lingard and Trelease, 2006;
Supplemental Figure S10). Based on these results, and since
SDP1 and PEX11 proteins are transmembrane proteins, we
truncated the N-terminus or C-terminus of SDP1 and N-ter-
minus of PEX11s which are facing in the cytosol for yeast
two-hybrid (Y2H) analysis. Since the full-length FREE1 protein
showed high self-activation activity, we used the truncated
FREE1 (amino acids 231–601) as bait (Li et al., 2019). Y2H
analysis showed that FREE1 interacted with both the C-termi-
nus of SDP1 and the N-terminus of PEX11e, but not with the
N-terminus of SDP1 nor the N-terminus of PEX11a and
PEX11b (Figure 3A; Supplemental Figure S11A). We also gen-
erated several FREE1 domain truncations for Y2H analysis,
showing that the truncated FYVE domain and the coiled-coil
domain of FREE1 cannot interact with SDP1 and PEX11e
(Supplemental Figure S11, B–D). Further in vitro binding
assays showed that Flag–SDP1 pulls down with His-Sumo-
FREE1 but not with His-Sumo-GFP, indicating a direct interac-
tion of FREE1 with SDP1 (Figure 3B). The interaction between
FREE1 and SDP1 or PEX11e was further confirmed by accep-
tor photobleaching fluorescence resonance energy transfer
(FRET-AB) analysis, as FREE1 showed an interaction with
PEX11e or SDP1 in the colocalized punctae, respectively
(Figure 3, C and D). Moreover, a co-IP assay further confirmed
the specific interaction of FREE1 with SDP1, FREE1 with
PEX11e in planta, as FREE1 was immunoprecipitated by both
YFP–SDP1 (Figure 3E) and YFP-PEX11e (Figure 3F), and
PEX11e and FREE1 were also immunoprecipitated together by
YFP–SDP1 (Figure 3G).

To further illustrate whether PEX11e could interact di-
rectly with SDP1 in the absence of FREE1, we also performed
additional Y2H and in vitro pull-down assays. The Y2H assay
showed that neither the N-terminus nor the C-terminus of
SDP1 could interact directly with the N-terminus of PEX11e
(Supplemental Figure S12A). In addition, in vitro pull-down
assay using PEX11e synthetic peptides (Supplemental Figure
S12B) as well as recombinant FREE1 and SDP1 proteins
showed that the PEX11e could not interact directly with
SDP1 in the absence of FREE1 (Supplemental Figure S12C),
but the PEX11e peptides P2 (amino acids 48–71) showed in-
teraction with SDP1 in the presence of FREE1 (Supplemental
Figure S12D). Taken together, these results demonstrated
that FREE1 interacts directly with both PEX11e and SDP1,
and that PEX11e could not interact directly with SDP1, sug-
gesting that FREE1 may act as a scaffold bridging PEX11e
and SDP1 during LD metabolism.

FREE1 interacts with the putative AH motif of
PEX11e
Sequence alignment analysis of PEX11s in plants and
other eukaryotes by ClustalW showed that AtPEX11e con-
tains a putative amphipathic helix (AH) motif at its N-ter-
minus (amino acids 44–75) (Supplemental Figure S13A),
whose counterpart was designated as PEX11-Amph in
Penicillium chrysogenum PEX11 (Opalinski et al., 2011b).
This AH motif with amphipathic properties was further
confirmed by Heliquest analysis with its hydrophobic
moments (mH) value 40.3 (Supplemental Figure S13, B–
D). To gain further insight into the specific interaction be-
tween FREE1 and PEX11e, we performed pull-down assays
using synthetic peptides corresponding to different
regions of PEX11e (P1–P4, Figure 4A) and blank sepharose
(P5) together with protein extracts isolated from trans-
genic Arabidopsis cells expressing Myc-FREE1 or recombi-
nant His-Sumo-FREE1 proteins. FREE1 was pulled down
specifically by Peptide 2 (amino acids 48–71), which is
within the predicted AH motif of PEX11e (Figure 4, B and
C). However, recombinant His-Sumo-FREE1 proteins could
not be pulled down by the Peptides of putative AH
motifs of PEX11a and PEX11b predicted by Heliquest, in-
dicating that FREE1 interacts specifically and directly with
the AH motif of PEX11e (Supplemental Figure S14).

Loss of FREE1 impairs the degradation of LDs in
germinating seedlings
To further test the effects of FREE1 depletion on degradation
of LDs, we examined the mobilization profiles of LDs in ger-
minating seedlings of two different DEX::FREE1-RNAi lines in
the presence or absence of DEX (Gao et al., 2015). Indeed, in
germinating seedlings of two different DEX::FREE1-RNAi lines
in the absence of DEX or WT with DEX treatment, LDs, visi-
ble as punctae by BODIPY staining, gradually disappeared,
and most signals were lost at 5 days after germination (D)
(Figure 5A, upper; Supplemental Figure S15A; Supplemental
Figure S16A, upper and middle parts). However, in germinat-
ing seedlings of two different DEX::FREE1-RNAi lines in the
presence of DEX, numerous LDs were still detected at 5 D
(Figure 5A, lower; Supplemental Figure S16A, lower). We also
examined the mobilization profiles of LDs in germinating
seedlings of free1 T-DNA mutant with similar results, showing
that numerous LDs were still detected at 5 D in free1 T-DNA
mutant (Supplemental Figure S16B). To further explore these
observations, we also generated a transgenic DEX::FREE1-RNAi
LDAP3-RFP line by crossing the LD marker LDAP3-RFP into
the DEX::FREE1-RNAi line, as LDAP3 belongs to LDAPs family
targeting to the LD surface (Gidda et al., 2016). Indeed, in ger-
minating seedlings of DEX::FREE1-RNAi LDAP3-RFP line in the
absence of DEX or WT LDAP3-RFP with DEX, LDAP3-RFP-
positive structures showed a similar decrease with much less
signals at 5 D (Figure 5B, upper; Supplemental Figure S15B),
whereas numerous LDAP3-RFP-positive structures were still
detected at 5 D in germinating seedlings in the presence of
DEX (Figure 5B, lower). Further quantification of LD number
confirmed that LDs accumulated in germinating seedlings

4262 | THE PLANT CELL 2022: 34; 4255–4273 Huang et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac195#supplementary-data


of both DEX::FREE1-RNAi lines with DEX treatment and free1
T-DNA mutant (Figure 5, C and D; Supplemental Figure
S16C). Interestingly, the average size of LDs in free1 T-DNA
line was significantly smaller than that of WT (Supplemental
Figure S16D), but no such obvious differences between DEX-
treated and non-DEX-treated DEX::FREE1-RNAi lines were ob-
served at early germination stages (Figure 5E).

These confocal observations were also supported by im-
munoblot analysis at the protein level. In addition, the pro-
tein level of LDAP3-RFP in seedlings of DEX::FREE1-RNAi
LDAP3-RFP was significantly reduced at 5 D in the absence
of DEX; however, upon DEX-induced KD of FREE1, the pro-
tein levels of LDAP3-RFP remained relatively constant from
2 D (days after germination) to 5 D (Figure 5, F and G). As
shown in Figure 5H, DEX treatments knocked-down the
FREE1 effectively during the 5-day germination of
DEX::FREE1-RNAi lines as very little FREE1 protein was
detected in seedlings of 2 D–5 D (Figure 5H). Taken to-
gether, these data further support that FREE1 is required for
efficient LD metabolism in germinating seedlings.

Given that TAGs are the major neutral lipids stored in
LDs, we analyzed the amount and composition of TAGs in
germinating seedlings. Total lipids were extracted from the
germinating DEX::FREE1-RNAi lines in the presence or ab-
sence of DEX at 1 D–5 D for subsequent identification and
quantification of TAGs using tandem mass spectrometry (Li
et al., 2014; Xie et al., 2015; Liu et al., 2020b). As shown in
Figure 6, the total TAG contents of 1 D–5 D germinating

DEX::FREE1-RNAi seedlings without DEX induction were
gradually reduced from 1 D to 4 D and barely detectable at
5 D. However, in the presence of DEX, the total TAG con-
tents were only reduced slightly at 3 D–5 D, and relatively
large amounts of the total TAG contents were still detected
at 3 D–5 D, significantly higher than those without DEX
treatments (Figure 6). Similar results were obtained when
different TAG species contents were further analyzed in
these experiments (Supplemental Figure S17). Taken to-
gether, these data reinforce that lipid mobilization is im-
paired in free1 mutants.

Discussion

FREE1 is required for peroxisomal tubulation
In eukaryotes, ESCRTs are known to be involved in many
cellular processes, including MVB biogenesis, cytokinetic ab-
scission, RNA virus replication, HIV budding, plasma mem-
brane repair, exosome formation, defective nuclear pore
complexes clearance, lysosome repair, phagophore closure,
and microautophagy (Gao et al., 2017). Recent studies have
also demonstrated the unconventional function of ESCRT
components in mediating peroxisome biogenesis. For exam-
ple, the yeast ESCRTIII regulates peroxisome biogenesis thus
affecting peroxisome-mediated LD degradation (Mast et al.,
2018), whereas the Arabidopsis ESCRTIII components are
necessary for peroxisomal inner membrane formation to
regulate LD metabolism (Wright and Bartel, 2020). Distinct

Figure 4 FREE1 interacts with the AH motif of PEX11e. A, Diagram of PEX11e with indicated positions and amino acids sequences of the four syn-
thetic peptides (P1–P4) used in the peptide pull-down assays. TMD: Transmembrane domain. B and C, Peptide pull-down assays showed the
specific interaction between FREE1 and the AH motif of PEX11e. B, Soluble proteins were extracted from Arabidopsis protoplasts expressing Myc-
FREE1 and incubated with Sepharose beads conjugated with the four synthetic peptides corresponding to different regions of PEX11e (P1–P4 as
indicated) separately and the blank control (P5) for pull-down assays, followed by immunoblot detection of bound proteins using anti-Myc anti-
bodies. Arrowheads indicate the positions of the detected proteins. C, His-Sumo-FREE1 and His-Sumo-GFP were incubated with Sepharose beads
conjugated with the four synthetic peptides corresponding to different regions of PEX11e (P1–P4 as indicated) separately and the blank control
(P5) for pull-down assays, followed by immunoblot detection of bound proteins using anti-His antibodies. Arrowheads indicate the positions of
the detected proteins.
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Figure 5 LDs accumulated in germinating seedlings of free1 mutants. A, LDs accumulated in germinating Arabidopsis DEX::FREE1-RNAi lines upon
DEX induction. Arabidopsis DEX::FREE1-RNAi seeds were germinated in MS medium with or without DEX for 1–5 D, followed by LD staining using
BODIPY dye at indicated days and subsequent confocal imaging of the hypocotyl region. Fifteen slices were collected in a total thickness of 15 lm

(continued)
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from the well-known functions of the ESCRT components
in peroxisome biogenesis, our studies have revealed an unex-
pected role of FREE1, a plant-specific ESCRT component, in
regulating peroxisomal tubulation and thus LD mobilization
in germinating seedlings. However, whether peroxisome tu-
bule formation is regulated independently by the ESCRT
component FREE1 or by the ESCRT-I complex in plants
remains to be elucidated in future study.

ESCRT components function in membrane remodeling
events by stabilizing negative membrane curvature, such as
during endosomal intralumenal vesicle formation, enveloped
virus budding, nuclear envelope closure, and cytokinetic
abscission (Hurley, 2015; McCullough et al., 2015). In
Arabidopsis, the PEX11 family proteins promote peroxisomal
proliferation and tubulation (Orth et al., 2007) and the AH
motif of PEX11s, conserved in eukaryotes, has membrane
remodeling capacity (Opalinski et al., 2011b; Yoshida et al.,
2015). In this study, we showed that both SDP1- and
PEX11e-positive peroxisomal tubulation were impaired
in free1 mutants (Figure 1, A–D; Supplemental Figure S3,
A–D), and that FREE1 interacted directly with PEX11e,
suggesting that the interaction may regulate peroxisomal
membrane extension (Figure 3). Intriguingly, retromer
was previously shown to play a role in regulating peroxi-
somal membrane extension in Arabidopsis (Thazar-
Poulot et al., 2015); thus, it would be interesting to clar-
ify the relationship between retromer and FREE1 in regu-
lating peroxisomal tubulation in future study.

Recently, tumor susceptibility 101 (TSG101), an ESCRT-I
component, was shown to cooperate with vacuolar protein
sorting-associated protein 13D (VPS13D) to regulate the
transfer of FAs from LDs to mitochondria to mediate the
LD mobilization in mammalian cells (Wang et al., 2021). In
Arabidopsis, FREE1 interacts with the ESCRT-I component
Vps23 (Gao et al., 2014), and the FREE1 loss-of-function mu-
tant shows a similar phenotype to those of other ESCRT
mutants (Cai et al., 2014; Shen et al., 2016; Nagel et al., 2017;
Liu et al., 2020a, 2021), in which the assembly or dissociation

of the ESCRT machinery is disrupted and the formation of
ILVs in MVBs is defective (Buono et al., 2017; Otegui, 2018).
Interestingly, the Arabidopsis ESCRTIII component SNF7 is
necessary for peroxisomal inner membrane formation, and
LDs accumulate in plants expressing a SNF7L22W dominant-
negative ESCRTIII variant (Wright and Bartel, 2020). In future
study, it will be interesting to investigate the possible roles
of ESCRT-I and other ESCRT components in regulating per-
oxisome tubule formation and LD mobilization in plants.

FREE1 is required for proper targeting of SDP1 to
LDs
Lipolysis, an essential pathway for LD turnover in
Arabidopsis, is a process whereby non-LD-localized lipases
are transferred to the LD surface for LD metabolism
(Eastmond, 2006; Kelly et al., 2011, 2013; Pyc et al., 2017a). A
conserved patatin-like phospholipase domain-containing
(PNPLA) is present in eukaryotic lipases, such as adipose tri-
glyceride lipase (ATGL) in mammals, TAG lipases (TGLs) in
yeast, and SDP1 in plants (Athenstaedt and Daum, 2005;
Eastmond, 2006; Smirnova et al., 2006). Intriguingly, unlike
the lipase ATGL delivery by COPI and COPII vesicles in the
cytosol of animal cells (Soni et al., 2009), the major plant li-
pase SDP1 is localized on the peroxisome and transported
to the LD surface via retromer-regulated peroxisomal tubu-
lar extension (Thazar-Poulot et al., 2015). However, how the
lipase SDP1 is transferred to LDs remains elusive in plants.
In this study, we showed that the transfer of SDP1 to LDs
surface is impaired in free1 mutants (Figure 1, E and F;
Supplemental Figure S3, E and F), and that FREE1 interacts
directly with SDP1 and PEX11e (Figure 3), suggesting that
FREE1 remodels peroxisome membrane via interacting with
PEX11e to promote peroxisomal tubulation and regulate
SDP1 targeting to the LD surface. In addition, the interaction
of PEX11e and SDP1 depends on the presence of FREE1
(Figure 3; Supplemental Figure S12), suggesting that FREE1
may act as a scaffold bridging PEX11e and SDP1. Future

Figure 5 (Continued)
for generating the 3D projection image. D, days after germination. Scale bars, 20 lm. B, LDAP3-RFP accumulated in germinating Arabidopsis
DEX::FREE1-RNAi lines upon DEX induction. Transgenic DEX::FREE1-RNAi LDAP3-RFP seeds were germinated in MS medium with or without DEX
for 1–5 D, followed by confocal imaging of the hypocotyl region at indicated days. Fifteen slices were collected in a total thickness of 15 lm for
generating the 3D projection image. D, days after germination. Scale bars, 20 lm. C, Quantification of BODIPY-stained LD numbers in germinating
seedlings of Arabidopsis WT (as shown in Supplemental Figure S14A) or DEX::FREE1-RNAi as shown in A. LDs numbers of each
150 lm � 150 lm � 15 lm area from five individual seedlings were quantified. Error bars represent the SD from five individual seedlings,
**P5 0.01 in Student’s t test, n.s., not significant. D, Quantification of LDAP3-RFP-positive LDs in germinating seedlings of Arabidopsis WT
LDAP3-RFP (as shown in Supplemental Figure S14B) or DEX::FREE1-RNAi LDAP3-RFP line as described in (B). LDs numbers of each
150 lm � 150 lm � 15 lm area were quantified from five individual seedlings. Error bars represent the SD from five individual seedlings,
**P5 0.01 in Student’s t test. E, Quantification of BODIPY-stained LD diameter in germinating seedlings of Arabidopsis WT (as shown in
Supplemental Figure S14A) or DEX::FREE1-RNAi as shown in A. LD diameter in each 150 lm � 150 lm � 15 lm area from five individual seedlings
were quantified. Error bars represent the SD from five individual seedlings, **P5 0.01 in Student’s t test. F, Quantification of LDAP3-RFP protein
profiles. The intensity of the LDAP3-RFP was normalized by the cytosolic protein FBPase intensity. Error bars represent the SD. from three individ-
ual experiments, **P5 0.01 in Student’s t test. G, The LDAP3-RFP protein profiles in germinating Arabidopsis DEX::FREE1-RNAi LDAP3-RFP line.
Transgenic Arabidopsis DEX::FREE1-RNAi LDAP3-RFP seeds were germinated in MS medium with or without DEX for 1–5 D, followed by protein
extraction of seedlings at indicated days and immunoblot analysis with indicated antibodies. H, FREE1 protein profiles in germinating Arabidopsis
DEX::FREE1-RNAi line. Arabidopsis DEX::FREE1-RNAi seeds were germinated in MS medium with or without DEX for 1–5 D, followed by protein ex-
traction of seedlings at indicated days and immunoblot analysis with indicated antibodies.
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study using genetic approaches can be carried out to test
for the PEX11e–FREE1–SDP1 interaction complex in plants.

LD metabolism is impaired in the autophagy-deficient
mutants of mammals and yeast (Singh et al., 2009;
Velikkakath et al., 2012; Schepers and Behl, 2021), and our
study showed that LD degradation was not defective in ger-
minating seedlings of both atg5 and atg7 mutants under
normal growth conditions (Supplemental Figure S2).
However, under dark conditions, LDs can be delivered to
vacuoles for degradation via autophagy-dependent pathway
in Arabidopsis leaves (Fan et al., 2019). In future study, it
will be interesting to explore the possible roles of lipophagy
and lipolysis in lipid metabolism under stresses conditions in
plants.

FREE1 is required for engulfment of LDs by
tubulating peroxisomes
LD–peroxisome contact has been studied. In yeast, the high-
curvature peroxisomal protrusions were found to penetrate
into the lipid core of LDs at LD–peroxisome contact sites by
TEM (Binns et al., 2006). Similarly, in mammals, elongated
peroxisomes were visualized tightly associated to the LD sur-
face by conventional TEM, correlative light electron micros-
copy and ET analysis, indicating that peroxisomes are in
close contact with a large surface area of LDs at LD–peroxi-
some contact sites (Chang et al., 2019). Just how SDP1
becomes localized on the peroxisome to perform its TAG
hydrolysis activity on the LD surface is also unclear. In this
study, we have provided evidence obtained by ET analysis
for a distinct peroxisome–LD association in WT compared
to the free1 mutant. The ET data showed different stages of
peroxisomal contact with LDs, including peroxisomes encap-
sulating entire LDs, wrapped around half of the LD surface

or enwrapping a small part of LD surface in WT (Figure 2A;
Supplemental Figure S4, upper; Supplemental Figure S5, up-
per; Supplemental Figure S7A). The large contact area be-
tween peroxisomes and LDs may improve the efficiency of
TAG metabolism and also facilitate the trafficking of free FA
to peroxisomes effectively for the subsequent metabolism
(Yang et al., 2012). However, in free1 mutants, few elongated
peroxisomes or large surface area tethering between peroxi-
somes and LDs were observed (Figure 2B; Supplemental
Figure S4, lower; Supplemental Figure S5, lower;
Supplemental Figure S7B). The little surface area attachment
between peroxisomes and LDs may reduce the efficiency LD
metabolism, leading to the delay of LD degradation in free1
mutants. Further confocal imaging and TAG analysis con-
firmed the presence of LDs and accumulation of TAGs in
free1 mutants even at late stages of germination (Figures 5
and 6; Supplemental Figures S15–S17). Compared to the
continuous reduction in TAG levels from 1D to 5 D
(Figure 6), there were discrepancies in the LD diameter and
LDAP3 levels (Figure 5, E and F). A slight increase in LD
diameters at 3 D and 4 D during seed germination may be
due to LD–LD fusion (Yang et al., 2012) albeit with a yet-
unknown mechanism in plants (Figure 5E). The LDAP3
proteins were slightly increased at 3 D in both WT and
FREE1-deficient seedlings, and then decreased at 4 D and 5
D in WT seedlings but remained at similar level in FREE1-
deficient seedlings (Figure 5F). The abundance of TAGs con-
tinuously decreased from 1D to 5 D in WT, but the TAGs
remained at similar level without further significant reduc-
tion from 3 D to 5 D in FREE1-deficient seedlings (Figure 6).
The different metabolic processes of proteins and lipids in
seedlings may contribute to the slight increase of LDAP3
proteins at 3 D. We conclude that the depletion of FREE1
affected the proper trafficking of SDP1 to LD surface for LD
mobilization, thus resulting in a significantly higher LD num-
bers and LDAP3 levels in free1 mutant in comparison with
WT (Figure 5).

A working model for FREE1 function in mediating
LD turnover
In this study, we have shown that (1) PEX11e- or SDP1-
marked peroxisome tubulation and proper targeting of
SDP1 to LD are defective in free1 mutants; (2) The engulf-
ment of LDs by peroxisomes is normal in WT, but very little
surface area tethering exists between peroxisomes and LDs
in the free1 mutant as revealed by ET analysis; (3) FREE1
interacts directly with PEX11e via the AH motif to promote
peroxisome tubulation and with SDP1 for its proper target-
ing to the LD surface; and (4) LD degradation is impaired in
free1 mutants. Figure 7 shows a working model of FREE1
function in regulating LD turnover in germinating
Arabidopsis seedlings. In germinating WT seedlings, FREE1
directly interacts with both PEX11e and SDP1, suggesting
that these interactions may regulate the peroxisomal tubules
extension and the trafficking of SDP1 to the LD surface for
TAG hydrolysis to release FAs to the peroxisome for further

Figure 6 Analysis of TAGs in germinating seedlings of free1 mutants.
Arabidopsis DEX::FREE1-RNAi seeds were germinated in MS medium
with or without DEX for 1–5 days (D), followed by sample collections
at indicated days for lipid extraction and subsequent analysis of total
TAGs (lmol g–1 FW). D, Days after germination. FW, fresh weight.
Error bars represent the SD from four biological replicates, **P5 0.01 in
Student’s t test.
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seedling development (Figure 7A). In free1 mutants, the for-
mation of peroxisomal tubules is impeded and thus SDP1
fails to traffic to LD surface, leading to accumulation of LDs
in free1 mutants (Figure 7B). Interestingly, the size of LDs in
the free1 T-DNA mutant was smaller than that in the WT,
although the mechanism of this difference is unclear
(Supplemental Figure S16, B and D). Biochemically, FREE1
interacts directly with both PEX11e and SDP1, thus cooper-
ating with PEX11e to mediate proper SDP1 trafficking
(Figure 7C). Peroxisomal tubulation is a highly dynamic
membrane remodeling process and PEX11 plays key roles in
peroxisomal proliferation and tubulation via its putative AH
motif (Opalinski et al., 2011b; Yoshida et al., 2015). We hy-
pothesize that the interaction among FREE1, PEX11, and
SDP1 may regulate the formation of SDP1-positive tubules
that eventually enwrap the LDs, thereby facilitating SDP1
translocation to catabolize TAGs. In conclusion, our study
sheds light on the function of the plant-specific ESCRT com-
ponent FREE1 in nonendosomal organelles, namely peroxi-
somes, mediating peroxisomal tubulation and proper
targeting of SDP1 to regulate LD metabolism in germinating
seedlings.

Materials and methods

Plant materials and growth conditions
The A. thaliana transposon insertion line (15-1960-1) of
free1 was obtained from the RIKEN. The DEX-induced
FREE1-RNAi transgenic line was described previously (Gao
et al., 2014). The Arabidopsis pK7WGF2-35Spro::GFP–SDP1
was kindly provided by Thierry Gaude (Thazar-Poulot et al.,
2015). For the free1 GFP–SDP1 and DEX::FREE1-RNAi GFP–

SDP1, the pK7WGF2-35Spro::GFP–SDP1 was crossed sepa-
rately with free1 and DEX::FREE1-RNAi.

To generate the mCherry-PEX11e transgenic plants, PEX11e
was amplified and cloned into pCAMBIA1300-
UBQpro::mCherry-GW backbone for plant transformation.
For the cross material free1 mCherry-PEX11e, the mCherry-
PEX11e was crossed with free1. To generate the LDAP3-RFP
transgenic plant, LDAP3 was amplified and cloned into the
pCAMBIA1300-UBQpro::GW-RFP backbone under the UBQ10
promoter for plant transformation. To generate DEX::FREE1-
RNAi LDAP3-RFP, the LDAP3-RFP line was crossed into the
DEX::FREE1-RNAi line. To generate transgenic double lines of
GFP-FREE1 mCherry-PEX11e and GFP-FREE1 mCherry-SDP1,
the GFP-FREE1 line was crossed into the mCherry-PEX11e
or mCherry-SDP1. The seeds were surface-sterilized and
grown vertically on plates with Murashige and Skoog
(MS) salts, pH 5.7, containing 1% sucrose and 0.8% agar at
22�C under a long day (16-h light (120 s–1 m–2 light inten-
sity provided by white fluorescent lamps)/8-h dark cycle)
condition. To induce the DEX::FREE1-RNAi plants, 10-lM
DEX (10-mM stock dissolved in ethanol) was added in MS
medium.

Plasmid construction
For the constructs used for the transgenic plants, the coding
sequence was amplified from cDNA and cloned into the
pDONR/Zeo vector using the Gateway cloning system
(Invitrogen, Waltham, MA, USA, cat.no. 12535-035) and fur-
ther cloned into pCAMBIA1300-UBQ10pro::mCherry-GW or
pCAMBIA1300-UBQ10pro::GW-RFP vectors separately. For
pCAMBIA1300-UBQ10pro::mCherry-PEX11e transgenic plants,
PEX11e was cloned into the pDONR/Zeo and further cloned
into pCAMBIA1300-UBQ10pro::mCherry-GW backbone to

Figure 7 Working model of FREE1 function in mediating LD turnover in germinating seedlings of WT and free1 mutant. A, In germinating WT
seedlings, LDs are engulfed by the tubular peroxisomes and degraded by the SDP1-mediated pathway. B, In germinating Arabidopsis free1 mutant,
the formation of peroxisome tubulation is impeded and SDP1 is mis-targeted, resulting in accumulation of LDs. C, Possible mechanisms of
PEX11e–FREE1–SDP1 interaction in mediating LDs degradation in germinating Arabidopsis seedlings. FREE1 interacts directly with both PEX11e
and SDP1, which is required for the PEX11e-mediated peroxisome tubulation and proper targeting of SDP1 to the LD surface. P, peroxisome.
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construct mCherry-PEX11e for generating transgenic plants.
For pCAMBIA1300-UBQ10pro::LDAP3-RFP transgenic plants,
LDAP3 was cloned into pDONR/Zeo and further cloned into
the pCAMBIA1300-UBQ10pro::GW-RFP backbone to con-
struct LDAP3-RFP for generating transgenic plants. For the
constructs used for Y2H analysis, cDNAs were cloned into
pGBKT7 and pGADT7 vectors separately. For the con-
structs used for recombinant protein expression, the
SDP1–Flag was cloned into pEGFP-N1 vectors through
KpnI and NotI double digestion. The p-His-SUMO–FREE1
and p-His-SUMO-GFP vectors have been previously de-
scribed (Gao et al., 2014). All constructs were confirmed
by Sanger sequencing. Primers used in this study are listed
in Supplemental Table S1.

Generation of transgenic plants by Agrobacterium-
mediated stable transformation
Arabidopsis WT plants were transformed by floral dip
with the Agrobacterium tumefaciens strain GV3101 con-
taining the pCAMBIA1300-UBQ10pro::LDAP3-RFP or
pCambia1300-UBQpro::mCherry-PEX11e or pCambia1300-
UBQpro::mCherry-SDP1 binary vector (Clough and Bent,
1998). The transgenic plants were screened on kanamycin
or hygromycin, and kanamycin or hygromycin-resistant
transgenic T1 plants were selected and planted to obtain
T2 progenies. The T2 progenies were screened on kana-
mycin- or hygromycin-containing MS medium to obtain
plants with a single insertion based on 3:1 segregation
rules. Seeds from homozygous T3 plants were used for
confocal observations and immunoblot analysis.

Recombinant protein purification
The pEGFP–N1–SDP1–Flag vector was expressed in suspen-
sion HEK293F mammalian cells as previously described (Lai
et al., 2019). The suspension HEK293F cells were continu-
ously incubated in an orbital shaker at 37�C, a humidified
atmosphere of 8% CO2 in air, and rotated at 125 rpm for
3 days. Mammalian cells were stained by trypan blue dye to
measure cell density and viability. HEK293F cells were di-
luted to 2.5 � 106 cells mL–1 with cell viability 495%. Upon
transfection, pEGFP–N1–SDP1–Flag plasmids (after endo-
toxin removal) and polyethylenimine was diluted in Opti-
MEM I Reduced Serum Medium (Thermo Fisher, Waltham,
MA, USA) and mixed to add into HEK293F cells for two
more days of culture. Then cells were harvested at 500g cen-
trifugation for 10 min.

Cell pellets were resuspended in 15-mL lysis buffer (50-mM
Tris–HCl pH 8.0, 300-mM NaCl, 10% glycerol, and
1 � complete protease inhibitor cocktail [Roche, Basel,
Switzerland]), lysed using a homogenizer and ultracentri-
fuged at 100,000g for 1 h. The pellet was collected, ho-
mogenized, incubated in 10 mL lysis buffer with 1% n-
dodecyl-b-D-maltopyranoside (DDM) for 2 h, and ultra-
centrifuged at 100,000g for 1 h. The supernatant was col-
lected and incubated with anti-FLAG M2 magnetic beads
for 2 h, after which the beads were washed 5 times using
lysis buffer with 0.05% DDM, and bound proteins were

eluted with lysis buffer with 0.05% DDM and 0.2-mg mL–1

3 � Flag. His-Sumo-FREE1, His-Sumo-GFP fusion proteins
were expressed in Escherichia coli (BL21) upon treatment
with 0.4-mM isopropyl b-D-1-thiogalactopyranoside at
20�C overnight and purified with Ni-NTA resin as previ-
ously described (Gao et al., 2014).

Both eluted proteins were dialyzed against pull-down
buffer (50-mM Tris–HCl, 300-mM NaCl, and 10% glycerol,
pH 7.5). Protein concentration was determined using Bio-
Rad Protein Assay (cat. no. 5000006) and Coomassie Brilliant
Blue staining of proteins SDS–PAGE (sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis) using the bovine se-
rum albumin as a standard.

In vitro pull-down assay
For the in vitro pull-down assay, Flag magnetic beads were
saturated with SDP1–Flag (Lai et al., 2019). Beads with
SDP1–Flag were incubated with His-Sumo-FREE1 and His-
Sumo-GFP in 1 mL cold pull-down buffer (50-mM Tris–HCl
[pH 7.5], 150-mM NaCl, 10% glycerol) containing 1% GDN
(glycogen diosgenin). After incubation at 4�C for 2 h in a
top to end rotator, the beads were washed 7 times with
pull-down buffer containing 0.02% GDN and then eluted by
0.1-M glycine buffer. The samples were boiled in SDS sample
buffer, separated by SDS–PAGE gel and further analyzed by
immunoblots using the appropriate antibodies.

Transient expression in Arabidopsis protoplasts
The Arabidopsis PSB-D suspension cultured cells were sub-
cultured every 5 days at 25�C, with shaking at 130 rpm in
the dark (Miao and Jiang, 2007). First, the 5-day-old
Arabidopsis PSB-D suspension cells were digested by enzyme
solution (1% cellulase “ONOZUKA” RS, 0.05% pectinase, and
0.2% driselase from Basidiomycetes sp in 25-mL TEX buffer)
for 2 h at 25�C, with shaking at 130 rpm under dark. Second,
electroporation buffer (0.4-M sucrose, 2.4-g L–1 HEPES, 6-g
L–1 KCl, and 600-mg L–1 CaCl2�2H2O, pH 7.2) was used to
wash the cells twice. Then, the protoplasts were transformed
with plasmids via electroporation. The protoplasts were
then incubated for 10–16 h prior to confocal imaging analy-
sis or protein extraction.

co-IP analysis
pBI221–YFP–SDP1, pBI221-YFP-PEX11e, pBI221-YFP-FREE1,
pBI221-YFP, pBI221-3Xmyc-FREE1, and pBI221-3XHA-PEX11e
were separately transformed to Arabidopsis PSB-D proto-
plasts. After 16 h incubation, 2.5 mL transformed protoplasts
were diluted three-fold with 250-mM NaCl in 15-mL
Falcon tubes and then centrifuged at 700g for 5 min to har-
vest cells, followed by resuspension in ice-cold lysis buffer
(25-mM HEPES [pH 7.2], 150-mM NaCl, 2-mM EDTA, 1-mM
MgCl2, 0.5% Triton X-100, 0.5-mM dithiobis [succinimidyl
propionate] and 1 � complete protease inhibitor cocktail
[Roche]). The protoplasts were then lysed by passing
through a 1-mL syringe with needle and incubated at 4�C
for 30 min. Total lysates were centrifuged at 10,000g for
15 min at 4�C and supernatants were incubated with GFP-
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Trap magnetic beads for 4 h at 4�C in a top to end rotator.
After incubation, the beads were washed with ice-cold wash-
ing buffer (25-mM HEPES [pH 7.2], 150-mM NaCl, 2-mM
EDTA, 1-mM MgCl2, 0.05% Triton) four times and then
eluted by boiling in SDS buffer. The samples of supernatant
or IP were separated by SDS–PAGE gel and further analyzed
by immunoblot using the appropriate antibodies.

High pressure freezing and transmission electron
microscopy
The general procedures for transmission electron micros-
copy sample preparation and thin sectioning were
performed as described previously (Cui et al., 2019). One-
day-old seedlings of WT GFP–SDP1 and free1 GFP–SDP1
were frozen in a high-pressure freezer (Leica, Wetzlar,
Germany), followed by freeze substitution performed in an-
hydrous acetone containing 2% OsO4/0.5% uranyl acetate at
–85�C in an AFS freeze-substitution unit (Leica, Wetzlar,
Germany) for 48 h and then gradually warmed to –45�C at
a 1�C/1 h rate over a 40 h period. The samples were incu-
bated at –45�C for over 12 h and incubated at –20�C for
over 12 h and then warmed to 4�C gradually over a 12 h pe-
riod. The roots were removed from the planchets after three
acetone rinses at room temperature and slowly infiltrated
stepwise with increasing concentrations of Epon resin
(TedPella) over 96 h and then embedded in Epon at 65�C
overnight. For immunogold TEM analysis, 1-day-old WT
GFP–SDP1 seedlings were frozen in a high-pressure freezer,
followed by freeze substitution in dry acetone containing
0.1% uranyl acetate at –85�C in an AFS freeze-substitution
unit (Leica, Wetzlar, Germany) and infiltrated with HM20.
Embedding and UV polymerization were performed stepwise
at –10�C. Immunogold labeling was performed as previously
described (Cui et al., 2019) with anti-GFP antibodies diluted
at 40 lg/mL in 1% BSA, and gold-coupled rabbit secondary
antibodies at 1:40 dilution in 1% BSA. Samples were ob-
served under Hitachi H-7650 TEM with a charge-coupled de-
vice camera (Hitachi High-Technologies Corporation, Japan)
operating at 80 kV.

ET analysis
The procedures for ET including sample sectioning, post-
staining, and electron microscopy imaging were as previ-
ously described (Cui et al., 2019). In brief, 14 continuous
300-nm-thick sections of 1-day-old WT GFP–SDP1 and
free1 GFP–SDP1 mutant root tips not occupied by large
central large vacuoles were cut and poststained using ura-
nyl acetate and lead citrate. ET images were collected
with an FEI Tecnai F20 TEM (FEI Company) operating at
200 kV. For each grid, a tilt image stack (81 images) from
+ 60� to –60� with 1.5� increments was collected, and the
second tilt image stack was collected by rotating the grid
by 90�. Dual-axis tomograms were calculated from pairs
of image stacks with the etomo program of the IMOD
software package (version 4.9.7, bio3d.colorado.edu). The
3D models were generated using the 3dmod program of
the IMOD software package.

Confocal microscopy and FRET analysis
Confocal fluorescence images were collected with a Leica
SP8 laser scanning confocal system with a 63� water lens.
All fluorophore emissions were collected sequentially in sin-
gle or double-labeling experiments. FRET analysis was per-
formed on a Leica SP8 confocal system according to the
manufacturer’s instructions using 405- and 514-nm laser
(Gao et al., 2014; Shen et al., 2018).

LD staining
LDs (for Arabidopsis) were stained with 2-lg mL–1 BODIPY
493/503 (4-mg mL–1 stock in DMSO, excitation: 488-nm la-
ser, emission: 500–540 nm) or 1-lg mL–1 Nile red (1-mg
mL–1 stock in DMSO, excitation: 543-nm laser, emission:
590–640 nm) diluted in 1 � PBS buffer (pH 7.0) for 10 min
followed by three washes with 1 � PBS buffer (Gidda et al.,
2016). Thereafter, materials were observed under confocal
microscopy SP8 (Leica) for imaging.

TAG amount and composition analysis
For lipid extraction, 70 mg of DEX-treated or non-DEX-treated
DEX::FREE1-RNAi germinating seedlings at 1D–5D were freshly
collected for analysis of TAGs by the Lipidall Technologies
(China) (http://www.lipidall.com/). The samples were inacti-
vated with 0.01% (w/v) butylated hydroxytoluene in isopropa-
nol (prewarmed to 75�C to inactivate the solvent) (Liu et al.,
2020b). The extraction buffer containing chloroform:metha-
nol:300-mM ammonium acetate (30:41.5:3.5) (v/v/v) was
added to the samples and shaken for 24 h at 150 rpm at
room temperature. Samples were then centrifuged and super-
natant were transferred to new tubes and dried in a
SpeedVac. Lipid extracts were stored at –80�C until liquid
chromatography–mass spectrometry (LC–MS) analyses.

For TAGs, lipidomic analyses were performed with an
Exion UPLC-QTRAP 6500 Plus (Sciex) LC–MS (curtain
gas = 20, ion spray voltage = 5,500 V, temperature = 400�C,
ion source gas 1 = 35, ion source gas 2 = 35) (Lipidall
Technologies, China). For reverse phase (RP) LC/MS, lipids
were analyzed using a modified version of RP-high-perfor-
mance liquid chromatography/electrospray ionization tan-
dem mass spectrometry (HPLC/ESI/MS/MS). In brief, lipids
were separated on a Phenomenex Kinetex 2.6mm-C18 col-
umn (internal diameter 4.6 � 100 mm) using an isocratic
mobile phase chloroform:methanol:0.1M ammonium acetate
(100:100:4) (v/v/v) at a flow rate of 300-mL min–1 for 10 min.
TAGs were quantitated using TAG(14:0)3-d5, TAG(15:0)3-
d29, and TAG(18:0)3-d5 obtained from CDN isotopes
(Quebec, Canada). For the relative quantitation of the TAGs
in germinating seedlings, data are expressed in micromole
per gram fresh weight as described previously (Huang et al.,
2019a). Error bars represent the SD from four biological repli-
cates. **P5 0.01 in Student’s t test (Supplemental File S1).

Y2H
For Y2H analysis, the corresponding genes were amplified
from cDNA and cloned into the pGBKT7 or pGADT7
vectors (Clontech). Plasmids of each pair were co-
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transformed into the yeast AH109 strain and plated on
synthetic drop-out medium lacking Trp and Leu (SD-2)
for 3 days at 30�C (Gao et al., 2014). Positive colonies
were further selected on SD medium lacking His, Trp, Leu
(SD-3) containing 6 mM 3-amino-1,2,4-triazole for 2 days
at 30�C. The experiments were performed twice indepen-
dently with similar results.

Protein extraction and immunoblot analysis
The samples of 0.1 g Arabidopsis seedlings at different germi-
nation stages were grounded to powder in liquid nitrogen
and homogenized in 100-lL protein extraction buffer con-
taining 50-mM Tris–HCl (pH 7.5), 150-mM NaCl, 1-mM
EDTA, 10% glycerol, 1% SDS (sodium dodecyl sulfate), and
1 � complete protease inhibitor cocktail (Roche). Total
lysates were centrifuged at 700g for 15 min at 4�C, followed
by SDS–PAGE and immunoblot analysis using the appropri-
ate antibodies.

Topology analysis and protease protection assay
The isolation of microsomes and the analysis of protein to-
pology were performed as previously described (Gao et al.,
2012). YFP–SDP1 and SDP1–GFP were separately trans-
formed to Arabidopsis PSB-D protoplasts. After 16-h incuba-
tion, 2.5-mL transformed protoplasts were diluted three-fold
with 250-mM NaCl in 15-mL Falcon tubes and then centri-
fuged at 700g for 5 min to harvest cells, followed by resus-
pension in ice-cold extraction buffer (40-mM HEPES-KOH,
pH 7.5, 1-mM EDTA, 10-mM KCl, and 0.4-M sucrose, and
1 � complete protease inhibitor cocktail [Roche]) and lysing
by passing through a 1-mL syringe with needle several times.
The samples were centrifuged at 600g for 3 min to remove
large cellular debris, and the supernatants were further cen-
trifuged at 100,000g for 30 min at 4�C. The pellet was
assigned as the microsomal-enriched membranes and was
resuspended in the extraction buffer to be divided into
three parts with equal volume for protease protection assays
with three distinct conditions: without trypsin, containing
100-lg mL–1 trypsin and containing 100-lg mL–1 trypsin
with 1% Triton X-100. After incubation at 37�C for 30 min,
the samples were boiled in SDS sample buffer, separated by
SDS–PAGE gel and further analyzed by immunoblot using
the appropriate antibodies.

For microsome isolation and membrane binding ability
assays (Gao et al., 2014), the Arabidopsis PSB-D protoplasts
transformed with SDP1–GFP were extracted in ice cold ex-
traction buffer (40-mM HEPES-KOH at pH 7.5, 1-mM EDTA,
10-mM KCl, 0.4-M sucrose, 1 � complete protease inhibitor
cocktail [Roche]). After centrifugation at 600g for 3 min to re-
move large cellular debris, the supernatant was further centri-
fuged at 100,000g for 30 min at 4�C. The supernatant (CS)
and microsomal-enriched membranes fractions (CM) were
separated from Arabidopsis cells. The membrane pellet was
then resuspended in extraction buffer with 0.1-M Na2CO3

(pH 10), 1-M KCl, 1% (v/v) Triton X-100, or 1% (v/v) SDS,
and incubated at 4�C for 1 h before separation as CS and CM
fractions for immunoblot analysis with indicated antibodies.

In vitro peptide pull-down assay
The AH motifs of PEX11s were predicted by HELIQUEST
software (http://heliquest.ipmc.cnrs.fr/) and PSIPRED soft-
ware (http://bioinf.cs.ucl.ac.uk/psipred/). The peptides used
in peptide pull-down assay were synthesized by GeneScript
(https://www.genscript.com/). Synthetic peptides of 24–26
amino acid length were used because of synthesis limita-
tions. We selected the region of amino acids 48–71 because
of their highest hydrophobic moment (mH) values among
the region of amino acids 44–75.

In vitro pull-down and peptide-binding assay were per-
formed as previously described (Contreras et al., 2004; Suen
et al., 2010). Synthetic peptides corresponding to the differ-
ent regions of PEX11e, PEX11a, and PEX11b were coupled,
via N-terminal NH2 group to cyanogen bromide-activated
Sepharose 4B (3-mg peptides per milliliter of beads) accord-
ing to standard procedures. The coupling reaction was
quenched through incubation with 1-M glycine, pH 8.0, at
room temperature for 2 h in a top to end rotator. Peptides
coupling efficiencies were monitored by measuring 280-nm
absorbance.

For the peptide-binding assay, the Arabidopsis PSB-D pro-
toplasts transformed with 3 � myc-FREE1 were extracted
in ice-cold lysis buffer (50-mM Tris–HCl [pH 7.5], 150-mM
NaCl, 1-mM EDTA, 10% glycerol, 0.5% Triton X-100, and
1 � complete protease inhibitor cocktail [Roche]) and then
lysed by passing through a 1-mL syringe with needle and in-
cubated at 4�C for 30 min. The supernatants were then in-
cubated with Sepharose beads coupled with the peptides
for 4 h at 4�C in a top to end rotator. After incubation, the
beads were washed six times with 1 � lysis buffer and then
eluted by boiling in SDS sample buffer. The samples were
boiled in SDS sample buffer, separated by SDS–PAGE gel
and further analyzed by immunoblotting with the appropri-
ate antibodies.

For the peptide pull-down binding assay, sepharose beads
coupled with the peptides were incubated with His-Sumo-
FREE1, His-Sumo-GFP, or Flag–SDP1 in 1-mL cold pull-down
buffer (50-mM Tris–HCl [pH 7.5], 150-mM NaCl, 10% glyc-
erol) containing 1% Triton. After incubation at 4�C for 1 h
in a top to end rotator, the beads were washed seven times
with pull-down buffer. The samples were boiled in SDS sam-
ple buffer, separated by SDS–PAGE, followed by immuno-
blot detection using the appropriate antibodies.

Antibodies
Primary antibodies used in this study were anti-FREE1
(homemade) (Gao et al., 2014), anti-GFP (homemade) (Cui
et al., 2019), anti-GFP (1:1,000 dilution) (Chromotek,
029762), anti-RFP (1:1,000 dilution) (Abcam, Cambridge, UK
ab125244), anti-HA (1:1,000 dilution) (Abcam, ab18181),
anti-MYC (1:500 dilution) (Santa Cruz, SC789), anti-Flag
(1:8,000 dilution) (Sigma, F3165), anti-His (1:1,000 dilution)
(GE, ZT-4710.01), and anti-FBPase (1:1,000 dilution)
(Agrisera, AS04043).
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Accession numbers
The Arabidopsis Genome Initiative locus identifiers for the
genes mentioned in this article are FREE1 (At1G20110), SDP1
(At5G04040), LDAP3 (At3G05500), PEX11e (At3G61070),
PEX11a (At1G47750), and PEX11b (At3G47430).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. LDs accumulated in germinating
free1 mutants (supports Figure 1).

Supplemental Figure S2. LDs did not accumulate in ger-
minating seedlings of atg5 or atg7 mutants (supports
Figure 1).

Supplemental Figure S3. FREE1 regulates peroxisomal tu-
bule formation and peroxisome-encapsulated LDs (supports
Figure 1).

Supplemental Figure S4. Electron micrographs of rela-
tionships between peroxisomes and LDs in WT GFP–SDP1
and free1 GFP–SDP1 mutant (supports Figure 2).

Supplemental Figure S5. Electron micrographs of rela-
tionships between peroxisomes and LDs (supports Figure 2).

Supplemental Figure S6. Immunogold-TEM analysis of
relationships between peroxisomes and LDs (supports
Figure 2).

Supplemental Figure S7. ET analysis of relationships be-
tween peroxisomes and LDs in WT and free1 mutant (sup-
ports Figure 2).

Supplemental Figure S8. FREE1 is closely associated with
the peroxisome tubule (supports Figure 3).

Supplemental Figure S9. Analysis of SDP1 topology (sup-
ports Figure 3).

Supplemental Figure S10. Sequence similarity analysis of
AtPEX11s (supports Figure 3).

Supplemental Figure S11. FREE1 interacts with both
PEX11e and SDP1 (supports Figure 3).

Supplemental Figure S12. PEX11e could not interact di-
rectly with SDP1 in the absence of FREE1 (supports
Figure 3).

Supplemental Figure S13. AtPEX11e contains a con-
served N-terminal AH motif (supports Figures 3 and 4).
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