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ABSTRACT

In plants, the primary form of energy stored in seed lipid droplets, triacylglycerol (TAG), is catabolized during germination to

support pre-photosynthetic growth. Although this process is essential for seedling development, it is incompletely understood. In
a screen for Arabidopsis thaliana mutants displaying delayed degradation of the lipid droplet coat protein oleosin, five independ-
ent mutations in PECTIN METHYLESTERASE31 (PME31) were recovered. In addition to delayed oleosin degradation, pme31
mutant seedlings exhibited sustained lipid droplets and elevated levels of several TAG and diacylglycerol species. Although

structural prediction classified PME31 as a pectinesterase, this structural family also includes a putative E. coli lipase, YbhC.

Moreover, PME31 lacks an N-terminal signal peptide that would target it to the cell wall, where pectin resides. We found that

a fluorescent PME31 reporter was cytosolic and partially associated with peroxisomes, the site of fatty acid catabolism, during
lipid mobilization. Our findings suggest that, in contrast to canonical PMEs, which modify cell wall pectin, PME31 functions at

peroxisomes to directly or indirectly promote lipid mobilization.

1 | Introduction

Seed development is a fine-tuned process that directs embryo
development and stockpiles energy resources to fuel eventual
germination. In oilseed plants such as Arabidopsis, lipids are
the primary fixed carbon source for germinating seeds before
photosynthesis is established (Quettier and Eastmond 2009;
Huang 1992). Utilization of these lipids requires the collabora-
tion of two organelles—peroxisomes and lipid droplets.

Peroxisomes are found in nearly all eukaryotes, where they
compartmentalize various catabolic and anabolic reactions
essential for plant and animal life (Kao et al. 2018; Jansen
et al. 2021; Kumar et al. 2024). For example, peroxisomes are the
exclusive site of fatty acid f-oxidation in plants (Graham 2008).
The enzymes that execute peroxisome functions are synthe-
sized in the cytosol and imported into the lumen of the organ-
elle using a suite of proteins known as peroxins (PEX proteins)
(Kao et al. 2018; Jansen et al. 2021). Lumenal proteins contain
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a C-terminal peroxisomal targeting signal 1 (PTSI) and/or a
PTS2 near the N-terminus. These signals are recognized by the
import receptors PEX5 and PEX7, respectively, that accompany
the cargo proteins through PEX13 hydrogel channels into the
lumen of the peroxisome (Gao et al. 2022; Ravindran et al. 2023;
Skowyra et al. 2024). After cargo delivery, the receptors are ret-
rotranslocated out of the peroxisome through the action of ubiq-
uitination and ATPase peroxin complexes on the peroxisome
membrane, freeing the receptors for further rounds of import
(Kao et al. 2018; Jansen et al. 2021).

The fats catabolized in peroxisomes are stored in lipid droplets
(also known as oil bodies) to prevent cytotoxicity. Lipid droplets
are dynamic, ER-derived organelles with a neutral lipid core of
triacylglycerol (TAG) and steryl esters surrounded by a phos-
pholipid monolayer (Choudhary et al. 2015; Jacquier et al. 2011;
Kassan et al. 2013). The lipid droplet membrane is embedded
with coat proteins, including oleosin in plants, to maintain struc-
tural integrity and prevent lipid droplet coalescence (Walther
et al. 2017; Huang 1992).

During germination, lipid droplets deliver lipids to peroxi-
somes for utilization. To allow access to the stored lipids, the
oleosin coat proteins are ubiquitinated, which requires a
peroxisome-associated ubiquitin-protein ligase, MIEL1 (Traver
and Bartel 2023). Ubiquitinated oleosins are extracted from the
lipid droplet membrane by the ATPase CDC48, assisted by the
adaptor protein PUX10 (Deruyffelaere et al. 2018; Kretzschmar
et al. 2018), and degraded by the proteasome (Deruyffelaere
et al. 2015). Fatty acids stored in lipid droplet TAG are released
as peroxisomal extensions known as peroxules emerge from the
peroxisome to allow SUGAR DEPENDENT1 (SDP1), a cytosol-
facing TAG lipase anchored in the peroxisomal membrane, to
access the surface of the lipid droplet (Thazar-Poulot et al. 2015;
Huang et al. 2022). SDP1 hydrolyzes TAG into a free fatty acid
and diacylglycerol (DAG) and can also inefficiently remove
a second fatty acid from DAG to produce monoacylglycerol
(MAG) (Eastmond 2006). The esterification of the freed fatty
acid to CoA allows the resultant fatty acyl-CoA to be imported
into the peroxisome by the ABC transporter PXA1l (Zolman
et al. 2001; Footitt et al. 2002), which hydrolyzes the CoA during
transport (De Marcos Lousa et al. 2013; Carrier et al. 2019).
Inside the peroxisome, the fatty acid is again esterified to CoA
(Fulda et al. 2004) to ready it for the f-oxidation spiral, which
is catalyzed by the sequential action of acyl-CoA oxidases (ACX
enzymes) (Adham et al. 2005), multifunctional enzymes (AIM1
and MFP2) (Rylott et al. 2006), and 3-ketoacyl-CoA thiolases
(PED1, KAT1, and KATS) (Hayashi et al. 1998; Wiszniewski
etal. 2014). Each cycle of the fatty acid -oxidation spiral releases
acetyl-CoA, which supplies the glyoxylate cycle to produce the
sucrose that fuels germination (Graham 2008; Theodoulou and
Eastmond 2012).

Arabidopsis mutants defective in lipid mobilization often dis-
play seedling growth defects that can be ameliorated by sup-
plementing the growth medium with sucrose. Providing this
alternative fixed carbon source bypasses the need for acetyl-
CoA from fatty acid $-oxidation. These mutants include sdpl,
which inefficiently hydrolyzes TAG (Thazar-Poulot et al. 2015;
Eastmond 2006); pxal, which ineffectively imports fatty
acids into peroxisomes (De Marcos Lousa et al. 2013; Carrier

et al. 2019); and pedl, which is defective in a thiolase enzyme
catalyzing the final step of 3-oxidation (Hayashi et al. 1998).
Another notable phenotype of lipid mobilization mutants is
the clustering of peroxisomes around retained lipid droplets;
sdpl, pxal, acxl, acx2, mfp2, and pedl mutants emerged from
a microscopy-based screen for seedlings with clustered or en-
larged peroxisomes (Rinaldi et al. 2016). In addition to enzymes
involved in processing and transporting lipids, the timely degra-
dation of the lipid droplet coat protein oleosin (OLE) is needed
for efficient lipid droplet utilization, and miell and puxI0 mu-
tants display slowed lipid droplet utilization during germination
(Deruyffelaere et al. 2018; Kretzschmar et al. 2018; Traver and
Bartel 2023).

Despite the importance of lipid mobilization for plant
growth, several aspects of this process remain unclear. For
example, several Arabidopsis mutants defective in PECTIN
METHYLESTERASE31 (PME31) emerged from the same
microscopy-based screen that also revealed multiple lipid mobi-
lization mutants (Rinaldi et al. 2016). As PMEs typically act in
the plant cell wall to demethylate pectin (Micheli 2001), it is not
apparent why pme31 mutants would exhibit lipid mobilization
defects. In this study, we identified five new pme3I alleles in a
screen for delayed oleosin degradation during Arabidopsis seed
germination. We found that levels of prominent neutral lipids,
including DAG and some TAG species, were elevated in pme31
mutant seedlings. Additionally, a PME31 reporter expressed
from the PME31 promoter localized to the cytosol until robust
lipid mobilization began, when it was also found associated with
peroxisomes. These findings establish PME31 as an atypical
PME that plays a key role in lipid mobilization in Arabidopsis.

2 | Results

2.1 | Multiple pme31 Alleles Emerged From a
Screen for Delayed Oleosin Degradation

To identify proteins involved in lipid mobilization, we isolated
mutants with delayed degradation of the predominant seed-
ling lipid droplet coat protein OLEOSIN1 (OLE1) during seed-
ling development. We used ethyl methanesulfonate (EMS)
to mutagenize an Arabidopsis line containing a transgene
(pOLEI1:mNeonGreen-OLEI) that expressed an mNeonGreen-
OLE1 translational fusion from the OLEI promoter (Traver
and Bartel 2023). As previously described (Traver and
Bartel 2023), we screened the progeny of these plants for delayed
mNeonGreen-OLE1 degradation by using fluorescence micros-
copy to identify mutant seedlings that retained mNeonGreen
fluorescence after it was no longer prominent in wild-type seed-
lings (Figure 1A). We tested the progeny of our candidate mu-
tant seedlings for sustained fluorescence by microscopy and for
elevated endogenous and reporter oleosin levels by immunoblot-
ting (Figure 1B), and we used whole-genome sequencing to iden-
tify homozygous EMS-consistent mutations (G-to-A or C-to-T)
in our validated mutants. In addition to previously described
mutations in the MIELI gene, which encodes a ubiquitin-protein
ligase (Traver and Bartel 2023), we identified five independent
missense mutations in PME31 (Figure 1C). Previously isolated
pme31 alleles respond like wild type to growth without sucrose
or when challenged with the peroxisomally processed auxin
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FIGURE1 | Ascreen foroleosin stabilization uncovers multiple pme31 alleles. (A) pOLEI:mNeonGreen-OLE1 seeds were mutagenized and grown
in pools, and their progeny (M,) were screened for sustained seedling fluorescence and then transferred to soil for seed production. (B) Four-day-
old M, seedlings were retested for mNeonGreen fluorescence (left) and protein stabilization via immunoblotting (right). An immunoblot of protein
extracted from 4-day-old untransformed wild type (Wt), un-mutagenized pOLEI:mNeonGreen-OLEI (Wt), and pme31 mutant seedlings was serially

probed with antibodies recognizing seed oleosins and the HSC70 loading control. Biological replicates of the pme31-4, pme31-5, and pme31-6 alleles

were loaded in adjacent lanes. The positions of molecular mass markers (in kDa) are indicated at the left. (C) Whole-genome sequencing of select

mutants revealed multiple independent alleles in two genes: PME3I (blue; this work) and MIELI (purple; Traver and Bartel 2023).

precursor, indole-3-butyric acid (IBA) (Rinaldi et al. 2016).
Similarly, we found that all five of our pme31 mutants resembled
wild type in these conditions, which was in marked contrast
to the peroxisome-defective pex12-1 mutant (Figure S1) (Kao
et al. 2016). Because all five pme31 mutants emerged from the
same screen for mNeonGreen-OLEI] retention (Figure 1), lacked
seedling growth defects (Figure S1), and similarly stabilized en-
dogenous oleosins (Figure 1B), we selected one allele, pme31-5,
for in-depth analysis.

2.2 | PME31 Promotes Lipid Droplet Mobilization

To determine if the sustained oleosin observed in pme31 was
associated with lipid droplets, we investigated lipid droplet
prominence during early seedling development. Using confocal
microscopy, we observed abundant OLE1 reporter associated
with lipid droplets stained with the neutral lipid dye monodan-
sylpentane (MDH) in 2-day-old seedlings in both wild type and
pme31 (Figure 2A). By 4days, both lipid droplets and the OLE1
reporter were largely depleted in wild type, whereas the pme31
mutant displayed numerous residual lipid droplets associated
with the OLE1 reporter (Figure 2A).

As observed in 4-day-old seedlings (Figure 1B), OLE1 and
mNeonGreen-OLE1 levels were notably higher in 3-day-old
pme31 mutant seedlings compared to wild-type seedlings with
or without the mNeonGreen-OLEI] reporter (Figure 2B). In con-
trast, pme31 mutant seeds contained similar levels of OLE1 and
mNeonGreen-OLE1 compared to wild-type seeds (Figure 2B).
This time-course analysis suggested that rather than pme3Il
seeds storing excess oleosin, oleosin degradation was delayed

in the mutant. The accumulation pattern of the glyoxylate cycle
enzyme isocitrate lyase (ICL), which is undetected in seeds, el-
evated in young seedlings, and degraded as seedlings are estab-
lished (Lingard et al. 2009), was similar in pme3I and wild type
(Figure 2B), suggesting that PME31 did not notably impact the
general timing of seedling development, which was consistent
with our seedling growth assays (Figure S1).

We used thin-layer chromatography to examine the timing of
TAG mobilization. We found similar levels of TAG in seeds and
1.5-day-old seedlings in pme3I compared to wild type but sig-
nificantly elevated TAG levels in 3.5-day-old pme31 seedlings
(Figure 2C,D). The slowed oleosin degradation and delayed mo-
bilization of TAG and lipid droplets observed in the pme31 mu-
tant (Figure 2) suggest that PME31 promotes lipid mobilization.

2.3 | PMES31 Influences Seedling DAG
and TAG Levels

To understand how lipid mobilization is impacted in pme31-5
compared to miell-4, a lipid mobilization mutant that emerged
from the same screen (Traver and Bartel 2023), we conducted
lipid profiling on five biological replicates of 2-day-old light-
grown seedlings. We included two controls: untransformed
wild type and wild type expressing the mNeonGreen-OLE1
reporter that was also present in the two mutants. To exam-
ine the variation among our replicates and genotypes, we per-
formed principal component analysis (PCA) (Figure 3A). We
found that 96% of the variation in the data was captured by
the first two principal components (Figure 3A). The replicates
from the two control lines clustered together, indicating that
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FIGURE2 | pme3I mutant seedlings retain lipid droplets, oleosin, and TAG longer than wild-type seedlings. (A) Confocal images (single slices) of

cotyledon epidermal cells of Wt and pme31-5 seedlings expressing mNeonGreen (nNG)-OLE1 at the indicated ages. Neutral lipids were stained with

MDH (magenta), and mNG-OLE1 fluorescence is shown in green. (B) Immunoblot of protein extracted from stratified seeds (0days) and 1.5- and

3-day-old seedlings probed with the indicated antibodies. The positions of molecular weight markers (in kDa) are indicated on the left. The numbers
below the panels show the OLE1 or mNG-OLE1 to HSC70 ratio, normalized to the day 0 level in Wt or Wt (pOLE1:mNG-OLE1), respectively. (C)
Representative thin-layer chromatograph (TLC) of extracted lipids of the indicated genotypes at 0-, 1.5-, and 3-day time points. (D) Quantification of

triplicate TLC of the indicated genotypes. The TAG signal was standardized against wild type at 0days for each replicate. p-values were generated by

three individual two-tailed unpaired t-tests of the time-course groups.

the mNeonGreen-OLE1 transgene did not markedly impact
overall lipid composition. In contrast, the data from the two
mutants were well separated from each other and from the
controls (Figure 3A), indicating distinct alterations in lipid
composition.

Because our mutants emerged from a screen for lipid droplet re-
tention, we analyzed the lipidomics data for changes in the lip-
ids most notably associated with lipid droplets—TAG, DAG, and
sterols. The most prominent differences between the mutants
and the wild-type control expressing mNeonGreen-OLE1 were
significant elevations in DAG levels; some TAG species were also
significantly elevated (Figures 3B and S2). In contrast, sterol lev-
els were not significantly altered in the mutants (Figure 3B,D).
To examine the contribution of these altered lipids to the total
seedling lipid content, we compared the levels of individual TAG
(Figure 3C), DAG (Figure 3D), and sterol (Figure 3E) species for
each genotype. We found that both pme31 and miell had elevated
levels of the most abundant DAG species (18:2_18:2), whereas

pme31 but not miell had elevated levels of the most abundant
TAG species (18:2_36:3 and 18:2_36:4). Among changes in polar
lipids, we noted that pme31-5 and miell-4 appeared to have de-
creased levels of several monogalactosyldiacylglycerol (MGDG)
species compared to the control (Figure S2).

2.4 | PME31Is Unique Among Arabidopsis Pectin
Methylesterases

To gain insight into why mutants defective in PME31, an apparent
pectin methylesterase, might display delayed lipid mobilization,
we probed bioinformatic data related to the homology and struc-
ture of PME31. Plant PMEs generally have one of two types of N-
terminal extensions. Type I PMEs, exclusive to the Embryophyta
(land plants), have an N-terminal signal peptide or transmembrane
domain directing the protein to the cell wall or plasma membrane,
respectively, followed by an inhibitor domain preceding the cata-
lytic domain. In contrast, type II PMEs have an N-terminal signal
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FIGURE3 | DAG and TAG profiles are altered in pme31-5 seedlings. (A) PCA analysis of lipidomics data from 2-day-old seedlings shows limited
variation among five biological replicates of each genotype. (B) Dendograms and heat maps showing log, fold changes in DAG, TAG, and sterol levels
in pme31 and miell mutants relative to Wt (mNG-OLEL1). (C-E) Bars show the mean levels of each DAG (C), TAG (D), or sterol (E) species for each
genotype plotted as the percent of individual lipid species within the entire sample. p-values were generated from Dunnett's multiple comparison

tests of individual ANOVA of each lipid species among the five biological replicates (dots). Asterisks in panels (B)-(E) denote values significantly

(p <0.001) different from Wt (mNG-OLE1).

peptide or transmembrane domain but lack the inhibitor domain
(Markovic and Janecek 2004; Gupta et al. 2015). PME31 lacks both
the N-terminal localization domain and the inhibitor domain.

To compare the homology of the catalytic domains, we gathered
sequences of Arabidopsis proteins annotated as PMEs (Tables S1
and S2) and manually truncated the sequences to include the rele-
vant catalytic domains following alignment with PME31. Figure 4

shows a phylogram generated from the catalytic domain alignment
(Figure S3). Even though the N-terminal localization and inhibitor
domains were not included in the alignment, type I and type II
PMEs segregated within the tree into their respective groups, sug-
gesting an evolutionary expansion of the two types of PMEs after
their divergence. The PME31 catalytic domain was most similar
to type II PMEs (Figure 4), suggesting that PME31 evolved from a
type II PME after the divergence of the two types.
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The closest type II PME31 relative was PMES53, with 47% sequence
identity in the catalytic domain (Figure S3). The closest type I rela-
tive was PME64, with 38% sequence identity to PME31 (Figure S3).

We aligned the primary sequences of the catalytic domains of
PME31, PMES53, and PME64 with the well-characterized bacterial
PmeA from the plant pathogen Dickeya dadantii (Fries et al. 2007)
and the E. coli YbhC lipase (EkI6f et al. 2009). The alignment
(Figure 5) shows that PME31 is generally similar to the other PMEs
and the YbhC lipase, which exhibits sequence similarity to PMEs.
The catalytically important residues identified in PmeA were con-
served in PME31 (Figure 5). Moreover, our various pme3I alleles,
including three isolated in a previous screen (pme31-1 to pme31-3)
(Rinaldi et al. 2016), generally impacted conserved amino acids
and often altered Gly residues (Figure 5). Additionally, PME31 has
a Q rather than an E residue at position 46 in the highly conserved
GxYXE motif (Markovic and Janecek 2004) that is present in all
other Arabidopsis PMEs (Figure S3).

In addition to PME homologs in Arabidopsis, PME31 has apparent
orthologs throughout the land plant lineage (McCarthy et al. 2014).
Many of these orthologs, like PME31, lack N-terminal targeting
signals and are much more similar to PME31 than PME31 is to its
closest Arabidopsis homolog, PMES53 (Figure S4A). For example,
the monocot Zea mays encodes an ortholog with 71% identity to
Arabidopsis PME31, and the lycophyte Selaginella moellendorffii
ortholog is 66% identical to Arabidopsis PME31 (Figure S4B). One
apparently unique feature of the PME31 family is a small insertion
at 85-88 amino acids in PME31. This insertion was present in all
of the PME31 orthologs examined (Figure S4) but was unique to
PMES31 in the full alignment of Arabidopsis PMEs (Figure S3).

We compared the predicted protein structure of PME31 to its
closest type IT (PMES53) and type I (PME64) Arabidopsis relatives
and the predicted D. dadantii PmeA and E. coli YbhC structures
(Fries et al. 2007; EKI6f et al. 2009). AlphaFold2 predicted that
PME31 would adopt a typical PME structure composed almost
entirely of B-strands (Figure 6A). Most of our pme31 mutations
appeared to alter residues on the same face of the protein that
harbors the catalytic residues (Figure 6A). As expected from
the sequence alignment (Figure 5), the predicted PME31 struc-
ture was very similar to those of other PMEs and YbhC, with
between 0.57 and 0.71 A root mean squared deviations (RMSD)
across pruned atom pairs (Figure 6B-D).

2.5 | PMES31 Is Expressed in Early Seedling
Development

Stored lipid droplet fats are mobilized within the first few days
of germinative growth in Arabidopsis. We queried previously
published global expression data (Klepikova et al. 2016; Waese
et al. 2017) to compare the PME31 temporal expression pat-
tern to genes defective in characterized @-oxidation mutants
(Figure S5). These data revealed that the PME3I transcript is
abundant in dry seeds and remains at a reduced level upon
the onset of germination (Figure S5A). The OLEI transcript,
which encodes a lipid droplet coat protein, is also abundant in
dry seeds but decreases more dramatically upon germination
(Figure S5B). Transcripts of MIEL1, which encodes a protein
necessary for ubiquitinating OLE1 for degradation, peak during
early germination and then decline (Figure S5C). Similarly,
SDP1, which encodes a TAG lipase, and PEDI, which encodes
a peroxisomal thiolase acting in fatty acid B-oxidation, are
more abundant during germination than in dry seeds or after
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pme31-5 (Gly61Arg)
pme31-. 2(GIy61GIu)

PME31 1 MATTRN“RVSQDGSGDYCS (QDATDS|P(RENZLE RLSPEIMR F ISPEI LTWNN]T_E
PME53 80 FPSYTLTVHKKSNKGDFTI IQDAIDS PIRINGS KVH. I PL IE E EWGDTAQ
PME64 285 LTEDVTIYCKNGGKDCKY! u AuDSAP RTVKF{MIRIRE FE| KNVVFI D ITGSLNVG
Dd PmeA 26 TTYNAVWYSKSSSDGKTF AGS——TPF LIKN N RLTIT--RNNLHL ESRNG IAAATAEG
EcYbhC 78 AQPDFVIYGPAGTQGVTH ’A‘A IIKRTNKEQY VMP(EE] QGTEY.AAPGG.LY EKPIDVKIGLSLDGGMSPADWRHDVNPRGKYMPGKPAW 179
GXYxE
insertion in PME31 pme31-1(Gly141Asp)
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PME53 —TPDIKGNP———— YN SFANSPF PVPLPEAVGK FG@RMEEA © - IARIDGI (§- - -------- -] 232
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Ec YbhC  YMYDSCQSKRSDSI FWSQNNGLQL LGDS-VDRGN--------- Hg D——GVQINMVNI R N FFVTNSGVQNRLETNRQ 272
pme31-8 (Gly201Ser)
pme31-7 (Gly186Arg)  pme31-3 (Gly201Asp)
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Dd PmeA  SFFSpHER DG INN@DLVSRYRADVK-SGNVS[€Y LIPS - TNINQKYI SRVIRESD------- SVPAKSYG HETTTFSDGRYAD 282
Ec YbhC  TLVTNS)gR=eDyy IVS RGAVV[EDNTEFRVVNSR------ TQQERYVFAPATLSNIYY[E[FLAVSRFNAFG----------- SLDVDAN ———————— 352
pme31-4 (Gly267Ser) pme31-6 (Arg275His)
PME31 ---LAYHT(HAC RN HNQGNA -------- ENERSACFYEYRCFEPBscSBERYP SDEGHFVHH?EVDPEQDRP"LCLRMGVKTPYSA 317
PME53 B FSRVV AT ININL PREYYNJGDP- - - - ----SREMTVFYG C NYGGAYAANSETE ENKPFLSLT[FIDGS-E - -{JTKL 383
PME64 FR-VF NCNLESLMSPDEIMPINGD-------- FALKTLYY(] INT(EPESVRNSYUPLIS SHTPEKHVDVYSVAN[FIQAD- - -EJJASTTA 602
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Ec YbhC ——TNIRDSAINEGFN——TAKPMADA —————————————— VISNRPFAENTGSVDDNDEIQ NYNRMWEYNNRGVG----- SKVVAEAKK 427
FIGURES5 | Predicted active-site residues are conserved in PME31 and related enzymes. The alignment shows PME31 aligned with the catalytic

domains of its closest type II (PMES53) and type I (PME64) Arabidopsis homologs, PmeA from Dickeya dadantii, and YbhC from E. coli. Positions of

newly identified mutations (pme31-4 to pme31-8) are highlighted in red and labeled above the alignment, and previously isolated alleles (pme3I-1 to

pme31-3; Rinaldi et al. 2016) are in maroon. Presumed active site residues, including catalytic residues labeled below the alignment, are highlighted

in gold based on Dickeya dadantii PmeA (Fries et al. 2007). Five sequence motifs generally conserved in PMEs (Markovic and Janecek 2004) are

noted in green below the alignment, with residues altered in PME31 depicted in blue. A short insertion (residues 84-87) in PME31 that is absent in

other Arabidopsis PMEs is in blue in the PME31 sequence.

germination (Figure 5D, 5E). In contrast, UBQIO0, often used as
a constitutive promoter, maintains relatively consistent mRNA
levels from dry seeds to mature leaves (Figure S5F). We con-
cluded that the expression pattern of PME31 was consistent with
a possible role in lipid mobilization during seed germination.

2.6 | A PME31 Reporter Localizes to Peroxisomes
After Germination Begins

To investigate where PME31 is localized during lipid mobiliza-
tion, we examined transgenic plants expressing two reporters:
(1) a constitutively expressed red-fluorescent reporter harbor-
ing a peroxisomal targeting signal (pACT2:tdTomato-PTSI) to
visualize peroxisomes and (2) mNeonGreen-tagged PME31 ex-
pressed from the PME3I 5’ regulatory region (pPME31:PME31-
HA-mNeonGreen) or constitutively expressed untagged
mNeonGreen (pUBQI0:mNeonGreen-HA). We used confocal
microscopy to visualize PME31-HA-mNeonGreen, tdTomato-
PTSI1, and lipid droplets (stained with MDH). Like the control
mNeonGreen-HA (Figure 7A), PME31-HA-mNeonGreen local-
ized to the cytosol and what appeared to be nuclei in stratified
seeds and 1-day-old seedlings (Figure 7B). This localization in-
dicates that, unlike other Arabidopsis PMEs, PME31 does not
traffic to the cell wall. Interestingly, PME31-HA-mNeonGreen
localized not only in the cytosol but also with peroxisomes in
2-day-old seedlings (Figure 7B). The same constructs were
imaged in hypocotyls from 2- and 3-day-old light-grown seed-
lings (Figure 7C,D). In hypocotyls, the PME31 reporter was ini-
tially cytosolic at 2days but was largely peroxisome associated
in 3-day-old seedlings (Figure 7D). We concluded that PME31

likely localizes in the cytosol and is recruited to peroxisomes
during lipid mobilization.

3 | Discussion

The breakdown of lipid droplet triacylglycerols to acetyl-CoA
within peroxisomes is essential for germination in Arabidopsis.
We found that lipid mobilization was impaired in pme31 mu-
tants, as evidenced by slowed mobilization of lipid droplets
(Figure 2A), degradation of oleosin (Figure 2B), and utilization
of TAG (Figures 2C,D and 3B,D). These defects were accom-
panied by elevated DAG levels (Figure 3B,C). These pheno-
types, along with some unique features of the catalytic domain
of PME31 compared to other PMEs (Figure 4) and abundant
PME3I transcripts in seeds (Figure S5), are consistent with
PME31 playing an active role in lipid mobilization during early
germination in Arabidopsis. Furthermore, a PME31 reporter
partially localized to peroxisomes during lipid mobilization
(Figure 7), hinting at a direct role for PME31 in peroxisome-
associated lipid metabolism.

A role for PME31 in lipid mobilization initially appeared par-
adoxical. PME31 belongs to a family of at least 64 apparent
pectin methylesterases in Arabidopsis (Figure 4 and Tables S1
and S2), which typically function in cell wall modification by
demethylating pectin (Micheli 2001), a prominent cell wall
polymer (Anderson 2016). Indeed, heterologously expressed
PME31 displays esterase activity against a pectin substrate
in vitro (Dedeurwaerder et al. 2009; Zhang et al. 2023).
However, PME31 is less active on pectin in vitro than other
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FIGURE 6 | The predicted PME31 structure resembles PMEs and YbhC. (A) The PME31 structure was predicted by AlphaFold. Residues altered
by pme31 mutations are highlighted in red (this work) and maroon (Rinaldi et al. 2016). The predicted active site residues from Figure 5 are high-
lighted in gold, with spheres designating predicted catalytic residues. The small insertion in PME31 that is absent in other Arabidopsis PMEs is high-
lighted in light blue. (B) Alignment of predicted structures of PME31 (blue) with PMES53 (gray) and PME64 (charcoal). (C) Alignment of predicted
structures of PME31 (blue) and D. dadantii PmeA (cream) (Fries et al. 2007). The identified PmeA active site residues are highlighted in teal, with
spheres designating catalytic residues. (D) Alignment of the predicted structures of PME31(blue) with E. coli YbhC (mint). In B-D, the root mean

squared deviations (RMSD) across pruned atom pairs between PME31 and the comparison enzyme are shown in parentheses. The structures on the

right in panels (A)-(D) are 90° counterclockwise rotations of the left structure around the vertical axis.

PMEs (Dedeurwaerder et al. 2009). Moreover, unlike PME31,
other Arabidopsis PMEs harbor N-terminal signal peptides or
transmembrane domains that traffic them to the cell wall or
plasmamembrane (Figure 4 and Tables S1 and S2). In vivo, type
I PMEs traverse the secretory system with a co-translationally
attached inhibitor domain, which prevents esterase activ-
ity before deposition at the cell wall (Wolf et al. 2009). This
auto-inhibition may be important because pectin precursors
also traverse the secretory system from the Golgi apparatus
to the cell wall (Micheli 2001; Anderson 2016). Type II PMEs,
in contrast, lack an inhibitor domain but retain a secretion
signal. PME31 is notable for being the only Arabidopsis PME
that lacks both the inhibitor domain and a secretion signal
(Figure 4 and Tables S1 and S2). The primary role of PMESS,
a canonical type I PME expressed during germination, is to
modify pectin in seed mucilage (the carbohydrate-rich spe-
cialized cell wall of seed coat epidermal cells) and thereby aid
in seed hydration and radicle rupture through the seed coat
(Hong and Lee 2017). However, the lack of a signal sequence
(Figure 4) and the cytosolic localization of a PME31 reporter
(Figure 7) would seem to exclude a role for PME31 in mucilage
modification. We conclude that PME31 is unlikely to exert its
effects through pectin demethylation.

PME31 transcripts are abundant in seeds and remain present
during germination (Figure S5; Xiang et al. 2024). A unique
role of PME31 during germination is apparent by the isolation
of multiple pme3I mutants from independent forward-genetic
screens for sustained lipid droplets (Figure 1) or peroxisomes
clustered around sustained lipid droplets (Rinaldi et al. 2016),
implying that other Arabidopsis PMEs cannot compensate for
the lack of PME31. Although pme3I null mutants germinate
like wild type on media lacking ABA, a role for PME31 during
germination is further supported by the ABA hypersensitiv-
ity of pme31 seed germination and by the repression of PME31
transcription by ABI5 (Xiang et al. 2024), a transcription factor
that inhibits germination in the presence of ABA (Finkelstein
and Lynch 2000; Lopez-Molina and Chua 2000). Intriguingly,
MIEL1, which emerged from the same oleosin stabilization
screen that yielded PME31, is implicated not only in OLE1 ubiq-
uitination (Traver and Bartel 2023) but also in ABI5 ubiquitina-
tion (Nie et al. 2022). It will be interesting to learn the epistatic
relationship between pme31 and miell.

pme31 mutants exhibited some phenotypes characteristic of
lipid mobilization mutants, including delayed oleosin degra-
dation and slowed TAG utilization (Figure 2). However, these
defects were not sufficiently severe to slow germination (Xiang
et al. 2024) or confer sucrose-dependent growth (Figure S1), a
defining feature of mutants with more severe lipid mobilization

impediments, such as sdp! (Eastmond 2006) and pexI2-1 (Kao
et al. 2016). Lipidomics analysis revealed that pme31 seedlings
had elevated levels of DAG and some TAG species (Figure 3),
indicating a potential reduction in the efficiency of hydrolyzing
DAG after TAG hydrolysis. Additionally, pme3I appeared to
have decreased levels of monogalactosyldiacylglycerol (MGDG)
(Figure S2). Perhaps impaired lipid mobilization into peroxi-
somes slows the production of MGDG, which is synthesized
via the transfer of D-galactose from UDP-galactose to DAG
(Li-Beisson et al. 2013). Similar galactolipid reductions were
prominent in the ubiquitin ligase mutant miell-4 (Figure S2),
suggesting that the lipid profile of pme31 seedlings may be a
hallmark of lipid mobilization defects rather than illuminating
the direct catalytic substrate of PME31. pme31 mutant seedlings
are hypersensitive to salt (Yan et al. 2018), and it will be interest-
ing to learn whether this sensitivity relates to the lipid mobiliza-
tion defects reported here.

Intriguingly, the PME catalytic domain has also been anno-
tated as an acyl-CoA thioester hydrolase YbhC-like domain.
In fact, type II PMEs are ambiguously attributed with both a
PME domain and an acyl-CoA thioester hydrolase YbhC-like
domain (PANTHER 19.0), hinting at a potential role for PME31
in hydrolyzing carboxylic esters in lipid mobilization. This un-
certainty in predicted substrate specificity can only be resolved
experimentally. For example, the E. coli YbhC protein was ini-
tially classified as a pectin methylesterase based on sequence
similarity but was later reported to have thioester hydrolase
activity against palmitoyl-CoA, suggesting activity on a lipid
substrate (Kuznetsova et al. 2005). However, subsequent studies
provided no evidence supporting esterase activity against either
pectin or palmitoyl-CoA, and the in vivo substrate of the E. coli
YbhC protein remains unclear (EkI6f et al. 2009). Interestingly,
the catalytic domain of PME31 is distinct from both type I and
type II PMEs (Figures 4 and 5), suggesting that PME31 may
also have a distinct catalytic function, including a non-pectin
substrate.

PME31 plays a role in lipid mobilization, resulting in delayed
utilization of lipids within lipid droplets when PME31 func-
tion is interrupted. The localization of a PME31 reporter was
consistent with a direct role for PME31 in lipid mobilization
during germination. As predicted from the lack of a signal
sequence, a PME31 reporter was largely cytosolic in strati-
fied seeds and 1-day-old seedlings. Interestingly, in 2-day-old
seedling roots, the PME31 reporter also localized to peroxi-
somes, the hub of lipid catabolism (Figure 7B). PME31 ap-
peared to be slightly slower to localize to peroxisomes in the
hypocotyl (Figure 7D), reinforcing the dynamic nature of this
localization. Questions remain about how PME31 associates
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A PME31 reporter localizes to the cytosol and peroxisomes in developing Arabidopsis seedlings. Plants expressing a peroxisomal

lumenal marker (tdTomato-PTS1, magenta) and free mNeonGreen (mNeonGreen-HA, green) (A, C) or fluorescently tagged PME31 (PME31-HA-
mNeonGreen, green) expressed from PME31 5’ regulatory sequences (B, D) were imaged in radicles of stratified seeds (0days) and roots of 1- and
2-day-old light-grown seedlings (A, B) and in hypocotyls of 2- and 3-day-old light-grown seedlings (C, D). Lipid droplets were stained with MDH
(cyan); images are single 1-um slices. PME31-mNeonGreen is cytosolic in younger tissue and becomes more peroxisome associated in older tissues.
Arrows mark examples of peroxisomes with minimal mNeonGreen co-localization; arrowheads mark examples of peroxisomes with substantial

mNeonGreen co-localization.

with peroxisomes and how this localization is temporally
regulated. Although PME31 lacks a canonical peroxisome-
targeting signal, some proteins “piggyback” into the peroxi-
some lumen via association with PTS-containing proteins
(Islinger et al. 2009), and others associate with peroxisomes
via interaction with peroxisome membrane proteins (Koller
et al. 1999; Traver et al. 2022). It will be interesting to learn
whether PME31 peripherally associates with peroxisomes or
localizes within the lumen and to identify PME31-interacting
proteins that mediate this localization.

Although PME31 can demethylate a pectin substrate in vitro
(Dedeurwaerder et al. 2009; Zhang et al. 2023), the unique char-
acteristics of PME31 and the phenotypes of PME31-defective
plants suggest a different or additional role in vivo. PME31
impacts lipid droplet utilization, which could result from a
function as a lipase during lipid mobilization. This hypothesis
is further supported by the localization of PME31 to the cyto-
sol (rather than the cell wall) and to peroxisomes as lipids are

mobilized. If PME31 has lipase activity, it might assist SDP1 in
freeing fatty acids from DAG or MAG. SDP1 is more efficient
on TAG than on DAG (Eastmond 2006), and the pme3I mutant
accumulates DAG (Figure 3). However, the miell mutant, de-
fective in a ubiquitin-protein ligase (Traver and Bartel 2023),
also accumulates DAG (Figure 3), so DAG accumulation in
pme31 does not indicate a direct role for PME31. Alternatively,
if PME31 has acyl-CoA hydrolase activity, it might assist PXA1
in the hydrolysis of fatty acyl-CoAs during peroxisomal import.
While PXA1 can hydrolyze the fatty acyl-CoA substrates during
import (De Marcos Lousa et al. 2013; Carrier et al. 2019), it is
unknown if PXA1 is the only protein performing this function
in vivo. Determination of the precise molecular role played by
PME31 during lipid utilization at peroxisomes awaits further in-
vestigation. PME31 orthologs are present not only in flowering
plants but also in mosses (Physcomitrella patens) and lycophytes
(Selaginella moellendorffii) (McCarthy et al. 2014) (Figure S4),
and it will be interesting to learn if a lipid-related role for this
atypical PME extends throughout land plants.
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4 | Materials and Methods
4.1 | Plant Growth Conditions

Plants were grown at 21°C-22°C under continuous white light.
Seeds were surface-sterilized in a 3% NaOCI solution with 0.01%
Triton X-100, rinsed extensively with water, and stratified by
incubating overnight at 4°C in the dark in 0.1% agar. Stratified
seeds were plated on plant nutrient (PN) medium (Haughn
and Somerville 1986) solidified with 0.6% or 1% (w/v) agar and
supplemented with 0.5% (w/v) sucrose (PNS). Seedlings were
transferred from plates to soil after 1week for seed production.
For liquid cultures, stratified seeds were grown in 6-well plates
containing 3mL of 6-fold diluted PN supplemented with 0.5%
(w/v) sucrose and agitated at 220rpm on an orbital shaker. For
physiological assays monitoring peroxisome function, stratified
seeds were pregerminated for 1day in constant light before sow-
ing on PN solidified with 1% (w/v) agar supplemented with the
indicated concentrations of sucrose and/or IBA. After sowing,
plates were wrapped in aluminum foil and placed vertically for
4days at 22°C. Plates were scanned using a flatbed scanner, and
hypocotyl lengths were measured using Fiji (version 1.52p).

4.2 | Mutant Isolation

A. thaliana accession Col-0 (Wt) transformed with a
pOLEI:mNeonGreen-OLE] transgene was mutagenized with
ethyl methanesulfonate (EMS) as previously described (Traver
and Bartel 2023). Seedlings with delayed degradation of the
mNeonGreen-OLE1 reporter (retained fluorescence) follow-
ing germination were selected, retested, and subjected to
whole-genome sequencing as previously described (Traver
and Bartel 2023). M, progeny of the original screened mutants
were used to assay 4-day oleosin retention (Figure 1B) and lipid
droplet retention (Figure 2A). Homozygous progeny of the back-
crossed pme31-5 mutant were used for OLE1 and TAG quantifi-
cation (Figure 2B-D) and lipidomics (Figure 3).

4.3 | Mutant Genotyping

Genotypes of mutants and the presence of various transgenes
were determined using PCR with the primers listed in Table S3
of genomic DNA prepared from leaf tissue. DNA was prepared
using a modification of a prior protocol (Klimyuk et al. 1993).
A cotyledon or small leaf fragment was harvested in a 0.2-mL
PCR tube, submerged in 50-mM NaOH, and heated to 99°C for
15min before adding an equal volume of neutralization buffer
(200-mM Tris, I-mM EDTA, pH8.0). Amplicons were either as-
sessed by agarose gel electrophoresis (following digestion with
the restriction enzymes listed in Table S3 if indicated) or di-
rectly sequenced using Sanger sequencing (Genewiz). The olel-1
(SM_3_29864) mutant was from the Nottingham Arabidopsis
Stock Centre.

4.4 | DNA Methods

Inserts for the plant transformation plasmids were constructed
in a pUC57-based entry vector via Gibson Assembly (Gibson

et al. 2009). To make pACT2:tdTomato-PTS1, pPME31:PME31-
HA-mNG, 1403 bp of genomic DNA upstream of the PME3] start
codon followed by the PME31 cDNA fused in frame with an
HA tag and the mNeonGreen coding sequences followed by the
HSPI18.2 terminator (Nagaya et al. 2010) was inserted into the
AvrlI restriction site of a pUC57-based entry vector containing
pPACT2:tdTomato-PTS1 (Traver and Bartel 2023). This insert was
recombined into the pMCS:GW destination vector (Michniewicz
et al. 2015) using LR Clonase II (Invitrogen) to make the plant
transformation vector. Complete plasmid sequences were ver-
ified via Oxford Nanopore reads by Plasmidsaurus (Eugene,
OR). Alternative constructs expressing PME31 fused to the C-
terminus of a fluorescent reporter resulted in cytosolic protein
aggregates and were not pursued further.

4.5 | Plant Transformation

Plasmids were transformed into Agrobacterium tumefaciens
GV3101 (pMP90) (Koncz and Schell 1986) by electroporation.
The transformed Agrobacterium strains were used to transform
the Col-0 accession of A. thaliana by floral dipping (Clough and
Bent 1998). Seedlings harboring the reporter construct were
identified by survival on PNS plates supplemented with 10ug/
mL Basta and screening for mNeonGreen fluorescence using
a Leica MZ16FA fluorescent stereomicroscope. All selection
media were supplemented with 20ug/mL timentin to prevent
Agrobacterium growth. Selected plants were transferred to
PNS plates for recovery until being transferred to soil for seed
production.

4.6 | Confocal Microscopy

Embryos dissected from stratified seeds and light-grown seed-
lings were incubated in 100-uM monodansylpentane (MDH) in
50-mM Tris (pH 8) for at least 20 min to stain lipid droplets. The
embryos or seedlings were then mounted in lipid droplet dye
solution on glass slides (VWR; 48311-950) with 0.16-mm cov-
erslips (VWR; 48393-241) and imaged by live-cell fluorescence
confocal microscopy using an Olympus FV3000RS inverted
laser scanning confocal microscope equipped with a UPLXAPO
60x/1.42 oil-immersion objective and standard multialkali spec-
tral GaAsP detectors. Images were captured with Fluoview
Acquisition software (version 2.4.1.198). tdTomato, MDH, and
mNeonGreen were excited with 561, 405, and 488 nm lasers, re-
spectively. tdTomato fluorescence was captured at 570-600 nm.
MDH fluorescence was captured at 412-475nm for Figure 2 and
at 430-470nm for Figure 7. mNeonGreen fluorescence was cap-
tured at 500-529 nm (Figures 1 and 2), 500-540nm (0-, 1-, and
3-day samples for Figure 7), or 500-525nm (2-day samples in
Figure 7). Images were captured using an airy unit of 1.0 with
16-bit depth and a three-track imaging setup, with imaging
tracks switching every line. Images were processed in ImageJ/
Fiji (version 2.3.0/1.53q).

4.7 | Immunoblotting

Total proteins were harvested from stratified seeds and seed-
lings grown in the light on PNS. Proteins were extracted
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and processed for immunoblotting as previously described
(Traver and Bartel 2023). Primary antibodies (mouse anti-
HSC70 [1:50000] [Stressgen SPA-817], chicken anti-OLEOSIN
[1:2000] [Huang 1992], rabbit anti-OLE1 [1:2000] [Cedarlane,
CLAS20-4412], and rabbit anti-ICL [1:1000] [Maeshima
et al. 1988]) were incubated overnight at 4°C. Secondary antibod-
ies (diluted 1:2500) were horseradish peroxidase (HRP)-linked
goat anti-rabbit antibody (GenScript, A00098), goat anti-chicken
(Invitrogen, A16054), and goat anti-mouse (Invitrogen, PI31430).
After 1h of incubation at room temperature with secondary an-
tibodies, membranes were imaged with WesternSure Premium
Chemiluminescent substrate (Fisher, 50-489-552) using an
Odyssey Fc imaging system (LI-COR, 2801-02).

4.8 | Lipid Analysis

For TLC, lipids were collected from stratified seeds and liquid-
grown seedlings via Folch extraction, as previously described
(Yu et al. 2021; Traver and Bartel 2023). Samples for each geno-
type were normalized by seed weight, and replicates within the
genotype were normalized by volume during sample collection.
Samples were frozen at —80°C and ground on dry ice in 1.7-mL
tubes. Lipids were extracted and separated on silica TLC plates
as previously described (Traver and Bartel 2023).

For lipidomics, five replicates of 2mg of 2-day-old light-grown
seedlings grown on solid PNS medium topped with filter paper
were collected, weighed, and frozen in liquid nitrogen. Samples
were processed and quantified by the Kansas Lipidomics
Research Center via mass spectrometry (Dataset S1). Lipids
with a coefficient of variation less than 0.3 and that were present
above the detection limit of 0.0005nmol for identical samples
were used for further analyses.

4.9 | Bioinformatics

Protein sequences were collected for alignments from The
Arabidopsis Information Resource (TAIR) PhyloGenes (Zhang
et al. 2020) for pectin esterases (PTHR31707, classified here as
type I PMEs) and acyl-CoA thioester hydrolase YBHC-related
proteins (PTHR31321, classified here as type IT PMEs). PME31
was collected in the latter group. FASTA sequences were down-
loaded using the TAIR Sequence Bulk Download Tool for re-
trieval from the Araportll protein dataset (Tables S1 and S2).
N-terminal transmembrane domains and cleavage sites were
detected using Aramemnon 8.1 (Schwacke et al. 2003). The
presence of inhibitor domains was evaluated using SMART se-
quence analysis (Letunic and Bork 2018; Letunic et al. 2021).
All proteins except PME31 were manually truncated at their
N-termini to remove everything except the PME catalytic do-
main; PME21 and PME28 were also truncated at their C-termini
to remove C-terminal extensions not found in other PMEs.
At3g47670, At4g02250, and Atlgl0770 were excluded from the
analysis due to the absence of PME domains, and PME7/PME57
and PMES56 were removed due to C-terminal truncations of the
catalytic domains. Proteins were aligned using ClustalW with
MegAlign (Version 10.0.1 DNASTAR. Madison, WI), and phy-
logenetic trees were generated from the resultant alignments.

Apparent PME31 orthologs were identified from TAIR, and se-
lected orthologs were aligned with PME31 and PMES53 as for the
PME31 homologs, except that sequences were not trimmed prior
to alignment.

RNA-seq data (Klepikova et al. 2016) were collected from ePlant
(Waese et al. 2017).

Protein structures were predicted by AlphaFold2 (Jumper
et al. 2021; Varadi et al. 2022; Varadi et al. 2024) and imported
into UCSF ChimeraX (Meng et al. 2023) for structural align-
ments. Potential active site residues for PME31 were predicted by
alignment with the catalytically annotated PmeA (POC1A9) from
Dickeya dadantii. Root mean squared deviations (RMSD) across
pruned atom pairs were calculated using UCSF ChimeraX.

4.10 | Quantification, Statistical Analyses,
and Data Visualization

Immunoblots and thin-layer chromatograms were quan-
tified using Image Studio Software (version 5.2; LI-COR).
Immunoblot signals captured from the Odyssey Fc imag-
ing system were used for quantification. TLC plates were
scanned with a flatbed scanner and imported to Image Studio
Software as TIFF files, and the green channel was used for
quantification.

Percent lipid content lipidomics data were processed in R follow-
ing the quality control assessment (described above). Lipidomics
data were visualized using Rstudio (version 2024.04.1+748)
using R version 4.3.0. Data were visualized using the “ggplot2”
package in addition to the “corrr,” “ggcorrplot,” “htmltools,”
“FactoMineR,” and “gplots” packages.

Statistical analyses were performed in GraphPad Prism (version
8.4.3), and figures were assembled in Adobe Illustrator (ver-
sion 28.0).
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