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Small proteins have long been overlooked due to their poor annotation and the experimental challenges they pose. However, in
recent years, their role in various processes has started to emerge, opening new research avenues. Here, we present the isolation
and characterization of two allelic mutants, twisted seed1-1 (tws1-1) and tws1-2, which exhibit an array of developmental and
biochemical phenotypes in Arabidopsis (Arabidopsis thaliana) seeds. We have identified AT5G01075 as the subtending gene
encoding a small protein of 81 amino acids localized in the endoplasmic reticulum. TWS1 is strongly expressed in seeds,
where it regulates both embryo development and accumulation of storage compounds. TWS1 loss-of-function seeds exhibit
increased starch, sucrose, and protein accumulation at the detriment of fatty acids. TWS1 is also expressed in vegetative and
reproductive tissues, where it is responsible for proper epidermal cell morphology and overall plant growth. At the cellular level,
TWS1 is responsible for cuticle deposition on epidermal cells and organization of the endomembrane system. Finally, we show
that TWS1 is a single-copy gene in Arabidopsis, and it is specifically conserved among angiosperms.

Developing seeds are a complex system that inte-
grates processes implicated in the coordinated devel-
opment of different tissues and the intensive activation
of many metabolic pathways aimed at massive accu-
mulation of storage compounds and secondary me-
tabolites. As a result, young seedlings are provided
with the energy and the building materials required to
restarting the plant life cycle.

In oleaginous species, such as Arabidopsis (Arabi-
dopsis thaliana), seeds typically contain 30% to 40%
storage lipids and 30% to 40% proteins byweight (Baud
et al., 2008). In Arabidopsis, these compounds are
produced and stored by the embryo, which fills almost
entirely the seed. Large amounts of starch are accu-
mulated in the early phases of seed development, and

they are later metabolized to produce proteins and
lipids. Oils are accumulated as triacylglycerols (TAGs)
produced in the endoplasmic reticulum (ER) and they
are eventually stored in specialized ER-originated ves-
icles called oleosomes (Hills, 2004). Proteins, on the
other hand, are synthesized on rough ER and then
sorted to the protein storage vacuoles (PSVs) where
they are processed to their mature form (Hills, 2004).
Secondary metabolites are also accumulated in the
vacuoles of the maternally derived tissues of the testa
and serve complementary roles like protection against
biotic and abiotic stresses and as developmental regu-
lators (Lepiniec et al., 2006). Furthermore, during seed
development, cell expansion and division are sustained
by a constant supply of proteins and lipids to generate
new plasma membrane (PM) and cell wall.

Therefore, a flawless secretory pathway becomes
crucial to ensure the synthesis and storage of many
compounds and thus to produce viable seeds. Indeed,
many mutations occurring in proteins involved in the
secretory machinery exhibit defects in storage com-
pound accumulation. For example, Arabidopsis plants
lacking the vacuolar sorting receptor1 missort storage
proteins and secrete them from cells, resulting in the
abnormal accumulation of 12S globulin and 2S albumin
precursors in seeds (Shimada et al., 2003).

Moreover, plants rely on the secretory pathway to
synthesize and export cell wall components. As the
seed grows, cuticle is deposited on the embryo surface
and on seed integuments. The cuticle provides a hy-
drophobic barrier that is believed to physically define
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organ boundaries, and thus it is fundamental for proper
morphogenesis. Many mutants showing organ fusion
also exhibit defects in cuticle biosynthesis and/or de-
position (Lolle et al., 1998; Yang et al., 2008; Tsuwamoto
et al., 2008; Pighin et al., 2004; To et al., 2012).
In the last years, many studies based on the analysis of

large datasets have been carried on in order to acquire a
deeper understanding of the cellular processes taking
place during seed and embryo development (Belmonte
et al., 2013;Wickramasuriya andDunwell, 2015; Palovaara
et al., 2013). Although these studies provide resources to
support research in seed biology, much remains to be
learned through classical genetic and physiology
approaches, especiallywhen 17%ofArabidopsis genes are
still classified as having unknown function (The Arabi-
dopsis Information Resource [http://www.arabidopsis.
org], March 2016). Until recently, small genes and their
protein products remain largely unstudied. Polypeptides
of less than 100 amino acids are generally classified as
small proteins (SPs). Wang and coworkers performed a
statistical survey of SPs in bacteria and archaea and found
that the majority of SPs in a given species is either con-
sidered a hypothetical protein or a protein of unknown
function (Wang et al., 2008). Large proteins are easily an-
notated and more often studied, while shorter proteins
tend to be ignored because they pose additional experi-
mental challenges compared to larger proteins. However,
with the recent availability of a great array of genome and
transcriptome data, an increasing number of SPs have
been identified and studied, demonstrating that SPs are
widespread and have fundamental functions in all do-
mains of life (Su et al., 2013; Magnani et al., 2014). SPs
usually contain a single domain, tend to be nonconven-
tional proteins, and seem to possess lineage-specific or
tissue-specific functions (Zhao, 2012; Su et al., 2013). A
number of chaperonins, translation initiation factors, ri-
bosomal proteins, hormones, signaling molecules, and
animal toxins, tomention a few, are all examples of SPs
in multicellular organisms; thus, a great variety of bi-
ological processes involve the activity of SPs. In plants,
some SPs are known to be involved in cell-to-cell
communication (Jun et al., 2008; Murphy and De
Smet, 2014;Meng et al., 2010) and regulatory processes
(Kurata et al., 2005).
Here, we have isolated and analyzed two Arabidopsis

mutants that illuminate the role of the TWISTED SEED1
(TWS1) gene, which encodes a novel SP. We demon-
strate that lack of TWS1 activity causes dramatic grow-
ing abnormalities that are associated with defects in the
endomembrane system, cuticle deposition, and changes
in the accumulation of storage compounds in seeds.

RESULTS

Isolation of tws1-1 and tws1-2, Two Allelic Mutants
Displaying Various Morphological Defects

A visual screening for abnormal seed morphologies
of the Versailles’ collection of T-DNA insertion lines
was performed, allowing the isolation of about 250 mu-
tants (Lepiniec et al., 2005). Two of these mutants, namely

tws1-1 and tws1-2, were later found to be allelic (see
below). Mutant plants exhibited a variety of growth
defects at every developmental stage analyzed (Fig. 1;
Supplemental Fig. S1, A–H). Bolting plants showed
stunted growth when compared to wild-type plants
grown in the same conditions (Fig. 1A). Seven-day-old
mutant seedlings appeared darker in color, had re-
duced hypocotyl length, and their cotyledons were cup
shaped, characteristics never observed in control eco-
type Wassilewskija (Ws) seedlings (Fig. 1, B and C;
Supplemental Fig. S1, B–D). Scanning electron micros-
copy (SEM) images of tws1-1 mutant 7-d-old seedling
hypocotyls revealed how the small stature is consistent
with a defect in cell morphology: Ws epidermal cells
were arranged in ordered cell files, and their surface
appeared smooth (Fig. 1D), whereas tws1-1 epidermal
tissue organization was disrupted, and the cell surface
appeared irregular (Fig. 1E). Mutant plants bore shorter
siliques when compared to wild type (Fig. 1F). The
short siliques phenotype was associated to a reduced
seed set and to the presence of misshapen seeds (Fig. 1,
G and H). Seed external morphology was analyzed
through SEM. tws1-1 seeds were rounder than wild
type and often presented bulges and irregularities,
opposed to the smooth rugby-ball shape of a normal
seed (Fig. 1, I and J; Supplemental Fig. S1, E and F).
Nonetheless, the shape of the cells in the outer cell layer of
the seed coat appeared normal, producing the character-
istic reticulate pattern with a central columella. Further-
more, 7-d-old tws1-1 seedlings grown on vertical plates
showed a higher root hair density than wild-type control
plants (Fig. 1, K and L; Supplemental Fig. S1, G and H).
Despite the aberrant shoot and root phenotypes, both
shoot apical meristem and root apical meristem organi-
zationwas not perturbed in tws1-1 (Supplemental Fig. S2).

In order to precisely assess embryo morphology, we
used the modified pseudo-Schiff propidium iodide
imaging technique (see “Materials and Methods”).
TWS1 embryos do not show any visible defect up to the
late globular stage (Fig. 2, A–J). At this point in devel-
opment, the embryos lost their longitudinal symmetry
and appeared slightly tilted toward the side facing the
testa inner wall, on the side opposite to the seed cavity
(Fig. 2G, arrow). Nonetheless, embryo overall mor-
phology was conserved, and by the heart stage it pre-
sented a thickened hypocotyl, its cotyledons were
generally more separated than their wild-type coun-
terparts, and the cotyledon facing the exterior appeared
to be attached to the endothelium and/or endosperm
cells in proximity (Fig. 2H, arrow). By the late torpedo
stage, most of TWS1 embryos started to slightly bend
toward the exterior (Fig. 2I), reaching the count of 81%
(n = 196) by the mature stage (Fig. 2J), whereas this
phenotype was never observed in wild-type Ws seeds
(n = 329). This phenotype is reminiscent of the one
caused by mutations in genes known to specify epi-
dermal cell fate identity in Arabidopsis (Tsuwamoto
et al., 2008; Yang et al., 2008).

In conclusion, tws1-1 and tws1-2 pleiotropic pheno-
type suggests that the underlying gene is involved in a
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fundamental core process whose rightful execution is
essential for proper seed and plant development.

Isolation and Genetic Characterization of TWS1

The tws1-1 and tws1-2 mutants were isolated from
the Versailles T-DNA mutagenized population (http://
publiclines.versailles.inra.fr/). Segregation analyses of
the abnormal wrinkled seed phenotypes showed that both
mutations are recessive and monogenic. Crossing the two
lines did not restore the wild-type phenotype in the F1,
suggesting that the two mutations are allelic. The strict
cosegregation of kanamycin resistance (conferred by the
T-DNA) and morphological defects showed that both
mutations are genetically linked to a T-DNA insertion.
Characterization of the genomic sequences flanking the
T-DNA insertions confirmed that the mutations affect
the same geneAt5g01075 (Fig. 3A). Tws1-1 is a null allele
caused by the deletion of the entire At5g01075 coding re-
gion (starting from the promoter till the downstream an-
notated gene), whereas tws1-2 is a weaker allele with a
T-DNA insertion in its 59 region, 233 bp before the starting
codon (Fig. 3A; Supplemental Fig. S1I). The T-DNA in-
sertion in tws1-2 allele perturbs its normal transcription:
tws1-2 exhibits a decrease of mRNA accumulation and the
appearance of unspliced mRNA (Supplemental Fig. S1I,
star). In addition, we used genetic complementation to
confirm the identity ofAt5g01075 as TWS1. We expressed
the At5g01075 cDNA sequence under the control of the
cauliflower mosaic virus 35S promoter, which restored

the tws1 phenotype to the wild-type phenotype in both
mutant backgrounds (Fig. 3, C–H). Figure 3, C and D,
shows Ws and tws1-1 mature dry seed, respectively,
whereas Figure 3E shows T2 tws1-1 transgenic plants
(pro35SCaMV:TWS1) segregatingwild-type-looking (stars)
and tws1-looking (arrowheads) seeds. Complementation
was also checked at the level of hypocotyl epidermal cell
shape: complemented lines exhibited epidermal cell
morphology similar to control Ws plants (Fig. 3, F–H).

Thus, from genetic analyses, mapping data, and the
rescue of the mutant phenotypes, we conclude that
At5g01075 corresponds to the TWS1 gene.

TWS1 Encodes a Novel Protein

AT5G01075 is a small gene that consists of two exons
and an 83-bp intron (Fig. 3A). It encodes an 81-amino-acid
peptide, which contains at its N terminus a stretch of
highly hydrophobic amino acids (Fig. 3B) likely to act as a
signal peptide (von Heijne, 1985). Indeed, TWS1 is pre-
dicted to enter the secretory pathway by protein subcel-
lular localization prediction softwares such as SignalP
(www.cbs.dtu.dk/services/SignalP/). The rest of the
protein is predicted to be soluble and lacks any known
retention signals, thus the Protein Subcellular Localiza-
tion Prediction Tool (WoLF PSORT, www.genscript.
com/wolf-psort.html) predicts it to be targeted to the
apoplast or the vacuole.

Overall, these in silico predictions suggest TWS1 to
be a signaling peptide, although it does not share any

Figure 1. tws1-1 phenotypic character-
ization. A, Wild-type (left) and tws1-1
(right) 3-week-old bolting plants. Scale
bar = 2.5 cm. B and C, A wild-type (B)
and a tws1-1 (C) 10-d-old seedling
grown in vitro. Scale bars = 2mm.D and
E, A wild-type (D) and a tws1-1 (E) hy-
pocotyl imaged with SEM. Scale bars =
100 mm. F, Wild-type (left) and tws1-1
(right) open silique. Scale bar = 2.5 mm.
G and H, Wild-type (G) and tws1-1 (H)
seeds. I and J, SEM images of a wild-type
(I) and a tws1-1 (J) mature dry seed.
Scale bars = 100mm. K and L,Wild-type
(K) and tws1-1 (L) 7-d-old seedlings
grown in vitro on vertical plates. Scale
bars = 2 mm.
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similarity to already known plant signaling molecules
(Jun et al., 2008; Murphy and De Smet, 2014).
Protein analysis softwares failed to detect any other

putative conserved domain in its sequence. When TWS1
sequence is blasted against theArabidopsis transcriptome,
it only retrieves its own sequence, thus it is a single copy
gene in Arabidopsis genome. TWS1 homologs are clearly
detectable starting from the basal angiosperm Ambor-
ella trichopoda onwards during evolution suggesting its
function has evolved to fulfill the specific adaptation
needs of flowering plants (Supplemental Fig. S3).

TWS1 Is Widely Expressed during Arabidopsis Growth

Semiquantitative RT-PCR analyses performed on
RNA extracted from different tissues confirmed the
publicly available expression data (Supplemental Fig.
S4, A and B). TWS1 mRNA strongly accumulates dur-
ing seed maturation and peaks at the torpedo stage of
embryo development but is also detected in flower
buds and all vegetative tissues tested. RNA in situ hy-
bridization experiments confirmed TWS1 mRNA ex-
pression in young embryos (Fig. 4, D and E).
Furthermore, we investigated the TWS1 transcriptional

regulation by generating stably transformed Arabidopsis
plants carrying the 1.1-kb putative promoter region (see
“Materials and Methods” for further details) fused to the
uidA-GFP reporter gene. All transgenic lines analyzed
showed consistent results. We detected a strong GUS
activity in developing embryos and in the testa (Fig. 4, A–
C) at all developmental stages analyzed.

During vegetative development, we observed GUS
staining in the shoot region and leaf primordia of 7-d-
old seedlings (Fig. 4F; Supplemental Fig. S4, C and D).
In 14-d-old plants, GUS staining was still present in the
shoot regions and leaf primordia and extended to
young leaves and petioles (Fig. 4G). In the underground
organs, GUS staining was confined to the stele in the
differentiation zone of primary and secondary roots,
whereas it transited in the epidermal layer toward the
root tip and finally appeared stronger at the root tip
(Fig. 4H; Supplemental Fig. S4, E and F). We observed
strong GUS signal right at the site of lateral root in-
ception at the early stages of their development (Fig.
4H, inset). During Arabidopsis reproductive phase,
GUS activity was observed at the base of the flower
pedicels (Fig. 4I, arrow) and in the stamen filaments
(Fig. 4I, inset) throughout flower development.

Thus, we can conclude thatTWS1 is strongly expressed
during seed development. Lower levels of expression in
vegetative and reproductive tissues are fully consistent
with the plethora of phenotypic defects observed at
different developmental stages.

TWS1 Is Localized to the Endomembrane System

TWS1 contains a hydrophobic stretch at the 59 por-
tion of the protein that is likely to act as a signal peptide.
To check this hypothesis, we created a TWS1 transla-
tional fusion to the GFP and transiently transformed
Arabidopsis protoplasts derived from young leaves.
We visualized fluorescent dots around the chloroplasts

Figure 2. Embryo development in tws1-1. A to J, Longitudinal sections of seeds at different stages of development imaged through
the modified pseudo-Schiff propidium iodide imaging technique.Wild-type (A) and tws1-1 (F) seeds at the early globular stage of
embryo development.Wild-type (B) and tws1-1 (G) seeds at the globular stage of embryo development.Wild-type (C) and tws1-1
(H) seeds at the heart stage of embryo development. Wild-type (D) and tws1-1 (I) seeds at the torpedo stage of embryo devel-
opment. Wild-type (E) and tws1-1 (J) seeds at the mature stage of embryo development. Scale bars = 40 mm. Arrows point to sites
where tws1-1 embryo epidermal cells fuse to the surrounding tissues.
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(Fig. 5A), a signal reminiscent of markers localized to the
ER such as VMA21 (Fig. 5B). The visual comparison be-
tweenTWS1::GFP signal and the ERmarkerVMA21::CFP
signal suggests that TWS1 might be localized to the ER.

In order to confirm TWS1 subcellular localization,
we produced stably transformed Arabidopsis plants
carrying TWS1 cDNA sequence fused to GFP. This
construct was able to rescue tws1-1 phenotype, dem-
onstrating the functionality of the chimeric protein.
We covisualized the internal endomembrane system
with the amphiphilic styryl dye FM4-64. Confocal live
imaging upon staining with FM4-64 is a valuable
technique to monitor organelle morphology. After
application in plants, FM4-64 immediately stains the
PM and is then integrated on vesicles following
endomembrane system-dependent internalization
processes. Over time, FM4-64 becomes distributed
throughout the full vesicular network from the PM to
the vacuole, including the components of the secre-
tory pathway (Oh-ye et al., 2011; Rigal et al., 2015).

TWS1::GFP signal was imaged in glandular tri-
chomes, which are metabolically active cells. We could
observe GFP signal in irregular spots under the cell
surface (Fig. 5, C–E, arrows) and around the nucleus
(Fig. 5, C–E, arrowheads), observations compatible
with a localization in the cellular endomembrane sys-
tem.We did not observe GFP colocalize with FM4-64 at
the level of the PM or tonoplast.

Furthermore, we performed leaf infiltration experi-
ments of transgenic Nicotiana benthamiana carrying the
red fluorescent protein (RFP) fused to an ER retention
signal (Martin et al., 2009) with the TWS1::GFP con-
struct. We observed colocalization of TWS1::GFP with
the RFP marker in ER subdomains (Fig. 5, F–I, arrow-
heads). The uneven distribution of TWS1::GFP in the
ER suggests that TWS1 might play a role in a subset of
ER functions, rather than as a general ER constituent.

Altogether, these results allowed us to conclude that
TWS1 is localized to the endomembrane systemupstream
of the vacuole.

TWS1 Shows Defects in Cuticle Deposition

We initially characterized tws1 mutants at the level
of cuticle deposition by estimating the permeability of
10-d-old seedlings by the toluidine blue test. Hypocotyls
and cotyledons of wild-type seedlings incubated over-
night in the staining solution repelled the toluidine blue
(Fig. 6A),whereas tws1-1 seedlings stained dark blue (Fig.
6B) indicating a higher permeability of these organs in the
mutant. Furthermore, staining of seeds with tetrazolium
salts was performed to assess the permeability of the seed
coat. When incubated in a solution of tetrazolium salts,
tws1-1 seeds were found to be more sensitive to salt up-
take than wild-type seeds (Fig. 6C) and, as a result, they

Figure 3. Molecular and genetic identification of
TWS1 as At5g01075. A, Schematics of the TWS1
locus. The TWS1 gene structure is represented by
blue boxes for exons, white boxes for introns, and
gray boxes for other sequences. The positions of
the tws1-1 and tws1-2 insertion mutations are
shown both in relation to the TWS1 start codon (in
black), or to the chromosome 5 (Chr5) sequence
(in gray). Sequenced T-DNA borders are indicated
in red (RB, right border; LB, left border), ATG in-
dicates the first codon. B, TWS1 protein sequence.
The predicted signal peptide is underlined. C to H,
tws1-1 complementation analysis. C, Wild-type
mature dry seeds, (D) tws1-1 mature dry seeds,
and (E) mature dry seeds produced by a tws1-1
plant transformed with a construct carrying the
TWS1 coding sequence under the control of a
double 35S promoter sequence. The picture shows
the segregating progeny of a hemizygous plant.
White stars, wild-type-looking seeds; black ar-
rowheads, tws1-1-looking seeds. F to H, Hypo-
cotyls SEM images of 7-d-old seedlings: F, wild
type; G, tws1-1; and H, complemented tws1-1.
Scale bars = 300 mm.
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turned from slightly red to vivid red (Fig. 6D). This sug-
gests that tws1-1 testa integrity is impaired and some
stochastic factors (such as internal pressure caused by the
embryo bending in the wrong direction) might cause
microscopic cracks in the outer integuments, thus result-
ing in seeds that uptake salts with variable efficiency.
Cuticle deposition has been directly observed through

confocal scanning laser microscopy using the lipo-
philic fluorescent dye Auramine O. Auramine O has
a strong affinity for regions containing acidic and
unsaturated waxes, as well as cutin precursors and a
moderate affinity for other lipidic cytoplasmic contents.
Due to its chemical properties, Auramine O is used to
visualize the cuticle in a variety of plant species (Buda
et al., 2009; Lequeu et al., 2003). The hypocotyl cells
of Auramine O-stained wild-type embryos showed a
regular pattern of cuticle deposition: on the surface of
protodermal cells, we could observe a smooth cuticle
layer, free from irregularities (Fig. 6E). On the other
hand, tws1-1 protodermal cells did not show a regular
surface: the cuticle layer presented areas of different
thickness, with points with little or no wax deposition
(Fig. 6F, arrows); at times the cuticle exhibited a dotted
pattern never observed in control plants (Fig. 6G).
Furthermore, we could observe cuticle fragments
detaching from the hypocotyl solely when imaging
the mutant seedlings (Fig. 6H, arrowheads). Later in

development, SEM was used to show how the density
of wax crystals on stems of the tws1-1 mutant was re-
duced relatively to wild-type (Supplemental Fig. S5, A
and B).

Overall, these data allowed us to conclude that tws1
epidermal cells are defective in cuticle deposition.

L1 Epidermal Cell Layer Is Properly Specified in tws1

In order to understand if the cuticle defects are due
to a lack of epidermal cell identity specification, we
analyzed the gene expression levels of known factors
subtending the L1 specification: the homeodomain
Leu zipper class IV proteins MERISTEM LAYER1
(AtML1) and PROTODERMAL FACTOR2 (PDF2;
Abe et al., 2003; San-Bento et al., 2014). Quantitative
PCR analyses performed on cDNA-derived from
siliques mRNA revealed that AtML1 and PDF2
transcription levels do not change in tws1 mutant
background (Supplemental Fig. S5C). In order to ex-
clude any spatial misexpression of epidermal induc-
ing factors, we crossed an L1 marker line carrying
the GFP coding sequence under the control of the
AtML1 promoter (proATML1::NLS:3xGFP; Takada
and Jürgens, 2007), and we visualized GFP in both Ws
and tws1 homozygous plants in a segregating F2

Figure 4. Expression analysis of TWS1. A to E, Expression analysis of TWS1 expression in developing seeds. A to C, TWS1
promoter-driven GUS activity in a seed carrying an embryo at the globular stage (arrow; A), an isolated embryo at the torpedo
stage (B), and an isolated mature embryo (C). Scale bars = 50 mm. D and E, TWS1mRNA expression pattern in a triangular stage
embryo (D) and control hybridization with a TWS1 sense probe (E). Scale bars = 20 mm. F to I, Expression analysis of TWS1
expression in vegetative and reproductive tissues. TWS1 promoter-driven GUS activity in 7-d-old seedling above ground tissues
(F), 2-week-old whole plant (G), 7-d-old seedling roots (H), and inflorescence (I). Scale bars = 500 mm.
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population. We could not appreciate any difference be-
tweenWs (Supplemental Fig. S5D) and tws1 (Supplemental
Fig. S5E) embryos; GFPwas observed exclusively in the
outermost cell layer of developing embryos in both
genetic backgrounds.

Thus, we conclude that in tws1-1 mutant the proto-
dermal cell fate is spatially well specified.

Seed Carbon Resources Allocation Is Perturbed by
TWS1 Mutations

Given the strong expression of TWS1 in seeds, we
decided to analyze the content of mutant dry seeds and
compared it to wild type.

First, we observed that TWS1 total loss of function in
tws1-1 results in a slight increase of seed mass, whereas
partial loss of TWS1 function in tws1-2 does not affect
seed weight (Supplemental Fig. S1J).

Tws1 mutant seeds showed a significant (17.4% for
tws1-2 and 11% for tws1-2) reduction in total fatty acid
accumulation (Fig. 7A), which might explain the cuticle
defects described beforehand (Fig. 6). No particular

fatty acid species was drastically affected more than
the others (Supplemental Table S1). Nonetheless, the
number, size, and distribution of oleosomes in tws1-1
developing embryos did not show any visible change
when compared to wild type, indicating that oil biosyn-
thesis and accumulation are not impaired (Supplemental
Fig. S6, A and C), and loss of TWS1 functionmost likely
impairs only cuticle deposition.

In order to check whether the decrease in fatty acids
production was compensated by changes in levels of
other seed components, we analyzed starch and sug-
ars seed content. Starch quantification revealed up to
2-fold increase in tws1 seeds compared to wild type
(Fig. 7B), and a 22% increase in free Suc in tws1mutant
seeds (Fig. 7C). Moreover, a higher level of starch
granules accumulation was also observed in trans-
versal sections of 7-d-old seedling hypocotyls stained
with Lugol’s solution. We never observed starch
granules in Ws hypocotyl cells (Supplemental Fig.
S6D), whereas epidermal as well as subepidermal cells
in tws1-1 background showed starch granules accumu-
lation (Supplemental Fig. S6E, arrowheads).

Figure 5. TWS1 is localized to the ER. A, Confocal image of amesophyll-derived protoplast transformedwith a construct carrying
TWS1 fused to GFP (Pro-35S:TWS1:GFP). GFP signal is shown in green, chlorophyll signal in red. Scale bar = 5 mm. B, Confocal
image of a mesophyll-derived protoplast transformed with a construct carrying VMA21 fused to CFP (Pro-35S:VMA21:CFP). CFP
signal is shown in cyan, chlorophyll signal in red. Scale bar = 5 mm. C to E, Confocal images of stably transformed Arabidopsis
plants carrying the construct Pro-35S:TWS1:GFP. FM4-64 signal (C), TWS1::GFP signal (D), and overlay of the FM4-64 and GFP
channels shown in C and D (E). Scale bars = 20 mm. F to I, Confocal images of stably transformed tobacco mesophyll cells
expressing RFP fused to an ER retention signal, infiltrated with the TWS1::GFP construct. F, TWS1::GFP signal; G, ER-localized
RFP signal; H, chlorophyll autofluorescence; I, superimposition of images in F to H. Arrowheads point to a few of the positions
where GFP and RFP colocalize. Scale bars = 10 mm.
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Last, we observed the effect of tws1 deficiency on
the quality and quantity of the storage proteins in dry
seeds running crude seed protein extracts on SDS-
polyacrylamide (SDS-PAGE) gels. Figure 7D shows a
comparison of the seed storage protein profiles of Ws,
tws1-1 and oleosin1 (ole1) seeds (Siloto et al., 2006) on an
SDS-PAGE gel stained with Coomassie Blue. Interest-
ingly, tws1-1 seeds accumulated on average 1.7 times
more 12S globulins and 1.9 times more 2S albumins than
wild type (n= 3 biological replicates, Z test,P, 0.01). This
increase in protein accumulation was specific to storage
proteins targeted to the PSVs, as other proteins known to
be accumulated in oleosomes, such as OLE1, did not
show any quantitative change (the ole1 mutant protein
seed extract is present as a control to pinpoint to theOLE1
protein). Furthermore, no seed storage protein precursors
were accumulated, indicating they are properly sorted to
the PSVs, where they are processed to their mature form.

TWS1 Mutation Results in Altered Vacuole Morphology

Because of the increase in seed protein accumulation
in tws1-1 mutant and TWS1 localization in the endo-
membrane system, we decided to investigate vacuole
morphology in the mutant background.

Initially, we investigated whether tws1 mutation af-
fected the PSV morphology in mature embryos, where
they can be easily visualized by autofluorescence.
PSVs are a special type of vacuoles that accumulate
proteins in dry seed cells. Figure 8 shows the mor-
phology of PSVs in embryo hypocotyl (Fig. 8, A and B)
and cotyledon protodermal cells (Fig. 8, C and D).
Wild-type hypocotyl protodermal cells imaged with a
confocal microscope showed eight to 10 PSVs in each
cell, depending on the focal plan observed (Fig. 8A).
On the other hand, tws1-1 hypocotyl protodermal cells
showed less fluorescent vacuoles, which appeared en-
larged or fused together (Fig. 8B). The same defect was
observed in cotyledonprotodermal cells (Fig. 8,C andD).

Furthermore, Arabidopsis seeds accumulate large
amounts of flavonoid polymers (proanthocyanidins)
and leucoanthocyanidin precursors in the seed coat
(Debeaujon et al., 2003). Vanillin staining of develop-
ing seeds allowed us to visualize vacuoles of the
innermost testa integument as proanthocyanidins are
mainly sequestrated into the vacuole (Lepiniec et al.,
2006). Figure 8F clearly shows how vanillin stained
tws1 endothelium exhibited larger vacuoles than con-
trol wild type (Fig. 8E).

Figure 6. tws1 is impaired in cuticle deposition. A and B, Toluidine stainedwild-type (A) and tws1-1 (B) 10-d-old seedlings. Scale
bars = 2mm. C andD, Tetrazolium salt permeability test in wild-type seeds (C) and tws1-1 seeds (D). Scale bars = 400mm. E to H,
Confocal images of Auramine O-stained cuticle in hypocotyls of wild type (E) or tws1-1 (F–H) plants. Green signal, cuticle; red
signal, chlorophyll. Arrows point to sites where cuticle deposition is absent or reduced. Arrowheads point to cuticles detaching
from cell surface. Scale bars = 40 mm.
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In order to check if lack of TWS1 function only perturbs
PSVmorphology during seed development, we observed
root lytic vacuoles in both mutant and wild-type plants.
Root epidermal cells were imaged after being incubated
in a FM4-64 solution for few hours. A wild-type epider-
mal cell located at the transition zone appeared elongated
and filled almost entirely by one vacuole. The cytoplasm
and all organelles were squeezed around the cell periphery
by the vacuole turgor (Fig. 8G).However, tws1-1 epidermal
cells exhibited multiple and rounder vacuoles (Fig. 8H).
Furthermore, compared to the control, the PM of mutant
cells was lightly stained (Fig. 8, G and H, arrowheads),
suggesting an accelerated rate ofmembrane internalization.

Taken together, these results provide evidence that
TWS1 function is required for proper vacuolar mor-
phology in plants.

DISCUSSION

In this study, we present the isolation and charac-
terization of TWS1, a single copy gene in the Arabidopsis

genome. Database searches revealed homologs in all
flowering plants and in the basal angiosperm Amborella
trichopoda. This observation suggests that TWS1 fulfills a
function proper to seed plants, although we cannot ex-
clude a rapid and divergent evolution from its putative
ancestral form that impairs its identification in more basal
plants. Indeed, SP evolutionary studies suggest that they
tend to evolve more rapidly and therefore are less con-
served than long proteins (Guigo et al., 2003; Wei et al.,
2005; Windsor and Mitchell-Olds, 2006).

Storage compound accumulation in tws1 mutant
seeds is affected with a 17% reduction in fatty acid
content followed by an increase in starch, Suc, and
storage protein accumulation (Fig. 7). However, the
speculated reduction in TAGs accumulation is too
small to be visually appreciated as a change in oleo-
somes size and/or distribution (Supplemental Fig. S5,
A and B). Wild-type embryos are filled with protein
and lipid bodies but contain relatively small amounts
of starch at maturity (Baud et al., 2008). When the

Figure 7. Seed content is perturbed in tws1mutants. A, Total fatty acid quantification in wild-type, tws1-1, and tws1-2 seeds. B,
Starch quantification in wild-type, tws1-1, and tws1-2 seeds. C, Suc quantification in wild-type, tws1-1, and tws1-2 seeds. A to C,
*Values are significantly different from wild type (extractions performed on 30 dry seeds per genotype, on three biological
replicates, Student’s t test, P , 0.05). D, SDS-PAGE gel run with crude seed protein extracts. The volumes corresponding to a
quarter of a seed, half of a seed, and one seed have been loaded on the gel.
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accumulation of one storage compound is compro-
mised by specific genetic mutations, a compensatory
effect in the accumulation of the other storage product
is often observed. This is the case for the mutants
wrinkled1 and trialcylglycerol1, whose seeds contain
considerably fewer oils and increased Suc levels (Focks
and Benning, 1998; Lu et al., 2002), or for leafy cotyledon1
seeds, where the primary storage product is starch at
the detriment of oil and protein accumulation (Meinke
et al., 1994). We hypothesize that changes in carbon
resource allocation are part of the pleiotropic effects
of a mutation in a protein implicated in intracellular

trafficking. We speculate that TWS1 mutation might
negatively affect the functionality of parts of the ER
involved in the biosynthesis of storage oils and cutin
precursors, thus slowing down the flux of Suc to oils
and other cellular components. As a consequence starch
and Suc accumulate and part of these carbon resources
might be diverted toward the production of extra
storage proteins.

We have presented several lines of evidence that in-
dicate TWS1 as required for proper cuticle deposi-
tion throughout Arabidopsis development (Figs. 2 and
6). The plant cuticle is a complex hydrophobic layer

Figure 8. Altered vacuole morphology in tws1. A to
D, Confocal images of protein autofluorescence in
embryo hypocotyls (A and B), and cotyledons (C and
D). A and C, Wild-type embryos; B and D, tws1-1
embryos. Scale bars = 40 mm. E and F, Wild-type (E)
and tws1-1 (F) vanillin-stained seed. Both seeds con-
tain embryos at the heart stage. Scale bars = 100 mm.
G and H, Confocal images of FM4-64-stained root
epidermal cells of wild-type (G) and tws1-1 (H)
seedlings. Scale bars = 10 mm.
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covering the areal surfaces which has many critical
functions, not only at the physiological level through
limiting water loss and pathogen resistance, but also at
the developmental level acting as a morphogenic signal
and preventing organ fusion during organogenesis
(Nawrath, 2006; Riederer, 2006). Cuticle deposition de-
fects have been previously described in either mutants
failing to differentiate a proper epidermis or mutants
impaired in waxes biosynthesis and/or transport, thus
TWS1mightwell be implicated in one of these processes.
The best-characterized regulators of protodermal cell fate
in Arabidopsis are the functionally redundant AtML1
and PDF2 (Abe et al., 2003): AtML1 and PDF2 double
mutants lack the L1 layer and are not viable. Among
other factors involved in specifying protodermal cell fate,
the bHLH transcription factor ZHOUPI (ZOU; Yang
et al., 2008) plays a central role. ZOU has been suggested
to act through molecules implicated in signaling, such as
the subtilisin protease ABNORMAL LEAF SHAPE1,
the redundant Leu-rich repeat receptor-like kinases
GASSHO1 (GSO1) and GSO2 (Tsuwamoto et al., 2008),
and the receptor-like kinases ARABIDOPSIS CRINKLY4
and ABNORMAL LEAF SHAPE2 to activate the ex-
pression of AtML1 and PDF2 in developing embryos,
thus maintaining epidermal cell fate (Javelle et al.,
2011). ZOU mutants form a defective cuticle and show
embryos abnormal adhesion to the endosperm. As a
consequence, they produce shriveled seeds that ger-
minate into seedlings that survive only if grown in
conditions of high humidity (Yang et al., 2008). zou seed
phenotype is not only due to excess water loss but also
to the adhesion of the embryos to the surrounding en-
dosperm cells, thus impairing its elongation and even-
tually promoting its bending toward the micropylar
pole rather than the chalazal pole as observed in tws1
mutants. In a remarkable parallel with tws1, gso1/gso2
double-mutant embryos are indistinguishable from
wild-type embryos until the heart-torpedo transition
stage, when they start to expand laterally. At the late
torpedo stage, gso1/gso2 embryos adhere to the peripheral
endosperm cells and bend in reverse in the final stages
of seed development. As for zou mutant, the pleiotropic
gso1/gso2 phenotype has been pinned down to a defec-
tive epidermis and more specifically to an impaired
cuticle deposition. Given the fact that L1 layer deter-
minants such asAtML1 andPDF2 are properly expressed
(Supplemental Fig. S5, C–E), we think that the epider-
mal layer is well specified in the mutant background.
Overall, we can conclude that TWS1 likely acts as a
downstream effector of epidermal cell differentiation.

The cuticle defects exhibited by tws1 mutants could
be directly responsible for their root phenotype (Fig.
1, K and L; Supplemental Fig. S1, G and H). Root
hairs become visible on seedling roots shortly after
germination and are produced by epidermal cells. In
wild-type plants, root hair cells are interspersed with
nonhair cells following a distinct position-dependent
pattern whose formation has been extensively studied
(Grierson et al., 2014). Root hair cell differentiation re-
quires polarized cell expansion at the growing tip, a

process that relies on many other integrated processes
such as secretion, endomembrane trafficking, cyto-
skeletal organization, and cell wall modifications. The
result of this differentiation is a long tubular-shaped cell
that lacks a cuticle layer to allow nutrient intake, an-
chorage, and microbe interactions (Hofer, 1991). The
absence of the cuticle layer in root hair cells is generally
viewed as a final result of differentiation, rather than as
an early inducing factor of root hair cell fate specifica-
tion. However, it is well known from experiments
conducted in Fucus embryos that cell wall components
are important to maintain and direct cell fate in plant
development (Berger et al., 1994). In this light, we can
interpret tws1 ectopic root hairs phenotype as a result of
an imperfect cuticle deposition which exposes more
root epidermal cells to the external environment, a
condition that is thus perceived at the cellular level as a
lack of cuticle, which ultimately causes induction of
root hair cell differentiation. Indeed, a number of
cuticle-deficientmutants are known to exhibit defects in
trichome density, stomatal density, and show altered
planes of epidermal cell division, suggesting that cu-
ticular components and/or their precursors are re-
quired for the patterning of epidermis (Yephremov
et al., 1999; Gray, 2005; Sieber et al., 2000).

Given its cuticle defects, TWS1 could have a role in
wax trafficking. Cuticular waxes are produced in the
ER of epidermal cells before being exported to the cell
surface facing the environment through mechanisms
that are still largely unknown. Among the hypotheses
that have been proposed to explain intracellular traf-
ficking of wax compounds, the physical contact be-
tween ER and the PM is supported by preliminary data
based on the observation of wax compounds inside
ER-derived membrane inclusions in ATP binding cas-
sette transportermutant cells (McFarlane et al., 2010). In
this scenario, TWS1 could play a role in specialized ER
sites that would come in contact with specialized PM
site to ensure waxes transport to the cell surface. The
irregular and reduced cuticle deposition exhibited by
tws1 epidermal cells (Fig. 6, E–H; Supplemental Fig. S5
A and B) is in line with this hypothesis.

Nevertheless, TWS1 could play a wider role being
implicated in some general aspects of ER functioning,
thus affecting other processes mediated by the secre-
tory pathway. This hypothesis is supported by the ob-
servation that PSV and lytic vacuolemorphology is also
altered in tws1 mutants (Fig. 8), as well as protein
content in mature seeds (Fig. 7D). TWS1 localization in
the upstream compartments of the secretory pathway is
consistent with this hypothesis, as vacuoles are down-
stream compartments of the secretory pathway; thus,
mutations affecting genes involved in upstream traf-
ficking can result in vacuole morphology defects. For
example, the trans-Golgi network/early endosome-
localized protein KEG affects plant vacuole morphol-
ogy and transport to the vacuole (Gu and Innes, 2012).
Furthermore, loss-of-function mutants of the subunits
of the adaptor protein complex 3 show defects in vac-
uole formation although adaptor protein complex 3 has
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been shown to function in the post-Golgi trafficking
machinery (Viotti et al., 2013). Regardless of its precise
biochemical role, TWS1 function is likely dependent on
its interaction with other ER or Golgi residents, as it is
lacking any known ER retention signal or Golgi tar-
geting signal. In this light, we are currently working on
identifying its partners in order to unveil its precise
biochemical function.
The isolation and characterization of the TWS1 gene

have not only provided insights into how a cellular
process canwidely influence overall plant development
andmetabolism but has also revealed the activity of a to
our knowledge previously uncharacterized SP in Ara-
bidopsis. TWS1 does not have any known protein do-
main, a characteristic that is shared with many other
SPs (Su et al., 2013). The set of SPs studied thus far in
different organisms suggests they are unlikely to pos-
sess enzymatic functions. Instead, they appear to act in
a mechanical fashion, blocking a domain of a target
protein, favoring the interactions between proteins and
other molecules, bringing conformational changes to
larger proteins and as membrane anchors (Storz et al.,
2014). As TWS1::GFP colocalizes in some domains of
the ERwith an RFP carrying an ER retention signal (Fig.
5), it could influence the biochemical activity of specific
enzymatic complexes such as the ER-bound multi-
enzymatic fatty acid elongase complex, resulting in
waxes with altered chemistry. Indeed, cutin com-
position could well be compromised, as we observed
Auramine O-stained cuticle detaching from the cell
surface (Fig. 6, E–H), a phenomenon never observed in
wild-type samples. Evidences suggest that cuticle per-
meability is not necessarily correlated to physical thick-
ness, and both chemical composition and structural
assembly are likely to play important roles (Burghardt
and Riederer, 2006). Given its small size, TWS1 could
act as a small bridge to bring together enzymes implicated
in the very long-chain fatty acids biosynthesis pathway or
as a cofactor for one of the enzymes. In order to gainmore
clues onTWS1biochemical role,we are currently analyzing
wax deposition in the mutant background. Furthermore,
in stably transformed plants, we have sometimes ob-
served TWS1::GFP signal in the nucleus (Fig. 5, C–E),
andwe are currently exploring the possibility that TWS1
might be able to move between cellular compartments
by means of interaction with protein partners.
Overall, our results pave the way to further molec-

ular and biochemical characterizations of the TWS1
protein and open new routes for elucidating some as-
pects of wax biosynthesis and/or transport and storage
compound allocation in seeds.

MATERIALS AND METHODS

Plant Material, Transformation, and Selection of
Transgenic Lines

All Arabidopsis (Arabidopsis thaliana) genotypes were in the Ws accession.
Mutant seeds can be obtained from http://publiclines.versailles.inra.fr/tdna/
index: tws1-1 is T-DNA line CON41; tws1-2 is T-DNA line DXX33. Flanking
sequence tags are publicly available and have been confirmed following the

instructions on http://publiclines.versailles.inra.fr/. Plants were grown either on
Murashige and Skoogmediumoron soil, under longday conditions at 22°C. Seeds
were stratified at 4°C for 4 d prior to light exposure. Prior to in vitro culture, seeds
were surface-sterilized for 40 min with chlorine gas. Control seeds were collected
and grown side by side with experimental seeds for each experiment. Agro-
bacterium tumefaciens strain C58C1 was used to stably transform Arabidopsis
plants by the floral dip method (Clough and Bent, 1998). For each plant trans-
formation, more than 30 resistant lines were recovered, and at least 10 lines were
used to carry on further experiments. For the complementation experiment, we
isolated 32 transgenic lines and 10 showed complementation (complementation
has been scored based on wild-type seed phenotype recovery).

RNA in Situ Hybridization and Cytological Analyses

RNA in situ hybridization analyses were conducted as described in Carles
et al. (2010), using the TWS1 full-length coding sequence as the antisense probe.

Whole-mount vanillin assays for proanthocyanidins detection were per-
formed as previously described (Debeaujon et al., 2000).

Seedling hypocotyls for histological analysis were fixed overnight at room tem-
perature in a solution of 45% ethanol, 2.5% glacial acetic acid, and 2.5% formaldehyde
(v/v). The samples were then dehydrated by sequential 30-min incubations in 50%,
70%, 85%, 95%, and 99.5% (v/v) ethanol, followed by two incubations of 1 h each in
100%(v/v)ethanol.Thedehydratedsampleswereset inTechnovit7100resin (Heraeus
Kulzer) at roomtemperature, once in50%(v/v) resin/ethanol and twice in 100%resin.
Five-micrometer sections of the plant tissues were cut with a rotary microtome and
stained with Lugol’s solution (Sigma-Aldrich).

RNA Extraction, and Semiquantitative and
Quantitative RT-PCR

TotalRNAwas isolatedusing theRNeasyPlantKit (Qiagen) and treatedwith
RNase-free DNase on column, as specified by the manufacturer manual. The
first-strand cDNA synthesis was performed on 1 mg of total RNA using Su-
perscript III RNase H reverse transcriptase (Invitrogen), according to the
manufacturer’s instructions. The annealing temperature was 58°C to 60°C for
all primer pairs. Quantification of transcripts by real-time PCR was performed
using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and a CFX
Connect Real-Time PCR Detection System (Bio-Rad). Three technical replicates
were run for each sample. The specificity of the amplification was determined
by performing a dissociation curve analysis. Relative quantification valueswere
calculated using the 22DCt method (Livak and Schmittgen, 2001).

DNA Extraction and Cloning

Genomic DNA was extracted using the DNeasy Plant Kit (Qiagen). PCR-
amplified productswere cloned into the pENTR/D-TOPOvector (Invitrogen) and
then moved into the appropriate destination vector from the pMDC series (Curtis
and Grossniklaus, 2003) or pBGWFS7 (Karimi et al., 2002) through an LR reaction
(Invitrogen), according to the manufacturer’s instructions. The TWS1 promoter
sequence, consisting of 1108 bp from the stop codon of the nearest upstream gene
to the TWS1 start codon, was PCR-amplified and cloned into the binary vector
pBGWFS7 for expression analysis. TheTWS1 coding sequencewas PCR-amplified
and cloned into the binary vector pMDC32 under the control of a double cauli-
flowermosaic virus 35S promoter for tws1-1 and tws1-2 complementation analysis
and in pMDC83 for TWS1 subcellular localization (TWS1:GFP fusion). TWS1
mRNA transcripts were PCR-amplified and cloned into the pGEM-T Easy vector
(Promega) for in vitro transcription of an in situ hybridization probe. Primer se-
quences are listed in Supplemental Table S2.

SEM

Uncoated samples were analyzed and imaged using the tabletop Scanning
Electron Microscope SH 1500 (Hirox).

GUS Assays

Histochemical detection of GUS activity was performed as previously de-
scribed (Jefferson, 1989), with the modification that 2 mM potassium ferrocya-
nide and 2 mM potassium ferricyanide were used. Whole-mount incubation
times ranged from 8 to 12 h after vacuum infiltration.
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Prior to the performance of the GUS assay, seeds at early stages of devel-
opment were squeezed between a slide and a coverslip in order to pop out the
embryos and improve image quality.

Protoplast Preparation

Arabidopsis protoplasts were isolated from leaves and transformed as
previously described (Wu et al., 2009).

Transient Infiltration of Tobacco Leaves

Nicotiana benthamiana leaf infiltration has been performed as previously
described (Sparkes et al., 2006) using the A. tumefaciens strain GV3101.

Confocal Microscopy

All samples were imaged with a Leica TCS-SP5 spectral confocal laser
scanning microscope (Leica Microsystems) using a 403 or 633 magnification
lens.

For AuramineO staining, 7-d-old seedlingswere imaged upon immersion in
a 0.01% w/v Auramine O (Sigma; 0.01% w/v in 0.05 M Tris/HCl, pH 7.2)
aqueous solution for 10 min and subsequently rinsed with water.

For pseudo-Schiff propidium iodide staining, developing seeds were har-
vested and treated as previously described (Xu et al., 2016). Upon staining, the
samples were transferred onto microscope slides for confocal laser scanning
microscopy analysis.

Protein autofluorescence in PSVs was imaged using the filter set for GFP.
For FM4-64 staining, samples were incubated in a 5 mL/mL dye solution for

2 h, subsequently rinsed in water, and transferred to a microscope slides for
imaging.

Oleosomes have been visualized upon staining with Nile Red.

Biochemical Analyses

Total fatty acids from dry seeds were extracted and quantified as previously
described (Li et al., 2006). Starch and Suc measurements in dry seeds were
performed as previously described (Caspar et al., 1991). Protein extracts were
prepared from 20 dry seeds per sample and suspended in Leammli buffer (23)
with dithiothreitol. The crude seed protein extracts were incubated at 95°C for
5 min, followed by a centrifugation at max speed for 3 min, and the superna-
tants were pipetted into a clean tube. The volumes corresponding to a quarter of
a seed, half of a seed, and 1 seed have been loaded on a 15% SDS-PAGE gel
followed by Coomassie Blue staining.

Sequence Analysis and Image Processing

Multiple sequence alignments were performed using the software MUSCLE
(Edgar, 2004). Phylogenetic analyses were conducted using MEGA7 software
(Kumar et al., 2016). SDS-PAGE gel band intensity has beenmeasured using the
National Center for Biotechnology Information Image J software for image
processing and analysis (https://imagej.nih.gov/ij/).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: TWS1, At5g01075; AtML1, At4g21750; PDF2, At4g04890; ZOU,
AT1G49770; GSO1, AT4G20140; GSO2, AT5G44700; ABNORMAL LEAF
SHAPE1, AT1G62340; ABNORMAL LEAF SHAPE2, AT2G20300; ARABIDOPSIS
CRINKLY4, AT1G69040; WRINKLED1, AT3G54320; TRIALCYLGLYCEROL1,
AT2G19450; LEAFY COTYLEDON1, AT1G21970.
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The following supplemental materials are available.

Supplemental Figure S1. Phenotypic and molecular characterization of
tws1-1 and tws1-2 mutant alleles.

Supplemental Figure S2. tws1-1 shoot and root apical meristem
morphology.

Supplemental Figure S3. TWS1 homologs in plants and their evolutionary
relationships.

Supplemental Figure S4. TWS1 expression.

Supplemental Figure S5. Stem cuticle deposition defects and L1 marker
analysis in tws1-1.

Supplemental Figure S6. Oleosomes and starch granule visualization in
tws1-1.

Supplemental Table S1. Fatty acids composition of tws1-1 and tws1-2 mu-
tant seeds.

Supplemental Table S2. Primers used in the experimental procedures.
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