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Embryogenesis in flowering plants is controlled by a complex interplay of genetic, biochemical, and physiological regulators.
LEAFY COTYLEDON2 (LEC2) is among a small number of key transcriptional regulators that are known to play important roles
in controlling major events during the maturation stage of embryogenesis, notably, the synthesis and accumulation of storage
reserves. LEC2 overexpression causes vegetative tissues to change their developmental fate to an embryonic state; however, little
information exists about the cellular changes that take place. We show that LEC2 alters leaf morphology and anatomy and
causes embryogenic structures to form subcellularly in leaves of Arabidopsis (Arabidopsis thaliana). Chloroplasts accumulate
more starch, the cytoplasm fills with oil bodies, and lytic vacuoles (LVs) appear smaller in size and accumulate protein deposits.
Because LEC2 is responsible for activating the synthesis of seed storage proteins (SSPs) during seed development, SSP
accumulation was investigated in leaves. The major Arabidopsis SSP families were shown to accumulate within small leaf
vacuoles. By exploiting the developmental and tissue-specific localization of two tonoplast intrinsic protein isoforms, the small
leaf vacuoles were identified as protein storage vacuoles (PSVs). Confocal analyses of leaf vacuoles expressing fluorescently
labeled tonoplast intrinsic protein isoforms reveal an altered tonoplast morphology resembling an amalgamation of a LV and
PSV. Results suggest that as the LV transitions to a PSV, the tonoplast remodels before the large vacuole lumen is replaced by
smaller PSVs. Finally, using vegetative and seed markers to monitor the transition, we show that LEC2 induces a reprogramming of

leaf development.

The transition between seed and vegetative develop-
ment involves considerable changes in cellular processes.
Two major cellular events that demarcate seed and
vegetative growth are the accumulation and catabolism
of storage reserves. Arabidopsis (Arabidopsis thaliana)
seeds accumulate high levels of lipids and proteins and a
comparatively lower level of carbohydrate reserves in
the form of starch. These reserves are stored in special-
ized seed organelles. In Arabidopsis, seed storage pro-
teins (SSPs) are accumulated in protein storage vacuoles
(PSVs), while triacylglycerols (TAGs) are stored in oil
bodies and starch is found in plastids (Mansfield and
Briarty, 1992; Baud et al., 2008). Upon germination, these

! This work was supported by the A-Base Funding Program of
Agriculture and Agri-Food Canada and the Leverhulme Trust (grant
no. RPG-327).

2 Present address: School of Life Sciences, University of Warwick,
Coventry CV4 7AL, United Kingdom.

* Corresponding author; e-mail rima.menassa@agr.gc.ca.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Rima Menassa (rima.menassa@agr.gc.ca).

W] The online version of this article contains Web-only data.

[OPENT Articles can be viewed online without a subscription.

www.plantphysiol.org/cgi/doi/10.1104/pp.113.220996

reserves serve as a nutrient source to sustain the growing
seedling until it becomes photoautotrophic (Penfield
et al., 2006).

In seed plants, embryogenesis is divided into two
phases. During the morphogenesis phase, the embryo
takes shape, and during the maturation phase, re-
serves are synthesized to prepare the embryo for
developmental arrest and for subsequent germination
(Harada, 2001). During the evolution of seeds, the
maturation phase was integrated into the life cycle of
flowering plants (Vicente-Carbajosa and Carbonero,
2005). For this to happen, regulatory programs that
control the maturation phase have evolved within the
seed development program (Zhang and Ogas, 2009;
Willmann et al., 2011). Through the analysis of mu-
tants impaired in seed formation and by overexpression
of individual seed genes in vegetative tissues, key pos-
itive transcriptional regulators of the maturation phase,
LEAFY COTYLEDONT (LEC1; West et al., 1994), LEC2
(Stone et al., 2001), FUSCA3 (FUS3; Baumlein et al., 1994;
Keith et al., 1994), and ABSCISIC ACID INSENSITIVE3
(ABI3; Giraudat et al., 1992; Parcy et al., 1994; Nambara
et al., 1995), were identified. These regulators act in a
partially redundant manner to initiate and control seed
maturation and to prevent germination. They achieve
this control through interactions within a complex seed
regulatory network (Santos-Mendoza et al., 2008).
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Ectopic expression of LEC2 revealed its ability to confer
embryogenic characteristics in vegetative tissues and
even to induce the formation of somatic embryos (Stone
etal., 2001). LEC2 activity up-regulates the expression of
oleosin, SSPs, LEC1, FUS3, and ABI3 RNAs (Kroj et al,,
2003; Santos-Mendoza et al., 2005; Braybrook et al.,
2006; To et al., 2006) and is involved in controlling plant
growth regulator activity (Braybrook et al., 2006; Stone
et al., 2008) and in regulating soluble sugar and starch
pathways (Angeles-Ntiiez and Tiessen, 2011). A number
of LEC2 activities associated with seed gene promoter
targets and interactions within the seed regulatory net-
work have been elucidated (Braybrook et al., 2006; Santos-
Mendoza et al., 2008). However, our knowledge of the
events that occur at the cellular level is limited. Given that
LEC2 exerts control over the cellular environment to pro-
mote the metabolic changes involved in embryo devel-
opment (Petrie et al., 2010), we were interested in studying
the detailed cellular changes that take place as LEC2 is
overexpressed in Arabidopsis leaves. Here, we show that
LEC2 overexpression confers embryogenic characteristics
to leaves. The morphology of leaves begins to resemble
cotyledons. At the cellular level, the leaf anatomy is
modified and is characterized by the formation of em-
bryogenic structures. We were interested in the fate of
vacuoles, which are prominent organelles present during
both vegetative and seed development. We found that
LEC2 overexpression caused leaf lytic vacuoles (LVs) to
transition to PSVs. Using vegetative and seed markers to
monitor the vegetative-to-embryonic transition, we show
that LEC2 induces a reprogramming of leaf development.

RESULTS

LEC2 Overexpression Alters Leaf Morphology
to Resemble Cotyledons

Previous studies have overexpressed LEC2 to elucidate
its regulatory activities and have elegantly demonstrated
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its central role in coordinating embryo development (Stone
et al,, 2001, 2008; Santos-Mendoza et al., 2005; Braybrook
et al., 2006). However, little focus was paid to the alter-
ations that arise in vegetative cells by LEC2 over-
expression. Thus, we investigated these effects in
Arabidopsis leaves. A 355:LEC2-GR Arabidopsis over-
expression line was used in this study (Stone et al., 2008).
The steroid-binding domain of the glucocorticoid re-
ceptor (GR) acts as a selective inducer of LEC2 function,
thereby allowing the flexibility to activate LEC2 when
desired by incubating plants with a synthetic steroid,
dexamethasone (DEX; Sablowski and Meyerowitz,
1998).

LEC2 overexpression promoted a change in leaf phe-
notype from vegetative to embryogenic characteristics.
While ecotype Wassilewskija (Ws-0) plants were not
affected by either dimethyl sulfoxide (DMSO) or DEX
(Fig. 1, A-C) and LEC2 plants were not affected by
DMSO (Fig. 1, D and E), plants overexpressing LEC2
were easily distinguished from controls by 14 d on DEX
(Fig. 1, F and H). These plants were much smaller than
controls and had smaller, curled leaves and shorter
petioles. Leaves resembled cotyledons; they were fleshy
with smooth, round leaf margins and a reduced number
of trichomes (Fig. 1, G and H).

LEC2 Overexpression Promotes an Embryonic Leaf
Anatomy and Composition

To establish whether changes in leaf morphology are
associated with changes in leaf anatomy, leaf sections
were stained with toluidine blue-O (TBO). TBO binds
to most cellular components except starch and lipids
(Regan and Moffatt, 1990) and is commonly used to
identify PSVs (Shimada et al., 2003). A survey of leaves
from all treatments shown in Figure 1 revealed that the
leaf anatomy of all control treatments was similar
(Supplemental Fig. S1, A-E). In these leaf sections, the

Figure 1. LEC2 overexpression alters the leaf morphology to resemble cotyledon-like organs. A to C, Ws-0 plants incubated on
MS medium (A) or MS supplemented with DMSO (B) or 30 um DEX (C). D to F, LEC2 plants incubated on MS medium (D), or
MS supplemented with DMSO (E) or 30 um DEX (F). G and H, Ws-0 cotyledon from 7-d-old seedling on MS medium (G) is
compared with a leaf from a LEC2 plant treated with 30 um DEX (H). Bars = 1 mm (A-E and G) and 0.8 mm (F and H).
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palisade and spongy mesophyll layers can usually be
distinguished by their shape. Given that the appearance
of control leaf treatments were alike, only representative
leaf control treatments are shown in subsequent work.
The leaf anatomy was remarkably altered in leaves
overexpressing LEC2. In contrast to control plants (Fig.
2A), leaf mesophyll layers were no longer distinguish-
able in induced LEC2 plants (Supplemental Fig. S1F; Fig.
2B). Cells were arranged much closer together, their
shape was altered, and intracellular spaces were densely
stained. Vacuoles were drastically reduced in size, and
the vacuolar lumen was lightly stained by TBO (Fig. 2B).

LEC2+DMSO - -

i -.._'-‘

LEAFY COTYLEDON?2 Triggers Embryonic Transitions in Leaves

The anatomy of induced LEC2 leaves resembled that of
seed tissues in the organization and shape of cells.
However, within seed cells, heavily stained PSVs are
surrounded by unstained lipid reserves (Fig. 2C).

To identify the composition of leaf cells overexpressing
LEC2, three histochemical stains were chosen, each spe-
cific for different cell components. Under our experi-
mental conditions, TBO stains proteins blue, osmium
tetroxide (OsO,) stains lipids black, and iodide potassium
iodine (IKI) binds to starch and produces a red color.
Control leaf cells contained large unstained LVs, which
occupied most of the cell space, while the cytoplasm,

Figure 2. LEC2 overexpression promotes embryonic leaf anatomy and composition. A to C, Leaf sections from Ws-0 plants exposed
to DEX (A), LEC2 plants exposed to DEX (B), or Ws-0 seed sections (C) were stained with TBO and imaged by light microscopy. D to
F, Leaf sections from LEC2 plants exposed to DMSO (D) or DEX (E) or cotyledons from 7-d-old LEC2 seedlings (F) were stained with
TBO (blue), IKI (red), and OsO,, (black) and imaged by light microscopy. G and H, LEC2 plants exposed to DMSO (G) or DEX (H)
were stained with OsO, and imaged by transmission electron microscopy. Arrowheads point to protein aggregates and arrows point
to lipid-filled vesicles. C, Chloroplast; LV, lytic vacuole; N, nucleus; PSV, protein storage vacuole (circled); S, starch granule; V,
vacuole. Asterisks indicate sectioning artifacts. Bars = 20 um (A and B), 15 um (C), 10 um (D-F), and 2 um (G and H).
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other organelles, and the cell membrane and wall were
stained blue, and red starch granules were observed in-
side chloroplasts (Fig. 2D). In cotyledons from 7-d-old
seedlings, LVs appeared smaller in size, a higher vol-
ume of cytoplasm was present, and starch granules were
much larger than in leaf cells (Fig. 2F). In addition, black-
stained, lipid-filled organelles were observed in the
cytoplasm of cotyledon cells. These are most likely oil
bodies that were accumulated during seed maturation
(Mansfield and Briarty, 1996). Triple staining of induced
LEC2 leaf sections revealed an appearance more similar
to cotyledon than leaf tissue (Fig. 2E). Compared with
control leaves, induced LEC2 leaf cells had an increased
volume of cytoplasm that contained abundant lipid-filled
structures. Vacuoles were reduced in size and starch
granules were enlarged. Furthermore, TBO-stained
deposits were present within the small vacuoles, sug-
gesting that they contain protein (Fig. 2E, inset).
Transmission electron microscopy revealed similar
observations. In contrast to control leaf cells (Fig. 2G),
induced LEC2 leaf cells possessed a higher volume of
cytoplasm containing novel osmium-stained globular
structures, similar to the lipid-filled structures observed
in triple-stained sections (Fig. 2, E and H). The LV was
reduced in size and appeared to be fragmented into
smaller vacuoles containing electron-opaque aggre-
gates, which correlate with the TBO-stained deposits
observed in triple-stained tissues (Fig. 2, E and H).
These aggregates may represent protein deposits. We

Figure 3. LEC2 promotes the accumulation of oil
bodies in leaf cells. Oil bodies stained with OsO,,
in a leaf section from LEC2 plants incubated with
DEX (A). Immunolabeling of oleosin in leaf sec-
tions from LEC2 plants incubated on DMSO (B) or
DEX (C) or Ws-0 seed sections (D). C, Chloro-
plast; LV, lytic vacuole; OB, oil body. Bars = 100
nm (A, C, and D) and 500 nm (B).
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also observed numerous holes in the resin-embedded
tissue upon sectioning of the induced LEC2 tissues
(Fig. 2H). The holes were all associated with enlarged
starch granules present in chloroplasts of induced
LEC2 leaves but did not occur in leaf samples from
control treatments. Our results show that induced
LEC?2 leaf cells accumulate lipids, starch, and protein
deposits.

Oil Bodies Accumulate in the Cytoplasm of Induced LEC2
Leaf Cells

To characterize the lipid-filled structures observed
upon induction of LEC2 (Fig. 3A), we investigated if
they could be oil bodies, organelles commonly found
in seed and cotyledons (Kim et al., 2002). For this,
immunogold electron microscopy was carried out us-
ing an antibody against oleosin, a transmembrane
protein that serves to control the size, shape, and sta-
bility of oil bodies (Siloto et al., 2006; Shimada et al.,
2008). No specific labeling was observed in leaves
derived from LEC2 plants incubated with DMSO (Fig.
3B). However, in induced LEC2 leaf cells, the antibody
labeled the edge of the novel structures (Fig. 3C) with
the same sparse labeling pattern as observed in seeds
(Fig. 3D), indicating that the structures are oil bodies.
Their accumulation in leaves demonstrates the ability
of LEC2 to promote the formation of these seed-specific
organelles in vegetative tissues.

e
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Chloroplasts Accumulate Large Starch Granules
in Response to LEC2 Overexpression

Because DEX-induced LEC?2 leaves display an increase
in the size and number of starch granules when com-
pared with control leaves (Fig. 2), we undertook a more
detailed microscopic and quantitative analysis of starch
deposition and accumulation in these leaves. Chloro-
plasts of uninduced LEC2 plants displayed the typical
phenotype of wild-type chloroplasts, with few, if any,
starch grains (Fig. 4A). However, in induced LEC? leaves,
the starch granules increase in number and in size. In
addition, localized areas were packed with small cells
containing dense deposits of starch granules (Fig. 4B). In
many instances, the chloroplasts were so tightly filled
with starch granules that it was often difficult to discern
the inner chloroplast structure. To correlate the observed
phenotype with starch accumulation levels, quantitative
data for leaf starch content were collected from induced
and control plants (Fig. 4C). Results showed that induced
LEC2 leaves store over 6-fold more starch reserves com-
pared with control leaves.

SSPs Accumulate in Induced LEC2 Leaves and
Are Localized to Small Vacuoles

Given that putative protein deposits were detected
in small-sized vacuoles of induced LEC2 leaves using
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LEAFY COTYLEDON?2 Triggers Embryonic Transitions in Leaves

light and electron microscopy (Fig. 2, E and H) and
that SSP RNA is present in Arabidopsis leaves
overexpressing LEC2 (Santos-Mendoza et al., 2005;
Braybrook et al., 2006), the accumulation of SSPs was
examined in these leaves. Seed proteins were detec-
ted with antibodies against the two major Arabi-
dopsis SSP families (Kroj et al., 2003; Baud et al.,
2008), the 12S globulins (Shimada et al., 2003) and 2S
albumins (Scarafoni et al., 2001). Both antibodies
detected SSPs from seed extracts and induced LEC2
leaves but not from control leaves (Fig. 5A). Thus
overexpression of LEC2 caused SSPs to accumulate in
leaves where they do not normally occur (Gruis et al.,
2004).

SSPs usually accumulate in PSVs in Arabidopsis
seeds (Mansfield and Briarty, 1992). In induced LEC2
leaf cells, immunogold electron microscopy showed
that both 2S5 and 125 SSPs accumulate in electron-
opaque aggregates (Fig. 5, C and D) present within
small vacuoles. These protein deposits were often
observed accumulating in clumps along the luminal
side of the tonoplast or aggregated within the vacu-
olar lumen (Fig. 5B). To demonstrate that 25 and 125
antibodies were effective in immunolocalizing SSPs,
seed sections were used as positive controls. For both
antibodies, gold particles localized to the PSV matrix
(Fig. 5, E and F).

Figure 4. LEC2 overexpression promotes in-
creased starch accumulation in leaves. A and B,
Small starch granules were observed in leaf
chloroplasts of LEC2 plants on DMSO (A). Starch
granules increased in size and number, and dense
starch deposits were observed in discrete areas of
induced LEC2 leaf sections (B). Bars = 2 um. C,
Starch accumulation in leaves after 14 d on
treatments. Ws-0 or LEC2 plants were incubated
on MS medium alone or supplemented with
DMSO or DEX. Standard errors are indicated. As-
terisk indicates significant difference from control
(Student’s t test, P < 0.01).

o

MS DMSO
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Small-Sized Vacuoles Appearing in Induced
LEC2 Leaves Are PSVs

In LEC2 plants induced by DEX, SSPs accumulate in
electron-opaque aggregates within organelles that re-
semble small vacuoles. To confirm that these organelles
are vacuoles and to further characterize them, tonoplast
intrinsic proteins (TIPs) were used as markers. TIPs
are members of a subfamily of transmembrane proteins
called aquaporins, which form channels to transport
water and small molecules across the tonoplast (Maurel
et al., 2009). Arabidopsis has 10 TIP isoforms, and their
expression patterns are developmentally and spatially
controlled. In Arabidopsis, TIP3;1 («-TIP) is highly
expressed on the tonoplast of PSVs in embryos during
seed development. As the seed germinates, TIP3;1
expression declines and is replaced by TIP1;1 (y-TIP)
expression. TIP1;1 localizes to the tonoplast of LVs and

Figure 5. SSPs accumulate in induced LEC2
leaves and are localized to aggregates within

is the most widely expressed TIP in vegetative tissues
(Jauh et al., 1999; Johanson et al., 2001; Hunter et al.,
2007; Beebo et al.,, 2009; Gattolin et al.,, 2009, 2010,
2011). Therefore the pattern of endogenous TIP3;1 ex-
pression was exploited to determine whether the small
leaf vacuoles observed in leaves overexpressing LEC2
could be storage vacuoles.

Incubation of induced LEC2 leaf tissue with an an-
tibody raised against TIP3;1 (Jauh et al., 1998) showed
specific labeling along the tonoplast of the small vac-
uoles where the electron-opaque aggregates are pre-
sent (Fig. 6A). The TIP3;1 antibody did not label the LV
tonoplast in control, uninduced leaf tissue (Fig. 6B) but
localized to the PSV tonoplast in seed tissue (Fig. 6C),
demonstrating its specificity for the TIP3;1 protein.
These results suggest that in leaves overexpressing
LEC2, small vacuoles containing electron-opaque SSP

small vacuoles. A, Antibodies against 125 glob-
ulins and 2S albumins were used to detect pro-

teins by immunoblots. Arrows point to seed
protein bands. B, A low-magnification image
of aggregates accumulating in small vacuoles
forming in induced LEC2 leaf cells. C and D,

Immunolocalization of SSPs in leaves of LEC2
plants exposed to DEX for 14 d. Antibodies
localized 125 (C) and 2S (D) proteins to electron-
opaque aggregates within the lumen of small leaf
vacuoles. E and F, Immunolocalization of SSPs in
Ws-0 seed tissue. 125 (E) and 2S (F) proteins were
localized to the PSV matrix. Ten-nanometer gold
particles were used (C-F). M, Mitochondrion;
OB, oil body; V, vacuole. Bars = 500 nm (B, C,
and F) and 100 nm (D and E).
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aggregates represent a transitional stage from a LV to
a PSV.

An Examination of the Transition of Leaves from a
Vegetative to an Embryonic State

Our results have so far illustrated a snapshot of the leaf
cell biology of plants overexpressing LEC2 at 14 d on
DEX. To provide a more thorough view of the alterations
to induced LEC? leaf cells over time, samples were collected
every 3 to 4 d over a 21-d period to examine the pattern of
protein accumulation and the alteration of cell fate.

To monitor the progression of the transition from
vegetative to embryonic characteristics caused by
LEC2 overexpression, the accumulation pattern of
vegetative (TIP1;1) and seed-specific (TIP3;1, 12S
globulin, and oleosin) protein markers was followed in
leaves over time. Protein was extracted from leaves
and analyzed by immunoblot. Representative blots are
shown in Figure 7. Leaves collected from control
uninduced LEC2 plants (-DEX) did not accumulate
seed proteins over the 21-d period but did present
accumulation of TIP1;1. However, in induced LEC2
plants (+DEX), seed proteins were first detected in
leaves at 11 d and in all subsequent leaf samples for the
duration of the experiment. Conversely, the TIP1;1
vegetative protein marker disappeared from induced
LEC2 leaf samples after 11 d on DEX. Smaller bands
were observed on the oleosin, TIP1;1, and TIP3;1 blots,
which may be due to proteolytic cleavage of the
transmembrane domains of these proteins (Jauh et al.,
1999; Hope et al., 2002). Degradation of TIP3 isoforms
can also be observed by confocal microscopy. In
embryos coexpressing TIP3;1-yellow fluorescent protein
(YFP) and TIP3;2-mCherry (Supplemental Fig. S2,
A-C), both proteins label the PSV tonoplast quite
clearly (Gattolin et al., 2011). However, substantial
TIP3;2-mCherry fluorescence is observed in the PSV
lumen, which reveals degradation of the TIP fusion.
The enhanced stability of red fluorescent protein (RFP)

LEAFY COTYLEDON?2 Triggers Embryonic Transitions in Leaves

and its variants (such as mCherry) over GFP and its
variants (such as YFP) within the acidic vacuole lumen
is thought to account for the discrepancy between the
two fluorescent proteins (Tamura et al., 2003; Shaner
et al.,, 2005). Thus, degradation of TIP isoforms in in-
duced LEC2 tissues is to be expected. Nevertheless,
TIP3;1-YFP still labels the tonoplast quite clearly at this
stage (Supplemental Fig. S2, D-F).

To follow the alteration of cell fate in leaves over-
expressing LEC2, we stained leaf sections collected over
time. LEC2 leaf sections treated with DMSO looked
similar among all collection days (Supplemental Fig. S3,
A-F). By contrast, LEC2 leaf sections induced by DEX
revealed phenotypic changes that became more pro-
nounced over time. Already at 4 and 7 d of incubation on
DEX, chloroplasts had large starch granules, small oil
bodies were visible in the cytoplasm, and vacuoles were
slightly reduced in size (Supplemental Fig. S3, G and H).
By 11 to 14 d of incubation on DEX, the space between
cells was reduced, vacuoles were extremely reduced in
size, oil bodies were more plentiful and larger in size,
and small protein deposits were observed in the small
vacuoles (Supplemental Fig. S3, I and ]). As more time
was spent on DEX, the staining intensity of starch and
lipid reserves became more pronounced, and, conse-
quently, specimens were more difficult to visualize using
light microscopy (Supplemental Fig. S3, K and L). In
summary, alteration of the leaf cell fate toward embryo-
genic characteristics was seen as early as 4 d after in-
cubation on DEX, was obvious by 11 d on DEX, and
became more prominent over time on DEX. Taken
together, the alteration of leaf cell fate illustrated by
light microscopy (Supplemental Fig. S3) correlates well
with seed protein accumulation patterns in response to
LEC2 overexpression (Fig. 7).

LV to PSV Transition in Leaves following LEC2 Induction

To study the LV to PSV transition in vegetative tis-
sues of induced LEC2 plants, the expression pattern of

Figure 6. Small vacuoles arising in leaf cells overexpressing LEC2 are PSVs. TIP3;1 was localized to the tonoplast of small leaf
vacuoles from LEC2 plants incubated on DEX (A) but not tonoplasts of large leaf LV from plants incubated on DMSO (B). In
seeds, TIP3;1 was localized to the PSV tonoplast (C). LV, Lytic vacuole; OB, oil body; PSV, protein storage vacuole; V, vacuole.
Arrows point to 15-nm gold particles. Bars = 100 nm (A) and 500 nm (B and C).
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Figure 7. DEX-induced LEC2 leaves accumulate seed proteins, while
vegetative proteins disappear over time. Seedlings were treated with
30 um DEX (+DEX) or DMSO (-DEX). Protein controls were extracted
from Ws-0 seed (WS) and leaves from 14-d-old Ws-0 seedlings
(collected at the 7-d time point) growing on MS medium (W?7). Anti-
bodies against seed-specific markers oleosin (approximately 18 kD),
12S globulin (approximately 30 kD), and TIP3;1 (approximately
26 kD) and an antibody against a vegetative marker, TIP1;1 (approxi-
mately 26 kD), were used to detect the presence of proteins in sam-
ples. Wells were loaded with 50 ug (TIP1;1, TIP3;1, and 12S blots) or
10 pg (oleosin blot) leaf protein and 0.5 ug (oleosin blot), 1 ug (TIP1;1
and TIP3;1 blots), or 2.5 ug (12S blot) seed protein. Top heading in-
dicates the number of days plants were exposed to DEX.

fluorescently labeled TIP proteins was observed by
fluorescence and confocal microscopy. The TIP3-YFP/
TIP1-RFP construct was generated by Gattolin et al.
(2011) to observe the PSV to LV transition during
seed germination. Expression of both TIP isoforms is
under control of their native promoters, which are
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developmentally and spatially regulated (Winter et al.,
2007). TIP3;1 is expressed in seed embryos and localizes
to the PSV tonoplast, while TIP1,1 is expressed in veg-
etative tissues and localizes to the LV tonoplast (Beebo
et al., 2009; Gattolin et al., 2009, 2011). Thus, the vacu-
olar type present in the cell would be distinguished by a
specific fluorescent protein signal (Hunter et al., 2007).

Seven-day-old LEC2/TIP3-YFP/TIP1-RFP seedlings were
transferred to DEX and were observed over time using a
stereomicroscope equipped with a filter to detect TIP3;1-
YFP fluorescence. We observed the appearance of TIP3;1-
YFP in leaves at approximately 14 d on DEX, and the YFP
fluorescence spread throughout the leaves over time
(Supplemental Fig. S4). These leaves were excised and
further examined at the cellular level using confocal mi-
croscopy (Supplemental Fig. S5). Closer examination of
leaves treated with DEX for 16 d shows that individual
epidermal cells begin to express TIP3;1-YFP. Thus, a time
course was carried out to follow the vacuole transition in
more detail in LEC2 leaves induced by DEX.

In LEC2/TIP3-YFP/TIP1-RFP embryos 2 d after stratifi-
cation, TIP3;1-YFP was highly expressed on the PSV
tonoplast of cotyledon cells, whereas TIP1,1-RFP expres-
sion was not detected (Fig. 8, A-C). At 6 d, the expression
of TIP markers overlapped in cotyledons; TIP3;1-YFP
fluorescence was becoming less intense, while TIP1;1-
RFP fluorescence was strong (Fig. 8, D-F). Colocaliza-
tion of both TIPs on the same tonoplast indicates a
transition from PSV to LV in germinating seedlings
(Gattolin et al., 2011). Seedlings were then transferred to
DEX after 7 d. By 14 d (7 d on DEX), TIP3;,1-YFP ex-
pression was undetectable in leaves and TIP1;1-RFP
expression was observed although with lower intensity,
indicating a reduction in TIP1;1-RFP (Fig. 8, G-I). The
timing of the PSV to LV transition in the LEC2 line in our
study is similar to what was reported by Gattolin et al.
(2011) in ecotype Columbia (Col-0) transformed with the
same TIP markers. After 21 d (14 d on DEX), TIP1,1-RFP
expression was no longer detectable in leaf epidermal
cells, while TIP3;1-YFP expression reappeared and
highlighted a different tonoplast morphology than the
central LV (Fig. 8, J-L). The timing of the LV to PSV
transition in leaves overexpressing LEC2 as demon-
strated by fluorescently labeled TIP isoforms (Fig. 8) was
comparable to endogenous TIP protein accumulation
detected by immunoblots (Fig. 7). Both reveal the ex-
pression of TIP1;1 but not TIP3;1 at 14 d after germi-
nation (7 d on DEX) and the subsequent reversal of their
expression patterns at 21 d after germination (14 d on
DEX). Taken together, these results suggest that over-
expressed TIP isoforms follow the same temporal ex-
pression patterns as endogenous TIPs and demonstrates
that leaf LVs transition to PSVs in response to LEC2
overexpression.

The reappearance of TIP3;1-YFP expression on the
tonoplast in induced LEC2 leaf cells at 21 d after ger-
mination (14 d on DEX) was accompanied by a novel
vacuole morphology that more closely resembled PSVs.
Instead of the typical puzzle-shaped leaf epidermal to-
noplast morphology (Fig. 8D), several smaller, TIP3-YFP-
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TIP1;1-RFP Merge

Figure 8. Leaf LVs transition to PSVs following LEC2 induction. Arabidopsis seeds coexpressing 355:LEC2-GR, TIP3;1:TIP3;1-YFP
(green), and TIP1;1:TIP1;1-RFP (red) were germinated on MS medium for 7 d. Seedlings were then transferred to MS with 30 um DEX
(indicated by an arrow). At the indicated times, TIP expression was analyzed in the epidermis of cotyledons (A-F) or mature leaves (G-L)
by confocal microscopy. Green oval structures in F are stomata. DAS, Days after stratification. Bars = 5 um (A-C) and 20 uwm (D-L).

labeled vacuoles appeared to occupy a large volume of
the cell as shown in Figure 8] and Supplemental Figure
S5D. This tonoplast configuration more closely resembles
the vacuole morphology seen in embryos on day 2 (Fig.
8A). This observation shows that both TIP expression
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patterns and vacuolar morphology are substantially
altered by LEC2 overexpression.

A closer examination of plants incubated on DEX for
15 d revealed that the tonoplast labeled by TIP3;1-YFP
appeared to form many fluorescent folds (Fig. 9, A

1889


http://www.plantphysiol.org/cgi/content/full/pp.113.220996/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.220996/DC1

Feeney et al.

and B), like embryonic PSV tonoplasts (Fig. 9D). Addi-
tional highly fluorescent spherical structures (‘bulbs’)
were observed (Saito et al., 2002; Beebo et al., 2009).
These structures are often abundant in vacuoles of
young plant tissues, and as plants mature, the number of
bulbs decreases (Hunter et al., 2007). To add perspec-
tive to some images, tissues were stained with neutral
red (NR), which labels the vacuole lumen (Dubrovsky
et al., 2006), or with FM4-64, which, upon short incu-
bation, labels the plasma membrane (Bolte et al., 2004).
NR produced a different staining pattern in induced
LEC2 leaf vacuoles compared with embryo vacuoles.
In embryos, only the globular PSV lumen was stained
by NR (Fig. 9D); however, in induced LEC2 leaves, the
entire vacuolar system was stained, including the re-
gions within folds and bulbs (Fig. 9B). To exclude the
possibility that the morphological changes associated
with PSV formation in induced LEC2 leaf vacuoles was
not a result of TIP3;1-YFP overexpression, the TIP3;1-
YFP fusion was placed under control of a 355 consti-
tutive promoter, thus releasing it from developmental
control from its native TIP3;1 promoter. Under the 355
promoter, TIP3;1-YFP is expected to localize to the
tonoplast of vacuoles in every plant tissue (Hunter
et al., 2007). In plants expressing 35S:TIP3;1-YFP, leaf
epidermal cell tonoplasts were fluorescently labeled by
TIP3;1-YFP but had a typical puzzle-shaped LV tono-
plast morphology (Fig. 9C). These results establish that
the altered vacuole morphology observed in LEC2/

Figure 9. TIP3;1-YFP labels the tonoplast, vacu-
olar bulbs, and PSV-like structures that are unique
to induced LEC2 leaves and resemble embryonic
storage vacuoles. A and B, LEC2/TIP3-YFP/TIP1-
RFP plants were incubated on DEX for 15 d. Leaf
epidermal cells are imaged. C, Leaves of 21-d-old
plants expressing 35S: TIP3;1-YFP. Leaf epidermal
cells are imaged. D, Cotyledons of maturing
TIP3;1:TIP3;1-YFP embryos imaged at the onset
of TIP3;1-YFP expression. Arrows point to tono-
plast, arrowhead points to plasma membrane,
empty arrowheads point to tonoplast folds, and
an asterisk labels a bulb. Green color is TIP3;1-
YFP fluorescence. Tissues were stained red with
FM4-64 to highlight the plasma membrane (A) or
with NR to show the vacuole lumen (B and D).
Bars = 20 um (A) and 10 um (B-D).
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TIP3-YFP/TIP1-RFP plants was caused by LEC2 over-
expression rather than simple overexpression of
TIP3;1-YFP.

DISCUSSION

Embryonic Development Is Initiated in Leaves
Overexpressing LEC2

LEC2 acts early during seed morphogenesis and
throughout maturation to control embryo develop-
ment. During morphogenesis, LEC2 acts to specify the
identity of embryonic organs such as cotyledons
(Harada, 2001). Mutations in LEC2 cause the appear-
ance of trichomes on cotyledon surfaces (Stone et al.,
2001). These epidermal hairs are vegetative traits and
are absent from the surface of wild-type cotyledons
(Meinke, 1992; Lotan et al., 1998). We show that
overexpression of LEC2 promotes a reduced number of
trichomes developing on leaves. We also show that
other morphological features such as the leaf shape
and texture are altered to resemble cotyledons. In ad-
dition, the leaf anatomy was modified. The organiza-
tion and shape of induced LEC2 leaf cells were similar
to seed tissue. These findings are consistent with those
of West et al. (1994), who demonstrated that cotyledon
anatomy was altered to become more leaf like in the
absence of LEC1, a transcription factor that shares
many roles with LEC2 (Meinke et al., 1994; To et al,,
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2006; Santos-Mendoza et al., 2008). Thus, the trans-
formation in leaf morphology and anatomy upon
LEC2 induction indicates that LEC2 activity causes
vegetative leaves to acquire embryonic characteristics.
Under our experimental conditions, the appearance of
our embryo-specific markers (Supplemental Fig. S4)
occurs in cells from leaves that have already differen-
tiated. Because LEC2 seedlings are induced very early
upon germination, however, we do not know whether
this fate change is programmed to occur before, dur-
ing, or after the establishment of leaf primordia.

Seed storage reserves are normally accumulated in
different cell types in developing seeds, depending on
the species. In Arabidopsis, most reserve accumulation
occurs in cotyledon cells (Mansfield and Briarty, 1992).
Arabidopsis seeds typically accumulate a large
amount of lipids and proteins, approximately 30% to
40% each, while starch represents only a minor storage
reserve of 2% (Baud et al., 2008). Vegetative tissues
generally accumulate lipids (Lin and Oliver, 2008),
starch (Zeeman et al., 2007), and proteins (Staswick,
1994) only transiently, which serve as a nutrient supply
when required by the plant (Baud et al., 2008). Histo-
chemical staining of induced LEC2 leaves showed an
abnormal accumulation of lipids, starch, and protein de-
posits, further confirming the reprogramming of leaves
toward embryogenic characteristics.

In Arabidopsis, starch is accumulated during early
embryo development. However, as lipids and proteins
become more abundant, starch levels fall and represent
only a minor storage reserve in fully developed Arab-
idopsis seeds (Baud et al., 2008). Mutant lec2 embryos
were observed to increase their starch content (Meinke
et al.,, 1994; Angeles-Nufiez and Tiessen, 2012). How-
ever, overexpression of LECI in turnip mutant hypo-
cotyls (Casson and Lindsey, 2006) and overexpression
of LEC2 in vegetative tissues (Stone et al., 2008) also
promoted an increased accumulation of starch. Simi-
larly, we observed a 6-fold increase in starch in in-
duced LEC2 leaves. In these leaves, chloroplasts were
filled with large starch granules and localized areas of
leaf tissues had dense starch granule deposits.

LEC2 has been directly implicated in the regulation
of soluble sugar and starch pathways in developing
seeds (Santos-Mendoza et al,, 2005; Angeles-Ntifiez
and Tiessen, 2011, 2012). However, the means by
which LEC2 regulates starch accumulation is unclear,
as many of its interactions with regulators and gene
targets involved in central metabolism have yet to be
uncovered (Angeles-Nufiez and Tiessen, 2012). More-
over, sugar signaling is an important regulatory
mechanism involved in seed maturation, which is also
not well understood (Gibson, 2005; Gutierrez et al.,
2007). The expression of key transcriptional regulators,
including LEC2, and several of their target genes that
are involved in storage reserve synthesis are depen-
dent on the presence of soluble sugar (Casson and
Lindsey, 2006; Tsukagoshi et al., 2007).

Starch transiently accumulates in meristematic re-
gions of vegetative tissues (Andriotis et al., 2010) and
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during early embryo development in Arabidopsis (da
Silva et al., 1997). Embryos and meristems represent
cells that are actively dividing or have recently divided
and are in the early stages of differentiation. Although
the importance and function of starch metabolism in
these cell types is not well understood, it is thought to
represent a temporary carbon reserve and is proposed
to be a normal feature of cells undergoing early stages
of differentiation (Andriotis et al., 2010). Similarly, the
increase in leaf starch upon induction of LEC2 could
be a consequence of cells altering their developmental
fate to become embryonic in response to LEC2 overex-
pression and therefore mimicking early embryo devel-
opment. Thus, the observed increase in starch deposit
and accumulation in leaves overexpressing LEC2 further
supports the idea that LEC2 promotes the change of
fate of vegetative tissues toward an embryonic devel-
opmental state.

Oil bodies accumulate TAGs within a phospholipid
monolayer stabilized by oleosins and other minor
proteins. These organelles are typically present in
TAG-accumulating organs such as seeds (Hsieh and
Huang, 2004; Jolivet et al., 2004). However, in vege-
tative tissue ectopically expressing LEC2, TAG accu-
mulation (Santos-Mendoza et al., 2005; Stone et al.,
2008) and oleosin mRNA expression (Santos-Mendoza
et al., 2005; Braybrook et al., 2006) was demonstrated.
These findings have prompted much interest in ex-
ploiting the ability of LEC2 to activate entire seed lipid
biosynthetic pathways to accumulate high levels of
seed oil in leaves (Slocombe et al., 2009; Andrianov
et al., 2010; Petrie et al., 2010). Our results support
these previous works, and we further demonstrate the
ability of LEC2 to promote oil body formation in
vegetative tissues. Formation of these organelles in
leaves has not previously been demonstrated.

LEC2 Causes Leaf LVs to Accumulate SSPs
and Transition to PSVs

Ectopic expression of LEC2 (Stone et al., 2008) and
FUS3 (Gazzarrini et al., 2004) was shown to promote
the formation of novel protein-accumulating organ-
elles in vegetative tissues, which were designated
protein bodies but were not further characterized.
In this work, we have characterized the protein-
accumulating organelles to show that they resemble
PSVs and accumulate SSPs. The features of the tran-
sitional vacuoles observed in leaf cells overexpressing
LEC2 closely resemble those reported in pea (Pisum
sativum) and barley (Hordeum wvulgare) root tip cells
(Olbrich et al., 2007), in Arabidopsis tissues over-
expressing LEC1 (Junker et al., 2012), and in develop-
ing Arabidopsis (Mansfield and Briarty, 1992) and pea
(Hoh et al., 1995) embryo cotyledons. However, in pea
cotyledon cells, the protein deposits were contained
within a tube-like membrane system that surrounded
the vacuole (Hoh et al., 1995). This tubular membrane
system was not observed surrounding vacuoles in
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leaves overexpressing LEC2. Given that the coexistence
of both vacuoles was observed over a very short pe-
riod of time in pea (Hoh et al., 1995), a more detailed
study would be required to examine the mechanism of
vacuole transition in induced LEC2 leaf cells. A recent
report by Zheng and Staehelin (2011) emphasized the
importance of tissue fixation on the quality of speci-
mens by comparing PSV preservation using high-
pressure freezing and freeze substitution to chemical
fixation. They demonstrated that the clumped, densely
stained, aggregated storage proteins in PSVs, as ob-
served in our induced LEC2 leaf samples, were an
artifact of chemical fixation. This differs from the uni-
form distribution of densely stained PSV luminal
contents produced by the high-pressure freezing and
freeze substitution method. Earlier work by Lonsdale
et al. (1999) reached the same conclusions. Ultimately,
it is reasonable to consider that results by Zheng and
Staehelin (2011) and Lonsdale et al. (1999), drawing
attention to the differences in PSV ultrastructure be-
tween both fixation methods, together with the re-
semblance of our vacuole ultrastructure images to
previously published works using chemical fixation
(Mansfield and Briarty, 1992; Hoh et al., 1995; Olbrich
et al., 2007), provide a convincing argument that the
vacuolar identity is altered as a result of LEC2 over-
expression in Arabidopsis leaves.

Vegetative tissues generally have one vacuole type
present in a cell at one time; however, exceptions do
exist (Frigerio et al., 2008). During developmental
transitions, PSVs and LVs are observed to coexist
for short time periods (Hoh et al., 1995; Zheng and
Staehelin, 2011). In this work, we show that while leaf
cells possess LVs, upon LEC2 induction, leaf LVs
transition toward PSVs that accumulate SSPs. We ob-
served that both TIP accumulation patterns and vac-
uolar morphology are substantially altered by LEC2
overexpression to become more seed-like. These PSV-
like vacuoles present TIP3;1 in their tonoplast, which
suggests that the vacuole has changed from a lytic to a
storage function (Jauh et al., 1999). They also display
tonoplast folds and bulbs, which are characteristic
vacuolar configurations observed in young tissues
(Saito et al., 2002). However, these vacuoles also ap-
pear to maintain a LV feature; NR staining revealed
that these PSV-like vacuoles retain the large LV lumen.
Thus, induced LEC2 leaf vacuoles share similarities
with both PSVs and LVs. These results also suggest
that as the LV transitions toward a PSV, the tonoplast
remodels before the large vacuole is replaced by
smaller-sized PSVs. Because overlap of TIP1;1 and
TIP3;1 proteins on the tonoplast occurs over a very
short time (Fig. 7; Gattolin et al., 2011) and in induced
LEC2/TIP3-YFP/TIP1-RFP plants, TIP1;1-RFP fluores-
cence is below detection (or not present) at the tran-
sitional stage to observe an overlap with TIP3;1-YFP,
use of these markers cannot reveal how the vacuoles
transition, only that they do transition. Therefore, a
more in-depth study is needed to elucidate the LV to
PSV transition and, in particular, whether this involves
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de novo formation of tonoplast and degradation of the
preexisting LV, as observed in pea cotyledons (Hoh et al.,
1995), or whether it results from a functional differenti-
ation of the existing vacuole.

An Examination of the Transition of Leaves from a
Vegetative to an Embryonic State

As LEC2 plants are induced by DEX over time, we
show that the trend is for leaves to change their de-
velopmental fate and acquire embryonic characteris-
tics. These embryonic characteristics become obvious
at 11 d on DEX. Immunoblot analysis demonstrates the
accumulation of seed protein markers and the disap-
pearance of the TIP1;1 vegetative marker from leaves
over time on DEX. However, some aspects of the de-
velopmental transition caused by ectopic LEC2 ex-
pression remain ambiguous. In triple-stained leaf
sections (Supplemental Fig. S3), lipid deposits
appeared as early as 4 d after exposure to DEX,
whereas oleosin protein accumulation was first detec-
ted in immunoblots at 11 d after DEX treatment. The
apparent discrepancy between visualization of oil
bodies and oleosin accumulation could be due to a low
level of accumulation of oleosin proteins earlier than
11 d that went undetected by immunoblot analysis.
Santos-Mendoza et al. (2005) demonstrated that oleo-
sin RNA transcripts were found as early as 6 h after
DEX induction and levels accumulated over time. In
our light microscopic images at 4 and 7 d on DEX, lipid
droplets are quite small in size and few in number.
However, by 11 d on DEX, when oleosin is first
detected by immunoblots, oil bodies are abundant in
the cytoplasm.

It is also interesting to note that at 21 d on DEX, the
TIP1;1 vegetative marker reappears, while the ex-
pected 26-kD TIP3;1 protein band is absent, although
its degradation product is visible. This apparent re-
versal of the trend toward embryogenic characteristics
in leaves overexpressing LEC2 is puzzling. LEC2 is
expressed and exerts control throughout both mor-
phogenesis and maturation phases of seed develop-
ment (Braybrook and Harada, 2008). During seed
morphogenesis, LVs first form in developing embryo
cells (Mansfield and Briarty, 1991; Zouhar and Rojo,
2009) and transition to PSVs as storage reserves begin
accumulating in early maturation (Mansfield and
Briarty, 1992). Perhaps 21 d of LEC2 activity shifts
leaf cells to that early stage of maturation, where
LVs are transitioning toward PSVs. The Arabidopsis
eFP Browser (Winter et al., 2007) shows overlap in
gene expression of both TIP isoforms at the torpedo
stage of embryo development. At this stage, LVs
transition to PSVs to store the accumulating seed
reserves (Braybrook and Harada, 2008). However, in
torpedo stage embryos, TIP1;1 is localized to vacu-
oles in maternal seed tissues but not in embryos
(Gattolin et al., 2011). An alternate hypothesis to ex-
plain these results would be an activation of negative
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seed regulators to promote plant survival, as vegeta-
tive development is dependent on LVs to maintain a
rigid cell structure to support plant growth (Zouhar
and Rojo, 2009). Several negative regulators have been
identified that repress the seed developmental pro-
gram (Tang et al., 2008, 2012a, 2012b; Zhang and Ogas,
2009; Willmann et al., 2011). Clearly, these hypotheses
require more investigation.

CONCLUSION

In summary, we have shown that LEC2 over-
expression modifies the morphology and anatomy of
leaves by promoting differentiation toward an em-
bryonic pathway. At the cellular level, we have dem-
onstrated the accumulation of storage reserves and the
appearance of their respective seed storage organelles.
The transition between vacuole types during vegeta-
tive to embryonic developmental phases is not well
understood, thus we examined the vacuole transition
in induced LEC2 cells more closely. We showed that
the large LV, typically present in leaf cells, is replaced
by PSV-like organelles in response to LEC2 over-
expression. These PSV-like vacuoles bear a morpho-
logical resemblance to both embryo and leaf vacuoles.
Future work will aim to further elucidate the transition
between vegetative and seed vacuoles.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotypes used in this study were Ws-0
and Col-0. For LEC2 overexpression, Ws-0 plants harboring a 355:LEC2-GR
construct were used (Stone et al., 2008). To study the localization of TIP iso-
forms during LEC2 overexpression, 355:LEC2-GR plants were crossed to Col-0
plants carrying TIP3;1:TIP3;1-YFP and TIP1;1:TIP1;1-RFP constructs (TIP3-
YFP/TIP1-RFP; Gattolin et al., 2011). F2 plants, hereafter referred to as LEC2/
TIP3-YFP/TIP1-RFP were used for experiments. Plants were grown in soil at
21°C with 100 wmol m? sec’! irradiance and with a 16-h-light/8-h-dark
photoperiod.

Tissue Culture and Growth Conditions

Sterilized seeds were transferred to germination medium consisting of
Murashige and Skoog (MS) salts (PhytoTechnology Laboratories) supplemented
with full-strength MS vitamins and 0.4 mg L™ thiamine-HCl, 100 mg L™ myo-
inositol, 30 g L™ Suc, and 6.5 g Lt agar, pH 5.8. Seeds were stratified for 3 to
4 d at 4°C in the dark and transferred to a growth chamber for germination. The
growth chamber was set at 22°C day/18°C night with 138 wmol m? sec™ irra-
diance and with a 16-h-light/8-h-dark photoperiod.

LEC2 Induction

To induce LEC2 overexpression, stratified seeds were allowed to germinate
and grow for 7 d on germination medium. Seedlings were then transferred to
induction medium composed of MS germination medium supplemented with
30 um DEX (Sigma-Aldrich). DEX was solubilized in DMSO. Seedlings were
incubated for 14 d before leaves were collected. For each induction experi-
ment, six to 10 seedlings were transferred to each culture dish and there were
three to four dishes for each treatment. Induction experiments were repeated
three times.

To observe the effects of LEC2 overexpression over time, seedlings were
transferred to induction medium and leaves were harvested at 3- to 4-d
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intervals over 21 d. After 14 d of incubation, plants were supplemented with a
2-mL solution of 30 um DEX or DMSO in MS liquid to ensure a continuous
exposure to the steroid. For each experiment, eight to 10 seedlings were trans-
ferred to each dish and there were five to seven dishes for each collection day.
The experiment was repeated twice.

Tissue Collection

Plants were photographed with a Canon PowerShot S5 IS camera. For
higher magnification images, a Nikon SMZ1500 dissecting microscope was
used. Leaf tissues were harvested for protein analysis, chemical fixation for
subsequent microscopy work, and starch quantification. For all experiments,
leaves were harvested at the same time (6 h after the dark/light transition).
Leaves were collected from LEC2 plants displaying the strongest DEX-induced
phenotype. For each treatment, leaves were sampled from all plants and were
pooled.

Protein Extraction and Quantification

Leaf and seed samples were frozen in liquid nitrogen and homogenized to a
fine powder using a Mixer Mill MM 300 (Retsch). For extraction of total soluble
protein, the powder was suspended in cold protein extraction buffer [2% (w/v)
polyvinylpolypyrrolidone, 1 mm EDTA, pH 8, 100 mmM sodium L-ascorbate,
1 mm phenylmethylsulfonylfluoride, 1 pg mL™ leupeptin, and 0.05% (v/v)
Tween 20 in phosphate-buffered saline, pH 7]. For extraction of total protein,
the powder was suspended in a buffer composed of 2% (w/v) SDS and 20 mm
dithiothreitol in 50 mm Tris, pH 6.8. The solutions were clarified by centrifu-
gation at 4°C for 10 min at 18,000g. The concentration of total soluble protein
in extracts was measured by Bradford assay using the Bio-Rad Protein Assay
kit. Total protein was quantified by the Lowry method using the Bio-Rad RC
DC Protein Assay kit. Bovine serum albumin (BSA) was used as a standard for
both methods.

Western-Blot Analysis

Extracted proteins were separated by 12% (w/v) SDS-PAGE gels and
transferred to polyvinylidene difluoride membranes by semidry blotting.
Membranes were incubated overnight at 4°C in 5% (w/v) blocking buffer
(skim milk powder in Tris buffered saline-Tween 20 buffer [TBS-T, 300 mm
NaCl, 0.1% (v/v) Tween 20, and 20 mm Tris, pH 7.5]) and then incubated with
primary antibodies for 1 h. Primary antibodies and dilutions were rabbit-anti-
12S globulin (1:50,000; Shimada et al., 2003), rabbit-anti-napin (1:500; Scarafoni
et al., 2001), mouse-anti-Arabidopsis oleosin D9 (1:5,000; SemBioSys Genetics),
rabbit-anti-TIP3;1 (0.2 ug mL’l) and rabbit-anti-TIP1;1 (0.24 ug mL™; Jauh
et al., 1998). Membranes were washed twice with TBS-T and twice with 0.5%
(w/v) blocking buffer. Primary antibodies were detected for 1 h with a 1:5,000
dilution of horseradish peroxidase-conjugated goat-anti-mouse IgG (Bio-Rad)
or goat-anti-rabbit IgG (Bio-Rad). All antibodies were diluted in 0.5% (w/v)
blocking buffer. Bands were visualized using Amersham ECL Plus kit (GE
Healthcare).

Chemical Fixation, Infiltration, and Embedding in Resin

Leaves were cut into 1-mm? pieces, and seeds were sliced into small pieces
using a sharp razor blade. Tissues were immediately fixed in ice-cold
2.5% (v/v) glutaraldehyde and 4% (w/v) paraformaldehyde in 0.1 M sodium
phosphate buffer, pH 7.4, for 2 d at 4°C with one change of fixative solution.
Tissues were embedded in Spurr’s resin for routine applications or LR Gold
resin for immunogold labeling. To embed in Spurr’s resin, tissues were either
postfixed with 2% (w/v) OsO, for 1.5 h and incubated in 5% (w/v) uranyl
acetate (UA) for 3 h or were not postfixed. Tissues were then dehydrated in a
graded ethanol series, infiltrated with Spurr’s resin, and polymerized at 60°C
for 2 d. To embed in LR Gold resin, dehydrated tissues were infiltrated with
LR Gold and polymerized at 4°C for 7 d using a Blak-Ray B-100AP UV lamp
(UVP).

Light Microscopy
Specimens were cut into 2-um-thick sections and stained with 0.05% (w/v)
TBO (Sigma) in 0.1 M sodium phosphate buffer, pH 7.4, for 2 min (seed) or

10 min (leaf). For triple staining with OsO,, TBO, and IKI, leaf sections
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prepared from specimens that were postfixed with 2% (w/v) OsO, and 5%
(w/v) UA were incubated with 0.05% (w/v) TBO for 10 min and stained with
IKI (100 mm KI and 10 mm I,) for 5 min. Coverslips were mounted with
Permount (Fisher Scientific). Digital images were captured with a Zeiss Axio
Imager Z1 microscope.

Transmission Electron Microscopy

Specimens were cut into 60-nm-thick sections for routine specimen analysis
and for immunogold labeling experiments. For immunolabeling, specimens
were blocked with goat normal serum (Aurion) for 30 min, followed by 2 h
with primary antibodies diluted 1:10 with dilution buffer (0.2% [v/v] BSA-c
[Aurion], 0.05% [v/v] Tween 20, and 1% [w/v] BSA in phosphate-buffered
saline, pH 7.4). Specimens were then incubated for 1 h with secondary anti-
bodies diluted 1:10 with dilution buffer. All secondary antibodies were
IgG produced in goats and conjugated to either 10- or 15-nm gold particles
(Aurion). Experiments were repeated at least twice for each antibody. All
specimens were stained for 10 min with 5% (w/v) UA and 1 min with Rey-
nold’s lead citrate solution (2.6% lead nitrate and 3.5% sodium citrate, pH 12)
and were examined with a CM-10 transmission electron microscope (Philips)
operating at 80 kV.

Leaf Starch Quantification

Leaves (100 mg fresh weight) were collected and homogenized to a fine
powder as described above. To determine the total starch content, samples were
extracted with 80% ethanol, starch was hydrolyzed, and glucose measured
following the STA-20 starch assay kit (Sigma). For each treatment, there were three
dishes with four seedlings in each dish. The experiment was repeated three times.

Fluorescence and Confocal Laser Scanning Microscopy

Whole plants were examined using a Leica MZ FLIII fluorescence stereo-
microscope. To observe YFP fluorescence, a standard GFP filter (excitation,
BP480/40 nm; emission, LP510 nm) was used.

To observe the subcellular localization of TIP isoforms during LEC2 in-
duction, 10 seedlings from each of 13 F2 lines coexpressing LEC2/TIP3-YFP/
TIP1-RFP were studied. Seedlings were transferred to DEX-containing me-
dium as described above, and plants were sampled over time. For controls,
Arabidopsis plants expressing 355:TIP3;1-YFP (Hunter et al. 2007) were
maintained on one-half-strength MS medium for 21 d before leaves were
harvested. Seeds expressing TIP3;1:TIP3,1-YFP (Hunter et al., 2007) were im-
bibed with water, and embryos were dissected from the seed coat before
imaging. Imaging of embryos coexpressing TIP3;1-YFP and TIP3;2-mCherry
was carried out as described previously (Gattolin et al., 2011).

For confocal microscopy, samples were directly examined or were stained
before examination. To label vacuole lumens, tissues were immersed in 20 um
NR for 3 min. To label the plasma membrane, tissues were incubated in 8 nm
FM4-64 (Invitrogen) for 2 min. Samples were observed using a Leica SP5
confocal laser scanning microscope. Imaging was performed using a 63X (1.4
numerical-aperture) water immersion lens. For visualization of NR, the stain
was excited at 543 nm and emission was collected at 560 to 605 nm. FM4-64
was excited at 514 nm and detected at 616 to 645 nm. A 561-nm laser was used
to excite RFP, and emission was detected at 553 to 638 nm. To image YFP,
excitation was with a 514-nm laser and emission collected at 525 to 583 nm.
Simultaneous detection of combinations of fluorophores was performed by
combining the settings indicated above in the sequential scanning facility of
the microscope as instructed by the manufacturer.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. LEC2 overexpression alters the leaf anatomy.

Supplemental Figure S2. TIP3-fluorescent protein fusions are localized to
the tonoplast but can undergo degradation in the vacuolar lumen.

Supplemental Figure S3. Overexpression of LEC2 promotes embryogenic
characteristics in leaf cells, which become more pronounced over time
on DEX.

Supplemental Figure S4. TIP3;1 is synthesized de novo in leaves following
LEC2 induction.
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Supplemental Figure S5. TIP3;1 is synthesized de novo in leaves following
LEC2 induction.
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