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The Arabidopsis Rab protein RABC1 affects stomatal
development by regulating lipid droplet dynamics
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Abstract

Lipid droplets (LDs) are evolutionarily conserved organelles that serve as hubs of cellular lipid and energy metabolism in
virtually all organisms. Mobilization of LDs is important in light-induced stomatal opening. However, whether and how
LDs are involved in stomatal development remains unknown. We show here that Arabidopsis thaliana LIPID DROPLETS
AND STOMATA 1 (LDS1)/RABCT (At1g43890) encodes a member of the Rab GTPase family that is involved in regulating
LD dynamics and stomatal morphogenesis. The expression of RABC1 is coordinated with the different phases of stomatal
development. RABC1 targets to the surface of LDs in response to oleic acid application in a RABC1GEF1-dependent
manner. RABC1 physically interacts with SEIPIN2/3, two orthologues of mammalian seipin, which function in the
formation of LDs. Disruption of RABC1, RABC1GEF1, or SEIPIN2/3 resulted in aberrantly large LDs, severe defects in
guard cell vacuole morphology, and stomatal function. In conclusion, these findings reveal an aspect of LD function and
uncover a role for lipid metabolism in stomatal development in plants.

Introduction

Stomata are microscopic pores mainly located in the leaf
epidermis of most terrestrial plants. Their role is to simulta-
neously regulate CO, uptake, water loss, and transpirational
cooling, thus directly influencing photosynthetic capacity
and transpiration rates (Hetherington and Woodward, 2003;
Duckett and Pressel, 2018). Stomatal formation is a result of
a tightly regulated developmental sequence culminating in
the symmetrical division of a guard mother cell (GMC) and
the ensuing separation of the cell walls of the two resultant
guard cells (GCs) to form a central pore (Zhao and Sack,

1999; Lee and Bergmann, 2019; Torii, 2021). Various tran-
scriptional regulators and signaling components have been
demonstrated to be involved in the control of stomatal de-
velopment and function. These allow the plant to adapt its
gas exchange to suit the prevailing conditions (Zoulias et al.,
2018; Lawson and Matthews, 2020). Growing concern over
the detrimental effects of climate change on food security
has prompted great interest in understanding the control of
stomatal development and function. Manipulation of stoma-
tal traits has resulted in crop improvement. For example, a
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moderate reduction in stomatal density improves stress re-
silience and yield stability in barley (Hordeum vulgare),
wheat (Triticum aestivum), and rice (Oryza sativa; Yu et al,
2008; Franks et al, 2015 Hughes et al, 2017; Caine et al,
2019; Dunn et al, 2019; Lu et al,, 2019; Buckley et al., 2020).

All eukaryotic and some prokaryotic cells accumulate lipid
droplets (LD) to survive periods of scarcity, protect cells
against lipotoxicity and, in oil seeds, to provide a source of
triacylglycerols (TAGs) that are broken down to provide en-
ergy after germination (Martin and Parton, 2006; Pyc et al,
2017; Walther et al, 2017; Huang, 2018). Cytoplasmic LDs
are endoplasmic reticulum (ER)-derived multifunctional
organelles consisting of a hydrophobic core of neutral lipids,
mainly TAGs and sterol esters, coated with a protein-
studded phospholipid monolayer (Guo et al, 2009; Wilfling
et al, 2014 Rotsch et al, 2017 Zhang and Liu, 2019).
Oilseeds accumulate large numbers of LDs that are mobi-
lized during post-germinative growth, to fuel seedling
growth, and intriguingly, up to 20% of LD degradation dur-
ing germination takes place in the vacuoles (Poxleitner et al,,
2006; Siloto et al., 2006; Graham, 2008; Chapman et al, 2012;
Fan et al, 2019; Ischebeck et al, 2020). Despite the fact that
LDs were observed by Hanstein in plant cells as early as
1880 (Chapman et al, 2012), most research on LDs has fo-
cused on oil seeds (Huang, 1992) and the important roles of
LDs in other tissues such as pollen tubes and leaves have
come to light only recently (Ischebeck et al., 2020).

In nonseed tissues, for example, in growing pollen tubes,
LDs may be used as a way to transport lipids to the tip re-
gion for the synthesis of membrane lipids as well as for the
provision of energy. In leaves, many genes involved in TAG
metabolism are rapidly upregulated in the presence of abi-
otic stress and pathogen infection, suggesting they are re-
lated to cellular stress responses (Chapman et al, 2012
Ischebeck, 2016; Yang and Benning, 2018). A functional
study on roots suggested that plants transfer lipids rather
than sugars to sustain colonization by mutualistic mycorrhi-
zal and parasitic fungi (Jiang et al, 2017). LDs are common
in GCs and their abundance is diurnally regulated (Rutter
and Willmer, 1979; Wanner et al, 1981; Sack, 1987; Gidda
et al, 2016; Mclachlan et al, 2016). LD mobilization followed
by B-oxidation of fatty acids (FAs) is an important source of
ATP during light-induced stomatal opening, a process which
is evolutionarily conserved from basal plant lineages to
angiosperms (Mclachlan et al, 2016).

Proteomic studies of LDs in a variety of organisms have
revealed a general role for LDs as transient or permanent
depots for storing or sequestering proteins and identified a
large number of regulatory proteins residing at the surface
of LDs. These surface proteins control LD functions includ-
ing TAG synthesis and breakdown, nutrient sensing, signal
integration, and membrane trafficking (Cermelli et al., 2006;
Yang et al, 2012; Kretzschmar et al, 2018; Zhang and Liu,
2019; Kretzschmar et al, 2020; Roberts and Olzmann, 2020;
Pyc et al, 2021; Krawczyk et al., 2022). Rab proteins are small
membrane-associated GTP-binding proteins involved in
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vesicular trafficking pathways that act as molecular switches,
cycling between GDP-bound (inactive) and GTP-bound (ac-
tive) states to transmit upstream signals to downstream
effectors (Takai et al, 2001; Zerial and McBride, 2001).
Accumulating evidence suggests that Rab proteins regulate
LD formation, catabolism, and interaction with other subcel-
lular organelles (Rasineni et al, 2014 Li and Yu, 2016; Xu
et al, 2021). More than 30 Rab proteins have been sug-
gested to be associated with LDs (Turro et al,, 2006; Larsson
et al, 2012; Krahmer et al, 2013; Rasineni et al, 2014; Li and
Yu, 2016), however, to date the direct involvement of Rab
proteins in plant LD biology, particularly with respect to sto-
matal development, has yet to be investigated.

During the process of stomatal development, there is con-
siderable cell expansion and this is associated with an in-
creased requirement for the new membrane to increase
surface area (Zhao and Sack, 1999; Kaiser and Scheuring,
2020). Given LDs are hubs of cellular lipid metabolism
(Martin and Parton, 2006; Walther and Farese, 2012), we
reasoned that plants mobilize LDs and liberate lipids for
membrane synthesis during stomatal formation. Here we re-
port that LD abundance is highly dynamic during stomatal
development. In addition, an LD genetic screen in
Arabidopsis thaliana resulted in the isolation of the Ids1
(lipid droplets and stomata 1) mutant, also known as Rab18
and RABC1 (Vernoud et al, 2003), that breaks the pro-
grammed LD dynamics in stomatal lineage cells (SLCs).
LDS1/RABC1/Rab18, which we will henceforth refer to as
RABC1, is distinctly expressed in SLCs and its expression
level is correlated with the different phases of stomatal de-
velopment. RABC1 deficiency resulted in compromised LD
size, stomatal morphology, and functionality. We conclude
that the RABC1 protein, together with its partner, a
Guanine Exchange Factor (GEF), controls the dynamics and
size of LDs in young stomata. We show that RABC1 does
this by regulating its effector factors SEIPIN2 and SEIPIN3.

Results

The Ids1 mutant displays aberrant LD size and LD
dynamics during stomatal development

In Arabidopsis, stomata are produced by a tightly coordi-
nated series of cell divisions that give rise to specialized
SLGCs, namely, M (meristemoid), GMC, and Youngl-stoma
(at this stage, symmetric division of GMC has been com-
pleted, stomatal length approximately equals stomatal width
and the pore of the stoma does not appear or just starts to
appear), Young2-stoma (at this stage, the stomatal complex
has yet to achieve its full size but the stomatal pore is
clearly visible), and M-stoma (Mature-stoma) according to
the nomenclature used by Carter et al. (2017) and Torri
(2021; Figure 1A). To test whether LDs are involved in sto-
matal development, we first used the neutral lipid stain, Nile
red (NR) to monitor the dynamics of LDs in the SLCs
(Fowler and Greenspan, 1985). As shown in Figure 1A and
Supplemental Figure S1A, conspicuous staining of LDs was
detected in the small triangular cell meristemoid (M), and
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Figure 1 The Ids1 mutant displays aberrant LD size and LDs dynamics during stomatal development. A, LD dynamics in SLCs at different stages of sto-
matal development in WT and Ids1. The representative stomatal images were Z-projections (maximal intensity) of confocal stacks from young leaves of
4-week-old plants. GMC, Scale bar, 10 um (applies to all images in Figure 1A). B, Quantification of LD abundance at different stages of SLCs, including M
(meristemoid), GMC, Y1 (young1)-stoma, Y2 (young2)-stoma, and M (mature) -stoma in Ids7 and WT. Data are shown as means + SD, n = 50. Asterisks
represent Student’s t test significance (*P < 0.05; **P < 0.01). C and D, The leaf surface temperature of 5-week-old Ids7 and WT under normal growth
conditions in greenhouse. Scale bar, 2 cm. Data are shown as means + SD, n = 40. Asterisks represent Student’s t test significance (**P < 0.01). E-G,
Measurements of GCs area (E), length (F), and width (G) of normal shaped GCs (N-GCs) and deformed GCs (D-GCs) in Ids1. Data are shown as means £
SD, n = 300. Asterisks represent Student’s t test significance (**P < 0.01). H and |, Quantifications of LDs abundance (H) and LDs diameter (1) in the nor-
mal shaped GCs (N-GCs) and deformed GCs (D-GCs) in Ids1. Data are shown as means + SD, n = 40. Asterisks represent Student’s t test significance (**P
< 0.01).) and K, Light (J) and low CO, (K)-induced increases in stomatal conductance were examined in 5-week-old Ids1 and WT plants. Data are
shown as means = SD, n = 3. L and M, Stomatal opening responses induced by light (L) and fusicoccin (M) were investigated using leaf epidermal strips
of 4-week-old Ids1 and WT plants. N-stomata, normal-shaped stomata. D-stomata, deformed stomata. FC, fusicoccin. Data are shown as means + SD,
n = 60. Asterisks represent Student's t test significance (*P < 0.05; **P < 0.01).

the fluorescence intensity of the dye (as a proxy of the neu-  Jiang's group lends strong support to our observation that

tral lipid content) progressively increases during differentia-
tion, reaching a peak in stage Youngl stomata, before
decreasing rapidly at the Young2 stage. In mature stomata,
the signal becomes much weaker (Figure 1, A and B). When
the cells were stained with Bodipy 493/503 (Thumser and
Storch, 2007), we observed similar LD dynamics in SLCs
(Supplemental Figure S1B). A very recent finding by Liwen

LD abundance is higher in the young stomatal cells com-
pared with other SLCs (Cao et al.,, 2022).

To identify the molecular regulator(s) involved in control-
ling the dynamics of LDs during stomatal development we
performed a two-step, forward genetic screen, using infrared
thermography and NR staining. Infrared thermography has
been extensively used to noninvasively isolate mutant plants
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that are defective in stomatal function (Merlot et al, 2002;
Wang et al, 2004; Xie et al.,, 2006; Hashimoto et al,, 2006; He
et al,, 2018; Sun et al,, 2022). We first screened 2,700 individ-
ual plants and isolated 32 candidates that displayed altered
leaf surface temperature. Then we subjected these candi-
dates to a second round of screening using NR to stain LDs
in detached epidermis. This resulted in the isolation of one
mutant plant designated Ids1 (lipid droplets and stomata 1),
which exhibited much enlarged GC LDs and increased leaf
surface temperature compared with WT (Figure 1, A-D).
Morphologically, more than half of the stomata examined
(cotyledon 51.2£55%, n=500; rosette leaf 53.9+3.5%,
n = 500) were of irregular shape in Ids1, with one or two de-
formed GCs (Figure 1A; Supplemental Figure S1C).

Since cotyledons and rosette leaves display a comparable
phenotype, we focused on the stomata of rosette leaves. We
divided the abnormal stomatal complexes into two catego-
ries based on the degree of deformity. When both GCs were
deformed we classified these as “Type 1" stomata (782% =+
52%, n =500). The second category, “Type II” stomata
(22.8% =+ 3.4%, n =500) consists of one seemingly normal
and one impaired GC (Figure 1A). On closer inspection, in
“Type II” stomata, we found that the irregular GC is smaller
than the normal-shaped GC, and the symmetric layout of
the two GCs was compromised (Figure 1, E-G;
Supplemental Figure S1C). Type | stomatal complexes were
characterized by a “thin shape” in contrast to the roundish
shape of the normal stomata both in Ids1 and in WT
(Figure 1A). Importantly, only deformed GCs had enlarged
LDs (Figure 1, A, H, and 1). Not unexpectedly, the pattern of
LD dynamics, during stomatal differentiation was also af-
fected by the Ids1 mutation. At M and GMC stages there
was no detectable difference in either LD abundance or LD
size between Ids1 and WT (Figure 1A). However, on the ba-
sis of NR staining, at the Youngl-stomata stage, we found
that 27 of 50 stomata accumulated much more lipid and
larger LDs in Ids1 compared with wild type (Figure 1, A and
B). In contrast to the progressive decrease of NR fluores-
cence in WT, the increase in NR fluorescence remained con-
stant when the Ids1 Youngl-stomata differentiate into the
Young2-stomata and subsequently into the M-stomata
(Figure 1A). Consistently, we saw significant increases in the
levels of 16:0, 18:0, 18:1, 182, and 18.3 FA molecular species
in the lds1 mutant when compared with WT (Supplemental
Figure S1D). These data indicate that LD defects and de-
formed GC morphology are two linked phenotypes in Ids1.
FDA staining (Krasnow et al, 2008) demonstrated that all
deformed GCs were living, suggesting that the lds7 mutation
does not result in significant damage to GC membrane in-
tegrity (Supplemental Figure S1E).

Given that SCAP1 is expressed from young stomata to
mature stomata, and disruption of SCAPT resulted in defec-
tive stomata, which are seemingly comparable to those in
Ids1 mutant (Negi et al, 2013), we therefore next investi-
gated the relationship between the aberrant stomatal devel-
opment and LD defects in the scapT mutant. As shown in
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Supplemental Figure S1, O and P, there were no detectable
LD defects in GCs of scap1 in contrast to Ids1. Consistently,
when we sequenced the SCAPT gene in the Ids1 mutant, we
detected no mutation in SCAPT gene. These results indicate
that SCAP1T is not the causal gene for Ids1 phenotypes, and
by extension that stomatal deformations are not necessarily
associated with LD defects.

We next investigated stomatal function and found that
light and low [CO,]-induced changes in stomatal conduc-
tance were reduced substantially in the Ilds1 mutant com-
pared with WT (Dark to light: 321.8%+412 in WT vs
231.3£53.5% in Ids1; high to low [CO,]: 236.4+30.4% in
WT vs. 163.6+44.1% in Ids1; Figure 1, ) and K). The inhibi-
tive effect of the Ids1 mutation on stomatal opening was
confirmed for both light and fusicoccin (Turner and Graniti,
1969; Yamauchi et al,, 2016; Figure 1, L and M). In wild type,
there is a rapid decrease in LD abundance during light-
induced opening, this was not observed in the deformed
GCs of Ids1 (Supplemental Figure S1F; Mclachlan et al,
2016). As we observed no appreciable difference in terms of
stomatal density and stomatal index between Ids1 and WT
plants, we conclude that LDST is not involved in cell fate de-
termination (Supplemental Figure S1, G and H). We also
noted that biomass accumulation and stature of Ids7 are re-
duced compared with WT (Supplemental Figure S1, 1-K),
but seed size and seed germination are not affected in the
Ids1 mutant (Supplemental Figure S1, L-N).

LDS1/RABCT1 is highly expressed in young stomata
and RABC1 targets to the surface of LDs

To identify the causal mutation of Ids1, we undertook map-
based gene cloning and next-generation DNA sequencing
and identified a single point mutation (a G to A substitu-
tion) at position +508 in the At1g43890 (RABCT) open
reading frame. This causes a substitution from a conserved
acidic amino acid to a basic amino acid (E170K; Figure 2A;
Supplemental Figure S2A). Next, the wild-type RABCT cDNA
was introduced into Ids1 driven by RABC1 promoter and
the transgene fully restored the phenotypic defects in LD
size and stomatal morphology (Supplemental Figure S2, B—
E). Furthermore, a T-DNA insertion mutant SALK_012129,
which had no detectable RABCT mRNA, exhibited similar
defects to Ids1, indicating that Ids7 and SALK_012129 are al-
lelic to each other (Supplemental Figure S2, C-E). These
data demonstrate that a mutation in LDS1/RABCT is respon-
sible for the phenotypes described in this paper. For brevity,
LDS1/RABC1 is hereafter referred to as RABC1. We renamed
Ids1 and SALK_012129 as Ids1-1 and Ids1-2, respectively, and
subjected them to further investigation.

Arabidopsis RABC1 has been suggested to be the counter-
part of mammalian Rab18 (Vernoud et al, 2003). As shown
in Supplemental Figure S2A, the putative amino acid se-
quence of RABC1 exhibited 63% identity and 61% identity
to mouse MmRab18 and human HsRab18, respectively.
Mutations in Rab18 impair lipid metabolism and result in
enlarged LDs in several cell types, including HEK293T cells,
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Figure 2 LDS1/RABCT is highly expressed in young stomata and RABC1 targets to the surface of LDs. A, Schematic view of mutation site determi-
nation of two independent lines of lds1 mutants. B, GUS staining of a 2-week-old seedling of 5,RABCT:GUS transformant. RABCT is highly
expressed in leaf veins and SLCs. The inset image shows that RABCT is highly expressed in young GCs. Arrowheads indicate Y1-stomata. M (meris-
temoid), GMC, Y1 (young1), Y2 (young2), M (mature) -stoma. Scale bars, 20 pm. C, mCherry-RABC1 transformants were used to determine
whether RABC1 localized to the ER. mCherry-RABC1 co-localized with CFP-ER. The fluorescence intensity profile plot of mCherry-RABC1 and
CFP-ER is quantified along the dotted arrow. Scale bar, 5 um. D, mCherry-RABC1 transformants were used to determine the relationship between
RABCT1 localization and LDs. Oleic acid (OA) application induces LD production. Arrowheads indicate ring-like signals surrounding LDs. The fluo-
rescence intensity profile plots of mCherry-RABC1 and Bodipy were quantified along the dotted arrows, respectively. Scale bar, 5 pum. E, Activity
status of RABC1 dictates the subcellular localization of RABC1. The fluorescence intensity profile plots of mCherry-RABC1 and Bodipy were quan-

tified along the dotted arrows, respectively. Scale bar, 5 um.

human fibroblasts, and 3T3-L1 adipocytes. However, the
causal basis for this is not clear (Li et al, 2017; Xu et al,
2018; Dejgaard and Presley, 2019). To investigate whether
RABC1 and mammalian Rab18 have similar functions
in vivo, we performed cross-species complementation tests.
Ectopic expression of HsRab18 in Arabidopsis fully rescued
the defects caused by Ids1 mutation (Supplemental Figure
S2, F—-H). The Arabidopsis genome contains two homologs
of RABC1. These are RABC2a (At5g03530) and RABC2b
(At3g09910) which share 73% and 67% identity with RABCT,
respectively (Supplemental Figure S2A). Neither single gene
mutant caused defects in LD size or stomatal morphogenesis
(Supplemental Figure S2, 1-K). However, when the expres-
sion of either gene was driven by the RABCT promotor in
Ids1, both LD size and stomatal morphology could essen-
tially be restored to WT levels (Supplemental Figure S2,

I-K). This result suggests that similarities in protein struc-
ture likely account for the interchangeable functions of
RABC2a, RABC2b, and RABCT. Their different roles may be
related to their tissue expression and, or abundance.
Resolving whether this is the case must await further
investigation.

Next, a transcriptional reporter, p,RABC1:GUS was con-
structed to evaluate RABCT expression patterns. As shown
in Figure 2B, RABCT is widely expressed. In leaves, GUS pro-
duction was most abundant in the veins and SLCs, with the
highest signal intensity detected in Youngl-stomata
(Figure 2B), reminiscent of the dynamic changes of LDs in
these cells (Figure 1A). RABC1 subcellular localization was
evaluated using the p,,RABC1:mCherry-RABC1 construct,
which complemented the Ids1 mutation (Supplemental
Figure S2, B, D, and E). As shown in Figure 2C, mCherry-
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RABC1 localized to the ER. Next, we sought to establish
whether RABC1 could also target to LDs. Under normal cir-
cumstances, only a small subset of LDs displayed mCherry
fluorescence (Figure 2D). However, in response to treatment
with oleic acid (18:1, unsaturated FA, OA), which is known
to stimulate the formation of LDs (Xu et al, 2018), an in-
crease in mCherry-RABC1 fluorescence was observed around
most LDs (Figure 2D). We found that OA incubation not
only significantly increased LD abundance, but also increased
LD size in WT GCs. In the GCs of Ids1, although the abun-
dance and size of LDs also increased when incubated with
OA, the increase was much less than seen in WT
(Supplemental Figure S2, L and M).

Next, in order to study the effects of the state of the
RABC1 protein on its intracellular localization, we used
RABC1 (S27N; a dominant-negative form) and RABC1 (Q71L;
a constitutively active form), two mutant forms of RABC1
that were generated based on the highly conserved molecular
switch motif among Rab proteins (Ozeki et al, 2005; Lee
et al, 2009). As shown in Figure 2, D and E, there was almost
no OA-induced fluorescence of mCherry-RABC1 (S27N) sur-
rounding LDs. This was in marked contrast to the obvious
fluorescence in the constitutively active RABC1 (Q71L) or in
OA-induced RABCT. This indicates that RABC1 trafficking to
LDs (in response to the lipogenic stimulus, OA) depends on
its activity state. This is consistent with the view that the acti-
vation status of Rab proteins impacts their subcellular locali-
zation (Bhuin and Roy, 2014; Cui et al, 2014).

RABC1GEF1 is a GEF for RABC1
The conversion of Rab proteins from an inactive GDP-
bound form to an active GTP-bound form relies on guanine
nucleotide exchange factor proteins (GEFs; Zerial and
McBride, 2001). To identify RABC1 protein regulators that
interact with RABC1, we screened an Arabidopsis cDNA li-
brary in yeast using the dominant-negative form of RABC1
(S27N) as bait. Among the 30 candidate proteins that inter-
act with the inactive RABC1, At5g58510 was repeatedly iso-
lated, and a direct yeast two-hybrid (Y2H) assay confirmed
that the protein encoded by At5g58510 could directly inter-
act with RABC1 (S27N; Supplemental Data Set Sf1;
Figure 3A; Supplemental Figure S3A). Based on its high se-
quence similarity to human Rab3GAP1 that works as a GEF
for HsRab18 (Supplemental Figure S3B; Xu et al, 2018), it is
likely that this protein has GEF activity for RABC1. Based on
our characterization described below, we named this protein
RABC1GEF1. The subsequent BiFC and Co-IP tests demon-
strated that RABC1GEF1 and RABC1 interact in vivo in a
RABCT1 activity-dependent manner (Figure 3, A-D).
Furthermore, two T-DNA insertion mutant lines
(WiscDsLox393-396G22 and SALK_116404C) were identified
that harbor no detectable mMRNA of At5g58510
(Supplemental Figure S3C). WiscDsLox393-396G22 shows
similar defects in LD size and stomatal morphology to Ids1
(Figure 3, E and F). The ratio (55.6+3.2%, n = 500) of de-
formed stomata caused by mutation in RABC1GEF1 closely
resembles the ratio (53.9+£3.5%, n =500) seen in Idsl.
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RABCI1GEF1 deficiency in SALK_116404C also causes similar
defects to Ids1 (Supplemental Figure S3, D and E).

In addition, the targeting of RABC1 to the LD surface is
inhibited by mutation of RABCTGEF1 (Figure 3G). When a
dominant-active form of RABC1 (Q71L) was introduced into
either WiscDsLox393-396G22 or SALK_116404C, the defective
LD size and stomatal morphology could be fully restored
(Figure 3, E and F). Of note, although the protein encoded
by At5g55060 in Arabidopsis resembles Rab3GAP1
(Supplemental Figure S3B), our data suggest that this pro-
tein exerts no GEF function for RABC1, as the corresponding
loss-of-function mutant (SALK_058192C) displays no similar
defects to those of Ilds1-1, Ids1-2, WiscDsLox393-396G22 or
SALK_116404C (Supplemental Figure S3, C-E).

Next, we measured the in vitro GEF activity of
RABC1GEF1 towards RABC1 by monitoring the change in
intrinsic tryptophan fluorescence upon nucleotide exchange
as described (Pan et al, 1995 Antonny et al, 2001; Goh
et al, 2007; Cui et al, 2014). RABC1GEF1 stimulates the gua-
nine nucleotide exchange of RABC1 in a dose-dependent
manner (Figure 3H), but shows almost no guanine nucleo-
tide exchange activity for RHA1, a Rab GTPase used as the
experimental control (Supplemental Figure S3F, Cui et al,
2014). Unlike RABC1GEF1, the protein encoded by
At5g55060 shows no detectable GEF activity for RABC1
(Supplemental Figure S3F). These data demonstrate that
RABC1GEF1 works as a GEF for RABCT1.

SEINPIN2 and SEIPIN3 are two effectors for RABC1
Rab GTPases generally work through their downstream
effectors (Gillingham et al, 2014). To identify the effector(s)
of RABC1, we conducted a second Y2H screen using a
dominant-active RABC1 (Q71L) as bait and obtained
SEIPIN2 as a possible effector for RABC1 among other 45
candidates (Figure 4A; Supplemental Data Set S2). SEIPIN2 is
an orthologue of mammalian seipin (sei1 in yeast), which
was originally identified as being deficient in a form of con-
genital lipodystrophy and has since been suggested to func-
tion in regulating the formation and size of LDs (Magre
et al, 2001; Szymanski et al, 2007, Fei et al, 2008, Wang
et al, 2016). Unlike yeast or mammals, Arabidopsis has three
SEIPIN homologs, and their deficiency alters lipid contents
and LD size, whereas overexpression of each homolog in ei-
ther yeast cells or plant leaves influenced the number and
size of LDs differently (Cai et al, 2015; Taurino et al, 2018;
Huang, 2018; Greer et al, 2020; Pyc et al, 2021). As shown
in Figure 4, A-C, SEIPIN2 physically interacts with RABC1
and the interaction depends on the RABC1 activity state.
Through  constructing transgenic  Arabidopsis  that
expresses a SEIPIN2 promoter-driven GUS reporter
(proSEIPIN2:GUS), we found that unlike SEIPINT and SEIPIN3,
SEIPIN2 is preferentially expressed in GCs (Figure 4D;
Supplemental Figure S4, A and B), consistent with a previ-
ous observation (Greer et al, 2020). Importantly, the highest
expression of SEIPIN2 is in Young1 stomata resembling that
of RABCT (Figure 4D). RABC1 also interacts with SEIPIN3
but not SEIPIN1 (Figure 4, A-C). No LD defects were
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are the jagged lines and the bold lines represent the trend lines.

detected in seipini, seipin2, or seipin3 individual gene mu-
tant (Supplemental Figure S4, C-E). However, a comparable
number of stomata in seipin2 seipin3 double mutant
(13.37£4.2%, n = 500) and seipin1 seipin2 seipin3 triple mu-
tant (11.2942.5%, n = 500) displayed enlarged LDs and de-
formed GC morphology, whereas no such defects were
observed in either seipin1 seipin2 or seipini seipin3 (Figure 4,
E and F). This suggests that functional divergence has

occurred in these paralogous SEIPIN proteins. It seems that
SEIPIN2 acts as an important effector for RABC1 in GCs and
SEIPIN3 can contribute to stomatal biology, whereas SEIPIN1
has distinct functions.

Considering that GTPases regulate the function of their
effectors by affecting their localization (Pylypenko et al,
2018), we next examined whether mutations in RABC1 lead
to abnormal localization of SEIPIN2/3. Consistent with the
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observation made in tobacco (Cai et al, 2015; Taurino et al,
2018; Greer et al., 2020; Pyc et al,, 2021), we found that GFP-
SEIPIN2/3 localizes to ER-like structures but hardly co-
localize with LDs in the GCs of both WT and lds1
(Supplemental Figure S4G). When we used OA to promote
LD production, we found that a large proportion of LDs had
strong GFP-SEIPIN2/3 signals in WT, but the GFP signal was
weak around the LDs in ldsT mutants (Figure 4, G-J;
Supplemental Figure S4, H-K). This result suggests that the
localization of SEIPIN2/3 to the LD surface is regulated by
RABC1 activity. Since SEIPIN proteins are thought to be
mainly responsible for the formation of LDs at the surface of
ER, the regulation of their localization on LDs by RABCT is
likely to be related to the size of LDs, but the specific mech-
anism still needs further study. In addition, when overex-
pressing SEIPIN2 or SEIPIN3 in Ids1, we found that defective
LDs and stomatal morphology could not be restored in Ids1
(Supplemental Figure S4, L and M). A possible explanation
for this result is that RABC1 affects the function of SEIPIN2/
3 by regulating their localization which might not be related
to their expression levels.

DMP treatment mimics the phenotype of Ids1 and
overexpression of SDP1 partly restores the aberrant
stomatal morphology of Ids1

Diphenyl methylphosphonate (DMP) is a potent inhibitor of
LD mobilization and in seedlings results in LD retention and
the production of large LDs (Brown et al, 2013; Yu et al,
2018). In addition, DMP-treated isolated leaf epidermis exhib-
ited delayed light-induced stomatal opening (Mclachlan
et al, 2016). When we grew Arabidopsis seedlings on half-
strength Murashige and Skoog (1/2 MS) agar plates with 25
UM DMP, we found that many GCs contained aberrantly
large LDs, and the corresponding stomata were irregular in
shape (Figure 5, A and B). Similar to Ids1, DMP treatment
resulted in enlarged LDs in young GCs (Figure 5A), suggesting
that blocking LD turnover during stomatal development
causes defective stomatal morphology.

To examine whether the enlarged LDs in Ids1 could impair
lipolysis, we developed transgenic plants that overexpress
SUGAR DEPENDENT1 (SDP1), a major lipase for TAG degra-
dation (Eastmond, 2006; Kelly et al, 2013). As shown in
Figure 5, C and D and Supplemental Figure S5A, SDP1 over-
expression largely restored LD size and stomatal morphology
in Ids1, suggesting that aberrant LDs caused by RABC1 defi-
ciency likely slowed the access of lipases and, or other degra-
dative enzymes to TAG substrates, reducing the production
of free FAs with likely negative effects on ATP production.

Disruption of RABC1 function affects vacuole
occupancy and OCL formation

By taking advantage of a tonoplast marker, GFP-VAMP711
(Cui et al, 2014), we found that the area of vacuoles in de-
formed GCs is much smaller in Ids1 than WT (Figure 6, A
and B), suggesting an essential role of RABCT in the intracel-
lular expansion of the vacuoles. This observation was further
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substantiated using transmission electron microscopy (TEM)
and FM4-64 staining (Supplemental Figure S5, B-E). Vacuole
size defects were also clearly observed in the deformed GCs
of Idsigefl and seipin2 seipin3 (Supplemental Figure S5,
D-G). Intriguingly, the frequency of LDs appearing in the
vacuolar lumen of Ids1 mutants was greatly reduced com-
pared with WT (Figure 6, C and D), suggesting that RABC1
malfunction inhibits LD-vacuole interactions. Finally, the
outer cuticular ledge (OCL), an extension of stomatal cell
walls that forms an antechamber just above the stomatal
pore and is involved in stomatal regulation (Merced and
Renzaglia, 2014; Hunt et al, 2017; Hunt and Gray, 2020;
Tang et al, 2020) was stained by NR (Figure 6, E and F).
Whereas the OCL of deformed GCs in IdsT is much thinner,
indicating that Ids7 mutation impairs OCL formation. This
observation reveals a previously unrecognized role of LDs re-
lated to OCL formation. In addition, when we examined the
vacuole morphology and OCL structure in the GCs of scapT,
we detected no significant difference between scap1 and
WT (Supplemental Figure S5, D, E, H and I). This further
supported our view that stomatal deformations are not nec-
essarily associated with LD defects.

Discussion

The acquisition of stomata was a critical evolutionary inno-
vation that maximized plant survival and fitness through
controlling the fundamental tradeoff between carbon diox-
ide uptake and water loss (Clark et al, 2022). To exploit sto-
mata for crop improvement in the face of global climate
change necessitates investigations that reveal essential regu-
lators of stomatal development and function. In this study,
we describe the cellular dynamics of LDs during stomatal
development and identify RABC1 as a key regulator required
for modulating LD dynamics and lipid metabolism during
the establishment of functional stomata. Our data suggest a
model in which RABC1 deficiency results in compromised
LD size, deformed stomata, smaller GC vacuoles, and defec-
tive cuticle. We have also shown that RABC1GEF1 and
SEIPIN2/3 exert GEF and effector function, respectively, for
RABC1. RABC1GEF1 is required for the targeting of LDs by
RABC1. Our findings expand the roles of LDs by revealing
that LDs are likely required for GC morphogenesis, vacuole
growth, and OCL establishment during stomatal develop-
ment in plants (Figure 7).

Stomata are the end products of a specialized epidermal
lineage, and each stoma possesses two seemingly identical
GCs. The symmetric layout of the two GCs was disrupted in
“Type II” stomata in Ids1 (Figure 1A). Given that the ends of
the two GCs of a stoma are connected, it is likely that this
asymmetric layout results from the distortion imposed by
the larger GC over its smaller neighbor. The distinct mor-
phogenesis of the paired GCs demonstrated in “Type II” sto-
mata confirms and extends previous evidence that while
paired stomatal GCs are of same origin they behave autono-
mously (McAinsh et al., 1990; Pillitteri and Torii, 2012).
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Figure 5 DMP treatment mimics the phenotype of Ids1 and overexpression of SDP1 partly restores the aberrant stomatal morphology of Ids1. A
and B, DMP treatment resulted in defective LD dynamics and stomatal morphology in WT. The representative stomatal images were single confo-
cal planes from young leaves of 2-week-old plants (A). LD abundance and size of GCs were quantified (B). Data are shown as means + SD, n = 30.
Asterisks represent Student’s t test significance (**P < 0.01). Scale bar, 10 pm. C and D, Overexpression of SDPT restored defects in LDs size and
stomatal morphology in Ids1-2. The representative stomatal images were single confocal planes from young leaves of 4-week-old plants (C). LD
abundance and size (n = 30) of GCs, deformed stomata ratio (n = 400), were quantified (D). Data are shown as means + SD. Asterisks represent

Student’s t test significance (**P < 0.01). Scale bar, 20 pm.

Our observation that the abundance of cytoplasmic LDs
changes dramatically during stomatal development
(Figure 1, A and B), and perturbing LD dynamics either by
pharmacological or genetic means, compromises the forma-
tion of fully functional stomata (Figures 1A and 5A), sug-
gests that maintaining LD homeostasis is indispensable for
stomatal development. The Ids1 mutant displayed enlarged
LDs in the deformed GCs (Figure 1, A and I). This suggests
that RABCT1 is a negative regulator of LD size. This is likely
to be of importance because LD size needs to be strictly
controlled, as it is known that small LDs are suitable for fast
lipid mobilization, whereas larger LDs are more suitable for
long-term lipid storage (Suzuki et al, 2011). The size of LDs
is the result of the combined action of LD growth and mo-
bilization. Overexpression of SDP1 restored LD size and sto-
matal morphology (Figure 5, C and D), suggesting that the
enlarged LDs, caused by the malfunctioning of RABC1, im-
pact the access of the SDP1 lipase and the mobilization of
LDs. It is likely that RABC1 also restricts LD growth as TAG
content in the GC-enriched epidermis is significantly higher
in Ids1 than in WT (Supplemental Figure S1D). However,
whether RABC1 functions in preventing LD coalescence or
inhibiting localized synthesis of lipid (or in both processes)
remains to be clarified. In the Rab18 knockout 3T3-L1

adipocytes of mammals, although the exact mechanism of
LD enlargement remains unclear, the enlarged LDs were not
a result of the fusion/coalescence of small LDs (Xu et al,
2018). In contrast to our finding the TAG content of cul-
tured Rab18 knockout 3T3-L1 adipocytes was decreased to
the same extent as the reduction in the normal-sized LDs
(Xu et al, 2018). Further dissecting the mechanisms by
which RABC1 regulates LD homeostasis will not only help
us better understand stomatal function and development
but it will also help to provide essential insights into the
production of vegetable oils in vegetative tissues which is a
field of increasing interest to the biotechnology sector and
biofuel industries (Xu and Shanklin, 2016).

The formation of the central vacuole allows metabolically
inexpensive plant cell expansion, and interference with
vacuolar function evokes severe developmental defects
(Schumacher et al, 1999; Rojo et al, 2001; Li et al, 2005;
Kriiger and Schumacher, 2018). Studies of vacuoles in GCs
have revealed a tight correlation between vacuole morphol-
ogy and stomatal movement (Gao et al, 2005, 2009; Bak
et al, 2013; Andrés et al, 2014; Cao et al, 2022). During sto-
matal development, there is a significant increase in cell size
that will require an increase in plasma and vacuolar mem-
brane surface area. Disruption of RABC1 causes defects in
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Figure 6 Disruption of RABC1 function affects vacuole occupancy and OCL formation. A, Representative images of vacuoles in GCs of WT and
Ids1 plants. The representative stomatal images were single confocal planes from young leaves of 4-week-old plants. Scale bar, 10 um. B,
Quantification of the area of vacuoles in GCs of WT and Ids1 plants. Data are shown as means =+ SD, n = 50. Asterisks represent Student’s t test sig-
nificance (**P < 0.01). C and D, The number of LDs in the vacuolar lumen of Ids1 was reduced compared with WT. Representative TEM images
of LDs in the vacuolar lumen (C), quantification of LDs in the vacuolar lumen (D). Arrows indicate LDs. V, vacuole. Data are shown as means +
SD, n = 30. Asterisks represent Student’s t test significance (**P < 0.01). E and F, The OCL of deformed GCs in Ids1-2 is much thinner and nar-
rower. The representative stomatal images were single confocal planes from young leaves of 4-week-old plants. Data are shown as means + SD,

n = 40. Asterisks represent Student’s t test significance (**P < 0.01).

LD mobilization and vacuole size (Figures 1A and 6A),
highlighting the relationship between these two organelles.
What is less clear is the mechanism by which LDs are able
to contribute toward the new membrane required for vacu-
olar growth. As it is the ER, rather than the vacuole that is
the site of de novo phospholipid biosynthesis, it seems un-
likely that LD TAGs could be used directly by the vacuole to
synthesize the new phospholipids required for membrane
expansion. Instead, perhaps the vacuole incorporates the
phospholipid monolayer surrounding the LD so as to in-
crease the surface area of the tonoplast. This is of course
speculation but would be a topic to explore in the future.
Another possibility is that RABC1 regulates LD homeostasis
and vacuole growth separately, and, or the changes in vacu-
ole occupancy and OCL formation are downstream effects
of defective GC development. The final possibility is that LD
vacuole interactions are related to lipophagy whereby lipids
can be degraded and recycled (Ischebeck et al, 2020). We
observed LDs within vacuoles in GCs and disruption of
RABC1 led to a significant decrease of LDs entering the vac-
uole (Figure 6, C and D). These data indicate that there is

an interaction of the LDs with the vacuole. If lipid recycling
underlies the LD-vacuole interactions, it is possible that the
lipids or their metabolites could be exported to sites of
phospholipid (for membranes) or wax (for OCL) synthesis in
the cell. Again, this possibility would be worth further
investigation.

RABCT localizes to the ER and weakly localizes to LDs un-
der normal conditions, however, in OA-induced LD produc-
tion, RABC1 targets to the surface of the LDs. This mirrors
the targeting of Rab18 in mammalian cells. According to
Kretzschmar et al. (2018), the tobacco (Nicotiana tabacum)
counterpart of Rab18 was enriched in LD fractions of seed-
lings and pollen tubes but not as strongly enriched as ca-
nonical LD proteins. This is in line with the dual localization
of RABC1 and suggests the localization of Rab18 proteins on
LDs is transient and not very strong,

The finding that SEIPIN2 and SEIPIN3 serve as effectors of
RABC1 is in accordance with the early work on Rab18
(which is a close homolog of RABC1 in mammalian cells; Li
et al, 2019). In contrast to yeast or mammals, plants express
three SEIPIN genes. The expansion of SEIPIN isoforms could
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Figure 7 Proposed working model of RABC1 regulating LD dynamics
and stomatal development. RABCT, a Rab protein that is preferentially
expressed in young stomatal GCs, is activated by the binding of
RABC1GEF1 (a specific guanine nucleotide exchange factor of RABC1)
in response to a yet unknown developmental cue, and then targeted
to the surface of LDs, where it interacts with SEIPIN2 and SEIPIN3, two
ER-localized proteins that serve as the downstream effectors of
RABCI1 to regulate LD mobilization and lipid availability for the estab-
lishment of functional stomata. The dashed arrows indicate the possi-
ble involvement of the vacuole during RABC1-controlled LD
homeostasis. ER, endoplasmic reticulum. For more details, please refer
to the “Discussion” section.

have resulted in an expanded capacity to meet the distinct
needs of land plants to adapt to an always-changing envi-
ronment. This suggestion is supported by the fact that we
only detected increased LD abundance and LD size in the
GCs of the double mutant seipin2 seipin3 but not in seipin1
seipin2 and seipin1 seipin3. This suggests that SEIPINT is un-
likely to be involved in the regulation of LDs by RABC1 in
GCGs. In support of this suggestion, all three SEIPIN proteins
have been found to participate in the regulation of LD
abundance in seeds/pollen grains (Taurino et al, 2018),
whereas only the function of SEIPIN2 and SEIPIN3 depends
on their interaction with the vesicle-associated membrane
protein-associated protein family member AtVAP27-1 (Greer
et al, 2020). One thing that might account for the distinct
function of SEIPIN2, SEIPIN3, and SEIPINT is the sequence
differences between SEIPINT and SEIPIN2/3, particularly be-
tween their N-terminal regions which have been proposed
to be crucial for the functionality of SEIPIN proteins (Greer
et al, 2020). It is important to note that the severity of
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deformed LDs and defective stomata in seipin2 seipin3 is
much weaker than either Ids1 or Idsgef1, and Ids1 and sei-
pin2 seipin3. This strongly suggests that there must be other
effectors of RABCT.

In humans, Rab18 is correlated with Warburg Micro syn-
drome, a severe illness characterized by microcephaly, intel-
lectual disability, optical atrophy, and hypogenitalism.
However, whether there is a direct causal relationship be-
tween LD dysfunction and the disease is currently unknown
(Bem et al, 2011; Dejgaard and Presley, 2019). Rab18 was
detected at LD-ER contact sites, associated with the NRZ
tethering complex and the Q-SNARES Use1, Syntaxin18, and
BNIP1 to cooperatively support LD growth in adipocytes
(Ozeki et al,, 2005; Xu et al,, 2018). In COS7 and Hela cells,
a complex of Rab18 and DFCP1 has been found to be im-
portant for efficient ER-LD tethering and LD expansion (Li
et al, 2019). In addition to being a key factor regulating lipo-
genesis and lipolysis (Martin et al, 2005; Ozeki et al, 2005;
Pulido et al, 2011), Rab18 is also involved in trafficking be-
tween the Golgi and ER (Dejgaard et al., 2008), regulating ER
structure (Gerondopoulos et al, 2014), and autophagy
(Feldmann et al, 2017; Bekbulat et al, 2020). Overall, the
mechanistic details by which mutations in Rab18 cause en-
larged LDs remain understudied. Arabidopsis Rab18 has not
been previously ascribed an LD-related function. Our work
reveals that RABC1 together with its GEF and effectors are
involved in stomatal regulation by modulating LDs.

In summary, the results of the research described here re-
veal an unexpected role for LDs in the regulation of stoma-
tal development. Underpinning this role is the Rab GTPase
family member RABC1. We show that it interacts with
SEIPIN2/3, which functions in LD formation. Future research
will be directed to understanding whether, how LD-vacuole
interactions result in the increase in vacuolar surface area
seen during stomatal development.

Materials and methods

Plant materials, growth conditions, and plasmid
construction

All Arabidopsis (A. thaliana L.) lines used in this study are in
the Columbia (Col-0) ecotype background. The mutants
Ids1-2  (SALK_012129), rabc2a (SALK_061001C), rabc2b
(WiscDsLoxHs095_05E), Ids1gef1-1  (WiscDsLox393-396G22),
Ids1gef1-2 (SALK_116404C), SALK_058192C of At5g55060, sei-
pin1-1, (SALK_Seq0958), seipin2-1 (GabiGK_183F09), seipin3-1
(SALK_019429C) and the marker line ER-ck (CS16250;
Nelson et al, 2007) were obtained from the Arabidopsis
Biological Resource Center (ABRC, Ohio State University)
and genotyped using specific primers, which are listed in the
Supplemental Table S1. The scap1 mutant is as described by
Negi et al. (2013) and was a kind gift from Professor Koh Iba
(Kyushu University). The three single mutant lines of
SEIPINs, and from which the corresponding double and tri-
ple mutants were derived through genetic crossings, are as
described by Taurino et al. (2018).
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Arabidopsis seeds were sown on half-strength Murashige
and Skoog (1/2MS) media with 1% sucrose and 0.6% agar.
After a 3-d stratification at 4°C in the dark, the seed plates
were transferred to a greenhouse at 22°C with an average
light intensity of 120 pumoles photons m™ s™' and relative
humidity at 70%—80% with a 10-h-light/14-h-dark photope-
riod. 7-d-old seedlings on the plates were transplanted into
the potting soil/vermiculite mixture (Zhang et al, 2019).
Nicotiana benthamiana seeds were directly sown at a depth
of 0.5cm below the soil/vermiculite mixture surface and the
seedlings were grown in a greenhouse with 16-h-light/8-h-
dark cycles at 28°C. The light source used in the green-
houses is wide-spectrum fluorescent bulb (YZ28-T5-28W,
NVCQ).

The promoter sequence of RABCT was amplified using the
primers listed in Supplemental Table S1, while the promoter
sequences of SEIPINs used in this study were as previously de-
scribed (Taurino et al, 2018). The p,,RABCI.GUS and
proSEIPINs:GUS  transgenic  plants were generated using
pENTR/D-TOPO as an entry vector, pKGWFS7 plasmids as
the destination vectors. Plasmid of p,,RABC1:GUS was used to
develop p,RABCT1:mCherry-RABC1 (the natural or mutated
RABC1), p,o,RABC1:RABC2a, and p,,RABCT:RABC2bconstructs
by replacing the GUS gene sequence with the coding sequen-
ces of mCherry-RABC1, RABC2a, and RABC2b, respectively.
The nucleotide sequences of mCherry-RABC1 were generated
by overlapping PCR using the CDS of mCherry and the natu-
ral or mutated RABCT. The coding sequences of RABC1(S27N)
and RABC1(Q71L) were produced by site-directed mutagene-
sis PCR. pK2GW?7 was used as the destination vector for
Pro35S:MmRABI18, 5,,355:HsRAB18, and p,,355:SDP1 constructs
after introducing the corresponding CDS of MmRABIS,
HsRAB18, and SDP1 to the entry vector, respectively. pGWB6
(Nakagawa et al, 2007) was the destination vectors for
pro35S:GFP-SEIPIN2/3 and p,,35S:GFP-VAMP711constructs, re-
spectively. All primers used above are shown in Supplemental
Table S1 and all generated constructs were verified by DNA
sequencing.

Mutant screen

Ethyl methane sulfonate mutagenesis of Arabidopsis seeds
was performed essentially as described (Kim et al, 2006).
The M2 seeds were subjected to a two-step mutant screen
based on infrared thermal imaging and NR staining to iden-
tify genes involved in LD dynamics and stomatal develop-
ment/function. Thermal images were obtained using an
SC660 (FLIR Systems, Wilsonville, USA). The camera was
mounted vertically above the plants. Mean temperature of
leaves no. 3, 4, 5, 6, and 7 below the apex were calculated
using the customized region of interest (ROI) tool, according
to the manufacturer’s instructions. Abaxial epidermal strips
were detached from rosette leaves for LD staining. Briefly,
strips were incubated in KCI/MES buffer (50 mM KCl, 10
mM MES/KOH, pH 6.15) containing 10 pg/mL NR (Sigma)
or 10 UM Bodipy 493/503 (Invitrogen) for 10 min and then
washed in KCI/MES buffer for 5 min before imaging.
Confocal images were collected with a Leica SP8 confocal
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microscope. Following the identification of a mutant, it was
backcrossed to WT 3 times.

Confocal microscopy

Images were collected using a Leica SP8 confocal microscope
with a X 63/1.4 NA oil immersion objective lens. For LD
staining, we used three dyes in this study, NR (10 pg/mL),
Bodipy 493/503 (10 puM), and MDH (Monodansylpentane,
Yang et al, 2012). The excitation wavelength was 405 nm
and the emission wavelength was 440-485 nm for MDH;
the excitation wavelength was 488 nm and the emission
wavelength was 530-590 nm for NR while the emission
wavelength was 500-530 nm for Bodipy 493/503. When
detecting the LDs abundance and size in GCs, the Z-projec-
tions (maximal intensity) of confocal stacks from young
leaves of 4-week-old plants was used. Z-series images were
taken every 0.5 pm and the same settings of laser power
and gain value for all samples examined. Z-projections were
generated in Leica Advanced Fluorescence v3.1.0 (Leica) and
Image J (NIH) was used for fluorescence intensity quantifica-
tion. Briefly, images were first converted to 16-bit depth,
and ROI (regions of interest) was defined by tracing the out-
line of cells in Image J. Raw integrated density (the sum of
all pixel intensities within an ROI) and area were recorded.
Fluorescence intensity was represented as a ratio of raw in-
tegrated density to area after minus the background fluores-
cence intensity. Given that the resolution of confocal
microscopy is about 150 nm, it is difficult to observe and
quantify smaller LDs, such as nascent LDs. However, this lim-
itation does not have much influence on the conclusions of
this paper.

Map-based mutant gene cloning

Candidate Ids7 mutants were outcrossed to WT plants in
the Landsberg erecta background (Ler) and the segregating
F2 seedlings were screened using infrared thermography and
microscopic  observation following NR/Bodipy staining.
Segregant analysis of totally 900 Ids1 mutants was performed
using simple sequence length polymorphism (SSLP) markers
as previously described (Lukowitz et al, 2000; He et al,
2018). The mutation was narrowed down to a ca. 200 kb re-
gion of chromosome 1 between SSLP marker 125DW-G and
125DW-J2. T-DNA insertion lines representing all the anno-
tated genes within this region were obtained from ARBC
and screened. A T-DNA insertion line (SALK_012129) of
At1g43890 which displayed similar LD accumulation defects
to Ids1 was identified. Allelism tests were performed using
the F1 progeny of the lds1 x SALK_012129 which confirmed
that Ilds1 and SALK 012129 are allelic to each other. The
presence of a single point mutation in At1g43890 of the Ids1
mutant and a T-DNA insertion in At1g43890 of the
SALK_072129 line was validated using PCR-based genotyping
and gene sequencing. We renamed the IdsT and
SALK_0172129 as Ids1-1 and Ids1-2, respectively.
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Stomatal aperture measurements

Stomatal aperture was determined using the rapid imprint-
ing technique described by Geisler et al. (2000). Light-bodied
vinylpolysiloxane dental resin (eliteHD +, Zhermack Clinical,
Badia Polesine, Italy) was attached to the abaxial side of the
leaflet and then removed as soon as it dried. The resin epi-
dermal imprints were covered with transparent nail polish,
which was removed once it dried and served as a mirror im-
age of the resin imprint. The nail-polish imprints were put
on glass coverslips and photographed under a model ICC50
W bright-field inverted microscope (Leica Microsystem,
Wetzlar, Germany). Stomatal images were later analyzed to
determine aperture size using the Image) software fit-ellipse
tool  (http://rsb.info.nih.gov/ij/). A  microscopic ruler
(Olympus) was used for size calibration.

Stomatal conductance measurements

Stomatal conductance of intact leaves of 5-week-old plants
to water vapor (g;) was measured with a Li-6400 gas ex-
change analyzer with a fluorometer chamber (Li-Cor,
Lincoln, NE, USA) as described previously (Negi et al, 2013;
He et al, 2018). The g, response to light was tested under
350 ppm CO,. Intact leaves were incubated in dark for 3 h
first, then kept under light illumination (150 pmol m™2 s™")
for 2 h and another 1 h dark. The g response to CO, was
measured at constant light intensity (150 pmol m™ s7").
Temperature and relative humidity in the chamber were
held at 22°C and 60%, respectively. All measurements were
taken at a rate of one per minute.

Transgene expression analysis

GUS activity of p,,RABC1:GUS and p,,SEIPIN2:GUS transform-
ants was performed as described previously (Negi et al,
2013; Taurino et al, 2018). Transformants were fixed in 90%
ice-cold acetone for 20 min. After washing transformants
were incubated in 100 mM sodium phosphate (pH 7.4),
10 mM EDTA, 0.5 mM KsFe(CN)s 0.5 mM K Fe(CN)s 0.1%
Triton X-100, and 1 mM 5-bromo-4-chloro-3-indolyl B-D-
glucuronic acid at 37°C in the dark. Plants were bleached in
70% ethanol and mounted in chloral hydrate for imaging.
Subcellular localization of mCherry-RABC1 was analyzed us-
ing a p,,RABCT:mCherry-RABC1 transformant. After incuba-
tion with or without 200 pM OA (oleic acid, Xu et al, 2018)
in buffer (50 mM KCl, 10 mM MES/KOH (pH 6.15)) for 6 h,
leaf epidermal peels of the transformant were observed with
a Leica SP8 confocal microscope. LDs were stained with
Bodipy 493/503 (excitation laser 488 nm, emission 530-590
nm). mCherry was excited using a 552 nm laser and its
emission is 590-650 nm.

Yeast two-hybrid analysis

The Y2H assay was based on the Matchmaker Gold Yeast
Two-Hybrid System User Manual (Clontech). The cDNAs
encoding different forms of RABC1 were cloned into
pGBKT7 bait plasmid and introduced into Y2H Gold yeast
strain. Possible autoactivation of RABC1 was determined
according to the manufacturer’s protocol. We used the
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Mate and Plate Normalize Arabidopsis Universal Library
(Clontech) for screening potential interacting proteins of
RABCT. Briefly, we first prepared a concentrated overnight
culture of the Bait Strain (cell density >1 x 10° cells/mL in
SD/-Trp) before adding 1 mL of the Library Strain to the
Bait Strain (4-5 mL) in a sterile 2 L flask. Next, we added
45 mL of 2 X YPDA liquid medium, and incubated the reac-
tion at 30°C for 20-24 h with gentle agitation (30-50 rpm).
After centrifugation to pellet the cells, we resuspended all
pelleted cells in 10 mL of 0.5 x YPDA/Kan liquid medium
before plating the culture on SD/-Leu/-Trp/-His/-Ade and
incubated it at 30°C for 3-5 d. Yeast colonies that were
alive on SD/-Leu/-Trp/-His/-Ade medium were streaked.
Then plasmids of these colonies were isolated and se-
quenced. In addition, to further confirm the interactions in
yeast, the plasmids pGADT7 and pGBKT7 with correspond-
ing proteins were co-transformed into the yeast strain Y2H
Gold. Empty vectors were used for negative controls.

Nucleotide exchange assays

The nucleotide exchange assays were performed to deter-
mine GEF for RABC1 as described (Pan et al,, 1995; Antonny
et al, 2001; Goh et al, 2007; Cui et al, 2014). Briefly, each
purified GST-Rab protein was preloaded with a 25 M GDP
at 25°C for 2 h. Then, each assay was incubated with or
without GST-At5g58510 protein or GST-At5g55060 protein
in reaction buffer (20 mM Tris-HCl, pH 8.0, 150 mM Nadl,
0.5 mM MgCl,) for 100 s at 25°C. The nucleotide exchange
reaction was initiated by the addition of 0.1 mM GMP-PNP
(guanylyl imidodiphosphate). The Trp intrinsic fluorescence
of Rab proteins was detected by fluorescence spectropho-
tometry at an excitation wavelength of 298 nm and an
emission wavelength of 340 nm.

Expression and purification of GST fusion proteins

Vector pGEX-4T-1 was used for expressing GST fusion pro-
teins. After inserting the respective CDS sequence into
pGEX-4T-1 and confirming that the cloning was in-frame,
the resultant plasmids of pGEX-GST-RABC1, pGEX-GST-
RHA1, pGEX-GST-RABC1GEF1, and pGEX-GST-At5g55060
were transformed in BL21 Rosetta and recombinant proteins
were purified according to published procedures (Goh et al,,
2007; Fukuda et al, 2013; Cui et al,, 2014). Briefly, the expres-
sion of recombinant proteins was induced by the addition
of 1TmM isopropyl B-D-1-thiogalactopyranoside (IPTG) then
incubated overnight at 16°C. GST-tagged proteins were puri-
fied on a glutathione-Sepharose 4B column (GE Healthcare).

BiFC assays

The constructs for BiFC assays were generated by cloning
the coding sequences of RABC1, RABC1GEF1, and SEIPINs
into the series of pSAT expression vectors as described
(Tzfira et al, 2005). The constructs were introduced into
N.  benthamiana  leaves  through  Agrobacterium
(Agrobacterium tumefaciens, strain GV3101)-mediated trans-
formation. After incubated for 2-3 d, the leaves were exam-
ined using a Leica SP8 microscope (excitation 488 nm,
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emission 520-560 nm). Fluorescence intensity quantification
was performed in a similar manner to that used for LDs as
described above. Images were converted to 16-bit depth,
and ROI was defined in Image J. The YFP intensity was rep-
resented as a ratio of raw integrated density to area after
minus the background fluorescence intensity.

Co-IP reactions

The CDS of RABCI, RABCI(S27N), RABCI(Q71L), or
RABC1GEF1 was each separately subcloned into pGWB12 or
pGWB6 using LR reaction (Nakagawa et al,, 2007). Then the
plasmids were electroporated into the GV3101 strain of
A. tumefaciens and transiently expressed in N. benthamiana.
Co-IP reactions were performed according to published pro-
cedures (Roux et al, 2011; Fukuda et al, 2013). Briefly, leaves
were ground in liquid nitrogen and suspended in the extrac-
tion buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 5 mM
DTT, 0.5% NP40, 1 x protease inhibitor cocktail, pH 7.5) at
2 ml/g tissue powder. Samples were centrifuged at 16,000 g
at 4°C for 10-15 min before the supernatant was trans-
ferred to a new tube and centrifuged at 16,000 g at 4°C for
5 min. The supernatant (1.5 mL) was incubated with 20 pL
GFP Trap-A beads (Chromotek) for 2 h at 4°C. After wash-
ing 4 times with the immunoprecipitation buffer (the ex-
traction buffer minus the protease inhibitor cocktail), the
beads were then boiled in SDS sample buffer for 5 min be-
fore being subjected to western blot analysis using anti-GFP
(ProteinTech, HRP-66002) and anti-Flag  antibody
(ProteinTech, HRP-66008) at a dilution of 1:5,000.

TAG analysis

GC-enriched epidermal strips were isolated essentially as de-
scribed in Mclachlan et al. (2016). Of the GCs, 97.3+4.8%
were intact and the epidermal pavement cell viability was
4.5% + 0.8% using FDA staining. TAGs were extracted from
50 mg fresh-frozen epidermal strips, and analyzed by LC/
MS/MS (Burgal et al., 2008).

TEM analysis

Leaf pieces from 3-week-old seedlings were fixed in 2% (v/v)
glutaraldehyde in 100 mM phosphate buffer (pH7.4) at 4°C
for overnight. The tissue was then rinsed, postfixed in 1%
(w/v) osmium tetroxide for 2 h. After dehydration in an al-
cohol series (15%, 30%, 50%, 70%, 80%, 85%, 90%, and 95%
alcohol, each treatment lasted for 30 min), the tissue was
embedded in Spurr’s epoxy resin after a propylene oxide/
Spurr’s epoxy resin incubation series (propylene oxide/
Spurr’s epoxy resin = 2:1, 1:1, 1:2, every 12 h). After polymer-
izing at 60°C for 48 h, thin resin sections were prepared and
stained with aqueous uranyl acetate and lead acetate. A
JEM-1400Plus transmission electron microscope was used to
visualize the sections.

Statistical analysis
All assays were conducted with three or more biological rep-
licates and analyzed using SigmaPlot (version 12.0, Systat).
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Comparison of means was conducted using Student’s t
tests.

Accession numbers

The GenBank accession numbers of the Arabidopsis genes used in
this study are as follows: RABCT (At1g43890), RABCIGEF1
(At5g58510), RABC2a (At5g03530), RABC2b (At3g09910), SEIPINT
(At5g16460), SEIPIN2 (At1g29760), SEIPIN3 (At2g34380), SDP1
(At5g04040). The NCBI accession numbers for the proteins are as
follows: RAB3GAP1 (NP_001165906), MmRab18 (NP_001265376),
HsRab18 (NP_067075).

Supplemental data

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

Supplemental Figure S1. Ids1 mutation caused no altera-
tions in stomatal density and stomatal index but did bring
about growth arrest.

Supplemental Figure S2. RABC1-mediated LD regulation
is conserved across species.

Supplemental Figure S3. Mutant identification, GEF ac-
tivity analysis of At5g58510 and At5g55060.

Supplemental Figure S4. Localization analysis of SEIPIN2/
3 and overexpression of SEIPIN2/3 in Ids1-2.

Supplemental Figure S5. Vacuole area in GCs is affected
by Ids1, Ids1gef1, and seipin2 seipin3 mutations.

Supplemental Table S1. Primers used in this study.

Supplemental Data Set S1. Candidates identified during
the Y2H screen using RABC1(S27N) as bait.

Supplemental Data Set S2. Candidates identified during
the Y2H screen using RABC1(Q71L) as bait.
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