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All aerial parts of vascular plants are covered with cuticular waxes, which are synthesized by extensive export of intracellular
lipids from epidermal cells to the surface. Although it has been suggested that plant lipid transfer proteins (LTPs) are involved
in cuticular lipid transport, the in planta evidence is still not clear. In this study, a glycosylphosphatidylinositol-anchored LTP
(LTPG1) showing higher expression in epidermal peels of stems than in stems was identified from an Arabidopsis (Arabidopsis
thaliana) genome-wide microarray analysis. The expression of LTPG1 was observed in various tissues, including the epidermis,
stem cortex, vascular bundles, mesophyll cells, root tips, pollen, and early-developing seeds. LTPG1 was found to be localized
in the plasma membrane. Disruption of the LTPGI gene caused alterations of cuticular lipid composition, but no significant
changes on total wax and cutin monomer loads were seen. The largest reduction (10 mass %) in the ltpg1 mutant was observed
in the C29 alkane, which is the major component of cuticular waxes in the stems and siliques. The reduced content was
overcome by increases of the C29 secondary alcohols and C29 ketone wax loads. The ultrastructure analysis of Ifpg1 showed a
more diffuse cuticular layer structure, protrusions of the cytoplasm into the vacuole in the epidermis, and an increase of
plastoglobules in the stem cortex and leaf mesophyll cells. Furthermore, the Itpg] mutant was more susceptible to infection by
the fungus Alternaria brassicicola than the wild type. Taken together, these results indicated that LTPG1 contributed either

directly or indirectly to cuticular lipid accumulation.

During growth and development, plants are subjected
to various environmental stresses, including drought,
cold, exposure to UV light, and pathogen attack. The first
barrier between plants and environmental stresses is the
cuticle, which is composed of a lipophilic cutin polymer
matrix and waxes (Holloway, 1982; Jeffree, 1996; Kunst
et al., 2005; Nawrath, 2006). The cuticular waxes, which
consist of very long chain fatty acids (VLCFAs; C20 to
C34) and their derivatives, are embedded within and
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encase the cutin polymer matrix, a polyester framework
composed of hydroxy fatty acids (C16 and C18) and
glycerol monomers (Kolattukudy, 2001; Jenks et al., 2002;
Nawrath, 2002; Heredia, 2003; Kunst and Samuels, 2003;
Stark and Tian, 2006). The cuticle plays a role in limiting
nonstomatal water loss and gas exchange, repelling
lipophilic pathogenic spores and dust, providing me-
chanical strength and viscoelastic properties (Baker
et al., 1982; Hoffmann-Benning and Kende, 1994;
Riederer and Schreiber, 2001), preventing cell fusions
(Lolle etal., 1998; Sieber et al., 2000), and protecting plants
from environmental stresses (Schweizer et al., 1996).

It has been suggested that the biosynthesis of cutic-
ular wax occurs exclusively within epidermal cells
(Kunst and Samuels, 2003; Suh et al., 2005). During this
process, the C16 and C18 fatty acids synthesized in the
plastids are exported to the cytosol, where they are
further elongated to VLCFAs in the range of 20 to 34
carbons by the fatty acid elongase complex on the
endoplasmic reticulum (ER; Millar and Kunst, 1997;
Millar et al., 1999; Todd et al., 1999; Yephremov et al,,
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1999; Fiebig et al., 2000; Clemens and Kunst, 2001;
Hooker et al., 2002; Dietrich et al., 2005; Zheng et al.,
2005). The elongated VLCFAs are then further trans-
formed by two principal wax biosynthetic pathways:
an acyl reduction pathway that produces primary
alcohols and wax esters, and a decarbonylation path-
way that leads to the formation of aldehydes, alkanes,
secondary alcohols, and ketones (Aarts et al., 1995;
Kunst and Samuels, 2003; Rowland et al., 2006). It has
been suggested that the synthesized wax precursors are
then exported from their site of synthesis in the ER to
their site of deposition on the plant outer surface by a
vesicular pathway (Schulz and Frommer, 2004). Re-
cently, it was reported that ATP-binding cassette (ABC)
transporters, which are located in plasma membrane of
the epidermis, are required for cuticular lipid export
(Pighin et al., 2004; Bird et al., 2007; Luo et al., 2007).

Lipid transfer proteins (LTPs) were initially defined
by their ability to facilitate the transfer of phospho-
lipids between membranes in vitro and in vivo (Kader,
1996). Plant LTPs are small (7-10 kD), abundant, and
basic proteins that have a hydrophobic pocket capable
of accommodating fatty acids or lysophospholipid
molecules (Shin et al., 1995; Beisson et al., 2003). The
results of plant genome and EST projects have dem-
onstrated the presence of multiple LTP isoforms,
which are speculated to be associated with diverse
functions including cutin and wax assembly, pathogen
defense, antifreezing, long-distance signaling, and cell
wall loosening (Pyee and Kolattukudy, 1995; Molina
and Garcia-Olmedo, 1997; Maldonado et al.,, 2002;
Beisson et al., 2003; Jeroen et al., 2005; Cameron
et al, 2006; Roy-Barman et al., 2006; Choi et al.,
2008). Most plant LTPs localize to the cell wall, which
suggests that LTPs play a role in cutin monomers and
wax transport (Pyee and Kolattukudy, 1995). The
accumulation of cuticular wax on the leaves of tree
tobacco (Nicotiana glauca) and the concomitant in-
crease in LTP expression in response to drought stress
indirectly suggest that LTP is involved in the accumu-
lation of wax (Cameron et al., 2006).

Recently, proteomic analysis identified 26 Arabi-
dopsis (Arabidopsis thaliana) LTP-like proteins that
contained the glycosylphosphatidylinositol (GPI)-
anchored domain (Borner et al., 2003); however, the
functions of these proteins still remain to be investi-
gated. It is known that GPI-anchored proteins are
attached to the outer surface of the plasma membrane
via a GPI anchor. In diverse organisms from protozoa
to vertebrates, GPI anchoring is processed in the ER
lumen by cleavage of the C-terminal carboxyl group of
a protein and subsequent addition of a core structure
composed of ethanolamine phosphate, trimannoside,
glucosamine, and inositol phospholipid (Udenfriend
and Kodukula, 1995). GPI anchors have been impli-
cated in plasma membrane targeting, polarized tar-
geting of the apical plasma membrane, associations
with lipid rafts, recycling of the plasma membrane,
and the reception and transduction of signals (Mayor
and Riezman, 2004).
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In a previous report (Suh et al., 2005), transcriptome
analysis of Arabidopsis stems and stem epidermal
cells was conducted to identify genes involved in
surface lipid metabolism. This analysis identified
seven LTP candidates that might play a role in wax
and/or cutin monomer transport. In this study, LTPG1
(At1g27950), which showed higher expression in the
epidermal peels of stems than in the stems, was
selected based on an unusual LTP structure containing
a long C-terminal region, whose function has not been
well characterized. Spatial and temporal expression of
the LTPG1 gene and subcellular localization of the
LTPG1 protein were then investigated. In addition, a
T-DNA-inserted atltpg-1 knockout mutant was char-
acterized to evaluate the role of LTPG1 in planta.

RESULTS

Isolation of the LTPG1 Gene Encoding
GPI-Anchored LTP

To confirm the expression levels of the LTPGI1 tran-
scripts in the stems and stem epidermal peels, the total
RNA was isolated and subjected to reverse transcrip-
tion (RT)-PCR and quantitative real-time RT-PCR anal-
yses. The Arabidopsis actin2 gene (At3g18780) was
then used to determine the quantity and quality of the
cDNAs. Similar to the microarray results, the expres-
sion levels of the LTPGI transcripts were approxi-
mately 2.5-fold higher in the stem epidermal peels
than in the stems (Fig. 1, A and B).
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Figure 1. Isolation of the LTPGT gene. A and B, Expression of the
LTPGT transcripts in stems (S) and stem epidermal peels (E). Total RNA
(0.1 ug) was used for RT-PCR (A) and quantitative RT-PCR (B) analyses.
The actin2 gene (At3g18780) was used to determine the quantity and
quality of the cDNA. Each value in B is the mean of duplicate
experiments. C, Amino acid sequences of the LTPG1 protein. Asterisks
denote the conserved Cys residues. The signal peptide domain and GPI-
anchored domain are underlined and double underlined, respectively.
The arrow indicates the EYFP insertion site for subcellular localization
of LTPG1. D, Schematic diagram of the LTPG1 protein. GPID, GPI-
anchored domain; SP, signal peptide domain.
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The LTPGI1 protein was found to contain three
different domains. Specifically, 22 amino acid residues
at the N terminus were found to correspond to a signal
peptide predicted to be required for protein secretion.
In addition, the amino acid residues located between
residues 35 and 116, which are approximately 60%
homologous with nonspecific LTP, were found to
harbor eight highly conserved Cys residues at posi-
tions 35, 45, 60, 61, 74, 76, 106, and 116. Finally, the
C-terminal end (residues 168-191) contained a sequence
that was predicted to encode the GPI-anchored do-
main (Fig. 1, C and D).

Spatial and Temporal Expression of the
LTPG1 Transcripts

To investigate the expression of the LTPGI tran-
scripts, the total RNA was isolated from the roots,
young seedlings, leaves, caulines, flowers, and siliques
and then subjected to RT-PCR analysis. The LTPGI
transcripts were expressed in all of the tissues tested
(Supplemental Fig. S1A). The expression levels of the
LTPGI transcripts were then further evaluated to
determine if they were regulated by abiotic stresses
and the stress hormone abscisic acid (ABA). To ac-
complish this, 10-d-old seedlings were incubated in
Murashige and Skoog (MS) medium that had been
supplemented with 200 mm NaCl, 200 mM mannitol,
20% polyethylene glycol, or 1 um ABA, and RT-PCR
was conducted. The actin7 (At5g09810) gene was used
to determine the quantity and quality of the cDNAs.
The rd29A gene (At5g52310), which is known to be a
drought stress-inducible gene, was used as a control
for the water-deficit response. Expression of the rd29A
gene increased significantly in response to treatment,
whereas the level of LTPGI transcripts was not af-
fected by ABA, salt, or osmotic stress (Supplemental
Fig. S1B).

The spatial and temporal expression of the LTPG1
gene was further evaluated by introducing the bacte-
rial uidA gene under the promoter region of the LTPG1
gene into Arabidopsis plants. Tissue samples of five
independent transgenic lines were then stained for
GUS activity. The GUS gene under the promoter
region of the LTPG1 gene was strongly expressed in
the aerial portion of the 10-d-old seedlings. In addi-
tion, GUS expression was observed in the root tips,
upper portion of the styles, pollen, and veins of the
sepals and petals. Furthermore, the silique walls and
seeds in the early stages of development (before the
seeds turned brown) were stained. When the stem and
leaf tissues were cross-sectioned, the GUS gene was
found to be expressed in the stem and leaf epidermis,
including the trichomes, leaf mesophyll cells, and stem
cortex and xylem (Fig. 2).

LTPG1 Protein Is Localized in the Plasma Membrane

GPlI-anchored proteins are mainly found on the
plasma membrane (Udenfriend and Kodukula, 1995),
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Figure 2. GUS expression under the LTPGT promoter in transgenic
Arabidopsis plants. The LTPGT promoter::GUS construct was trans-
formed into Arabidopsis plants, and five independent transgenic lines
were then stained with T mm 5-bromo-4-chloro-3-indolyl-B-p-glucuronide.
A, Ten-day-old seedling. High magnification of the root tip (inset 1) and
initiation site of lateral roots (inset 2) are indicated by arrows. B, Two-
week-old leaf. High magnification of a trichome (inset 1) is indicated by
the arrow. C, Cross-section of a leaf. D, Stem. E, Cross-section of a stem.
F, Flower. G, Carpel. H, Stamen. |, Petal. J, Sepal. K, Silique wall and
developing seeds.

and LTPG1 harbors the GPI-anchored domain at its
C-terminal end; therefore, subcellular localization of
LTPG1 was investigated. To accomplish this, the en-
hanced yellow fluorescent protein (EYFP) protein was
inserted between the LTP domain and the GPI-
anchored domain (between amino acid residues 162
and 163), after which the resulting construct and control
plasmids with no targeting signals were introduced
into Arabidopsis protoplasts. When Arabidopsis pro-
toplasts transformed with the LTPG1:EYFP construct
were visualized with a fluorescence microscope, fluo-
rescent signals were observed in the plasma mem-
brane (Fig. 3, A and B). However, the fluorescent
signals from Arabidopsis protoplasts that had been
transformed with the control EYFP construct were
detected in the cytosol (Fig. 3, C and D). This result
was confirmed by introducing the LTPG1:EYFP con-
struct into tobacco epidermis via Agrobacterium tume-
faciens infiltration (Fig. 3, E-H).

The role of the GPIl-anchored domain in targeting
the LTPGI protein to the plasma membrane was also
investigated in the protoplast system. To accomplish
this, red fluorescent protein (RFP) was fused to the
C-terminal end of the LTPG1 protein after deletion of
48 amino acids (residues 145-193), including the GPI-

Plant Physiol. Vol. 150, 2009



Figure 3. LTPGT1:EYFP is localized in the plasma membrane of the
Arabidopsis protoplast and tobacco epidermal cells. Arabidopsis pro-
toplasts (A-D and I-P) and tobacco epidermis (E-H) transformed with
each construct were visualized with a fluorescence microscope (Nikon
Eclipse TE2000-U) and a laser confocal scanning microscope (TCS SP5
AOB5/Tandem; Leica), respectively. A and B, Control, p35S-EYFP-Flag/
Strep plasmid. C to E, LTPG1:EYFP construct. F, Propidium iodide
staining to visualize the cell wall. G, Merged images from E and F. H,
Magnification of the inset box in G. | and M, LTPG1:RFPA48 construct.
J, Bip:GFP construct. K, Merged images from | and J. N, ST:GFP
construct. O, Merged images from M and N. Images were acquired
through a GFP filter (A, C, E, ], and N), an RFP filter (F, I, and M), or a
bright fields (B, D, L, and P). Bars = 25 um (E-G) and 2.5 um (H).

anchored domain, from the C-terminal end. When the
resultant construct, LTPG1A48:RFP, was cointroduced
into protoplasts with the Bip:GFP construct as an ER
maker or the ST:GFP construct as a Golgi marker (Min
et al.,, 2007), the red fluorescent signals were colocal-
ized with the Bip:GFP signals (Fig. 3, I-L) but not with
the ST:GFP signals (Fig. 3, M-P). Taken together, these
results indicate that the LTPG1 protein is localized to
the plasma membrane and that GPI anchoring is
essential for the LTPG1 protein to leave the ER.

Isolation of the T-DNA-Tagged Iltpgl Knockout Mutant

To examine the roles that the LTPGI gene plays
in planta, a T-DNA-tagged atltpg-1 (Garlic_1166_
G01.b.1a.Lb3Fa) Arabidopsis mutant was obtained from
the Syngenta Arabidopsis Insertion Library resources
(Fig. 4A). The seeds were then germinated on half-
strength MS agar medium supplemented with phos-
phinothricin, after which PCR screening was conducted
to amplify a product specific for the DNA sequence
flanking a T-DNA insertion in the LTPGI coding
region.
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Screening of the Garlic_1166_G01.b.1a.Lb3Fa line
using the left border (LB1) and the LTPG1 cDNA F2
primers yielded PCR products consistent with a
T-DNA insertion in the second exon of the LTPG1 gene.
However, no PCR products were observed when this
primer set was used to amplify DNA from wild-type
plants. In addition, when PCR was conducted using
the LTPG1 ¢cDNA F2 and LTPG1 ¢cDNA R2 primers,
PCR products corresponding to the coding region and
an intron of the LTPGI1 gene were detected in the wild
type but not in the Garlic_1166_G01.b.1a.Lb3Fa line
(Fig. 4B). Finally, when the phosphinothricin-resistant
Garlic_1166_G01.b.1a.Lb3Fa line was back-crossed
with the wild type and analyzed for phosphinothricin
resistance, the F2 progeny from the three independent
lines were segregated approximately 3:1 (resistant:
sensitive; Supplemental Table S1). These results re-
vealed that the isolated Garlic_1166_G01.b.1a.Lb3Fa
line (Itpg1) is a homozygote that carries T-DNA inser-
tions in the second exon of the LTPG1 gene and that a
single copy of the T-DNA was integrated into the
LTPGI gene.

To evaluate the mRNA expression of the LTPGI
gene in the /fpg]l mutant, the total RNA was isolated
from 10-d-old wild-type and Iltpg]l mutant seedlings
and then subjected to RT-PCR analysis. As shown in
Figure 4C, the wild-type RNA contained full-length
LTPG1 transcripts, while the ltpg]l mutant did not
contain any detectable LTPGI transcripts. The Itpgl
knockout mutants grew and developed normally when
compared with the wild-type plants under regular
growth conditions.

Cuticular Lipid Composition Is Altered in the
Itpg1 Mutant

It has been suggested that LTPs are involved in the
transport of waxes or cutin monomers (Kader, 1996);
therefore, disruption of the LTPGI gene was first

A Garlic_1166_G01.b.1a.Lb3Fa LB RB
=
|
136 388 1059 1288 1456 (bp)
—:100 bp
B primers  WT  lpgl C WT  lipgl

LBl

LIPG1 cDNA F2/ .

Figure 4. Isolation of T-DNA-tagged /tpg? mutant. A, Genomic orga-
nization of a T-DNA-tagged LTPGT gene. LTPG1 genomic DNA is
represented by two exons in the white box, an intron in the black line,
and untranslated regions in the gray box. The T-DNA orientation is
indicated by the left (LB) and right (RB) borders. B, Genomic DNA
isolated from the wild type (WT) and the /tpgT mutant was subjected to
PCR. C, RT-PCR analysis of the LTPGT gene in wild-type and ltpg1
mutant plants. Total RNA (0.2 ug) was used to detect the LTPGT
transcripts.
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evaluated to determine if it caused alterations in the
composition and amount of extracellular lipids. To
accomplish this, the cuticular waxes extracted from the
stems, siliques, and leaves of wild-type and Itpg] mu-
tant plants were analyzed using gas chromatography-
mass spectrometry (GC-MS) and GC. The largest
reduction (10 mass %) in the mutant was observed in
the C29 alkane (nonacosane), which is the major
component of cuticular waxes in the stems and si-
liques. The reduced content was overcome by in-
creases of C29 secondary alcohol and C29 ketone
wax loads (Fig. 5A). A similar observation was made
in the siliques but interestingly not in the leaves (Fig. 5,
B and C). In addition, C28 aldehyde, C27 alkane, and
C24 primary alcohol in stems, C28 fatty acid, C28
aldehyde, C27 alkane, and C24 and C26 primary
alcohols in siliques, and C28 aldehyde, C26 primary
alcohol, and C27 alkane in leaves were reduced to less
than 5 mass % in each tissue. Approximately 2 mass %
of C33 alkane was increased in leaves (Fig. 5, A-C).
However, no significant alteration was observed in the
total wax load of /tpgl stems and leaves (Fig. 5, D and
E) and in the epicuticular wax crystal images of the
Itpgl stems and siliques that were obtained using
scanning electron microscopy (data not shown).

When the ltpgl mutant was complemented by in-
troduction of an approximately 3.8-kb LTPG1 genomic
clone (Supplemental Fig. S2), the altered cuticular wax
phenotype was rescued. Indeed, the cuticular wax
components, including C29 alkane and the C29 sec-
ondary alcohol and C29 ketone, were completely re-
covered in these plants (Fig. 5, A and D).

Interestingly, evaluation of the cutin monomers,
which are the major extracellular lipid components,
revealed no significant differences in the total amounts
and chemical composition of the wild type and the
Itpg1 mutant, except approximately 3 mass % increases
of C16, C18, and C18:1 dicarboxylic fatty acids in
leaves (Fig. 6). Consistent with these results, the Itpg1
leaves were not stained by 0.05% toluidine blue-O,
which was used to determine the permeability of leaf
cuticles that contained altered cuticular polyester
(Bessire et al., 2007).

Alteration of the Cuticular Layer Structure and
Accumulation of Intracellular Vesicles and
Plastoglobules in the Itpg1 Mutant

The observed alteration of the cuticular lipid com-
position in the Itpg]l mutant prompted us to evaluate
the ultrastructure of lfpg] mutants. Briefly, the wild-
type and ltpgl mutant stems and leaves were fixed and
embedded in LR White Resin. Thin sections were then
stained and examined with a transmission electron
microscope. Protrusions of the cytoplasm into the
vacuole were observed in the stem and leaf epidermal
cells of the [tpg]1 mutant (Fig. 7, A-D). Interestingly, the
grana and stroma lamellae were disorganized and
the size and number of plastoglobules were higher in
the chloroplasts of the stem cortex of the l/fpg] mutant
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(Fig. 7, E-G). A similar observation was also detected
in the ultrastructure of epidermis and mesophyll cells
of Itpgl mutant leaves. Many unidentified darkly
stained deposits or vesicles were detected in the cyto-
sol or vacuoles of the epidermis and mesophyll cells of
the ltpg1 mutant (Fig. 7, H-J). When the cuticle layer of
the stem epidermis was magnified, the wild-type
cuticle was found to be thin and continuously electron
dense, whereas the mutant cuticle was disorganized
and more diffuse (Fig. 7, K-L).

The Itpgl Mutant Showed Increased Susceptibility to the
Fungal Pathogen Alternaria brassicicola

Because alteration of the ultrastructure of leaf epi-
dermis and mesophyll cells was observed in the Itpg]
mutant, it was further evaluated to determine if its
responses to infection by the necrotrophic fungus
Alternaria brassicicola were altered. To accomplish
this, ecotype Columbia (Col-0) was used as a natural
wild-type ecotype that was resistant to A. brassicicola.
When the leaves of Arabidopsis are inoculated with
fungal spores, the spores begin to germinate and form
appressoria and mycelia (hyphal network), which then
penetrate the host and eventually colonize the tissue
(McRoberts and Lennard, 1996). As shown in Figure
8A, inoculation of Col-0 with A. brassicicola resulted in
the formation of small brown necrotic lesions. Con-
versely, the Itpgl plants developed broad, spreading
lesions upon inoculation. Lactophenol-aniline blue
staining revealed that those spreading lesions were
heavily colonized by fungal hyphae (Fig. 8B).

DISCUSSION

It was earlier suggested that plant LTPs are in-
volved in intracellular lipid transport from the chlo-
roplast to the ER and vice versa; however, the
presence of a signal sequence in all members of this
family led to later hypotheses that these abundant
proteins may participate in the transport of cuticular
lipids (wax or cutin monomers) from the plasma
membrane to the cell surface through the hydrophilic
cell wall matrix (Somerville et al., 2000). In this study,
we identified a novel GPIl-anchored LTP, LTPGI,
which contributed to cuticular lipid accumulation
based on the following evidence. (1) The LTPGI gene
is expressed in the epidermis, where cuticular lipid
biosynthesis may occur exclusively. (2) The LTPG1
protein is located to the plasma membrane. (3) Dis-
ruption of the LTPG1 gene causes alteration in the
cuticular lipid composition, accumulation of uniden-
tified intracellular vesicles, alteration of the cuticular
layer structure, and an increase in the size and num-
ber of plastoglobules. (4) The Itpg]l knockout mutant
showed increased susceptibility to the fungal patho-
gen A. brassicicola.

Arabidopsis epidermal microarray analysis identi-
fied seven LTPs that may be involved in the transport

Plant Physiol. Vol. 150, 2009



GPI-Anchored LTP Contributed to Cuticular Lipid Accumulation

Ay .
= 40 FEIWT
= 15 | M lpgl
2 o [ O lwg/LTPGI A
g
— 25}
£ 20 i
= ~
z 14T
2 12}
g 10
@ 8r )
£ 6
2 3 il T
e 2 * *
0 Eh:l&:uh:l Ifij C— | —
C24 C26 C28 - C28 C30 Cc27 C29 (31 C24 C26 C28 C30 Cc29
Fatty Acids Aldehydes Alkanes Primary Alcohols ‘st.u)nd ary Ketone
dza Alcohol
Wax composmon in stems
B 40
= 35| LIWT
= W ipel *
@ 30 F
g 25t ¥
£ sl s A
R
E 10
S !l
o 6
£ 4
g 2| %
m_ch caCm y
oM [ N | [ I =t
€24 C26  C28 Cc28 €30 €27 C29 C31 C24 C26 C28 C30 c29 €29
Fatty Acids Aldehydes Alkanes Primary Alcohols Secondary Ketone
, PO, Alcohol
Wax composition in siliques
C 45—
Browr
— 40 |
= 35| W lpgl
w
2 30t
E 25}
= 20 i
'g I~ * o
'g 14 F
S 12p
E 10 |
> 8
= 6t
< Ii'ii
a [
0 E- ™ [ i
C24 C26 C28 C28  C30 C26 C28 €30 ( 27  C29 C31 C33
Fatty Acids Aldehydes Primary Alcohols Alkanes

Wax composition in leaves

=
tn

=

al wax amount (ug/cm?) U
o

Total wax amount (ug/cm?)
=

=

WT lipgl ltpgl ’ WT lipgl
/LTPGI

Figure 5. Cuticular wax composition (A-C) and amount (D and E) of the wild type (WT; white bars), the ltpgT mutant (black bars),
and ltpg1 complemented with the LTPG1 genomic DNA (gray bars). Cuticular waxes were extracted from stems (A and D), si-
liques (B), and leaves (C and E) of 5- to 6-week-old Arabidopsis plants. Each value is the mean of six independent measurements =
se. Asterisks denote statistical differences with respect to the wild-type (* P < 0.05, ** P < 0.01).

of wax and/or cutin monomers (Suh et al., 2005). One
of these LTPs (At1g27950; LTPG1) was identified as a
GPlI-anchored protein by the following evidence. The
LTP protein was found to be dissolved in the hydro-
philic aqueous phase released from the Triton X-114
detergent-rich fraction of Arabidopsis callus cells

Plant Physiol. Vol. 150, 2009

upon cleavage of the GPI anchor with phosphatidyl-
inositol-specific phospholipase C (Borner et al., 2003).
The same result was reported when proteomic analy-
sis of the Arabidopsis plasma membrane fractions was
conducted by treating the samples with phospholipase
D, which cleaves the anchor of the GPI-anchored
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Figure 6. Cutin monomer composition (A and B) and amount (C and D) of the wild type (WT; white bars) and the /tpgT mutant
(black bars). Cutin monomers were extracted from stems (A and C) and leaves (B and D) of 5- to 6-week-old Arabidopsis plants.
Each value is the mean of three independent measurements = se. Asterisks denote statistical differences with respect to the wild-

type (* P < 0.05).

proteins (Elortza et al., 2006). The results in Figure 3
confirm that LTPG1 is among the GPI proteins an-
chored to the plasma membrane. In previous studies,
mutations in the anchor-attachment site or in the
hydrophobic GPI-anchoring domain blocked anchor
attachment and GPI-anchored protein transport from
the ER to the Golgi compartment (Moran et al., 1991;
Nuoffer et al., 1993). These results suggest that GPI
anchoring is required for exit from the ER. Therefore,
GPI anchoring of LTPG1 was evaluated to determine if
it is essential for localization of the plasma membrane.
Consistent with the results of previous studies, fluo-
rescent signals from protoplasts transformed with
LTPG1A48:RFP were restricted to the ER (Fig. 3, E-H),
which demonstrates that GPI anchoring of the LTPG1
protein act as an ER exit signal.

GPl-anchored proteins share common structural
features such as the absence of transmembrane do-
mains, the presence of a cleavable N-terminal hydro-
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phobic secretion signal (8-20 hydrophobic amino acid
residues), and the presence of a hydrophilic spacer
region that precedes the hydrophobic region in the C
terminus. During posttranslational modification of
GPI-anchored proteins in the lumen of the ER, a
transamidase recognizes and cleaves the C-terminal
hydrophobic region at the omega site. An amide
linkage between the ethanolamine of the GPI anchor
and the newly generated carboxyl group at the end of
the cleaved protein precursor is then created (Udenfriend
and Kodukula, 1995; Elortza et al., 2006). As shown in
Figure 1, B and C, the LTPGI1 protein harbors common
structural features of the GPl-anchored proteins,
which include the following: (1) an N-terminal secre-
tion domain (amino acid residues 1-22); (2) a hydro-
philic spacer region (amino acid residues 162-167);
and (3) hydrophobic residues (168-191) at the C ter-
minal end. In the LTPG1 protein, the Ala at residue 161
was predicted to be the most likely omega cleavage
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Figure 7. Transmission electron micrographs of wild-type and ltpg7 mutant plants. A and B, Stem epidermal cells of the wild type
(A) and the ItpgT mutant (B). C and D, Leaf epidermal cells of the wild type (C) and the ltpg? mutant (D). E and F, Stem cortex
chloroplasts of the wild type (E) and the ltpg7 mutant (F). G, High-magnification image of F. H and I, Leaf mesophyll cell
chloroplasts of the wild type (H) and the /tpgT mutant (1). J, High-magnification image of (I). K and L, Cuticle layers of the wild
type (K) and the ItpgT mutant (L). Transmission electron microscopy analysis was repeated three times. ch, Chloroplast; cu,
cuticle; cw, cell wall; m, mitochondrion; pg, plastoglobule; sg, starch granule. Bars =2 um (A-C), 1 um (D, H, and 1), 0.5 um (E
and)), and 0.2 um (F, G, K, and L).

site (Borner et al.,, 2003). However, the fluorescent
signal was detected when EYFP was integrated be-
tween residues 162 and 163 (Fig. 3C), which indicates
that the Ala at residue 163 or the Asp at residue 165
may be the omega cleavage site. Further study is
necessary to determine if the GPI core structure of the
LTPG1 is modified by the addition of extra sugars or
ethanolamine phosphates, acylation of the inositol
ring, changes in the fatty acids (length, saturation,
and hydroxylation), or the exchange of lipid backbone
diacylglycerol with ceramide.

According to the genomic and proteomic analyses,
Arabidopsis harbors at least 26 LTPs with N- or
C-terminal signal peptides that correspond to the
GPI-anchored motif (Borner et al.,, 2003). However,
only one of these LTPs (AtXYP1; At5g64080) has been
identified to date. The AtXYP1 protein, which harbors
both arabinogalactan protein and nonspecific LTP
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properties, is known to be involved in the differenti-
ation of vascular tissue (Motose et al., 2004). In this
study, an additional GPI-anchored LTP was investi-
gated by characterization of an /tpg1 knockout mutant.
Disruption of the LTPGI1 gene was found to cause
alterations of the cuticular lipid composition and
cuticular layer structure and accumulation of intracel-
lular vesicles (Figs. 5-7). Similar results except total
wax or cutin monomer loads were observed in Arabi-
dopsis mutants, which are deficient in the plasma
membrane-localized ABC transporters CER5 and
ABCG11/WBC11 (Pighin et al., 2004; Bird et al,
2007). Arabidopsis cer5 mutants were found to have
reduced stem cuticular wax loads and accumulated
sheet-like inclusions in the cytoplasm of the epidermis,
which suggests that CERS5 is involved in wax export
to the plant cuticle (Pighin et al., 2004). Additionally,
Arabidopsis wbc1l knockout mutants were shown to
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Figure 8. Disease development in ltpg] mutants A
inoculated with A. brassicicola. At 3 d after inocula-
tion (DAI), necrotic lesion phenotypes (A) and ne-
crotic lesions (B) stained with lactophenol-aniline
blue were visualized with a light microscope (L2;
Leica). WT, Wild type.

have lipidic inclusions inside epidermal cells and
greatly reduced levels of wax and cutin, which indi-
cates that ABCG11/WBCI11 may function in cutin
formation as well as in the secretion of surface waxes
(Bird et al., 2007).

The LTPGI1 protein harbors the LTP domain, which
contains eight highly conserved Cys residues. These
Cys residues are involved in the formation of disulfide
bonds, which are essential for the lipid-binding prop-
erty of LTPs. Plant LTPs are able to transfer phospho-
lipids, galactolipids, fatty acids, and acyl-CoAs in vitro
(Kader, 1996). In addition, the xylogen ZeXYP1 har-
boring a nonspecific LTP domain purified from a
Zinnia elegans cell culture was reported to bind specif-
ically with stigmasterol (Motose et al., 2004). In vitro
assays showed that recombinant LTPG1 has lipid-
binding capacity (the fluorescent lipophilic probe
2-p-toluidinonaphthalene-6-sulfonate; L. Samuels, per-
sonal communication). These findings raise two ques-
tions regarding the role of LTPG1, which contributes to
the cuticular lipid accumulation. First, it is important to
determine if the LTPG1 plays a role in the transport of
specific lipids or fatty acids. In this study, significant
reduction of the C29 alkane was observed in the wax
composition of /tpg] in the stem and siliques (Fig. 5, A
and B). Therefore, further investigation is necessary to
determine if LTPG1 located on the plasma membrane
facilitates the export of wax precursor molecules by
either association with ABC transporters such as CER5
and WBC11 (Pighin et al., 2004; Bird et al., 2007) or
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other unknown mechanisms. Second, it would be
interesting to determine if LTPGI is indirectly associ-
ated with vesicles containing the lipid molecules that
are transported. It is believed that wax precursor
molecules are exported by a vesicular pathway from
the ER to the plant surface (Kunst and Samuels, 2003);
therefore, LTPG1 may be involved in vesicle traffick-
ing or export.

One interesting phenotype of the lfpg] mutant was
the accumulation of plastoglobules in the chloroplasts
of the stem cortex and leaf mesophyll cells (Fig. 7).
This result was supported by the expression of LTPG1
in cortex and mesophyll cells (Fig. 3). However, these
phenomena were not observed in the Arabidopsis cerd
and wbcll mutants, which were deficient in cuticular
lipid export. Plastoglobules are lipid bodies formed as
a result of a “blistering” of the stroma-side leaflet of
the thylakoid membrane (Yao et al., 1991; Austin et al.,
2006). The size and number of plastoglobules change
during plastid development and differentiation as
well as under stress conditions. Especially, the size
and number of plastoglobules increases during up-
regulation of the plastid lipid metabolism in response
to light or oxidative stresses and during senescence
(Austin et al., 2006; Bréhélin et al., 2007). Therefore, the
accumulation of plastoglobules in the lfpg] mutant as
versatile lipid sinks likely occurs via abnormal wax or
cutin monomer deposition. However, this phenome-
non could also occur in response to exposure to
continuous environmental stresses during the growth
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and development of the /fpg] mutants with impaired
cuticle layers (Figs. 5-7).

As shown in Figure 7, alteration of the cuticular
layer structure was observed in the lfpg]l mutants. In
addition, the /tpgl mutants showed increased suscep-
tibility to the nonhost fungal pathogen A. brassicicola
(Fig. 8). These results are consistent with similar
observations on the Arabidopsis gpat4/gpat8 mutant
lacking glycerol-3-phosphate acyltransferase (GPAT4
and GPATS) activity, which is essential for cutin bio-
synthesis (Li et al., 2007). It has been reported that Ser
esterases with cutinolytic activities were only ex-
pressed during initial contact between A. brassicicola
conidia and cutin on host surfaces that did not contain
wax (Fan and Koller, 1998), which also supports our
observations. Taken together, the current findings and
the results of previously conducted studies suggest
that formation of a normal cuticle layer is essential to
prevent plants from being attacked by pathogens. In
addition, it was reported that putative LTP is involved
in long-distance signaling during acquisition of sys-
temic acquired resistance in Arabidopsis (Maldonado
et al., 2002). To identify a role of LTPGI in defense
signaling to the infection of pathogens, the bacterial
pathogen Pseudomonas syringae was inoculated on the
leaves of wild-type and Itpgl plants. No significant
differences for necrotic lesion phenotypes and bacte-
rial growth were observed (data not shown), suggest-
ing that LTPG1 may not be involved in the plant
defense response. However, it could not be excluded
that LTPG1 probably functions in lipid signaling for
plant defense against fungal pathogen attack.

Overall, characterization of the T-DNA-inserted
Itpg1 mutants has provided evidence that plant GPI-
anchored LTP is a novel protein that contributes to
cuticular lipid accumulation either directly or indi-
rectly. It is expected that the results presented here will
provide direction for future studies conducted to
elucidate the mechanism by which intracellular lipids
are exported to the surfaces of plants for cuticle
biosynthesis.

MATERIALS AND METHODS
Plant Materials

Arabidopsis (Arabidopsis thaliana Col-0) was grown in the Arabidopsis
room under a 16-h-light/8-h dark cycle. Seeds were sterilized in 70% (v/v)
ethanol for 1 min and then in 20% (v/v) bleach for 5 min, after which they
were rinsed with sterilized water. The sterilized seeds were then aseptically
germinated on 0.8% (w/v) half-strength MS agar medium supplemented with
1% (w/v) Suc. To induce abiotic stresses and apply the stress hormone ABA,
10-d-old seedlings were incubated in MS liquid medium supplemented with
1 um ABA, 20% (w/v) polyethylene glycol, 200 mm NaCl, or 200 mmM mannitol
for 6 h.

Genetic Analysis

Crosses were performed by emasculating the unopened buds and using
the pistils as recipients for pollen. The homozygous Ifpg]l mutant was
reciprocally crossed with wild-type Col-0 plants. After harvesting, the crossed
seeds were grown until the F2 seeds were harvested. Because the /tpg] mutant
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is resistant to phosphinothricin, genetic segregation of F2 seeds was con-
ducted by germinating the seeds on half-strength MS agar medium supple-
mented with 4 ug mL ™" (w/v) phosphinothricin.

RNA Isolation, RT-PCR Analysis, and Real-Time
RT-PCR Analysis

Total RNA was isolated from various Arabidopsis tissues using TRIzol
reagent (Sigma) according to the manufacturer’s instructions. RT was con-
ducted following the manufacturer’s protocols (Invitrogen). PCR was then
performed using the gene-specific primers shown in Supplemental Table S2.
For the quantitative analysis of RNA transcripts by real-time RT-PCR, the
transcript levels in stem and epidermis were determined in the Rotor-Gene
2000 real-time thermal cycling system (Corbett Research) using the QuantiTect
SYBR Green RT-PCR kit (Qiagen) as described previously.

Construction of Binary Vectors and
Arabidopsis Transformation

For isolation of the 5" flanking regions of the LTPGI gene, chromosomal
DNA was isolated from 10-d-old Arabidopsis seedlings using the method
described by Weigel and Glazebrook (2002). Approximately 2.2 kb of the 5’
flanking region of the LTPGI gene was then amplified by PCR using the
LTPG1 GUS F1/LTPG1 GUS R1 primers. The isolated 5’ flanking regions of
the LTPGI gene were then digested using the Xbal/Smal restriction enzymes,
after which they were ligated into the Xbal/Smal-digested pBI101 vector
(Jefferson et al., 1987).

For complementation of the atltpg-1 mutants, LTPGI genomic DNAs
(approximately 3.8 kb) covering promoter, coding, and noncoding regions
of the LTPG1 gene were amplified by PCR using the LTPG1 GUS F1/LTPG1 R3
primers. The Xbal/Smal-digested genomic DNA fragments were cloned into
Xbal/Smal-digested pBIN19 vector (Bevan, 1984).

The constructed binary vectors were transformed into Agrobacterium
tumefaciens strain GV3101 via the freeze-thaw method (An, 1987). The
Arabidopsis wild-type Col-0 was then transformed using the vacuum infil-
tration method described by Bechtold et al. (1993). Seeds that had been bulk
harvested from each pot were then sterilized and germinated on half-strength
MS agar medium supplemented with 50 ug mL~" (w/v) kanamycin. T1 or T2
seedlings that survived were subsequently transferred to soil and used for
further analyses.

Histochemical Analysis of GUS

Histochemical analysis of GUS activity was conducted using the method
described by Jefferson et al. (1987). Briefly, developing siliques, leaves,
caulines, flowers, stems, and roots were hand cut with a sharp razor and
then incubated immediately in GUS staining buffer (100 mm sodium phos-
phate, pH 7.0, 1 mm 5-bromo-4-chloro-3-indolyl-B-p-glucuronide, 0.5 mm
potassium ferrocyanide, 0.5 mm potassium ferricyanide, 10 mm Na,EDTA, and
0.1% [v/v] Triton X-100) for 16 h at 37°C. The stained tissues were then rinsed
with a graded ethanol series until pigments such as chlorophyll had been
completely cleared. Next, the images were photographed using a Leica L2
microscope. To visualize the cross-sections of stems and leaves, dehydrated
samples were embedded in acrylic resin (LR White Resin; London Resin
Company) and then sliced into 2-mm sections using an ultramicrotome
(Research Manufacturing Company). The tissue sections were then observed
with a light microscope (L2; Leica).

Ultrastructure Analysis Using Transmission
Electron Microscopy

The upper parts of 10-cm-long stems and leaves of 4- to 5-week-old plants
were used for transmission electron microscopy analysis. Arabidopsis wild-
type and Itpgl stems and leaves were fixed in a solution containing 2.5%
glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
at 4°C for 4 h. They were then rinsed in 0.1 M phosphate buffer (pH 7.4) and
further fixed in 1% (w/v) OsO, for 4 h at 4°C. After rinsing with 0.1 m
phosphate buffer, the samples were dehydrated and embedded in LR White
Resin (London Resin Company). Thin sections (50 to 60 nm thick) were then
prepared with an ultramicrotome (RMC MT X) and collected on nickel grids
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(1-GN, 150 mesh). Next, these sections were stained with uranyl acetate and
lead citrate and examined with a transmission electron microscope (Philips;
Tecnai 12).

Wax Analysis

The cuticular waxes were extracted by immersing 10-cm inflorescence
stems or leaves in 5 mL of chloroform at room temperature for 30 s.
n-Octacosane, docosanoic acid, and 1-tricosanol were added as internal stan-
dards. The solvent was then removed by heating the sample to 40°C under a
gentle stream of nitrogen. The remaining wax mixtures were treated with bis-
N,N-(trimethylsilyl)trifluoroacetamide (Sigma) in pyridine (20 min at 100°C)
to transform all of the hydroxyl-containing compounds into their correspond-
ing trimethylsilyl derivatives. The qualitative composition was then evaluated
by capillary GC-MS (GCMS-QP2010; Shimazu; column, 60 m HP-5, 0.32 mm
i.d., film thickness = 0.25 um; Agilent) using a helium carrier gas inlet pressure
of .0 mL min ' and a mass spectrometric detector (GCMS-QP2010; Shimazu).
The GC-MS protocol was as follows: injection at 220°C, maintenance of the
temperature at 220°C for 4.5 min followed by an increase to 290°C at a rate of
3°C min~'. The temperature was then maintained at 290°C for 10 min, after
which it was raised to 300°C at a rate of 2°C min ' and held for 10 min.
Quantitative analysis of the mixtures was performed using capillary GC with
a flame ionization detector under the same GC conditions described above.
Single compounds were quantified against the internal standard by automat-
ically integrating the peak areas.

Polyester Analysis

Twenty- to 25-cm-long primary stems and leaves of 5- to 6-week-old
Arabidopsis plants were used for each replicate. The analysis of the polyesters
was conducted using the method described by Bonaventure et al. (2004).
Internal standards were methyl heptadecanoate and w-pentadecalactone
(Sigma). Polyesters from dried solvent-extracted residues of stems and leaves
were depolymerized by hydrogenolysis with methanolysis with NaOCHj.
The products recovered after hydrogenolysis were separated and quantified
by GC-MS. The GC-MS protocol was as follows: injection at 110°C, raised by
2.5°C min~! to 300°C, and held for 3 min at 300°C.

Fungal Pathogen Treatments

Inoculation with Alternaria brassicicola was conducted by applying a 10-uL
drop of spore suspension (1 X 10° spores mL™") to each leaf of 4-week-old
plants. For microscopic analyses, the lesions and fungal hyphae were visu-
alized by staining the infected leaves using a previously described method
(Kumar et al., 2004). Leaves were detached 3 d after inoculation and then
stained with lactophenol-aniline blue. Lactophenol was prepared by mixing
phenol:acetic acid:distilled water:glycerol (1:1:1:2, v/v/v/v). Aniline blue
(0.1%, w/v) and lactophenol were then mixed at a ratio of 1:3 (Koch and
Slusarenko, 1990). The stained samples were mounted in 60% glycerol and
examined using a light microscope (L2; Leica).

EYFP Tagging and Subcellular Localization of LTPG1

EYFP was amplified by PCR using the p35S-EYFP-Flag/Strep plasmid as a
template and the YFP-F1/YFP-R1 primers. The full-length LTPG1 cDNA was
used to amplify the LTPG1 ¢cDNA1 and LTPG1 cDNA2 fragments using the
LTPG1 ¢cDNA F2/LTPG1 P1 and LTPG1 P2/LTPG1 ¢cDNA R2 primers,
respectively. A triple template PCR was then performed to produce an
LTPG1 cDNA with the EYFP following the method described by Tian et al.
(2004). The triple template PCR products were digested with Smal/BamHI
enzymes and ligated into Smal/BamHI-digested p35S-EYFP-Flag/Strep
plasmid.

The constructed plasmids were purified using a Qiagen Plasmid Maxi kit.
Protoplasts were prepared from Arabidopsis mesophyll cells and transformed
with the purified plasmid DNA by polyethylene glycol-mediated protoplast
transformation as described previously (Abel and Theologis, 1998). The
transformed protoplasts were then incubated for 18 h in darkness at room
temperature, after which the fluorescence was observed using a Nikon Eclipse
TE2000-U microscope.
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For transient expression in tobacco (Nicotiana tabacum ‘Xanthi’) leaf epi-
dermis, the abaxial side of tobacco leaves was injected with Agrobacterium
strain GV3101 harboring the LTPGI:EYFP plasmid using a 1-mL syringe
without a needle (Sparkes et al., 2006). Transient expression was examined to
epidermis at the lower surface of the leaves. YFP fluorescence was examined
48 to 60 h after injection. YFP fluorescence and propidium iodide fluorescence
were analyzed in a TCS SP5 AOBS/Tandem laser confocal scanning micro-
scope (Leica) with excitation at 458, 561, 594, and 633 nm produced by an
argon/diode-pumped solid-state/helium-neon ion laser.

Supplemental Data

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

Supplemental Figure S1. Expression of the LTPGI transcripts in various
tissues (A) and 10-d-old seedlings after exogenous applications of
abiotic stresses and the stress hormone ABA (B).

Supplemental Figure S2. Complementation of the Ifpgl mutants by
introduction of the LTPG1 genomic clone.

Supplemental Table S1. Phosphinothricin resistance of F2 progeny of the
Itpg1 heterozygotes (F1), which were generated by crossing the Itpgl
mutant with the wild type.

Supplemental Table S2. Oligonucleotide sequences used in this study.
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