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Nonspecific lipid transfer proteins (LTPs) from plants are char-
acterized by their ability to stimulate phospholipid transfer be-
tween membranes in vitro. However, because these proteins are
generally located outside of the plasma membrane, it is unlikely
that they have a similar role in vivo. As a step toward identifying
the function of these proteins, one of several LTP genes from
Arabidopsis has been cloned and the expression pattern of the
gene has been examined by analysis of the tissue specificity of 8-
glucuronidase (GUS) activity in transgenic plants containing LTP
promoter-GUS fusions and by in situ mRNA l[ocalization. The LTP1
promoter was active early in development in protoderm cells of
embryos, vascular tissues, lignified tips of cotyledons, shoot mer-
istem, and stipules. In adult plants, the gene was expressed in
epidermal cells of young leaves and the stem. In flowers, expression
was observed in the epidermis of all developing inflorescence and
flower organ primordia, the epidermis of the siliques and the outer
ovule wall, the stigma, petal tips, and floral nectaries of mature
flowers, and the petal/sepal abscission zone of mature siliques.
The presence of GUS activity in guard cells, lateral roots, pollen
grains, leaf vascular tissue, and internal cells of stipules and nec-
taries was not confirmed by in situ hybridizations, supporting
previous observations that suggest that the reporter gene is subject
to artifactual expression. These results are consistent with a role
for the LTP1 gene product in some aspect of secretion or deposition
of lipophilic substances in the cell walls of expanding epidermal
cells and certain secretory tissues. The LTP1 promoter region con-
tained sequences homologous to putative regulatory elements of
genes in the phenylpropanoid biosynthetic pathway, suggesting
that the expression of the LTP1 gene may be regulated by the same
or similar mechanisms as genes in the phenylpropanoid pathway.

LTPs are small, soluble, basic proteins that are character-
ized by an ability to catalyze the transfer or exchange of
lipids between membranes in vitro (reviewed in Arondel and
Kader, 1990). The plant proteins of this class have a broad
specificity for the type of lipid they will transfer in vitro, and
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LTPs from spinach and castor bean also bind fatty acids
(Rickers et al., 1985; Yamada et al., 1990). On the basis of
this in vitro activity, there has been sustained interest in the
possibility that LTPs may be involved in intracellular lipid
transport.

All known plant LTPs are synthesized with N-terminal
extensions that have the sequence characteristics of signal
peptides. In those cases where it has been tested, these signal
sequences direct the cotranslational insertion of the polypep-
tide into the lumen of the ER in vitro (Bernhard et al., 1991;
Madrid, 1991). It has also been shown that a maize LTP
is synthesized on membrane-bound polysomes (Tchang et
al., 1988). Since all known LTPs lack the ER retention signal
H/KDEL, they would be expected to enter the secretory
pathway. Indeed, Mundy and Rogers (1986) reported that a
barley aleurone protein, which was subsequently identified
as an LTP (Breu et al., 1989), was secreted into aleurone cell
culture medium. Similarly, Sterk et al. (1991) demonstrated
that a carrot LTP was secreted by embryogenic cell cultures.
Finally, an Arabidopsis LTP was localized to the cell wall by
immunocytochemical labeling at the ultrastructural level
(Thoma et al., 1993). Using immunocytochemical light mi-
croscopy, Sossountzov et al. (1991) have shown that a maize
LTP is localized to the periphery of epidermal cells in maize
coleoptiles and have suggested that the labeling might be
associated with the cytoplasmic face of the plasma mem-
brane. However, since light microscopy does not usually have
the ability to resolve the cell wall and plasma membrane, this
must be considered speculative. Thus, we believe that the
weight of evidence indicates that most LTPs are cell wall
proteins. A notable exception is the report that in castor bean
cotyledons LTPs are located in microbody-like organelles
(Tsuboi et al., 1992). The mechanism of this atypical localiza-
tion has not been reported.

With the mounting evidence that most plant LTPs inves-
tigated are extracellular, a possible role for these proteins in
intracellular lipid transfer seems unlikely. This raises the
question as to the biological role of these proteins. One
important observation, in this respect, is that LTPs are not
found in all cell types. A maize LTP was shown by immu-

Abbreviations: EST, expressed sequence tag (i.e. a partially se-
quenced anonymous cDNA clone); GUS, -glucuronidase; LTP, lipid
transfer protein; SSC, 10 mm sodium citrate, 150 mm NaClL



36 Thoma et al.

nocytochemical methods to be present mainly in epidermal
cells and vascular strands of coleoptiles (Sossountzov et al.,
1991). A carrot LTP gene was shown by in situ hybridization
to be expressed in the protoderm cells of embryos, the epi-
dermal cells of leaf primordia and all flower organs, and
epidermal tissues of developing seeds (Sterk et al., 1991). A
tobacco LTP was highly expressed in leaf epidermal cells and
in the shoot apical meristem (Fleming et al., 1992). Another
tobacco gene, with significant homology to LTPs, was ex-
pressed predominantly in tapetal cells (Koltunow et al., 1990).
In spinach (Bernhard et al., 1991), maize (Sossountzov et al.,
1991), carrot (Sterk et al., 1991), and tobacco (Fleming et al.,
1992), LTPs were shown by northern blot analysis to be
expressed in the aerial portions of the plant, with little or no
expression in root tissue. In Arabidopsis (Thoma et al., 1993),
western analysis showed the protein to be present predomi-
nantly in the aerial tissues of the plant. In consideration of
the known in vitro activity, the tissue specificity of gene
expression, and the extracytoplasmic location of LTPs, Sterk
et al. (1991) speculated that these proteins may play a role in
the transport of cutin monomers through the extracellular
matrix to sites of cutin formation.

Because of the potential utility of applying a genetic ap-
proach to the analysis of LTP function, we have investigated
the expression of an LTP gene in Arabidopsis by the analysis
of transgenic plants that contain an LTP gene promoter fused
to the GUS reporter gene and by in situ mRNA hybridization.
The results of these studies confirm and extend previous
investigations by other methods and provide a basis for the
interpretation of the effects of genetic alterations of LTP
expression in Arabidopsis (Thoma, 1992).

MATERIALS AND METHODS
Plant Material

The Rschew ecotype of Arabidopsis thaliana was used for
all experiments because of the high efficiency of transfor-
mation. Plants were grown under continuous fluorescent
illumination (100-150 umol m™ s™" photon flux density) at
23°C on a mixture of perlite:vermiculite:sphagnum (1:1:1)
irrigated with mineral nutrients.

Transgenic seeds were surface sterilized and germinated
on mineral salts medium containing kanamycin (50 pg/mL).
Kanamycin-resistant seedlings were transferred to potting
medium and grown as described above. Plants used for
analysis of GUS expression during seedling development
were grown on agar-solidified mineral salts medium in 100
X 20 mm Petri dishes under the same light and temperature
conditions described above.

Genetic Materials

The AGT10 ¢cDNA library was obtained from Nigel Craw-
ford (University of California, San Diego, CA). The AGEM11
library was constructed from a Sau3A partial digest of Colum-
bia wild-type DNA. The following genetic materials are avail-
able from the Arabidopsis Biological Resource Center at Ohio
State University (Columbus, OH). Plasmid pJ5-3 contains a
c¢DNA of an Arabidopsis LTP (GenBank accession number
M80566). Plasmid pUHI contains a genomic LTP1 clone
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(GenBank accession number M80567). Plasmid pWB2 con-
tains a cDNA clone of a spinach LTP ¢DNA (Bernhard et al.,
1991). The four homozygous transgenic lines LTP-GUS 1A,
1B, 1C, and 1D contain the 1150-bp LTP1 promoter fused to
GUS.

Sequence Analysis and Retrieval

Sequerice comparisons were performed using the electronic
mail BLAST servers of the National Library of Medicine.
Information on analysis and retrieval of EST sequences can
be obtained by sending the word HELP by electronic mail to
est_report@ncbi.nlm.nih.gov and blast@ncbi.nlm.nih.gov.

Isolation of LTP Clones

A cDNA clone of an Arabidopsis LTP was isolated by
probing a ¢DNA library constructed from leaf and shoot
mRNA in AGT10 with a ¢cDNA clone for a spinach LTP
{Bernhard et al., 1991). Filters were prehybridized for 4 h,
and hybridized for 16 h, at 42°C in a solution of 5X Den-
hardt’s sclution, 5% SSC, 0.1% SDS, and 0.5 ug/ul. sonicated
herring DNA. The filters were washed (for 15 min each time)
at room temperature in 4X SSC, then in 2X SSC, and finally
at 42°C in 2X SSC. The insert from the longest clone was
excised with EcoRI and cloned into the EcoRI site of
pBluescript to produce plasmid pJ5-3.

A genomic clone for an Arabidopsis LTP was isolated from
a genomic library in AGEMI11 by probing nitrocellulose
plaque lifts with the insert from pJ5-3. The filters were
prehybridized for 15 min at 65°C in a solution containing
200 mm NaCl, 20 mm sodium phosphate (pH 7.7), 2 mm
EDTA, 1% SDS, 0.5% dry milk powder, 10% dextran sulfate
and hybridized for 8 h in the same solution. The filters were
washed three times for 10 min at 65°C in a solution contain-
ing 2X SSC, 0.1% SDS and once in a solution containing
0.5x SSC, 0.5% SDS under the same conditions. A 1.9-kb
Clal fragment containing the complete coding sequence for
the Arabidopsis LTP1 gene and approximately 1 kb of the 5’
upstream region was subcloned into the corresponding site
of pBluescript KS to produce plasmid pUH1 and the sequence
was determined completely on both strands manually by the
dideoxy chain-termination method.

Nucleic Acid Manipulations

Unless specified otherwise, nucleic acid maripulations
were carried out as described by Sambrook et al. (1989). DNA
was extracted from leaves of Arabidopsis as described by
Rogers and Bendich (1988). For Southern analysis, DNA was
restricted, resolved by electrophoresis through 0.8% agarose
(1.7 ug/lane), and transferred to a nylon membrane (Hybond
N*, Amersham). The membrane was prehybridized for 3 h
at 65°C in a solution containing 4X SET (3 M NaCl, 0.6 M
Tris-HCI, pH 7.4, 40 mm EDTA), 0.1% Na,P.0,, 0.2% SDS,
0.1% heparin. Hybridization was carried out for 12 h at 65°C
in a solution containing 4X SET, 0.1% NasP.0O,, 0.2% SDS,
10% dextran sulfate, and an Arabidopsis LTP gene fragment
labeled with [a-*’P]dCTP by random priming. The mem-
branes were washed for 15 min each time, first at 65°C in
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2% SSC, 0.1% SDS, then at 65°C in 1X SSC, 0.1% SDS, and
finally at 65°C in 0.1x SSC, 0.1% SDS.

Construction of Promoter-Fusion Constructs

Synthetic oligonucleotides homologous to portions of the
5’ untranslated regions of the genomic clone were used as
primers to amplify an 1150-bp promoter fragment by PCR.
The downstream primer (U19), which introduced a unique
HindIll site, was ACCAAAGGATCCATATTGATCTCTTA-
GGTA. The upstream primer (U20), which introduced a
unique BamHI site, was ACCAAAAAGCTTAATCTCAAA-
ACCAAAGTC. The amplified product was digested with
BamHl and HindlIll and subcloned into the corresponding
sites of the binary Ti plasmid pBI101 (Clontech, Palo Alto,
CA), which contains a promoterless GUS gene (Jefferson et
al., 1987).

Production of Transgenic Plants

The promoter-GUS fusion constructs were transformed
into Agrobacterium tumefaciens C58 (pGV3850) by electro-
poration and selected for resistance to kanamycin (50 ug/
mL). Arabidopsis was transformed as described by Valvekens
et al. (1988). Transgenic plants that expressed GUS activity
were identified by enzyme assay. Leaves from transgenic
plants were homogenized in 50 mm NaPO, (pH 7.0), 1 mM
EDTA, 0.1% Triton X-100, 0.7% B-mercaptoethanol, and 1
mM 5-bromo-4-chloro-3-indolyl-g-p-glucuronide and incu-
bated at 37°C. The samples were checked visually for ap-
pearance of blue color.

Histochemical Localization of GUS Activity

Tissue sections were placed in 100 mm NaPO, (pH 7.0), 1
mM spermidine, vacuum infiltrated for 15 min, then incu-
bated at 37°C in 0.5 M KeFCN, 0.01% Triton X-100, 50 mm
NaPO, (pH 7.0), 10 mM B-mercaptoethanol, 1 mm EDTA, 2
mMm 5-bromo-4-chloro-3-indolyl-8-p-glucuronide, until a
blue color appeared (usually after 5 h). Following incubation
with the substrate, dehydration and embedding were carried
out essentially as described by De Block and Debrouwer
(1992), except that the activator concentration in the embed-
ding step was decreased from 0.8 to 0.6%. Eight-micrometer
sections were cut with a dry glass knife, and sections were
flattened on a drop of water. Sections were viewed using
bright-field microscopy on a Zeiss Axiophot microscope.

In Situ mRNA Hybridizations

In situ mRNA hybridizations were carried out essentially
as described by Cox and Goldberg (1988). To facilitate hand-
ling, seedlings were placed in 1% low-melting agarose at
40°C prior to fixation and embedding. **S-labeled antisense
and sense (control) RNA probes were transcribed from pJ5-
3 using either the T7 (sense) or the T3 (antisense) promoter.
Hybridization was carried out for 16 h at 42°C in a solution
containing 0.3 M NaCl, 50% (v/v) formamide. Sections were
then washed in 4x SSC at 37°C, treated with 50 ug mL™
RNAse A in 0.5 M NaCl at 37°C, and finally washed in 2X
SSC at room temperature. Slides were coated with Kodak

NTB2 nuclear emulsion, exposed for 1 to 3 weeks at 4°C,
and developed with Kodak D19 developer. Sections were
stained with toluidine blue and photographed with a Nikon
Optiphot-2 microscope equipped with dark-field and epipo-
larization optics.

RESULTS
An Arabidopsis LTP cDNA Clone

Several dozen LTP ¢cDNA clones were isolated by probing
an Arabidopsis cDNA library with a spinach LTP cDNA clone.
All of the clones cross-hybridized with similar intensity at
high stringency (i.e. 68°C in 5X SSC) and, therefore, ap-
peared to represent the products of a single gene that we
designated LTP1. The cDNA from the clone with the longest
insert was subcloned to produce plasmid pJ5-3 and the
nucleotide sequence of the 590-bp insert was determined.
The deduced amino acid sequence of the open reading frame
encoded a polypeptide of 110 amino acid residues that exhib-
ited high homology to the spinach LTP (Fig. 1), the most
intensively studied plant LTP at the biochemical level (Kader
et al., 1984; Arondel and Kader, 1990). The deduced amino
acid sequence of the Arabidopsis cDNA contained 10 fewer
amino acid residues than the spinach protein at the amino
terminus, raising the possibility that the cDNA clone was not
full length. However, the corresponding genomic clone
lacked an in-frame ATG codon in the 60 bp of upstream
sequence (Fig. 2). There was very low homology between the
spinach and Arabidopsis proteins in the region of the signal
peptide. However, the sequence of the putative mature pep-
tide was 54% identical to the spinach LTP sequence, and this
increased to 68% when conservative amino acid substitutions
were considered. The Arabidopsis LTP1 contained the eight
conserved Cys residues that are characteristic of this family
of proteins. Thus, the Arabidopsis LTP1 gene product has a
typical primary structure for this class of proteins.

Characterization of a Genomic Clone

A genomic clone was isolated by using the LTP1 ¢cDNA
clone as a hybridization probe. A 1948-bp fragment, which
included 1237 bp upstream from the putative translation

-20
spinach MASSAVIKLA
Arabidopsis

1 10
Spinach G
Arabidopsis A
3
G

1 40
Spinach IKALNAAAATTPDRK
#ES I

Arabidopsis

Spinach
Arabidopsis

Spinach
Arabidopsis

Figure 1. Comparison of the deduced amino acid sequences of the
Arabidopsis LTP1 gene product and a spinach LTP. The spinach
sequence was from Bernhard et al. (1991). Shaded boxes represent
identical amino acids, and gaps are indicated by hyphens (-).
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CTGATACTACGTGATTACAGTTGGGAAGTATCAAGTAAACAACATTTTGTTTTTGTTTGA 60
TATCGGGAATCTCAAAACCAAAGTCCACACTAGTTTTTGGACTATATAATGATAAAAGTC 120
AGATATC;gﬁgAATACTAGTTGATCAGTATATTCGAAAACATGACTYTCCAAATGTAAGT 180
TATTTACTTTTTTTTTGCTATTATAATTAAGATCAATAAAAATGTCTAAGTTTTARATCT 240
TTATCATTATATCCAAACAATCATAATCTTATTGTTAATCTCTCATCAACACACAGTTTT 300
TAAAATAAATTAATTACCCTTTGCATGATACCGAAGAGAAACGAATTCGTTCAAATAATT 360
TTATAACAGGAAATAAAATAGATAACCGAAATAAACGATAGAATGATTTCTTAGTACTAA 420
CTCTTAACAACAGTTTTATTTAAATGACT TTTGTAAAAAAAACAAAGTTAACTTATACAC 480
GTACACGTGTCGAAAATATTATTGACAATGGATAGCATGATTCTTATTAGAGTCATGTAA 540
AAGATAAACACATGCAAATATATATATGAATAATATGTTGTTAAGATAAACTAGACGATT 600
AGAATATATAGCACATCTATAGTTTGTAAAATAACTATTTCTCAACTAGACTTAAGTCTT 660
CGAAATACATAAATAAACAAAACTATAAAAAT TCAGAAAAAAACATGAGAGTACGTTAGT 720
AAAATGTATTTTTTTGGTAARATAATCACTTTTCATCAGGTCTTTTGTAAAGCAGTTTTC 780

ATGTTAGATAAACGAGATTTTAATTTTTTTTAAAAAAAGAAGTARACTAACTATGTTCCT 840

ATCTA {TTTTGAACAATTACAAAACAACAATGAAATGCAAAGAAGACGTA 900
GGGCACTGTCACACTACAATACGATTAATAAATGTATTTTGGTCGAATTAATAACTTTCC 960

ATACGATAAAGT TGAATTAACATGTCAAACAARAGAGATGAGTGGTCCTATACATAGTTA 1020

GGAATTAGGAACCTCTAAATTAAATGAG {TACTCCTTCCCTCTATAAT

-

080

CTATCGCATTCACACCACATAACATA

*

‘TATATAACACTCACTCCCCAA 1140
ity 8

ACTCTCTTCATCATCCATCACTACACACATCTCCTATTGC AAAACACTAC 1200

CTAAGAGATCAATATGGCTGGAGTGATGAAGT TGGCATGCTTGCTCTTGGCCTGCATGAT 1260
V19 M L AL G L HD 8

TGTGGCCGGTCCAATACATCGAACGCTGCGCTAAGCTGTGGCTCAGTTAACAGCTCCAAC 1320
C G R S NT S NAALSCGSVASS SN 28

TTGGCAGCGTGCATTGGCTACGTGCTCCAAGGTGGTGTCATTCCCCCAGCGTGTTGCTCC 1380
LAACI GYVLQG6GVIPPACTCS 48

GGCGTTAAAAACCT CAACAGCATAGCCAAGACGACCCCAGACCGTCAGCAAGCTTGCAAT 1440
G VX NLNSTIAKTTZPDURGQ@QATCN 68

TGCATTCAAGGTGCCGCTAGAGCCTTAGGCTCTGGTCTCAACGCTGGCCGTGCAGCTGGA 1500
C 1 @ GAARALGSGLNAGRAAG 88

ATTCCTAAGGCATGTGGAGTCAATATTCCTTACAAAATCAGCACCAGCACCAACTGCAAA 1560
I1 PKACGVNTITPYKTISTSTNTCTK 108

ACgtatgttaatctctctcactctctcagatattaagctataatttgtttcttttgggtt 1620
T 109

asatattcgasaggttatattaacggtgttatattaatttgtatatatgtggttgcagCG 1680

TGAGGTGATGAGCTAGCAACGGTGAGATGATGCTACTACCGGAAGTTTCGAATCCTTATT 1740
vV R m

ATATAATGGATGAGATTAATATTAAATAAGATGTTCGAATGGTTTGTTTTTAGAGTTTTT 1300

AATTTCTTGTCTTTTTCTATTGTGGTGTTCTTGTTATATGGGTTTGTCTGTACTATGTTC

-

860
GCAGGCAACAACGTTATATGAAATTTCAGAGTACTTGAAGTTTAAGTTTTTCTATATCTT 1920

ACTTATTAAATCTTGCATTAGTTTAATCGAT

Figure 2. Sequence of the LTP1 genomic region. The deduced
amino acid sequence is shown below the nucleotide sequence.
The putative signal peptide is underlined. The intron is shown in
lowercase letters. A putative TATA box is indicated with a double
underline, and an asterisk (x) above the sequence marks the puta-
tive transcription start site. Sequence elements corresponding to
phenylpropanoid promoters are indicated by shaded and num-
bered boxes. The extent of the region used for the LTP1 promoter-
GUS fusion is marked below the sequence with arrows.
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initiation codon and 266 bp of the 3’ untranslated region,
was sequenced (Fig. 2). Comparison of the nucleotide se-
quences of the cDNA and genomic clones indicated that the
coding region of the genomic clone was interrupted by a 115-
bp intron at the same location as in tobacco and barley
(Linnestad et al., 1991; Fleming et al., 1992). A putative
TATA box, with 75% homology to the consernsus TATA
sequence T(G/C)TATA(T/A)A, was found 111 bp from the
first in-frame ATG codon (Fig. 2). Comparison of the se-
quence of the 5’ region of the LTP1 gene to known transcrip-
tion start sites of plant genes (Joshi, 1987) revealed a probable
transcription initiation site at nucleotide 1157 (Fig. 2). This is
based on the observation that in 85% of genes examined,
transcription initiates at an A residue in the context
CTCATCA. This sequence closely resembles the sequence
TCCATCA, which is found at positions 1154 to 1160 in the
LTP1 gene, 79 bp upstream of the putative ATG.

The 5’ untranslated region of the LTP gene showed no
overall sequence homology to any other sequence in Gen-
Bank Release 70, but contained several small regions that are
conserved among promoters of phenylpropancid biosyn-
thetic genes (Cramer et al., 1989; Lois et al., 1989; Ohl et al.,
1990). Two elements (Boxes 1 and 2; Figs. 2 and 3) are
homologous to sequences in bean, parsley, and Arabidopsis
Phe ammonia-lyase promoters. In parsley, these sequence
elements have been shown to display elicitor-inclucible and
light-inducible footprints in vivo. A 9-bp AC-rich element
(Box 3; Figs. 2 and 3), which is found in the 5’ untranslated
regions of an Arabidopsis Phe ammonia-lyase gene and a
bean chalcone synthase gene, was also observed in this region
of the LTP1 gene. In addition, another sequence element,
which has been found in the promoters of several stress-

BOX 1 Arabidopsis LTP1 -314
Arabidopsis LTP1 -52
Parsley PAL =119
Bean PAL -89
Bean PAL +113
Arabidopsis PAL -435
Arabidopsis PAL -359
Arabidopsis PAL -64
CONSENSUS
BOX 2 Arabidopsis LTP1 -110
Parsley PAL -208
Bean PAL -157
Arabidopsis PAL -1631
Arabidopsis PAL -109
CONSENSUS
BOX 3 Arabidopsis LTP1 +26
Bean CHS +23
Arabidopsis PAL +23
CONSENSUS >

Figure 3. Comparison of putative regulatory sequences in the LTP1
gene and in genes of the general phenylpropanoid pathway. Puta-
tive regulatory sequences, designated as box 1, 2, and 3, from bean,
parsley, and Arabidopsis Phe ammonia-lyase (PAL) and bean chal-
cone synthase (CHS) were aligned with the sequences found in the
LTP1 clone. The positions of the sequences are given relative to
the proposed transcription start sites (i.e. nucleotide 1157 in Fig. 1
for the LTP1 gene).
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induced genes (Goldsbrough et al., 1993), has been found in
the LTP1 promoter region (Figs. 2 and 3).

Evidence for Multiple LTP Genes

To assess the number of LTP genes in Arabidopsis, genomic
DNA was digested with a variety of restriction enzymes and
hybridized with the labeled Arabidopsis LTP1 cDNA. There
are no cleavage sites for BamHI, Kpnl, or Xbal within the
DNA sequence of the genomic clone. Thus, one band would
be expected on a Southern blot if there were one gene. Since
there are cleavage sites for EcoRV, HindlIll, and Poull near
the middle of the LTP1 coding sequence, two bands would
be expected if there were only one gene. Under stringent
hybridization and washing conditions, two to four bands of
different intensities were observed (Fig. 4), indicating that
there are at least two LTP genes in Arabidopsis. The existence
of additional LTP genes was confirmed by an analysis of
sequence information, which is available from projects de-
voted to partial sequencing of anonymous cDNA clones or
ESTs. Comparison of the genomic sequence with the se-
quences of ESTs in the dbEST data base resulted in the
identification of three Arabidopsis ESTs with high homology
to LTP1 (accession numbers 14215, 14037, and 14299). These
EST sequences had average overall sequence homologies to
LTP1 of approximately 80% at the DNA level but were
essentially identical to each other (i.e. since ESTs are derived
by single-pass sequencing, they may have a significant num-
ber of errors that prevents a critical analysis of perfect iden-
tity), indicating that they are the products of a second gene
that we designate LTP2 for convenience. A fourth EST (acces-
sion number 21488) with 65% homology was also present in
the dbEST data base and may represent a more distantly
related third LTP gene.

B EH K P X

23.1-
9.4-
6.6-

4.4-

23-
2.0- .-

0.56 -

Figure 4. Southern blot of Arabidopsis genomic DNA probed with
an Arabidopsis LTP1 cDNA. DNA was digested with BamHI (B),
EcoRV (E), Hindlll (H), Kpnl (K), Pvull (P), and Xbal (X). Size markers
on the left are in kb.

Cell-Specific Accumulation of LTP mRNA

Antisense transcripts of the LTP1 gene were used as probes
for in situ mRNA hybridizations on tissue sections from
various developmental stages. The earliest stage at which
LTP1 transcripts were detected was in the protoderm cells of
the embryo cotyledon (Fig. 5, A and B). In 1-week-old seed-
lings, transcripts were most abundant in the leaf primordia
(Fig. 5, C and D). At 3 weeks, LTP transcripts were abundant
in the meristem and the primary and secondary leaves. In
these tissues, hybridization was mainly to the epidermal cells
(Fig. 5, G and H). There was no significant accumulation of
mRNA in stomata or in root tissues, including lateral root
primordia (Fig. 5, E-H).

Analysis of LTP expression in floral tissues indicated that
LTP is expressed in very young flower buds (stages 2-4,
Smyth et al., 1990), mainly in the epidermal cells of the
inflorescence meristem (Fig. 6, A-D). In longitudinal sections
of the gynoecium of a stage-11 flower, LTP expression was
evident in the epidermis of the stigma, style, and ovary (Fig.
6, E and F) and in the epidermal cells of ovules (Fig. 6, O
and P). Transverse sections through the upper part of a stage-
12 flower showed LTP expression in many epidermal cells of
most organs, but most intensely in the epidermal layer of the
petals and the ovary (Fig. 6, G and H). LTP mRNA was very
abundant in the stigma of stage-15 flowers (Fig. 6, K and L)
and in the epidermal cells of nectaries from stage-15 flowers
(Fig. 6, M and N). Accumulation of LTP mRNA in epidermal
cells of floral stem tissues was evident in longitudinal sections
(Fig. 6, Q and R) and cross-sections (Fig. 6S). High levels of
LTP mRNA accumulation were also evident in the sepal/
petal abscission zone at the base of siliques (Fig. 6, T and U).
LTP mRNA was not detected in pollen of stage-15 flowers
(Fig. 6, I and ]).

Expression of LTP-GUS Promoter Fusions in
Transgenic Plants

To exploit the advantages of using GUS-promoter fusions
for LTP localization studies, the 1149-bp region of the LTP1
gene from nucleotide 68 to 1217 (Fig. 2) was placed upstream
of a promoterless GUS gene and transformed into Arabidop-
sis. The 3" end of this fragment corresponds to the 5" end of
the cDNA clone. Control plants containing GUS under tran-
scriptional control of the cauliflower mosaic virus 35S pro-
moter were also generated. From among 15 independent
transformants, four LTP-GUS fusion lines designated LTP-
GUS 1A, 1B, 1C, and 1D were chosen for further study. As
is commonly observed in GUS-promoter fusion experiments,
there was variation in the relative levels of GUS expression
in different transformed lines. Line LTP-GUS 1A had a high
relative level of GUS expression, LTP-GUS 1D had a low
level of expression, and LTP-GUS 1B and 1C had interme-
diate expression levels. These differences were probably due
to positional effects from insertion of the gene construct in
various sites of the genome. To obviate concern about the
influence of position effects on the pattern of expression, all
observations were made on sections from the four transgenic
lines. All four lines exhibited qualitatively the same pattern
of expression of GUS activity.
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Figure 5. Localization of LTP1T mRNA in embryos, seedlings, leaf, and stem tissue by in situ hybridization. Tissue sections
are presented as bright-field images (A, C, E, G, 1). Silver grains are visible as bright white dots in dark-field images (H)
and as blue dots in epipolarization jmages (B, D, F, J). A and B, Embryo cotyledons; pd, protoderm; sc, seed coat. Bar =
20 pm. C and D, Shoot meristem of a 1-week-old seedling; cot, cotyledon; pl, primary leaf; sm, shoot meristem. Bar =
40 pm. E and F, Parallel section of the leaf epidermis of a 4-week-old plant. The arrow indicates a guard cell. Bar = 20
um. G and H, Shoot meristem of a 3-week-old plant; pl, primary leaf; sl, secondary leaf; sm, shoot meristem; v, vascular
tissue. Bar = 100 um. | and }, Lateral root primordium of a 2-week-old plant. Bar = 20 um.

In young seedlings that had recently emerged from their
seed coats (3 d after imbibition), GUS staining was strong in
the hypocotyl region adjacent to the root and was also evident
at lower levels in the cotyledons (Fig. 7A). By 5 d the
cotyledons were weakly stained, with more intense staining
in the vascular tissue (Fig. 7B). Intense GUS staining was also
seen in the shoot meristem, in the primary leaves, and in the
stipules (Fig. 7, B-D). As the seedling developed, GUS stain-
ing in the cotyledon decreased and eventually was confined
to the tip of the cotyledon (Fig. 7, D and F). Similarly, as the
primary leaves matured, GUS staining also became localized

to the tips (Fig. 7E). Analysis of leaf tissue at 2, 3, and 4
weeks showed that GUS staining was seen in vascular tissue
and leaf and stem epidermal cells (Fig. 7G), in guard cells
(Fig. 7K), and in hydathodes (Thoma, 1992). Light GUS
staining was observed in cortical cells (Fig. 7G), confirming
previous observations (Thoma, 1992). The highest level of
GUS activity was always obtained from tissues near the top
of the stem, with little or no color formation near the base of
the plant (Thoma, 1992).

No GUS activity was observed in stage-6 or younger flower
buds (Thoma, 1992), but as the flower developed, GUS



Figure 6. Localization of LTP1 in flowers by in situ hybridization. Tissue sections are presented as bright-field images (A,
C,E G, 1, K M,O, Q,T). Silver grains are visible as bright white dots in dark-field images (B, H, J, L, S) and as blue dots
in epipolarization images (D, F, N, P, R, U). A and B, Inflorescence meristem and stage-2 to -7 flower buds; ¢, gynoecium
exposed of 2 carpels; pe, petal; st, stamen; 7, stage-7 flower bud. Bar = 40 um. C and D, Stage-2 to -7 flower buds; im,
inflorescence meristem; 2, stage-2 flower bud; 4, stage-4 flower bud. Bar = 20 um. E and F, Gynoecium and ovules of
stage-11 flower; ov, ovary; sti, stigma. Bar = 40 um. G and H, Cross-section of the upper part of a stage-12 flower; a,
anther; ov, ovary. Bar = 40 um. | and J, Pollen of stage-15 flower; p, pollen. Bar = 40 um. K and L, Stigma of a stage-15
flower; sti, stigma; sty, style. Bar = 40 um. M and N, Nectary of a stage-15 flower; n, nectary; pe, petal; se, sepal. The
arrow indicates the epidermal cells. Bar = 20 um. O and P, Ovule; ow, ovule wall. Bar = 40 um. Q and R, Longitudinal
section of the top of the stem near the flowers. The arrow indicates the epidermal cells. Bar = 40 um. S, Cross-section
of the top of the stem near the flowers; co, cortical cells; epi, epidermis. T and U, Base of a silique. The arrow indicates
the sepal/petal abscission zone; ped, pedicel. Bar = 40 um.



42

Thoma et al. Plant Physiol. Vol. 105, 1994

Figure 7. GUS activity in transgenic plants containing LTP1-GUS promoter fusions. A, Three-day-old seedling; cot,
cotyledon; hy, hypocotyl. Bar = 250 um. B, Five-day-old seedling; cot, cotyledon. Bar = 200 um. C, Shoot meristem,
stipules, and primary leaves of a 5-d-old seedling; pl, primary leaf; stip, stipules. Bar = 100 um. D, Six-day-old seedling.
The labeling in the cotyledon is confined to the tip; cot, cotyledon; pl, primary leaf. Bar = 200 um. E, Shoot meristem,
stipules, and primary leaves of a 6-d-old seedling; cot, cotyledon; pl, primary leaf; sm, shoot meristem; stip, stipule; t,
trichome. Bar = 100 um. F, GUS activity near lignified tissue at tip of cotyledon. Bar = 200 um. G, Cross-section through
stem of 6-week-old plant. Section taken from top of stem, near flowers; co, cortical cells; epi, epidermis. Bar = 200 um.
H, Longitudinal section through the base of a stage-15 flower; n, nectary; pe, petal; se, sepal. Bar = 50 um. |, Longitudinal
section through the stigma and style of a stage-15 flower; ov, ovary; sti, stigma; sty, style. Bar = 50 um. J, Whole mount
of flower. Bar = 250 um. K, Whole mount of 4-week-old, fully expanded rosette leaf; gc, guard cell. Bar = 10 um. L,
Whole mount of distal end of silique; ov, ovary; sti, stigma. Bar = 100 um. M, Whole mount of proximal end of silique;
ped, pedicel. The arrow points to the sepal abscission zone. Bar = 100 um. N, Lateral root forming on 5-d-old seedling.

Bar = 100 um. O, Lateral root of 14-d-old seedling. Bar = 50 um. P, Longitudinal section through the anther of a stage-
15 flower; p, pollen. Bar = 50 um.
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activity appeared. In the newly opened flowers (stages 11
and 12), weak staining was observed in the stigma but not
in the pollen or in the floral nectaries (Thoma, 1992). In the
mature flower (stage 15), intense staining was observed in
the nectaries (Fig. 7H), in the stigma (Fig. 7I), and in pollen
grains (Fig. 7P). Weak GUS activity was observed in the
ovary walls (Fig. 7P). Whole mounts of flowers showed GUS
staining of petals (Fig. 7]) and the sepal and petal abscission
zone (Fig. 7, L and M).

GUS activity was not observed in emerging roots, but as
the roots developed, GUS staining was seen at the base of
lateral roots (Fig. 7N). Staining was also occasionally ob-
served at the tip of lateral roots as they developed (Fig. 70).
GUS activity was occasionally observed in trichomes and
their associated basal cells (Fig. 7E). However, since this was
not always observed, it may reflect induction of GUS by
mechanical damage to the trichomes or basal cells during
sample preparation.

DISCUSSION

LTPs were originally isolated based on their ability to
transfer lipids between membranes in vitro. However, a role
for Arabidopsis LTPs in intracellular lipid transfer now seems
unlikely in view of the observations indicating that they are
secretory proteins (Bernhard et al., 1991; Madrid, 1991),
which, in the cases of barley, carrot, and Arabidopsis, have
been shown to be located outside the plasma membrane in
the cell wall (Mundy and Rogers, 1986; Sterk et al., 1991;
Thoma et al., 1993). This raises the question of what biolog-
ical role LTPs play.

One approach to this question is to determine when and
where the LTP genes are expressed. Previous studies of this
question in other species have utilized immunohistochemical
methods, northern blots of mRNA from various tissues, and
in situ hybridization. We have extended this analysis by the
use of GUS-LTP promoter constructs in transgenic Arabidop-
sis plants combined with in situ hybridizations. The use of
promoter fusions obviates possible concern about cross-hy-
bridization of a nucleic acid probe, or an antibody, with the
products from different genes in a multigene family. As a
first step, cDNA and genomic clones for an Arabidopsis LTP
were characterized. The Arabidopsis LTP1 gene product is
highly homologous to the LTPs isolated from other plants.
Analysis of Southern blots probed with the LTP1 ¢cDNA
indicate that Arabidopsis has at least two closely related LTP
genes. Three partial cDNA sequences for a highly homolo-
gous second gene (LTP2) are present in the dbEST data base.
The fact that LTP2 cDNAs were repetitively isolated during
anonymous sequencing of cDNAs from siliques and etiolated
seedlings, whereas LTP1 cDNAs were not, may suggest that
it is more highly expressed than LTP1 in these tissues. A
fourth EST with significant but lower homology to LTP1 may
represent the product of a third gene in Arabidopsis. LTP
isoforms have also been found in castor bean (Tsuboi et al.,
1991), barley (Mundy and Rogers, 1986; Linnestad et al,,
1991), tobacco (Koltunow et al., 1990; Fleming et al., 1992),
and wheat (Dieryck et al., 1992), and Southern analysis
suggests the presence of several LTP genes in maize (Tchang
et al., 1989) and tomato (Torres-Schumann et al., 1992).

Examination of the pattern of GUS activity in conjunction
with the results from in situ hybridizations indicated that the
LTP1 gene is expressed in specific cell and tissue types.
Employing in situ hybridization, the earliest stage at which
LTP expression was detected was in embryos of heart-stage
cotyledons, where the expression was confined to the proto-
derm cells, which give rise to the epidermis. Similar results
were obtained with carrot (Sterk et al., 1991), although in
carrot, LTP expression was detected much earlier in embryo
development. In newly emerged seedlings, GUS activity was
observed in the cotyledons and in the hypocotyl near the
root. As the cotyledons expanded, GUS activity became most
prominent in the highly lignified area at the tip of the
cotyledons. As the seedlings matured, GUS activity became
localized to the shoot meristem, the stipules, the vascular
tissue, and the emerging leaf primordia. No clear epidermis-
specific GUS expression was observed, possibly due to the
use of whole mounts for the analysis. As the primary leaves
matured, GUS activity became localized to the tips. In con-
trast, in situ mRNA hybridization showed an intense signal
in the epidermal cells of entire primary leaves of older seed-
lings. This discrepancy could be due to hybridization of the
probe to another member of the LTP gene family. The failure
to detect significant nonepidermal expression of LTP genes
by in situ hybridization is more difficult to explain. Given the
high level of homology between individual members of this
gene family, at least some signal should have been detected.
Therefore, it is unlikely that the GUS staining seen in cortical
cells is the result of LTP1 promoter activity.

In mature plants, expression of the GUS reporter was
evident in leaf and stem epidermal cells, guard cells, and
flowers. The expression of LTP1 in epidermal cells and the
higher level of expression in guard cells is consistent with the
results of immunocytochemical studies that showed a similar
pattern of protein localization (Thoma et al., 1993). The
expression of the gene in stem epidermal cells was confirmed
by the in situ studies, but these analyses showed no specific
hybridization in guard cells. It is possible that the LTP1
transcripts are short-lived in leaf epidermal and guard cells,
whereas GUS may be very stable in these cells. GUS activity
in the stem was much more prominent at the top portion of
this structure, near the flowers, than at the bottom of the
stem. A similar spatial expression pattern was seen for a
tobacco LTP (Fleming et al., 1992), where it was also observed
that transcript levels were higher in young tissues at the top
of the plant than in older organs. GUS activity was also
present at low levels in stem cortical cells. This expression
pattern is consistent with immunocytochemical localization
(Thoma et al., 1993).

An LTP was expressed at a very early stage in flower
development. In situ analysis showed that a signal is present
as early as the formation of flower primordia (stage 2; Smyth
et al., 1990) and in the inflorescence meristem. However, no
GUS staining was seen in young flower buds or the inflo-
rescence meristemn, indicating that the LTP1 promoter is not
active in these tissues. This discrepancy could be due to the
fact that there are multiple LTP genes in Arabidopsis, and in
situ analyses detect all homologous genes. It is also possible
that additional control elements exist, either upstream of the
LTP1 promoter region used or in the 3’ region of the gene.
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At stage 7, very little LTP message remained in the petal
epidermis, but occasionally a strong signal in the abaxial
epidermis of the upper parts of stage-12 petals was observed.
This was also evident by GUS staining in slightly later flower
stages. GUS staining was observed on the stigma surface in
flowers where the stigmatic papillae have appeared and the
petals are level with long stamens (stages 11 and 12). By
stage 15, when the stigma extends above the anthers, staining
is observed in the stigma surface, the floral nectaries, and
developing pollen grains. GUS staining in the stigma was
confirmed by in situ studies. In the floral nectaries, in con-
trast, the in situ hybridization showed only a detectable signal
restricted to the epidermis. High levels of GUS activity in the
abscission zone of the pedicel was also paralleled by strong
in situ mRNA hybridization signals.

No specific in situ mRNA hybridization signal was evident
in pollen grains, in lateral roots, or in the internal cells of
stipules, but high levels of GUS activity were observed in
these tissues. As stated before, these discrepancies could be
due to transient expression of GUS coupled with high stability
of the enzyme activity. Thus, if the tissue used for the GUS
assays was at a slightly different stage than that used for the
in situ analysis, this would explain the observed results. It is
also possible that the GUS staining of pollen grains, vascular
tissue, and lateral roots is an artifact. It has recently been
observed that although a pathogenesis-related protein (PR-
1a)-GUS promoter fusion specifies expression in pollen
grains, the same promoter fused to other reporter genes does
not show this effect (Uknes et al., 1993), indicating that the
pollen expression is due to sequence elements in the GUS
coding region. A similar discrepancy has also been observed
recently by Drews et al. (1992). The possibility of artifacts
when using the GUS reporter gene to detect tissue- and cell-
type-specific expression highlights the necessity of either
performing in situ mRNA hybridization analysis to confirm
the results or using several different reporter genes for pro-
moter fusion constructs. This is especially true in situations
where the gene under study is part of a multigene family,
the members of which exhibit highly complex temporal and
spatial regulation.

Although the LTP1 gene is clearly under tissue-specific
developmental regulation, there have been several recent
reports in which the search for stress-induced genes has led
to the isolation of genes encoding LTPs. A barley gene, bit4,
is induced in shoot meristems by cold-temperature treatment,
by drought stress, and by ABA application, and its deduced
amino acid sequence shows a high similarity to that of maize
LTP (Hughes et al., 1992). A tomato LTP has been shown to
be greatly induced in stems by NaCl, mannitol treatment,
and ABA treatment (Torres-Schumann et al., 1992). Another
tomato gene, le16, which has approximately 50% homology
to the N terminus of a maize LTP, is induced by drought
stress and ABA treatment (Plant et al., 1991). In addition, a
radish seed protein that shows sequence homology to LTPs
has been shown to exhibit in vitro antifungal activity (Terras
et al., 1992). Also, LTPs from barley and maize leaves were
shown to be inhibitors of the growth of bacterial and fungal
pathogens in vitro (Molina et al., 1993). The existence in the
LTP1 5’ region of promoter elements that have previously
been implicated in transcriptional control of the phenylpro-
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panoid pathway (Cramer et al., 1989; Lois et al., 1989; Ohl
et al., 1990) raises the possibility that the LTP1 gene may be
regulated by the same or similar mechanisms. Indeed, the
expression of LTP1 in the sepal/petal abscission zone is
similar to that seen with an Arabidopsis Phe amrnonia-lyase
promoter (Ohl et al., 1990). In addition, a 10-bp sequence
motif, designated box 1 in this study and found in the 5’
nontranscribed region of many stress-induced genes (Golds-
brough et al., 1993), is present twice in this region of the
LTP1 gene.

All things considered, the expression pattern observed for
LTP1 as detected by in situ hybridization is consistent with a
proposed role in secretion or deposition of extracellular lipo-
philic materials (Sterk et al., 1991). The elevated expression
in young tissues suggests a role that is diminished in fully
expanded tissues. This observation, in conjunction with the
localization in epidermal cell walls, is generally consistent
with a role in assembly or deposition of cell wall or cuticular
structural material as previously suggested (Sterk et al., 1991).
The carrot LTP was recently shown to have biochemical
properties similar to those of other plant nonspecific LTPs
(i.e. it is able to transfer phospholipids between donor and
acceptor membranes in vitro, and it is able to bind fatty acids)
(Hendriks et al., 1993; Meijer et al., 1993). Such a role would
also be consistent with the high level of LTP expression in
the petal and sepal abscission zone, where it may be expected
that additional structural materials are deposited to seal off
the ruptured tissue. The high level of expression in the
lignified zone at the tip of cotyledons and in vascular ele-
ments is also consistent with this general function. However,
an additional aspect seems necessary to explain how expres-
sion in stipules, nectaries, and stigmas relates to this pattern
of expression. One possible connection is that all of these
tissues may secrete structurally related materials and that the
LTP is somehow involved in the secretory process or subse-
quent reactions of the secreted materials. In view of the fact
that LTP has the ability to transfer lipids, it seems reasonable
to propose that the secreted materials are lipophilic sub-
stances. Indeed, stigma cells produce a secretion that contains
lipids and phenolic compounds (Martin and Brewbaker,
1971). Unfortunately, very little is known about stipules or
nectaries, so it is not possible to argue for or against a
particular function for LTP based on expression in this tissue.
The fact that the LTP protein is detectable in the mature leaf
epidermis (Thoma et al.,, 1993), whereas expression of the
LTP1 gene is not readily detected by GUS-promoter fusions
or in situ hybridization, suggests that the proteins are stable
in the cell wall.

In conclusion, the available evidence indicates that the
LTP1 promoter specifies a complex developmental pattern of
expression in transgenic plants and also contains elements
involved in wound-induced expression of other genes. Al-
though the pattern of expression is suggestive of a possible
biological role, additional studies will be required to establish
an in vivo function.
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