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Abstract Differentiation of the Arabidopsis thaliana
(Arabidopsis) seed coat epidermal cells involves pro-
nounced changes highlighted by the synthesis and secretion
of copious amounts of dispensable, pectinaceous mucilage
followed by a thick cellulosic secondary cell wall. This cell
type, therefore, represents an excellent molecular-genetic
model to study the biosynthesis and modification of cell
wall components, particularly pectin. To support such
research, we sought to identify a promoter that drives
expression specifically in the Arabidopsis seed coat epi-
dermis. Arabidopsis seed coat microarray data was ana-
lysed for genes expressed in the wild type seed coat but not
the seed coat of the apetala? mutant where the epidermal
cells fail to differentiate. Of 14 candidate genes, 9 showed
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a seed-specific expression pattern by reverse transcriptase-
PCR. Transcriptional regulatory region-B-glucuronidase
(GUS) reporter gene fusions introduced into Arabidopsis
identified one promoter, that of the DIRIGENT PROTEINI
(DPI) gene, as seed coat specific. The specificity of the
expression was confirmed using a second reporter gene,
Citrine YFP. Expression of both reporter genes was limited
to the epidermal and palisade cell layers of the seed coat.
Quantitative PCR data using wild type seed coat RNA
suggested that the promoter is particularly active at 7 days
post anthesis. The DPI promoter was able to direct tran-
scription of GUS in a similar pattern in the Brassica napus
seed coat. Thus, in addition to its application in studying
the plant cell wall, this promoter will provide an experi-
mental tool for expressing high-valued recombinant pro-
teins as well as modifying seed coat traits in economically
important crops.

Keywords DIRIGENT PROTEINI - Seed coat-specific
promoter - Arabidopsis thaliana - Brassica napus

Abbreviations

GUS  B-Glucuronidase

bp Base pair

DPA Days post anthesis
AP2  APETALA2

DP1  DIRIGENT PROTEINI

Introduction
Seed coats play important roles in seed dormancy, germi-

nation, dispersal and protection from pathogens and
mechanical and chemical damage (Boesewinkel and
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Bouman 1995). They are comprised of several layers of
specialized cell types that differentiate from the ovule
integuments in response to fertilization. In some species,
including Arabidopsis thaliana (Arabidopsis), differentia-
tion of the seed coat epidermal cells includes the synthesis
and secretion of large quantities of mucilage comprised
primarily of pectin (myxospermy; Frey-Wyssling 1976).
Upon exposure of myxospermous seed to water, the
mucilage expands, ruptures the primary cell wall and
extrudes to encapsulate the seed, providing protection and
moisture prior to germination (Western et al. 2001).

The Arabidopsis seed coat has three distinct cell types
arranged in layers, the mucilage-containing epidermis, a
sub-epidermal palisade layer with a secondary cell wall,
and a pigmented layer that synthesizes proanthocyanidins
(Beeckman et al. 2000; Western et al. 2000; Windsor
et al. 2000). Two other cell layers derived from the inner
ovule integument undergo cell death early in seed coat
development (Nakaune et al. 2005). Differentiation of the
Arabidopsis seed coat epidermal cells has been well
studied (Beeckman et al. 2000; Western et al. 2000;
Windsor et al. 2000; reviewed in Haughn and Chaudhury
2005; Young et al. 2008). Following fertilization, the cells
undergo a growth phase until about 3-4 days post
anthesis (DPA). At approximately 5 DPA the epidermal
cells synthesize and secrete large quantities of mucilage at
the junction of the outer tangential and radial cell walls,
thus forming a donut-shaped apoplastic pocket. Deposi-
tion of the mucilage shapes the cytoplasm into a volcano-
shaped column. Subsequently (8—-11 DPA), a secondary
cell wall is synthesized along the membrane surfaces of
the outer and radial sides of the cell until the cytoplasm is
completely replaced by a thick cellulosic secondary cell
wall termed the columella (Mendu et al. 2011). During a
similar time frame, the sub-epidermal layer (palisade
layer) also synthesizes a secondary cell wall on the inner
tangential and radial cell walls (Beeckman et al. 2000;
Western et al. 2000). Differentiation of both the epider-
mal and palisade layers is dependent on the function of
the transcription factor APETALA2 (Jofuku et al. 1994;
Western et al. 2001).

Since the Arabidopsis seed coat epidermal cell synthe-
sizes both pectinaceous mucilage and a thick cellulosic
secondary cell wall (columella), and is dispensable under
normal laboratory conditions (Western et al. 2001), it has
been begun to be exploited as a model system for molec-
ular genetic analysis of the biosynthesis, secretion, modi-
fication, and metabolism of plant cell wall carbohydrates
(reviewed in Arsovski et al. 2010; Haughn and Western
2012). Much of the research on this cell type, to date, has
been focussed on the identification of genes through the
isolation of mutants defective in mucilage. However, there
is potential for probing the consequences of manipulating
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cell wall structure through targeting the expression of
specific carbohydrate-active enzymes to the epidermal
cells. To accomplish this goal, promoters driving expres-
sion at different times during seed coat epidermal differ-
entiation are required. Seed coat specific promoters are
preferred for this purpose to avoid potential deleterious
effects of changing cell walls in other parts of the plant. In
addition to their use as research tools, seed coat specific
promoters could also be employed for crop improvement
either through manipulation of seed coat properties or the
deposition of commercially important recombinant
proteins.

Relatively few seed coat specific genes have been
identified in plants. The SEED COAT SUBTILISINI (SCSI)
gene, expressed specifically in the thick-walled paren-
chyma cells of the outer integument in soybean seed coat
(Batchelor et al. 2000), and CYSTEINE PROTEASEI
(CYSPI; Wan et al. 2002) gene, expressed in the inner
integument cells of the developing seed coat of Brassica
napus (B. napus), are examples. Several Arabidopsis genes
expressed specifically in the seed coat have also been
described. The OVACUOLAR PROCESSING ENZYME
(0VPE) transcript is specific to the outer two cell layers of
the inner integument (Nakaune et al. 2005). It has been
shown that TRANSPARENT TESTA2 (TT2) is expressed in
the outer two cell layers as well as the innermost pigmented
layer of the seed coat (Nesi et al. 2001; Gonzalez et al.
2009). Furthermore, promoter regulatory regions of the
Arabidopsis genes BAN and LACCASEIS (LACIS), have
been shown to drive expression of a reporter gene in the
pigmented layer in Arabidopsis (Devic et al. 1999; De-
beaujon et al. 2003; Liang et al. 2006). No Arabidopsis
promoters have been reported to be specific to the outer
layers of the Arabidopsis seed coat. However, the GAMMA
INTERFERON-RESPONSIVE ~ LYSOSOMAL  THIOL
REDUCTASE (AtGILT) promoter described as specific to
the Arabidopsis seed coat (Tiwari et al. 2006) was shown to
drive expression of a reporter gene in the outer seed coat
layers of B. napus (Wu et al. 2011). In addition, unlike its
expression in Arabidopsis, the promoter of the Arabidopsis
gene LACIS5 also directed expression specifically in the
outer integument layers of B. napus seed coats (El-Mezawy
et al. 2009).

The objective of this study was to identify novel
Arabidopsis seed-coat-specific promoters expressed in the
seed coat epidermis. To do this, we made use of Ara-
bidopsis seed coat microarray data (Dean et al. 2011) to
identify potential candidate genes and tested the speci-
ficity of their promoters using reporter constructs. We
report here the identification of a novel Arabidopsis seed
coat specific promoter that can be used to target proteins
to the seed coat epidermis of both Arabidopsis and B.
napus.
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Materials and methods
Plant material and growth conditions

Arabidopsis Columbia-2 (Col-2) ecotype was used as wild
type in this study. The Prozss:GUS transgenic plants used
were a gift from the Kunst laboratory (Dept. of Botany,
University of British Columbia) transformed with a
pGREENOOOO binary vector containing the Prozss:GUS
cassette from the John Innes Centre plasmid pJIT166
(http://www.pgreen.ac.uk/a_cst_fr.htm). Seed germination
and plant growth conditions were the same as described
previously by Dean et al. (2007). Flowers were staged as
described by Western et al. (2000). Brassica napus seeds
were planted directly on soil enriched by AT medium
(Haughn and Somerville 1986) and were grown in growth
chambers under 24 h of light (100-120 pE m~? sfl) at
20 °C. To improve seed set hand-pollination (using a
painting brush) was performed. The day of pollination was
considered as 0 days post anthesis (DPA).

RNA extraction, reverse transcriptase-PCR (RT-PCR)
and quantitative RT-PCR (qPCR)

Total RNA for RT-PCR was extracted from different plant
tissues of A. thaliana ecotype Col-2 including seedlings, roots,
rosette leaf, stems, cauline leaf, inflorescence tips, intact sili-
quesat4,7, 10 DPA and seeds at4, 7, 10 DPA. DNasel-treated
RNA was used for first strand cDNA synthesis using Super-
script III reverse transcriptase (Invitrogen, Carlsbad, CA,
USA) and oligo (dT),g primers according to the manufac-
turer’s protocol. Between 25 and 30 cycles of PCR amplifi-
cation was performed using the primers listed in
supplementary Table 2 (Table S2). CYTOSOLIC GLYCER-
ALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GAPC)
was used as an internal control.

For extracting seed coat RNA for qPCR, seed coats were
separated from the developing embryos at 7 and 10 DPA
using a Leica M80 stereomicroscope. First, the seeds of
1-5 siliques were removed using tweezers and the embryo
removed on a wet filter paper by applying pressure on each
seed until the embryo was separated from the seed coat.
Because the embryo is very small at 4 DPA, whole seeds
were used for RNA extraction at this stage. Following
dissection tissues were placed on dry ice until enough
material was gathered. Tissues were submerged in liquid
nitrogen and ground using a Kontes pellet pestle, followed
by total RNA extraction using the RNAqueous-Micro kit
(Ambion) as explained in the manufacturer’s instructions.
For first strand cDNA synthesis SuperScript III (Invitro-
gen) was used according to the manufacturer’s protocol.
gPCR reactions were done as described by Dean et al.
(2007). Data were analyzed by Bio-Rad iQ5—Standard

Edition (version 2.0; Bio-Rad). GAPC was used as an
internal control.

Plasmid construction and transformation

Transcription regulatory regions were amplified by PCR
from genomic DNA (for the complete list of primers, see
Table S2, and for a map of transcriptional regulatory
sequences selected for each gene, see Fig. 2). Transcription
regulatory regions of At4g11180b were introduced into the
pBI101.1 binary vector (Jefferson et al. 1987) to generate
promoter-B-glucuronidase (GUS) chimeric genes. The
promoters of At1g09550 and At5g45770 were cloned into
pGreen0029 and fused to GusPlus (amplified from pCam-
bia 1305.1). Proa;1402720:GUS seeds were kindly provided
by Dr. Michael Hahn (Complex Carbohydrate research
Center, Univ. of Georgia, Athens GA, USA). Transcription
regulatory regions of At2g23550, At2g43050, At2g47750,
At3g14630, At3g52550 and At4gl1180a were cloned into
pDONR207 vector (Invitrogen) using the Gateway BP
recombination reaction (Invitrogen) and were then sub-
cloned into pMDC 163 vector (Curtis and Grossniklaus
2003) by the Gateway LR recombination reaction (Invit-
rogen) according to the manufacturer’s directions.

To generate the Propp;:Citrine YFP (At4gl1180c;
Griesbeck et al. 2001) chimeric gene, genomic DNA was
amplified using the primers Pro-F3 and Pro-R3, located
1,107 base pairs (bp) upstream and one codon after the
ATG start codon of the DPI gene (At4gl1180), respec-
tively. The amplicon was introduced into pAD (modified
pGreen0029) binary vector (DeBono 2011) between the
Xhol and Pstl cloning sites to create a translational fusion
with the Citrine YFP coding region. After sequencing, the
plasmid was transformed into Agrobacterium tumefaciens
GV3101 containing the pSoup plasmid.

Arabidopsis thaliana (Col-2) was transformed by the
floral dip (Clough and Bent 1998) or the floral spray
(Chung et al. 2000) methods.

Brassica napus line DH12075 was transformed using
Agrobacterium as described in Moloney et al. (1989) with
the exception that explants were inoculated in bulk and co-
cultivated without medium. Batches of 50 to 60 cotyledons
from 5-day-old seedlings were pooled in a 7 cm petri dish.
The cotyledons were immersed in 4.5 mL inoculation
medium (MS, 3 % sucrose, 0.5 mg/L. benzyl adenine, pH
5.8). Agrobacterium was grown approx. 20 h in 5 mL LB
medium supplemented with appropriate antibiotics (28 °C,
250 rpm). The cells were pelleted (2,000 g, 10 min), re-
suspended in 5 mL inoculation medium, and then added to
the cotyledons. After mixing to insure all cotyledons were
inoculated, as much fluid as possible was removed by
aspiration. Plates were sealed and wrapped in foil. Co-
cultivation took place first at 25 °C for 2 days, then at 4 °C
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for 2 days. Shoot induction, selection, elongation and
rooting were essentially as in Moloney et al. (1989). All
solid media were supplemented with 300 mg/L Timentin
(GlaxoSmithKline) to kill the Agrobacterium and 25 mg/L
kanamycin to select for transformed shoots.

Histochemical GUS assay

For detection of GUS activity, fresh samples from various
tissues at different developmental stages were incubated in
a solution containing 100 mM Phosphate buffer (sodium
dihydrogen phosphate and disodium hydrogen phosphate)
pH 7.0, 0.5 mM potassium ferricyanide, 0.5 mM potassium
ferrocyanide, 20 mM Na,EDTA, 0.1 % (v/v) Triton X-100
supplemented with 1 mg/mL 5-bromo-4-chloro-3-indolyl-
b-p-glucuronide (Gold BioTechnology, St. Louis, Mis-
souri, USA). The samples were incubated at 37 °C for
2-18 h (Jefferson et al. 1987). The staining buffer was
gently removed and the samples were washed several times
with 75 % (v/v) ethanol and stored in 75 % ethanol. Tis-
sues were viewed and photographed using Olympus ste-
reomicroscope SZX10.

Sectioning of developing Arabidopsis seeds

Upon dehydration, GUS stained seeds of Propp;:GUS
transgenic line were embedded in standard Spurr’s resin as
described by Kaneda et al. 2011. Using a Leica Vibratome
(series 1000), 5-8 pum cross sections of the samples were
cut and placed on glass slides. Tissues were viewed and
photographed using Olympus stereomicroscope SZX10.

Sectioning of developing B. napus seeds

Brassica napus developing seeds were assayed for GUS
activity as described above and stored in 75 % ethanol.
Fixed seeds were embedded in 5 % low melt agarose and
20-40 pm sections generated using a LeicaVibratome
(series 1000). Tissues were viewed and photographed using
Olympus stereomicroscope SZX10.

Fluorescent microscopy

For fluorescent microscopy, a Leica stereomicroscope
(M216FA) equipped with a Leica DC500 digital camera
was used. The images were obtained using a YFP filter
(510-520 nm) with exposure time of 5.1 s, using 50 %
lamp intensity.

Confocal microscopy

Cut seeds were incubated in 2 % propidium iodide (Sigma-
Aldrich) and shaken for 10-15 min at room temperature
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followed by rinsing twice with distilled water. Confocal
images were acquired using a Perkin Elmer Ultraview VoX
Spinning Disk Confocal microscope (PerkinElmer; Wal-
tham Massachusetts). YFP was excited with the 514 laser,
and emissions were detected with a 540/30 nm filter. Pro-
pidium iodide was excited using a 488 nm laser, with an
emission filter of 527/55 nm. Images were processed with
Volocity 4.3.2 (Improvision).

Results

Identification of genes with putative seed-coat specific
expression using A. thaliana seed coat microarray data

To identify genes specifically expressed in the differenti-
ating seed coat epidermis of Arabidopsis during the period
of mucilage biosynthesis, we utilized Arabidopsis wild
type and apetala? (ap2) mutant seed coat microarray data
(Dean et al. 2011). In wild type seed coat epidermal cells,
mucilage is synthesized between 4 and 9 DPA. However,
in an ap2 mutant, mucilage is not synthesized because the
epidermal cells of the seed coat fail to differentiate. Con-
sequently, we screened for genes with higher expression at
5-7 DPA compared to 3 DPA, and with low expression in
ap2 mutant seed coats at 7 DPA compared to wild type
seed coat of the same age. Eighty-seven genes were found
to match these criteria. To determine which of these genes
might be transcribed specifically in the seed coat, we
examined the expression of each in public databases using
the Arabidopsis eFP Browser at the University of Toronto
BioArray Resource (http://bar.utoronto.ca/efp/cgi-bin/efp
Web.cgi; Winter et al. 2007, data source: developmental
map and seed). Fourteen of the 87 genes showed expres-
sion specifically in seeds approximately 5-7 DPA (bent
cotyledon stage of embryo development). The list of these
genes, fold changes in their expression level in Col-2 at 7
DPA compared to 3 DPA and in Col-2 compared to ap2 at
7 DPA from the seed coat microarray data (Dean et al.
2011) are presented in Table 1.

Expression pattern of potential seed coat
epidermal-specific genes

We investigated the expression pattern of the 14 potential seed
coat epidermal-specific genes in Arabidopsis using RT-PCR.
Total RNA was isolated from 7 to 12 day old seedlings, roots,
rosettes, cauline leaves, stems, inflorescences, whole siliques
and seeds at different developmental stages (4, 7 and 10 DPA).
As shown in Fig. 1, transcripts of five genes (Atl1g02720,
At2g43050, At3g14760, At4g37520 and At5g39130) were
detected in tissues other than seeds and siliques. The tran-
scripts of the remaining nine genes (At1g09550, At1g62070,
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Table 1 Fold changes in gene expression in Col-2 compared to ap?2
at 7 DPA and in Col-2 at 7 DPA compared to 3 DPA

Gene name Col(07)/Col-2(03) Col-2(07)/ap2(07)
At1g02720 8.87 4.96
At1g09550 2.61 3.29
At1g62070 9.57 7.58
At2g23550 3.82 3.14
At2g43050 9.61 9.44
At2g47750 3.73 2.35
At3g14630 3.77 2.04
At3g14760 5.61 2.49
At3g52550 7.56 4.94
Atdg11180 7.06 574
Atdg37520 428 3.69
At5207200 426 2.03
At5g39130 2.59 2.09
At5g45770 4.33 3.14

At2g23550, At2g47750, At3g14630, At3g52550, Atd4gl1180,
At5g07200 and At5g45770) were found exclusively in seeds
and whole siliques. However, two of the latter group

Fig. 1 Expression analysis of
seed coat-specific candidate
genes in Arabidopsis by e';‘
RT-PCR. Total RNA was N
extracted from seedling, root,
rosette and cauline leaves, stem,
inflorescence, whole siliques
and seeds at three different
developmental stages. RT-PCR
was used to determine
expression of candidate genes
listed in the column on the right.
The expression of the GAPC
gene was used as a control

(At1g62070 and At5g07200) appear to have higher transcript
levels in whole siliques at 10 DPA compared to seeds at the
same developmental stage, suggesting that these genes are
expressed in the silique wall. Therefore, genes Atlg09550,
At2g23550, At2g47750, At3g14630, At3g52550, Atdgl1180
and At5g45770 were selected as potential genes with seed coat
epidermal specific expression. In addition, At1g02720 and
At2g43050 were examined further despite of their expression
in inflorescence and/or stem because of their high expression
level in seeds at 7 DPA and low expression in seeds and whole
siliques at 10 DPA (Fig. 1).

The DIRIGENT PROTEINI (DP1I) promoter drives
seed coat-specific expression

In order to identify promoter and regulatory sequences that
drive expression specifically in the seed coat, we cloned the
putative transcriptional regulatory region of each of the
nine candidate genes (Fig. 2) upstream of the promoterless
B-glucuronidase (GUS) gene and transformed each con-
struct into Arabidopsis. The sequences of the transcrip-
tional regulatory regions of selected genes were obtained

4
o 2 o
R o &
N Na N

At1902720

At1g09550
At1g62070
At2g23550
At2g43050
At2g47750
At3g14630
At3g14760
At3g52550
At4g11180
At4g37520
At5g07200
At5¢39130

At5g45770

GAPC

@ Springer



98

Plant Mol Biol (2013) 81:93-104

At1g02720 1 290 (ATG) 2411 At3g52550 -1448 1 24 (ATG) 830
- — I - — —— I -—-
N . .
Azzu‘ “289 1584 ‘118
At1g09950 1 74 (ATG) 2595 Atdg11180a -990 1 17 (ATG) 701
- - -
| . S
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- - - -
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——— - [ coding region
. 4 g
644 133 [Jzum

Fig. 2 Schematic representation of the transcriptional regulatory
sequences of nine genes cloned upstream of a promoterless GUS
reporter gene. The fragment used is indicated by a double-headed
arrow. The numbers indicate the nucleotide position relative to the
predicted transcription start (41 for Atl1g09950, At2g23550,

from The Arabidopsis Information Resource (TAIR)
website at http://www.arabidopsis.org/ using SeqViewer
tool.

Several transformants for each construct were selected
(Supplementary Table S1) and a histochemical GUS assay
performed using seedlings, leaves, inflorescences, devel-
oping seeds and embryos. Transformants of five constructs
showed a distinct pattern of GUS expression (Fig. 3) while
those of the other four constructs lacked expression in all
transformants examined. As shown in Fig. 3A(a—) and
B(a—d), GUS expression under the control of the promoter
of At1g02720 was detected in root tissue, seeds at different
developmental stages and in the embryo. The promoter of
At1g09550, At3g52550 and At5g45770 caused GUS to be
expressed in seedlings, roots, rosette and cauline leaves,
and whole seeds at several developmental stages. The
promoter of Atdgl1180, the DIRIGENT PROTEINI gene
(DP1; Matsuda et al. 2010; sequences 1,160 bp upstream
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At2g43050, At2g47750, At3g52550, Atdgl1180) or translation start
codon (+1 for At3g14630, At5g45770). For five of the genes, all or
part of the neighbouring gene immediately upstream is shown to the
left

of the putative DP] start codon [—991 to 4169, see Fig. 2
At4g11180a]), was the only promoter tested that resulted in
seed coat specific GUS expression (data not shown), con-
sistent with Arabidopsis eFP Browser (Winter et al. 2007,
data source: developmental map and seed; data not shown)
and RT-PCR results (Fig. 1). Transgenic lines carrying a
smaller fragment containing 988 bp of sequence from the
same region but lacking the —119 bp immediately
upstream of the putative transcription start site (—1,107 to
—119; see Fig. 2 At4gl11180b; Propp;,) showed a similar
seed coat specific pattern of expression [Fig. 3A(-1),
B(m—p)] and were analyzed in more detail (see below). The
transgenic lines transformed with Proasg23550:GUS,
Prop43050:GUS, Proags7750:GUS and Proa;zg14630:GUS
constructs did not show GUS activity in any examined
tissues (data not shown).

The expression of GUS under the control of the DPI pro-
moter (Propp;,) was examined in more detail (Fig. 3C). There
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(A)

Atl1g02720

At1g09550

At3g52550

Atd4gl1180

At5g45770

Leaf Inflorescence

Seedling

(©)

: ——— o) 4 ' : o T(s) .

Seed (4 DPA) Seed (7 DPA)

Seed (10 DPA)  Embryo (7 DPA)

Fig. 3 Expression of the GUS reporter gene driven by transcriptional
regulatory regions of putative seed coat-specific genes. A, B Trans-
genic Arabidopsis plants were assayed histochemically for GUS
activity. A Seedlings, leaves (Scale bars 5 mm) and inflorescences
(Scale bars 0.5 mm). B Developing seeds at three developmental
stages and embryos at 7 DPA. Scale bars 0.5 mm. C More detailed

was no GUS expression detected in developing silique walls.
GUS was expressed strongly on the seed coat surface at 7 DPA
but notat4 or 10 DPA [Fig. 3C(a—c)]. To examine whether the
expression of GUS is limited to the seed coat, seed coats were
separated from embryos at 7 and 10 DPA prior to performing
the GUS assay. GUS expression was specifically found on the
outer side of the seed coats but not in the embryos at 7 DPA
[Fig. 3C(d, e)], and no GUS activity was observed in the seed
coats and embryos at 10 DPA [Fig. 3C(f, g)]. In Propp;,:GUS
transgenic flowers, the anthers stained weakly but this was

histochemical GUS assay of tissues of Arabidopsis transformed with
Propp,:GUS. a—c Seeds at 4, 7 and 10 DPA, respectively. Scale bars
100 pm. d Seed coat at 7 DPA (embryo removed). e Embryo at 7
DPA. f'Seed coat at 10 DPA (embryo removed). g Embryo at 10 DPA.
Scale bars 100 pm

also true for wild type flowers (Suppl Fig. 1A, B). The staining
in flowers of both lines was much weaker than in the positive
control Prozss:GUS transgenic plants as shown in supple-
mentary figure 1C. To confirm this observation, RT-PCR
analysis using RNA extracted from inflorescences did not
detect GUS transcript in Propp;,:GUS transgenic flowers
(Suppl. Fig. 1D).

In order to confirm the seed coat specificity of the
Propp; expression, the Propp; regulatory region (from
—1107 to +22; including the putative DPI start codon;
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Fig. 4 Expression of the
Citrine YFP reporter gene
driven by the DPI promoter.
Seeds at 7 DPA from
Arabidopsis transgenic lines
expressing Propp,.:Citrine YFP
are shown. Plants were imaged
using A light microscopy and
B fluorescent microscopy where
Citrine YFP expression was
found in the seed coat. The
embryo was dissected from the
seed coat and imaged with

C light microscopy and

D fluorescent microscopy to
showing that expression of
Citrine YFP was limited to the
seed coat. Scale bars 100 pm

Fig. 2 A4g11180c) was cloned in front of a promoterless
Citrine YFP gene (Griesbeck et al. 2001) in the pAD binary
vector. Consistent with the results using GUS as a reporter,
Citrine driven by Propp;. was found only in the seed
(Fig. 4A, B). The expression of Citrine under the control of
Propp;. was first observed at 6 DPA and was absent by
9-10 DPA (data not shown). Fluorescence intensity sug-
gested that the maximum expression of the reporter gene
occurs at approximately 7 DPA. This hypothesis was
confirmed by qPCR measurements (see below). Separation
of the embryo and seed coat at 7 DPA showed that Citrine
expression was found only in the seed coat (Fig. 4C, D).

DIRIGENT PROTEINI transcript distribution correlates
well with DPI promoter activity

RT-PCR and qPCR were used to determine if the amount
of DPI mRNA in the seed coat during development is
similar to that observed for GUS under the control of
Propp;p. Seed coats were separated from developing
embryos at 4, 7 and 10 DPA, total RNA was extracted and
first strand cDNA was synthesized using DPI specific
primers (Supplementary Table S2). Since the endosperm
layer tightly adheres to the seed coat, we presume that the
samples also contained some endosperm RNA. Consistent
with the results using reporter genes (Figs. 1, 3, 4), DPI
transcript was detected in seed coats at 7 DPA but not at 4
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and only slightly at 10 DPA (Fig. 5A, B). This expression
correlates with the period of mucilage biosynthesis. gPCR
was used to determine the quantity of DP/ mRNA in seed
coats relative to expression in embryos and silique walls
(including the suspensor and funiculus) at 7 DPA. As
shown in Fig. 5C, DP1 expresses mainly in the seed coat.
Very low expression was found in silique walls and almost
no expression was detected in embryos (Fig. 5C).

The DPI promoter is active in the epidermal
and palisade layers of Arabidopsis and B. napus seed
coats

For examining the spatial expression of Propp;,:GUS
within the seed coat of Arabidopsis, GUS stained 7 DPA
developing seeds of the transgenic line Propp;,:GUS were
embedded in resin and sectioned (Fig. 6A). Pro;ss:GUS
was used as a positive control (Fig. 6B). GUS activity was
detected specifically in the seed coat epidermis and pali-
sade layers of Propp;,:GUS transgenic plants (Fig. 6A).
This result was confirmed using confocal microscopy to
examine the expression of Citrine YFP in 7 DPA devel-
oping seeds of Propp;.:Citrine transgenic lines. Consistent
with the previous results, expression is limited to the outer
two cell layers of the seed coat (Fig. 6C-E). No fluores-
cence was detected in the transgenic line with empty vector
used as a negative control (data not shown).
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Fig. 5 DPI seed coat expression analysis. A RT-PCR and B qRT-
PCR using RNA extracted from WT Arabidopsis seed coats at three
developmental stages (4, 7 and 10 DPA). C qPCR analysis of DPI
transcript in seed coat, embryo and silique wall at 7 DPA. RNA was
extracted from seed coats, embryos and silique walls (including the
suspensor and funiculus) at 7 DPA. The DPI transcript level
determined relative to GAPC using three biological replicates and
four technical replicates. Bars represent the average £+ SD (n = 4)

To compare the activity of Propp;, to Prosss quantita-
tively, GUS expression level was measured in 2 indepen-
dent T4 Propp;,:GUS lines and one Prozss:GUS transgenic
line using qRT-PCR (Suppl. Fig. 2). Total RNA was iso-
lated from the seed coat at 7 DPA. The expression level of
GUS driven by Prosss was found to be fivefold to sixfold
higher than those obtained with the Propp; although it is
important to consider that Propp; is active only in the outer
two cell layers whereas Projsg is active in all cell layers of
the seed coat as well as in endosperm (Fig. 6a, b).

To determine whether the Propp; behaved similarly in
other Brassicaceae, the Propp;,:GUS plasmid was used to
transform B. napus. Based on histochemical GUS assays,
no GUS expression was found in leaves, inflorescences,
silique walls or embryos (data not shown). However, as in
Arabidopsis, GUS was highly expressed in epidermis and
palisade layers (Fig. 6f—h) of developing seed coats from
the mid (~ 15 DPA) to the late developmental stages ( ~ 25
DPA).

Discussion

DP] promoter provides a tool for studying
and modifying seed coat properties

We have identified a promoter regulatory region from the
Arabidopsis DPI1 gene that is sufficient to drive the
expression of a reporter specifically in the two outer layers
of the seed coat. Expression occurs during a narrow win-
dow of developmental time of approximately 3 days, from
6 to 8 DPA. This period corresponds closely to the period
of mucilage secretion in the epidermal cells (5-8 DPA).
Seed coat mucilage is being used as a model system for
studying the synthesis and function of plant cell walls
(Arsovski et al. 2010; Haughn and Western 2012; Western
2012). Therefore, the Propp; could serve as a useful tool
for testing the activity of carbohydrate active enzymes,
engineering specific types of cell wall carbohydrates in the
mucilage pocket, or for the modification of the outer cell
layers of the seed coat to address questions concerning seed
coat structure and function. In addition, because spatial and
temporal expression driven by Propp; is conserved in B.
napus, the promoter could be used to modify the seed coat
properties or express valuable recombinant proteins in the
seed coat of Brassica crops.

Different fragments of DPI transcriptional regulatory
region showed a similar seed coat specific pattern
of expression

The Propp; transcriptional regulatory region includes the
990 bp of sequence upstream of the annotated transcription
start site (41; see Fig.2). The 119 bp immediately
upstream of this putative transcription start site are not
necessary for the seed coat specific promoter activity, as a
fragment from —119 to —1,107 was able to promote a
pattern of expression similar to ones extending from +169
to —991 and +22 to —1,107. These data suggest that either
the Propp; is positioned more than 119 bp upstream of the
transcription start site and/or the transcription start site is
incorrectly annotated. Promoters that initiate transcription
over a broad region of 100 bp are not uncommon in
eukaryotes (reviewed in Stamatoyannopoulos 2010).

The DPI promoter was the only promoter identified
as seed coat-specific during mucilage synthesis

Our search for seed coat specific promoters identified only
one. Several factors could have contributed to this low
number. First, it is possible that relatively few such pro-
moters exist. Indeed, most of the genes known to have
specific roles in the seed coat, are also expressed in other
tissues (e.g. Jofuku et al. 1994; Zhang et al. 2003; Dean
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15 DPA
Propp;:GUS

Propp;:GUS

Fig. 6 Propp; expression pattern in A. thaliana (A-E) and Brassica
napus (F-H). A, B Seeds (7 DPA) of Propp;;,:GUS and Pros;ss:GUS
transgenic plants were assayed for GUS activity embedded in resin,
and sectioned. Scale bars 100 um. C-E Confocal analysis of
Propp;.:Citrine YFP expression in 7 DPA seeds. C Transmitted light
micrograph, D Confocal fluorescent micrograph in which cell walls
are stained by propidium iodide in green. / epidermis, 2 palisade
layer, 3/4 cells of the other two inner integument layers, 5

et al. 2007). Second, because of our interest in seed coat
mucilage as a model for cell wall biosynthesis, our search
was designed to identify promoters with a very specific
pattern of expression. Genes expressed constitutively, or at
different time points, and those not regulated by AP2
would have been missed. Finally, nine genes appeared to
be seed coat specific based on RT-PCR results, but four of
these did not show expression when their putative
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\‘F.
zEp:der{nls
“ 4. _Palisade

Epidermis Palisade layer

N 57

endothelium E Confocal fluorescent micrograph showing expression
of Citrine YFP in epidermis and palisade layer of the seed coat. Bars
28 um. F-H Thick cross sections of transgenic B. napus. Propp;:-
GUS developing seeds at approximately 15 DPA and 25 DPA; wild
type (20 DPA) was used as negative control. Oi outer integument, /i
inner integument, Oi3 epidermis, Oi2 parenchymatous cell layer, Oi/
palisade layer. Scale bars 100 pm

transcriptional regulatory regions were tested using a
reporter gene. Since these negative results could have
arisen from the failure to include the entire transcriptional
regulatory sequences, the sensitivity of the promoter region
to the genomic insertion site following transformation or
errors in chimeric gene construction, it is possible that one
or more might show seed coat specific expression if re-
examined.
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DP1 may play a role in neolignan biosynthesis

The DPI gene (At4gl1180) is a member of the dirigent
protein gene family. Dirigent proteins have been associated
with the synthesis of the phenylpropanoid compounds,
neolignans (Burlat et al. 2001; Davin and Lewis 2005).
Indeed, although the exact role of DP1 has not been identi-
fied, a dpl mutant has been shown to lack seed specific
neolignans (Matsuda et al. 2010) suggesting a role in their
synthesis. The presence of neolignans specifically in the
outer seed coat is significant because different lignans act as
antioxidant, antiviral, antibacterial, antifungal, and cyto-
toxic compounds (Nitao et al. 1991; Asano et al. 1996; Mi-
yazawa et al. 1996; Day et al. 1999; Harper et al. 1999).
Neolignans could, therefore, increase the efficiency of the
seed coat’s role as a barrier to protect embryo against
pathogens. protect embryo against pathogens. In support of
this hypothesis, it has been demonstrated that the expression
level of a DPI homolog is increased in B.napus following
infection by the necrotrophic plant pathogen Sclerotinia
sclerotiorum (Zhao et al. 2007), suggesting a role in plant
defence.
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