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Abstract Although the hormones, gibberellin and auxin,
are known to play a role in the initiation of fruits, no such
function has yet been demonstrated for abscisic acid
(ABA). However, ABA signaling and ABA responses are
high in tomato (Solanum lycopersicum L.) ovaries before
pollination and decrease thereafter (Vriezen et al. in New
Phytol 177:60-76, 2008). As a first step to understanding
the role of ABA in ovary development and fruit set in
tomato, we analyzed ABA content and the expression of
genes involved in its metabolism in relation to pollination.
We show that ABA levels are relatively high in mature ova-
ries and decrease directly after pollination, while an
increase in the ABA metabolite dihydrophaseic acid was
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measured. An important regulator of ABA biosynthesis in
tomato is 9-cis-epoxy-carotenoid dioxygenase (LeNCED1),
whose mRNA level in ovaries is reduced after pollination.
The increased catabolism is likely caused by strong induc-
tion of one of four newly identified putative (+)ABA 8'-
hydroxylase genes. This gene was named SICYP707A1 and
is expressed specifically in ovules and placenta. Transgenic
plants, overexpressing SICYP707A1, have reduced ABA
levels and exhibit ABA-deficient phenotypes suggesting
that this gene encodes a functional ABA 8'-hydroxylase.
Gibberellin and auxin application have different effects on
the LeNCEDI and SICYP707A1 gene expression. The
crosstalk between auxins, gibberellins and ABA during
fruit set is discussed.
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(+)ABA 8'-hydroxylase - LeNCEDI - SICYP707A1 -
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Abbreviations

ABA Abscisic acid

GA Gibberellin

NCED 9-cis-Epoxy-carotenoid dioxygenase
DPA Dihydrophaseic acid

ABA-GE ABA-glucose ester

PA Phaseic acid
neo-PA neo-Phaseic acid

Introduction
A major and nutritionally important part of the human diet
is composed of fruits or fruit-derived products. In addition,

fruits are important in the life cycle of plants, since they
protect the seeds during their development and allow seed
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dispersal. Therefore, there has been considerable research
on fruit development, for which tomato has been used as a
model system for physiological and molecular studies for a
long time. The first step of fruit development, fruit initia-
tion, is very important from an agro-economical point of
view. It is a very delicate phase that is sensitive to abiotic
factors, which often decrease fruit set and thus reduce
yields. From a developmental point of view, fruit initiation,
commonly referred to as fruit set, is the stage at which the
ovary makes the decision to abort or to proceed with further
cell division and fruit development (Gillaspy et al. 1993).
Normally, fruit set is dependent on successful completion
of pollination and fertilization (Gillaspy et al. 1993). How-
ever, it is not known precisely how the signals from polli-
nation and fertilization stimulate cell division and fruit
initiation.

It has long been known that application of hormones
such as auxins or gibberellins can induce fruit set in the
absence of fertilization. The resulting parthenocarpic fruit
growth is a clear demonstration of the importance of hor-
mones in fruit initiation and development. There are a num-
ber of parthenocarpic tomato mutants, such as pat, pat2 and
pat3/4, in which it was shown that the GA content and/or
GA biosynthesis were increased significantly (Mazzucato
etal. 1998; Fos et al. 2000, 2001; Olimpieri et al. 2007).
Furthermore, overexpression of the iaaM gene, which
encodes an enzyme involved in auxin biosynthesis, also
induced parthenocarpic fruit development in tomato and
many other species (Rotino etal. 1997; Mezzetti et al.
2004). Changes in both GA and auxin content were thus
associated with parthenocarpic phenotypes. The altered
hormone balance in the ovary of parthenocarpic plants
seems, therefore, to substitute for pollination and fertiliza-
tion (Gorguet et al. 2005).

Some of the genes functioning in the biosynthesis and
signaling cascade of these hormones during fruit initiation
have been identified recently. For instance, it was shown
that expression of a GA 20-oxidase gene was induced by
pollination in tomato (Rebers etal. 1999; Serrani et al.
2007), and the importance of SIDELLA, which represses
GA signaling and tomato fruit set, has also been demon-
strated (Marti et al. 2007). In additional, IAA9 and ARFS,
both transcriptional regulators of the auxin response, were
shown to be part of an important signal for fruit set (Wang
et al. 2005; Goetz et al. 2007). However, many other genes
remain to be discovered and investigated. We have used
transcript profiling to gain a better insight into the genes
involved in fruit initiation, focusing on genes involved in
hormonal signaling. Several groups of genes were found to
have altered mRNA levels after pollination including genes
involved in the cell cycle, posttranscriptional gene regula-
tion, GA biosynthesis and auxin signaling (Vriezen et al.
2008). Notably, several genes related to abscisic acid
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(ABA), such as ABA RESPONSE ELEMENT BINDING
PROTEIN 1, ABA INSENSITIVE]-like genes, and dehydrin
genes, were found to be highly expressed in mature ovaries
while their expression decreased after pollination (Vriezen
etal. 2008). Many factors related to ABA signaling and
ABA responses are thus higher in mature, unpollinated ova-
ries and are quickly reduced after pollination. ABA is
known to play a role in seed and bud dormancy, and in the
regulation of abiotic stress responses (Horvath et al. 2003;
Bartels and Sunkar 2005; Finkelstein et al. 2008). During
tomato fruit development, its role is thought to be primarily
restricted to the latter half of seed development in processes
such as reserve deposition, desiccation tolerance and seed
dormancy (Gillaspy et al. 1993), and a role in the first phase
of fruit initiation has not been established. ABA has, how-
ever, been mentioned as a player in pea fruit set (Garcia-
Martinez and Carbonell 1980; Rodrigo and Garcia-
Martinez 1998). Here, we describe the changes found in the
levels of ABA and the ABA metabolites dihydrophaseic
acid (DPA) and phaseic acid (PA) in tomato ovaries and the
regulation of ABA biosynthesis and catabolism genes
during fruit initiation. Our data suggest that ABA is an
additional player in the regulation of tomato fruit set
together with auxin and GA.

Materials and methods
Plant material

Tomato plants (Solanum lycopersicum L. cv. Moneymaker
from Enza Zaden, Enkhuizen, The Netherlands) were
grown under greenhouse conditions from March to October
under a 16/8 h day—night rhythm. Supplementary lights
(600 W high-pressure sodium lights) turned on below
200 W/m? and turned off above 300 W/m?. Temperature
was kept above 20°C during the light period and 17°C dur-
ing the dark period with the PRIVA Integro versie 724 sys-
tem. Plants were watered daily and given fertilizer weekly.

Treatments

Flowers were emasculated 3 days before full bloom (dbf) and
at full bloom either hand pollinated or treated with 2 pL.
of either 1 mM GA; (Duchefa Biochemie BV, Haarlem,
The Netherlands) in 1% (v/v) ethanol or 1 mM 4-CI-IAA
(Sigma-Aldrich, St. Louis, MO, USA) in 2% (v/v) ethanol,
or | mM ABA (Acros, Geel, Belgium) in 10% (v/v) metha-
nol. 4-CI-IAA is a more stable form of auxin than IAA and
was used because it appeared to induce tomato fruit set
more reliably than IAA. Control flowers were treated with
2 pL of the solvent (10% methanol or 1% ethanol). Hor-
mone treatments were repeated after 2 days. Flowers were
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harvested 3 days after first treatment unless otherwise
noted. Plant material was sampled between 1100 and
1300 hours and directly frozen in liquid nitrogen. When
necessary, plant material was dissected using binoculars
and frozen thereafter in liquid nitrogen. The different tis-
sues were dissected from young flowers that were about
3 dbf. Roots and hypocotyls were isolated from 10-day-old
seedlings.

ABA analysis

Abscisic acid was quantified in triplicates by GC-MS as
described for GA analysis (Griffiths et al. 2006), but with
modifications. Freeze-dried samples were homogenized in
50 mL 80% (v/v) methanol/water in 100 mL flasks after
which 300 ng 3-methy1-[2H3]ABA was added as internal
standard. Samples were purified as described previously
except that the pooled ethyl acetate phases after elution
from the Varian Bond Elut NH, cartridge (100 mg; Kinesis,
St. Neots, UK) were evaporated to dryness in vacuo, and
dissolved in ethyl acetate (20 pL) of which 2 pL was
injected into a TR-1 capillary column (30 m x 0.25 mm x
0.25 mm film thickness; Thermo Fisher Scientific, Madi-
son, WI, USA) at 50°C. The split valve (50:1) was opened
after 2 min and the temperature increased at 20°C/min to
180°C and then at 4°C/min to 300°C. The instrument was
operated in selective ion monitoring mode, monitoring the
ions at m/z 190 and 162 for ABA and 193 and 166 for
[2H3]ABA. The amount of ABA was determined from the
peak areas for the ions m/z 190 and 193 by reference to a
calibration curve.

ABA catabolite analysis

The ABA catabolite analysis was performed at the Plant
Biotechnology Institute of the National Research Council
of Canada (http://www.pbi.nrc.gc.ca/ENGLISH/technology-
platforms/plant-hormone-profiling.htm) by high-perfor-
mance liquid chromatography electrospray tandem mass
spectrometry (HPLC-ES-MS/MS) using deuterated internal
standards, as described in Owen and Abrams (2009).

Neighbor joining tree

NCED mRNA sequences from Arabidopsis, rice, maize,
tomato and potato were obtained from NCBI (www.ncbi.
nlm.nih.gov) or Dana-Farber Cancer Institute (DFCI)
Tomato Gene Index (http://compbio.dfci.harvard.edu/tgi).
The sequences were translated to protein and aligned with
ClustalW (www.ebi.ac.uk/clustalw/). A neighbor joining
tree was generated using the PHYLIP Protdist program
(Phylogeny Inference Package version 3.5c; J. Felsenstein,
Department of Genetics, University of Washington,

Seattle) available on http://bioweb.pasteur.fr/seqanal/
phylogeny/phylip-uk.html. Default parameters were used
and 100 bootstrap replicates were generated. The consensus
tree was drawn in TreeView (free available from http:/
taxonomy.zoology.gla.ac.uk/rod/treeview.html). An unrooted
tree was drawn from output data without bootstrap values,
bootstrap values (calculated by Prodist) were manually
added afterwards.

Isolation and cloning of SICYP707A1 and CYP707 like
cDNAs

The full-length SICYP707A1 sequence was isolated by
plaque screening of a phage cDNA library (HybriZAP®
2.1, Stratagene, La Jolla, CA, USA) with a probe corre-
sponding to base 1,024-1,387 of SICYP707Al, following
the manufacturer’s protocol. TC177455, Al484420 and
TC186477 sequences were obtained from the DFCI
Tomato Gene Index.

RNA isolation, cDNA synthesis and Q-PCR data analysis

RNA was isolated with the RNAeasy kit (Qiagen, Valencia,
CA, USA). Photometric RNA measurements were done to
equilibrate the RNA concentrations of different samples.
Equal amounts of RNA were DNase treated (RQI,
Promega, Madison, WI, USA). RNA (0.5 pg) was reverse
transcribed (RT) in a total volume of 10 pL using a cDNA
synthesis kit (iScript™, Bio-Rad Laboratories, Hercules,
CA, USA) following manufacturer’s protocol.

Real-time quantitative PCR (Q-PCR) primers were
designed using a computer program (Beacon Designer
Software, Premier Biosoft International, CA, USA). Align-
ments of genes that were part of a gene family were made
and gene specific DNA pieces were used for primer design.
Primer pairs are depicted in Table 1. Specificity was tested
by sequencing the amplicon. Q-PCRs were done using
SYBR green mix (iQ-SYBR Green Supermix, Bio-Rad
Laboratories). PCR reactions were performed in a 96-well
thermocycler (Bio-Rad iCycler) using a temperature pro-
gram starting with 3 min at 95°C then 40 cycles consisting
of 15s at 95°C and 45 s at 57°C and finally the melting
temperature of the amplified product was determined to
verify the presence of a single product. Five microliters of
25-fold diluted cDNA was used per sample. Technical and
biological replicates were always performed. Both actin 2/7
and ubiquitin 7 were used as internal control genes, to cor-
rect for difference in ¢cDNA amounts. Diluted DNase-
treated RNA was also included in the Q-PCR as a control
for genomic DNA contamination.

Relative mRNA levels were calculated following the
Bio-Rad outlined methodology based on Vandesomple
et al. (2002) and corrected for PCR efficiencies, which were
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Table 1 Primer sequences used
for semi- and real-time quantita-

Gene name or number (annotation)

Primer sequences

tive PCR

SICYP707A1 (ABA 8'-hydroxylase)

TC177455 (ABA 8'-hydroxylase)

AI484420 (Cytochrome P450)

TC186477 (ABA 8'-hydroxylase)

ACT?2/7 (actin 2/7)

UBQ7 (ubiquitin 7)

LeNCEDI1 (9-cis-epoxy-carotenoid dioxygenase)

5'-CTTATTTGGCTATCGCTGAACC-3'
5'-CCTCCAACTTCAAACTCATTGC-3’
5'-AGAGAGGCTGTAGCTGAGTGG-3’
5'-TTGGCAAGTTCATTCCCTGGAC-3’
5'-GCAATGAAAGCGAGGAAAGAGC-3’
5'-TCGAGCTGCAAAGATGACTCC-3’
5'-CTAAGGTGGCAAGGAGGAAGC-3’
5'-GTGTCCTGGGCAGCAAAGAG-3’
5'-GAGCATTCAAACCCGAAGCC-3’
5'-AATTGTACCCTGTTTCGAGCAC-3’
5'-GGACTCTGGTGATGGTGTTAG-3’
5'-CCGTTCAGCAGTAGTGGTG-3’
5'-CCCTGGCTGATTACAACATTC-3'
5'-TGGTGTCAGTGGGTTCAATG-3’

determined using dilution ranges (0.1-10 pg/uL). The aver-
age of two biological repeats and two technical repeats is
depicted together with the SE. When error bars were omit-
ted in graphs, biological replicates showed the same trend
but the absolute amounts were different—in these cases,
only one biological replicate is shown.

Semi-quantitative PCR

Semi-quantitative PCRs were performed using 5 pL of 25-
fold diluted cDNA, buffer IV, 2.5 mM MgCl,, 0.5 unit Red
Hot Taq DNA polymerase (all from ABgene Limited,
Epson, Surrey, UK), 0.4 mM dNTPs (Fermentas, St. Leon-
Rot, Germany), and 0.1 pM primers (Table 1) in a reaction
of 30 cycles, each comprising of 15s at 95°C (denatur-
ation), 30 s at 57°C (primer annealing) and 10 s at 72°C
(extension time).

In situ hybridization

The RNA probes were synthesized by transcribing bases
1,467-1,648 of the CYP707A1 cDNA using T7 (sense) and
SP6 (anti-sense) RNA polymerase and digoxigenin (DIG)-
labeled UTP (Roche Applied Science, Basel, Switzerland).
DIG labeling efficiencies were tested by a spot assay. Tis-
sue fixation was done as described by Bereterbide et al.
(2002). Embedded tissues were sliced into 8 pum sections.
Paraplast Plus (Sigma-Aldrich, St. Louis, MO, USA) was
removed with Histoclear (National Diagnostics, Atlanta,
GA, USA), sections were hydrated, immersed in TE (Tris—
HCI pH 7.5, 10 mM EDTA) and a proteinase K treatment
was performed. Sections were then dehydrated again, and
air dried for 2-3 h. The slides were incubated in a humidi-
fied box overnight at 50°C, in 150 pL hybridization mixture
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(50% formamide, 0.5 pg/mL tRNA, 10% (w/v) dextran sul-
fate, 300 mM NaCl, 5 mM EDTA, 10 mM Tris—HCI pH
7.5) supplemented with 100 ng of probe. The next morning
slides were immersed in a series of SSC (Najscitrate, NaCl)
washing buffers until 0.5x SSC. Anti-DIG alkaline phos-
phatase-coupled antibody (Roche Applied Science) was
diluted 500-fold in 1% (w/v) BSA solution and after block-
ing a volume of 150 uL. was added to the slides and incu-
bated in a humid chamber at 37°C for 1.5 h. After two
washes, the slides were put in color substrate reaction buffer
[100 mM NaCl, 5 mM MgCl,, 100 mM Tris—HCI pH 9.0,
10% (w/v) polyvinylalcohol, 0.24 mg/mL Levamisole
(Sigma-Aldrich), 5 pL/mL NBT and 3.75 pL/mL BCIP
(Roche Applied Science)] in the dark until purple staining
appeared. Staining was stopped by immersing the slides in
TE.

Overexpression lines

To generate transgenic overexpression SICYP707A1 lines,
the coding region (base 6—1,478) was PCR amplified and
cloned in the Gateway entry vector pENTR/D-TOPO vec-
tor (Invitrogen, Carlsbad, CA, USA). SICYP707A1 coding
region was recombined between the Cauliflower Mosaic
Virus 35S promoter in the pGD625 vector (Chalfun-Junior
etal. 2005) and the NOPALINE SYNTHASE terminator.
Transgenic plants were generated by Agrobacterium
tumefaciens-mediated transformation. Cotyledons of 10-day-
old seedlings were cut and pre-incubated overnight on co-
cultivation MS medium containing vitamin Gamborg BS5,
1% (v/iw) sucrose, 0.5 mg/LL Mes buffer, 0.8% (v/iw)
Daishin agar, 0.05 mg/L 2,4-D, 0.1 mg/L TAA, 2.0 mg/L
zeatin, 200 UM acetosyringone, pH 5.8. A. tumefaciens
(EHA 105) were grown to an OD600 of 1.0 and diluted 25
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times in liquid LB media and grown for another 4 h to an
OD600 between 0.2 and 0.3. Bacteria were pelleted and
resuspended in liquid MS medium containing vitamin
Gamborg B5 mixture, 3% (w/v) sucrose, 0.5 mg/L. Mes
buffer, 200 M acetosyringone. Cotyledons were incubated
30 min in the bacterial suspension, washed and placed back
on the co-cultivation media. Two days after transformation,
cotyledons were placed on MS medium containing vitamin
Gamborg B5 mixture, 3% (v/w) sucrose, 0.5 mg/LL Mes
buffer, 0.8% (v/w) Daishin agar, 0.1 mg/L TAA, 2.0 mg/L
zeatin, 200 mg/L cefotaxime and 50 mg/L vancomycin and
incubated for another 2 days. To induce callus and shoot
formation, cotyledons were transferred to shoot inducing
MS medium containing vitamin Gamborg B5 mixture, 1%
(w/v) glucose, 0.5 mg/L. Mes buffer, 0.8% (w/v) Daishin
agar, 0.1 mg/L TAA, 2.0 mg/L zeatin, 500 mg/L carbenicil-
lin and 100 mg/L kanamycin. Cotyledons were transferred
to fresh medium every 3 weeks. Elongated shoots of
2—4 cm were excised from the callus and transferred to
rooting MS culture medium containing 1.5% (w/v) sucrose,
4% (w/v) purified agar (Oxoid Ltd, Hampshire, UK),
0.25 mg/LL. IBA, 100 mg/L cefotaxime and 100 mg/L
vancomycin. Rooted plantlets were transferred to soil for
further selection including, ploidy test and PCR with
primers specific for the kanamycin resistance gene. Media
components and antibiotics were obtained from Duchefa
Biochemie BV unless otherwise specified.

Water stress experiment

Pots of wild type and SICYP707A1 overexpression lines of
the same age and size were saturated with water at the start
of the experiment. Plants were withheld water from then
on. Photographs were taken 72 h after start of the experi-
ment.

Leaf surface area

Leaf surface area was measured for four compound leaves
of 2 months old tomato plants on a Li-3100 area meter (Li-
Cor, Lincoln, NE, USA). Average leaf surface is depicted
with SD. Leafs were always picked at the same height.

Accession details

GenBank accession numbers: LeNCEDI (Z97215), AtN-
CED2 (NM117945), AtNCED3 (NM112304), AtNCED4
(NM118036), AtNCEDS (NM102749), AtNCED6 (NM11
3327), AtNCED9 (NM106486), StNCEDI (AY662343),
OsNCED1 (AY838897), OSNCED2 (AY838898), OsN-
CED3 (AY838899), OsNCED4 (AY838900), OsNCEDS
(AY838901), VP14 (ZMU95953), ALNCED1 (AJ574819),
SICYP707A1 (EU183406), SICYP707A3 (A1484420), StCY

P707A2 (DQ206631), AtCYP707A1 (NM202845), AtCYP
707A2 (NM128466), AtCYP707A3 (NM180805), AtCYP70
7A4 (NM112814), ACT2/7 (BT013707), UBQ7 (AK246454).

DFCI Tomato Gene Index accession numbers:
TC175556, TC154638, TC154637, TC156234, SICYP707A2
(TC177455), SICYP707A4 (TC186477).

Results
ABA content

Abscisic acid signaling and ABA response genes are highly
expressed in unpollinated ovaries and their expression
decreases upon pollination (Vriezen et al. 2008), suggesting
a concomitant decrease in ABA concentration. To confirm
this assumption, ABA concentration was determined in
ovaries at several time points before and after pollination.
Figure 1 shows that the free-ABA level in ovaries signifi-
cantly decreased from 6.7 ng/mg DW before pollination
(CO) to 2.4 ng/mg DW 3 days after pollination (dap). In
contrast, if ovaries were kept unpollinated during the same
period, the free-ABA level increased to 7.6 ng/mg DW
(C3).

Regulation of ABA biosynthesis

It is generally accepted that the cleavage reaction catalyzed
by 9-cis-epoxy-carotenoid dioxygenases (NCED) is a
major rate-limiting step and point of regulation in ABA
biosynthesis (Qin and Zeevaart 2002). In other species,
such as Arabidopsis and rice, NCED enzymes are encoded
by small gene families composed of five and three mem-
bers, respectively (Tan et al. 2003). However, in tomato

[ABA] (ng/mg DW)

2 '- (- .

C0  Idap 2dap 3dap C3
Fig. 1 ABA concentration decreases in ovaries after pollination. ABA
concentration in unpollinated ovaries of emasculated flowers at full
bloom (CO0) and in unpollinated ovaries 3 days after full bloom (C3),

and 1-3 dap: 1, 2, and 3 days after pollination. Mean values
(n =3) £ SE are depicted
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only one NCED (LeNCED]) has been identified so far, and
shown to have 9-cis-epoxy-carotenoid cleavage activity. In
an attempt to obtain a complete overview of the transcrip-
tional regulation of the whole NCED gene family in
tomato, we searched the DFCI Tomato Gene Index and
NCBI EST databases for sequences homologous to
LeNCEDI or to one of the five known Arabidopsis genes.
The neighbor joining tree in Fig.2 shows that the four
tomato sequences most similar to LeNCEDI did not group
together with the LeNCED1 and the other functional NCED
genes from Arabidopsis, rice, potato and maize. Three of
the four tomato sequences (TC175556, TC154638, and
TC154637) formed a separate group, while the other
sequence (TC156234) grouped together with other caroten-
oid cleavage dioxygenases (CCDs) that are not known to be
related to ABA biosynthesis (Tan et al. 2003). In addition,
the deduced amino acid sequences of the four tomato
sequences were less than 35% identical to the functional
Arabidopsis or tomato NCED amino acid sequences.
Therefore, we think it is highly likely that no additional
functional NCED genes are present in the tomato genome.
LeNCEDI mRNA levels decreased after pollination in
both the ovules and placenta tissue and the pericarp
(Fig. 3a). Semi-quantitative PCR analysis, with specific
LeNCED] primers, revealed that it is expressed equally in
wall, ovules and placenta in unpollinated ovaries (Fig. 4a).
After pollination, there is a decrease in expression in wall
and ovules. Because of its equal distribution throughout the

AINCED2 AtNCEDS5
LeNCEDI
StNCEDI

OsNCED3
VP14
OsNCEDS

OsNCED6

AtNCED9

AtNCED3
AtNCEDO

AINCED4

TC175556

TC154638
IC154637
OsNCEDI
2L OsNCED?
Fig. 2 Neighbor joining tree of NCED and NCED-like sequences
with bootstrap values indicated at junctions. LeNCED1 groups togeth-
er with known NCED sequences such as AtNCED?2,3,5,6,9, VP14 and
OsNCED3,5,6. Two other groups are formed including TC175556,
TC154638, TC154637, TC156234, OsNCEDI1,2 and AtNCEDA4.
Tomato sequences are underlined. For accession details see “Materials
and methods”
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unpollinated ovary, no in situ hybridization was performed
for LeNCED].

Regulation of ABA catabolism

Abscisic acid concentration is regulated by catabolism as
well as synthesis. In plant cells, ABA is mainly inactivated
by 8'-hydroxylation (Nambara and Marion-Poll 2005),
which is in Arabidopsis catalyzed by four cytochrome P450
mono-oxygenases, AtCYP707A1 to AtCYP707A4 (Kushiro
et al. 2004). We previously identified a tomato homolog of
AtCYP707A4, which was strongly induced in the ovary
after pollination (Vriezen et al. 2008). We have now iso-
lated and characterized the corresponding full-length
(1,742 bp) cDNA clone from a tomato ovary cDNA library.
The deduced amino acid sequence is highly homologous to
the Arabidopsis CYP707A4 protein (65% amino acid iden-
tity) and Solanum tuberosum CYP707A2 gene (95% iden-
tity). The tomato protein (designated SICYP707Al)
contains the highly conserved cysteine residue (within the
PFGNGTHSCPG motif), which is the putative heme-iron-
ligand, common to all P450s and essential for catalytic
activity (Kushiro et al. 2004). A database search yielded
three more putative CYP707A ESTs (TC177455,
Al484420, and TC186477) that share between 61 and 68%
sequence identity with SICYP707A1 at nucleotide level.
Their deduced protein sequences are each 70-74% identical
with one of the four Arabidopsis AtCYPT707A proteins.
We, therefore, consider the three genes to encode putative
ABA 8'-hydroxylases, and designated them SICYP707A2,
SICYP707A3 and SICYP707A4.

The mRNA levels of the four putative tomato CYP707A
genes were determined in emasculated flowers 3 days after
full bloom (control) and 3 days after pollination in tomato
ovaries. Figure 3b shows that the mRNA concentration of
SICYP707A1 strongly increased after pollination in whole
ovaries and it reached a much higher level than the mRNA
levels of the other CYP707A genes. In additional, the
mRNA levels of all other putative tomato CYP707A genes
were reduced after pollination. This suggests that
SICYP707A1 is the most important gene responsible for
ABA catabolism in pollinated ovaries. Expression of
SICYP707A1 was also analyzed in other tissues and it is
expressed in sepals, petals and pedicels (Fig. 3c). The accu-
mulation of SICYP707A1 mRNA in ovaries was determined
more precisely in separated ovule/placenta and pericarp tis-
sue during the first 3 days after pollination. SICYP707A1
mRNA levels were several hundredfold up-regulated after
pollination, specifically in ovules/placenta and not in peri-
carp (Fig. 3d).

Furthermore, mRNA localization was analyzed in ovules
and placenta separately. In unpollinated (control) ovaries
SICYP707A1 mRNA is present in the placenta, but not in
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the ovules and pericarp (Fig. 4a). In pollinated ovaries,
SLCYP707A1 mRNA level is generally higher and present
in both placenta and ovule tissue. In situ hybridization with
a gene-specific probe confirmed this localization of
SICYP707A1 in pollinated ovaries. The purple staining sug-
gests relatively high SICYP707A1 mRNA levels in the
ovules and in the periphery of the placenta but low levels in
the pericarp (Fig. 4b, c).

Gene expression data suggest that the reduction in ABA
levels that we measured after pollination could be due to
increased ABA 8'-hydroxylation activity. To strengthen
this hypothesis, we analyzed the levels of the ABA cata-
bolic products in ovaries 3 days after pollination and 3 days
after anthesis in unpollinated ovaries. These tissues are

comparable to the C3 and 3 dap samples, respectively,
which were used to measure ABA (Fig. 1). Table 2 shows
that the level of ABA in unpollinated ovaries was two-and-
half-fold higher than in pollinated ovaries, comparable to
the measurements shown in Fig. 1. The product of ABA 8'-
hydroxylation is (—)-PA which can be reduced to (—)-DPA
(Zeevaart 1999). PA levels did not change, but DPA levels
increased from 0.44 to 1.20 ng/mg DW in ovaries after pol-
lination. 7’- and 9'-ABA hydroxylation can also inactivate
ABA in several plant species (Nambara and Marion-Poll
2005). The product of ABA 9’-hydroxylation is 9'-hydroxy
ABA which is converted to neo-phaseic acid (neo-PA). In
tomato ovaries, a considerable amount of neo-PA was pres-
ent, but this was not affected by pollination. The presence
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(a) control
pe

ov pl pe ov pl

pollinated

SICYP707A1

Fig. 4 Localization of LeNCEDI and SICYP707A1 mRNA in ovaries.
a Semi-quantitative PCR with LeNCEDI and SICYP707A1 specific
primers, and actin 2/7 as an internal control gene. LeNCED] is equally
expressed in wall, placenta and ovules of unpollinated ovaries and ex-
pressed lower after pollination in wall and ovules. SICYP707A1 is
weakly expressed in the placenta of unpollinated ovaries and expressed
higher in both ovules and placenta in pollinated ovaries. In situ hybrid-
ization with a sense (b) and anti-sense (¢) RNA probe of SICYP707A1.
Alkaline phosphatase activity gives a purple staining. Bar represents
100 pm

of 7'-hydroxy ABA was also detected, but its level was low
and could not be quantified significantly. The amount of a
conjugated form of ABA, ABA-glucosyl ester (ABA-GE),
decreased from 1.32 to 0.65 ng/mg DW in ovaries after pol-
lination (Table 2).

Functional analysis of SICYP707A1

To prove that the SICYP707A1 gene is coding for a func-
tional ABA 8'-hydroxylase, we overexpressed its coding
region under control of the 35S-promoter in tomato. Sev-
eral transgenic lines were obtained, of which the line with
the highest overexpression level was further analyzed.
Figure 5a shows the SICYP707A1 mRNA levels in unpolli-
nated mature ovaries. The SICYP707A1 overexpression line
has approximately 45-fold higher mRNA levels than wild
type. Consequently, the free-ABA level in unpollinated
ovaries was 46% lower in SICYP707A1 overexpression
plants than in wild-type plants (Fig. 5b), confirming the
ABA 8'-hydroxylase activity of SICYP707A1. The overex-
pression plants have a smaller leaf surface area and wilt

Table 2 ABA and catabolite levels in unpollinated and pollinated ovaries

(a) sicyprozal (b) ABA
1

100
80
60
40
20

< 100
(1]
60
40
20

rel. mRNA levels
rel. ABA levels

wit OE

(d) leaf surface area
20

/leaf)

a

{cm

Fig. 5 a Relative mRNA levels of the SICYP707A1 gene in unpolli-
nated mature ovaries of overexpression (OE) plants are 45 times high-
er than wild type (wr). b Relative ABA levels in unpollinated mature
ovaries of overexpression plants is 56% of wild type. ¢ Overexpres-
sion plants (right) wilt stronger after 72 h of water with holding than
wild-type plants (left). d The leaf surface area of the compound leaves
of overexpression plants is smaller than wild type. e On the stem of the
overexpression plants small adventitious roots are visible

stronger 72 h after water with holding than wild-type plants
(Fig. 5¢c, d). In addition, we also observed the initiation of
adventitious root growth on the stem of the SICYP707A1
overexpression plants (Fig. Se).

Hormone crosstalk

Because fruit set is induced by GA and auxin, we were
interested in the effect of these hormones on the activity of
both, the LeNCEDI gene and the SICYP707A1 gene. The
LeNCEDI mRNA level in ovaries was lower after GA;
treatment or 4-CI-IAA treatment and comparable to the lev-
els found after pollination (Fig. 6a). ABA treatment, how-
ever, increased the mRNA level of LeNCEDI.
SICYP707A1 mRNA level was not affected by GA; treat-
ment in contrast to pollination, 4-CI-IAA treatment, or
ABA treatment, which all had a stimulating effect (Fig. 6b).

ABA (ng/mg DW) PA (ng/mg DW) DPA (ng/mg DW) ABA-GE (ng/mg DW) neo-PA (ng/mg DW)
Unpollinated 10.76 (£ 0.12) 0.10 (£ 0.05) 0.44 (£ 0.05) 1.32 (£ 0.04) 0.46 (£ 0.09)
Pollinated 4.26 (£ 0.31) 0.10 (£ 0.06) 1.20 (£ 0.08) 0.65 (£ 0.05) 0.46 (£ 0.01)

Mean values (n = 2) &= SE are depicted
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Fig. 6 mRNA levels of LeNCEDI and SICYP707A1 before
(C =control) and after hormone treatment or after pollination.
a LeNCEDI expression is induced by ABA treatment and reduced
after pollination, GA; and 4-CI-IAA (IAA) treatment. b SICYP707A1
expression is induced after pollination, 4-CI-IAA and ABA treatment.
Mean values (n = 6) = SE

Discussion
ABA content

Fruit set is an agro-economically important process, in
which hormones play a pivotal role. Gibberellins and aux-
ins were known previously to induce fruit growth and, by
demonstrating that ABA signaling is high in mature ovaries
and decreases after pollination, we have recently suggested
a role for ABA in fruit set (Vriezen et al. 2008). In addi-
tional, ABA has been immuno-localized in the ovary of
Arabidopsis and cucumber, indicating a function for ABA
in these tissues (Peng et al. 2006). Previously, Kojima et al.
(1993) had measured relatively high levels of ABA in
unpollinated pistils compared to 10-day-old tomato fruits.
Here, we demonstrate that within 3 days the free-ABA con-
tent of pollinated tomato ovaries decreases to approxi-
mately 30% of that in unpollinated ovaries. A decrease in
ABA concentration to 50 or 25% of the original concentra-
tion has also been measured in other physiological systems,
such as in dormancy breakage in seeds (Chiwocha et al.
2005) and tubers (Destefano-Beltran et al. 2006). The rela-
tive decrease in ABA content in the tomato ovary is compa-
rable to those observed in other processes in which ABA
level is of physiological importance.

Regulation of ABA biosynthesis and catabolism

Abscisic acid concentration is actively regulated in ovaries,
as we found biosynthesis genes to be down-regulated and
ABA catabolism genes to be induced in the ovary after fruit
initiation. NCED genes are often encoded by a small gene
family. However, we were not able to find putative NCED
genes other than LeNCEDI in the tomato sequence dat-
abases, which contain 213,947 ESTs and 41,425 unique
sequences. The three other CCDs described are probably

not related to ABA biosynthesis as they do not group with
LeNCEDI. Moreover, TC154637 and TC154638 have
already been described as carotenoid cleavage dioxygenase
1 genes involved in volatile terpenoid production (Simkin
et al. 2004). Therefore, LeNCEDI appears to produce the
most represented NCED transcript in ovary and possibly is
the only NCED gene in tomato. In addition, the fact that the
notabilis mutant with a mutation in the LeNCED1 gene has
a strong ABA-deficient phenotype (Burbidge et al. 1999;
Thompson et al. 2004) indicates that this gene has a promi-
nent role in ABA biosynthesis. Transcript levels for this
gene decreased after pollination concomitant with the
decrease in ABA concentration, indicating that LeNCED1
regulation directly affects biosynthesis of ABA in the
mature ovary.

Transcription levels of a gene very homologous to an
Arabidopsis ABA 8'-hydroxylase (ArCYP707A4) were
strongly induced specifically in ovules and placenta tissue,
in contrast to the mRNA levels of the three other putative
tomato CYP707A genes. Similarly, the CYP707A genes in
Arabidopsis are also differentially expressed, for instance
during dehydration and rehydration responses and during
seed dormancy (Kushiro et al. 2004; Okamoto et al. 2006).
The deduced protein sequence of SICYP707A1 has very
high homology to AtCYP707A4. Moreover, we have indi-
rectly proven that the SICYP707A1 gene encodes a func-
tional ABA 8'-hydroxylase by overexpressing it in tomato.
This resulted in reduced ABA levels and ABA-deficient
phenotypes, such as adventitious rooting, reduced leaf sur-
face area and increased wilting. These characteristics have
also been described for the tomato ABA-deficient mutants
sitiens, notabilis and flacca (Taylor and Tarr 1984;
Burbidge et al. 1999). The remarkably large increase we
found in SICYP707A1 mRNA levels suggests a strong
induction of ABA 8'-hydroxylation after pollination. In
addition, we showed that after pollination a higher level of
DPA, the end product of the ABA 8’-hydroxylation
pathway, was present in the ovary, suggesting that ABA
8’-hydroxylation was indeed induced after pollination.
Interestingly, 7'- and 9’-hydroxylation of ABA also takes
place in tomato. However, no differences were found
between 7'-hydroxy ABA and neo-PA levels in ovaries
after pollination, suggesting that these conversions take
place, but do not attribute to the decrease in ABA levels
after pollination. Thus, ABA 8'-hydroxylation is the major
ABA catabolic pathway in tomato ovaries (our work) as
was suggested for Arabidopsis (Kushiro et al. 2004). ABA
can be transported and stored as ABA-GE (Nambara and
Marion-Poll 2005) and the high levels in unpollinated ova-
ries could mean that ABA-GE is transported to and stored
in the ovary. Altogether, these data strengthen our hypothe-
sis that after pollination ABA levels are reduced mainly
through ABA 8'-hydroxylation. The specific localization of
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SICYP707A1 in ovules and placenta might indicate that
embryo or seed formation requires rapid removal of ABA.
The localization of SICYP707A1 mRNA is comparable to
the localization of the hormone ABA in the ovules of Ara-
bidopsis and cucumber (Peng et al. 2006). The decrease in
mRNA levels of the three other putative tomato CYP707A
genes might be explained by the reduction in ABA concen-
tration, since positive feedback from ABA on CYP707A
expression has been found in Arabidopsis (Kushiro et al.
2004; Umezawa etal. 2006), potato (Destefano-Beltran
et al. 2006) and by us in tomato (Fig. 6b).

Hormone crosstalk

Auxin has been shown to interact with several hormones
via regulation of expression of genes encoding biosynthetic
or catabolic enzymes (Ross and O’Neill 2001). A fertiliza-
tion-induced increase in auxin signaling most likely regu-
lates the expression of ABA biosynthesis and catabolism
genes during tomato fruit set, since we could show that
auxin treatment reduced LeNCEDI transcript levels and
increased SICYP707A1 transcript levels. GA; treatment
also reduced LeNCED1 gene expression but it had no effect
on SICYP707A1 gene expression. Therefore, auxin, via GA,
or both hormones together regulate LeNCEDI gene expres-
sion, whereas SICYP707A1 expression seems to be regu-
lated by auxin alone. This would be consistent with auxin
inducing GA biosynthesis, but not vice versa (Vriezen et al.
2008; de Jong et al. 2009). It seems likely that a pollina-
tion-induced auxin increase precedes the GA increase, as
summarized in Fig. 7. This hormonal signaling cascade
may also lead to a reduction in the ABA content via
changes in LeNCEDI and SICYP707A1 expression. In the
promoter of LeNCED], auxin, GA, and ABA response ele-
ments were identified (Thompson et al. 2004), consistent
with LeNCEDI being regulated by all three hormones.

xanthoxin
P
pollination —»[IAA]—> [GA] [ABA]

T Ga)

8'OH-ABA

Fig. 7 Model of the hormonal interactions after pollination. Pollina-
tion induces an increase in auxin concentration and subsequently an in-
crease in GA concentration. Both an increase in GA and IAA levels
inhibit the expression of the LeNCEDI gene (ABA biosynthesis),
while only increased IAA levels can stimulate the expression of the
SICYP707A1 gene (catabolism), ABA levels therefore decrease

@ Springer

Since we found that LeNCEDI is positively regulated by
ABA, a decrease of ABA content after pollination might
also contribute to the decrease in its mRNA levels. A posi-
tive feedback of ABA levels on NCED mRNA levels has
been shown in Arabidopsis (Wan and Li 2006). However,
Thompson et al. (2000) showed that ABA had no effect on
LeNCED] expression in a detached leaf assay. Different tis-
sues might thus have different regulatory mechanisms of
LeNCED] expression. The increase in SICYP707A1 levels
cannot be caused by a lower content of ABA, because this
gene is also positively regulated by ABA.

Function of ABA during fruit set

In a mature unpollinated ovary, many cell cycle genes, such
as LeCDKBI,2, CycAl,2 and CycD3, are relative lowly
expressed (Vriezen et al. 2008). In addition, the relative
expression level in the mature tomato ovary of two genes
homologous to PsDRM I, which proved to be excellent dor-
mancy (DRM) markers in pea (Stafstrom et al. 1998), are
high. Together, this suggests that the mature ovary before
pollination has entered a temporarily dormant state, during
which the tissue is quiescent. It is known that ABA can
directly influence the cell cycle via suppression of CDKA1
expression (Smalle et al. 2003) or stimulation of the /ICK1
(an inhibitor of CDK action) expression (Wang et al. 1998),
thereby inhibiting cell division and inducing an quiescent
state. We know that the ABA signaling and response path-
way are active in the unpollinated mature ovary (Vriezen
et al. 2008). In addition, in the research presented here, we
have shown that ABA levels are relatively high in mature
ovaries and are down-regulated after pollination. Based on
these observations, a hypothesis is that ABA inhibits
growth until fruit set. The post-pollination increase of auxin
and GA levels may directly or indirectly repress ABA bio-
synthesis. However, we were unable to induce fruit set by
application of an ABA biosynthesis inhibitor, fluridone.
Neither could we inhibit fruit set by ABA application to
pollinated ovaries (data not shown). This might indicate
that not only the concentration of ABA but rather the hor-
monal balance of ABA and other hormones, such as auxin
and GA, is important. Similarly, the potential of axillary
bud outgrowth is determined by a balance of the hormones
such as cytokinin, auxin and ABA (Shimizu-Sato and Mori
2001). Besides inhibition of growth, ABA can also induce
tolerance to several abiotic stresses, such as heat stress,
cold stress and drought stress (Bartels and Sunkar 2005;
Gusta et al. 2005; Bonham-Smith et al. 2008). For example,
ABA induces dehydrins which are proteins with a potential
in vivo role in stabilizing cells under abiotic stress
(Kalemba and Pukacka 2007). Several dehydrins are indeed
higher expressed in the mature unpollinated ovary (Vriezen
et al. 2008). A putative protective function for ABA might
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become more apparent during unfavorable environmental
conditions when ABA protects the mature ovary during its
temporal dormant state.
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