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ps-2, the gene responsible for functional sterility in tomato,
due to non-dehiscent anthers, is the result of a mutation in a novel

polygalacturonase gene
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Abstract The recessive mutation ps-2, which appeared
spontaneously in tomato, confers functional male sterility
due to non-dehiscent anthers. In this study, we isolated and
characterized the PS-2 gene. A single nucleotide mutation
in a novel tomato polygalacturonase gene is responsible for
the ps-2 phenotype. The mutation in ps-2 is responsible for
an alternative splicing during maturation of the pre-mRNA,
which leads to an aberrant mRNA. Differentiation between
ps-2 and wild type (PS-2) anthers only appears in the final
developmental stage in which the stomium remains closed
in the mutant. To our knowledge, this is the first functional
sterility gene isolated in the Solanaceae family. The specific
expression of the Arabidopsis homolog of PS-2 in the
anther dehiscence zone suggests a conserved mode of
action over the plant kingdom, which means that the repres-
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sion of PS-2 homologs may be a potential way to introduce
functional sterility in other species.

Introduction

In higher plants mature pollen are released from the anther
by dehiscence, which consists of a succession of cell
destructions occurring successively in the tapetum, the sep-
tum and ultimately in the stomium. In tomato, after degen-
eration of the tapetum, exothecium cells are reinforced,
creating a breaking force in the stomium that eventually
leads to pollen release (Keijzer 1987).

Recent progress was made in understanding the molecu-
lar control of anther dehiscence, which involves mainly the
discovery of the implication of jasmonic acid (JA) and eth-
ylene. Several mutants affecting diverse steps in the synthe-
sis of JA in the anthers were identified in Arabidopsis.
These mutants displayed a delay of anther dehiscence
(reviewed by Scott et al. 2004). The role of ethylene signal-
ing in this phenomenon was highlighted by Rieu et al.
(2003) who observed a delay in the dehiscence of anthers of
ethylene insensitive tobacco plants.

Polygalacturonases (PGs) belong to one of the largest
hydrolase families (Torki et al. 2000; Markovic and Janecek
2001). The PG activities are associated with a wide range of
plant developmental programs (reviewed by Hadfield and
Bennett 1998), among them, anther dehiscence. The activity
of PGs has been observed in the dehiscence zone of anthers
of maize, tobacco, oilseed rape and Arabidopsis (Dubald
et al. 1993; Sander et al. 2001). However their role in the
dehiscence process has never been studied in detail.

We have recently fine-mapped the positional sterility-2
gene, conferring non-dehiscent anthers in tomato (Gorguet
et al. 2006). Here, we report the isolation of the ps-2 gene
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by positional cloning. A single mutation in the coding
sequence of a novel polygalacturonase gene is responsible
for this phenotype. We found that this mutation affects one
of the intron splicing recognition sites of the gene, giving
rise to an aberrant mRNA, lacking one of the exons. Micro-
scopic observation of the ps-2 phenotype revealed similari-
ties with what was already found in Arabidopsis and
tobacco mutants (reviewed by Scott et al. 2004; Rieu et al.
2003). This new PG gene, is also expressed in maturing
fruits, which opens the way to speculation on the possible
role of Ps-2 in fruit maturation.

Materials and methods
Plant material

The F, recombinant sub-population developed from the
cross between ps-2ABL (S. lycopersicum, homozygous for
the ps-2 mutation) and S. pimpinellifolium, was used for
genetic mapping. This population, segregating for ps-2, is
composed of 146 F, recombinant plants in the ps-2 locus
region (Gorguet et al. 2006).

Another 176 advanced breeding lines (ABLs), 8 of them
being ps-2/ps-2, were used to test the association between
the identified SNP and the ps-2 locus.

Anthers of ps-2ABL and cv. Moneymaker were used for
microscopic observations.

Microscopy

Plant material was fixed for 24 h at 4°C in 0.1 M phosphate
buffer, pH 7.0, containing 4% paraformaldehyde. Samples
for scanning electron microscopy (SEM) were processed as
described in Dornelas et al. (2000), and digital images were
obtained using an Orion Framegrabber (Matrox Electronic
Systems, Unterhaching, Germany). Samples for light
microscopy were embedded in Technovit 7100 (Hereaus
Kulzer, Wehrheim, Germany), sectioned, stained with tolu-
idine blue, and mounted in Euparal (Chroma-Gesellschaft,
Kongen, Germany).

BAC library screening and contig construction

We used the tomato Hindlll BAC library constructed from
genomic DNA of the cultivar accession Heinz 1706. The
Heinz library is a 15-genome equivalent with an average insert
size of 114.5 kb (Budiman et al. 2000). Screening of the BAC
library was performed by PCR amplification, first on plate
pools and then on individuals. Plasmid DNA of the positive
BAC clones was then isolated and used for further analysis.
BAC ends sequences of the positive BAC clones were
obtained from the SGN database (Mueller et al. 2005).
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Conversion of the BAC ends sequences into CAPS or
dCAPS markers was performed as described by Gorguet
et al. (2006). Details of the PCR markers derived from
BAC ends sequences are presented in Table 1.
Fingerprinting patterns of individual BAC clones were
generated essentially as described by Brugmans et al.
(2006), using the HindIll/Tagl enzyme combination.

BAC DNA sequencing and candidate gene analysis

The size of BAC clone 143M15 was estimated by pulse
field gel electrophoresis. The BAC clone 143M15 was
sequenced via the shotgun-sequencing method by Gree-
nomics (The Netherlands). PCR markers derived from the
candidate genes identified on the BAC sequence were
developed as described by Gorguet et al. (2006). To iden-
tify putative genes, the final BAC DNA sequence was
scanned against the tomato Unigene database from SGN
(Mueller etal. 2005) and the Arabidopsis gene models
database from TAIR (http://www.Arabidopsis.org; Huala
et al. 2001), using the TBLASTX interface of SGN (Muel-
ler et al. 2005), with a significance threshold of 1E'°. The
PCR markers based on putative ORF sequences were
developed and screened on the recombinant population as
described by Gorguet et al. (2006). Details of these PCR
markers are given in Table 1.

The complete genomic DNA sequence of ORF4, as well
as up-stream and down-stream sequences containing, respec-
tively, promoter and terminator was amplified and sequenced
from Moneymaker and ps-2ABL using several successive
overlapping primer pairs giving products of around 900 bp.
The resulting DNA sequences of Moneymaker and ps-2ABL
were assembled with DNAStar. The FGENESH software
was used to identify the putative exons and introns of the
candidate gene (Salamov and Solovyev 2000).

Phylogenetic analysis

Tomato polygalacturonase protein sequences with known
tissue expression, as well as the best hits of a protein
BLAST search with the candidate protein, were selected to
conduct a phylogenetic analysis. Only the Pfam glycosyl
hydrolase 28 domains, of the selected protein sequences,
were used for the analysis. The Pfam GH28 domain of each
protein sequence was identified with the protein BLAST
interface of NCBI. Selected amino acid sequences of Pfam
GH28 domains were aligned using ClustalW multiple
sequence alignment software (Higgins et al. 1994).

PAUP software package version 4 (Swofford 2002) was
used to construct a 50% majority-rule consensus phylo-
genic tree using maximum parsimony (1,000 bootstrap
replicates and 250 addition sequences replicates). Cedar PG
protein sequence was used and defined as outgroup.
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Table 1 PCR markers used in

the genetic linkage maps Marker name Use Primer sequence Size (bp) Restriction
enzyme
Markers developed from BAC ends sequences
67F23-T CAPS Fw: CTACTCTTCCGCCATAACTG 599 Hincll
Rv: GATCCAAACGAACAAAAGTCA
67F23-S CAPS Fw: TCATTCCGTTGCTGAATGAGA 413 Dral
Rv: ATAACTTATATCACTCCCAATCA
69C22-T dCAPS Fw: TCTTTCGATATTTTTCAGAACTAA 200 Ddel
Rv: TGAGATGTTTGCAATAACATTCT
143M15-S CAPS Fw: CATCGAAGTAACAGAGATATTA 369 Mwol
Rv: CCATAGGGATTATGATGTGTA
114C15-T CAPS Fw: GCACTGAAGAATGGATAGACTC 457 Mnil
Rv: GGAATTGACCAAAAAGGATAGC
118A17-T CAPS Fw: GGCATGGTGAAGTCCACATT 739 Haelll
Rv: GTGTCACAGGTTTGGTTCAT
15N23-T CAPS Fw: GGCAGATATCTGCAATACGT 576 Tagl
Rv: ATCATGAACAGCAAAACAACCA
Markers developed from BAC 143M15 sequence
ORF1 CAPS Fw: CTGTATCTATGACGAGGAGA 625 Haelll
Rv: GATCCTGAAGCTGAAGCTT
ORF2 CAPS Fw: AATATTTTCAACTTTCAAATCTCTT 206 Mnll
Rv: ACGAAGGCATGATTGTCGTTA
ORF3 CAPS Fw: GTTGAACTTATACCACTAGGA 937 Ndel
Rv: GTGCGGTCTCATCAACTCAA
ORF4 dCAPS Fw: GAACACTTAGGTTAAAATATAGC 217 Alul
Rv: CCTACTATCCTTCTTGTAATCT
ORF5 CAPS Fw: CTTAAAGGCACACTTAGATTCA 962 HpyCHAIV
Rv: CTGAGAATTCTCTTGACTGCA
ORF4(1) SCAR Fw: GCTTTATTCATAGTAAATTCTGT 805/ 885
Rv: TCAGACAAATCATCGTATATTGA
ORF4(2) SCAR Fw: TCCATTTGTAGTTTCATAAAGC 465/ 515
Rv: CCAAGCGGATAATTAATGTCA
Marker developed for ps-2ABL allele identification within S. lycopersicum
ps-2 marker CAPS Fw: CAAATTGGATGAGAGTTTTGAA 695 HpyCHAIV

Rv: CATTTTACAAGTGTAACAACTTG

The accession numbers of the amino acids sequences in
the phylogenetic tree (Fig.5) are as follows; Kiwi fruit
(AAC14453), grape berry fruit (AAK81876), soybean pods
(AAL30418), peach fruit (CAA54448), apple fruit
(AAA7T4452), pear fruit (BAC22688), Arabidopsis dehis-
cence zone ADPGI1 (CAA05525), oilseed rape dehiscence
zones RDPG1 (CAA65072), oilseed rape pod (CAA90272),
turnip silique valve desiccation (CAD21651), bell pepper
fruit (BAE47457), tomato fruit TFPG (CAA32235), tomato
pistil (AAC70951), tomato abscission zones TAPGI, 2, 4,
5 (AAC28903, AAB09575, AAB09576, AAC28900),
tomato wound leaf (AAD17250) and tomato seed
(AAF61444). The accession number of the tomato f-actin
is: BT013524.

Total RNA isolation, cDNA synthesis and quantitative
PCR analysis

The total RNA was isolated using the RNeasy Plant Mini
Kit (Qiagen, Hilden, Germany). Between 50 and 100 mg of
each tissue (anthers, fruit, flower abscission zone and leaf
abscission zone) was used per RNA isolation reaction. Only
1 ng of total RNA, after DNase I treatment (Boehringer
Manheim), was used per sample for the synthesis of cDNA.
First strand cDNA template was synthesized using random
hexamers as primers and Multiscribe reverse transcriptase
(Applied Biosystems). The nearly complete coding
sequence of ORF4 was amplified to study the intron splic-
ing using the forward primer: TAGCTCCAAAGCTATCC
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ACAT, located on the first exon, starting 47 nucleotides
down-stream the start codon and the reverse primer:
TGGAGAATGTGAAATTGTTAGG, located on the last
exon, stopping 100 nucleotides up-stream the stop codon
(Fig. S1). Nearly complete CDS of ORF4 was amplified
with standard PCR reaction (55°C annealing temperature
and 35 cycles).

Real-time experiments were conducted in an iCycler
MyiQ detection system (Bio-Rad), using the SYBR green
PCR master mix kit (Applied Biosystems). The primer
sequences were: forward primer 5'-TTTTGCCATTGCCA
TTGATA-3’, reverse primer 5'-TGTGGTGTCCCAGAAC
AAGA-3' (ORF4); and forward primer 5'-ACCACTTTCC
GATCTCCTCTC-3', reverse primer 5'-ACCAGCAAAT
CCAGCCTTCAC-3" (p-actin). Relative quantification of
the ORF4 transcript level was calculated with the internal
p-actin control by applying the 27ACT formula. The purity
of the PCR products was verified with their melting curves.
The experiment was performed twice with true biological
replicates. The PCR controls were performed in the absence
of added reverse transcriptase to ensure that the RNA
samples were free of DNA contamination. In addition, the
ORF4 primers were designed on either sides of an intron so
that the PCR product obtained on genomic DNA was
significantly longer than on cDNA and that the difference
could easily be observed on gel.

The sequence of the tomato positional sterility-2 (Ps-2)
genomic DNA was deposited in GenBank (accession number
EU111748).

Results
Microscopic observation of the ps-2 phenotype

Transverse sections of anthers of wild type (Moneymaker)
and mutant (ps-2ABL) were prepared and stained with tolu-
idine blue to identify the stage at which anther develop-
ment/dehiscence in the mutant is blocked. Anthers at
anthesis were prepared for SEM.

Early anther development and the fusion of the locules
were similar in mutant and wild type: breakage of the sep-
tum, by which the locules containing the microspores
fused, did occur in the mutant at a similar stage as in the
wild type at pre-anthesis. Crystals appeared in the septum
cells of mutant and wild type, and pollen development
appeared normal (Fig. la). Breakage of the septum did
occur in the mutant at similar stage than the wild type.
However, at anthesis, the mutant stomium did not degener-
ate and the pollen remained in the anthers. After anthesis,
the exothecium in the wild type was still discernable as a
rigid structure, whereas the exothecium of the mutant was
flattened and bent. Thus, it is likely that in the mutant, at
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anthesis, the exothecium cells lacked the rigidity needed to
create a breaking force on the stomium.

Physical mapping and candidate gene identification

We have previously mapped the ps-2 locus to an interval of
1.65 cM defined by the COS-derived CAPS markers T0958
and T0635 on the short arm of chromosome 4 (Gorguet
et al. 2006). A physical map for the ps-2 locus region was
built using the Heinz BAC library. The library was
screened by PCR amplification with the closest markers rel-
ative to the ps-2 locus and by computational means using
the sequences of those markers. Positive BACs were then
anchored to the genetic map by converting BAC ends into
PCR markers (Fig. 2) and by screening these markers in the
recombinant population. The BAC fingerprints were also
compared to evaluate the overlapping of BACs from the
same contig and verify whether BACs were part of the
same contig. The closest BAC end relative to the ps-2 locus
was then used for a second round of screening. Eventually,
the entire contig spanned 1.70 cM (32 recombinants) from
the COS-derived CAPS marker T1070 to BAC end 15N23-
T (Fig. 2). BAC 143M15 did obviously span the ps-2 locus
and was therefore sequenced.

In order to identify the genes present in BAC clone
143M15, the BAC DNA sequence was scanned against the
Tomato SGN Unigene database, using a BLASTN inter-
face, and against the Arabidopsis gene models database,
using a TBLASTX interface. Two tomato coding sequences
and five Arabidopsis genes matched the BAC clone
sequence (Table 2). The five candidate genes were named
ORF]1 to ORF5. In addition, six sequences of a retrotrans-
poson family were also identified but were not taken into
account in the further study. The positions of the five corre-
sponding Arabidopsis genes were not contiguous in the
Arabidopsis genome, which showed the absence of synteny
between the two species in this specific region. Moreover,
none of them was homologous to one of the functional male
sterility genes identified in Arabidopsis (listed in Gorguet
et al. 2006).

In order to localize the candidate genes in the high-reso-
lution map, we converted the putative gene sequences (or
the sequences nearby) into PCR markers and mapped them
in the recombinant population. Every candidate gene
mapped at a different position in the high-resolution linkage
map and therefore we could easily identify the likeliest can-
didate for ps-2 based on their positions in the genetic map.
ORF4, a putative polygalacturonase gene, mapped the clos-
est to the ps-2 locus (Fig. 2). Subsequently, the putative
introns and exons were identified using the FGENSH soft-
ware of Softberry. The candidate gene ORF4 is composed
of nine exons and eight introns, covering a genomic dis-
tance of 6,716 nucleotides from putative start to stop codon,
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Anthesis

WT (Moneymaker)

Fig. 1 Microscopic observation of anthers of ps-2ABL and wild type
(WT, Moneymaker). a Cross-section of anthers at late flower bud (FB),
early pre-anthesis (PA) stained in toluidine blue. Arrows refer to the
crystals that can be seen in the septum cells of WT and ps-2ABL. s sep-
tum, st stomium, p pollen. b Cross-section of anthers at anthesis
stained in toluidine blue. Arrows indicate the opening of the anther in
WT and the stomium that remains closed in ps-2ABL because stomium

for a coding sequence of 1,179 nucleotides. The SNP used
to develop the PCR marker ORF4 was located in the second
putative intron. We developed and mapped two extra PCR
markers, one based on a deletion of 76 bp in the first intron
in the S. pimpinellifolium allele [ORF4(1)] and one based
on an insertion of 38 bp in the sixth intron in the S. pimpi-
nellifolium allele [ORF4(2)]. The three PCR markers,
ORF4(1), ORF4 and ORF4(2) mapped at an interval of one
recombinant between each other, indicating that at least two
recombinations had occurred within the candidate gene ORF4
in the recombinant population (Fig. 2). The ORF4(2) co-seg-
regated with the ps-2 locus on the high-resolution map.

Mutation in ORF4 and molecular marker development

To consolidate the hypothesis that ORF4 corresponds to
the ps-2 gene, we searched for sequence alterations in the

1mm

cells are not torn apart. Note the rigid locule walls in wild type and the
flattened ones in the mutant (arrowheads). ¢ Longitudinal view of
anther cones at anthesis observed by SEM. Arrows indicate the longi-
tudinal opening of the anthers in WT with pollen presented along the
opening edges, and the closed anthers in ps-2ABL. Some pollen is
visible in the mutant anther at the right-hand side, due to cutting during
preparation

ps-2ABL allele. The entire 9 kb, from the putative pro-
moter to the putative terminator of ORF4 was sequenced
from cv. Moneymaker and ps-2ABL. One single muta-
tion was identified in the last nucleotide of the fifth puta-
tive exon of ORF4, in which the nucleotide guanine was
replaced by cytosine. To test the association between the
identified SNP in ORF4 and the ps-2 trait, we developed
a molecular marker based on that SNP, in such a way that
the ps-2ABL allele and the wild type allele in S. lycoper-
sicum could easily be differentiated on gel. This marker
was tested on a set of 176 ABLs among which eight were
ps-2/ps-2. These eight male sterile plants showed the
same marker pattern, distinct from the other ABLs, which
confirms that the SNP is present in the ps-2 lines tested.
This marker can now easily be used for molecular-
assisted introduction of the ps-2 trait into modern tomato
lines.

@ Springer
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Genetic map

a Ps-2
T1070 cLED-7-G23 T0958 T0635
Tel A4
s | SR
b H T _67F23 [S S 118A17 T |S 114C15 T
S 69C22 T] S 15N23 T
S 35E09 Tl [s 143M15 | T e
c
S 143M15 (140kb) T
ORF1  ORF2 ORF3 ORF4(1) ORF4 ORF4(2) ORF5
BAC sequence
d
TA [ 11 IV Vv VI VIIVII IX
?A T T T : T T T =x T T 'l‘:: T T T :—r—:—='l_|=_’
500bp Candidate gene

Fig. 2 Cloning of the ps-2 gene, from genetic map to gene structure.
a Genetic map developed in a recombinant F, population (ps-
2ABL x S. pimpinellifolium; Gorguet et al. 2006). In white are the
numbers of recombinant plants between each marker. b Physical map:
arrows in dashed represent the computational anchoring of BACs.
Arrows in full line represent the anchoring of BACs by molecular

markers (S: SP6; T: T7). ¢ Genetic positions of the ORFs on BAC clone
143M15. d Structure of candidate gene ORF4. Cylinders with roman
numbers represent exons. Positions of the putative TATA box and
PolyA signal sequence are indicated by an inverted triangle at the
beginning of the sequence and a rhombus at the end of the sequence,
respectively

Table 2 Identification of candidate genes present on BAC 143M15 based on Arabidopsis gene models

Candidate Tomato Arabidopsis
ene
g Unigenes Accession Gene function Chr. AGI coordinates TBLASTX
acc. no. no. (bases)
E value Score

ORF1 U323899 AF014399 Magnesium-chelatase 1 2696415-2700961 0 214
ORF2 NM112785 Transcriptional factor B3 family 3 6548875-6551847 3E-21 105
ORF3 U317249 AF326883 Remorin family protein 2 17477944-17480014 9E-37 110
ORF4 NM111676 Polygalacturonase 3 21294315-21296918 1E-79 108
ORF5 ABO017502 Glycosyl hydrolase family 3 5 7107378-7111311 0 276

Alternative intron splicing

Because the sequence mutation in the ps-2ZABL allele of
ORF4 is located in one of the intron recognition splice
sites, we hypothesized that this mutation could affect the
pre-mRNA splicing of the gene. In order to verify this
hypothesis, we designed primers to amplify the nearly full-
length cDNA clone of ORF4 (1,032nt out of 1,179nt): the
forward primer was designed on the first exon of ORF4 and
the reverse primer on the last exon (Fig. S1). RT-PCR was
performed on cDNA made from RNA of anthers at post-
anthesis from ps-2ABL and cv. Moneymaker. The obtained
amplified product for cv. Moneymaker was of the expected
size (1,032 bp), which was confirmed by sequencing. The
amplified product of ps-2ABL was significantly smaller
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than the Moneymaker product, which suggested an alter-
ation in intron splicing (Fig. 3). The sequencing of the frag-
ment amplified on cDNA of ps-2ABL showed that the fifth
exon, on which the SNP is present, was absent in the cDNA
sequence. This exon was removed together with the two
flanking introns during the pre-mRNA maturation process
(Fig. 4). The wild type 5’ sequence of this exon—intron
splice junction is CAG/GTATCG, which is identical to one
of the splice junction sequence identified in Solanum
tuberosum (Brown 1986). The mutation found in the ps-
2ABL allele induces the following sequence: CAC/
GTACG, which is not present in the list of intron splicing
recognition sites. The absence of the fifth exon in the
mature mRNA represents a deletion of 208 nucleotides,
which induces a frame-shift in the remaining coding
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Fig. 3 Size of the nearly complete coding sequence of ORF4 in
Moneymaker and ps-2ABL. The positions of the primers on the gene
sequence are indicated on the Fig. S1

sequence down-stream. This frame-shift causes a premature
termination of translation after 14 aa due to a newly framed
stop codon. The complete putative mutated protein is there-
fore 154 aa long in comparison to 392 aa for the wild type
protein, and is likely to be non-functional.

ORF4 sequence analysis

A BLAST search with the putative candidate protein
sequence of ORF4, in the protein database of NCBI,
resulted in a list of PG proteins from several plants. The
identified proteins have functions in fruit ripening and

siliques/pods dehiscence. Among them, the ADPGI protein
had been found to be expressed in the dehiscence zone of
siliques of Arabidopsis as well as the dehiscence zone of
anthers (Sander et al. 2001). Amino acids of the PG protein
domain (Pfam GH28), of the best BLAST hits were aligned
together with the sequences of the candidate protein and the
already known tomato PG proteins with identified func-
tions, and one gymnosperm PG (cedar). A phylogenetic
analysis was performed on the final alignment in order to
place the candidate protein in one of the referenced PG
clades. The ORF4 was identified as a PG of clade B
(Fig. 5). Clade B is composed of cloned genes that encode
PG expressed in fruit and dehiscence zone, as previously
characterized by Hadfield and Bennett (1998). This was
also observed in the phylogenetic tree. TFPG, the only
tomato PG known to be expressed in fruits, was also part of
the same clade. Alignment of Pfam GH28 domains of
ORF4 and TFPG is presented in Fig. 6. The ORF4 and
TFPG have a similarity of 59% in the entire protein
sequence.

The putative derived protein of ORF4 contains the four
conserved domains characteristic of PG proteins, as pre-
sented by Rao etal. (1996; Fig. 6). The first conserved
domain is located on the fifth exon, which is absent in the
mutant protein and the three others domains are located
more C-terminally and therefore not in frame in the mutant
sequence. Thus, the mutant protein does not contain any of
the four conserved domains that play a major role in the
function of the protein.

Expression of ORF4 in anther, fruit and other tissues

We tested the presence of ORF4 transcript in several tissues
including abscission zones of leaf and flowers, mature fruits
and anthers at anthesis. No ORF4 transcript was detected in
the abscission zones (Fig. 7). The presence of the ORF4
transcript was confirmed in anthers as well as in mature
fruit. In order to study the transcription level of ORF4 over

Fig. 4 Intron splicing between e ™
exon IV and VI of ORF4, in ps-2ABL CDS
Moneymaker (WT) andin | T oSS S el PRy
ps-2ABL. The mutated | e T
nucleotide (G — C) is circled
by a dashed rectangle
Pre-mRNA
- Int e - INtron > peeme—
[ 50T VAN ) U BN G Exon Vo (G [ i ¢ £yon VI G [
N 7S\ AEIG ExonV GG Exon VI G
Moneymaker (WT) CDS
\_ Yy ( ) )

@ Springer



1206

Theor Appl Genet (2009) 118:1199-1209

Fig. 5 Phylogenetic tree for 20 Cedar (P43212) 9
angiosperm and one gymno- -
sperm PG aa sequences. The Kiwi fruit (AAC14453)
phylogram is the result of a 50% ss
majority-rule consensus of 3,296 Grape berry fruit (AAK81876)
trees (using tree weights). The 35
PG sequences segregate into two Soybean pods (AAL30418)
major clades identified as the 43
well characterized clades A and Peach fruit (CAA54448)
B. The candidate protein (PS-2) 100
is part of clade B o[ Apple fruit (AAAT4452)
100
Pear fruit (BAC22688) [aa)
[}
el
Arabidopsis dehiscence zone ADPG1 (CAA05525) }_“‘
100 @,
— Oilseed rape dehiscence zones RDPG1 (CAA65072)
109
36 Oilseed rape pod (CAA90272)
32
3 Turnip siliquevalve desiccation (CAD21651)
Candidate protein
40
ﬁ[ Bell pepper fruit (BAE47457)
Tomato TFPG (CAA32235)
Tomato pistil (AAC70951)
100 — .
o8 Tomato TAPG1 (AAC28903) <
» — Tomato TAPG2 (AAB09575) 2
— <
30 — Tomato TAPG4 (AAB09576) O
— Tomato TAPG5 (AAC28906) -
40 — Tomato wound leaf (AAD17250)

different stages of anther and fruit development, we per-
formed a quantitative expression analysis of ORF4 at four
developmental stages of anthers: flower bud, pre-anthesis,
anthesis, post-anthesis, and eight developmental stages of
the fruit, from 5 DAP (days after pollination) to 57 DAP
(mature fruit); 47 DAP corresponded to breaker stage. In
anthers, the transcription level of ORF4 was tested on Mon-
eymaker and ps-2ABL, and in the fruits only on Money-
maker. The results are presented in Fig. 8. In anthers of cv.
Moneymaker, ORF4 transcripts were already detected at
flower bud stage. At pre-anthesis the level of ORF4 tran-
script was similar to the level in flower buds, and the ORF4
transcript accumulation increased at anthesis and reached a
maximum at post-anthesis. In anthers of ps-2ABL, ORF4
transcripts were also detected, except at flower bud stage.
The transcript level in ps-2ABL anthers was lower than in
the wild type anthers at anthesis and post-anthesis (Fig. 8).
In fruit, no ORF4 transcript was detected before 37 DAP.
From 37 DAP, ORF4 transcripts were detected and
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— Tomato seed (AAF61444)

increased significantly over time to reach a maximum at
mature stage (57 DAP).

Discussion

The ps-2 ABL produces anthers that do not undergo dehis-
cence. In this study, we showed that anther dehiscence of
ps-2ABL is blocked in the ultimate phase.

This phenotypic mutation is recessive and under the con-
trol of one single locus. In a previous study we fine-mapped
the ps-2 gene on the short arm of chromosome 4 (Gorguet
et al. 2006). Here, we report the isolation and functional
characterization of the ps-2 gene. This is the first functional
sterility gene isolated in the Solanaceae family. The high
resolution of the linkage map developed on the recombi-
nant population allowed us to narrow down the position of
the ps-2 gene to one single candidate gene on the BAC
sequence. The presence of at least two recombinations



Theor Appl Genet (2009) 118:1199-1209

1207

Ol TIYS| SVKHFESHENG sk TEiyas - BRELET 59
PRIKIY TMOEIYETIRT INSDDTIEB)gNKIDS HwLI 60
PRIKIY TMON Y ETIRT IS DD TEINSAKIB SIFHIT TIy 60

Fig. 6 Alignment of Pfam TFPG: [SRERTPNO D

GH28 domain of TFPG, ORF4 ORF4: [offsisH SO

and ps-2 (mutant of ORF4). ps-2: SHV\#MS%SQ

Color code is only effective for

the comparison between TFPG

and ORF4: In reverse color are TFPG: SYeNIAyeleCe TiNeENe0O
the identical amino acids. In ORF4: BYeKinvaveler

gray are the conserved substitu- JeERV RN SV OINL VVGGIAGY TNGNGliel

tions. In bold underlined are the
four conserved domains of poly-
galacturonase as defined by Rao
et al. (1996), identified by roman
numbers

III

SCKIN IS PCINBA PTAL TFINCIINLK SKINele 119

INGNGSCKIN INL PCEAYA PTAL TFPSSCINNL K VIS L KN A Q OfReXe

QoH RN KIfZeK VNV T ASQLWMDLRRS  stop 112

TFPG: [RIKFES] TNEVAS VNSNS PNTDGY/HWSIN T OMI O T SDIS L€ TGDDC I S T VIS 179

ORF4: ML IRKEVCYEVTKIBVVTSPENSZgdve T T TSeNiegsin s Thin el leishayDeflo 130
]

I II

: EQ‘ ITCGPGHGISIGSLGE AN NVTWE IIGAF OElesEoRENE 239

B )#2.Tie T TCGPGHGISIGSL NESD T HPNCINST YET TINET peleresh¥INg 240
] ]

Iv
KEFD® 297

: RFLNNENODIA v ER RN e 4en R VE - 8 I 00F S -EO! BN TKGTSATERYA
: QMY PI I IDQNYCD)NBE P CRENRNIEA V]2 TMONIRNEINSIUNNDINIS TK® 300

TFPG: NSTNFjYGiHessT I ESGKPSEATCKNVH 329
ORF4: FKKIjeHexn) KR €eG-—--—-—-—---—---——-— 319

1 1000bp

—200bp
100bp
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within ORF4 allowed us to restrict the location of the ps-2
mutation to the end of the gene sequence. Still, we analyzed
the complete gene and putative promoter sequence.

We found that the ps-2 phenotype is the result of a single
nucleotide mutation in a polygalacturonase gene unknown
to date, composed of nine exons. This single nucleotide
mutation is located on the last nucleotide of the 3’ end of
the fifth exon, affecting the intron splicing recognition site,
which is changed from CAG/GTATCG to CAC/GTATCG
(exon 3'/intron 5'). Though the cytosine base is present in
11% of the intron splice sites at this specific position in
plants, the combination “CAC” at the exon 3’end has never
been detected in any splice site in plants (Brown 1986). The
fifth exon is spliced out together with the two flanking
introns. Analysis of Arabidopsis mutants with mutations
around splice sites has revealed several examples of exon

skipping in plant splicing (reviewed by Brown and Simp-
son 1998). Most of these mutations are located in the intron
part of the recognition splice sites. To our knowledge, in
plants, the only mutant showing exon skipping due to a
mutation in the exon part of a recognition splice site, to
date, was the spy-1 mutant in Arabidopsis (Jacobsen et al.
1996) in which the CAG/GTTTGA (exon 3'/intron 5) rec-
ognition splice site at the end of the eighth exon was
mutated into CAA/GTTTGA. The exon skipping observed
in the mutated allele of ORF4 induces a frame-shift in the
rest of the sequence, which has as consequence to create an
early stop codon 14 aa further. The complete mutant pro-
tein is therefore 154 aa long in comparison to 392 aa long
for the wild type, and does not contain any of the four
domains characteristic of PGs.

We did not clone the genomic sequence of ORF4 with
its respective promoter, in order to perform a complementa-
tion experiment with the ps-2ABL. A complementation test
would be the ultimate proof to determine whether the muta-
tion identified in ORF4 is causing the non-dehiscent pheno-
type of ps-2ABL. However, based on the accuracy of the
high-resolution map, the specific expression pattern of
ORF4 in anthers and the non-functionality of ORF4 in ps-2
ABL we believe to have proved that the mutation found in
ORF4 is responsible for the functional sterility observed in
ps-2ABL.

ps-2 is a PG of clade B
The isolated gene responsible for the ps-2 phenotype is a
PG unknown to date. The phylogenetic analysis of PS-2

amino acids sequence revealed a close similarity with PGs
of clade B as defined by Hadfield and Bennett (1998).
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Fig. 8 Real-time PCR expression data of ORF4 at different stages of anthers development on Moneymaker and ps-2ABL (left) and during fruit
development and ripening of Moneymaker (right). DAP days after pollination

Clade B is here composed of fruit PGs, among them the
tomato fruit PG, as well as silique or pod dehiscence PGs.
ADPG, the Arabidopsis homolog of PS-2 is also expressed
in the anther dehiscence zone (Sander et al. 2001). This
suggests a conserved role of PS-2 homologs over the plant
kingdom. We suggest that the repression of PS-2 homologs
in other plant species may procure functional sterility in
species where such a trait does not exist.

The other tomato PGs cluster in different clades. In
accordance with the assertion that the divergence of PG
family members occurred prior to the separation of the
angiosperm species (Hadfield and Bennett 1998), PS-2 is
here more closely related to proteins of the same clade,
from other species, than to tomato PGs from other clades.
Most of the other tomato PGs is related to abscission
(TAPG). In our study, expression of PS-2 was not detected
in flower and leaf abscission zones. However, in addition to
anther tissues, we detected mRNA transcript of PS-2 in
fruits.

PS-2 transcript accumulation increases
along with the development of the anthers

We measured the relative level of PS-2 transcript at differ-
ent stages in anthers. The PS-2 transcript is already
detected in the anthers of Moneymaker at the flower bud
stage. The transcript level increases over stages to reach a
maximum at post-anthesis, when anthers are dehisced. This
increase of PS-2 transcript accumulation is parallel to the
septum and stomium degeneration observed in the anthers.
The ps-2 transcript level in ps-2ABL anthers was detected
from pre-anthesis on, but the transcript level remained very
low in comparison to Moneymaker, at anthesis and post-
anthesis. Very likely the mutant mRNA is recognized as
non-sense and degraded by non-sense-mediated mRNA

@ Springer

decay (NMD). The NMD functions as a quality control
mechanism to eliminate abnormal transcripts (Lejeune and
Magquat 2005). Although unlikely, our findings do not
exclude the possibility that the mutant phenotype is caused
by the truncated protein derived from the mutant mRNA.

PS-2 may also play a role in tomato fruit ripening

TFPG, the only tomato fruit polygalacturonase identified to
date, has been characterized as one of the main actors in the
process of fruit softening. Anti-sense repression of TFPG
has lead to the production of tomato fruit with longer shelf
life but the fruits did undergo ripening indicating that other
actors also play a relevant role in the process of fruit soften-
ing (Smith et al. 1988). The PS-2 may well be one of these
actors by contributing to the fruit cell wall degradation. The
PS-2 transcript was detected in the late stages of fruit devel-
opment in Moneymaker (Fig. 8). The maximum transcripts
were found at mature stage (57 DAP). Similarly, TFPG has
been detected only at ripening stages, starting at mature
green or at breaker stage (Thompson et al. 1999; Eriksson
et al. 2004). The level of TFPG was also found to increase
over time from breaker stage to mature fruit, in cv. AC and
Liberto (Thompson et al. 1999).

The expression of Ps-2 in fruits does not prove that this
gene has an effect in fruit maturation. The comparison of
fruit maturation and shelf life, between ps-2ABL after hand
pollination and Moneymaker or any other normal tomato
line is unreliable due to the difference of genetic back-
ground. Knock-out of PS-2 by anti-sense RNA or RNAI in
tomato, or double mutants in which both PS-2 and TFPG
are impaired, could provide new insights to answer that
question. The time between hand pollination to mature fruit
stage and fruit shelf life could be measured and compared
to the untransformed control in order to evaluate the effect
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of PS-2 in the fruit. Knock-outs of homologs of PS-2 in
other plants species are also of valuable interest to verify
whether the control of anther dehiscence in its ultimate
phase is conserved among species.
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