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Chapter 3 

 

 

Functionally homologous WRKY proteins regulate vacuolar 

acidification in petunia and trichome development in Arabidopsis 
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Abstract 

In petunia, loci PH1 to PH7 are involved in an unknown vacuolar acidification pathway 

since disruption of these loci results in an increased vacuolar pH and bluish flowers. PH4 

encodes a MYB protein, which regulates, together with regulators of the anthocyanin 

biosynthesis pathway (AN1, AN2 and AN11), the transcription of (unknown) structural 

genes involved in vacuolar acidification. Here we show that PH3 encodes a WRKY 

transcription factor and is transcriptional regulated by AN1, AN2, AN11 and PH4. 

PH3 shows high similarity to Arabidopsis TRANSPARENT TESTA GLABRA 2 (TTG2), 

which is involved in unrelated processes such as trichome development, pro-anthocyanidin 

accumulation and mucilage production. When expressed in petunia, TTG2 can complement 

ph3 and reactivate genes involved in vacuolar acidification such as PH5. Whether PH3 can 

rescue ttg2 is currently being tested. Our results indicate that PH3 and TTG2 are 

functionally conserved in different species and control different developmental processes. 
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Introduction 

In flowers and fruits of most plant species, pigmentation results from the accumulation of 

anthocyanin pigment in the vacuoles of (sub) epidermal cells. The different flower colors 

depend on the substitutions on the anthocyanin molecule structure and on the presence of 

metal ions and co-pigments (Mori et al., 2006; Mol et al., 1998). Because the absorption 

spectrum of anthocyanins depends on the pH of their environment, the pH of the vacuolar 

lumen, where the pigments are stored, is also an important factor in flower coloration 

(Yoshida et al., 2003).  

Vacuolar pH in plant cells is regulated by vacuolar ATPases (v-ATPases) and 

pyrophosphatases (PPases, Gaxiola et al., 2002; Nishi et al., 2002). V-ATPases are located 

on internal membranes and consist of multiple proteins that function together as one 

machinery and pumps protons across the membranes at the expense of ATP. PPases 

perform the same function but are single subunit proteins and use pyrophosphate as energy 

source instead of ATP. Mutations in PPases or sub-units of the v-ATPases are often lethal 

or cause severe developmental defects (Li et al., 2005; Dettmer et al., 2005; Schumacher et 

al., 1999; Strompen et al., 2005). In petunia, recessive mutations in the loci PH1-PH7 result 

in a bluish flower color and an increased vacuolar pH, indicating that ph1-ph7 mutants are 

blocked in a pathway leading to the acidification of the vacuole (van Houwelingen et al., 

1998; de Vlaming et al., 1983). However, these mutants do not show alterations in plant 

architecture or plant growth, suggesting that the pathway regulating the vacuolar pH in 

petunia flowers differs from the pathways involving v-ATPases and PPases. Under 

greenhouse conditions ph mutants arise quite frequently but in nature they have never been 

found, suggesting that, in nature, PH genes are essential to attract pollinators. 

Recently, we showed that the regulatory genes controlling anthocyanin biosynthesis in the 

petal epidermis also control vacuolar pH in the same cells (Spelt et al., 2002). The WD40 

protein ANTHOCYANIN11 (AN11), and the basic-helix-loop-helix proteins AN1 and 

JAF13 interact with distinct MYB proteins to activate different pathways. When this 

complex recruits AN2, structural genes of the anthocyanin biosynthesis pathway are 

induced (Quattrocchio et al., 1999) but when it recruits PH4, genes in a vacuolar 

acidification pathway are activated (Quattrocchio et al., 2006; Chapter 2).  

In Arabidopsis, similar WD40-bHLH-MYB complexes have been shown to regulate (pro)-

anthocyanidin biosynthesis, mucilage production and (non) hair formation. The WD40 
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protein TRANSPARENTA TESTA GLABRA 1 (TTG1) induces these processes by 

forming complexes with different bHLH and MYB proteins. For example, during trichome 

development TTG1 interacts with the partially redundant bHLH proteins GLABRA3 (GL3) 

and ENHANCER OF GLABRA 3 (EGL3) and the MYB protein GL1, whereas during 

suppression of roothair formation in certain cells (atrichoblasts) in the root epidermis, 

TTG1, GL3 and EGL3 interact with GL1 paralogue, WEREWOLF (WER; Lee et al., 1999; 

Ramsay et al., 2003). The same bHLH factors with, yet, another MYB protein, 

PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1), induce anthocyanin 

accumulation in hypocotyls (Selinger et al., 1999; Borevitz et al., 2000). In the seed coat, a 

similar complex consisting of TTG1, plus the bHLH protein TT8 and the MYB protein TT2 

induces expression of genes in the pro-anthocyanidin biosynthesis pathway (Nesi et al., 

2000 and 2001).  

The TTG1 homologous proteins in maize and petunia are PALE ALEURONE COLOR 1 

(PAC1) and AN11, which both affect anthocyanin biosynthesis but not trichome or roothair 

development. Nevertheless, PAC1 (and R, which encodes a maize bHLH protein) are able 

to restore trichome differentiation, anthocyanin biosynthesis, pro-anthocyanin accumulation 

and mucilage production defects in Arabidopsis ttg1 mutants (Lloyd et al., 1992; Carey et 

al., 2004), indicating that the differences in function do not result from alterations in the 

WD40 proteins but from differences in the (cis-acting elements) of the target genes. 

Numerous target genes of the anthocyanin and pro-anthocyanidin biosynthetic pathway 

have been characterized (Huits et al., 1994; Kroon et al., 1994) but only a few target genes 

involved in the other processes are known. One gene that is controlled by TTG1, 

GL3/EGL3 and GL1 is GL2. GL2 encodes a HD-ZIP transcription factor that is involved in 

root hair pattern formation (Hulskamp et al., 1994; Szymanski et al., 1998a and 1998b) in 

part by activating a phospholipase D (Ohashi et al., 2003).  

TTG2 is another gene that acts downstream of the TTG1, GL3/EGL3 and GL1 regulatory 

complex and encodes a WRKY transcription factor (Johnson et al., 2002). TTG2 is 

involved in pro-anthocyanidin deposition in the seedcoat, the production of a mucilage 

layer in germinating seeds and controls, in parallel with GL2, trichome developement on 

the leaf surface.  

In this study we describe the cloning of PH3 from petunia. ph3 mutants have blue flowers 

with an increased pH of the petal homogenate but do not show other obvious phenotypes. 
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By loss- and gain-of-function experiments, we show that AN1 and PH4, which both are 

required for vacuolar acidification, control the expression of PH3. PH3 encodes a WRKY 

protein with high similarity to TTG2 and we show, by gene swapping experiments, that the 

two proteins are functionally equivalent. These new findings underline the high similarity 

between the regulatory mechanisms that control hair formation, pro-anthocyanidin 

deposition and vacuolar acidification.  

 

Results 

Isolation of unstable ph3 alleles  

In the context of a random transposon mutagenesis experiment, a large petunia population 

of the line W138 (an1
m/m

) was visually scored for new phenotypes. W138 has white flowers 

with red spots due to the insertion of a dTPH1 transposon in the AN1 locus (Spelt et al., 

2000). We identified a W138 family (V2068) that segregated for a ph phenotype in which 

the color of the red revertant spots on a W138 (an1
m/m

) flower, changed to purplish (Figure 

1 and 2). Testcrosses with the original ph3
R49/R49 

mutant (line R143) showed that the new 

mutation represents an allele of ph3 (ph3
V2068

), which was further maintained in line R144. 

Because ph3
R49 

and ph3
V2068

 never displayed any sign of somatic or germinal instability, it 

was unclear whether these mutations were caused by transposon insertions, and therefore 

could not be used to isolate PH3 via transposon-based methods.  
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Figure 1. Scheme of the crosses in the random transposon mutagenesis experiment.  
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In order to find new, unstable, ph3 alleles, we performed a site-directed transposon 

mutagenesis experiment. R144 (ph3
V2068/V2068

) was crossed with derivatives of line W138 

(PH3
+/+

), which have high transposon activity. The W138 derivatives contain unstable 

mutations in AN1 (line W138), AN11 (line W137), AN10 (line W237, van Houwelingen et 

al., 1998) or EXP (line W196, Souer et al., 1998) that can be used as marker genes in test 

crosses to confirm that the putative tagged ph3 mutants are not the result of pollen 

contamination.  

We screened 5364 progeny plants and found three plants (B2267-1, B2299-1 and B2219-1) 

with the flower color expected for a ph3 mutant (purplish with red spots; Figure 1 and 2). 

Testcrosses with ph3
R49 

and ph3
V2068

 yielded mostly plants with ph3 mutant phenotype (i.e. 

a purplish color of the petal in flowers on revertant spots in an1
W138/W138

 flowers) and at low 

frequency a PH3
Rev

 revertant. Testcrosses confirmed that these plants were heterozygous 

for the unstable markers an10
W237 

and an11
W137

, excluding that they resulted from a pollen 

contamination. This proved that we have isolated three new ph3 alleles that we designated 

ph3
B2267

, ph3
B2219

 and ph3
B2299

 after the plants in which they were identified. 
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Figure 2. ph3 mutant phenotype. Flower limb phenotypes of R27 (PH3+/+), W138 (an1m/m, PH3+/+) 

R144 (ph3V2068/V2068) and three new ph3 mutant plants B2267-1 (ph3V2068/B2267), B2219-1 

(ph3V2068/B2219) and B2299-1 (ph3V2068/B2299). The pH of the crude petal extract is measured in ph3 

heterozygous (ph3V2068/B2267, ph3V2068/B2219 and ph3V2068/B2299) mutants (mean ± SD, n = 3) and the 

values are shown left of the flower pictures. 
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Thin Layer Chromatography (TLC) and High Performance Liquid Chromatography 

(HPLC) analysis of flower extracts showed no significant difference in anthocyanin 

composition between wild type (PH3
V2068/+

) and ph3 stable (ph3
V2068/B2267

) mutant flowers. 

pH measurements of crude corolla extracts of ph3 flowers (ph3
V2068/B2267

 and ph3
V2068/B2219

) 

showed higher values than wild type or PH3 revertant (PH3
V2068/B2219-Rev

) flowers in the 

same segregating family (Figure 2).  

Flowers from the ph3
V2068/B2299

 heterozygote consisted of a mosaic of red and purplish cells, 

giving the flower a “marbled” appearance. Moreover, these flowers displayed a smaller pH 

shift of the petal extract than ph3
B2267/V2068 

or ph3
B2219/V2068

. Together this indicates that 

ph3
B2299 

is a weak allele that is only partially inactivated.  

Concluding, we have isolated three new recessive ph3 alleles, called ph3
B2267

, ph3
B2219

 and 

ph3
B2299

, which flowers have higher vacuolar pH and a visual effect on the color on the 

flower corolla. 

 

Molecular isolation of the PH3 locus 

Because most mutants isolated in W138 resulted from insertions of the high copy number 

transposon dTPH1 (van Houwelingen et al., 1998), we assumed that the three new ph3 

alleles also harbored dTPH1 insertions. 

We backcrossed plant B2299-1 (ph3
V2068/B2299

) to line R144 (ph3
V2068/V2068

) and obtained 

family C2124 consisting of 21 plants of which 5 plants had purplish flowers (AN1
W138/+

, 

ph3
V2068/V2068

), 14 had purplish flowers with red spots (AN1
W138/+

, ph3
V2068/B2299

) and 2 had 

red flowers (AN1
W138/+

, PH3
V2068/B2299-Rev

), which represented PH3 reversions (Figure 1). By 

transposon display (van den Broek et al., 1998) we analyzed the dTPH1 flanking sequences 

in seven unstable (ph3
V2068/B2299

) and three stable (ph3
V2068/V2068

) mutants and two revertants 

(PH3
V2068/B2299-Rev

) from this family. We identified two amplification products, which 

derived from BfaI and TaqI digestions respectively, that were present in all seven unstable 

mutants but were absent in the stable mutants and revertants (Figure 3A). Sequencing of 

these products revealed that the two fragments (of respectively 196 and 203 bp) had the 

same 8 bp target site duplication, indicating that they represented the two flanks of the same 

dTPH1 elements.  
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To confirm that the isolated genomic fragments originated from the PH3 locus, we used 

fragment specific primers to amplify this dTPH1 insertion in family C2124. With these 

primers we were not able to amplify the stable ph3
V2068

 allele. The PCR product obtained  

B C
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dTPH1

AGGATGGC ** AA***** CTT  TCGCTG (+3 bp )

ph3
B2299

GCACTGAGTAACCAATAT

GCACTGAGTA   ACTGAGTAACCAATAT

dTPH1
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ph3
B2219

wt
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B2219-footprint

PH3
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B2219
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ph3
B2267
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dTPH1
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B2267-footprint

(+7 bp )

ph3
B2267

PH3 genotype PH4 genotype

 +
/+

 +
/+

 +
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Figure 3. Cloning of the PH3 locus. A) Plants from family C2124, which consist of mutable plants 

(ph3V2068/B2299), stable mutant plants (ph3V2068/V2068) and revertant plants (PH3V2068/B2299-Rev) were used 

in this experiment. The left panel shows the amplification products obtained with adaptors BfaI+T 

while the right panel is the result with adaptors TaqI+G. The black arrow indicates the PH3 

fragments. B) Schematic map of the PH3 gene. The black boxes represent exons and the lines introns. 

Transposon insertions in the three ph3 alleles are shown by an open triangle. The numbers indicate 

the amino acids. C) Genomic PCR analysis of ph3V2068/B2219, ph3V2068/B2299 and ph3V2068/B2267 

heterozygous plants. “m” indicates unstable mutant allele, “rev” indicates a revertant allele and “+” 

indicates a wild type allele. D) Southern blot analysis of the PH3 and PH4 locus in different plants. 

The genotype is reported above each lane. The blot was hybridized with a cDNA PH3 probe spanning 

nucleotide 404 to 1407 and after stripping the blot was re-hybridized with the full length PH4 cDNA 

as control for the DNA loading. E) The genomic sequence around the dTPH1 insertion in three ph3 

alleles. The black bar under the sequences indicates the target site duplication. The revertant alleles 

contain 3 bp (PH3B2299-Rev), 6 bp (PH3B2219-Rev) or 7 bp (ph3B2267) footprint generated by dTPH1 

excision. The star (*) indicates the deleted nucleotides after excising of dTPH1 and the nucleotides 

depicted in italics indicate the additional nucleotides after dTPH1 excision. The sequences are 

determined by direct sequencing of a PCR product. 
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from all plants with the unstable ph3
B2299

 allele was ± 300 bp larger than the PCR product 

from revertant plants, consistent with the presence of a dTPH1 insertion as also confirmed 

by hybridization (data not shown). This PCR fragment co-segregated with ph3
B2299

. PCR 

analysis of ph3
V2068/B2219

 and ph3
V2068/B2267 

plants revealed that ph3
B2219 

and ph3
B2267 

also 

contained dTPH1 insertion in the same genomic region, confirming that we isolated PH3 

(Figure 3C). In the backcross of ph3
V2068/B2219 

and ph3
V2068/B2299 

to lines ph3
R49/R49 

(R143) and 

ph3
V2068/V2068 

(R144) respectively, we found plants with purplish flowers but also red 

flowers, representing revertant alleles (Figure 1). Sequence analysis of PH3
B2219-Rev

 and 

PH3
B2299-Rev

 revertants revealed that dTPH1 had excised and had left a footprint behind of 

respectively 6 and 3 bp, possibly resulting in a functional protein. Sequence analysis of the 

genomic DNA of stable ph3
V2068/B2267-footprint

 mutants revealed that dTPH1 had excised, and 

a 7 bp footprint was generated (Figure 3E). Analysis of genomic and cDNA clones revealed 

that PH3 consists of 5 exons separated by 4 introns. The dTPH1 transposon insertions in 

alleles ph3
B2219

 and ph3
B2267

 are in exon 3, nine basepaires apart, while in ph3
B2299

 a dTPH1 

copy has inserted in the fourth exon (Figure 3B). 

We were not able to amplify PH3 fragments with any combination of PH3-specific primers 

from mutants homozygous for the stable recessive ph3
R49 

and ph3
V2068

 alleles. To examine 

whether these alleles contained a large deletion, we performed a DNA-gel analysis (Figure 

3D). A probe spanning nucleotide 404-1407 of PH3 cDNA detected a 2.1 kb fragment in 

R27 (PH3
+/+

) W138 (PH3
+/+

). However, in ph3
R49/R49

 and ph3
V2068/V2068 

no cross-hybridizing 

sequences could be detected, while a ph3
V2068/B2267

 heterozygous plant showed a 

hybridization signal of ~2.4 kb because of the dTPH1 transposon insertion (Figure 3D, lane 

5). As control for the presence of DNA in each lane, the blot was re-hybridized with a full 

length PH4 probe (Figure 3D). Because we used a probe that did not cover the whole PH3 

gene, but only nucleotide 404-1407 of the cDNA, these results show that ph3
R49

 and 

ph3
V2068

 contain
 
a large deletion of PH3 that eliminates most, if not all, of the coding 

sequence.  

 

PH3 encodes a WRKY protein 

The full-size cDNA of PH3 (1848 bp) contains an open reading frame of 1407 bp, encoding 

a predicted protein of 469 amino acids. PH3 has 2 highly conserved WRKYGQK motifs at 

amino acid 200-206 and at amino acid 393-399, respectively, both followed by a 16 amino 
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acid zinc finger motif (Figure 4A). The combination of WRKYGQK domains and zinc 

finger motifs are characteristic for the plant-specific WRKY family of transcription factors 

(Eulgem et al., 2000).  

The Arabidopsis genome encodes some 74 WRKY proteins that can be divided in three 

subgroups based on the number of WRKY domains and type of zinc finger motifs. WRKY 

proteins of group I contain two WRKY domains while groups II and III contain only one 

WRKY domain (Eulgem et al., 2000). The last two groups can be distinguished by their 

zinc finger motifs; group II has a C2-H2 motif whereas group III has a C2-HC as motif 

(Berg et al., 1996). Group I can also be split up in two different subgroups based on 

differences in the zinc finger motif. Subgroup I-a is represented by a C2-H2 zinc-finger 

motif, while subgroup I-b contains only C2-HC motifs (Xie et al., 2005). According to this 

classification PH3 belongs to the subgroup I-a. 

 Phylogenetic analysis of WRKY proteins, which is based on the sequence alignment 

spanning from ten amino acids before the C-terminal WRKY domain to the end of the 

protein, confirms that PH3 clusters with WRKY proteins of group I. Within this group, 
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Figure 4. PH3 encodes a WRKY protein. A) Alignment of deducted PH3 and TTG2 protein 

sequences. Identical amino acids are marked by grey boxes. The conserved WRKYGQK domains are 

highlighted by an open box and the C2H2 zinc-finger motifs are indicated by a black dot above the 

sequence. “�” indicate the intron position in both PH3 and TTG2. The last intron present in PH3 is 

absent in TTG2. B) Phylogenetic tree of WRKY proteins of Arabidopsis thaliana (At), Parsley 

(Petroselinum crispum, Pc) 1, Pc3 and Pc4, Tobacco WIZZ, Barley SUSIBA2 and sweet potato SPF1. 

The alignment is based on the protein sequence spanning from ten amino acids before the C-terminal 

WRKY domain till the stop codon. 
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PH3 shows the highest similarity to the Arabidopsis WRKY44 protein, encoded by the 

TTG2 locus (Johnson et al., 2002; Figure 4B). 

The family of WRKY genes contains two to eight introns but based on the number and 

position of the introns they can not be classified in subgroups. PH3 shows similarity to 

Arabidopsis TTG2 in intron-exon structure; PH3 and TTG2 contain three introns in the 

same position, but PH3 has an extra fourth intron in the 3’ end of the gene (Figure 4A). 

This indicates that PH3 and TTG2 might originate from a common ancestor. 

 

Transcriptional regulation of PH3 

To determine the PH3 expression pattern, we measured PH3 mRNA levels in various 

tissues of the wild type line R27 by RT-PCR. Although R27 is an an4 mutant (a regulator 

of anthocyanin biosynthesis in anthers), it is wild type for all other regulatory AN loci and 

all PH genes. Figure 5A shows that PH3 is exclusively expressed in petal limb and tube of 

the flower. In situ hybridization on petals of mutant line W62 (reduced anthocyanins 

because of a mutation in the structural gene AN3, which encodes for flavanone-3-

hydroxylase; van Houwelingen et al., 1998) showed that PH3 is expressed in the upper 

epidermis of the corolla (Figure 5B), similar to AN1, PH4 and DFR (Quattrocchio et al., 

2006; Chapter 2).  

Figure 5C shows mRNA levels of anthocyanin regulators and structural genes compared to 

that of PH genes. DFR, a structural gene of the anthocyanin biosynthetic pathway (Huits et 

al., 1994) is expressed during stage 3-6 while PH4 shows high expression later in 

development. AN1, involved in both anthocyanin biosynthesis and vacuolar pH regulation 

(Spelt et al., 2002), shows a wider pattern of expression during development and overlaps 

with both PH4 and DFR expression (Figure 5C). PH3 expression pattern during flower 

development resembles AN1 pattern.  

We also analyzed the genetic control of PH3 expression in isogenic vacuolar acidification 

(an1, ph2, ph3, ph4, ph5 and an11) mutants. These lines are perfectly isogenic and differ 

for a dTPH1 insertion at the mutated locus. Figure 5D showed that the PH3 expression is 

down regulated in an11, an1 and ph4 mutants (with the strongest effect in the late stages of 

flower development) and is totally undetectable in ph3
V2068

, while it is unaffected in ph2 

and ph5 mutant flowers (Figure 5D).  
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Figure 5. Expression analysis of PH3. A) RT-PCR analysis of PH3 in petal, tube, anther, pistil 

(stigma and style) (development stage 5,6 and 7) and sepal, stem, leaf and root tissue of line R27. 

GAPDH was used as an internal control. B) PH3 expression in petals in dfr mutant line W80. In situ 

hybridization with antisense RNA probe of DFR, PH4 and PH3 and as control the DFR sense probe. 

C) Expression levels of DFR, AN1, PH4, PH3 and GAPDH measured by RT-PCR during flower 

development in wild type line V30. Stage 1: < 10 mm (uncolored flower bud). Stage 2: 10 - 20 mm 

(uncolored flower bud). Stage 3: 20 - 27 mm (light colored flower bud). Stage 4: 27 - 35 mm (colored 

flower bud). Stage 5: 35 - 45 mm (fully colored and almost full length flower bud). Stage 6: 45 - 55 

mm (fully colored and half open flower). Stage 7: till 60 mm (completely open colored flower with 

open anthers). D) Genetic control of PH3 expression in different isogenic mutants. RNA was 

extracted from flowers at stages 5, 6 and 7. E) RT-PCR analysis of PH3 in an1 plants containing 

35S:AN1, 35S:AN1-GR and untransformed controls. 

 

To determine whether AN1 regulates PH3 expression directly, we used an1 plants that 

constitutively express a fusion of AN1 and the rat glucocorticoid receptor (GR) from a transgene 

(35S:AN1-GR; Spelt et al., 2002). In untransformed an1 petals, PH3 mRNA is expressed at low 

level (Figure 5E, middle panel) while in plants expressing 35S:AN1, PH3 mRNA is expressed at 

much higher levels. Plants expressing 35S:AN1-GR showed two hours after DEX treatment, high 

PH3 expression (Figure 5E, last panel). When treated with DEX and cycloheximide (CHX, a 
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translation inhibitor), AN1 is still capable of inducing expression of PH3 transcripts, indicating 

that PH3 is directly under the control of AN1, without requiring intermediate factors. 

 

 PH3 and TTG2 are functionally homologous 

Arabidopsis ttg2 mutants have aberrant trichomes on the leaf surface, reduced tannin 

accumulation in the seed coat and lack mucilage production in germinating seeds. Petunia 

ph3 mutants do not show any effect in trichome development, but it is unclear whether PH3 

is involved in tannin accumulation since ph3 homozygous seeds do not develop properly 

and pulverize 2 to 3 weeks after pollination. Nevertheless, the high homology between the 

two proteins suggests that PH3 and TTG2 are orthologous. To test whether PH3 and TTG2 

are functionally homologous, we performed a mutant complementation study. Therefore we 

cloned the PH3 cDNA and the TTG2 genomic DNA fragment containing the TTG2 coding 

sequence, behind the 35S promoter and transformed both into a stable ph3 mutant that is 

heterozygous for ph3
V2068

 and a stable recessive allele (ph3
B2267-footprint

), harboring a 7-bp 

footprint that derived from excision of dTPH1 from ph3
B2267

 (Figure 3E). Twenty out of 

twenty-one 35S:PH3 transformants (family K7011) and two out of four 35S:TTG2 

transformants (family K7012) had red colored flowers. The plants with a ph3 phenotype 

(K7011-21 and K7012-3 and -4) do contain the transgene but express it at low level and are 

therefore unable to complement the ph3 mutation (data not shown). The pH of the crude 

petal extracts of the transformants was lower compared to that of the untransformed control 

plant and although it does not reach wild type values, it shows that both transgenes can 

rescue the ph3 phenotype. 
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Figure 6. Complementation of ph3 by 35S:PH3 and 35S:TTG2. A) Stable ph3 mutants 

(ph3V2068/B2267-footprint) transformed with empty vector (control), 35S:PH3 and 35S:TTG2, respectively. 

The bars indicate the pH value of the crude petal extract (mean ±SD, n=4). B) PCR analysis of 

genomic DNA of transgenic lines. The transgenes were amplified with PH3 specific primers (primers 

#27/# 2230, top panel) or TTG2 specific primers (primers #27/#2118, bottom panel) C) RT-PCR 

analysis of PH3, TTG2, PH5, and GAPDH (control) on cDNA of the flowers shown in A. 

 

For two independent transformants of family K7011 and K7012 we determined the 

expression levels for PH3, TTG2, GAPDH (control for RNA levels) and one target gene of 

the pH pathway, PH5 (encoding a P-type ATPase, Chapter 5). The expression levels of the 

PH3 deriving from the transgene is lower than the PH3 mRNA level in wild type flowers, 

which could explain the lower pH value of the crude petal extract. In the plants transformed 

with 35S:PH3 or 35S:TTG2 we detected higher mRNA levels of PH5, in flowers, compared 

to the untransformed control plants (Figure 6C). This means that the low expression of PH3 

and TTG2 is sufficient to induce target genes of the vacuolar acidification pathway and to 

restore, partly, the pH phenotype. We also examined mRNA levels of PH3 target genes in 

leaf tissue of the transgenics. Because we could not detect PH5 mRNA in 35S:PH3 or 

35S:TTG2 leaves, we concluded that PH3 or TTG2 are not able to induce the pH pathway 

in the absence of other petal specific factors. We are currently testing whether 35S:PH3 and 

35S:TTG2 can rescue the phenotype of the Arabidopsis ttg2 mutant. 
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Discussion 

In this report we describe the isolation and characterization of PH3, a regulator of vacuolar 

acidification in petunia petals. PH3 encodes a member of the plant specific WRKY gene 

family of transcription factors and, according to the protein structure, PH3 belongs to the 

WRKY group I-a and shares high similarity with AtWRKY44/TTG2. TTG2 is a regulator 

of trichome architecture and seedcoat pigmentation and it is the first member of the WRKY 

family implicated in a developmental process, since all previously described WRKY 

proteins are thought to function in processes related to pathogen infection, mechanical 

wounding and senescence (Eulgem et al., 2000). ph3 mutant plants grow and develop 

normally but the flowers show an increase of pH in their crude petal extracts and more 

bluish coloration when compared to the isogenic wild type (Figure 2). In addition, ph3 

mutants appear female sterile (seeds do not develop properly) and flowers that containing a 

specific anthocyanin composition loose the pigment molecules in a process called fading 

(Quattrocchio et al., 2006). Both phenotypes are at the moment poorly understood.  

 

PH3 expression is under the control of AN1 and PH4  

We previously showed that AN1 regulates several morphological processes such as pro-

anthocyanidin synthesis in the seed coat, seed coat cell morphology, anthocyanidin 

biosynthesis and vacuolar acidification in petals (Spelt et al., 2002). Consistent with these 

multiple functions, AN1 is expressed throughout flower development (Figure 5C; Spelt et 

al., 2002). Anthocyanin production occurs in early flower development, when the regulators 

AN2, JAF13 and structural genes like CHS and DFR are expressed. Vacuolar acidification 

takes place in later stages (Quattrocchio et al., 2006), when PH4 reaches the highest 

expression level (Figure 5C). Because PH4 and PH3 are involved in the same process and 

expressed in the same epidermal cells (Figure 5B), we expected increased PH3 mRNA 

levels later in flower developmental stages. However, PH3 shows a basic expression level 

during all stages (Figure 5C). This indicates that PH3 is, in the first stages of flower 

development, expressed independently from AN1 and PH4, but in later stages its 

expression is dependent on AN1 and PH4. In an AN1-GR experiment we demonstrated that 

this regulation is direct and does not require synthesis of an intermediate protein. However, 

in Chapter 4 we show that other target genes of the pH pathway (such as PH5 and 
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MAC9F1) are also direct targets of AN1 and therefore we think that PH3 functions parallel 

with AN1 and PH4 to activate genes. 

In Chapter 4 we show that AN1 and PH4 regulate the expression of a set of target genes, 

including the P-ATPase proton pump PH5 (Chapter 5). Data presented in this chapter 

shows that PH3 co-activates the expression of the same target genes, which are specific for 

the vacuolar acidification pathway.  

 

PH3 and TTG2 are functionally exchangeable 

In several plant species, different processes are regulated by highly homologous bHLH, 

MYB and WD40 regulatory factors. It is thought that these regulatory complexes induce 

different sets of target genes that are specific for each process. However, the 

characterization of PH3 shows that downstream target genes are also homologous; PH3 

shows high similarity to TTG2 and both are transcriptionally controlled by a 

bHLH/MYB/WD40 protein complex (Johnson et al., 2002).  Although TTG2 can induce 

specific genes of the vacuolar acidification pathway in petunia, in Arabidopsis TTG2 

activates a set of genes, which lead to trichome development and tannin accumulation 

(Johnson et al., 2002). 

One of the AN1, PH4 and PH3 target genes is PH5, which encodes a proton pumping 

protein and its Arabidopsis homologue is AHA10 (Chapter 5; Baxter et al., 2005). Both ph5 

and aha10 mutants lack tannin accumulation in the seed coat, which is the same phenotype 

that has been found in ttg2 mutants. It is possible that TTG2 controls tannin accumulation 

in part by activating AHA10, but this remains to be verified experimentally. Assuming that 

PH5 acidifies vacuoles (Chapter 5), it is possible that the yellow seed phenotype of ttg2 

mutants is not caused by an effect on pro-anthocyanidin biosynthesis as suggested (Johnson 

et al., 2002), but by the change of pH in the vacuoles. It could be that the acidification of 

the vacuole creates an electrochemical gradient that is needed for vacuolar uptake of pro-

anthocyanin precursors. Whether trichome development and mucilage production are also 

influenced by the vacuolar pH seems unlikely since AHA10 is only reported to be 

expressed in the seed coat endothelial cells (Harper et al., 1994).  



Chapter 3 

 80 

Material and Methods 

 
Plant material 

All lines used are shown in Table 1. They all derive from the Amsterdam petunia collection 

and were grown under normal greenhouse conditions. 

 

Table 1: petunia lines and genotypes used. 
line genotype 

R27 AN1, AN2, AN10, AN11, PH1, PH2, PH3, PH4, PH5, PH6 

W138 an1
W138/W138

, AN2, AN10, AN11, PH1, PH2, PH3, PH4, PH5, PH6 

W137 AN1,
 
AN2, AN10, an11

m/m
, PH1, PH2, PH3, PH4, PH5, PH6 

W237 AN1, AN2, an10
m/m

, AN11, PH1, PH2, PH3, PH4, PH5, PH6 

W225 an1
V2015/V2015

, AN2, AN10, AN11, PH1, PH2, PH3, PH4, PH5, PH6 

R149 ph4
V2153/V2153

, AN1, AN2, AN10, AN11, PH1, PH2, PH3, PH5, PH6 

R143 ph3
R49/R49

, an1
m/m

, AN2, AN10, AN11, PH1, PH2, PH4, PH5, PH6 

R144 ph3
V2068/V2068

, an1
m/m

, AN2, AN10, AN11, PH1, PH2, PH4, PH5, PH6 

M1 AN1, AN2, AN10, AN11, PH1, PH2, PH3, PH4, PH5, PH6 

V30 AN1, AN2, AN10, AN11, PH1, PH2, PH3, PH4, PH5, PH6 

 

pH measurements 

For each pH measurement the corolla of a fresh open flower was ground in a mortar with 6 

ml water and the pH of the extract was immediately measured with a pH electrode 

(Checker, Hanna instruments). Measures were repeated on 3 to 5 different flowers and the 

average value and standard error were calculated.  

 

Transposon display 

Transposon display was carried out as described previously (van den Broek et al., 1998) 

with some modifications (Tobena-Santamaria et al., 2002) using primers shown in Table 2. 

Gels were exposed overnight and read by a Phospher Imager scanner (Molecular Dynamics, 

Sunnyvale, CA). 
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Table 2: primers used for transposon display. 

primer name sequence 5’-3’ 

1115 TaqI-Adapter1 GACGATGAGTCCTGAG 

1116 TaqI-Adapter2 CGCTCAGGACTCAT 

1118-21 TaqI+N CGATGAGTCCTGAGCGAA+N 

701 BfaI-Adapter1 GACGATGAGTCCTGAG 

702 BfaI-Adapter2 TACTCAGGACTCAT 

1123-26 BfaI+N ACGATGAGTCCTGAGTAGA+N 

423 out 11  (dTPH1) CGAAGGGGTGTCAATGCTG 

15 out 5    (dTPH1) CCCTTATTAGAATTCYTGGCTCCGC 

630 out12   (dTPH1) CAGCATTGACACCCCTTC 

631 out 13  (dTPH1) CAGTGTAAATTTTGCGCAAA 

Oligonucleotides TaqI-Adapter1 and TaqI-Adapter2 were annealed to generate the double stranded 

TaqI adapters and BfaI-Adapters and BfaI-Adapter2 to generate the double stranded BfaI adapters. 

Out11 (nested is out5) and out12 (nested is out13) are dTPH1 specific primers used in transposon 

display.  

 

DNA and RNA Methodology 

The 3’ end of PH3 cDNA was obtained by screening a R27 petal cDNA library (Stratagene 

HybriZAP–2.1 Two-hybrid) and the 5’-end was amplified by 5’ Rapid Amplification of 

cDNA (5’/3’-RACE KIT 2ND generation, Roche, USA) with PH3 specific primers, which 

are shown in Table 3.  

Table 3: Primer number and sequence used to amplify the full length PH3 cDNA. 
primer gene sequence 5'-3' orientationon 

1209 PH3 TACCACTGACTCTGAAATTACTGAG forw 

1269 PH3 GGGCGAGCACTTGTAAGCAAT forw 

1254 PH3 CCTGATGTACCTGCTCCATTG rev 

1297 PH3 CAGGGCATTCCGAAATTCTGAAG rev 

1296 PH3 CATCATAACTAGGGCGATCGAC rev 

 

Extractions of DNA and total RNA were performed as described previously (de Vetten et 

al., 1997). Genomic DNA amplification and RT-PCR was performed with gene specific 

primers as listed in Table 4. 
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Table 4: primer number and sequence used for RT-PCR analysis of different genes. 

primer gene sequence 5'-3' orientation cycles 

97 DFR ACAATGTTCACGCTACTGTTC forw 24x 

98 DFR GTAGGAACATAGTACTCTGG rev  

19 GAPDH CTGGTTATTCCATTACAACTAC rev 20x 

20 GAPDH GGTCGTTTGGTTGCAAGAGT forw  

126 AN1 TAGGATCCAGCCTTATCTGAGCACT forw 24 x 

123 AN1 GGGAATTCTATGGTGTCACCAAG rev  

1269 PH3 GGGCGAGCACTTGTAAGCAAT forw 24 x 

1254 PH3 CCTGATGTACCTGCTCCATTG rev  

1317 PH4 TTCTCTAGAGATGAGAACCCCATCATCAT forw 24 x 

1233 PH4 AAGCTTTCTCTAACTGGGATTATATTGA rev  

1812 PH5 GGAATCAATGTAAGTGATTGCAGTCCG forw 22x 

1849 PH5 CGGAATACCAATAGCTATGCCAAC rev  

27  35S AGAAGACGTTCCAACCACGTCT forw 30x 
1)
 

2230  PH3 GATTTTGCTAAGAGACTTTGCCC rev 30x 
1)
 

2118  TTG2 CTTCTCGTTCTTCCTTCTTTTGCTTC rev 30x 
1)
 

1) 30 cycles were done to amplify the genomic DNA. 

 

The Southern blot analysis was performed as described by Tsai et al., 2004 and hybridized 

overnight at 65ºC with a 
32

P-labeled PH3 (nucleotide 404 -1407) probe. The blot was 

washed with 2xSSC + 0.1% SDS at 60ºC for 30 minutes. The blot was exposed overnight 

and read by a Phosphor Imager (Molecular Dynamics, Sunnyvale, CA). 

For the protein alignment we used the following WRKY protein sequences: From 

Arabidopsis (At): AtWRK1 (At2g04880), AtWRKY4 (At1g13960). AtWRKY6 

(At1g62300), AtWRKY9 (At1g68150), AtWRKY8 (At5g46350), AtWRKY11 

(At4g31550), AtWRKY7 (At4g24240), AtWRKY14 (At1g30650), AtWRKY13 

(At4g39410), AtWRKY18 (At4g31800), AtWRKY20 (At4g26640), AtWRKY23 

(At2g47260), AtWRKY24 (At5g41570), AtWRKY34 (At4g26440), AtWRKY35 

(At2g34830), AtWRKY39 (At3g04670), AtWRKY42 (At4g04450), AtWRKY46 

(At2g46400), AtWRKY53 (At4g23810), AtWRKY44 (At2g37260), AtWRKY62 

(At5g01900), AtWRKY67 (At1g66550), AtWRKY69 (At3g58710), AtWRKY70 

(At3g56400). From Parsley (Pc) we used PcWRKY1 (AAC49527), PcWRKY3 

(AAD27591.1), PcWRKY4 (AAR98818), from Tobacco WIZZ (AB042973.1), from 

Barley SUSIBA2 (AY323206.1) and from Ipomoea batatas SPF1 (D30038.1). The part of 

the protein spanning from ten amino acids before the C-terminal WRKY domain to the stop 

codon was used in a ClustalW alignment (http://crick.genes.nig.ac.jp/homology/clustalw-
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e.shtml) with the following settings: Matrix = blossom; GAPOPEN = 0, GAPEXT = 0, 

GAPDIST = 8, MAXDIV = 40). The phylogenetic tree was calculated using the neighbor-

joining method and bootstrap analysis (1000 replicates) using PHYLIP via the same 

website and visualized with Treeviewer version 1.6.6.  

 
Over-expression constructs and transgenic lines  

The full length PH3 was amplified from R27 petal cDNA (stage 5-6) with primers #1295 

(5’-TAGGATCCCGTCAATCGACTATGATTTGTC-3’) and #2254 (5’-

GCTCTAGAATGGAGGTCAATGAAGCAGCGA-3’). TTG2 was amplified from 

Arabidopsis Columbia genomic DNA with primer #2224 (5’-

GCTCTAGAATGGAGGTGAATGATGGTGAAAGAG-3’) and #1391 (5’-

GCGGATCCTCAAATTGTTTGCTTAGAAAGTTG-3’) (underlined sequences 

correspond to the introduced restriction sites). Both fragments were cut with XbaI and 

BamHI and subsequently ligated into the pGreen1H vector (XbaI / BamHI) (Hellens et al., 

2000).  

Plasmids were introduced, together with helper plasmid pJIC, into Agrobacterium 

tumefacien strain AGL0 by electroporation. A single colony was used for an overnight 

culture and used to infect leaf discs. Shoot regeneration was achieved in the presence of 10 

µg/ml hygromycine as previously described (van der Meer et al., 1999). 

 

In situ hybridization on petal tissue 

RNA in situ hybridization was performed as described in Souer et al. (1996). Probes were 

obtained by in vitro transcription from the T7 promoter (AN1, PH3 and PH4 probe) or SP6 

promoter (DFR probe) on templates generated by PCR on cloned cDNA fragments 

(Quattrocchio et al., 2006). The PH3 probe included nucleotide 404-1407 (containing both 

WRKY and zinc finger motifs). Control slides were hybridized to a sense PH3 probe. 

Because anthocyanins could mask the reddish signal, we used petals in which anthocyanin 

synthesis was blocked by a mutation in AN3, encoding the F3’H enzyme (van Houwelingen 

et al., 1998).  
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