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Chapter 5 

 

 

Inactivation of a tonoplast P-type ATPase reduces vacuolar 

acidification and results in a blue flower color 

 

 

Walter Verweij, Cornelis Spelt, Joop Vermeer, Ronald Koes and Francesca Quattrocchio
 

 

 

Abstract 

The pH control in different cell compartments is essential for the trafficking of vesicles, 

proteins and small molecules. Vacuolar type H
+
-ATPases (v-ATPases) and 

pyrophosphatases (PPases) in plants control the pH of endomembranes compartments 

whereas P-type H
+
-ATPases control the pH of the cytosol by pumping protons across the 

plasma membrane. In this way an electrochemical gradient is created, which is important 

for transport of ions across membranes. The regulatory proteins ANTHOCYANIN 1 

(AN1), AN2 and AN11 control transcription of genes of the anthocyanin biosynthesis 

pathway. These same regulators, in combination with PH4 and PH3, induce genes of 

another pathway, which leads to the acidification of the vacuole. Here we report the 

isolation of one AN1, PH4 and PH3 target gene, MACF55, which encodes a P-type 

ATPase. Silencing of MACF55 results in blue flowers with a high pH of the crude petal 

homogenate indicating that MACF55 is directly involved in vacuolar acidification. Isolation 

of the PH5 locus from a transposon tagged mutant showed that it encodes MACF55. 

Complementation experiments showed that 35S:PH5 could fully complement ph5 mutants 

but not an1, ph3 and ph4, indicating that PH5 activity depends on other genes controlled by 

AN1, PH4 and PH3. PH5-GFP fusion protein localizes the tonoplast of cowpea protoplast, 

suggesting that PH5 is responsible for proton pumping from the cytosol into the vacuolar 

lumen. Thus, PH5 plays a key role in a trait (flower color), which is important for plant 

reproduction.  
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Introduction 

Anthocyanin pigments accumulate in the vacuole of epidermal cells in flower petals and 

their color depends on their substitution pattern and the presence of co-pigments (Mol et al., 

1998). An additional factor that determines flower color is the pH of the vacuolar lumen. 

Blue colors are associated with a less acidic vacuolar lumen (Yoshida et al., 1995; Fukada-

Tanaka et al., 2000).  

Anthocyanins are produced by a branch of the flavonoid biosynthetic pathway, starting 

from the colorless molecules coumaryl-CoA and malonyl-CoA. The biosynthesis of 

anthocyanins involves structural genes encoding enzymes, which modify the basic 

phenylpropane-based structure by hydroxylation, methylation, acelation, glucosylation and 

rhamnosylation. This results in a variety of different color pigments. In petunia, the factors 

required for activation of anthocyanin biosynthesis are the basic-helix-loop-helix protein 

ANTHOCYANIN1 (AN1), the WD-repeat protein AN11 and the MYB protein AN2 

(Chapter 1, Koes et al., 2005). The same set of regulators is also required to activate an 

unknown pathway inducing vacuolar acidification. Because the absorption spectrum of 

anthocyanins depends on the pH of the lumen, they can be used as natural indicators of the 

vacuolar pH. In Morning glory (Ipomoea purpurea), for example, the bluing of the flowers, 

after the opening of the buds, correlates with an increase of the vacuolar pH in the petal 

epidermal cells (Yoshida et al., 1995). In Ipomoea pr mutants the bluing process is blocked 

and the flower stays reddish. Pr was shown to encode a Na
+
/H

+
 exchanger, which is 

thought to consume the proton gradient across the vacuolar membrane to transport Na
+ 

ions 

into the vacuole, which explains the pr phenotype.  

Wild-type petunia flowers have a lower vacuolar pH, which leads to reddish flowers. Seven 

recessive mutations (ph1 to ph7) result in an increased pH of petal homogenates and a blue 

flower phenotype, indicating that these seven loci are required for acidification of the 

vacuole (de Vlaming et al., 1983; van Houwelingen et al., 1998).  

Genetic and molecular evidences indicate that AN1 activates anthocyanin biosynthesis and 

vacuolar acidification through partially separable domains and interactions with distinct 

MYB partners (Spelt et al., 2002). To activate vacuolar acidification the MYB partner is 

PH4 (Quattrocchio et al., 2006; Chapter 2), whereas for anthocyanin synthesis the MYB 

factor AN2 is required (Spelt et al., 2000). Molecular analysis of PH2 and PH3 showed that 

they encode a protein kinase (unpublished data) and a transcription factor (Chapter 3), 
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respectively. These findings, although useful to understand the structure of the regulatory 

pathway controlling this phenomenon, do not help to unravel the biochemical nature of the 

vacuolar acidification pathway(s). 

The acidification of intracellular membrane compartments is essential for numerous cellular 

processes, including exo-and endocytosis, protein transport, vesicle trafficking, and the H
+
 

coupled trans-membrane transport of solutes (Nishi et al., 2002). In all eukaryotic cells 

acidification of endomenbrane systems is accomplished by vacuolar H
+
-ATPases (v-

ATPases; Nishi et al., 2002), while plants posses an additional vacuolar H
+
-

pyrophosphatase proton pump (PPases; Gaxiola et al., 2002). V-ATPases consist of 

multiple proteins functioning together as one apparatus, which pumps protons into the 

vacuolar compartments at the expense of ATP. PPases are single subunit proteins that use 

pyrophosphate (PPi) as an energy source. 

Plants and fungi contain a distinct class of P-ATPase proton pumps. P-ATPases are a large 

family consisting of 5 subfamilies (P1-P5) that transport different ions (e.g. heavy metals, 

H
+
, Ca

2+
, Na

+
; Axelsen et al., 2001). P-type-ATPase proteins function as single 

polypeptides on membranes of different cellular organelles such as plasma membrane, 

vacuolar membrane and chloroplast envelope (Huang et al., 1993; Axelsen et al., 2001). 

P3A-ATPase proton pumps are generally thought to reside on the plasma membrane 

although this has only been shown for proteins of cluster I, II and IV (Arango et al., 2003; 

Lefebvre et al., 2005). The differences in proton concentration across the plasma membrane 

is essential for fundamental cellular processes and is used as driving force by secondary 

transporters such as sym- and antiports (Morsomme et al., 2000). 

The data presented here show that the PH5 locus encodes a member of the proton pump 

P3A-ATPase subfamily and is transcriptional regulated by anthocyanin regulatory genes. 

Inactivation of this pump, by RNA interference and transposon insertions, results in a bluer 

flower color and increased pH of the petal extract, demonstrating its role in vacuolar 

acidification. Protein localization studies show that the PH5 protein is not localized on the 

plasma membrane, but instead on the vacuolar membrane. These findings show that flower 

color, a key-factor in plant reproduction (Bradshaw et al., 2003), involves a novel type of 

proton pump, which is co-regulated with pigment synthesis. 
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Results 

Identification of new AN1 target genes by transcript profiling 

To identify new target genes of AN1 involved in pH regulation, we performed mRNA 

profiling analysis with wild type and ph mutants. In one approach a micro-array containing 

~1100 petunia cDNA fragments (Chapter 4; Verdonk et al., 2003) was hybridized with 

cDNA from wild type and an1 petals. This yielded six cDNAs that were more than 10-fold 

down-regulated in an1 petals. Sequence analysis revealed that five of them (DFR, RT, AN9, 

Cyt5b and anthocyanin synthase (ANS)) encoded enzymes of the anthocyanin pathway and 

were already known to be AN1 regulated (Huits et al., 1994; Kroon et al., 1994; de Vetten 

et al., 1999). RT-PCR experiments revealed that the sixth cDNA, Micro-Array-Clone F55 

(MACF55), was strongly reduced in an1, an2, an11, as well as in ph3 and ph4 petals, and 

was partially reduced in petals of three distinct ph5 mutants (Figure 1A). In ph1, ph2 and 

ph7 petals MACF55 mRNA was, however, expressed at wild type level.  

MACF55 mRNA was only detectable in flower petal tissue (limb and tube) but not in other 

floral organs like sepals, anthers and pistil, nor in leaves, stems or roots (Figure 1B). Since 

ph mutants are only affected in vacuolar acidification in petals epidermal cells, MACF55 

could have a function in this process. In addition, the MACF55 mRNA has been found in 

wild type seeds analysed at 15 and 20 days after pollination (DAP, Figure 1C), but not in 

an1 seeds indicating that also in seeds MACF55 is activated in an AN1-dependent manner.  

In situ hybridization of petal sections revealed that MACF55 mRNA accumulates primarily 

in the upper (adaxial) epidermis (Figure 1D). These are the same cells in which AN1, PH3 

and PH4 are expressed (Chapter 2, Chapter 3; Quattrocchio et al., 2006) and where 

anthocyanins accumulate. 

 

Another member of the P3A-ATPase family is expressed in petals 

The full size MACF55 cDNA encodes a deduced protein of 950 amino acids with very high 

similarity to P3A-ATPases (see supplemental Figure S1). Phylogenetic analysis shows that 

MACF55 belongs to the P3A family of H
+
 transporters, and groups in cluster III (Figure 1E), 

together with PMA9 of Nicotiana plumbaginifolia (Oufattole et al., 2000), AHA9 of rice 

(Houlne et al., 1994) and AHA10 of Arabidopsis (Baxter et al., 2005).  
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Figure 1. Analysis of MACF55. A) RT-PCR analysis of MACF55 and PhAHA2 mRNA in wild type 

and mutant petals of stage 5 and 6. GAPDH (encoding GLYCERALDEHYDE-PHOSPHATE 

REDUCTASE) was used as a control. B) RT-PCR analysis of MACF55 and PhAHA2 mRNA in 

different tissues of wild type (R27). C) RT-PCR of MACF55 in R27 wild type and in an1W225 seeds at 

time point 15, 20 and 25 days after pollination (DAP). D) In situ hybridization of MACF55 mRNA in 

a cross section of an3 flower limb. The control shows background hybridization of a 

DIHYDROFLAVONOL REDUCTASE (DFR) sense probe. The scale bars equal 100 µM E) 

Phylogenetic tree of the P3A-ATPases from Arabidopsis thaliana (At), Nicotiana plumbaginifolia 

(Np), rice (Os) and petunia (Ph). 

 

Previous analyses showed that inactivation of members of the P3A-ATPase family results in 

lethality in case there is no redundancy (Arango et al., 2003; Baxter et al., 2003; Robertson 

et al., 2004). Because MACF55 is absent in an1, an2, an11, ph3 and ph4 petal epidermis we 

assumed that, at least one other P3A-ATPase should be active in these cells. Screening of a 

cDNA library from an1 petals with MACF55, indeed yielded a partial cDNA encoding 

another P3A-type H
+-

ATPase that we named PhAHA2, because of its high sequence 

similarity to Arabidopsis AHA2, a member of cluster II (Figure 1E). PhAHA2 mRNA is 

expressed at similar levels in all tissues analyzed, independently from AN1, AN2, AN11, or 
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any of the PH loci (Figure 1A-B). This implies that petals express besides MACF55 at least 

one other P3A-ATPase and that ph mutants are not completely depleted of P3A-ATPase 

proton pumps. 

 

MACF55 down-regulation by RNAi results in blue flowers 

To assess the function of MACF55, we generated transgenic plants in which MACF55 

expression was downregulated by RNA interference (RNAi). For this purpose, we used two 

gene specific constructs in which inverted repeats of distinct MACF55 fragments were 

expressed from the 35S promoter of Cauliflower Mosaic virus (CaMV) (35S:MACF55-IR1 

and 35S:MACF55-IR2). In two out of five 35S:MACF55-IR1 transformants and six of the 

eight the 35S:MACF55-IR2 transformants, part of the flower corolla displayed different 

flower color than the controls transformed with the empty vector. The change was from 

“red-violet” to “blue-violet” in some zones of the corolla, resulting in star-like patterns 

(Figure 2A) similar to the pattern obtained by RNAi of anthocyanin genes (Jorgensen et al., 

1996). The color change correlated with an increased pH of petal homogenates and a 

reduction of MACF55 mRNA to about 30% of the wild type level in the transformant with 

the strongest phenotype (Figure 2A-C). Although the expression of PhAHA2 mRNA was 

apparently not affected in these RNAi lines, co-silencing of other (yet unidentified) P3A-

ATPase could not be ruled out. 
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Figure 2. Phenotypic changes caused by RNAi induced silencing of MACF55. A) Flowers of a 

plant containing the empty vector, and two distinct RNAi transformants containing 35S:MACF55-

IR1. B) pH of crude petal homogenates (mean ± SD; n=5) of the plants shown in (A). C) RT-PCR 

analysis of mRNAs expressed in the petal limbs of the plants shown in (A). 
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Figure 3. MACF55 is encoded by the PH5 locus. A) The phenotype of PH5 and ph5R159 flower in 

the R27 background containing red cyanidin-type anthocyanins. B) Flowers and seeds of a ph5R159/V69 

and a germinal revertant in a background synthesising purple malividin type anthocyanins. C) 

Transposon display pattern obtained by using eight ph5R164 and three PH5Rev plants. The arrow 

indicates the dTPH1 flanking sequence corresponding to the PH5 gene. D) Structure of the PH5 gene. 

Exons are show as black boxes and introns by a line. The triangles indicate transposon insertions in 

distinct alleles, and the arrows the primers used for PCR analysis. The red line indicates the PH5 

fragment isolated by transposon display. E) The genomic sequence of distinct ph5 alleles around the 

position at which the transposon insertion in the original mutant. The black bar under the sequence 

indicates the target site duplication (TSD). The revertant alleles contain a 0-, 3- or 8-bp footprint 

caused by the excision of the transposon. The sequence of the wild type revertant and ph5V69, ph5R159, 

ph5R163 and ph5R164 RNA (cDNA) is determined by direct sequencing of a RT-PCR product. 
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Cloning of PH5 

Among progeny of the line W138, in which dTPH1 transposons are highly active (van 

Houwelingen et al., 1998), we identified three genetically unstable flower color mutants 

that proved to be allelic to the original ph5
V69 

mutant (Figure 3A). In F1, B1 and B2 

backcrosses to ph5
V69/V69 

we found ~ 7700 plants with “blue violet” (ph5) petals and 12 with 

wild type (PH5) “red violet” petals that resulted from a germinal reversion of the (PH5
Rev

) 

mutation. The seeds from wild type and PH5
Rev

 plants are dark brown colored because of 

pro-anthocyanindin accumulation, whereas ph5 seeds have a yellowish color (Figure 3B), 

similar to that of an3 seeds in which pro-anthocyanidin synthesis is blocked (Spelt et al., 

2002).  

To isolate PH5, we used a transposon display-based approach, which yielded a genomic 

fragment containing a dTPH1 insertion in eight ph5
R164

 mutants, but not in three PH5
Rev

 

revertants (Figure 3C). This fragment contained part of dTPH1 and a flanking sequence that 

proved to be identical to nucleotide 2380-2687 of the genomic MACF55 sequence (see red 

bar in Figure 3D). The three W138-derived ph5 alleles contain dTPH1 insertions that 

disrupt the coding sequence in exon 7 (ph5
R164 

and ph5
R163

) or the splice site bordering exon 

9 and intron 9 (ph5
R159

), whereas ph5
V69

 contains a copy of a novel petunia transposon 

(dTPH10) in intron 9. The 12 germinal reversions as well as a somatic reversion (that 

resulted in a revertant branch on a mutant plant) coincided with excision of the transposon 

from one of the ph5 alleles and the formation of a footprint that restores gene function 

(Figure 3E). Direct sequencing of RT-PCR products revealed that the major PH5 mRNAs 

expressed by the insertion alleles all contain lesions resulting in a truncated protein; 

mRNAs from alleles ph5
R163 

and ph5
R159

 contain 7 nucleotide insertions whereas ph5
V69 

contains a 57 nucleotide insertion apparently originating from splicing in the transposon 

sequences (Figure 3E). Allele ph5
R164

 contains a 6-nucleotide insertion but does not restore 

gene function. Probably the part of the protein in which two additional amino acids are 

inserted is important for protein function. These findings show that MACF55 mRNA is 

encoded by PH5 and that inactivation of this single gene strongly reduces vacuolar 

acidification resulting in the blue flower phenotype.  
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AN1 directly activates PH5 transcription 

Since PH5 functions down-stream of AN1, we examined whether PH5 transcription 

activation by AN1 is direct or it requires the synthesis of intermediate factors. Therefore, 

we used an an1 mutant that constitutively expresses a translational fusion of AN1 and the 

ligand-binding domain of the rat glucocorticoid receptor (GR) from the strong 35S CaMV 

promoter (35S:AN1-GR). Treatment with dexametasone (DEX) releases the HSP90 protein 

from AN1-GR protein and, subsequently, the AN1-GR protein enters the nucleus where it 

can activate its target genes. These flowers produce anthocyanins after DEX treatment, 

demonstrating that the fusion protein is fully functional (Spelt et al., 2000). In these petals 

PH5 mRNAs were fully induced (to similar levels as in 35S:AN1 positive control petals) 

within 2 hrs, even when protein synthesis was blocked by cycloheximide (CHX; Spelt et 

al., 2000). Applying CHX alone did not result in induction of PH5 mRNA (Figure 4F, last 

panel). In the non-transformed control plants (Figure 4F, middle panel) no PH5 induction 

occurred after DEX or CHX treatment. Plants in which an1 is complemented with 

35S:AN1, PH5 expression was independent from DEX or CHX (Figure 4F, first panel), 

indicating that PH5 is only induced in the presence of AN1. The results of this experiment 

demonstrate that AN1 activates PH5 transcription directly without the need of an 

intermediate protein. 

0 2 24 2 24 2 24 0 2 24 2 24 2 24 0 2 24 2 24 2 24
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CHX CHX DEX
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CHX CHX DEX
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CHX CHX
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Figure 4. MACF55/PH5 mRNA levels induced by different AN1 transgenes. RT-PCR analysis of 

PH5 mRNA in an1 mutant petals, expressing 35S:AN1 or a 35S:AN1-GR compared to an 

untransformed control (an1), after treatment with dexamethason (DEX) and / or cyclohexamide 

(CHX). 

 

PH5 is localized on the tonoplast 

P3A-ATPase proton pumps are generally assumed to function in the plasma membrane, 

although this has been proven only for proteins from clusters I, II and IV (Arango et al., 

2003; Lefebvre et al., 2005). The ph5 phenotype, however, would suggest that the PH5 

protein is localized on the vacuolar membrane to pump protons inside the vacuole, rather  
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A B C D

 

Figure 5. Intracellular localization of PH5-GFP in cowpea protoplasts. A) localization of free 

GFP. B) plasma membrane marker AtAHA2-GFP. C) tonoplast marker AtKCO1-GFP and D) PH5-

GFP. The top panels show light micrographs and the middle panels confocal images of the same cells 

(size bar equals 10 µm). Regions where the tonoplast invaginates (white boxes) are show at higher 

magnification in the bottom panels. GFP signal is seen in green and chlorophyll autofluorescence of 

chloroplasts in red. 

than on the plasma membrane. Thus, to determine on which membrane PH5 is localized, 

we expressed a PH5-GFP fusion protein in cowpea leaf protoplasts and compared its 

localization to that of a GFP fused to AtAHA2, a P3A-ATPase proton pump which has been 

shown to be localized in the plasma membrane (DeWitt et al., 1996; Kim et al., 2001), and 

AtKCO1, a K
+
 channel localized in the tonoplast (Czempinski et al., 2002). In these 

protoplasts free GFP accumulates primarily in the nucleus and cytoplasm and is excluded 

from chloroplasts and the large vacuole (Figure 5A). AtAHA2-GFP accumulates 

exclusively at the outer perimeter of the cell co-localizing with the plasma membrane 

(Figure 5B) and AtKCO1-GFP co-localizes with the tonoplast (Figure 5C). The PH5-GFP 

fusion protein shows a localization similar to that observed for AtKCO1-GFP (compare 

Figure 5C with 5D). Both clearly co-localize with the tonoplast, which is visible with 

transmitted light (see arrow heads in Figure 5A-D). At sites where the tonoplast 

invaginates, the PH5-GFP signal co-localizes with the tonoplast and no signal is seen in the 

plasma membrane (Figure 5, lower panel). These results show that in cowpea protoplasts, 



Inactivation of a P type ATPase results in a blue flower color   

 113 

PH5 has exclusively tonoplast localization. In other experiments we could prove that PH5-

GFP shows tonoplast localization also in flower petals cells (Verweij et al., in preparation).  

From these results we conclude that in an1, ph3, ph4 and ph5 mutants the PH5 protein is 

absent resulting in a less acidic vacuole. Futhermore, this localization of PH5 suggests that 

PH5 acidifies the vacuolar lumen by pumping protons from the cytoplasm across the 

tonoplast. 

 

35S:PH5 complements ph5 but not an1, ph3 or ph4 

Because ph5 petals show the same pH shift observed in an1, ph3 and ph4 petals, we assume 

that PH5 alone is responsible for the full vacuolar acidification in wild type petals. To test 

whether PH5 can complement the an1, ph3, ph4 and ph5 mutant phenotype, we generated 

transgenic lines expressing PH5 under the strong 35S CaMV promoter. This transgene was 

not able to overcome an1, ph3 and ph4 mutations (not shown) but it complemented ph5 

(Figure 6). The color of the ph5 35S:PH5 petals and the vacuolar pH appear similar to that 

of wild type flowers (Figure 6). These results suggest that AN1, PH3 and PH4 control, 

besides PH5 expression, also other genes needed for vacuolar acidification. Indeed, by 

transcript profiling experiments, we have identified genes (Chapter 4) that are probably 

required for the activation of PH5.  
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Figure 6. Complementation of ph5 by 35S:PH5. Flower phenotypes of the flowers of a PH5 

revertant (A), a untransformed ph5 mutant plant (B), and a ph5 mutant complemented by the 

35S:PH5 transgene (C). Bars on the left site of the picture show the pH of the crude petal 

homogenates. 
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Discussion 

It has been shown that mutations in v-ATPase subunits inhibit acidification of intracellular 

compartments and cause severe defects and often lethality in fungi, animals, (Nishi et al., 

2002) and also in plants, despite the presence of a PPase pump (Strompen et al., 2005; 

Schumacher et al., 1999; Dettmer et al., 2005). Arabidopsis avp1 mutants, lacking the 

PPase pump are viable, but show severe developmental defects caused by a reduced auxin 

transport (Li et al., 2005). Disruption of a single P3A-ATPase usually results in either 

lethality or no phenotype due to functional redundancy. A T-DNA insertion in AtAHA4 

changes the salt sensitivity of the plant (Vitart et al., 2001) and in tobacco silencing of 

PMA4 causes male sterility, defects in plant development and sugar transport (Zhao et al., 

2000).  

Here, we described the cloning and characterization of PH5, which encodes a P3A-ATPase 

proton pump. Mutations in PH5 or its regulators have, besides the color change, no obvious 

effect on plant or petal development. Because PH5 is expressed at late stages of petal and 

seed development, PH5 is not involved in developmental processes such as seed 

germination and flower development as these take place at earlier stages of development. In 

petal cells at least one other P3A-ATPase (PhAHA2) is present, which expression is 

unaffected by mutations in AN1, AN2, AN11, PH3, PH4 or PH5. PhAHA2 is probably 

involved in creating an electro-chemical gradient across the plasma membrane as deduced 

from the homology with AtAHA2. 

The very high similarity of PH5 to other P3A-ATPases may suggest that PH5 pumps protons 

across the plasma membrane into the apoplast. However, the ph5 phenotype indicates that 

PH5 is involved in vacuolar acidification. Indeed, a PH5-GFP fusion protein shows a 

tonoplast localization rather than plasma membrane localization like other members of the 

same family of ATPases. Thus, PH5 defines a novel class of proton pumping protein with 

specific function and localization. In Arabidopsis mutations in the PH5 homologue AHA10, 

also do not lead to lethality or drastic developmental effects. aha10 mutants have uncolored 

seeds and show delay in vacuolar biogenesis in the seed coat. This last phenotype could be 

an indirect effect since the H
+
-coupled pro-anthocyanidin transporter TRANSPARENTA 

TESTA 12 (TT12) might, in the absence of a proton gradient across the tonoplast, not be 

able to transport the pro-antocyanidin precursor into the vacuole. The accumulation of PA 

pre-cursors in the cytosol can be responsible for inhibition of vacuolar biogenesis as this 
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same phenotype was observed in mutants in which synthesis or vacuolar transport of pro-

anthocyanindins is blocked (Baxter et al., 2005; Abrahams et al., 2003). 

The complementation experiments revealed that the 35S:PH5 construct can complement 

ph5 but not an1, ph3, ph4 mutants. In an mRNA profiling analysis (Chapter 4) we 

identified besides PH5, 10 more target genes of AN1, PH3 and PH4, which are likely to be 

involved in vacuolar acidification. At the moment we are analyzing these target genes in 

order to gain insight in the mechanism of vacuolar acidification in the anthocyanin 

accumulating cells. Although our data indicate that PH5 might be responsible for 

acidification of the vacuole by pumping protons from the cytosol across the vacuolar 

membrane, experimental evidences of such proton pumping activity of PH5 are still to be 

gained.  

The regulatory proteins AN1, AN2 and AN11 induce the production of anthocyanins and 

their transport into the vacuole. Because anthocyanins act as natural pH indicators, the pH 

of the vacuole is also a very important trait in determining flower color. The fact that 

mutations in PH genes resulting in blue petunia flowers have never been observed in nature 

indicates that vacuolar acidification might be important for the attraction of pollinators.  

Last but not least, PH5 might be the molecular key to obtain the long wished blue roses and 

in general to introduce blue colors in the species where this is not achievable by traditional 

breeding. 
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Methods 

Genetic stocks  

The petunia lines W225 (an1
W225

), W134 (an1
W134

), R144 (ph3
V2068

), R149 (ph4
V2166

), R160 

(ph2
A2414

) are derived by transposon insertions and excisions from the “wild type” line R27 

(Spelt et al., 2000 and 2002; Quattrocchio et al., 2006; Chapter 4). The an2 mutant used 

was an F1 hybrid between line W240, harbouring the unstable an2
W240

 allele and the stable 

recessive an2 line W59; germinal AN2
Rev/W59 

were used as isogenic AN2 controls. The 

original ph5 allele (de Vlaming., et al. 1983; here named ph5
V69

) was recovered from an F2 

progeny of lines V12 and V62, both unrelated to R27, and maintained in line ph5
V69

. The 

dTPH1-tagged alleles ph5
R159

, ph5
R163

 and ph5
R164

 were identified among progeny of the 

R27-derived line W138 (van Houwelingen et al., 1998) and allelism to ph5 was confirmed 

by crosses to ph5
V69

. PH5
Rev

 alleles were isolated from repeated backcrosses to ph5
V69

. 

pH measurement of corolla homogenates  

Petal limbs of one open flower bud were ground in 6 mL distilled water and measured 

immediately with a pH electrode (Checker Pocket-sized pH Meter, Hanna 

instr.Woonsocket, RI). Measures were repeated on at least five flowers per plant. 

RNA analyses 

 A micro-array containing about ~1100 petunia cDNAs was hybridised with polyA
+
 RNA 

from wild type (R27) and an1 mutant (W225) petal limbs as described previously (Verdonk 

et al., 2003). RT-PR analysis of PH5 expression was carried out using primers 

complementary to PH5 (#1850 5’-GTGGAATCCTTTGTCTTGGGTG-3’ and #1812: 

5’GAATCAATGTAAGTGATTGCAGTCCG-3’) and PhAHA2 (#1969 5’-

CTTGTTGACAGCACCAACAATG-3’ and #1970 5’-

CAAGGATCTATCGACACTCAACTTG-3’). Lesions in major ph5 mRNAs expressed in 

ph5 petals were determined by RT-PCR amplification with the primers #2326 (5’-

GTTGACTCCACTCAAGTCACTG-3’) and #1812 and direct sequencing of the PCR 

product.  
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Transposon display and reversion analysis 

DNA from 8 unstable ph5 mutant plants generated by the cross ph5
R164

 x ph5
V69

, three 

germinal revertants (PH5
Rev/V69 

and petal limbs from a somatic revertant branch appearing 

on a ph5
R169/V69

 individual was analysed by transposon display as described earlier (Chapter 

2; Quattrocchio et al., 2006). PH5 fragments containing transposon insertions and 

footprints were PCR-amplified using primers #1850 and #1812 and sequenced directly; in 

case of heterozygous revertants, fragments were size-separated on agarose gels prior to 

sequencing.  

MACF55/PH5 RNAi and overexpression constructs  

A MACF55/PH5 cDNA fragment (bp 2816-3049) was amplified by RT-PCR from 1
st
 

strand cDNA of R27 petals using primers #1702 (5’-

GGACCTTAACAAAATTCAAACAG-3’) and #1703 (5’-

AAATTAATGAATGATATGAGG-3’) and ligated into the EcoRI site of the Gateway 

entry vector pDONR207(I). By Gateway LR recombination (Invitrogene), this fragment 

was recombined twice, as an inverted repeat, between the 35S promoter and NOPALINE 

SYNTASE (NOS) polyadenylation signal in pK7GWIWG2(I), resulting in construct 

35S:MACF55-IR2. A second PH5 cDNA fragment (bp 2550-3049) was used to produce 

35S:MAC55-IR1 in the same way. Both RNAi constructs were transformed into the wild 

type F1 hybrid M1xV30 by leaf disk transformation (Chapter 4). For the 

35S:MACF55/PH5 construct, the genomic DNA was amplified from pEX-LC-

MACF55/PH5 (ppH514) with primers #2039 (5’- 

TAGCCCATGGCCGAAGATCTGGAGAGACC -3’) and #001 (5’- 

GTAAAACGACGGCCAGTGA-3’ to include the OSC Terminator) and digested with 

NcoI and NotI. Subsequently, this fragment was ligated into the NcoI and NotI sites of 

pENTR4 and in a Gateway LR recombination reaction transferred into destination vector 

pK2GW7, which contains the 35S promoter. The insert was fully sequenced and the 

construct was named ppH519. This construct was introduces into ph5
V69/V69

 by leaf disk 

transformation (Chapter 4). 
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Subcellular localization in cowpea protoplasts 

The entire PH5 coding region, including all 20 introns, was amplified from genomic DNA 

(cDNAs containing the uninterrupted coding sequence proved toxic to E.coli) using 

Phusion polymerase (Bioke, Finnzymes) and primers complementary to start codon (5’-

GATTCACCATGGAAACTGTATGAGCTGTTTGAA-3’) and stop codon  (5’-

TAGCCCATGGCCGAAGATCTGGAGAGACC-3’; underlined nucleotides represent the 

modified stop codon), digested with NcoI and ligated into the NcoI site of the 

35SC4PPDK:sGFP(S65T) gene (Chiu et al., 1996). The gene construct (35S:PH5-GFP) 

was fully sequenced. The constructs 35S:AHA2-GFP (Kim et al., 2001) and 35S:KCOI-

GFP (Czempinski et al., 2002) have been described elsewhere. Localization of GFP fusion 

proteins in cowpea protoplasts was done as described previously (Vermeer et al., 2004).  

 

In situ hybridisation 

RNA in situ hybridisation was done as described in Chapter 2 and 3. Antisense RNA 

probes were obtained by invitro transcription with T7 RNA polymerase from an 

amplification product spanning nucleotide 2270-2849 of the PH5 cDNA. As control we 

used a PH5 sense probe and both were hybridized to an3 mutant petals. 
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Supplemental Figure S1 

 

Figure S1. Protein alignment of PH5 with other P3A-ATPases family members. Black colored 

amino acids are identical and gray colored amino acids are similar. The alignment was performed in 

ClustalW and the alignment was made in Boxshade. 


