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General discussion 

 

The anthocyanin biosynthesis pathway is one of the best described model systems for the 

study of gene regulation in plants. In all species (Arabidopsis, maize and petunia) in which 

this pathway has been extensively studied, the synthesis of these pigments requires a multi- 

protein complex consisting of bHLH, WD40 and MYB factors (Chapter 1). Besides the 

sequence homology and functional conservation of the regulatory proteins (swapping 

experiments have shown that regulators of the pathway are interchangeable among species 

even when these are as far as mono and dicots) also the structural proteins show high 

similarity.  

Previously, it was shown that in petunia petal epidermal cells, the proteins AN1 and JAF13 

(both bHLH proteins), AN2 (MYB protein) and AN11 (WD40 protein) activate genes 

involved in the anthocyanin biosynthesis pathway. Data presented in Chapter 2 reveal that 

when PH4 (another MYB protein) replaces AN2, the bHLH/WD40/MYB regulatory 

protein complex induces vacuolar acidification in the same cells, showing that the MYB 

protein determines which target genes are induced and therefore which specific process is 

activated. 

The mechanism of vacuolar acidification is largely unknown, but it became clear that it 

involves structural genes distinct from those needed for anthocyanin biosynthesis; plants, 

which are mutated in structural anthocyanin genes are not able to produce anthocyanins 

whereas vacuolar acidification still occurs. Similarly, mutations in PH1-PH7 only affect 

vacuolar acidification and not anthocyanin biosynthesis.  

This thesis describes the cloning and characterization of PH3 and PH4 and reports the 

identification of a collection of AN1, PH4 and PH3 target genes, which are possibly 

involved in vacuolar acidification. One of these target genes, PH5, encodes a proton pump, 

which is localized on the tonoplast (Chapter 5). Disruption of PH5 (by both RNAi and 

transposon insertions) results in a higher vacuolar pH and a blue flower phenotype, 

indicating that PH5 is required for vacuolar acidification. These data are the first steps in 

understanding how vacuolar acidification in anthocyanin accumulating cells is established. 

Experimental data presented in Chapter 3 provide evidence that PH3 functions down-

stream of the AN1/PH4 complex. To examine whether AN1 directly or indirectly activates 



General discussion 

 124 

PH3, we performed an AN1-GR experiment, which revealed that AN1 directly activates 

PH3 expression without any intermediary protein. Based on the lower PH3 mRNA levels in 

an1 and ph4 mutants, it is indeed likely that AN1 is directly required for expression of 

PH3. However, in the same AN1-GR experiment we found, perhaps surprisingly, that 

structural PH genes, such as PH5 and MAC9F1, are also directly regulated by AN1 in the  
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Figure 1. Schematic overview of the regulatory network controlling pigment production, 
seedcoat development and vacuole acidification. The AN1/JAF13/AN11/AN2 complex induces 

anthocyanin biosynthesis in petal epidermal cells. When PH4 replaces AN2, it induces vacuolar 

acidification in the petal cells. We proposed a model for the regulation of the vacuolar acidification 

pathway. The continuous black arrows are steps supported by experimental data and the dashed 

arrows are suggestive. Each letter (a-e) corresponds to experiments presented in this thesis. a. Protein 

complex AN1/JAF13/PH4 induces PH3 expression as shown in Chapter 3 Figure 4 D. PH3 has a 

basic expression level, which is independent from AN1/JAF13/PH4 (dashed arrow). b. The newly 

identified target genes (Chapter 4) are controlled by AN1, PH4 and PH3. c. In the AN1-GR 

experiments AN1 directly induces the expression of PH5 and MAC9F1 without intermediate factors. 

d. Preliminary results suggest the presence of small vacuolar structures in wild type and ph5 petal 

cells, which are required for the acidification of the central vacuole. an1, ph4 and ph3 do not contain 

such vacuoles indicating that AN1, PH4 and PH3 are necessary for the formation of small vacuoles. e. 

By gene specific gene silencing we showed that PH5 and MAC9F1 perform a function in vacuolar 

acidification since reducing of the endogenous gene yields bleu flowers with high vacuolar pH 

(Chapter 4, Figure 6). PH5 is possibly involved in the acidification of the small vacuoles and together 

with these structures it is required for acidification of the central vacuole. Mutants in which one or 

both factor(s) is missing have blue flowers due to anthocyanin molecules that act as natural pH 

indicator of the vacuolar lumen. 
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same fashion as PH3. Thus AN1 seems to control PH5 and MAC9F1 both directly and 

indirectly (via PH3). A first simple hypothesis proposing that AN1/JAF13 in combination 

with PH4 induces PH3, which in turn induces the target genes, seems not to find 

confirmation in the AN1-GR experiments. Figure 1 shows an attempt to summarize the data 

obtained in this study, but this is far from complete and still not experimentally supported. 

We have experimental indications that PH3 controls two distinct processes, both of which 

are involved in acidification of the vacuoles. Experiments in which we examined the 

vacuolar composition of wild type and ph5 mutant flowers, revealed the existence of small 

vacuolar structures. In an1, ph3 and ph4 mutants, however, we did not observe such small 

structures, suggesting that AN1, PH3 and PH4, presumably, induce the production of the 

small vacuoles. One possible scenario is that PH5 pumps protons across the membrane into 

the lumen of the small vacuoles, which later fuse to the central vacuole resulting in the 

acidification of its lumen and the change in flower color. The fact that the PH5-GFP fusion 

protein first localizes on these structures and only later on the central vacuole (W.Verweij 

and Di Sansebastiano, unpublished results) is in agreement with this assumption. The fact 

that constitutive expression of PH5 does not complement the an1, ph3 and ph4 mutant 

phenotype, suggests that the presence of the small vacuolar structures maybe essential for 

the acidification of the central vacuole. However, additional experiments are needed for 

confirmation. Taken together, the data indicate that the pathway of vacuolar acidification is 

more complex than previously thought and involves besides a proton pump (PH5) 

additional proteins that may be involved in activation of the pump or in the genesis of the 

(small) vacuole itself. 

 

Evolutionary considerations 

Data shown in this thesis indicate that the protein complex regulating trichome 

development and pro-anthocynidin accumulation in Arabidopsis is highly homologous to 

the complex that regulates vacuolar acidification in petunia. Moreover, the downstream 

genes seem to be similar as well; PH3 is functionally homologous to TTG2 and PH5 is the 

petunia homologue of AHA10 from Arabidopsis.  

As mentioned before, it seems that PH3 induces multiple processes. The Arabidopsis ttg2 

mutant phenotype suggests that TTG2 controls multiple pathways as well: one pathway 

involves leaf trichome development and another pro-anthocyanin accumulation. aha10 
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mutants in contrast, are only affected in pro-anthocyanin deposition (yellow seeds), 

suggesting that this gene is only involved in this branch of the pathway. 

The question that remains open is how similar these processes are, which are controlled by 

TTG2/PH3 regulators in the two plant species. Is it possible that the activation of a set of 

target genes similar to those down stream of PH3 is responsible in Arabidopsis for trichome 

development? Maybe the formation of similar small vacuoles plays an important role also 

in this developmental pathway. Alternatively, TTG2 might activate different unknown 

target genes resulting in trichome formation. To our knowledge nothing is known about the 

nature of the genes activated by TTG2 and therefore we only can speculate. 

The regulation of a single biological feature as pigment synthesis seems to rely on a 

complex network linked to the control of apparently unrelated pathways (hair development, 

vacuolar acidification etc). From the evolutionary point of view, it is interesting that among 

these processes, the mechanism controlling anthocyanin biosynthesis apparently is 

conserved among higher plants (monocots and dicots), while other processes like root-hair / 

trichome initiation, mucilage production and vacuolar acidification are specific of some 

plant groups. Thus, the regulation of (pro)-anthocyanin biosynthesis seem to be the oldest 

while trichome fate and vacuolar acidification appeared later in time. However, the 

similarity between the regulatory and structural genes (PH3 vs TTG2 and PH5 vs AHA10) 

involved in seed coat coloration and petunia’s vacuolar acidification suggests that these 

pathways are highly conserved. Knowing that PH5 (Chapter 5) acidifies vacuoles, it is 

likely that acidification of anthocyanin containing vacuoles in petal cells, is a very 

important process, which results in a reddish flower color that attract pollinators. In seeds it 

is possible that the yellow seed phenotype of ttg2 and aha10 mutants is not caused by 

affecting pro-anthocyanidin synthesis, but by a pH change of the vacuolar lumen, which is 

essential for pro-anthocyanidin uptake. It could be that vacuolar acidification and pro-

anthocyanidin uptake evolved simultaneously and it might even be that they are only one 

process with different effects in different cell types.  

It is an open and interesting question how the regulation of pigmentation became linked to 

such different processes like hair development and vacuolar acidification in diverse species. 

The characterization of more downstream target genes will make it possible to understand 

to what extend these processes are similar at the molecular, biochemical or physiological 

level.  


