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General discussion 

Angiosperms represent some 90% of all the plants species that live today and display an enormous 

morphological variation with regard to size and architecture of the plant body, the shapes and colours of 

organs as well as many physiological features. How this amazing variation arose during evolution has 

remained largely unclear, as most research focuses primarily on processes, mechanisms and molecular 

components that are conserved between species, while much less attention has been paid on the 

genetic alterations that made them all look so different. The variation that is seen in both patterns of 

pigmentation and the colours provides an excellent model to study the molecular mechanisms that drive 

evolution, as mutations that alter the colour or accumulation patterns that are easy to recognize.  

The biosynthesis of anthocyanins pigments, which colour many flowers and fruits, is one of the 

most and best studied pathways in plant metabolism. Over the years many of the structural anthocyanin 

genes encoding enzymes of the pathway as well as regulatory genes that control their expression have 

been identified via colour mutants in many species like snapdragon, maize and petunia. Transgenic 

experiments in which genes or proteins coding sequences regulators or enzymes of the anthocyanin 

pathway were swapped between species, revealed that most of the proteins are interchangeable 

between species. Anthocyanins constitute a subgroup of a large family of secondary metabolites, known 

as flavonoids.  

While the coloured anthocyanins are the major pigments that colour flowers and fruits, for 

example to attract pollinators, other subclasses of flavonoids, such as flavonols, flavanones, 

isoflavonoids, are colorless and serve a variety of different functions, such as co-pigments, protection 

against UV-light, and defense against pathogens and signaling to symbiotic Rhizobia. Chemical 

analyses identified over 8000 different flavonoids in a variety of plants species. However it has remained 

unknown how this large chemical diversity arose during evolution, whether it involved the repeated 

appearance of entirely new enzymes or the reshaping of a limited set of ancestral enzymes.  

Anthocyanins consist of simple skeleton made out of three aromatic rings that can be decorated 

by the addition sugars, methyl and/or acyl groups at different positions in the molecules. Most 

anthocyanins share the same basic skeleton and most of the chemical divergence results from 

differences in the decoration patterns. These modifications can alter the solubility and stability of the 

final product and determine, therefore the amount of these molecules that can be accumulated in the 

cells as well as their colour. After transport to the vacuole, anthocyanins shift their absorption spectrum 

according to the pH of the vacuolar lumen, towards red at a low pH and towards blue at a higher pH. It 

has been shown that in petunia flowers the pH of the vacuole, where anthocyanins are stored, is 

controlled by a novel pathway that is coordinately activated by the same set of transcription factors that 

drive the transcription of the structural anthocyanin genes. However, whether the vacuolar acidification 

pathway that determines the colour of petunia flowers is conserved in other species, or evolved in only a 

few, remained unclear as colour mutants with defects in vacuolar acidification are only known in petunia.  

This thesis analyzes the structural genes belonging to both the anthocyanin biosynthetic pathway 

and the vacuolar acidification mechanisms, aiming to understand how colour is determined in different 

species. 

Chapter 1 is a short review of the state of the art in anthocyanin biosynthesis regulation. We give 

here an overview of what is known about the structural genes encoding the enzymes that catalyze the 

different reactions of the biosynthesis of these pigments with special emphasis on the ones involved in 

the very last steps of modification of the anthocyanin molecules. We also review the current knowledge 

on the mechanism of vacuolar acidification in cells devoted to the accumulation of the pigments.  



Chapter 2 and 3 describe the cloning and characterization of anthocyanin methyltransferases 

from Petunia hybrida and Vitis vinifera that are involved in the addition of a methyl group at different 

positions on the anthocyanin molecules.  

Experimental data presented in chapter 2 and 3 provide evidence that VvAOMT and PhMT, 

PhMF1 and PhMF2 are all anthocyanin methyltrasferases but their substrate specificity and capability of 

adding the methyl group at one or the other position on the B ring of the anthocyanin molecule are 

different.  We could determine this by in vivo studies that involved the expression of these enzymes in 

different petunia lines all mutant for anthocyanin methylation which produce acylated or not acylated 

precursors. The expression of the petunia enzymes results in efficiently methylation only when the 

substrate is acylated, while this is not the case for the grape enzyme, which can equally methylate both 

substrates. Furthermore PhMT can only methylate the 3’ position of the anthocyanin B ring, while the 

PhMF enzyme can methylate both 3’and 5’ positions. Because the results obtained through in vivo 

experiments with transgenic plants deviate on several major point from results obtained by the in vitro 

study of the activity of these enzymes, it follows that the specificity and/or activity of a certain enzyme 

cannot be reliably assessed in vitro as it is virtually impossible to reproduce the in vivo conditions, such 

as the concentrations and actual substitution patterns of (putative) substrates in a test tube. 

Complementation analyses of petunia mutants is therefore a valid and valuable approach to asses the 

activity of enzymes from species where no mutants are available and transgenesis is a time consuming 

procedure. The possibility to use agro-infiltration based transient expression to assess gene function in 

a heterologous system is an even more attracting strategy as it allows to screen in short time different 

genes.  

The finding that the identified anthocyanin methyl transferases from grape and petunia diverged 

with regard to their substrate specificity has several implications. First, it shows that sequence of 

substitutions reactions is different in grape and petunia, as in the petunia acylation has to occur before 

methylation, while in grape this is not the case, second, it predicts that grape can synthesize methylated 

anthocyanins that lack acyl groups, which we indeed found in berries of the cultivar Pinot, while petunia 

cannot. Furthermore a detailed analysis of the sequences of the different anthocyanin methyl 

transferase showed that they are closely related to caffeoyl-CoA methyltransferases, and that many of 

the polymorphisms between caffeoyol-CoA methyltransferases and the petunia and grape 

methyltransferases concern amino acid residues that are in or close to the pocket that bind the aromatic 

moiety of the substrate that is to be methylated. This suggests that the chemical divergence of 

flavonoids may have relied on relatively small sequence alterations in largely conserved enzymes that 

alter the substrate specificity. 

To identify and characterize acyltransferases involved in the last steps of anthocyanin 

modification in petunia and grape, we used the same approach that proved successful for the 

methyltransferases (Chapter 4). To date, a large number of plant acyltransferases have been 

characterized in very different species like gentiana, perilla, arabidopsis and salvia, and show to group 

in different clades of a very large superfamily of enzymes involved in the modification of different 

substrates with a number of different acyl donors.  

We have cloned a petunia candidate for an anthocyanin acyltrasferase (PhGF), based on its 

differential expression in flowers of wild type plants and regulatory mutants. The preliminary in vitro data 

confirmed that the encoded protein has indeed acyltransferase activity in vitro. Furthermore, we show 

that the glycosylation at five mutants (gf) of petunia, in which the acylation of anthocyanins is blocked, 

have mutations in the identified acyltransferase gene, and that the mutations can be complemented by 

constitutive expression of the acyltransferase in transgenic plants. Together this shows that the 

identified acyltransferase gene is located at the GF locus. By homology with the petunia gene, we 



identified two grape anthocyanin acyltransferase candidates (VvAAT1 and VvAAT2). Analysis of the 

expression pattern of VvAAT1 and VvAAT2 indicates that the last one is the most probable candidate 

that is responsible for the acylation of anthocyanins in the berry. The characterization of the petunia gf 

mutant and of the transgenic plants expressing the PhGF transgene, confirm that GF activity is required 

for the methylation on the B-ring of the anthocyanin (at 3’ and 5’ position) and the glucosylation at the 5’ 

position, while this is not required in grape as in Pinot berries (which do not accumulate acylated 

anthocynains) we detect levels of methylated anthocyanins comparable to those found in Barbera 

cultivar, that produces acylated anthocyanins.  

The sequence of the petunia anthocyanin acyltrasferase does not share a specific conserved 

domain so far typical of all cloned and characterized anthocyanin acyltransferases. The phylogenetic 

analysis of PhGF, VvAAT1 and VvAAT2 reveals that these three proteins group together with a salvia 

protein in a different clade that is only distantly related to the other anthocyanin acyltransferases. This 

finding of a new group of anthocyanin acyltransferases implies that proteins with this activity evolved 

several times starting from different ancestors and possibly giving rise to groups of enzymes with 

different characteristics. 

As last, in chapter 5, we investigated whether the mechanism of vacuolar acidification that 

operates in anthocyanin accumulating cell of petunia petals is shared by other species to lower the pH 

of the vacuoles where these pigments are stored. In petunia 7 so called PH loci were identified via 

mutants with blue coloured flowers. In this case the colour change is not due an alteration in the 

anthocyanins that these cells accumulate, but to change in the pH of the vacuolar lumen. The genes 

PH1 and PH5 encode two different types of P-ATPases that are necessary and sufficient to acidify the 

vacuolar lumen in petal epidermal cells. PH5 is a P3AATPase of the same family as the plasma 

membrane proton transporters, but has instead a tonoplast localization, while PH1 belongs to a 

subfamily of P3B-ATPAses that was thought to be unique for prokaryotes. We found that homologues of 

these two proteins are also expressed in coloured petals of roses and in berries of grape, while we can 

definitely exclude that a PH1 homologue exists in Arabidopsis, rice and maize. We propose a model in 

which PH5, when alone, has a role in the acidification of vacuoles where proanthocyanins are stored. 

This is, for example, the case in seeds of Arabidopsis, which lacks a PH1 homologue, and petunia, 

which seeds do express PH1, but which has no visible phenotype in this tissue when mutated. In such 

cells PH5 builds up the proton gradient that is required for the activity of the MATE proanthocyanin 

transporter. In other tissues PH5 and PH1 acquired a role in the display of the right anthocyanin colour, 

as the flowers of petunia, and presumably rose, and in the berries of grape. In these tissues, the proton 

gradient gets built up and not consumed (as anthocyanin are sequestered in the vacuole by an ATP 

driven pump that acts independent from the proton gradient), to give the pH sensitive anthocyanin 

molecules a reddish colour which seems to be preferred by pollinators.  

The PH1 protein has a mysterious evolutionary origin. It has high similarity to prokaryotic 

proteins from bacteria and archea, but is lacking in fungi and animals. Curiously PH1 homologs are 

absent from the genomes of many Angiosperms, as well as from the genomes of more primitive plants 

that have been sequenced to date, such bryophytes and algae. This might indicate that PH1 entered the 

genome of an early angiosperm by horizontal transfer or that PH1 homologs has been lost many times 

independently in distinct angiosperm clades, as well as in their more primitive ancestors. The intriguing 

origin of this two-pumps-system of acidification, pushed us to find homologues in different plants to 

understand how widespread is this mechanism in the plant kingdom and to try to underline its 

evolutionary history. In the future we plan to compare PH1 to plasma membrane proteins of the same 

family and PH1 with homologous bacterial transporters to understand which changes transformed a 



plasma membrane protein in a vacuolar one and how a bacterial cation translocator was recruited for 

the modulation of flower colour in plants. 

In conclusion, each modification that occurs in the anthocyanin molecules produces a change in 

the colour and a modification in their stability resulting in differences in amount of accumulated product. 

Together with differences in the environment of the compartment in which the pigments are stored, 

these different factors all contribute to the colour of the tissue and therefore to the interaction of the 

plant with its surroundings. Colour differences among anthocyanins, and especially transitions from blue 

to red/orange, are likely to cause a switch to a different type of pollination. Flower and fruit pigments 

play an important ecological role in the animal-mediated pollination and seed dispersal, which is an 

example of co-evolution between plants and animals.  For example in the Ipomea genus, the red flowers 

produce only pelargonidin-based anthocyanins and are hummingbird-pollinated, while the ancestral 

form had blue flowers that were bee-pollinated. In some cases changes in flower colour are due to the 

loss of pigments caused by some mutation in the anthocyanin pathway. This is the case of Petunia 

axillaris, in which mutations in both structural and regulatory genes of the anthocyanin pathway caused 

the loss of anthocyanins from the corolla limb. This condition produces a shift from bee-pollination in the 

ancestral species with coloured flowers to a new species, with white flowers, that is pollinated by moths. 

The ability to produce shifts in the flower colour through modification of the anthocyanin pathway or the 

conditions in the vacuolar lumen, represents an adaptation to different kinds of pollinators, and can 

increase specialization resulting in a more successful reproductive strategy.  

Alterations in the biosynthetic pathway of anthocyanins are also of interest for the breeding of 

crop species and are for example, important to produce new varieties with novel colours for ornamental 

pot plants and cut flower species, either by marker-assisted breeding or transgenesis.  

Because the anthocyanin composition and (vacuolar) pH are also important parameters for the 

definition of the organoleptic characteristics of wine, the possibility to manipulate them by transgenic 

approaches, as well as by the selection of grape varieties based on well defined molecular 

characteristics, are very attractive perspectives. 

The research contained in this thesis has the intent of clarifying the mechanisms underlying the 

modification of anthocyanins, and to provide the basis for the production and marketing of new varieties 

of flowers and fruits with high commercial value. 

	  


