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Abstract Flower color and plant architecture are important
commercially valuable features for ornamental petunias
(Petunia x hybrida Vilm.). Photoperception and light
signaling are the major environmental factors controlling
anthocyanin and chlorophyll biosynthesis and shade-
avoidance responses in higher plants. The genetic regulators
of these processes were investigated in petunia by in silico
analyses and the sequence information was used to devise a
reverse genetics approach to probe mutant populations.
Petunia orthologs of photoreceptor, light-signaling
components and anthocyanin metabolism genes were
identified and investigated for functional conservation by
phylogenetic and protein motif analyses. The expression
profiles of photoreceptor gene families and of transcription
factors regulating anthocyanin biosynthesis were obtained by
bioinformatic tools. Two mutant populations, generated by an
alkalyting agent and by gamma irradiation, were screened
using a phenotype-independent, sequence-based method by
high-throughput PCR-based assay. The strategy allowed the
identification of novel mutant alleles for anthocyanin
biosynthesis (CHALCONE SYNTHASE) and regulation
(PH4), and for light signaling (CONSTANS) genes.
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Introduction

Reverse genetics aims to uncover gene function by
investigating the mutation in a determined sequence without
a priori knowledge of the mutant phenotype (Alonso and
Ecker 2006). In the recent years, the development of
inexpensive and high-throughput sequencing technologies
has helped to increase the accumulation of sequence data from
genomic and expressed sequence tag (EST) projects; thus,
facilitating the use of reverse genetics to investigate gene
function in several species (Pérez-de-Castro et al. 2012) .
Reverse genetics is generally less time-demanding than
forward genetics and circumvents functional redundancy
often found in plant genomes (Alonso and Ecker 2006;
Pérez-de-Castro et al. 2012). In plants, reverse genetic
methods frequently employ polymerase chain reaction
(PCR)-based tools to investigate saturated mutant populations
and identify mutants in the sequence(s) of interest (Alonso and
Ecker 2006). Targeting Induced Local Lesions In Genomes
(TILLING) is a reverse genetic technique that identifies
unique, induced mutations within target genes due to the
formation of wild-type and mutant DNA strand
heteroduplexes (McCallum et al. 2000; Pérez-de-Castro
et al. 2012). Aberrant pairings caused by the mutation are
recognized and cleaved by a mismatch-specific endonuclease,
CELLI, so fragments of size distinct from that of the wild-type
gene indicate the presence a mutation in the sequence of
interest. In petunia, functional gene analysis has profited from
the abundance of endogenous transposable elements
(Vandenbussche et al. 2008), however the transient nature of
the insertion and the consequent instability of the phenotypes
reduce its effectiveness (Alonso and Ecker 2006;
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Vandenbussche et al. 2008). Moreover, insertion transposon-
tagging approaches frequently generate loss-of-function
mutations by disrupting the gene or its regulatory sequences,
rarely identifying genes with redundant action, common to
eukaryotic genomes (Alonso and Ecker 2006).

Light is one of the most important environmental factors
controlling several aspects of plant development and
metabolism (Schifer and Nagy 2006). In higher plants, it is
perceived by a complex system of photoreceptor molecules:
the blue (B) and ultraviolet-A (UV-A) light sensing
cryptochromes (cry) (Chaves et al. 2011) and phototropins
(phot) (Inoue et al. 2010) and the red (R)/far red (FR)
phytochrome (phy) receptors (Nagatani 2010). More recently,
a novel family of B photoreceptors has been described in
Arabidopsis thaliana: the Zeitlupe (ZTL)/ Flavin-binding
Kelch repeat F-box protein (FKF1)/LOV Kelch Protein
(LKP2) family (Demarsy and Fankhauser 2009). Upon light
perception, photoreceptor-mediated signal transduction
involves a wide-range of mechanisms that include light-
regulated sub-cellular localization of the photoreceptor
molecules (Fankhauser and Chen 2008), a large
reorganization of transcriptional programs (Casal and
Yanovsky 2005) and light-regulated proteolytic degradation
of photoreceptors and signaling components (Henriques et al.
2009). Studies in model species have demonstrated that
photoperception, signaling and the responses elicited by light
form a complex network of interconnected pathways rather
than a linear cascade (Quecini and Liscum 2006; Chory
2010).

Anthocyanins are flavonoid pigments, ubiquitously found
in reproductive and vegetative plant parts, involved in biotic
and abiotic stress protection (Winkel-Shirley 2001; Huang
et al. 2012). Anthocyanin biosynthesis occurs via a branch
of the flavonoid pathway and consists of a well-known
sequence of enzymatic steps, studied in Antirrhinum majus,
A. thaliana, Petunia and Zea mays (Koes et al. 2005). The
activity of anthocyanin biosynthetic genes is largely regulated
at the transcriptional level via the function of several classes of
transcriptional regulators, such as: WDA40, helix-loop-helix
(HLH), R2R3 and R3 MYB, WRYK, Zn finger and MADS-
box (Koes et al. 2005; Ambawat et al. 2013). In several plant
species, light has been demonstrated to be an important
environmental factor controlling anthocyanin accumulation,
directly via transcriptional control of biosynthetic genes and
transcription factors or indirectly via developmental
regulation (Albert et al. 2009; Lopez et al. 2012; Petroni and
Tonelli 2011; Huang et al. 2012; Ambawat et al. 2013).

In this study, we have investigated the candidate genes for
light perception, signal transduction and anthocyanin
metabolism in petunia, employing genetic distance,
phylogenetic studies, functional motif analyses and in silico
expression profiling. The use of bioinformatic and
comparative genomic tools allowed the establishment of the
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genetic framework for photoperception, light signaling and
anthocyanin metabolism in petunia. The compiled sequences
were used in a PCR-based reverse genetics approach to
identify mutant alleles of the genes of interest in two M3
populations of Petunia x hybrida Mitchell Diploid, generated
by gamma irradiation and treatment with the alkylating agent,
ethyl methanesulfonate (EMS) (Berenschot et al. 2008).
Novel mutant alleles were identified for genes involved in
anthocyanin biosynthesis (CHALCONE SYNTHASE) and
regulation (PH4), and light signaling (CONSTANS) in the
absence of phenotypic screenings.

Materials and methods
Plant material

Seeds of Petunia x hybrida Vilm. Mitchell Diploid (MD), a
doubled haploid derived from the complex hybrid between P
axillaris and the cultivated variety “Rose of Heaven” were
kindly provided by Prof. Dr. David G. Clark from the
Environmental Horticulture Department of University of
Florida, United States. “Mitchell Diploid’ flowers are white
and were deliberately chosen to investigate the efficiency of
mutant identification in the absence of visual color
phenotypes; thus, proving the concept of reverse genetics
screening. Two mutant populations were independently
generated by gamma irradiation and EMS treatment and
evaluated for moderate DNA damage allowing a high
saturation of mutant alleles (Berenschot et al. 2008). Seeds
representing 100 progenies (M2 populations) from self-
pollinations were sown and 5,000 plants per population
(M3) were grown in trays under standard greenhouse
conditions. Mutant individuals were grown to maturity,
manually self-pollinated for three reproductive cycles and
the recovered seeds were kept as individual progenies. The
presence of the mutation originally identified was confirmed
by gene-specific PCR.

Nucleic acid purification and PCR conditions

Young leaf material (100 mg) was harvested from individual
plants in gamma and EMS populations and used for DNA
extraction as described (Doyle and Doyle 1990). Isolated
DNA was quantified by SYBR® Safe (Invitrogen, USA)
fluorescence analysis on 0.7 % (w/v) agarose gel
electrophoresis and a 5 pg aliquot of DNA from each plant
was pooled into 20 composite samples consisting of DNA
from 250 individuals from each mutant population. Standard
TILLING PCR parameters were as follows: one cycle of
95 °C for 2 min and 94 °C for 20 s followed by 56 cycles of
94 °C for 20 s, 56 °C for 30 s, and 72 °C for 1 min. The next
step in PCR was 72 °C for 5 min, then a 99 °C step for 10 min
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followed by a 70 °C to 0 °C melt. Cleavage of the PCR
products by CEL I and detection on agarose gels was done
exactly as described (Raghavan et al. 2007). Pools exhibiting
cleaved products, indicating the presence of heteroduplex
mismatch due to a mutation, were opened by separating the
individual DNA samples for sequencing to confirm the
mutation. The gene-specific primers for the identified alleles
were used for chain-terminator sequencing (ABI Prism 311 e
BigDye® Terminator v3.1 Cycle Sequencing Kit, Applied
Biosystem).

For expression analyses, leaf tissue was excised from five
plants of each mutant line, immediately frozen in liquid
nitrogen and stored at —80 °C. Three independent extractions
were carried out for each genotype. RNA was extracted using
the Trizol reagent (Life Technologies), combined with
Ambion RiboPure™ Kit (Ambion/Life Technologies). DNA
was removed by TURBO™ DNase (Life Technologies) and
RNA integrity and quantity were determined by gel
electrophoresis. Synthesis of cDNA was carried out using
2 ug of total RNA by reverse transcription (RT) with
Superscript 11 (Life Technologies) and random oligo dT5s
primers (Life Technologies). Steady-state mRNA levels of
the genes of interest were analyzed in the mutant and control
lines by semi-quantitative RT-PCR using 2 ul of cDNA,
0.2 mM of each dNTP, 2.5 mM of MgCl,, 0.25 uM of each
forward and reverse primer (Table S5) and 0.2 u of Tag DNA
polymerase. Amplification cycles were as follows: 2 min at
95 °C followed by the specified number of cycles for each
gene at 94 °C for 30 S, annealing temperature (Table S5) for
30 s, and 1 min at 72 °C. The number of cycles were 35, 35
and 32 for CHS, PH4 and CO, respectively, and 32 for o-
tubulin. Standard cDNA dilutions were used to investigate
reaction efficiency and quality. Negative controls (no template
cDNA) were included in all semi-quantitative RT-PCR assays,
and results are representative triplicate experiments.
Amplification products were separated on 1.0 % (w/v) agarose
gel and stained as described earlier.

Database searches and alignments

Homologs of model species photoperception, light signaling
and anthocyanin metabolism genes were identified in BLAST
searches (Altschul et al. 1997) against petunia databases
(Genbank at http://www.ncbi.nlm.nih.gov/BLAST/; The
Institute for Genomic Research, TIGR, at http://tigrblast.tigr.
org/tgi/, and the SOL Genomics Network at http://www.sgn.
cornell.edu). Data validation was performed by tBLASTx and
tBLASTn searches of the retrieved sequence against GenBank
and P, inflata, P. axillaris transcript database (http://biosrv.
cab.unina.it/454petuniadb/) (Zenoni et al. 2011). Sequences
failing to retrieve the original sequence used to query the
database were eliminated. The resulting alignments were
filtered by a threshold e-value of 1 ¢ "> and the hits were

further analyzed according to functional domain description.
Validated sequences were translated and protein (deduced
amino acid) alignments were performed using ClustalX
(Thompson et al. 1997). When necessary, alignments were
manually adjusted using Lasergene MegAlign (DNASTAR,
Madison, WI, USA).

Motif analysis and in silico characterization

The identified genes were further investigated for the presence
and sequence conservation of recognizable functional
domains described in protein analysis and gene function
databases (European Bioinformatics Institute-European
Molecular Biology Laboratory -EMBL-EBI www.ebi.ac.uk/
interpro/; Expert Protein Analysis System—ExPaSy from
Swiss Institute of Bioinformatics—SIB http://www.expasy.
org/prosite/; Gene Ontology database—GO, http://www.
godatabase.org/cgi-bin/amigo/go.cgi; Protein Families
database—Pfam http://www.sanger.ac.uk/Software/Pfam/).

Phylogenetic analysis

The functionality of recovered genes in comparison to the
characterized counterparts was assessed by genetic distance
and phylogenetic studies. Phylogenetic analyses were
performed using parsimony methods in the software MEGA
5.2.2 (Tamura et al. 2011), using the software default
parameters. The software was also used to construct
resampling bootstrap trees containing 1,000 random samples.
Modular functional domains were employed for genetic
distance studies for genes previously characterized as having
divergent regions and conserved blocks.

In silico gene expression analysis

Qualitative gene expression profiling was performed by in
silico analyses of the EST databases using virtual northern
blot analyses. The gene of interest was used in queries against
reference sequence databases, generating an alignment of the
input gene to its paralogs. The resulting alignment was then
used to find sequences in the entire mRNA input that are
specific to the gene family (probe). The resulting alignments
were collectively used to query the EST database again using
BLAST. The identity numbers of the ESTs matching the
probes were recovered and the databases were used to find
the names of the libraries from which those ESTs were
derived. The frequency of reads of each EST contig in a given
library was calculated and normalized according to the total
number of reads from the investigated library and the total
number of reads in all libraries. A correlation matrix between
EST contigs and libraries was then generated and gene
expression patterns among ESTs and libraries were obtained
by hierarchical clustering based on Spearman Rank
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correlation matrix using the MeV 4.9 software from the TM4
Microarray Software Suite (Saeed et al. 2006). Graphic
outputs are presented as color scales of the relative gene
expression (Saeed et al. 20006).

A posteriori mutant phenotypic analyses

The phenotype of the identified mutant lines was screened
after three cycles of selfing, using at least 20 plants from each
line. The pH of petal and leaf extracts was measured by
grinding the petal limbs of two corollas and two leaf
mesophyll blades, from the first and second fully expanded
leaves from the apice, in 6 mL of distilled water. The pH was
immediately measured with a pH electrode to avoid the
possibility that atmospheric CO, would alter the pH of the
extract, as described by (Quattrocchio et al. 2006). Flower
longevity was considered as the number of days of fully
opened flowers until senescence and days to flowering were
counted from seedling emergency to flower bud appearance.
Internode length was measured with a ruler in horizontally
positioned plants. Leaf number was counted from seedling
emergency to senescence and leaf area was estimated from
digitalized images of five leaves from plant apex. Total
chlorophyll contents were estimated by spectrophotometric
readings of dimethyl sulfoxide (DMSO) extracts at 649 and
665 nm (Weller et al. 2001) and vegetative anthocyanin
contents were determined under white and monochromatic
blue light by acidic methanol extractions and
spectrophotometric absorbance at 530 and 657 (Weller et al.
2001).

Results

Data mining for photoperception, light-signaling
and anthocyanin metabolism

Initially, we have compiled a set of functionally characterized
genes, known to be involved in light-sensing and signaling
and in anthocyanin metabolism, to be searched for in petunia
sequence databases (Fig. 1, Tables S1, S2, S3 and S4). In
general, the relative composition of sample Petunia
transcriptome and Arabidopsis proteome over the functional
categories involved in light perception, signaling, anthocyanin
biosynthesis and regulation was very similar (Fig. 1). The
putative functionality of the retrieved sequences was further
investigated by phylogenetic analysis and in silico expression
profiling, allowing us to rank the candidate genes and use the
sequence information to screen mutant populations.
Sequences displaying significant conservation to members
of the phytochrome, cryptochrome phototropin and ZTL/
FKF1/LKP2 families of plant photoreceptors were identified
in the investigated petunia databases (Fig. la, Table S1).
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Homologs of the vast majority of the photoreceptor signaling
partners identified in model-species were identified in petunia,
providing an initial genetic framework for light signaling
(Fig. 1b, Table S2). The highest levels of deduced amino acid
sequence identity, in comparison to the Arabidopsis
counterparts, were observed for protein kinase/phosphatase
families (Table S2). In petunia, sequences corresponding to
Arabidopsis transcription factors involved in light signaling
are more divergent (Table S2). Currently, transcripts
exhibiting significant sequence conservation to the phy-A
specific signaling partner FHY1 (Desnos et al. 2001), the
bZIB transcription factor HYS/HYH family (Chattopadhyay
et al. 1998), the kinase substrate PKS1 family (Fankhauser
et al. 1999), the EXS and SPX domain blue-light signaling
partner SHB1 (Kang and Ni 2006) and the Ca*-binding
protein SUBI (Guo et al. 2001) are absent from Petunia x
hybrida databases (Fig. 1b). The absent sequences represent
27.7 % (5/18) of the light-signal transduction partners
searched in petunia.

Anthocyanin metabolism has been extensively studied in
several plant species, leading to the discovery of a consensus
pathway shared among higher plants, for which the structural
genes have been isolated. In P. x hybrida databases, we have
identified 62 orthologs of the structural genes involved in
anthocyanin biosynthetic pathways relevant to color,
including 11 F3'5'H- and seven FNS-like sequences that are
absent from Arabidopsis genome (Fig. lc, Table S3).
Sequence identity of the deduced amino-acids of petunia
putative proteins ranged from 84 % to 8 % in comparison to
the functionally characterized sequence used to query the
databases (Table S3). Highest sequence conservation was
observed for the CHS family (84.1 % to 71.7 %), where the
totality of the sequences identified in petunia was more closely
related to TRANSPARENT TESTA 4 (AT5G13930). In
contrast, the identified CHI-like sequences exhibited lower
levels of sequence conservation (60.5 to 56.4 %) and
sequences similar to F3'H, FLS and ANS were generally less
conserved in each group and in comparison to the bait
sequence (Table S3). Thirty-nine petunia sequences exhibiting
significant sequence conservation to the transcription factors
regulating anthocyanin biosynthesis were identified (Fig. 1d,
Table S4). All classes of transcription factor families
demonstrated to be involved in the regulation of the pathway
in Arabidopsis and maize were found in petunia, namely;
WRYK, WD-40, MADS, MYB, HLH and Zinc finger
(Koes et al. 2005; Ambawat et al. 2013) (Fig. 1d, Table S4).
Petunia MYB sequences sharing significant sequence
homology to Arabidopsis transcription factors involved in
several developmental and physiological processes other light
responses and anthocyanin metabolism were identified
(Fig. S1). Petunia orthologs of anthocyanin biosynthesis
regulators exhibited more divergent sequences in comparison
to their Arabidopsis counterparts (deduced amino-acid
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Fig. 1 Functional classification
of Petunia transcripts associated
to light and anthocyanin in
comparison to Arabidopsis
thaliana proteome; photoreceptor
families (a), light-signal
transduction pathways classified
into gene ontology molecular
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identity ranging from 78.3 to 25.8 %) than the structural
genes, although sequence conservation at the DNA-binding
domains remained high, thus accounting for the higher
identity average at the lower end of the interval (Table S4).
The MADS /K-box family was the most abundant group of
transcription factors affecting anthocyanin biosynthesis
present in petunia databases, corresponding to approximately
51 % (20/39) of the retrieved sequences, followed by the
MYB family (33 %, 13/39) (Fig. 1d, Fig. S1).

In silico transcriptional profiling of photoreceptor
and anthocyanin-biosynthesis regulator genes

In order to help establishing a functional association between
the sequences identified in petunia databases and their
characterized orthologs from model species, the
transcriptional profile of the anthocyanin regulatory and
photoreceptor families was investigated by in silico analysis.
The expression profile of the queried genes was determined

D% 0% 0% 80% 1 00%

using alignments of the searched gene, and its paralogs were
collectively used to query the EST database using BLAST.
This heuristic allowed us to avoid false positives or ESTs from
a paralog of the input gene rather than the gene itself; thus,
providing a more precise expression pattern.

Hierarchical clustering analysis indicated that the
expression profile of blue-light photoreceptor families CRY,
PHOT and ZTL was similar, whereas transcripts of the red/far-
red sensing PHY family exhibit a distinct pattern (Fig. 2). In
spite of the observed differential expression patterns,
transcripts corresponding to members of all investigated
photoreceptor families were present in flower and
reproductive organs libraries (Fig. 2). In root tissues, only
PHY- and CRY-like transcripts were detected by in silico
analysis (Fig. 2).

Transcripts corresponding to MADS-box and WRYK
families of transcription factors were highly abundant in
petunia reproductive organs (floral parts, embryo sac, ovary
and inflorescences) and apex libraries (Fig. 3). In contrast,
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Fig. 2 In silico expression
analysis of photoreceptor gene-
families in Petunia transcriptome.
The probe set of photoreceptor
genes was clustered using EST
library datasets at The Institute of
Genome Research (TIGR) (http:/
tigrblast.tigr.org/tgi/). Gene
families and library data were log
transformed, normalized and
analyzed by Spearman’s Rank
Correlation. Library descriptions
are available at TIGR. Expression
level heatmaps are represented as
color scale

PHY

MYB transcripts were also present at high levels in
developing seedlings, where transcripts corresponding to
MADS-box proteins were less frequent (Fig. 3). The
expression pattern of the WD40 class of transcripts was the
most divergent among the transcriptional regulators
investigated, whereas MADS-box, MYB and bHLH
transcription factors exhibit similar expression profiles, as
demonstrated by hierarchical clustering analysis (Fig. 3).

Mutant identification by reverse genetics
In a previous study, two saturated mutant populations of
petunia were generated by chemical (EMS, ethyl-methane

sulfonate) and physical (gamma irradiation) mutagenesis and
crossed to generate M2 families (Berenschot et al. 2008). The
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sequences of anthocyanin metabolism and light signaling
identified in this study were used to design gene-specific
primers to screen the populations for mutations in the genes
of interest by a high-throughput PCR-based method, in the
absence of direct phenotypic screenings. Gamma irradiation
preferentially generates large DNA rearrangements, allowing
the detection of mutations by size distinction between wild-
type and mutant PCR-amplified fragments. In contrast, EMS
mutagenesis induces point mutations that were detected by a
modified agarose gel-based TILLING procedure (Raghavan
et al. 2007).

We have analyzed 10,000 plants (20 pools of 250 plants,
representing 100 progenies, per M3 population) employing
specific primers for petunia sequences similar to five
anthocyanin metabolism genes (CHS, DFR4, ANI, AN2
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Fig. 3 In silico expression I
analysis of transcription factor
classes involved in anthocyanin
metabolism regulation in Petunia
transcriptome. The probe set of
photoreceptor genes was
clustered using EST library data
sets at TIGR (http://tigrblast.tigr.
org/tgi/). Gene families and
library data were log transformed,
normalized and analyzed by
Spearman’s Rank Correlation. : :
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and PH4) and five light-perception and signaling sequences
(PHYC, CRY-DASH, CO and PFTI) (Table 5S). In non-
mutagenized wild-type plants, the amplification reactions
using primer-pairs designed based on bioinformatic analyses
of petunia sequences resulted in fragments of the expected
sizes, indicating that the identified sequences accurately
represent the genes of interest (Table 5S). In the gamma
population, we have identified six pools containing putative
mutations in CHS sequence (Fig. 4). The plants from the
pools exhibiting distinct amplification pattern were
individually analyzed and one novel mutant allele of CHS
was found (Fig. 4). Mutant chs lines exhibit a conditional
reduction of vegetative anthocyanin production under
constant blue light (Fig. 4) and no visible alteration in seed
testa (Fig. 4) and corolla pigmentation.

The reverse-genetics TILLING approach allows the
detection of point-mutations by strand separation and re-

annealing of PCR products corresponding to the gene of
interest. The presence of a point mutation will lead to
mismatched heteroduplexes resulting from the annealing of
a wild-type strand with a mutated one, and the aberrant pairing
is targeted to the mismatch-specific endonuclease activity of
CELI; producing amplification products of distinct sizes in
comparison to the products of the wild type. In the
investigated M3 EMS population, we have identified one pool
containing a putative mutation in anthocyanin-biosynthesis
regulator PH4 (AtMYBY5) (Fig. 5) and in a petunia sequence
similar to the CONSTANS gene (Fig. 6). The presence of the
mutant alleles was confirmed by PCR analyses of the
individual plants and sequencing of the genes (Figs. 5 and
6). The identified plants were selfed and homozygous mutants
phd4-1 and co-1 are shown in Figs. 5 and 6, respectively. The
point mutation identified in PH4 caused no effect on flower
color (Fig. 5) and vacuolar pH (Table 1) in the homozygous
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Fig.4 Detection of CHS mutation in gamma-induced M3 populations of
P, x hybrida MD. The numbers represent DNA pools from 25 M3 plants.
The lack of amplification in pools 2, 4, 6, 14, 17 and 18 indicate mutated
sequence. Plants from pool 2 were individually analyzed and the mutant
CHS gene was sequenced; schematic representation of the mutation in the

progeny plants. The presence of a two amino acid deletion in
the CCT domain of CO slightly delayed flowering in petunia
mutants under 16-h natural photoperiod (Fig. 6, Table 1).
After three cycles of self-pollination, the identified lines
exhibit reduced steady-state levels of transcripts of the
mutated genes (Fig. 7).

Discussion

In P. x hybrida databases, we have identified sequences
similar to the PHY, CRY, PHOT and ZTL photoreceptor
family genes (Table S1). Arabidopsis is the sole plant species
for which the full set of photoreceptor genes has been
characterized (Demarsy and Fankhauser 2009; Inoue et al.
2010; Nagatani 2010; Chaves et al. 2011). In Solanaceae,
photoperception and light signaling have been mainly
investigated in tomato, tobacco and potato (Perrotta et al.
2000; Weller et al. 2001; Fernandez et al. 2005; Rutitzky
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protein and deduced amino-acid sequence of the mutated allele are
represented. Representative seed coat and vegetative anthocyanin
pigmentation under monochromatic blue light are represented for wild
type and mutant plants

et al. 2009). High-throughput transcriptomic analyses have
demonstrated extensive sequence and functional conservation
among phenotypically distinct Solanaceae species potato,
tomato, pepper, petunia, tobacco and Nicotiana benthamiana,
although species-specific transcripts were also indentified
(Rensink et al. 2005; Rutitzky et al. 2009). Similarly, global
gene-expression profiling in Nicotiana and Solanum species
has demonstrated that light perception and signaling employ
shared and exclusive pathways to control several
photomorphogenic and photoperiodic responses (Rensink
et al. 2005; Rutitzky et al. 2009). Petunia transcriptome
exhibits high sequence and functional conservation to tomato
transcript profiles (Rensink et al. 2005) and, in this species de-
etiolation and anthocyanin biosynthesis are mainly controlled
by phyA- and cryl-mediated signaling (Weller et al. 2001).
However, the overexpression of CRY2 has also led to
enhanced anthocyanin accumulation in tomato fruits
(Giliberto et al. 2005; Lopez et al. 2012). Petunia PHY and
CRY transcripts share extensive sequence conservation to the
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Fig. 5 Detection of PH4 mutation by modified TILLING in EMS-
induced M3 populations of P. x hybrida MD. The numbers represent
DNA pools from 25 M3 plants. The mismatch-specific cleavage of the
amplification product of pool 8 indicates mutated sequence. Plants from

functional domains of the photoreceptors; thus, being likely to
be functionally equivalent to their Arabidopsis and tomato
counterparts (Table S1). Photoreceptor mutants were absent
from the investigated M3 populations (Figs. 5 and 6);
however, the number of progenies screened (50 per
population) is considered small for reverse genetic approaches
(Alonso and Ecker 2006). The identification of photoreceptor
mutants by forward genetic approaches requires
monochromatic light conditions and intensive experimental
care (Fankhauser and Casal 2004). The identified sequences
may provide important reverse genetic tools for further in-
depth investigation of available petunia mutant populations
(Berenschot et al. 2008; Vandenbussche et al. 2008).

Light signal transduction is virtually unknown in petunia,
in spite of its role in commercially important traits such as
plant architecture and flower pigmentation. By reverse
genetics, we have identified candidate genes to regulators of
shade-avoidance responses; ATHB2 orthologs (Ciarbelli et al.
2008), photomorphogenesis and seedling establishment;
FHY3/FAR1, NDPK2, PIF/PIL family, PP7, RAP1/
ATMYC2, RFI2 (Shen et al. 2005; Yadav et al. 2005; Chen

GDGDSKNSINVFGGEH. . ..... GYEDFGF CYDDKF SSFLNS LINDVGDPFGNI IPISQP LOMDDCKDGIVGASSSSLGHD

pool 8 were individually analyzed and the mutant PH4 gene was
sequenced; schematic representation of the mutation in the protein,
deduced amino-acid sequence of the mutated allele and mutant plant
flower phenotype are represented

and Ni2006; Lin et al. 2007; Genoud et al. 2008; Leivar et al.
2008), light-regulated proteolysis; COP1, EID1, LAF1, SPA1
(Yi and Deng 2005; Marrocco et al. 2006; Yang et al. 2009;
Chen et al. 2010; Fankhauser and Ulm 2011) and
developmental transitions; CO, PFT1 (Suarez-Lopez et al.
2001; Cerdan and Chory 2003) (Table S2). Using the obtained
sequence information in a reverse genetics approach, we have
identified a novel petunia mutant carrying a mutation in CCT
(CO, CO-like, TOC1) domain (Strayer et al. 2000; Valverde
2011). In Arabidopsis,, the CONSTANS family of zinc finger
proteins acts between the circadian clock and genes
controlling meristem identity in the photoperiodic flowering
pathway (Turck et al. 2008). Arabidopsis is a facultative long-
day plant that flowers earlier under long days (LDs) than
under short days (SDs), whereas in rice, flowering is induced
by SDs (Thomas and Vince-Prue 1996). Photoperiodic-
flowering induction in model plants occurs via internal and
external coincidence model (Song et al. 2010), where the
coincidence between the levels of CO mRNA and the
illuminated or dark period of the day activates the
transcription of FLOWERING LOCUS T (FT) or its

@ Springer
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Fig. 6 Detection of CO mutation by modified TILLING in EMS-
induced M3 populations of P x hybrida MD. The numbers represent
DNA pools from 25 M3 plants. The mismatch-specific cleavage of the
amplification product of pool 11 indicates mutated sequence. Plants from

orthologs, which, in turn, are involved in the control of
meristem-identity genes, shifting from vegetative to
reproductive development (Turck et al. 2008; Song et al.
2010). In day-neutral tomato, the FT ortholog, SINGLE
FLOWER TRUSS (SFT), has been demonstrated to trigger
the systemic signal responsible for pleiotropic regulation of
growth and flowering (Lifschitz et al. 2006). In potato, the

pool 11 were individually analyzed and the mutant CO gene was
sequenced; schematic representation of the mutation in the protein and
deduced amino-acid sequence of the mutated allele are represented

ectopic expression of a rice FT gene elucidated the role of CO
in controlling the photoperiodic processes flowering and
tuberization (Navarro et al. 2011). The mutation identified in
petunia CO ortholog is similar to the 4-bp deletion in the CCT
domain of the Arabidopsis late-flowering co-5 and co-7
mutant alleles (Koornneef et al. 1991), generating a peptide
lacking the P and R conserved residues (Fig. 6). Homozygous

Table 1 Summary of the

phenotypes of the petunia mutants Mutant

identified by reverse genetics. )

The data correspond to in vivo Stage chs1(A63) ph4-1(D12s—8)  col (APg, Ryge)  Wild type

analyses from the M3 isolated

individual plants, grown in the Vegetative

greenhouse under 25 °C:£5 °C, Total chlorophyll (ug.mg ") 25324224  25.56%3.17 21.56+3.01 25.41+1.78

12 h photoperiod provided by Total anthocyanin (Asssmg ') 1711325 18.02+4.66 18.30+4.49 18.54+4.34

natural light and fluorescent

supplementation Leaf pH 6.20+1.05 6.50+0.94 6.20+1.83 6.23+0.93

(200 pmol.m 2.s™1). The numbers Leaf area (mm?) 6.09+£2.91°  621+3.34* 5.67+3.76° 5.98+3.87%

represeffrlt mean Yagles * dstandard Internode length (cm) 11.91£3.11°  11.82+2.54° 16.91+3.23 11.85+2.67

errors from two independent Days to flowering 1842.0 17+1.7 25435 21422

evaluations and statistical )

significance is represented by Reproductive

Tukey test at P>0.05 Number of flowers per 30 days ~ 14+1.3 14+1.5 12£1.8 14£1.6
Flower longevity (days) 8.33+1.12 7.00+0.89 7.03+1.76 7.55+2.05
Corolla pH 5.70+1.12* 6.30+0.87° 5.60+1.02* 5.56+0.99"
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Fig.7 Steady state mRNA levels WT
ofthe genes CHS, PH4 and CO in
leaves of wild type and mutant
examined by RT-PCR. WT: wild
type Mitchell Diploid plants. chs,
ph4_1, co_I: mutant plants.
Positive reference control
corresponds to transcripts of o~
tubulin gene. A reaction mixture
without template cDNA was used
to confirm the absence of
amplification from genomic DNA
contamination of the RNA
samples (RT-)

chs

WT

phd_1

a-tubulin (-RT)

80 +

60 -+

gene/ a-tubulin (%)

petunia plants carrying the two amino acid deletion exhibit a
slightly delayed flower induction under natural LD (Fig. 6).
However, the phenotype under distinct photoperiod
conditions remains to be investigated in functional
characterization studies. Further physiological and molecular
investigations of the identified mutant allele will help to
elucidate the control of developmental transitions in
facultative long-day petunia.

Anthocyanin biosynthesis and regulation have been
intensively studied in petunia (Winkel-Shirley 2001; Koes
et al. 2005; Ambawat et al. 2013). Genetic analyses of flower
color mutants have been instrumental to the identification of
several structural and regulatory genes in the species (Koes
et al. 2005; Ambawat et al. 2013). In a large number of higher
plant species, the activity of chalcone synthase displays gene
redundancy and it is encoded by at least nine genes in Medicago
truncatula, three in grapevine, two in maize and only one in
Antirrhinum (Desnos et al. 2001; Koes et al. 2005; Abe and
Morita 2010). The CHS gene family in lpomoea, a genus of the
Solanales order, consists of five genes: CHSA until £ (Abe and
Morita 2010); whereas in Petunia, twelve CHS genes have
been described, although their functionality has not been
accessed (Koes et al. 2005). Our bioinformatic analyses
indicate that at least four distinct transcripts of CHS are present
in petunia transcriptome (Table S3) and a novel mutant allele
has been identified (Fig. 4). Petunia plants carrying a loss-of-

40 -
*
20 1 I
*%k
0.. - .

mWT timutant

function mutated cis allele are defective in functional pollen
tube formation, although the pollen remains viable, and
produce shorter and scarcer root hairs in comparison to the wild
type (Taylor and Grotewold 2005). No visible phenotype was
observed in the identified chs mutant; except for a conditional
reduction in blue-light induced vegetative anthocyanin
biosynthesis (Fig. 4). The fertility of homozygous lines is
reduced in comparison to wild-type plants (Table 1). Extensive
gene redundancy in the CHS family in petunia (Koes et al.
2005; Morita et al. 2012) may be responsible for the lack of
visible phenotype in the identified line. A novel mutant allele of
the gene coding for the R2ZR3 MYB protein PH4 in white-
flowered plants was also identified (Fig. 5). PH4 has been
hypothesized to activate vacuolar acidification by interacting
with other basic Helix-Loop-Helix transcription factors
(Quattrocchio et al. 2006). In the absence of functional PH4
protein, the expression levels of a petal-specific cysteine (cys)
proteinase—like protein, CAC16.5, are significantly reduced;
however, cys proteinases have several regulatory functions,
including defense and programmed cell death responses
(Quattrocchio et al. 2006). Flowers from homozygous ph4-1
plants are smaller (Fig. 6) and shorter-lived than those from
wild-type flowers (Table 1). The presence of unaccounted
secondary mutations may affect the phenotype in M3. Thus,
advanced lines carrying the novel ph4 mutant allele may help to
elucidate its function in anthocyanin metabolism in petunia.
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