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Abstract

Petals are a key element on plant life cycle as, in many species, they attract
pollinators, thus aiding to reproduction. Furthermore, they have economic
importance in ornamental crops. In the present study, petal transcriptional
patterns were compared within the flower organs in Arabidopsis thaliana.
It was found that catalytic molecular functions were overrepresented in
petals. A shortlist comprising the top ten differentially expressed genes
in petals were mapped to the model species with industrial value Petu-
nia hybrida, and further downregulated by RNAi. The silencing pheno-
types found permitted to assign functions in petal development to seven
novel genes: when silenced, they triggered alterations on flower size and
shape (PhCYP76, PhNPHS3, PhFeSOD, PhXTH, PhCYP96 and PhWAK),
petal smoothness (PhPRA), color (PhNPHS and PhWAK) and symmetry
(PhCYP76). Pleiotropic phenotypes were found, such as changes in root
morphology and leaf color (PhCYP76), flower number, capsule and seed
morphology (PhCYP96) and plant height (PhCYP76 and PhCYP96).

To accomplish the experimental design, three methods were developed.
First, the “pESTle” management system that assembles, annotates, stores
and serves expressed sequence tag data. Second, a reference gene selection
for real time PCR experiments that includes a new method for stability
estimation based on rank aggregation of published algorithms, and con-
cludes that a normalization factor with two members of FFla, SAND,
CYP or RANI is stable enough under most conditions. And third, a
PCR efficiency estimator based on amplicon characteristics which allows
efficiency-driven primer design in a Web tool.

iii



iv

General Terms:
petunia, petal, silencing, bioinformatics, Q-PCR, transcriptomics

Additional Key Words and Phrases:

garden petunia, petal development, post-transcriptional gene silencing,
reverse genetics, gene expression, polymerase chain reaction, real-time
PCR, reference genes, PCR efficiency, expressed sequence tags, EST
pipeline



Identification of novel genes involved in Petunia flower
development using transcript profiling and reverse genetics

Izaskun Mallona Gonzélez

Genética
Instituto de Biotecnologia Vegetal
Plaza del Hospital, s/n, Cartagena, Spain

http://www.upct.es/~genetica
Resumen

La corola es un elemento basico en el ciclo de vida vegetal puesto que,
en muchos casos, atrae a polinizadores que intervienen en su propagacion.
Ademds, posee un valor econdémico en especies ornamentales. En el presen-
te trabajo se realizé un analisis comparativo contrastando el transcriptoma
de pétalos frente al resto de 6rganos florales de Arabidopsis thaliana. Como
resultado se observé la preponderancia de genes involucrados en funciones
cataliticas. A fin de dilucidar el rol de estos genes, se escogieron aquellos
nueve con mayor expresion diferencial y se silenciaron de forma estable
mediante ARN de interferencia. De esta forma, el andlisis fenotipico ha
permitido asignar un papel a siete nuevos genes: al ser silenciados, provo-
can alteraciones en la forma y tamano (PhCYP76, PhNPHS3, PhFeSOD,
PhXTH, PhCYP96 y PhWAK), textura (PhPRA), color (PhNPHS3 y Ph-
WAK) y simetria (PhCYP76) de los pétalos; asi como el color de las hojas
y la morfologia radicular (PhCYP76), el nimero de flores y la altura de la
planta (PhCYP76 y PhCYP90).

A fin de respaldar el diseno experimental se desarrollaron tres métodos.
En primer lugar, el gestor «<pESTle>, que atina el ensamblaje, anotacion,
almacenamiento y difusién de ESTs. En segundo lugar, la seleccién de
genes de referencia para PCR en tiempo real, que retine un nuevo método
para su evaluacion basado en la agregacién de rangos; y la descripcion de la
pertinencia de emplear un factor de normalizacién con dos genes de entre
EFla, SAND, CYP y RANI1 en la mayor parte de los casos. Finalmente,
se produjo el estimador <pcrEfficiency>, que proporciona un entorno de
disenio de cebadores que simultaneamente predice su eficiencia.
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Chapter 1

Gene function discovery through
transcript profiling

Projects for gene function elucidation by reverse genetics are outnumbering the
classical forward approaches. The raise of cheap sequencing projects has sup-
ported the gene function identification by its overexpression or silencing. Genome
and transcriptome databases, linked to the microarray platforms, have permitted
the —omics mining in any imaginable condition, such as plant-pathogen interac-
tion, nutrient deficits, time course or anatomical parts.

This approach requires model organisms satisfying some requirements, such
as sequence availability and genetic manipulation capabilities, like easy transfor-
mation or tag-identified mutagenesis. Petunia hybrida, as a model system but also
as an ornamental crop, outperforms the single gene function assignment through
reverse genetics.

Reverse genetics coupled with transcript profiling also needs a developed con-
text of computational biology tools, such as the statistical methods for microar-
ray analysis, the bioinformatics scaffolding system for sequence analysis, the data
mining of the usually huge amounts of data produced, and the astringent quality
check methods during all the procedure.

This chapter focuses on a new approach to novel gene identification in a
developmental biology context: the flower architecture in P. hybrida. It builds
the background to the dissertation discussing the P. hybrida model system, the
facilities for gene expression analysis and the data analysis by data mining and
bioinformatics, and concludes stressing the aims and outlook of the present PhD
thesis.

1.1 Introduction

Developmental biology is aimed to elucidate the mechanisms underlying
the making-off an organism at any stage, as well to analyze the cross-
talk with environmental factors andl evolutionary aspects. Its discipline



2 1 GENERAL INTRODUCTION

developmental genetics focuses on the molecular level and studies patterns
of inheritance and variability, using molecular biology tools.

As a strategy to face a genetic study three aspects must be cared of:
first, the selection of a good model organism, with widespread availability
and ease of maintenance (Somerville and Koornneef, 2002; Gerats and Van-
denbussche, 2005); second, the development of descriptive systems allow-
ing systematic and quantitative data retrieval (Young and Center, 2000);
and third, the data mining and or modeling of the observed results, thus
providing not only data interpretation but prediction (Bassett Jr et al.,
1999). Exemplary projects using this strategies include the classical works
of Mendel and McClintock. Mendel was able to extract a model of basic
gene inheritance working with peas and simplifying the expectancies to
simple ratios, and McClintock unveiled the controlling elements in maize
through statistical analysis (McClintock, 1953).

The availability of fast and cheap DNA sequencing technologies has
meant a revolution on genotype-phenotype interaction analysis in plants.
A key point to this usefulness has been the sharing of the data on public
accessible repositories, which has been resourceful for both the academic
community as well the industry, as the scientists can broad their analysis
and the companies can benefit mining the academic literature (Rounsley
and Last, 2010). This enormous increase in data availability has boosted
the development of tools able to handle the data in an integrative manner,
and has supported the increase on reverse genetics strategies. An example
of such impact is summarized with the overall tendency in Arabidopsis
thaliana research during the decade of 2000-2010; that is, to substitute
the forward, classical experimental design by a reverse genetics approach.
The trend is explainable by its efficacy: over this period it unveiled 90% of
the A. thaliana genes whose alteration triggers a mutant phenotype (Lloyd
and Meinke, 2012).

The bioinformatics behind the reverse genetics approach is crucial, as
it, in some cases, produces the hypothesis. For instance, the Agrikola
intended to create a collection of A. thaliana lines silencing all its gene-
specific tags (GSTs): the project cloned 21,500 GSTs representing at least
the same amount of A. thaliana genes, subcloned them into binary hairpin
vectors and created a collection of silencing A. thaliana lines (Hilson et al.,
2004). The silencing in such a large-scale analysis generates hypothesis
after genotype-phenotype linking, as the triggered phenotype suggests the
GST role in vivo.

P. hybrida, as a model species, has both the availability of EST (ex-
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pressed sequence tag) information (that is, the —omic sequences to mine)
and the facilities of easy plant transformation, maintenance and handling.
Apart of that, it is a major crop in bedding plant industry and new varieties
are continuously been developed.

1.2 Petunia as a model system on development

1.2.1 Botanical description

Petunia (Petunia x hybrida Hort. ex Vilm., also presented as P. hybrida)
is a hybrid of ornamental interest which has been widely used as a model
system due to the availability of molecular genetics tools (Gerats and Van-
denbussche, 2005). Its parents are possibly P. azillaris and P. integrifolia,
which can be artificially cross-fertilized (Wijsman, 1983; Ando et al., 2001).
The differences between both species are regarded as a result of their pol-
lination syndromes (Stuurman et al., 2004): P. integrifolia is pollinated
by bees and has small, purple, almost scentless flowers (Ando et al., 2001);
whereas the P. azillaris flowers are fragrant, white, and have a long corolla
tube that resembles in length the provoscis of its nocturnal pollinators, the
hawkmoths (Hoballah et al., 2007).

Petunia species are herbs with non-woody stems and are usually an-
nual. The genus is endemic to South America, with subtropical distribution
(Kulcheski et al., 2006). Vegetative shoots in P. hybrida are monopodial
(that is, grow upward in a single main stem), whereas the inflorescences
are sympodial. This type of inflorescence patterning occurs as the apical
meristem forms a terminal flower and the inflorescence stem elongates at
the lateral meristems (Pnueli et al., 1998). Hence, P. hybrida inflorescences
are scorpioid cymes (Castel et al., 2010), as depicted in figure 1.1.

P. hybrida leaf shape is ovate, obovate or elliptic, from sesile to peti-
olate, with flat margin and pinnate venation pattern. Depending on the
line, color and trichome density vary (Stehmann et al., 2009).

Wildtype Petunia flowers are typically purple and comprise four con-
centric whorls of five sepals, five fused petals, five stamens partially fused
to the corolla, and two carpels. The zygomorphy is maintained in all four
whorls from early organ differentiation onward (Rijpkema et al., 2006a).
The fruits, which can be harvested about four weeks after pollination,
are dehiscent capsules surrounded by the enlarged calyx (Colombo et al.,
1997). Seeds are small (less than 1.4 mm), foveolated, with variable seed
coat morphology (Stehmann et al., 2009).
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Figure 1.1: Model for Petunia branching. The diagram shows the branch-
ing pattern in wildtype. Leaves are indicated by green ovals. Vegetative
axillary meristems are represented by open triangles, and dormant meris-
tems, by pentagons. Note the presence of zones with suppressed branching
before the zone that leads to the terminal flowers (Souer et al., 1998).

Mitchell diploid, also known as W115, is a easily transformable P. hy-
brida line which carries mutated alleles for regulatory loci associated to
pigmentation, AN/ and AN2. Therefore, it is white-flowered. AN2 reg-
ulates anthocyanin synthesis in the flower limb, whereas AN/ modulates
anther pigmentation and the petal tube (Quattrocchio et al., 1993; Bradley
et al., 1998). Its origin is regeneration after anther culture of hybrids of
P. azillaris x (P. azillaris x P. hybrida cv. ‘Rose of Heaven’) (Mitchell
et al., 1980; Ausubel et al., 1980; Albert et al., 2009).

V30, also named Violet 30, is a line of P. hybrida recalcitrant to trans-
formation (van Tunen et al., 1990). Having a bright violet color, it has
been used in chalcone synthase gene family studies (Koes et al., 1986a,
1989). The progeny of its crossing with M1 (another P. hybrida standard
line) is easily transformable (Van Moerkercke et al., 2012). A photograph
depicting its differences in color with Mitchell diploid is presented as figure
1.2
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Figure 1.2: Mitchell and V30 flower shape. Mitchell diploid (on the left)
shows white petals, while V30 (on the right) presents violet ones. Limb and
tube morphology and calyx morphology and pigmentation vary as well.

1.2.2 Developmental biology

Developmental biology regards the manner in which organisms grow and
define their intrinsic characteristics. These characteristics, or phenotype,
are specified by differential gene expression, which is regulated by internal
mechanisms, such as oscillators; and by the integration of environmental
cues, such as temperature, population density or photoperiod (Gilbert,
2001). TIts topics include organ identity, final size, symmetry, floral phyl-
lotaxis, synorganization and the delimitation of the ecological influence on
morphogenesis (Endress, 2006).

Vascular plant embryos show two distinctive zones which retain the
capacity of continued growth, even at adult stage. These regions are set
apart and comprise: first, the shoot apical meristem, which will produce
the shoot and give rise to aerial organs; and second, the root apical meris-
tem, which will produce the root. The implications of having an uninter-
rupted proliferating zone is that the shoot growth is indeterminate; that
is the number of leaves is indefinite (Steeves and Sussex, 1989).

Plant tissues are composed of cells surrounded by a rigid, tightly ce-
mented cell wall which limits the cell mobility and thus impairs cell mi-
gration replacement as a developmental variable. Instead, plants grow by
addition of new cells at the primary meristems (tip growth of shoots and
roots) or secondary meristems (lateral growth). So the phenomena that
directly participate in the plant body formation could be classified into
two groups: growth and differentiation (Steeves and Sussex, 1989).
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Growth is the irreversible increase in size and is the result of cell divi-
sion and cell enlargement. Differentiation is the result of cell changes about
distinctiveness, which could bring different histological patterns; and, co-
ordinated with growth, to organ shaping or organogenesis. Coordinated
cell differentiation and growth build up the structural patterns that define
a vascular plant (Steeves and Sussex, 1989).

The transition from the vegetative to reproductive phase implies the in-
duction and development of an inflorescence meristem, which will generate
floral meristems. Both endogenous (number of leaves) and environmental
factors (photoperiod) contribute to that shift; in P. hybrida, gibberellins
(Ben-Nissan et al., 2004) as well photoperiod (Adams et al., 1999) are
known to be involved.

There are two major types of floral phyllotaxis, or patterns of organ
arrangement in the flower: spiral and whorled. Spiral phyllotaxis is charac-
terized by organ formation at constant time intervals, called plastochrons,
with maintained angles to the predecesor organ, known as divergence an-
gles. Whorled phyllotaxis have arrangements of organs which appear al-
most synchronously inside a ring shaped geometry; organs within a whorl
are equidistant whereas a shift appears between consecutive whorls.

Organ identity determination in whorled flowers, such those from
A. thaliana, Snapdragon (Antirrhinum magjus) or P. hybrida, can be ex-
plained by the ABC model, as depicted in figure 1.3. It formulates that
the combined expression of some of the members of a set of five functional
classes of genes (A, B, C, D and E) determines the final category of a
floral organ. D and E genes are the latest additions to the model. D-
function genes are specifically involved in the formation of ovule and seed
development. E genes are required for all the floral organs especification;
they also regulate flower meristem determinacy. Summarizing the classical
ABC model we could distinguish the four types of whorls according to an
expression pattern of few genes as follows: A-function genes alone specify
sepals; A- plus B- function genes, petals; B- plus C genes, stamens; and
finally C genes alone specify carpels (Coen and Meyerowitz, 1991; Weigel
and Meyerowitz, 1994; Mandel et al., 1992; Bowman et al., 1993; Som-
mer et al., 1990; Jack et al., 1992; Schwarz-Sommer et al., 1992; Trobner
et al., 1992; Goto and Meyerowitz, 1994; Yanofsky et al., 1990; Bradley
et al., 1993; Irish and Sussex, 1990; Jofuku et al., 1994; Bowman et al.,
1991; Kunst et al., 1989; Melzer and Theiflen, 2009; Pelaz et al., 2000,
2001; Theiflen and Saedler, 2001; Pinyopich et al., 2003; Ditta et al., 2004;
Honma and Goto, 2001).
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Figure 1.3: Diagram of the ABCDE model of flower development.

Most flowers have either a polysymmetric pattern of organ arrangement
(actinomorphic) or a single plane of symmetry (monosymmetric, zygomor-
phic) (Endress, 1999). Among the Solanaceae there is some diversity at the
zygomorphy degree: it is high in Schianthus pinnatus; slight in Hyoscya-
mus niger; and very small in Solanum peruvianum. The basal Solanaceae
clades have strongly zygomorphic flowers, and the P. hybrida clade main-
tains the caracter although reduced. Monosymmetric flowers have appar-
ently evolved several times independently. The character is whorl-specific
in the family (Knapp et al., 2004).

Whorled floral phyllotaxis allows synorganization, which is the coher-
ence of two or more floral structures to produce a new structure or hyper-
organ. It occurs either by local coordination or congenital or postgenital
fusion. It happens frequently among organs of the same whorl, giving rise
to fused petals in the perianth; or rarely between whorls (Apocynaceae,
Orchidaceae) (Endress, 2006).

As a plant model, P. hybrida has as advantages the easy tissue cul-
ture, transformation and regeneration. In contrast with other widely used
plant models, like A. thaliana, P. hybrida is more complex ecologically
considering its niches (Gerats and Vandenbussche, 2005); even morpholog-
ically it has high diversity due to its varying pollination syndromes (such
hawkmoth in P. azillaris and bee in P. integrifolia). These pollination
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syndromes have been characterized by Stuurman et al. (2004). Based on
its importance as model organism, EST and genomic facilities have been
developed by its community, the Petunia Platform (The Petunia Platform,
2004)*.

1.2.3 Petunia tools and impact

Among other emerging model systems, P. hybrida has desirable traits
aiding genetics analysis that include the ease of culturing, short genera-
tion time, ease to transform and facilities for transposon tagging analysis.
Because of that, it has been used for pollination syndromes elucidation.
Its phenotypic traits that natural vary include the color, scent and nec-
tar production, and flower morphology architecture determination, among
others (Giibitz et al., 2009). The genetics behind the flower color has
been extensively analyzed by genetic engineering: genes encoding biosyn-
thetic enzymes as well as regulators and vacuolar components have been
isolated and characterized (Tornielli et al., 2009); even more, novel flower
colors have been achieved via transgenic approaches (Nishihara and Nakat-
suka, 2010). Scent production, and specially benzenoid/phenylpropanoid
volatiles, has been subjected to chemical elucidation and functional ge-
nomics comparison; its rhythmic emission and biosynthesis have been un-
veiled (Colquhoun et al., 2010). The ABC-model extension to P. hybrida
has been proposed, with an interesting complexity of B-class genes, which
have undergone duplication and are represented by two major groups, the
DEF/AP3 and the GLO/PI lineages (Vandenbussche et al., 2004).

The Petunia community excels in single-gene expression modification
by reverse genetics. Both the easy transformation protocols and the avail-
ability of systems for permanent and transient expression analysis, and the
the usage of the endogenous transposable system, permits gene function
assignment (Gerats and Vandenbussche, 2005). The dTphl transposon
system paired with a mapping facility has allowed to recover mutants in a
cheap and effective way (Vandenbussche et al., 2008). This transposable
system, very active in some lines, has been suggested to be triggered by the
high interspecific hybridization that produced the varieties and cultivars of

Significant research has been performed in Petunia species for a long while; more-
over, the pioneer observation of post-transcriptional gene silencing is attributed to Napoli
et al. (1990); Van der Krol et al. (1990), who worked on P. hybrida. However, the first
P. hybrida monograph was published in 1984 (Sink, 1984), and the Petunia Platform’s
website gathers the Petunia community since 2004 (The Petunia Platform, 2004).
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P. hybrida; in that sense, P. hybrida is an example of the “genomic shock”
proposed by McClintock (1983)(Gerats, 2009).

1.3 Gene expression analysis

Two major strategies are used for gene expression analysis, the hybridization-
based and the amplification-based. Three main techniques come from
these strategies: first, the pure hybridization methods, such as microar-
rays; second, the flexible probe-based quantitative real-time PCR (Q-
PCR or RT-RT-PCR)? platforms, which in fact mixes both strategies;
and third, the sequencing processes based on pure amplification meth-
ods. The amplification-based methods include techniques allowing DNA
sequencing, and rely on the in vitro DNA synthesis de novo (Saiki et al.,
1988). The hybridization-based methods include the microarray analysis
and the probe-based Q-PCR; both cases start with a predefined set of
probes whose sequence is known. The sequencing-based methods, such as
the EST projects, are more complex as they have the potential of identify-
ing previously unknown sequences. The amplification-based technologies
apart from the sequencing, such as the SYBR Green methods for Q-PCR,
are very versatile (Liu et al., 2007).

1.3.1 Expressed Sequence Tags sequencing

EST sequencing projects aim to obtain high amounts of redundant, par-
tial sequences which need further data analysis. The processing steps are
guided towards generating a biological database. The final processed EST
database gathers the sequencing information after data quality check, as-
sembly and annotation. After the raise of cheap next generation sequenc-
ing facilities, gathering of thousands of sequences became available to small
laboratories, and therefore EST sequencing projects have arisen for many
species.

Roughly, the classical procedure for EST sequencing could be summa-
rized as follows. The messenger RNAs (mRNA) provide insight of the part
of the genome being transcribed, and can be reverse transcribed to comple-
mentary DNA (cDNA) and further sequenced. The sequencing produces

2Through the dissertation RT-PCR and Q-PCR are treated as synonyms, thus focus-
ing on the Real-Time kinetic data acquisition of the technique, and hence its remark-
ably handy statistical analysis (in contrast to northern blotting, in example). Hence, a
reverse transcription-based assay using RT-PCR will be named RT-RT-PCR.
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reads of variable length, depending on the technology used, that typically
have lower base calling in the ends, thus producing a reliable sequenc-
ing in the middle. Taking into account the quality of each position and
comparing to the rest of cDNAs sequences, the reads are clustered and
assembled, therefore transformed into consensus EST sequences. After
this step, the consensus sequences could be electronically translated and
compared to protein databases; or compared by nucleotide database simi-
larity searches. According to the function assigned to reference nucleotide
or protein database matching entries, a functional annotation is assigned.
Finally, a computer application serves the information and allows data
visualization and interpretation (Nagaraj et al., 2007D).

1.3.2 Quantitative, real-time PCR

Patterns of temporal and spatial gene expression trigger organ develop-
ment (Koltunow et al., 1990). Gene expression is regulated in many ways
(Gagneux, 2003), both transcriptionally and post-transcriptionally, but the
most common approach to its quantification is to measure the amount of
the transcripts of interest. A fast, accurate and sensitive mRNA quantify-
ing technique is the Q-PCR (Higuchi et al., 1992).

Q-PCR allows continuous monitoring of the amplification kinetics of a
PCR in real time measuring the specific fluorescence signal in each cycle;
thus it produces a reaction kinetics which resembles the bacterial growth
formulae (Monod, 1949). Each primer-sample combination will produce
two parameters which will be the basis for data analysis: the Cp (cycle
threshold; also called quantification cycle or Cq by Bustin et al. (2009)3)
and the efficiency. The C7r is the fractional number of cycles in which the
kinetic curve reaches a threshold amount of fluorescence. The amplification
efficiency could be visualized in a half-logarithmic plot in which log trans-
formed fluorescence values are plotted against the time (cycle number).
Roughly, the efficiency represents the yield of the reaction.

3 Although Bustin et al. (2009) presents the term Cq as the RDML (the proposed stan-
dard for storaging and exchanging data, the XML-based Real-Time PCR Data Markup
Language)(Lefever et al., 2009) standard arguing that the plethora of “quantitation cy-
cle” terms refer to the same parameter, it is worth noting that depending on the author
and, specially, the thermocycler’s manufacturer, the parameter meaning varies. For ex-
ample, the Corbett’s RotorGene series distinguish between Cr and take-off: the first
being calculated on a fractional threshold of total fluorescence basis; and the second ac-
cording to the method of modified second derivative. Therefore, a definition of the sense
used in each chapter is specified in their materials and method section.
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Q-PCR data can be quantified absolutely and relatively. Absolute
quantification employs a standard curve of an internal or external cali-
brator in order to extrapolate the input template copy number. Relative
quantification measures the expression of the target gene and one or more
reference genes, and thus returns a comparison of their expression; this rel-
ative amount is recorded for a target sample and a control sample (Yuan
et al., 2006). However, the relative quantification accuracy depends on the
pattern of expression of the reference genes, which must be almost iden-
tical between samples. Thus the gene expression stability of the reference
genes must be assessed prior to performing relative quantitation.

Several methods of reference gene expression stability estimating tools
have been published. Roughly, they test two hypothesis: first, whether
the variance of the gene expression is higher within biological replicates
than between them (the lower the variance, the better the stability); and
second, given a list of candidate reference genes, whether the pairwise
variation between them is low or high (the lower the variation, the better
the stability).

1.3.3 Microarray analysis

As opposed to Q-PCR, in which a few transcripts are analyzed at a time,
microarray analysis is based on obtaining all the mRNA of a given sample,
processing, labelling and hybridizing it in parallel to a grand number of
DNA sequences which are supposed to represent an high percentage of the
possible transcripts of that sample. This allows detecting simultaneously
the expression level of thousands of transcripts (Schulze and Downward,
2001).

The expression profiling using the microarray technology is accom-
plished by two major approaches: first, the one-channel dye system, which
hybridizes a set of transcripts to the chip; and second, the two-channel
system, which co-hybridizes two or more fluorescent labeled probes and
thus compares the relative expression levels of these probes (Hegde et al.,
2000). The analysis of changes in gene expression is conducted through
a strategy that involves three stages: first, the array design and fabrica-
tion; second, the probe handling and hybridization; and third, the data
collection, normalization and statistical testing (Allison et al., 2006).

There are very successful microarray platforms for model species, such
as the Affymetrix family for A. thaliana transcriptomics. However, it is
possible to design and build a homemade microarray design. In both cases,
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probe uniqueness and internal controls are challenges to meet during the
data analysis. The splitting of an EST on different probes forces a sum-
marization step in data analysis, which integrates them all. The mismatch
controls give insight on hybridization specificity, even though some re-
searches directly ignore the mismatching probes (Gautier et al., 2004).

1.4 Reverse genetics

The availability of recombinant DNA technology, which allows the DNA
transfer and stabilization into cloning vectors (Smith et al., 1970; Danna
and Nathans, 1971), allowed to conceive methods for stable plant transfor-
mation. Zambryski et al. (1983) explotated the oncogenic capabilities of
T-DNA to raise a DNA-driven engineering golden era. Regarding P. hy-
brida, Monsanto was able to develop a transformation for the Mitchell
diploid line introducing chimeric tumor-inducing (Ti) plasmids by in vitro
transformation (Fraley et al., 1983). Hence, since the early eighties the
molecular genetics has the technology to select, clone and deliver pieces of
DNA to plants. However, the utility of this techniques relies on the ability
to gather gene sequences to deliver.

The first sequencing methods for RNA (Jou et al., 1972) and DNA
polymers (Gilbert and Maxam, 1973; Maxam and Gilbert, 1977; Sanger
et al., 1977) were developed in the seventies, giving input to the scientific
community in a manner focused on single genes of interests. Moreover, big
consortiums were able to accomplish genome sequencing projects (Baer
et al., 1984; Goffeau et al., 1997; Blattner et al., 1997; The Arabidopsis
Genome Initiative, 2000). These methods, along with the discovery of
the DNA polymerase-based DNA amplification (PCR) (Saiki et al., 1988),
provided a new approach to gene function discovery.

The raise of cheap and high-throughput methods, called next gener-
ation sequencing (NGS), permitted genome or transcriptome sequencing
projects to small and medium sized laboratories. The scope also widened to
non-model organisms (Ekblom and Galindo, 2010). Along with this tech-
nologies, the necessity of bioinformatics platforms for scientists without
high specialization on computer science has arisen (Horner et al., 2010).

This technical advances on plant transformation, molecular cloning,
sequencing, PCR and bioinformatics are key to the current capacity to
afford gene function garnering through reverse genetics. Knocking-out
gene expression driven by antisense RNA was described by Ecker and Davis
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(1986). Overexpression experiments in P. hybrida lead to the surprising
discovery of sense supression or co-supression, phenomenon which later
was ascribed to post-transcriptional gene silencing (PTGS) (Napoli et al.,
1990; Van der Krol et al., 1990).

1.4.1 Gene silencing

Genetic engineering-driven gene silencing has been described as an effec-
tive way of down regulating gene expression, giving rise to phenotypes
equivalent to the mutants carrying null alleles (Wang and Waterhouse,
2002). Gene constructs featuring intron-spliced transgenes which after
transcription generate hairpin structures can induce gene silencing very
efficiently (Smith et al., 2000). The block of expression has been assigned
to two phenomena: first, the elicitation of the cleavage of complementary
transcripts (PTGS); and second, the impairment of the gene transcription
through genomic DNA methylation, thus blocking transcript production
(transcriptional gene-silencing or TGS) (Matzke et al., 2001). Technology
to knockdown genes by RNA interference (RNAI) elicits both PTGS and
TGS phenomena.

Discovery of gene function could be achieved by molecular impairment
of the genetic information and the subsequent loss-of-function phenotype
analysis; some approaches include T-DNA or transposons insertions, or
radiation- or chemically-induced mutations. However, these techniques
lead to a limitation in plant recovery: genes which are essential will not
produce homozygous mutated individuals, and in some cases they will
even block the heterozygous viability (Herskowitz, 1987). This could be
overcome either with constructs leaded by inducible promoters or with
RNAI, because engineered plants with post-transcriptionally silenced genes
show a gradient of phenotypes which offer a valuable advantage against
this drawback, allowing to reduce the chance of non-recovery (Levin et al.,
2000).

A given species can undergo a RNAIi assay if a successful construct de-
livery procedure has been developed (as Agrobacterium-based transforma-
tion, transient expression or even virus-based infection (Robertson, 2004)).
Established such a method, a comprehensive gene catalog which provides
a shortlist of targets to silence (Hilson et al., 2004) is needed in order to
establish RNAi strategies. The choice of adequate sequences to clone is
influenced by the availability of public data to assess the transcript behav-
ior (that is, microarray transcript profiling) but also by the major aim of
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Figure 1.4: pHellsgate 12 vector map. The expression vector is designed to
produce hairpin-like structures with a sense and antisense perfect match-
ing sequences separated by a hinge composed by two introns. The vector
construct is performed by Gateway directional recombination in a two step
procedure with a first cloning into the donor vector pDONR 221 (Invitro-
gen). Final vectors have BI- and B2-flanked sequences that conform two
identical inverted repeats. The hairpin’s hinge is composed by the Flaveria
Pdk gene and the intron of the castor bean Cat gene. Empty pHellsgatel2
is 17,681 bp long. Spectinomycin is used for selection in bacteria and
kanamycin (nptll) in P. hybrida (Helliwell and Waterhouse, 2003)

the study, generally whether a very specific silencing is needed or whether
a group of similarly-structured transcripts can be inhibited (Hilson et al.,
2004).

Designing a RNAi experiment deals with two major issues: first, the
specificity; and second, the efficiency. The specificity depends on the
uniqueness of the sequence cloned and introduced into the silencing-producing
vector, and can be increased or lowered depending on whether a single gene
is intended to be silenced or not (Matzke et al., 2001). The silencing effi-
cacy is poorly understood, although some algorithms have been developed
to aid in target design (Thareau et al., 2003; Sclep et al., 2007). Finally,
this efficiency is very dependent upon environmental conditions, specially
temperature (Velazquez et al., 2010) and light (Kotakis et al., 2010).

An efficient apporach to gene silencing construct design is the hairpin-
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generating structure: an expression vector containing a promoter-controlled
cassette containing two cloning sites, for sense and antisense sequences,
separated by an intron (Waterhouse et al., 1998; Smith et al., 2000). How-
ever, the hairpin-generating structures have the inconvenience of difficult
cloning due to the long homologies, so new methods have been proposed
containing only a sense copy of the sequence to silence flanked by two pro-
moters in inverse orientation (Schmidt et al., 2012). Figure 1.4 depicts the
structure of the hairpin-generating vector pHellsgatel2, which contains the
classical “promoter-sense-intron-antisense-terminator” cassette.

1.4.2 Reverse genetics on ornamental plants

Both genetic engineering and molecular genomics provide tools that have
been used on plant breeding and plant biotechnology. Genetic engineering
examples are the transgenics with high agronomic value that have been
developed for maize, rice, soybean and tomato among others (Varshney
and Tuberosa, 2007). Molecular genomics tools, derived from genome and
transcriptome sequencing projects, lead to the consequent marker-assisted
selection or marker-driven diversity checks of natural populations (Jain
and Brar, 2010).

The application of transformation-based reverse genetics methods is
limited because its cost, the ethical issues and the possibility of transient
disruption instead of permanent blocking (Varshney and Tuberosa, 2007).
Given the difficulties to introduce genetically modified plants in the orna-
mental market, transposon tagged or mutagenesis-based methods present
an interesting alternative. Mutagenesis-based methods such as the target-
ing induced local lesions in genomes (TILLING) permit to induce variabil-
ity in a transformation-independent manner, as well to identify mutations
in any target via heteroduplex analysis (Till et al., 2003). The dTphi
transposon system present in P. hybrida, easily accesable by blast, allows
to gather new alleles of a gene of interest to complement a reverse genetics-
based gene function elucidation (Vandenbussche et al., 2008). A simple
plan of crossing with a background lacking the active dTphl transposase
permits allele fixation and commercialization.

1.5 Data analysis

Because of the availability of the above-mentioned genetic resources re-
garding EST or genomic sequences, the convenient data analysis tools have
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been developed.

1.5.1 Bioinformatics

Since the advent of cheap —omics tools, biological data handling, including
the comprehensive data storage, mining and integration, has become an
invaluable tool besides basic and applied research, but also as an subject
itself: new algorithms and tools are being developed continuously.

Computational biology and bionformatics aims are: first, to allow ef-
ficient data storage, access and update; second, to develop tools and re-
sources to analyze that data; and third, the use of such tools to integrate
data and to interpret results in a biologically meaningful way (Luscombe
et al., 2001). The three aims show a gradient in scientific skills: the first
one must be accomplished by computer scientists and the last one requires
biological expertise. In order to facilitate the access to bioinformatics
front-ends to life scientists, some tools are offered as Web services (Stein,
2002).

The development of new software in bioinformatics has been eased
thanks to the availability of open source application programming inter-
faces (APIs), such as BioPerl (Stajich et al., 2002), BioPython (Cock et al.,
2009), BioRuby (Goto et al., 2010) or BioJava (Holland et al., 2008), among
others. These APIs aid to the development of robust, well-tested applica-
tions (Raymond, 1999); moreover, the release of such code as open source
software allows scientific reproducibility (Barnes, 2010; Merali, 2010).

1.5.2 Data mining and modeling

The storage of —omic data in public repositories has permitted the usage
of data mining techniques. Data mining is the computer science disci-
pline which handles databases in order to gain knowledge detecting data
patterns (Witten et al., 2011). It is an iterative process of automatic
data selection, preparation and manipulation in order to obtain nontrivial
and valuable outcomes. Its goals are two: first, to describe huge datasets
thus translating only machine-analyzable data into human-readable in-
formation; and second; to model and therefore build predictive systems
using some variables or the interaction between variables present within
the database (Kantardzic, 2011).

A data mining procedure starts with an hypothesis and the subsequent
data collection, which is mainly performed by database management sys-
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tems (the relational databases according to the paradigm drafted by Codd
(1970) are common), and the preprocessing, which includes the outlier
detection, scaling and feature selection. The corpus of the data mining,
however, include a set of distinct tasks, such as classification, regression,
clustering, summarization, dependency modeling and change and devia-
tion detection. After the succesful application of some of the techniques
available to fullfil the tasks, a model validation step must be applied. If
the quality check supports the model validity, model interpretation and
conclusion drawing apply. If necessary, the starting hypothesis or data se-
lection and preprocessing can change and the data mining lifecycle starts
over (Kantardzic, 2011).

The application of data mining procedures to genetics is increasing,
specially to handle the huge amounts of —omics data. Specially, it has
been proved insightful in marker prediction from microarray data in cancer
research (Alizadeh et al., 2000; Golub et al., 1999; Ramaswamy et al.,
2001). However, its usage in plant developmental genetics itself is scarce.

1.5.3 Biological databases

Data storage is the natural step after data acquisition. In some cases, the
aim of handling data is only to search and analyze it locally and by a single
user. However, the amount of data or the necessity to provide concurrent
access (that is, by multiple users) call for specific solutions. Most data
storage techniques for the least demanding situations are based on flat
files, which are usually integrated through indexing (Fujibuchi et al., 1998;
Etzold et al., 1996). The usage of database management systems, how-
ever, provide more analytical power and checks for internal consistency.
Biological databases are mostly implemented on relational database man-
agement systems (RDMS). Leading RDMS are Oracle, IBM, PostgreSQL
or MySQL, often queried through interfaces such as ODBC and JDBC.
The integration of biological RDMS-driven biological databases is tightly
related with the data mining and integration (Kohler et al., 2003; Stevens
et al., 2001).

The integrative capabilities of the biological databases rely on their
modular design: that is, the possibility to add content to increase its in-
formativeness. A typical scenario is the creation of a blastable database
after cDNA sequencing in order to facilitate similarity searches. This hy-
pothetical database can be further enriched through bioinformatics or data
mining procedures; the typical follow-up to the sequencing are functional
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annotation or polymorphism detection. Given a gene of interest inside
the database, a common task is to design primers and perform gene ex-
pression analysis through Q-PCR. An application aiding primers design
accessing the database could produce a set of primers to feedback it; thus,
the database is enriched with a new entry linking the primers to the start-
ing gene of interest. After the Q-PCR, results can be saved according to a
data handling standard, such as MIQE (Bustin et al., 2009), and attached
to the gene of interest and primer combination. In that manner, a knowl-
edge gathering is performed and the database populated, increasing its
data mining potential as the content increases. This tendency to feedback
different data in a relational manner is a challenging field on bioinformatics
(Stein et al., 2003).

1.6 Thesis scope

In this section we place the contents of the thesis within the current sci-
entific background, providing a scaffold to the dissertation and clarifying
its aim.

1.6.1 State of the art

The discovery of the genetic control underlying the floral architecture was
tightly related with the mutant analysis. The defective plants with mor-
phogenetic abnormalities were analyzed in the early eighties by gene map-
ping and cloning, thus allowing to disclose the underlying gene-to-function
link (Smyth, 2005). So the homeotic mutants were used as tools for eluci-
dating the normal organogenetic process (Meyerowitz et al., 1989).

The source and characterization strategy of those aberrant phenotypes
depended on the species used. Plant developmental biology was at first
mainly conducted with two species, A. thaliana and Snapdragon. In the
eighties, A. thaliana had a convenient linkage map (Koornneef et al., 1983)
and Snapdragon had their transposable element system already cloned and
a large stock of mutants (Stubbe, 1966).

The success of A. thaliana as plant model was evident even in 1994, six
years before the sequencing of its genome (The Arabidopsis Genome Initia-
tive, 2000; Meyerowitz, 1994). The advantages for being in such position
were its fast life cycle, its easy insertional mutagenesis and transforma-



1.6 Thesis scope 19

tion*, the development of efficient crossing procedures and the availability
of chromosome maps and molecular markers. The large amount of seed
produced each generation, which could be maintained effortless as genetic
stocks, eased the retrieval and handling of an extensive amount of mutants
(Boyes et al., 2001).

In spite of that, the first plant homeotic gene cloned was deficiens from
Snapdragon (Sommer et al., 1990). Later additional homeotic genes were
cloned and found to belong to transcription factors, known as MADS-box
family members®. As soon these, as agamous of A. thaliana among others,
were cloned (Yanofsky et al., 1990), the ABC model of floral patterning was
proposed (Coen and Meyerowitz, 1991). Such MADS proteins were shown
to function as multimers (Davies et al., 1996; Egea-Cortines et al., 1999),
and the model was widened ten years later when a set of MADS genes,
including sepallata, were found to be interacting with the ABC genes in
organ determination of A. thaliana floral primordia (Pelaz et al., 2000).

The extensive floral diversity has given rise to comparative flower devel-
opment, a field which integrates the new knowledge gathered from different
species (Smyth, 2005). However, traditional genetic approaches are not
feasible in many species: forward genetic approaches, like mutagenesis, re-
quires fast outcross and progeny retrieval; and reverse genetic approaches,
like persistent post-transcriptional gene silencing, depends on regenera-
tion capabilities of tissue cultures of Agrobacterium-mediated transformed
material (Irish and Litt, 2005).

Duplication of homeotic genes, such as those related with the lineage
apetala3 [ pistillata, has occurred multiple times (Kramer et al., 1998). Du-
plicate genes can diverge in function and structure (that is, transcription
pattern and coding sequence) and it has been suggested that this functional
divergence could be the basis of the current floral morphology diversity
(Theien et al., 1996, 2000).

Accordingly, research on developmental genetics of the flower is being
conducted in several species apart from A. thaliana and Snapdragon. A
short list of model species in the field are: first, basal angiosperms, such

4Specially, the vacuum-infiltration and the floral dip procedures shortened the plant
transformation protocols, making possible to recover A. thaliana transgenics without
plant tissue culture or regeneration (Clough and Bent, 1998).

5Besides, some homeotic genes were found not to be MADS-box family members.
apetala2, a gene that regulates some aspects of meristem and floral organ identity, was
ascribed to a novel type of DNA binding domain (Weigel, 1995).
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the basal eudicots Ranunculales®; second, monocots; third, Gerbera, an
Asteraceae; and finally P. hybrida, close to tomato.

The increase in number of model species studied led to find some weak-
ness of the ABC model. Even in Arabidopsis, A-function weak alleles
do not trigger full homeotic conversion, and strong mutants show flowers
which often lack the second whorl. Since the model proposed that the
A and C function genes have a cadastral function (meaning that inter-
act in a mutually antagonistic manner), the only A-mutant-like phenotype
described in Snapdragon is produced by overexpression of C function in
whorls 1 and 2 (Bradley et al., 1993). Furthermore, the mRNA of apetala?2,
an A class gene, has been shown to complement the spatial expression of
the miR172, a microRNA, with a transient overlap in the whorls 2 and 3 of
the flower primordia; so the model has been updated proposing a cadastral
action of miR172 over apetala2 (Wollmann et al., 2010).

The criticism over the ABC model also affects the B and C genes,
which, when mutated, alter aspects apart from the organ identity. Loss-
of-C-function mutants increase the number of floral organs thus indicating
that C genes also affect the flower determinacy. Snapdragon loss-of-B-
function mutants lack organs in the fourth whorl, thus pointing that B-
function genes do not affect only whorls 2 and 3 (Trobner et al., 1992).

Apart from the classical ABC genes, a plethora of genes have been
described to affect flower development. Obviously, mutants with impaired
plant hormone metabolism or signaling do show aberrant phenotypes (Mal-
lory et al., 2005; Hu et al., 2003; Marti et al., 2007). Strikingly, the sero-
tonin biosynthesis is implicated in flower development also (Kang et al.,
2007). Expansins, cell wall proteins involved in cell wall loosening while
enlarging, alter petal size in a location-specific manner (Zenoni et al., 2004;
Dal Santo et al., 2011; Zenoni et al., 2011a). Among the diversity of genes
altering flower development, glutaredoxins (Li et al., 2009), cytochromes
P450 (Anastasiou et al., 2007), bHIH transcription factors (Szécsi et al.,
2006) or E3 ubiquitin ligases (Disch et al., 2006) have been described.

Gene function discovery through the available reverse genetics tools

SApart of Ranunculales, the basal eudicots taza Trochodendraceae (Chen et al.,
2007), Buxaceae (von Balthazar and Endress, 2002) and Sabiaceae (Wanntorp and
De Craene, 2007), among others, have been subjected to many evolutionary and devel-
opmental studies; the basal eudicots represent a critical stage of angiosperm evolution,
and the Ranunculid clade (sense Soltis et al. (2003); Kim et al. (2004)) can clarify the
ancestral MADS-box gene functions as well the implications of the duplication in their
lineages (Kramer and Zimmer, 2006).
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became a major approach in the post-genomic era. Hairpin-based gene
silencing expression vectors, such as the pHellsgatel2, have proved to be
valid in Solanaceous species (a map of the vector is available as figure 1.4).
The Agrikola project project impact has been aforementioned, and roughly
the same approach has been employed on different systems. It is clear that
the genotype causes the phenotype but also that the genotype could be
inferred from the phenotype. The increase of the genomic data gathered
from in-depth studied species such as human or Caenorhabditis elegans
lead to somehow the same large-scale analysis, based in this case in mas-
sive cloning of open reading frames (ORFs) and the subsequent protein
production in heterologous systems; the approach lead to the creation of
the ORFeome (Reboul et al., 2003; Rual et al., 2004).

Hence the research executed at the Agrikola project was performed
in a hypothesis-free manner, in which the synthetic, inductive approaches
were conducted starting from data. Such approach, in opposition to the
analytic, hypothesis driven, deductive strategy based on the mining of an
idea which leads to some data production, has been described as episte-
mologically valid (Kell and Oliver, 2004).

1.6.2 Aim

The objective of the present dissertation is to enlarge the current knowl-
edge on flower development by means of the application of reverse genetics
techniques in a hypothesis-free manner. An overview of the experimental
approach is depicted in figure 1.5.

The availability of techniques and literature at the start of the research
in 2008 included: an efficient protocol of plant transformation (based on
leaf coculture with A. tumefaciens); a unannotated, non-public set of EST
sequences of mainly P. hybrida roots, albeit floral and inflorescence organs
were also included (which was uploaded afterwards to NCBI’s with ac-
cession UNILIB:50472); and a coherent work on flower genetics (specially
regarding MADS box genes).

The pitfalls included: the lack of genomic sequences; the relatively
long life cycle of the species; and the inherent diversity between P. hybrida
lines, as the most used varieties are hybrids with unknown combinations
of P. axillaris and P. integrifolia.

Thus the work outline conceived the reverse genetics approach in a
hypothesis-generating manner: according to a bioinformatics parameter
(that is, the likeliness of being differentially expressed in petals), we chose
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Figure 1.5: Experimental design and approach to the main objective of the
present dissertation. First, the microarray data were retrieved from At-
GenExpress; second, a linear model was fitted to check the differential ex-
pression on petals; third, the ranking of target transcripts was mapped to a
local EST database gathering P. hybrida sequences; fourth, an alignment-
based method was applied to select the parts of the target EST which
appear only once at the database; fourth, such unique substrings were
cloned, and subcloned to the pHellsgatel2 vector; and fifth, a transforma-
tion protocol was applied using in vitro leaf explant coculture with the
construct-carrying A. tumefaciens.
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nine transcripts and silenced them independently. Chapter 5 summarizes
this. The reason for such an approach is the trend of finding non ABC-
based genes altering flower architecture; in this sense, a statistically-based
hypothesis generating seemed innovating. The focus on silencing rather
than overexpression is due to the lack of an exhaustive biological database
containing full coding sequences, as opposed to the abundance of EST
information on partial mRNAs.

Along with this aim, we developed some tools easing or allowing the
main objective achievement. These tools have a basis on computational
biology. First of all, an EST database handling platform was produced, as
described in chapter 2. Secondly, as the PCR efficiency is a cornerstone on
gene expression quantification, we modelized it and integrated a predictor
into a primer design software (chapter 3). Finally, and focusing again
on developing an accurate gene expression platform and thus precision
phenotyping, we identified the suitable reference genes for real time PCR
in our experimental conditions, as described in chapter 4.
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Chapter 2

Implementation of a pipeline for
Expressed Sequence Tags analysis

Expressed Sequence Tag (EST) projects by pyrosequencing produce high amounts
of redundant, partial sequences which need further data analysis. The process-
ing steps are guided towards generating a biological database. The final EST
database gathers the sequencing information after data quality check, assembly
and annotation. After the raise of cheap next generation sequencing facilities,
EST projects became available to small laboratories, therefore generating new
needs of data handling.

The software pESTle (pipeline for EST local exploit) is a set of procedures
which automatically quality checks, assembles, stores and annotates ESTs gen-
erated wvia high-throughput sequencing technologies. It uses a PostgreSQL re-
lational database as storage system, easing the information retrieval; and well
tested, third-party bioinformatics tools for assembly and functional categoriza-
tion. pESTle performs different data mining procedures and annotates the se-
quences locally. It also produces a browseable Web page gathering the results,
easing information retrieval. In order to exemplify its usefulness, the software de-
velopment was paired with a laboratory experiment comprising a 454 sequencing
of 600,000 reads.

pESTle addresses the challenging EST data mining procedure in a well-
established database management system platform, which allows high flexibility
and customization capabilities. pESTle performs the data analysis from raw data
resulting on a curated set of information stored; and serves it by a user-friendly
Web interface.”

"The release candidate can be requested to izaskun.mallona@upct.es under the GPL
v2 terms.

25
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2.1 Introduction

Transcriptome sequencing projects produce expressed sequence tags (ESTSs),
that reflect the transcribed parts of a genome. Comprehensive sets of ESTs
are used for gene discovery, gene mapping and marker development. Since
the spread of cheap EST sequencing projects, many analytical pipelines to
deal with ESTs have been developed. Their goals are to manipulate the
raw data obtained by sequencing and to integrate it in a database, which
gathers further mining results on the sequences (Nagaraj et al., 2007b).

The three major steps on EST processing include checking for se-
quencing errors and contamination, EST assembly and functional annota-
tion. Electronic function inference can be produced by similarity searches
against annotated databases, thus enriching the starting assembled se-
quences with putative ontologies and biochemical functions (Ayoubi et al.,
2002). The assembled sequences can be searched for patterns, such as
repeats (Robinson et al., 2004) or single nucleotide polymorphism (SNP)
calling, or summarized, such as by codon usage analysis (Nakamura et al.,
2000).

Common EST analysis procedures, including function inference, check-
ing for repeats and mapping to other databases, can be integrated into
dataflows of consecutive steps. However, the design of these pipelines differ
in some aspects, such as: whether they are executed locally or depend on
external servers; the starting data format allowed (that is, chromatograms,
fasta files, phd files and so) and the associated amount of effort required
for pre-processing (such as vector, adaptor and low-quality bases removal
or chimeric reads detection); and the manner the data is offered after-
ward (presence of a Web interface or not). Albeit their differences, these
systems share an automated or semi-automated procedure for cleansing,
assembling and annotating through comparison to public databases (Na-
garaj et al., 2007b). A shortlist of tools developed for EST analysis include
PipeOnline 2.0 (Ayoubi et al., 2002), ParPEST (D’Agostino et al., 2005),
ESTExplorer (Nagaraj et al., 2007a), ESTpass (Lee et al., 2007), EST2uni
(Forment et al., 2008), dCAS (Guo et al., 2009), est2assembly (Papanico-
laou et al., 2009) and ngs_backbone (Blanca et al., 2011).

Here we present a new pipeline, pESTle, which performs the EST min-
ing locally, thus increasing data handling independence over Web-based
services. As output it produces a Web-based searchable interface allowing
data querying and retrieval. pESTle has three major components: first,
the database; second, the scripts used for the data preprocessing and anno-
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tation; and third, the scripts leading to the development of a Common In-
terface Gateway (CGI) searchable database. The software package is freely
distributed under a GPL v2 license, and runs on a Linux-based server with
Apache, python/Bioython (Chapman and Chang, 2000), PostgreSQL and
EMBOSS (Rice et al., 2000).

2.2 Material and methods

2.2.1 Wet lab

Methods for RNA extraction, cDNA production and sequencing were de-
scribed by Mallona et al. (2011a).

2.2.2 Environment

pESTle is developed in Python/Biopython, C and PostgreSQL by itera-
tive and incremental development and mostly under the object-oriented
programming paradigm (Booch et al., 2007), and uses an enhanced entity-
relationship model (EER) to design the database (Chen, 1976).

To satisfy the computational requirements of the assembly and func-
tional annotation, the analysis were performed on a cluster using a node
of two Intel Xeon Quad-Core. Job control was performed with Torque, an
open source version of the original Portable Batch System (PBS) project
(Jones, 2001) developed by NASA, Ames Research Center, Lawrence Liv-
ermore National Laboratory, and Veridian Information Solutions, Inc.

The Web server offering the graphical user interface (as that present in
http://srvgen.upct.es/opuntia/database.html, user: opuntia, pass-
word: Opuntia ficus-indica) runs with one GB RAM and a CPU at 2.80GHz
under Ubuntu GNU /Linux with kernel 2.6.31-14-server.

2.3 Results

2.3.1 Data flow

The pipeline starts with the raw reads produced by 454 pyrosequencing.
The output is a fully assembled, quality checked collection of clustered
sequences and singletons which are annotated and accessible through a
Web interface.



2 PIPELINE FOR EST ANALYSIS

PCRefficiency \
and primer design

SNPs and haplotypes

Repeats

Pathways

J

28
Tier 2 C Final user -J
p—
Web server @
Tier 1 .
PESTLe serve -
Database
Tier 0 management
system
PESTLe build
Tier -1

raw data

new ooo0o

Rl (e
=

KEGG Pathways

NCBI's nr

Gene Ontology

/

Figure 2.1: pESTle architecture. The proposed EST database comprises
five tiers. Tier -1 includes the preprocessing, clustering and assembly of
the raw data and interacts with previously established databases, such as
Gene Ontology or NCBI's nonredundant. Tier 0 is the PostgreSQL core
of database management system. Tier 1 comprises the pESTIle scripts
intended to facilitate the access to the database, and crosstalks with the
common gateway interface and the apache Web server. Finally, tier 2 is
the graphical user interface from which the final user queries the database.
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The pESTIe environment stores and queries the EST data through the
PostgreSQL database management system. As it is a relational database
system, it stores the data in interconnected tables in a module-built man-
ner, thus easing data updating, such as adding new features o running
again some of the processing steps.

The EST analysis comprises four consecutive steps: first, the prepro-
cessing; second, the clustering and assembly; third, the structural annota-
tion; and fourth, the functional annotation.

During the preprocessing, the raw data files are checked for vector or
low-quality zones and are conveniently edited. Short sequences or sequenc-
ing artifacts are rejected. Repeat searching is conducted with Repeat-
Masker (Chen, 2004), and vector contamination with cross_match (Ewing
et al., 1998).

The structural annotation step relies on mining sequence patterns, such
as SSRs or SNPs. sputnik (Robinson et al., 2004) allows SSR detection
and qualitysnpng, an update of qualitysnp (Tang et al., 2006), the SNP
recognition and haplotype number estimation®

The functional annotation step assigns a putative function and several
categories, such as KEGG Orthologies or Gene Ontology annotations, to
the ESTs selected. The ESTs are queried against well described databases,
such EBI’s gene association files or Pfam databases, via blast (Altschul
et al., 1990). In order to avoid electronically inferred putative misassign-
ments, the user is asked to decide whether only human curated databases
must be used; if not, electronically annotated databases are queried but
descriptors containing terms such as “unknown” or “hypothetical” are
skipped (Forment et al., 2008).

In plants, gene and whole genome duplications occur, thus challeng-
ing sequence clustering and differentiation between alleles and paralogues.
pESTIe handles the data assembly with the well tested CAP3 assembler,
and uses by default arguments leading to high astringency. After the align-
ment, the ace file is parsed and submitted to a new algorithm of single nu-
cleotide polymorphism (SNP) and haplotype detection (data not shown).

2.3.2 Architecture

The data flow architecture (figure 2.1) is designed in four tiers over locally
managed databases, thus ensuring security at several levels. pESTle op-

8In SNP mining, we define haplotype as a variant of a transcript; that is, a group
of sequences within a cluster, discarding paralogs, which can be handled as an allele.
Thus there are as many possible alleles as the ploidy of the organism.. A new algorithm
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Figure 2.2: Entity Relationship Diagram of the core of pESTle, as repre-
sented by PostgreSQL autodoc (Taylor, 2007), part I.
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erates in two major user cases: data retrieval from a fully assembled EST
database, and database generation from raw sequencing reads.

Regarding the first case, the final user accesses the database at tier 2,
whereas the core of the data is located in tier 0, with pESTle interleaving
the two layers. It is interesting to note that the final user at tier 2 cannot
introduce raw SQL (structured query language) sentences for database ac-
cess; the graphical user interface at tier 1 restricts those to a set of allowed
queries, thus adding a layer of security to the database, which is physi-
cally handled by the PostgreSQL core at tier 0. The architecture regards
crosstalk between external applications such as a primer design applica-
tion which estimates also PCR efficiency (Mallona et al., 2011b), databases
such as NCBI’s nonredundant, or the result of mining the tandem repeats
as computed by trfinder (Benson, 1999). The relational database struc-
ture, normalized according to the Boyce-Codd criteria (Codd, 1974), is
represented by its EER diagram presented in figure 2.2.

The database build by pESTle starts with the raw data at tier -1, which
communicates with reference databases (such as NCBI’s nonredundant, or
Gene Association files), and leads to the generation of a database accessible
through the database management system at tier 0. pESTle comprises
all the scripts used for communicating the quality check and assembly
applications as well the annotating tool. It is worth noting that the final
user has no access by graphical user interfaces to pESTle scripts used for
database generation.

Data integrity is secured by the PostgreSQL management system at
tier 0, which ensures: referencial and declarative checks of constraints;
transaction logging and convenient rollbacking in case of unexpected er-
rors (such as energy supply failures); concurrency control, reducing chances
of interferences between concurrent applications; and triggers raising ex-
ceptions when the consistency checks do not succeed (Stinson, 2001).

To explore the data quering flexibility, a SQL query is summarized
below. It selects all the contigs satisfying three conditions: first, to be
annotated by blast to A. thaliana as involved in “calcium signalling”; sec-
ond, having one or more SNPs that change “A” to “T”; and third, being
longer than 500 bp. The query result contain: the contig name and length,
the gene symbol of the homologous A. thaliana entry, the blast score for
such assignation, and the number of SNPs. In case of multiple results, the

for SNP and haplotype calling has been developed and included into pESTle (data not
shown).
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matching objects are sorted by the blast score and the SNP location.

It is worth noting that the raw SQL searching is restricted to ad-
vanced users, as the Web graphical user interface offers pre-established
SQL queries.

SELECT

c.contig_name, c.contig_length, e.symbol, b.score, s.number
FROM

blast_arabidopsis b, contig c, snps s, gq_pcrs q, entrez_genes e
WHERE

e.description LIKE ‘Ycalcium signalingy’ AND

s.snp_type AT AND

c.contig_length >500
ORDER BY b.score, s.location DESC;

2.4 Discussion

A paradigm of successful biological database is Ensembl, a platform which
integrates genomic information with abundant references to external databases.
Although firstly focused on Chordata genomes, its scope has widened in
species and in features, including regulation and function apart from raw
sequences. One of the goals of the platform is to serve visual represen-
tations aiding on data interpretation, thus acting as an integrator and
gatherer of knowledge (Flicek et al., 2010). Moreover, data storage and
mining goes beyond a mere aid on sequence documentation. Bourne (2005)
reflected on the value of the database entries compared to journal papers.
In his opinion, the database entry is more accessed and, under certain
point of view, more important; however, the visibility of a journal is much
higher. pESTle offers a flexible and easy-to-use EST database management
system.

The increasing number of biological databases devoted to a species
reflect that the paradigm of a single, all-including, biological database
is a lacking solution. The specialization derived from the interests and
expertise of a given community do enrich the panorama, as it leads to
the scientific independence of the databases which, in spite of that, can
be interlinked to others enabling cross-database querying (Stein et al.,
2003). In a context of cheap sequencing projects affordable by modest
institutions, small and independent projects are viable. pESTle, as a local
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pipeline, cares of data processing and serving as well permits continuous
update and population via wet lab feedback.

Many automated EST pipelines have been developed, adapted to dif-
ferent sequencing technologies, performing locally, in parallel or in the
cloud and using different software implementation strategies. The design
of a pipeline and the management of the data requires a significant ef-
fort in software engineering. These differences on architecture rely on the
different layers behind the EST pipeline (raw data handling and assem-
bly, annotation and database). pESTle runs locally, and thus gives high
control on data management, getting free of third party annotation plat-
forms. As both the annotation and the data serving are designed according
to an object-oriented paradigm and as the database structure is relational,
pESTle allows easy inclusion of new modules and capabilities, therefore
allowing interaction to other tools.

2.5 An application of pESTIle: OpuntiaESTdb

pESTle has been used to analyze the prickly pear Opuntia ficus-indica
transcriptome and to build the web-searchable OpuntiaESTdb (Mallona
et al., 2011a). This cactus species has agricultural importance as is highly
efficient doing photosyntesis. As obligate Crassulacean-acid metabolism
(CAM) plant, O. ficus-indica can take up relatively large amounts of COs
with respect to water loss by transpiration (4 to 10 mmol C'Os per mol HyO
compared to 1 to 1.5 mmol in C5 plants), and the annual above-ground
drymass can be increased by 37 to 40% for O. ficus-indica when the COo
level is doubled (Cui et al., 1993) (Nobel and Israel, 1994). The usage of
O. ficus-indica is very diverse. It is used as animal crop, either fresh or as
silage, usually supplemented with protein feed and minerals (Mondragén-
Jacobo and Pérez-Gonzélez, 2001). Further uses are as vegetable and fruit
crop (Saenz, 2000; Feugang et al., 2006). Other usages include the mucilage
from cladodes and fruit peels, a complex polysaccharide that can absorb
large amounts of water, for alimentary, medical and cosmetic purposes as
well as for improvement of the infiltration of the water into soil (Gardiner
et al., 1999) or as agent for clarifying drinking water (Saenz et al., 2004).
0. ficus-indica was shown to be hexaploid, even so it has also been reported
as heptaploid (Pinkava, 2002).

The sequencing of cDNA derived from RNA pools of various tissues
generated ESTs with an average read length of 344 bp (table 2.1). Cluster-
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Table 2.1: pESTIle usage example.
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0. ficus-indica EST characteristics

determined before and after assembly. Each contig was compared with the
NCBI’s nonredundant database with the blastx software; contigs matching
CAM or Arabidopsis are defined as those with their highest blastx hit
scoring an accession of that species.

Sequences before as-
sembly

Total Number of 604,176
Reads
Total Number of 208,173,730
Bases w/o keys, tags
and bad quality bases
Average Read Length 344
w/o keys, tags and
bad quality bases
Sequences after as-
sembly
Total Number 43,066 contigs and

Contigs average
length + standard
deviation

Singlets average
length + standard
deviation

Contigs matching
CAM

Contigs matching

Arabidopsis

407,253 singlets
611.585+151.5864

1384.955£196.6052

29,835

1015
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ing of these ESTs produced a total of 43,066 contigs and 407,253 unassem-
bled singletons with an average length of 612 and 1385 bp, respectively.
Annotation against the NCBI’s nonredundant database showed that 29,835
contigs produced the lowest blast hit scores against sequences from a CAM
species (69.3%) as listed by Sayed (2001) whereas 1015 were closer to those
of A. thaliana (2.4%).

The OpuntiaESTdb web interface includes a searchable database through
blastn, tblastn, blastx, tblastx and blastp assembled contigs and singletons.
Preexistent ESTs from CAM species were recovered from TIGR (The In-
stitute for Genomic Research) assemblies and included in the database to
allow for more comprehensive searches. Contig sequence recovery includes
functional annotation fetching, the annotations obtained from its Ref-
Seq/UniProtKB putative orthologs. Thus, Kyoto Encyclopedia of Genes
and Genomes (KEGG) Orthologs and Pathways, PubMed publications,
ExPaSy, InterPro and GO annotations, Tandem Repeats, and UniProtKB
cellular locations and keywords are retrieved if present. KEGG Pathways
including O. ficus-indica contigs are offered as highlighted maps. Addi-
tional information on data analysis and functional categorization can be
found in Mallona et al. (2011a), including a flowchart of database con-
struction and its applications; the comparative distribution of a selection
of functional categories between the classified genes from the Arabidopsis
genome and the O. ficus-indica EST clusters as detected by WEGO; the
distribution of functional categories among contigs showing the 10 most
common GO terms in the EST database for each of the three ontology
domains, molecular function, cellular component and biological process;
and the KEGG pathway for carbon fixation in photosynthetic organisms
with highlighted orthologs from the OpuntiaESTdb.

2.6 Conclusions

A new 454-based EST analysis tool capable of handling both EST prepro-
cessing, clustering and assembly and data serving has been produced. De-
signed to run locally, it ensures data security and integrity, as well presents
a user-oriented web interface for easy-to-use data mining. pESTle is fully
automatic and modular, thus easing the incorporation of new capabilities
and the interaction with third party software. As a open-sourced project,
pESTle offers high evolvability, as its functions could be reused by the
bioinformatics community and new capabilities can be incorporated.
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Chapter 3

pcrEfficiency: A Web tool for
PCR amplification efficiency
prediction

Relative calculation of differential gene expression in quantitative PCR reactions
requires comparison between amplification experiments that include reference
genes and genes under study. Ignoring the differences between their efficien-
cies may lead to miscalculation of gene expression even with the same starting
amount of template. Although there are several tools performing PCR primer de-
sign, there is no tool available that predicts PCR efficiency for a given amplicon
and primer pair.

We have used a statistical approach based on 90 primer pair combinations
amplifying templates from bacteria, yeast, plants and humans, ranging in size
between 74 and 907 bp to identify the parameters that affect PCR efficiency. We
developed a generalized additive model fitting the data and constructed an open
source Web interface that allows the obtention of oligonucleotides optimized for
PCR with predicted amplification efficiencies starting from a given sequence.

perEfficiency provides an easy-to-use web interface allowing the prediction of
PCR efficiencies prior to web lab experiments thus easing quantitative real-time

PCR set-up. A web-based service as well the source code are provided freely at

http://srvgen.upct.es/efficiency.html under the GPL v2 license®

3.1 Introduction

Since the development of quantitative PCR (Q-PCR) in the early nineties
(Higuchi et al., 1993), it has become an increasingly important method

Izaskun Mallona, Marcos Egea-Cortines and Julia Weiss. pcrEfficiency: a Web
tool for PCR amplification efficiency prediction. BMC' Bioinformatics, 12:404, 2011.
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for gene expression quantification. Its aim is to amplify a specific DNA
sequence under monitoring and measuring conditions that allow stepwise
quantification of product accumulation. Product quantification has fos-
tered the development of analysis techniques and tools. These data mining
strategies focus on the cycle in which fluorescence reaches a defined thresh-
old (value called quantification cycle or Cq) (Luu-The et al., 2005; Bustin
et al., 2009); with the Cg parameter, quantification could be addressed
following two approaches: (i) the standard curve method (Morrison et al.,
1998) and (ii) the AACq method (Livak and Schmittgen, 2001).

It is worth noting that these classical quantification methods assume
that amplification efficiency is constant or even equal to 100%. An ef-
ficiency value of 100% implies that during the exponential phase of the
Q-PCR reaction, two copies are generated from every available template.
But it has been shown that these assumptions are not supported by experi-
mental evidences (Ramakers et al., 2003). With the aim of estimating PCR
efficiency, and thus to include it in further analysis procedures, two strate-
gies have been developed: (i) kinetics-based calculation and (ii) standard
curve assessment.

Taking into account the reaction kinetics, which is basically equivalent
to the bacterial growth formulae (Monod, 1949), amplification efficiency
could be visualized in a half-logarithmic plot in which log transformed flu-
orescence values are plotted against the time (cycle number). In these type
of graphic representations, the phase of exponential amplification is linear
and the slope of this line is the reaction efficiency (Schefe et al., 2006).
Empirical determinations of amplification efficiencies show that ranges lay
between 1.65 and 1.90 (65% and 90%) (Tichopad et al., 2003). Standard
curve-based calculation method relies on repeating the PCR reaction with
known amounts of template. Cq values versus template (that is, reverse
transcribed total RNA) concentration input are plotted to calculate the
slope. Laboratories where few genes are analyzed for diagnostic may de-
velop standard curves but they are in most cases out of scope for research
projects where tens-hundreds of genes will be tested for changes in gene
expression.

Several aspects influence PCR yield and specificity, including reagents
concentration, primer and amplicon length, template and primer secondary
structure, or G4C content (Qu et al., 2009). The goals of a PCR assay
design are: (i) obtaining the desired product without mispriming and (ii)

(Mallona et al., 2011b).
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rising yield towards optimum. In most cases, the sequence to amplify is a
fixed entity, so setting up an efficient reaction involves changes in reagents
concentrations (salts, primers, enzyme) and specifically an optimal primer
design. Thus a plethora of primer designing tools have been published,
regarding as little as G4C content for T, calculation (Marmur and Doty,
1962; Wallace et al., 1979), evaluating salt composition (Howley et al.,
1979) or even employing Nearest Neighbor modules, which consider primer
and salt concentrations (Breslauer et al., 1986).

Efficiency values are essential elements in the AACq method and its
variants: relative quantities are calculated using the efficiency value as the
base in an exponential equation in which the exponent depends on the Cyq.
Thus efficiency strongly influences the relative quantities calculation, which
are required to estimate gene expression ratios (Livak and Schmittgen,
2001).

In this work, we analysed Q-PCR efficiency values from roughly 4,000
single PCR runs with the aim of elucidating the major variables involved in
PCR efficiency. With this data we developed a generalized additive model
(GAM), which relies on nonlinear regression analysis, and implemented it
in a open, free online Web tool allowing efficiency prediction.

3.2 Methods

3.2.1 DNA templates

We used a variety of DNA templates to obtain data for efficiencies in-
cluding genomic DNA from bacteria, yeasts, plants and humans, and plas-
mid DNA. Samples using cDNA as template were produced from isolated
mRNA from different sources. Synthesis of first strand ¢cDNA was per-
formed from DNAase treated mRNA, using the Maxima kit from Fer-
mentas as described in the protocol. Samples amplified by whole genome
amplification using the ¢29 DNA polymerase were performed with the
Genomiphi kit (GE-Healthcare) according to manufacturers manual. A
summary of the data is available as Additional file 1 at the published
version of the manuscript.

3.2.2 Real time PCR

PCR reactions used were carried out with the SYBR Premix Ex Taq
(TaKaRa Biotechnology, Dalian, Jiangsu, China) in a Rotor-Gene 2000
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thermocycler (Corbett Research, Sydney, Australia) and analysed with
Rotor-Gene analysis software v.6.0 as described before (Mallona et al.,
2010). A second set of reactions was performed with a Mx3000P machine
(Stratagene, Amsterdam) and analyzed with the qpcR R package (Ritz
and Spiess, 2008). Reaction profiles used were 40 cycles at 95 °C for 30
s, an amplicon-specific annealing temperature for 20 s and amplification
at 72 °C. In order to ensure the specificity of the reaction, uniqueness of
Q-PCR products were checked by melting analysis (data not shown). Flu-
orescence data acquisitions during the cycling steps were collected at 72 °C
step, temperature at which eventual primer-dimers should be melted, thus
avoiding artifactual contribution to the fluorescence measure. Once fin-
ished, analysis was followed by a melting curve whose ramp was delimited
between the annealing temperature and 95 °C. Reaction volume was 15
pL and each primer was 240 nM.

Reaction efficiency was calculated using the amplification curve fluo-
rescence, analyzing each PCR reaction (tube) separately as before (Liu
and Saint, 2002). Efficiency value (F) was defined as £ = Ff 2, in which
n is determined as the 20% value of the fluorescence at the maximum of
the second derivative curve. Efficiency calculations were performed with
the gpcR R package (Ritz and Spiess, 2008). Curves were formed by 40
points, each one representing a fluorescence measure in each amplification
cycle. The Rotor-Gene 2000-based runs were baseline corrected either by
standard normalization (substraction of the fluorescence present in the first
five cycles of each sample) or by “dynamic tube” normalization (which uses
the second derivative of each sample trace to determine the take-off, thus
asigning a threshold separately to each reaction), whereas the Mx3000P
were by “adaptive baseline” correction (which assigns a threshold indepen-
dently to each sample).

3.2.3 Data mining

Data mining was performed with the R statistical environment v2.7.1 and
v2.10.1 (R Development Core Team, 2008) with the following libraries:
coin v1.0-4, (Hothorn et al., 2006) mgcv v1.7-5 (Wood, 2001), ROCR
(Sing et al., 2009) v1.0-4, compute.es v0.2 (Re, 2010) and verification v1.31
(NCAR, 2010). The final model was implemented in a CGI server-side set
of Python/BioPython scripts interacting with the web browser requests.
Source code of both modeling procedures and the server-side application
are available at the website.
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a |0 d
[ACMGAMTITCIGATIIC
Triplets: ACT; i++

i=1

b ACTGATTTTCIGATDTIC

Triplets: ACT, CTG; i++

(...)

C AdTGAMTTTCIGADTIC
Triplets: ACT, CTG, ..., TTC z:%zr; primerDimers

reverse
selfCom

Figure 3.1: Algorithms for primer self-complementarity (primerSelfcom)
and cross hybridization (primerDimers) computing. (a), (b) and (c)
show three stages of the sliding window triplet extraction step. All the
DNA string is reduced into overlapping triplets. (d) reflects the general
overview of the algorithm. As a first step, triplets are extracted for each
primer. Then, primers are reverse complemented and thereafter splitted
into overlapping triplets. Comparison between triplets allows the gener-
ation of an estimate of similarity, which is employed as a hybridization
predictor.

3.3 Results

3.3.1 Data overview

Our data were generated from 90 different amplification products that
included four Escherichia coli strains, three Agrobacterium tumefaciens
strains (Manchado-Rojo et al., 2008), three tomato varieties (Weiss and
Egea-Cortines, 2009), three Petunia hybride lines (Mallona et al., 2010),
one Antirrhinum line (Delgado-Benarroch et al., 2009b), one Opuntia ficus-
indica genotype (Mallona et al., 2011a) and human liquid cytology sam-
ples used to test for Prostate Serum Antigen presence. Efficiencies ranged
between 1 (no amplification) and 2 (perfect exponential duplication). We
wrote an R seript (see Materials and Methods) to extract the numerical in-
puts for further statistical analysis. The script regarded complete amplicon
length, primer sequence, G+C content of amplicon and primers, presence
of repetitions in the amplicon (N6 or above), primer melting temperature
and the 3’ terminal, last two nucleotides of each primer and primers ten-
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T

Figure 3.2: Perspective plot views of the GAM. Results of the best-fitting
smooths for the variables included in the model. The interaction between
the two variables is presented as a surface; the z-axis shows the response
and the relative importance of each variable is presented in the x- and y-
axis.

dency to hybridize (figure 3.1). Metadata for each PCR reaction included
sample origin (that is, genomic or cDNA), operator involved, species and
line or variety, exact sequence amplified, primer length and PCR efficiency;
a summary of the data is shown as Additional File 1 at the published ver-
sion of the manuscript.

Efficiency dataset had highly repetitive data (presence of ties). Since
some of our comparisons intended to assess relationships between two
quantitative variables, we applied Spearman testsSpearman’s!test. How-
ever, analysis of quantitative versus qualitative data was performed em-
ploying Kruskal-Wallis tests. Due to the presence of ties, which hampers
the application of rank-based tests, asymptotic tests were applied. p-values
were approximated via its asymptotic distribution and ties were adjusted
via random rank averaging. Both procedures are implemented in the coin
R package (Hothorn et al., 2006). We chose a value of 0.05 as cut-off
of statistical signification. A summary is shown in table 3.1. Post-hoc
asymptotic Wilcoxon Mann-Whitney rank sum test were performed to
discriminate the contribution of some of the categorical variables, as well
to analyzed effect sizes; the statistical outputs are shown as table 3.3.
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Table 3.2: GAM summary as estimated by the gam func-
tion of the mgev R package. Model  formula  corre-
sponds to: ef ficiency s(lengthSequence, gcSequence)  +

s(primersLength, gcPrimers) + s(gcImbalance, primer Dimers).

GAM analysis
Estimate | Std. Error | t value | Pr(> |t|)
(Intercept) 1.73825 0.00153 1136 <2e-16
Approximate significance of smooth terms
edf Ref.df F p-value
s(lengthSequence,gcSequence) 17.58 18.08 2.332 0.00114
s(primersLength,gcPrimers) 27.96 28.46 22.950 | <2e-16
s(gcImbalance,primerDimers) 28.83 29.33 16.717 | <2e-16
R-sq.(adj) = 0.41 Deviance explained = 42.1%
GCV score = 0.0094091 Scale est. = 0.0092293 n = 3944

In order to build up a predictive, statistical model we used a general-
ized additive modelling procedure as an effective technique for conducting
nonlinear regression analysis in which factors were modeled using non-
parametric smooth functions. GAM function was implemented by the
R project mgcv package (Wood, 2001), according to the formulation de-
scribed in (Wood, 2004). Data fitting is shown in table 3.2. Figure 3.2
shows perspective plot views of the GAM; predicted efficiency is plotted
as a response surface defined by the values of two interacting variables.

3.3.2 Statistical modelling

Model selection was performed according to the Akaike’s Information Cri-
terion, a penalized log-likelihood system addressing model goodness and
denying low parsimony (Akaike, 1974). We selected a GAM based on the
interaction of the length and G+4C content of the sequence as well, indepen-
dently, of the primers; and the interaction of the G+C imbalance between
primers with an estimation of the tendency to produce primer dimers. The
R squared parameter of the model is 0.41, whereas the deviance explained
is 42.1 %.

As the model intends to estimate the PCR efficiency of a set com-
posed by a given amplicon and a given set of oligo primer pairs, it could
be validated in terms of ranking performance. We defined a threshold
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Table 3.3: Post-hoc categorical variable analysis. The variables regard-
ing PCR template (GD, genomic; CD, cDNA; plasmid, Escherichia coli
plasmid; yGD, yeast genomic) and 3’ primer termini (U, purine; Y, pyrim-
idine) were analyzed by asymptotic Wilcoxon Mann-Whitney rank sum
tests (Z, Z value; p, p-value), and the effect sizes estimated by the two
tailed p-value (Cohen’s d, mean difference; Hedge’s g, unbiased estimate
of d; r, correlation coefficient; and n, the total sample size, which is twice
the effective sample size when the termini of the two oligos are analyzed).

Template Z p-value d g r n

CD vs. GN -31.16 <2.2e-16 0.27 0.27 0.13 3851
CD wvs. plasmid  -12.06 <2.2e-16 0.55 0.55 0.16 2548
GD wvs. plasmid  -9.92 <2.2e-16 0.57 0.57 0.19 1785
yGD ws. plasmid 8.88 <2.2e-16 0.77 0.77 0.36 480

yGD ws. CD 3.95 7.506e-05 0.26 0.26 0.07 2546
yGD wvs. GD 9.72 <2.2e-16 0.57 0.57 0.19 1783
UU vs. YY -8.38 <2.2e-16 0.27 0.27 0.13 3600
UU vs. UY -6.26  3.695e-10 0.19 0.19 0.09 4179
UU vs. YU -8.74  <2.2e-16 0.27 0.27 0.13 3517
UY vs. YU -3.15  0.001596 0.09 0.09 0.04 4288
UY vs. YY -2.27 0.02308 0.06 0.06 0.03 4371
YU vs. UY -3.15 0.001596 0.09 0.09 0.04 4288

of experimental efficiency measured during the Q-PCR obtaining a deci-
sion criterion of adequate PCR performance. We took results below 1.60,
1.70, 1.80 and 1.90 (that is 60 %, 70 % and so on) of efficiency as fails,
thus this threshold acts as a binary classifier of success. Receiver Oper-
ator Characteristic (ROC) curves are commonly used to analyze how the
number of correctly classified positive cases whose predicted efficiency is
over the threshold change with the number of incorrectly classified neg-
ative examples whose predicted efficiency is below that threshold (Davis
and Goadrich, 2006). This representation is complemented with the pre-
cision and recall (PR) curves, which evaluate the relationship between the
precision (the ability of presenting only relevant items) and recall (true
positive rate) (Davis and Goadrich, 2006). ROC and PR curves are shown
in figure 3.3; ROC rises rapidly to the the upper-left-hand corner thus re-
flecting that the false-positive and false-negative rates are low, whereas the
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PR curve locates at the upper-right-hand corner and thereafter indicates
that most of the items classified as positive are true positives.

3.3.3 Implementation

In order to ease PCR efficiency prediction prior to wet-lab PCR set-up,
we developed a user-friendly, freely available web tool for assessing primer
suitability before and during primer design. For this purpose, we wrote a
set of Python/Biopython scripts (Chapman and Chang, 2000) requested
through a Common Gateway Interface (CGI). These scripts were devel-
oped to call to the Primer3 software (Rozen and Skaletsky, 2000), working
inside the EMBOSS package (Rice et al., 2000). The web tool called PCR
efficiency calculator allows primer design starting from a DNA fragment
producing a set of theoretical PCR efficiency values. It also predicts PCR
efficiency values for preexisting primers and DNA template combinations.

3.4 Discussion

Several tools have been developed to assess primer design procedures. Most
of them consider hairpin structure formation avoidance, selection of nu-
cleotides in 3’ termini, primer melting temperature, etc. (Chavali et al.,
2005). However, intrinsic amplicon characteristics are not contemplated
in primer design. The work we present includes this important parameter
as amplification was found to be highly dependent on template structure
(tables 3.1 and 3.2). Indeed PCR specificity or PCR failure have been
found to be dependent on sequence similarity between primers and tem-
plate, lack of mismatches, or number of priming sites (Mann et al., 2009;
Andreson et al., 2008). Using logistic regression analysis, Benita et al.
(2003) found that PCR success is highly dependent on regionalized G+C
content in the template thus showing the importance of template structure
as a second step in PCR optimization. Generally, PCR success is evalu-
ated as a dichotomy by presence or absence of product. However in Q-PCR
experiments amplification efficiency becomes an important parameter to
perform proper statistical analysis that should yield the actual differences
in expression between several transcripts. Thus PCR efficiency becomes
as important as Cq values to determine differential gene expression. Our
model showed that G4C content in the amplicon plays a key role in PCR
efficiency confirming previous work and including it inside as a predictor
of PCR efficiency.



3.4 Discussion 49

Multiple parameters, such sequence palindrome abundance or the nu-
cleotide at the 3’ primer termini, were found to significantly contribute
to the PCR efficiency when analyzed separately. However, they were not
significant when included to a multiple component GAM. The model pre-
sented in this work estimates an efficiency value per PCR reaction regard-
ing three parameters, each of one represents the interaction between two
independent variables: the interaction between G+C content of the ampli-
con with its length; the interaction between G+C content of the primers
with its length; and the interaction between G+C content imbalance be-
tween primers (gclmbalance; their difference in G4C) with their tendency
to hybridize and thus to form primer dimers (primerDimers).

Our model gives a high influence to the difference of G+C content
between primers. Previous works noted that PCR using unequal primer
concentrations have better efficiencies when their melting temperatures
differ in > 5 °C (Pierce et al., 2005). However, when our tool is piped to the
Primer3 primer-design workflow, this difference is restricted by the Primer3
algorithms, thus avoiding design of highly unequal primers. Very high or
very low amplicon G+C content affects amplification success (Baskaran
et al., 1996; Varadaraj and Skinner, 1994). Specially, regionalized G+C-
content has been shown to be relevant in PCR success prediction (Benita
et al., 2003).

The comparison of the model performance in the ROC space discrim-
inates 1.60 as the classifier threshold which leads to the worst model be-
haviour, but shows only minor differences for the other cut-offs. The analy-
sis of PR curves allows further comparisons and highlights that 1.80 shows
the highest degree of resolution. Tuomi et al. (2010) described 1.80 as
boundary for optimized PCR reactions.

It is worth noting that the tool developed aids in primer design prior
to the wet lab experiments. Since it remains clear that there are physical
constraints which establish the maximum PCR efficiency of a given set
of one amplicon and a pair of oligos, bias is introduced in many ways
(pipetting, reactives, PCR machine, etc.). We would like to point out
that our work does not intend to substitute the experimental efficiency
calculation nor modify the quantification settings; its aim is to partner
primer design and thus allow obtaining results for normalization that do
not require primer combination testings.
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Figure 3.3: ROC and PR curves. ROC and PR curves are plotted for var-
ious experimental efficiency thresholds, which define the decision criteria
of succesful PCR performance. A good behaviour in ROC space is to be
in the upper-left-hand corner, whereas in PR, space the goal is to locate at
the upper-right-hand corner.

3.5 Conclusions

Using a wide range of amplicons and PCR set-ups, we statistically mod-
elized the response of the PCR efficiency value, a parameter affecting PCR
success and involved in effective gene expression quantitation. In order to
ease PCR primer design for Q-PCR experiments, the efficiencypredicting
model was included in the Primer3 design pipeline and freely provided as
a web tool. This tool should help to generate primer combinations with
similar theoretical efficiencies to well established PCR primers or to ease
multiplex PCR reactions where efficiencies should be similar among tem-
plates.

3.6 Availability and requirements

e Project name: pcrEfficiency, a web tool for PCR efficiency estimation

Project home page: http://srvgen.upct.es/efficiency.html

Operating system(s): Platform independent

e Programming language: R, python

Other requirements: None

License: GNU GPL v2.



3.7 Authors’ contributions 51

e Any restrictions to use by non-academics: None.

3.7 Authors’ contributions

IM, ME and JW carried out the design of the study. IM and JW performed
the Q-PCR experiments and participated in data collection. IM designed
the algorithms, developed the model and programmed the application. IM
and ME wrote the manuscript. All authors read and approved the final
manuscript.

3.8 Acknowledgements

This work was funded by Fundacién Séneca 11895/PI/09 and MICINN
BFU-2010-15843. IM received a grant from Fundacién Séneca. The au-
thors would like to thank Luis Pedro Garcia and SEDIC for aid in conduct-
ing the computational-intensive part of this work, as well the web server
set-up. Luciana Delgado-Benarroch is acknowledged for web usability sug-
gestions and Marta Pawluczyk for comments on the manuscript.



52

3 PCR AMPLIFICATION EFFICIENCY PREDICTION



Chapter 4

Validation of reference genes for
quantitative real-time PCR
during leaf and flower
development in Petunia hybrida

Identification of genes with invariant levels of gene expression is a prerequisite for
validating transcriptomic changes accompanying development. Ideally expression
of these genes should be independent of the morphogenetic process or environ-
mental condition tested as well as the methods used for RNA purification and
analysis.

In an effort to identify endogenous genes meeting these criteria nine reference
genes (RG) were tested in two Petunia lines (Mitchell and V30). Growth con-
ditions differed in Mitchell and V30, and different methods were used for RNA
isolation and analysis. Four different software tools were employed to analyze the
data. We merged the four outputs by means of a non-weighted unsupervised rank
aggregation method. The genes identified as optimal for transcriptomic analysis
of Mitchell and V30 were EFI« in Mitchell and CYP in V30, whereas the least
suitable gene was GAPDH in both lines.

The least adequate gene turned out to be GAPDH indicating that it should
be rejected as reference gene in Petunia. The absence of correspondence of the
best-suited genes suggests that assessing reference gene stability is needed when
performing normalization of data from transcriptomic analysis of flower and leaf

development.?

107zaskun Mallona, Sandra Lischewski, Julia Weiss, Bettina Hause, and Marcos Egea—
Cortines. Validation of reference genes for quantitative real-time PCR during leaf and
flower development in Petunia hybrida. BMC' Plant Biology, 10(1):4, 2010. (Mallona
et al., 2010).
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Figure 4.1: Developmental stages of leaves and flowers used for RNA ex-
tractions. Representative photographs of leaves and flowers of P. hybrida
lines Mitchell (a, ¢) and V30 (b, d) are shown. The leaf stages are young,
small leaf (leaf of the left in a, b) and fully expanded leaf (leaf of the right
in a, b). Flowers at four different developmental stages are shown (c, d).
From left to right they range from young flower bud (stage A, 1-1.5 cm),
over-elongated bud (stage B, 2.5-3 ¢cm) and pre-anthesis (stage C, 3.5-4.5
cm) to fully developed flower (stage D, open flower). Bar: 1 cm.

4.1 Introduction

The general aims of transcriptomic analysis are identification of genes dif-
ferentially expressed and measurement of the relative levels of their tran-
scripts. Transcriptomic analysis like that relying on microarray techniques
reveals an underlying expression dynamic that changes between tissues
and over time (Jiao et al., 2009). Results must then be validated by other
means in order to obtain robust data that will support working hypothe-
ses directed at a better understanding of development or environmental
responsiveness. Since the advent of quantitative PCR, it has become the
method of choice to validate gene expression data. However, data obtained
by qPCR can be strongly affected by the properties of the starting mate-
rial, RNA extraction procedures, and cDNA synthesis. Therefore, relative
quantification procedures require comparison of the gene of interest to an
internal control, based on a normalization factor derived from one or more
genes that can be argued to be equally active in the relevant cell types.
This requires the previous identification of such genes, which can then be
reliably used to normalise relative expression of genes of interest.
Identification of candidate genes useful for normalization has become
a major task, as it has been shown that normalization errors are probably
the most common mistake, resulting in significant artefacts that can lead to
erroneous conclusions (Gutierrez et al., 2008). Several software tools have
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Figure 4.2: Data analysis flow chart. CT (cycle threshold) values were
calculated using different thresholds depending on the variety. Efficiency
value taken for line Mitchell was 2; for line V30, there was one value for
each tube. Circles indicate statistical results to be merged with Rank-
Aggreg (Pihur et al., 2009). Relative quantities (RQ) were scaled to the
sample with lowest CT value (flower stage C). CT data were checked for
normality (Shapiro-Wilk test) and, due to non-normality, they were anal-
ysed by non-parametrical tests (Kruskal and Wallis). Since CT values
showed non-equal distributions according to the organ from which RNA
was extracted, they were further tested using pairwise Wilcoxon tests with
Bonferroni’s correction with the aim of solving pairwise significant vari-
ations. A significance threshold of 0.05 was used. Abbreviations: PV,
pairwise variation; M, classical stability value; stab, NormFinder stability
value; CV, variation coefficient; r2, determination coefficient - regression
to BestKeeper; RQ, relative quantities.



56 4 REFERENCE GENE VALIDATION IN PETUNIA

been developed to compute relative levels of specific transcripts (commonly
referred to as “gene expression”, although obviously transcript stability is
also an important factor contributing to transcript levels) based on group-
wise comparisons between a gene of interest and another endogenous gene
(Pfaffl et al., 2002). However identification of genes with stable patterns of
gene expression requires pairwise testing of several genes with each other.
Among the software programs developed toward this end are geNorm (Van-
desompele et al., 2002), BestKeeper (Pfaffl et al., 2004), NormFinder (An-
dersen et al., 2004) or qBasePlus (Hellemans et al., 2007). The programs
geNorm and qBasePlus use pairwise comparisons and geometric averaging
across a matrix of reference genes. qBasePlus also calculates a coefficient
of variation (CV) for each gene as a stability measurement. BestKeeper
uses pairwise correlation analysis of each internal gene to an optimal nor-
malization factor that merges data from all of them. Finally, NormFinder
fits data to a mathematical model, which allows comparison of intra- and
intergroup variation and calculation of expression stability.

Using the programs described above researchers have identified genes
suitable for use as normalization controls in Arabidopsis (Czechowski et al.,
2005), rice (Jain et al., 2006), potato leaves (Nicot et al., 2005), the par-
asitic plant Orobanche ramosa (Gonzalez-Verdejo et al., 2008), Brachy-
podium distachyon (Hong et al., 2008) and grape (Reid et al., 2006). In
the Solanaceae, candidate genes for normalization have been determined
based on EST abundance (Coker and Davies, 2003), and qPCR followed
by statistical analysis using the tools described above have been reported
(Exposito-Rodriguez et al., 2008).

A feature shared amongst these studies, and a large number of ad-
ditional publications describing human, animal and plant systems, is the
identification of genes specific for a certain tissue, developmental stage or
environmental condition. This is a logical experimental design, as individ-
ual research programs tend to be focused, and the number of appropriate
genes can be expected to be inversely related to the number of cell types
or conditions under investigation. Recent studies that included different
cultivars of soybean (Jian et al., 2008), underscore how the characteristics
of the plant and the types of organs studied must drive the experimental
approach to transcriptomic analysis.

The garden Petunia (Petunia hybrida) has been extensively used as a
model for developmental biology (Gerats and Strommer, 2009; Gerats and
Vandenbussche, 2005). Amongst the inbred Petunia lines used in research,
the white-flowered Mitchell (Mitchell et al., 1980), also known as W115,



4.2 Material and methods 57

is routinely exploited for transformation and scent studies (Dudareva and
Pichersky, 2008; Boatright et al., 2004; Spitzer et al., 2007a). The ge-
netics of flower pigmentation has been intensively studied in lines such as
V30 (Koes et al., 1986b). Mitchell and V30 are genetically dissimilar, as
demonstrated in mapping studies, and vary in a number of other ways, in-
cluding growth habit and amenability to propagation in culture. Here we
have used multiple developmental stages of flowers and leaves of these two
Petunia lines to identify genes that show reliable robustness as candidates
for use in normalization of relative transcript abundance. The experiments
were carried out in two different laboratories, with different PCR machines
and different purification and amplification conditions. We found that the
final shortlist of valuable genes was different between lines suggesting the
necessity of performing reference gene stability measurements as part of
the experimental design where differences in gene expression in Petunia is
tested.

4.2 Material and methods

4.2.1 Plant material

P. hybrida lines Mitchell and V30 were grown in growth chambers. Mitchell
plants were grown on ED73 Optifer (Patzer) under a 10 h light/14 h dark
cycle, with a constant temperature of 22 °C (60% humidity). V30 plants
were germinated in vermiculite and grown in a vermiculite-perlite-turf-
coconut fiber mixture (2:1:2:2). Plants were kept under a long day pho-
toperiod (16L: 8 D) with 25 °C in L and 18 °C in D.

Flowers were classified into four developmental stages: flower buds
(stage A, 1-1.5 cm), elongated buds (stage B, 2,5-3 cm), pre-anthesis (stage
C, 3.5 -4.5 cm) and fully opened flowers shortly before anthesis (stage D)
according to Cnudde et al. (2003). Leaves were harvested at two different
stages, stage A corresponded to young, small leaves and stage C to fully
expanded ones. Three independent samples of each of the developmental
stages of flowers and leaves were taken.!!

"Each independent sample comprised nine organs (in example, nine flower buds), and
three independent samples were taken for each developmental stage.
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4.2.2 RNA isolation and cDNA synthesis
Mitchell material

Total RNA was isolated from 100 mg homogenized plant material using
an RNeasy Mini Kit (Qiagen, Hilden, Germany). Putative genomic DNA
contamination was eliminated by treatment with recombinant DNase I
(Qiagen) as recommended by the vendor. RNA concentration and purity
was estimated from the ratio of absorbance readings at 260 and 280 nm
and the RNA integrity was tested by gel electrophoresis. cDNA synthesis
was performed using M-MLV reverse transcriptase (Promega, Mannheim,
Germany) starting with 1 ug of total RNA in a volume of 20 uL with
oligo(dT)19 primer at 42 °C for 50 min.

V30 material

Samples were homogenized in liquid nitrogen with a mortar and pestle. To-
tal RNA was isolated using the NucleoSpin RNA Plant (Macherey-Nagel,
Diiren, Germany) according to the manufacturer’s protocol. This RNA
isolation kit contains DNasel in the extraction buffer, added to the col-
umn once RNA is bound to the spin column. RNA was measured by
photometry at 260 nm and quality-controlled on denaturing agarose gels.
Total RNA (0.8 pg) was transcribed using the SuperScript IIT (Invitrogen
Corp., Carlsbad, CA) and oligodT20 employing 10 L 2x RT reaction mix,
2 uL RT enzyme mix and 8 puL RNA. Reverse transcription was performed
on a GeneAmp Perkin-Elmer 9700 thermocycler (Perkin Elmer, Norwalk,
CT, USA) by using the following programme: 10 min at 25 °C, 30 min at
50 °C and 5 min at 85 °C; addition of 1 u of Escherichia coli RNAse H,
and incubation for 2 h at 15 °C.

4.2.3 PCR optimisation

We selected nine genes to be tested as reference transcripts (ACT, CYP,
EF1a, GAPDH, RAN1, RPS13, SAND and UBQ) based on previous de-
scriptions (table 4.1). PCR conditions were optimised using cDNA from
leaves (stage A) in a Robocycler gradient 96 (Stratagene, La Jolla, CA)
and GoTaq Flexi DNA polymerase (Promega) in a 25 pL reaction contain-
ing: 2 uL of cDNA, 2 mM MgCl2, 0.2 mM each ANTP, 0.4 uL of each
primer and 1.25 U enzyme.
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4.2.4 Real-time PCR
Mitchell

Real-time PCR was performed in an Mx 3005P QPCR system (Strata-
gene, La Jolla, CA) using a SYBR Green based PCR assay (with ROX
as the optional reference dye; Power SYBR Green PCR Mastermix, Ap-
plied Biosystems, Foster City, CA). A master mix containing enzymes and
primers was added individually per well. Each reaction mix containing a
15 ng RNA equivalent of cDNA and 1 pM gene-specific primers (table 4.1)
was subjected to the following protocol: 95 °C for 10 min followed by 50
cycles of 95 °C for 30 sec, 60 °C for 1 min and 72 °C for 30 sec, and a
subsequent standard dissociation protocol. As a control for genomic DNA
contamination, 15 ng of total non-transcribed RNA was used under the
same conditions as described above. All assays were performed in three
technical replicates, as well three biological replicates 2.

V30

Reactions were carried out with the SYBR Premix Ex Taq (TaKaRa
Biotechnology, Dalian, Jiangsu, China) in a Rotor-Gene 2000 thermocy-
cler (Corbett Research, Sydney, Australia) and analysed with Rotor-Gene
analysis software v6.0 as described before (Manchado-Rojo et al., 2008)
with the following modifications: reaction profiles used were 40 cycles of
95 °C for 30 s, 55 °C or 60 °C for 20 s, 72 °C for 15 s, and 80 °C for
15 s, followed by melting at 50-95 °C employing the following protocol: 2
uL RNA equivalent of cDNA, 7.5 uL SYBR Premix Ex Taq 2x, 0.36 pL
of each primer at 10 uM and 4.78 uL distilled water. Annealing tempera-
ture was 55 °C (TUB, CYP, ACT, EF1a, GAPDH, and SAND) or 60 °C
(RPS13, UBQ, RAN1) according to the previous optimisation. In order
to reduce pipetting variability, we performed reaction batches containing
primer pairs, and templates were added in the end. Three technical repli-
cates for each reaction and non-template controls were included, as well
three biological replicates.

4.2.5 Bioinformatics and statistical analysis

Data analysis strategy is described in detail in results. Reaction efficiency
calculus was done using the amplification curve fluorescence, analyzing

2Runs were baseline corrected either by standard normalization (substraction of the
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each tube separately as described by Liu and Saint (2002). It was calcu-
lated as shown in equation 4.1 :

Ef ficiency = I (4.1)
anl

in which n is defined as the 20% value of the fluorescence at the max-
imum of the second derivative curve. Curve was defined by one measure
in each amplification cycle. We used only the exponential phase of the
amplification reaction. Software packages included geNorm v3.4, the excel
add-in of NormFinder v0.953 , BestKeeper v1 and qBasePlus v1.2 . Other
statistical procedures were performed with the R environment v2.7.1 with
the packages stats v2.7.1 , multcompView v0.1-0 and RankAggreg v0.3-1

(Pihur et al., 2009).

4.3 Results

4.3.1 Petunia lines, developmental stages and selection of
genes for normalization

Two very different Petunia lines were used for the analyses. Mitchell, also
known as W115 | is a doubled haploid line obtained from anther culture of
an interspecific Petunia hybrid (Mitchell et al., 1980); it is characterized by
vigorous growth, exceptional fertility, strong fragrance and white flowers.
V30 is an inbred line of modest growth habit and fertility featuring deep
purple petals and pollen. From each line we harvested flowers representing
four developmental stages, from young flower buds to open flowers shortly
before anthesis, and two leaf developmental stages, young and full-sized
(figure 4.1).

Potentially useful RG were selected based on review of the relevant lit-
erature, from which we identified genes previously used for normalization
or routinely used as controls for northern blots or RT-PCR. From the orig-
inal list we developed a short list of nine (table 4.1), including genes encod-
ing Actin-11 (ACT), Cyclophilin-2 (CYP)(Nicot et al., 2005), Elongation
factor 1o (EF1c), Ubiquitin (UBQ) Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), GTP-binding protein RAN1 (RAN1), SAND protein
(SAND) (Czechowski et al., 2005; Bey et al., 2004; Delgado-Benarroch

fluorescence present in the first five cycles of each sample) or by “dynamic tube” nor-
malization.
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et al., 2009a), Ribosomal protein S13 (RPS13) (Andersen et al., 2004)
and (B-Tubulin 6 (TUB) (Zenoni et al., 2004). The products of these genes
are associated with a wide variety of biological functions. Moreover, these
genes are described as not co-regulated, a prerequisite for using one of the
algorithms to identify stably expressed genes (geNorm) reliably (Vandes-
ompele et al., 2002).

4.3.2 Strategy for data mining and statistical analysis

The genes described above were selected to test for stability of transcript
levels through leaf and flower development in two Petunia lines, Mitchell
and V30. As the aim of the present work is to find if we could obtain a
similar rank of genes irrespective of the Petunia line, growth conditions
or sample processing, we developed all the data mining procedures sep-
arately for each line. Cycle threshold (CT) values were determined and
expression stability, i.e., the constancy of transcript levels, ranked. As a
strategy for calculating relative expression quantities (RQ) we applied the
qBasePlus software 13, taking into account for each reaction its specific
PCR efficiency. Rescaling of normalized quantities employed the sample
with the lowest CT value (see materials and methods in section 4.2 and
figure 4.2). With qBasePlus we measured expression stability (M values) 14

13The exact definition of the normalized, relative quantities (NRQ) is as depicted in

equation 4.2:
l;[&CR,goi

NRQ = ——29 (4.2)
H({ EACt,Tefo

refo

The formula is an improvement of the classic AA-Ct method published by Hellemans
et al. (2007). Note that both the efficiency (E) and the crossing point (Ct) are included,;
moreover, several reference genes (ref) can be used simultaneously to extract the relative
quantities of a gene of interest (goz).

14 According to Vandesompele et al. (2002), starting with a reference gene called j
and another k, the M value computation relies on log-transforming all the expression
rations a;;/a;, as depicted in equation 4.3. Then, denoting s, the standard deviation
of such collection of expression ratios A;x, the gene stability measure M; is defined as
the arithmetic mean of the pairwise variations s;i obtained from log-expression ratios
(equation 4.4).

Age = {10g2($22),10ga(22). - loga (522 | (43)
M; = 2ik=157k (4.4)

n—1
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and coefficients of variation !3(CV values). Relative quantities were trans-
ferred to geNorm for computing M stability values. It is worth noting that
the procedure for computing M values differs between geNorm and gBase-
Plus. Finally, we used the combined stability measurements produced by
geNorm, NormFinder, BestKeeper and qBasePlus to establish a consensus
rank of genes by applying RankAggreg (Pihur et al., 2009). The input
to this statistical package was a matrix of rank-ordered genes according
to the different stability measurements previously computed. RankAggreg
calculated Spearman footrule distances and the software reformatted this
distance matrix into an ordered list that matched each initial order as
closely as possible. This consensus rank list was obtained by means of the
Cross-Entropy Monte Carlo algorithm present in the software.

4.3.3 CT values and variability between organs and devel-
opmental stages in Mitchell and V30

Real-time PCR reactions were performed on the six cDNA samples ob-
tained from each Petunia line with the nine primer pairs representing the
candidate RG. In order to assess run reliability non-template controls were
added and three technical repetitions were included for each biological
replicate. CT values were defined as the number of cycles required for
normalized fluorescence to reach a manually set threshold of 20% total
fluorescence. Product melting analysis and/or gel electrophoresis allowed
for the discarding of non-specific products. Moreover, we considered only
CT technical repetitions differing by less than one cycle.

The CT values obtained for all the genes under study differed between
the two Petunia lines (figure 4.3). The range of values was consistently
narrower in Mitchell than in V30. This could indicate that gene expression
in general is less variable in Mitchell than in V30, however these data
correspond to averages derived from all the samples and further analysis
showed that in fact V30 exhibited more constant levels of tested transcripts
at the single organ level or developmental stage (see below).

For Mitchell samples UB(@ was the most highly expressed gene overall,
with a CT of 14.8, and SAND the lowest, with a CT of 21.2. In contrast,

5Calculation of the coefficient of variation (CV) of a given reference gene p across a
number of samples is represented as equation 4.5 (Hellemans et al., 2007). SE stands
for standard error.

v o SE (NRQp)

A (4.5)
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Figure 4.3: Expression profiling of reference genes in different organs and
Petunia lines. Expression profiling of reference genes in different organs
and Petunia lines. CT values are inversely proportional to the amount
of template. Global expression levels (CT values) in the different lines
tested are shown as 25th and 75th quantiles (horizontal lines), median
(emphasized horizontal line) and whiskers. Whiskers go from the minimal
to maximal value or, if the distance from the first quartile to the minimum
value is more than 1.5 times the interquartile range (IQR) , from the
smallest value included within the IQR . to the first quartile. Circles indicate
outliers, the values smaller or larger than 1.5 times the IQR. (a) Mitchell,
(b) V30.
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the highest and lowest expressed genes in V30 were EFla and ACT, with
CTs of 18.3 and 25.1, respectively.

Analysis of variance of CT values between organs was performed sep-
arately for Mitchell and V30 samples. Since CT values were not normally
distributed, we calculated Kruskall-Wallis and a post-hoc Pairwise Rank
Sum Wilcoxon test, both non-parametrical, using a Bonferroni correction
and a significance cut-off of 0.05. In Mitchell the genes RAN1, RPS13
and UBQ showed significant differences in transcript levels between de-
velopmental stages (see the additional file 1 of the published manuscript).
RANT1 transcript levels differed significantly between leaf A and flowers
C and D, RPS13 differed in flower D from the rest of floral stages anal-
ysed, and UBQ transcript levels differed significantly between leaf A and
flower D. For V30, the overall CT variability was higher than that seen
in Mitchell; in fact, expression of all the genes analysed showed signifi-
cant differences between one or more sets of organs and/or developmental
stages. Expression of the genes GAPDH and T'UB differed between leaves
A and C, while levels of other measured transcripts were essentially the
same in the two leaf stages. In contrast, during flower development, we
could distinguish genes that showed two levels of significantly different CT
values (GAPDH and TUB), those that showed three (ACT, CYP, EF 1«
and RPS13) and others that differed at each developmental stage analysed
(RAN1, SAND and UBQ).

4.3.4 Stability of gene expression in Mitchell and V30

Data from each of the two chosen Petunia lines were analyzed separately.
As a first approach, we applied data as a unique population and transferred
it to NormFinder, BestKeeper, geNorm and gBasePlus according to the
flowchart plotted in figure 4.2. In a second approach, we subdivided data
into several subpopulations, corresponding to unique developmental stages
(i.e., flower C or leaf A), then, piped this data into the qBasePlus and
geNorm tools. The results of both sets of analyses are presented in tables
4.2 and 4.3 (additional files are available as supplemental material of the
published version (Mallona et al., 2010)).
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CT values were log-transformed and used as input for the NormFinder
tool, which fitted this data into a mathematical model based on six inde-
pendent groups corresponding to single developmental stages. Estimates
for stability of gene expression are based on the comparison between inter-
and intra-group variability. In the Mitchell line, the gene exhibiting the
most stable level of expression was EF I (stability value of 0.018) and CYP
and EFla represented the best combination (0.017). In V30, NormFinder
estimated UBQ (0.053) as the most stably expressed gene, and RANI and
UBQ (0.069) as the best combination of two genes.

CT values and one efficiency value for each primer pair served as input
for the BestKeeper package. This program was intended to establish the
best-suited standards out of the nine RG candidates, and to merge them in
a normalization factor called the BestKeeper index. Because BestKeeper
software is designed to determine a reliable normalization factor but not to
compute the goodness of each RG independently, we took as the stability-
of-expression value the coefficient of determination of each gene to the
BestKeeper index. BestKeeper calculated the highest reliability for C'YP
in line Mitchell and V30 finding GAPDH as the least suitable gene in
Mitchell and TUB in V30.

qBasePlus and geNorm calculate M stability values by a slightly differ-
ent procedure. This parameter is defined as the average pair-wise variation
in the level of transcripts from one gene with that of all other reference
genes in a given group of samples; it is inversely related to expression
stability. However, because the inclusion of a gene with highly variable ex-
pression can alter the estimation of the rest, geNorm (but not qBasePlus)
performs a stepwise exclusion of the least stably expressed genes. Taking
into account the entire dataset from Mitchell with geNorm, RANI and
SAND were calculated to be the most stably expressed genes (M value
0.5), GAPDH the least (1.15). In V30, RPS13 and UBQ were calculated
to be the genes of least variable expression (0.64), whereas GAPDH was
the most variable (2.61). In terms of qBasePlus M values, EFla was val-
ued as the best gene for Mitchell (0.85) and GAPDH the worst (1.76); for
V30, ACT was ranked as the most valuable gene (2.11) and GAPDH was
the worst (3.66).

Considering each developmental stage separately, we found that M val-
ues were consistently higher in Mitchell than in V30, suggesting more vari-
able levels of RG expression in Mitchell. Flower stage D exhibited the most
stable expression pattern in both lines (figure 4.4). It is noteworthy that
stability of transcript levels between reproductive and vegetative modules
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differed in the two lines. In general, M values calculated with qBasePlus,
were higher in flowers stage C and D than in leaves from Mitchell, whereas
V30 showed an opposite trend. A remarkable case was GAPDH, with an
M value four times higher in Mitchell than in V30 at leaf stage C, whereas
it was three times lower in Mitchell compared to V30 at flower stage A
(see table 4.2).

Mean CV value, a measurement of the variation of relative quantities
of RNA for a normalized reference gene, showed little difference between
lines, with a value of 0.42 in Mitchell and 0.44 in V30, for data analysed
as a whole.

4.3.5 Determination of the number of genes for normaliza-
tion

Quantification of gene expression relative to multiple reference genes im-
plies the calculation of a normalization factor (NF') that merges data from
several internal genes. Determination of the minimal number of its com-
ponents is estimated by computing the pairwise variation (PV) of two
sequential NFs (VZL) as the standard deviation of the logarithmically

N]\}F n_ ratios, reflecting the effect of including an additional
n+1

transformed
gene (Vandesompele et al., 2002). If the pairwise variation value for n
genes is below a cut-off of 0.15, additional genes are considered not to
improve normalization. The number of genes required for normalization
was determined to be two for both Mitchell and V30, except when either
different floral developmental stages or vegetative and reproductive stages
were mixed (see table 4.2).
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The PV values showed the same trend as that seen for stability mea-
surements, i.e., the developmental stage with the lowest average PV was
flower stage D, both in Mitchell and V30. In contrast, gene expression in
leaves of Mitchell showed more variability, with higher PV values, than
those of V30 (figure 4.5).

4.3.6 Consensus list of similarities between lines

The different software programs used to determine gene suitability for nor-
malization of gene expression give slightly different results and statistical
stability values for each gene. We arranged the internal genes in five lists
according to the rank positions generated by each of the five statistical ap-
proaches, M values by geNorm and gBasePlus, NormFinder stability value,
coefficient of determination to BestKeeper and CV of qBasePlus. These
lists were used to create an aggregate order, with the aim of obtaining
an optimal list of genes for each Petunia line. The results of the merged
data revealed that the most adequate of the genes tested for normalization
in Mitchell are FFla, SAND and RPS13; the three showing the lowest
reliability are TUB, ACT and GAPDH (figure 4.6). For V30, the best
candidate genes are CYP, RAN1 and ACT, while the three lowest ranking
are FF1a, SAND and GAPDH. Thus none of the genes found as highly
reliable coincide between the lines. Despite of that, GAPDH was highly
unstable in both lines.

4.4 Discussion

4.4.1 Identification of robust normalization genes for Petu-
nia

We have attempted to identify a set of genes suitable for normalization
of transcript levels in P. hybrida. Since several Petunia lines are used for
research, we based this work on two that are extensively used for different
purposes. In an effort to reflect different growth environments typical of
distinct lab setups, plants of each line were grown in a set of conditions,
differing in photoperiod, thermoperiod and growth substrate between lines
(see methods). RNA was isolated using different RNA extraction kits, and
amplifications were carried out using different reagents and PCR, machines.
The experimental design aimed to maximize potential variability in tran-
script abundance for the putative RG under study. Highly contrasting
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Figure 4.5: Minimum number of genes necessary for reliable and accurate
normalization. GeNorm pairwise variation values (PV values) are com-
puted by an algorithm which measures pairwise variation (v) between two
sequential normalization factors NF,, and NF,, 1, where n is the number
of genes involved in the normalization factor. (a) refers to Mitchell line

and (b) to V30.
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Figure 4.6: Rank aggregation of gene lists using the Monte Carlo algorithm.
Visual representation of rank aggregation using Monte Carlo algorithm
with the Spearman footrule distances . (a) refers to Mitchell line and (b)
to V30. The solution of the rank aggregation is shown in a plot in which
genes are ordered based on their rank position according to each stability
measurement (grey lines). Mean rank position of each gene is shown in
black, as well the model computed by the Monte Carlo algorithm (red
line).
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results would suggest that every laboratory do a pilot experiment to iden-
tify genes suitable for use in normalization; similar results between the
two systems would point to a set of genes reliable for broad application,
minimally for the lines and developmental stages described.

Our findings in terms of line-associated variability were not in accor-
dance with the results from a soybean study comparing different cultivars.
Results of that study suggested no highly relevant cultivar influence on RG
suitability (Jian et al., 2008). A similar study has been reported in cof-
fee, for which average M stability values for leaves from different cultivars
were lower than that for different organs of a single cultivar. Our result
suggests that there are differences in gene expression between same tissues
from different lines as well as different tissues from the same line.

4.4.2 Noise in gene expression patterns

Development of petals, like that of many tissues and organs in Petunia,
is characterized by a spatial and temporal gradient of cell division that
is eventually replaced by cell expansion (Reale et al., 2002). However
the experiments described here used whole flower tissues including full
petals along with sepals, stamens and carpels. This imposes a general
requirement that any gene emerging as robust be differentially regulated
to a huge extent neither in the various tissues analyzed together nor in
these tissues at different stages of maturation. One interesting aspect of
our findings was the identification of flower stage C as a particularly noisy
developmental stage compared to early or fully developed flowers. The
transition between cell division and expansion in petals, or other flower
tissues during this developmental stage, might explain the increased noise.
An alternative non-exclusive explanation is that the intermediate stages of
flower development are generally less tightly defined than the open flower
stage.
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Leaf development similarly consists of cell growth followed with cell ex-
pansion (Beemster et al., 2006). However, an important difference between
floral and leaf development is that leaves perform their essential function,
e.g., photosynthesis, from a very early stage such that developing leaf tissue
is always a mixture of at least three processes: growth, cell morphogene-
sis and differentiated cell function. This combination of processes might
account for the increased gene expression noise observed.

4.4.3 Number of genes required for normalization of gene
expression in Petunia

Gathering data from several RG into a normalization factor is currently
an accepted method of accurate relative quantification of gene expression
(Autran et al., 2002). Moreover, this method has been statistically and
empirically validated (Reid et al., 2006; Gabrielsson et al., 2005). Ideally
the number of genes required should be low enough to make experimental
procedures affordable, and high enough to merit confidence in the conclu-
sions. The PV value obtained for both Mitchell and V30 was very low.
Although the value tended to be higher in Mitchell, the number of genes
deemed necessary for normalization was the same for both lines: using
the proposed cut-off of 0.15 and comparing single developmental stages,
the required number was two for Mitchell and V30. The requirement for
only two genes is low compared to the results reported for other phylo-
genetically related species (Nicot et al., 2005; Exposito-Rodriguez et al.,
2008; Brunner et al., 2004) and will require significantly less work than the
previously suggested minimum of three genes (Vandesompele et al., 2002).

4.4.4 Data mining strategies and consensus list of genes for
normalization

The present research aims to identify the control genes best suited for use
in gene expression studies in several organs of two Petunia lines. The can-
didate RG combined classical and recently identified genes. Since each soft-
ware package can introduce bias, we employed several tools in our analysis.
As discussed by other authors, geNorm bases its stability measurement on
pairwise comparisons of relative expression quantities of all the panel of
genes in the material of interest requiring a suite of non-coregulated RG
(Andersen et al., 2004). BestKeeper and NormFinder examine primarily
CT values, whereas qBasePlus and geNorm evaluate RQ, a consequence
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of which is that PCR efficiency dissimilarities can affect stability measure-
ments (Jian et al., 2008). Nevertheless, some of these algorithms are in-
trinsically biased because they assume that data are normally distributed.
For instance BestKeeper is based on Pearson correlation analysis, which
requires normally distributed and variance homogeneous data. The author
described this problem and suggested further versions of the software in
which Spearman and Kendall Tau correlation should be used (Pfaffl et al.,
2004). However, those versions are currently not available.

Our plant material diverged in the variability of statistical outputs
amongst lines. V30 showed a high variability in terms of raw expres-
sion data (CT values) and low in terms of expression stability measure-
ments, whereas Mitchell showed the opposite responses. Our global anal-
ysis merged different statistics, some of which are CT-based and others
RQ-based, with the aim of counteracting this biasing influence.

Summarizing the results of our entire dataset analysis, geNorm recom-
mended use of RAN1 and SAND genes for Mitchell and RPS18 and UBQ
for V30 and discouraged use of GAPDH for both lines. Non-suitability of
GAPDH has been described by several authors (Suzuki et al., 2000; Ke
et al., 2000). Regarding to Solanaceae, its unsuitability has been confirmed
in tomato (Exposito-Rodriguez et al., 2008) but it was selected as a stable
RG in coffee (Cruz et al., 2009). Due to its sequential exclusion of the least
stable gene in the M value calculus algorithm, geNorm M values can differ
from those of qBasePlus. qBasePlus corresponded with geNorm, evalu-
ating FF1a as the most reliable gene in line Mitchell but differed in line
V30, recommending ACT as the best candidate. EF1a suitability has been
confirmed in potato during biotic and abiotic stress (Nicot et al., 2005),
atlantic salmon (Olsvik et al., 2005) and several developmental stages of
Xenopus laevis (Sindelka et al., 2006). Expression of ACT genes differs
depending on the family member. ACT2/7 has been reported as a stably
expressed gene whereas ACT11 was reported as unstable (Jian et al., 2008;
Paolacci et al., 2009). It is worth noting that the ACT gene used in this
study corresponds to an ACT11.

4.5 Conclusions

Altogether, there were strong similarities between the different programs
but the coincidence in assigning best and worst genes was not absolute.
The fact that each program identified slightly different genes as best suited
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for normalization prompted us to merge the data in an unsupervised way
and giving identical weight to the output of the different programs. We
used the RankAggreg program for this purpose. Our results show that
GAPDH was the worst gene to use in normalization in both lines. In
contrast, the suggested genes did not coincide and were EFIa and SAND
in Mitchell, whilst CYP and RANI were the genes of choice in V30. In
conclusion, we provide a list of genes in discrete developmental stages
that show M values below 0.5 (table 4.2) (Vandesompele et al., 2002).
A normalization factor including two genes should be enough for reliable
quantification. Nevertheless we propose a reference gene stability test when
performing gene expression studies in Petunia.
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Chapter 5

Identification of novel genes
involved in Petunia flower
development using transcript
profiling and reverse genetics

Petal development provides insight on a complex process of physiological, ecolog-
ical and economical importance. Molecular mechanisms underlying the process
comprise ABC model members and, increasingly, novel gene products affecting a
plethora of molecular functions. This work presents a novel approach based on
the bioinformatics mining of Arabidopsis thaliana expression data that resulted in
a shortlist of nine novel genes presumably affecting petal development followed by
a wet lab validation by RNAi on Petunia. The statistical contrasts of target genes
selection were performed within the flower organs, thus focusing on the fine-tuned
genes within whorls.

Among the regenerant lines phenotypes included: changes on flower shape and
size (PhCYP76, PhNPHS3, PhFeSOD, PhXTH, PhCYP96 and PhWAK), petal
smoothness (PhPRA), color (PhNPH3 and PhWAK) and symmetry (PhCYP76);
as well changes on leaf pigmentation and root morphology (PhCYP76), number
of flowers and average plant height (PACYP76 and PhCYP906). After the batch
phenotyping, we focused on the progeny of lines silencing cytochromes P450,
either PhCYP76 or PhCYPY96, as they presented stable changes on petal size
along other characters.

Therefore, a data flow aiding the discovery of novel genes affecting petal
development is described. The post-transcriptional gene silencing confirmed the
role in petal characteristics determination of seven from nine target genes, and
included alterations on flower size, color, shape as well in vegetative parameters.

79
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5.1 Introduction

Petals, as involved in plant reproduction, represent a plant compartment
crucial in plant life. Petals are one of the keys of flower evolution, as
they are the plant partner of the successful interaction with the pollen-
carrying insects (Crepet, 2000). Novel petal characteristics are also the
aim of breeding strategies, as new varieties usually contain changes on
corolla size, shape and color. At the industry level, the approach to gather
variability on petals is usually pursued through loss-of-function strategies,
such as batch mutagenesis.

However, the classical knowledge on flower architecture is based on
the extension of the ABC model described in Arabidopsis thaliana; con-
sequently, literature mostly reports new petal characteristics according to
changes in architectural genes expression. This fundamental research has
been complemented with new genes that alter petal development despite
its non implication in the ABC model. Expansins (Zenoni et al., 2004;
Dal Santo et al., 2011; Zenoni et al., 2011a), glutaredoxins (Li et al.,
2009), cytochromes P450 (Anastasiou et al., 2007), bHIH transcription
factors (Szécsi et al., 2006) and E3 ubiquitin ligases (Disch et al., 2006)
among others. Some of them are the key to interlink or even trigger the sig-
nal transduction pathways associated to the modulation of phytohormones
(Mallory et al., 2005; Hu et al., 2003; Marti et al., 2007).

In Petunia (Petunia hybrida), the molecular mechanisms underlying
floral organ specification have been throughfully studied. The ABC model
applies to this species with modifications. B-class genes, which are present
in petals and stamens, are represented in solanaceous species, such as
Petunia, by two major groups: the DEF/APS3 and the GLO/PI lineages.
The DEF/AP3 comprises two paralogous groups in Petunia (Kramer and
Irish, 2000) with separated functions (Rijpkema et al., 2006b): first, the
euAP3 member Petunia DEFICIENS (PhDEF), which is present in eu-
dicot species and whose mutants phdef convert petals to sepals but do
not affect stamens; and second, the Petunia TM6 (PhTM6), which is a
paleoA P3 that completes the sepal conversion to carpels as double mutant
phdef phtm6. 1t is worth noting that the PhTM6 is retained in solanaceous
species but not in A. thaliana nor Snapdragon. The GLO/PI lineage is
represented by two members whose function is redundant but specialized
in a spatial fashion. The double mutants phglo1 phglo2 show full conver-
sion of petal to sepals, whereas phglol mutants are less conspicous and
show green petal midveins and unfused stamen filaments (Vandenbussche



5.2 Material and methods 81

et al., 2004).

The experimental design behind the biotechnology based on a single
gene manipulation could be divided into three steps (Small, 2007): first, the
identification of the target gene, step that could be accomplished through
bioinformatics; second, the wet lab validation after modification of its ex-
pression level; and finally, the inclusion of the biotechnological improve-
ment into the genetical background (that is, the production of modified
germoplasm). The major challenges of the gene-expression-disrupted pop-
ulation phenotype scoring are: first, the genome structure of the species
in term of genetic redundancy (in example, the mutant phenotype can re-
quire co-silencing of a putative paralog to appear); second, the chance of
plant fitness jeopardy if the transcript is essential (which can even lead
to non-recovery of null-alleles); and third, the availability of appropriate
methods to recognize the mutant phenotype.

In this study we selected petal-specific target genes using a dataflow
starting with the A. thaliana microarray data publicly available. We ob-
tained differentially expressed genes in petals compared to other floral
organs, retrieved the homologous ESTs from a P. hybrida database and
selected specific subsequences or GSTs to clone in a hairpin-generating
based expression construct (Helliwell and Waterhouse, 2003). We have
obtained independent Ty and T stable transgenic lines that display petal
phenotypes, most of them not described in Arabidopsis, indicating that
Arabidopsis gene expression data can be used as a hypothesis to identify
genes involved in processes using transgenic approaches.

5.2 Material and methods

5.2.1 Data retrieval and modeling

Transcriptomic data from A. thaliana was obtained from AtGenExpress
ExpressionSet number 1006710873. This accession corresponds to a data
set referring to different organs (petals, sepals, stamens, carpels and pedicels)
and distinct developmental stages (12 and 15, as described by Smyth et al.
(1990)) in wild type Columbia (Col-0) whose RNA was hybridized to an
Affymetrix 15k platform. This type of slides accommodates 22814 in situ
synthesized probes placed in a glass surface, and includes internal con-
trols. The hybridization design comprised three biological replicates for
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Robust Multichip Averaging (RMA) (Irizarry et al., 2003) as a nor-
malization and summarization method was used. A contrast matrix was
built-up allowing the estimation of five parameters of a linear model con-
taining the five triplicates of each organ. This matrix was further used to fit
the linear model. The design matrix employed compared petals against the
rest of floral whorls or pedicels. Microarray analysis was conducted with
the packages affy, limma and QualityMethods from Bioconductor version
2.3 and R version 2.7.1.

The expression profiling focusing on whole plant anatomy and develop-
ment were conducted with the Genevestigator v3 tool (Hruz et al., 2008).

5.2.2 Functional annotation

The Affymetrix probe identifiers were mapped to the TAIR (Rhee et al.,
2003) AGI accessions and thereafter assigned to Gene Ontology (GO)
terms using DAVID (Da Wei Huang and Lempicki, 2008; Huang et al.,
2009). GO abundance was compared with the A. thaliana background
and represented with WEGO (Ye et al., 2006). GO abundance was sum-
marized using CateGOrizer (Zhi-Liang et al., 2008) with a plant GOslim
allowing all the possible paths between the ancestral terms and child terms.

The authors of the dataset (Detlef Weigel, Jan Lohmann, and Markus Schmid)
describe it as follows:

The activity of genes and their encoded products can be regulated in sev-
eral ways, but transcription is the primary level, since all other modes of
regulation (RNA splicing, RNA and protein stability, etc.) are dependent
on a gene being transcribed in the first place. The importance of transcrip-
tional regulation has been underscored by the recent flood of global ex-
pression analysis, which have confirmed that transcriptional co-regulation
of genes that act together is the norm, not the exception. Moreover, many
studies suggest that evolutionary change is driven in large part by modi-
fications of transcriptional programs. An essential first step toward deci-
phering the transcriptional code is to determine the expression pattern of
all genes. With this goal in mind, an international effort to develop a gene
expression atlas of Arabidopsis has been underway since fall 2003. This
project, dubbed AtGenExpress, is funded by the DFG, and will provide
the Arabidopsis community with access to a large set of Affymetrix mi-
croarray data. As part of this collaboration, we have generated expression
data from 80 biologicaly different samples in triplicate. The focus of this
data set is on different tissues and different developmental stages in wild
type Columbia (Col-0) and various mutants.
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5.2.3 Phylogenetics

Sequences for phylogenetic analysis were retrieved by tblastx comparison
against the NCBI’s nonredundant, TAIR’s transcripts and SGN’s Solana-
ceous unigene databases. These polipeptides plus the starting P. hybrida
were aligned by MUSCLE (Edgar, 2004) and futher processed with Gblocks
(Castresana, 2000) to extract the blocks of conserved, and phylogenetically
informative, sites. Phylogenetic tree reconstruction was based on Poisson
distances and clustered with the neighbor joining BioNJ algorithm (Gas-
cuel, 1997). Node support was assessed by bootstraping 1000 times (Felsen-
stein, 1985). Alignment and tree building were conducted with Seaview
v.4 (Gouy et al., 2010).

The cytochrome P450 family analysis was conducted by protein se-
quence comparison to the P450 Engineering Database (Fischer et al., 2006,
2007; Sirim et al., 2009; Demet et al., 2010) followed by the phylogenetic re-
construction method exposed before. In order to dissect all the cytochrome
motives required for the superfamily and family assignment, full length
coding sequences were retrieved by comparison to both the P. inflata and
P. integrifolia draft genomic assemblies and predicted for gene structures
with Genescan (Burge et al., 1997).

5.2.4 Cloning and transformation

In order to build a library of sequences to be inserted in the hairpin-
producer construct, we designed primers (appendix A.3) to amplify specific
products of approximately 100 pb using the application PRIMEGENS_v2
(Srivastava et al., 2008). This tool ensures unique hybridization within
the Petunia database through two steps: first, the design of a primer pair
fulfilling the lack of cross-hybridization or internal secondary structures,
as implemented in Primer3 (Rozen and Skaletsky, 2000); and second, the
check of non-specific hybridization conducted via gapless alignment.
Target amplicons were amplified from cDNA and recombined by Gate-
way technology into the pDonr221 vector and subsequently subcloned into
the pHellsgatel2 silencing vector (Helliwell and Waterhouse, 2003). Entry
clones were checked by PCR and restriction analysis, and expression vec-
tors were checked by PCR as described by Hilson et al. (2004). Expression
clones were introduced in the Agrobacterium tumefaciens LBA4404 strain.
Leaf disc transformation was performed wia explant coculture with
the A. tumefaciens-plasmid-carrying strain as described by Horsch et al.
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(1985) on wild type P. hybrida Mitchell diploid (Mitchell et al., 1980). The
detailed protocol is provided as appendix A.1.3.

5.2.5 Growth conditions

Plant material was grown in a substrate mix of perlite-coconut fibre-floral
substrate in a ratio of 1:1:1 and watered as required. After ex vitro adap-
tation, Ty plants were transferred to greenhouse conditions and crossed
(selfed or back crossed to the Mitchell background) using the transgenic
closed flowers as pollen acceptors. The subsequent 17 generations were
grown in Sanyo MRL350 growth chambers with a light regime of 16 hours
light and 8 hours darkness and a thermoperiod of 24 °C and 18 °C,
respectively, and a photosynthetically active photon flux density of 250
mEs 'm™2.

For in vitro germination and root morphology determinations, seeds
from wildtype Mitchell diploid and from segregating populations of T}
were sown on square plastic Petri dishes of 12 ¢m width with Murashige
and Skoog media without sugars. After image acquisition, plantlets were
transferred from growth chambers to greenhouse conditions.

5.2.6 Genotyping and gene expression analysis

Segregant 17 populations were checked for the T-DNA insertion by PCR
with attBl and attB2 primers and Promega GoTaq Green Master Mix
(Promega, Madison, Wisconsin, USA) according to the following protocol:
1 min at 95 °C; 30 cycles of 10 s at 95 °C and 30 s at 72 °C.

Q-PCRs were carried out with the SYBR Premix Ex Taq (TaKaRa
Biotechnology, Dalian, Jiangsu, China) according to the manufacturer’s
protocol in either a Rotor-Gene Q (Corbett Research, Sydney, Australia)
or a Mx3000P (Stratagene, Amsterdam) thermocycler. Cycle threshold
(Cr) and efficiencies were extracted using the gpcR (Ritz and Spiess, 2008)
implementation of the method published by Guescini et al. (2008).

Differential expression was tested using a relative quantification ap-
proach of each of the target genes against two internal controls whose
stability was measured as described by Mallona et al. (2010). The statisti-
cal test applied relies on permutation tests (which are assumption-free on
data distributions): the test is based on the reallocation of expression val-
ues regardless whether they belong to the treated group or to the control,
and the computation of the probability of the random allocations. The



5.2 Material and methods 85

statistical cut-off was set as p = 0.05 in a two-sided test. The analysis
were carried out with REST (Relative Expression Software Tool) v2.0.7
(Pfaffl et al., 2002) and the R package qpcR (Ritz and Spiess, 2008).

5.2.7 Microscopy

Fully opened flowers were cut with a razor blade into pieces of 0.25 em? and
fixed overnight in a phosphate-buffered 2% glutaraldehyde solution. Sam-
ples were dehydrated through graded ethanol series, immersed in absolute
acetone, dried with carbon dioxide in a critical point dryer (Bal-Tec CPD
030), placed on a double adhesive carbon conductive tape of 20 mm width
(Ted Pella, California) and covered with gold using a metal sputter coater
(Polaron SC 7610) with the following conditions: 90 s and 7 Pa of vacuum
for 20 mA current. The scanning electron microscopy (SEM) imaging was
conducted on a Hitachi SEM S-3500N at an acceleration voltage of 5 kV,
115 pA of emmision current and 4500 um of working distance.

The dried-gel method presented by Horiguchi et al. (2006) was applied
to the inner part of petal limbs. Fully opened flowers were cut into pieces
of 1 em? and placed over a melted 2% agarose drop supplemented with
bromophenol blue; after gelification, the petal was peeled off and the gel
cast observed with a bright field microscope.

5.2.8 Image processing and acquisition

Image acquisition was conducted with a Nikon D3000 15/55 mm, a HP
ScanJet 4200C or a Leica MZFLIII coupled to a Leica DC300F device.

Built-in ImageJ (Abramoff et al., 2004) functions were used to au-
tomatize the segmentation procedures and cell area measurements using
a macro. The acquired files were transformed into 16 bits images and
thresholded with the Otsu method (Otsu et al., 1979).

Flowers, as acquired with a computer-driven office scanner, “in vitro”
root assays and scanning microscopy cell image analysis were performed
detecting particle boundaries and compiling their area, perimeter and cir-
cularity. A bounding rectangle (the smallest rectangle enclosing a particle)
was used for width and its orthogonal height measurement.
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5.3 Results

5.3.1 Transcript profiling

To approach the differential expression of petal transcripts in A. thaliana,
gene expression data was gathered from the four floral whorls plus the
pedicels on developmental stages 12 and 15 (Smyth et al., 1990). The data
is publicly available as AtGenExpress ExpressionSet number 1006710873,
and corresponds to wild type Columbia (Col-0) with the hybridization plat-
form Affymetrix 15k. Each treatment contained three replicas and each
slide accommodates 22814 in situ synthesized probes. After the RMA
normalization procedure, all the slides passed the quality check compris-
ing MA-plots, homogeneity on signal intensity, correct replicate clustering
of raw data and RNA degradation. The differential expression analysis
carried out compared the chips hybridized with petal samples against the
rest of treatments, and produced a list of genes sorted by the likeliness of
actual differential expression. Model fitting is presented as a volcano plot
(figure 5.1A).

As the comparisons to detect the petal differential expression were
performed against the rest of the flower organs, a meta-analysis profil-

ing the target expression on the whole plant was conducted. Excepting
AT3G15030 (which maps to the Petunia PhTCP), all the genes chosen for

Figure 5.1 (following page): Transcript profiling in A. thaliana. A rep-
resents the volcano plot after fitting the linear model that results in the
target list selection. Each dot represents a probe whose coordinates are
given by its significance (log odds) and its log fold change (that is, the
degree of down- and upregulation). The point labels highlight those with
homologous in Petunia. Accessions with silencing germoplasm availability
are colored in black; those who lead to non-recovery either in red (that
is, their silencing lead to lethality) or blue (successful transformation but
decreased fertility, and therefore lack of germoplasm); and those already
described in P. hybrida are printed in green.

B and C depict the expression profile in different plant organs and tissues
(B) or developmental stages (C) of A. thaliana as offered by the Geneves-
tigator tool. Color intensity indicates the expression level. The number of
samples used to build the heatmap is depicted in either row or column.
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Table 5.1: Differential expression analysis and A. thaliana-P. hybrida map-
ping. The 10 top-scoring A. thaliana identificators (represented as AGIs)
were sorted by its Bayesian estimator of differential expression (B —value)
and mapped by tblastx to the closest homologs to a local P. hybrida EST
database (blast significance showed as e — value).

Petunia AGI e-value B-value
PFG AT5G60910 2E-84  34.78
PhCYP76 AT3G26200 2E-47  32.27
PhNPH3  AT1G52770 2E-44  31.14
PhFeSOD AT4G25100 2E-49  30.66
PhXTH AT2G36870 2E-43  30.17
PhCYP96 AT1G57750 2E-61  30.10
PhWAK AT1G65250 3E-15  29.00
PhRBK AT1G65190 1E-13  29.00
PhPRA AT1G17700 2E-27  28.45
PhTCP AT3G15030 4E-25  26.09

silencing were under-regulated on petals (figure 5.1A and 5.1B). According
to the expression patterns in A. thaliana tissues and organs, as depicted
in figure 5.1B, AT4G25100 is expressed in almost all the tissues except
petals; AT5G60910, AT3G26200, AT2G36870, AT1G57750, AT1G65250,
AT1G65190 have a wide expression range being present in five or more
tissues or organs; and AT1G52770 and AT1G17700 have the narrowest
expression ranges. During flower development (figure 5.1C) the expression
pattern differ: AT3G26200, AT1G52770, AT1G17700 and AT3G15030 re-
duce their expression during or after fruit production, and AT5G60910,
AT1G57750 and AT1G17700 have low expression in early bud stages.
The unmapped 100 top differentially expressed genes in petals were
submitted to functional annotation and analyzed in two manners: first,
they were summarized into categories allowing to describe the overall
molecular functions, cell locations and biological processes; and second,
they were compared to the A. thaliana EST background. The overview
of Gene Ontology annotation is depicted as figure 5.2, whereas the signif-
icantly different categories are summarized as figure 5.3. GO categories
revealed a preponderant binding and catalytic molecular functions, loca-
tion within the cell and involvement on metabolic processes. According to
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the comparison regarding molecular functions, antioxidant, catalytic, elec-
tron carriers, transcription regulators and transporters were overexpressed
in petal transcripts. These results matched with the biological processes
upregulated, such as regulation in a wide sense, metabolism, developmental
processes, growth, reproduction and reproductive processes among others.

The list of petal transcripts was mapped through tblastx against a
Petunia EST database (NCBI accession UNILIB:50472). Matching Petu-
nia sequences with a hit e-score below 107!° were visually inspected and
eventually included into the final target list represented as table 5.1. Apart
from the accessions of the TAIR and NCBI’s databases, each target was
named according to resemblance to similar sequences through phylogenetic
analysis.

5.3.2 Phylogenetics and functional annotation

We made a phylogenetic analysis coupled to RNAi-induced gene silencing
of the aforementioned genes in order to identify possible orthologs and, in
case they would be available, to have a ground for phenotypic comparison
in plants coming from Tp transformation.

The diferentially expressed in petals A. thaliana accessions were mapped
to P. hybrida in order to conduct a hairpin-based gene silencing with P. hy-
brida genes in the Mitchell diploid background; therefore, the Ty individ-
uals were expected to present altered petals. To avoid cross-silencing,
each of the target genes was aligned to the P. hybrida EST database in
order to extract a unique part of roughly 100 bp (see material and meth-
ods). After that step, the unique regions were independently cloned to
the hairpin-based pHellsgatel2 silencing vector and stably introduced into
a wildtype Petunia background. As a proof of concept, batch phenotyp-
ing was performed on Ty regenerants, taking as reliable those phenotypes
shared among independent transformation events for a given gene.

Target PFG was the only gene in the shortlist which was previously
described in P. hybrida (Immink et al., 1999), and therefore was discarded.
From a total of nine genes used in RNAi-induced loss of function, we
obtained seven with floral phenotypes differing from wild type; one was
not recovered from in vitro culture.

As the differential expression analysis prior to the mapping produced
a shortlist of A. thaliana accessions, we checked the available databases
for previously described A. thaliana mutants. The Agrikola database of
gene-by-gene silencing (Hilson et al., 2004) did not return phenotypes
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Ontology (GO) terms found in the top 100 differentially expressed probes.
The plant GOslim was applied and all the possible paths between the
ancestral term and the child term were counted. GO term abundance is
represented logarithmically.
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for any of the targets. The compendium of mutants published Lloyd
and Meinke (2012) recovered information for three sequences whose mu-
tants have a loss-of-function phenotype: AT5G60910 produce short siliques
that are crowded with small seeds and reduced fertility (Martienssen,
1998); AT4G25100 produce pale green seedlings (Myouga et al., 2008);
and AT1G57750 produce low secondary alcohol and ketone levels in stem
wax (Greer et al., 2007).

PFG

The transcriptomics analysis ranked the A. thaliana petal transcripts ac-
cording to its differential expression. The ranking leader, AT5G60910, is

Figure 5.4 (following page): Diversity on petal phenotypes recovered in T
and T} individuals. Independent lines have different names (inside quota-
tion marks).

A, Mitchell diploid wildtype.

B to E, PhCYP76-silencing lines: B (“2.E”) and C (“2.4”) reflect tearing
of the dorsal petal due to filament fusion (the tearing ends at the sesile
anther); D and E, “2.E” show alterations on symmetry, with a strong
alteration on lobe proportions (D) and a complete lack of a lobe leading
to a four-petaled flower (E).

F and G, PhNPHS3-silencing lines: F represent a small flower (“3.j4”7); G,
“3.j5” shows a purple ring between petal tube and limb.

H, PhFeSOD-silencing line: a side view of “4.2” indicate stunted flowers
with aberrant petals.

I and J, PhXTH-silencing lines: I, “5.j2” and J, “5.j9”, show wider corolla
limbs with distal petal fusion anomalies.

K to N, PhCYP96-silencing lines: K (“6.h1”) reflect corolla fusion of two
close flowers, resulting in a ten-petaled flower (modified image that dark-
ens the background on the left); L (“6.h1”) and M (“6.3”) show anomalies
on the flower tube, which bends in angle, and a narrower limb; N re-
flects shorter internodes and a pair of unfused external petals (lower flower,
“6.h17).

O and P, PhWA K -silencing lines: “7.h1” shows small flowers with a yellow
ring in the inner part of the limb (O) and slight pink color in petals (P).
Q to S, PhPRA-silencing lines: independent lines (Q, “9.j17; R, “9.j2”; S,
“9.j14”) show big flowers with wrinkly corolla.
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annotated as an agamous-like MADS-box protein (AGL8, FRUITFULL).
FRUITFULL (FUL), next to SUPPRESSOR OF OVEREXPRESSION
OF CONSTANS 1 (SOC1), LEAFY (LFY), AGAMOUS-LIKE 42 (AGL42),
and APETALAL1 (AP1), is involved in the vegetative to reproductive phase
transition; this transition is regulated by the SBP-Box transcription fac-
tor SPL3 (Yamaguchi et al., 2009). According to the interactome, FUL
is present in flower induction and flower organ networks and interact with
SOC1, SEP1 and AGL6 and AGLS, thus suggesting interaction with floral
organ identity proteins (De Folter et al., 2005). The interaction FUL-SEP
has been further confirmed by Smaczniak et al. (2012). The expression of
AT5G60910 as represented by Genevestigator, although, show very low ex-
pression on petals but an increase during flower development (figure 5.1B
and C).

However, the mapping of the A. thaliana accession to the Petunia
EST database identified PFG as described by Immink et al. (1999), so
this gene was excluded from the shortlist to silence. According to Immink
et al. (1999), PFG has a role on transition from vegetative to reproductive
development. Its silencing leads to nonflowering phenotypes and down-
regulation of B-class genes. Interestingly, its expression decreases under
phytoplasma infection conditions, as well as that of PhGLOI and FBP7
(Himeno et al., 2011).

PhCYP76

The A. thaliana AT3G26200 mapped to the cytochrome P450 PhC'YP76,
which is assigned to the family CYP76A as depicted in figure 5.5. The cy-
tochrome family CYP76A was described in S. melongena by Toguri et al.
(1993). In P. hybrida, its member CYP76A4 has a role in lauric acid hy-
droxylation, although the physiological function of this activity has not
been clarified yet (Tamaki et al,, 2005). In Vanda coerulea petals, the
expression of CYP76AB1 is correlated with the appearance of blue color
in petals just before pollination (Ratanasut et al., 2011), therefore indi-
cating that this gene may play a role in petals, although the biochemical
function of the protein remains unknown. The function of the P. hybrida
CYP76B9 involves metabolism of medium-chain fatty acids such as capric
and lauric acids (Imaishi and Petkova-Andonova, 2007). The oxydized
forms w-hydroxy capric acid and hydroxy lauric acid inhibit root devel-
opment in A. thaliana (Imaishi and Petkova-Andonova, 2007); and the
aliphatic oleic acid inhibits root growth in H. vulgare as well (Lee, 1977).
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According to the phylogenetic analysis showed in figure A.2, PhCYP76
shares sequence similarity with grape, eggplant and P. trichocarpa proteins
and do not branch with the CYP76C cluster of A. thaliana nor the Solana-
ceous branch of CYP75B-like. PhCYP76-silencing lines showed smaller
flowers with altered symmetry, as depicted in figure 5.4B, C, D and E.

PhNPH3

The A. thaliana phototropic-responsive NPH3-like protein (AT1G52770)
mapped to the P. hybrida PhNPH3. The A. thaliana genome encodes
31 NPH3-like proteins, most of which have not been well characterized
(Kimura and Kagawa, 2006). The best characterized gene in the family
is MACCHI-BOU 4/ENHANCER OF PINOID (MAB//ENP) involved
in lateral relocalization of PIN protein (Furutani et al., 2007, 2011). A
phylogenetic analysis of PANPH3 showed closest homology to a tomato
NPHS3 gene and two genes from soybean (figure A.3). As PhNPHS3 does
not cluster close to MAB4/ENP, we conclude that PhNPHS3 is probably a
paralog to MAB//ENP.

PhNPHS3-silencing phenotypes included smaller flowers and a purple
colored ring between tube and limb (figure 5.4F and G). This results indi-
cate a possible role of PANPHS in petal growth and pigmentation.

PhFeSOD

The A. thaliana AT4G25100 mapped to the P. hybrida PhFeSOD. Ac-
cording to its protein sequence, PhFeSOD is a superoxide dismutase. The
phylogenetic analysis shown as figure A.4 indicates that the sequences
sharing polipeptide similarity are divided into Fe/Mn superoxide dismu-
tases, iron superoxide dismutases (FeSOD) from Solanaceae or FeSOD from

Figure 5.5 (following page): Homologous family analysis of PhCYP76 and
PhCYP96. After protein to protein comparison against the CYP450 en-
gineering database, a phylogenetic tree was reconstructed reflecting the
sequence similarities to previously described proteins. A neighbor join-
ing tree of the PhCYP76 (up) and PhCYP96 (down) is presented. Local
boostrap probabilities above 70% label the nodes.
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A. thaliana, Brassica oleracea, Lotus japonicus and R. communis, among
others. PhFeSOD clusters within the FeSOD Solanaceous branch, thus
suggesting that the gene investigated could be specific for the Solanaceae.
A Ds insertion in AT4G25100.1 results in pale-green seedling (Kuro-
mori et al., 2006), but there is no detailed phenotypic description available.
PhFeSOD-silencing lines had a strong floral phenotype including a stunted
tube, shorter and underdeveloped limb and curly sepals (figure 5.4H).

PhXTH

PhXTH was retrieved as the AT2G36870 homolog. The phylogenetic anal-
ysis presented as figure A.5 reflects that PhXTH shares polipeptide se-
quence similarity to abundant endoxylogucan transferases from tomato.
The tree did not offer a resolutive separation of XTH genes, although it
placed with high bootstrapping confidence the PhXTH accession within a
branch mainly composed by Solanaceous species but separated from the
XTH9-like proteins from tomato and potato.

Expression of endo-xyloglucan transferases is strongly downregulated
in acaulis mutants from A. thaliana, characterized by reduced cell length
(Akamatsu et al., 1999). Independent transformation events of PhXTH-
silencing plants had wider corolla limbs with abnormal distal petal fusion
figure 5.41 and J).

PhCYPY6

The sixth more differentially expressed gene in petals according to our
analysis, AT1G57750, mapped to PhCYP96. According to the cytochrome-
centric phylogenetic analysis showed as figure 5.5, PhCYP96 is a CYP96
member. According to the batch phylogenetic analysis depicted as figure
A.6, PhCYP96 clusters with P. trichocarpa and grape CYP96 proteins
and not with the A. thaliana members nor the A. thaliana CYP86 called
lacerata. The phenotype of the PhC'YP96-silencing plants consisted in
flowers with double corollas (5.4K), wide and bent tubes (figure 5.4L and
M) and extra unfused petals (5.4N).

PhWAK

The wall-asociated protein kinase PAWAK of P. hybrida showed the closest
homology to AT1G65250, which has unknown function in A. thaliana .
The phylogenetic analysis depicted in figure A.7 defined a close homology
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of PhWAK to a branch of predicted proteins from tobacco and WAK20
from grape, branch that is neatly separated but close to WAK4 and WAKS5
from A. thaliana, among others. Silencing of WAK/ in A. thaliana impairs
cell elongation and affects plant development (Lally et al., 2001).

Although most of the PhWAK-silencing lines were wildtype, a line
had smaller flowers with defective petal growth, a slight purple color on
the limb and a conspicuous yellow ring between tube and limb (figure 5.40
and P).

PhRBK

PhRBK is the protein kinase of P. hybrida mapping the A. thaliana
AT1G65190 gene. It clusters within RBK-like proteins as well near to the
R. communis BRASSINOSTEROID INSENSITIVE 1-associated receptor
kinase 1 (figure A.8). We were not able to recover transgenic lines silencing
PhRBK. Similarly, a lethal phenotype was described in A. thaliana, where
loss of function alleles in this gene could not be recovered (Choe et al.,
2002).

PhPRA

The A. thaliana AT1G17700 gene maps to the P. hybrida PhPRA, which is
electronically inferred to be a Prenylated Rab acceptor (PRA). According
to the phylogenetic tree shown in figure A.9, PhPRA shows close homology
to PRA from tomato and Medicago truncatula. PRA-1 proteins form a
small gene family of 19 members in A. thaliana (Kamei et al., 2008).

The PhPRA-silencing lines showed an extreme wrinkled petal pheno-
type (figure 5.4Q, R and S). This petal phenotype resembles other pheno-
types described for TCP transcriptions factor such as cincinnata, involved
in cell differentiation and growth (Nath et al., 2003), suggesting a role for
PhPRA in this complex pathway.

PhTCP

PhTCP is a homolog of the A. thaliana AT3G15030 gene. According
to the phylogenetic analysis, PATCP clusters with TCP-family members
such as TCP24 of A. thaliana and tomato. The phenotypes of the PhTCP-
silencing lines were wildtype, indicating that the silencing of PhTCP does
not affect flower development in our growth conditions.
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We focused on lines PhCYP76 and PhCYP96 as they had, as Tj, ap-
parent modifications on petal identity. Segregant populations of 77 plants
were checked for further fine detail phenotyping.

5.3.3 Silencing of PhCYP96 impairs B-class gene expres-
sion and produces pleiotropic effects

Four independent lines silencing PhCYP96 showed smaller flowers. The
T} populations used in this study were checked either for the nptll or attB
cassette marker presence (progenies derive from self-crossing except when
otherwise noted). According to the nptII amplification, line “6.4” had a
single insertion (y2= 0.2252, df=1, p-value = 0.635>0.05; 10 absent and 29
present). Line “6.3” was checked using the attB1 and attB2 primers and
did not have a pattern of single insertion inheritance (y?= 8.963, df=1,
p-value = 0.003<0.05; 10 absent and 8 present). Two progenies of “6.5”
were sown: a selfing and a backcross to Mitchell: the selfing did not show
a pattern of single insertion inheritance (y2= 18.5128, df = 1, p-value
=1.688e-05<0.05, 16 absent and 10 present); however, this disturbance
was not found in the backcross-derived individuals (x?=2.3333, df=1, p-
value=0.126> 0.05, 14 absent and 7 present).

Quantitative PCR analysis for transcript abundance showed that Ph-
CYPI6 expression was significantly reduced to 7.40 % of the wildtype
values (p = 0.000 < 0.05, figure 5.6Q).

As petal size was decreased in PhCYP96-silencing plants, a scanning
electron microscopy analysis was conducted to survey cell behavior in
sepals and the inner and outer part of both petal tube and limb (figure
5.7). Under moderated light deprivation conditions, the PhCYP96-line
named “6.h1” showed a high rate of flower abortion that affected both
the macroscopic and cellular phenotype. As depicted in figure 5.6, the
petals of the aborted flowers were smaller, and its cells tinier and undiffer-
entiated. Nearly isommetrical and still dividing petal cells of the aborted
flowers were up to 20 times reduced at the outer part of the petal limbs as
compared to the wildtype.

We used the progeny of the line with a stronger phenotype for further
analysis (named “6.h1”). They showed small flowers with anomalies in the
petal tube, including bigger diameter and bending (figure 5.6B, F and K),
and extra petals (figure 5.6K). Strinkingly, under ligth deprivation condi-
tions, the upper flowers of the inflorescence showed aborted petals (figure
5.6B, G) that featured high trichomata density in the midvein (figure 5.6C
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and D). The inflorescence showed reduced internode length (figure 5.6G)
that, in some cases, led to the fusion of two consecutive corollas into a
10-petaled flower (figure 5.6H and I) which, after dissection, showed in-

Figure 5.6 (following page): PhCYP96-silencing lines phenotyping. All
the photographs correspond to the “6.h1” progeny. The paraffin cylinder
appearing in some images has a diameter of 0.5 mm.

A, wildtype Mitchell diploid (front view).

B, front view phenotypes of both the small (on the left) and aborted flow-
ers (on the right).

C and D, electron scanning microscopy of the second whorl organ of the
flower abortions, showing the high density of trichomata in the midvein.
E, wildtype Mitchell diploid (side view).

F, side view of the moderately small phenotype of PhC'YP96-silencing
flowers.

G, inflorescence architecture showing reduced internode length and the
small and aborted flowers.

H to J, petal fusions leading to ten-petaled flowers; J was manually peeled
off to reflect absence of gynoecia fusion and the curved styles.

K, inflorescence architecture showing reduced internode length and extra
unfused petals.

L, Mitchell diploid wildtype capsule.

M, PhCYPY6-silencing capsules reflecting abnormal placentation and
valves.

N, Mitchell diploid wildtype seeds.

O, PhCYPY6-silencing seeds with altered shapes and size.

P, quantitative data on flower roundness and area in a frontal view, plant
height and number of flowers per plant. Data of n = 94 plants (flower
roundness and area) or n = 65 plants (plant height and number of flow-
ers by plant) from PhCYP96 (“6.3”, “6.4” and “6.5”) progenies). Mann-
Whitney one-sided test’s p-values under the cut-off p = 0.05 are highlighted
with an asterisk and denote significant differences.

Q, real-time PCR relative expression analysis of fully developed petals
(discarding flower abortions) on n = 5 plants; a relative expression of one
means no change to the wildtype. Significant differences are highlighted
with an asterisk. Actin and RPS13 were used as reference genes and
showed stable expression.
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Figure 5.7:

Scanning electron microscopy of the epidermis of individuals of a T; seg-
regant population of PhCYP96-silencing plants named “6.h1”.

A, wildtype Mitchell diploid.

B, mild construct-carrying PhCYP96 phenotype.

C, homeotic transform PhCYP96 phenotype showing aborted second
whorl organs.

D, data comparison on n = 190 cells obtained from a microscopy prepa-
ration of flowers from three “6.h1” construct-carrying plants and two
azygous; detected differences (with significant Holm-corrected Pairwise
Wilcoxon Rank Sum tests, @ = 0.05) are depicted with distinct letters.
Areas are represented in pm?.
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dependent gynoecia (figure 5.6J). These abnormalities also were found in
capsules and seeds. P. hybrida fruits have two valves, whereas PhCYP96-
silencing lines sometimes produced aberrant fruits with higher number of
valves and altered placentation (figure 5.6L and M). Compared to the wild-
type, fruits and seeds appeared smaller. Seed form was affected, showing
wedge or concave shapes as compared to the near perfect spheres typical
of wild type (figure 5.6N and O).

As the aberrant petals suggested some decrease in petal identity, we
analyzed further for changes in the expression of B-class gene expression on
petals, discarding the flower abortions (figure 5.6Q). According to random-
ization tests, PAGLO2 and PhTMG6 reduced its expression to 29.7% and
10.4%, respectively (p = 0.033 < 0.05 and p = 0.009 < 0.05). As an inter-
nal control, the expression of PhCYP96 was found to be reduced to the
7.40 % of the wildtype’s (p = 0.000 < 0.05). Neither PADEF (relative ex-
pression of 45 %, p = 0.066 > 0.05) nor PhGLO1 (72 %, p = 0.316 > 0.05)
showed detectable downregulation. Actin and RPS13 were used as inter-
nal controls and found to be stably expressed, as described by Mallona
et al. (2010).

To assess the cellular phenotype of the smaller flowers, a scanning mi-
croscopy analysis was conducted (figure 5.7). Middle sized flowers with
a mild floral phenotype had significantly larger cells in the inner part of
the basal petal whereas the rest of the cellular sizes were similar to wild-
type. In flowers with the strongest phenotypes cells in all the first and
second whorl tissues analyzed were significantly smaller than in wildtype
plants. However the cell types displayed in the apparently homeotically
transformed organs do not coincide with wild type looking cells. Indeed we
could not identify conical cells in the distal inner part of the second whorl
as would be expected, and the nanoridges that characterize the petal inner
cell surface were almost absent in the aborted flowers. These data indicate
a strong change in the identity of the organs as would be expected also
from the down regulation of the PhGLO2 and PhTM6 genes.

5.3.4 Silencing of PhCYP76 produces pleiotropic effects

Three T7 populations silencing PhC'Y P76 were checked for the nptII marker
presence (progenies derive from self-crossing except when otherwise noted).
Line “2.17 had a single insertion (x?= 0.1333, df=1, p-value = 0.715>0.05;
11 absent and 29 present); line “2.4” did not have a single insertion (x2=
7.5843, df = 1, p-value = 0.006<0.05, 11 absent and 78 present); and “2.E”
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had a single insertion (backcrossing to Mitchell; x?= 0.4211>0.05, df = 1,
p-value = 0.516>0.05, 17 absent and 21 present). Effective downregula-

Figure 5.8 (following page): PhCYP76-silencing lines phenotyping.

A independent regenerants before ex vitro adaption show increased root
biomass.

B, line “2.A” (on the right) mantains as Tj a bigger root system than the
wildtype (on the left).

C, the germination assay on a T} segregant population show wildtype
(diamond-shaped arrows) as well small root systems (black arrows).

D, data analysis on the root systems of the germination assay. On n = 51
plantlets, a bounding rectangle was fit to the root system and its height,
perimeter, width and area were calculated. Detected statistical differences
according to one-sided Wilcoxon tests are represented with distinct letters.
E, four siblings of a 77 population with silenced PhCYP76 (line “2.E”)
show a graded albino phenotype. On the left: a green, azygous wildtype
plant; rest, construct-carrying plants with variable degree of chlorosis and
dwarfism.

F, reduced petal limb expansion and tearing on “2.E” (on the left) and
“2.a4” (on the right) flowers.

G, flowers of “2.a4” show complete filament fusion to the petal resulting
on a sesile anther that tears the petal (the frontal cut was manually per-
formed).

H to I, “2.E” show hight variability on flower shapes, from complete lack
of petal development to petal limb dwarfism.

J to L, increased petal asymmetry in PhC'YP76-silencing progenies. Wild-
type (J, on the left) shows less bilaterality than “2.1” (J, on the right),
“2.4” (K) or “2.E” (L).

M, flower and plant macroscopic phenotyping. Flower roundness (a cir-
cle has roundness of 1) and area in a frontal view (mm?) were measured
from n = 102 plants of PACYP76 lines (“2.17, “2.4” and “2.E” progenies).
Significant differences according to the Mann-Whitney one-sided test’s are
represented with different letters.

N, dried-gel casts of conical cells of the dorsal and ventral petal limbs.
O, statistical analysis on the dried-gel casts images. The symmetry axis
and the sampling location are highlighted in the flower frontal view pic-
tograms. n = 2823 cells of 15 plants, significant differences according to
the one-sided Wilcoxon tests are represented with different letters.
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tion of PhC'YP76 was checked in the progeny of the line with strongest
phenotype, “2.E”. According to randomization tests, the mean decrease
factor of such a population was 64.7 % relative to the wildtype’s expres-
sion (thus detecting efective PhC'YP76 downregulation, p = 0.018 < 0.05).
The minimal expression factor detected in a sibling was 55.3%. EF1 and
RPS13 were used as internal controls and found to be stably expressed, as
described by Mallona et al. (2010)

As the Ty individuals showed increased root biomass in vitro and after
ex vitro adaption (Figure 5.8A, B, C and E), a root morphology assay was
performed on T individuals of lines “2.17, “2.4” and “2.E”. The germina-
tion assay was conducted on in vitro conditions without supplementation
of carbon sources. Root measures, such as length or width, were compared
between the construct-carrying and the azygous. Plantlets of T} regener-
ants had significantly narrower root systems, assimilable to less secondary
roots, as depicted in figure 5.8D and F, but no differences were detectable
in area, perimeter nor height.

In one of the lines, “2.E”, a degree of albino phenotypes and dwarfism
could be observed among the T siblings (figure 5.8E). In order to check
whether the construct-carrying plants (homozigous or heterozygous) had
the phenotype and the wildtypes (azygous) not, a contingecy table-based
test was performed. As shown in table 5.2, let Gg be the number of indi-
viduals without the construct and G those harbouring it; and let Py be
the number of individuals without phenotype and P; with. The binomial
test design is as follows: the sample size is n = Py+ P; +Go+ G = 18; the
succesful event is the albino phenotype, hence we expect as many albinoes
as construct-carrying plants, which are e = (G1NFPy)U(G1NP;) = 16; and
the observed successes are 0 = (GNP )U(G1NP;) = 10. The binomial test
reflects that there is no detectable difference between the observed and the
expected (10 successes, 18 trials, p-value = 0.8145 > 0.05), so the albino
phenotype is associated to the silencing of PhCYP76. It is worth noting
that none of the azygous plants showed changes in leaf color. Apart of
the photobleaching, leaf shape of PhCYP76-silencing plants resembles the
lacerata (ler) mutants of A. thaliana, which include irregular leaf shapes
tearing of leaf tissues, among postgenital organ fusion. The lcr mutants
are defective in a cytochrome P450 involved in fatty acid hydroxylation
(Wellesen et al., 2001).

Ty and 17 plants silencing PhCYP76 showed a distortion in petal lobe
expansion (figure 5.8F-L). In some cases we found just by simple inspec-
tion, large differences between lower and upper petal lobe expansion thus
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Table 5.2: Binomial test of the relationship between the albino phenotype
and the genotype. A segregant population of 77 plants carrying the Ph-
CYP76 silencing construct were phenotyped regarding to changes in leaf
pigmentation.

Albino phenotype
Absent (Py) | Present (Pp)
Azygous (Gy) 2 0

Construct-carrying (G1) 6 10

Genotype

increasing the flower bilateral symmetry and leading in some cases to four-
petaled flowers (figure 5.8J—-L). A quantitative analysis performed on seg-
regant 17 populations confirmed the differences on flower roundness and
total petal area (figure 5.8M). Plant height and floral number were signif-
icantly reduced.

Measuring conical cells in dorsal and ventral petal limbs (figure 5.8N)
we detected a significant increase of cell area in ventral petal cells but not
in the dorsal side (figure 5.80). In fact all cellular parameters (perimeter,
width and height) were significantly smaller in dorsal cells and bigger in
ventral cells.

5.4 Discussion

The overall tendency in A. thaliana research during the decade of 1990-
2010 is to substitute the forward, classical by reverse genetics approach.
The work over this decade unveiled the 90% of the Arabidopsis genes whose
alteration triggers a mutant phenotype (Lloyd and Meinke, 2012). How-
ever, the reverse genetics gene function addressing method relies on two
aspects: first, the ability to knockout a gene; and second, the success on
plant recovery and detection of corresponding phenotypes by a properly
designed screening procedure (phenotyping). Identification of candidate
genes for systematic gain or loss of function experiments have been per-
formed and all have in common a previous selection of the genes based on
differential expression (Nasir et al., 2005), known gene function (Spitzer
et al., 2007b), or gene families (Meissner et al., 1999). Additional steps
towards identification of the gene function requires a genetic screen to
identify those that modify a trait under study.
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One of the apparently best studied processes in plant development is
petal morphogenesis. In spite of the work performed in that has been done
in identifying the organ identity genes, few genes have been described that
affect petal growth. In our work we identified genes differentially expressed
in Arabidopsis petal tissue against the rest of the flower and identified their
corresponding orthologs in Petunia. We assumed that although there are
important differences between petunia and Arabidopsis in terms of petal
development, several conserved mechanisms should underlie the common-
alities found in both tissues.

Meinke et al. (2003) proposed that at least 10 % of the protein cod-
ing sequences in A. thaliana would trigger a detectable mutant phenotype
when silenced. After a comprehensive literature curation in A. thaliana,
Lloyd and Meinke (2012) published a list of nearly 3,000 genes with loss-
of-function mutant phenotypes, 400 of them requiring the co-silencing of a
redundant paralog. The gene set represents roughly 10 % of the protein-
coding sequences in the genome. Our results, based on the incorporation of
a dataflow of gene selection in a hypothesis-free manner, show that one out
of nine target genes resulted on lethality, thus being a phenotype of essen-
tiality; and further seven genes (PhCYP76, PhNPHS3, PhFeSOD, PhXTH,
PhCYPY96, PhWAKand PhPRA) showed floral phenotypes when silenced.
This 89 % of phenotype-retrieving success differs substantially from the
10 % expectancy described in A. thaliana. Therefore, the identification of
genes in A. thaliana by criteria of expression profiles and their testing in
a different species can be indeed successful.

Silencing of PhCYP96 produced a stable phenotype of smaller corol-
las with unfused petals. The expression analysis of non-aborted flowers
revealed that some B-class genes are downregulated in transgenic plants,
thus suggesting some interaction between them (figure 5.6Q). In P. hy-
brida, PhGLO1 and PhGLOZ2 act redundantly specifying petal identity,
along with the A-class gene blind which appears to act as a repressor of
the C-class gene expression in the first and second whorls. The family
DEF /AP3, whose members are PhDEF and PhTMG6, however, appear to
act quite differently. PhDEF is required for petal as well stamen identity,
but PhTM6 only appears to be involved in stamen identity specification.
The fact that in PhCYP96-silencing lines, all B-function genes showed
some degree of downregulation albeit only PhTM6 and PhGLO2 were sig-
nificant indicates a possible effect of PAC'YP96 in organ identity in a way
that requires further work.

Seed and fruit morphology was heavily disturbed in PhC'YP96-silencing
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plants, including seed size, morphology and fruit placentation (figure 5.6M-
O). The sepal retention in fully maturate capsules as well the poor seed
quality is consistent with previous reports on mutants such as lacs! lacs2
(Weng et al., 2010). The lacs! lacs2 has be found to be involved in cuticle
and wax biosynthesis, and produces abnormal flower development as well
organ fusion.

As the functional annotation of AT1G57750 suggests involvement on
cutitular wax biosynthesis and the silencing of its homolog PhCYP96 in
P. hybrida resembles the phenotypes of the lacsi lacs2 mutant and alto-
gether produces petal cells with reduced nanoridges, PhCYP96 may be
involved in cutin and cuticular wax biosynthesis. Nelson (2006) suggests
that CYP86 members are an ancient group of cytochromes as they are in-
volved in protection against water loss but; as CYP96 is a member of the
CYPS86 clan and is absent in moss and ferns but present in angiosperms,
specially in rice, A. thaliana and poplar, is proposed that CYP96 is the
most recent radiation of the clan (Nelson and Werck-Reichhart, 2011).

PhCYP76-silencing plants had peculiar flower and root morphology,
plant height, number of flowers and leaf color. The disruption of several
components of the biochemical machinery has been found to be related
with albino phenotypes. An A. thaliana flavonoid-related mutant has
been described to show a graded series of phenotypes with chlorotic leaves
in heterozygous plants, albinoes homozygous and green wild-types (Shea-
han et al., 1998). Apart of the photobleaching, leaf shape of PhC'YP76-
silencing plants resembles the lacerata (ler) mutants of Arabidopsis, which
include irregular leaf shapes tearing of leaf tissues, among postgenital or-
gan fusion. The lcr mutants are defective in a cytochrome P450 involved
in fatty acid hydroxylation (Wellesen et al., 2001).

Among root morphology modifications in PhCYP76-silencing plants,
significant changes on the root system width were found. As depicted in
figure 5.8D, the number of secondary roots was greatly reduced but the
overall root area remained unchanged. This result is opposed to the finding
of Ty regenerants with bigger root systems (Figure 5.8 A, B, C and E). We
suggest that this discrepancy could be produced by the differences on sugar
supplementation between the rooting medium with high levels of carbon
source and the germination assay media devoid of exogenous carbon.

PhCYP76-silencing lines showed a difference on flower symmetry as
estimated simple inspection of the flowers. A statistical analysis showed
significant differences towards a zygomorhpic flower as the degree of round-
ness decreased, and cell measurements in dorsal and ventral petals showed



5 IDENTIFICATION OF NOVEL GENES INVOLVED IN FLOWER
110 DEVELOPMENT

opposite tendencies. Our results indicate a possible effect of PhCYP76 in
the maintenance of floral symmetry in P. hybrida.

5.5 Conclusions

A hypothesis-free system for systematic discovery of new genes altering
petal development has been proposed and applied to garden Petunia. The
post-transcriptional gene silencing confirmed the role in petal characteris-
tics determination of seven from nine target genes, and included alterations
on flower size, color, shape as well in vegetative parameters.
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Chapter 6

Conclusions

This chapter summarizes the concluding remarks, the practical applica-
tions and the future prospects of the present work.

6.1 General conclusions

As the dissertation is structured in independent parts, the discussed results
of each chapter lead to partial, self-contained conclusions. However, as
stated at the introductory section 1.6.2, the dissertation nucleus is chapter
5, which regards the selection and silencing of the target genes presumably
affecting petal development; and the chapters 2, 3 and 4 are focused on
the methods which support the main flow.

6.1.1 Chapter 2

This chapter presents a lightweight, local pipeline for EST analysis. The
software presented here comprises the two major steps in EST analysis:
the consensus sequence build procedure, the annotation and its storage in
a relational database; and the collection of scripts used for data query-
ing, visualization and interpretation. pESTle focuses on data security and
integrity as all the procedure of assembly, clustering and annotation is pro-
duced locally. The pESTIe architecture is arranged in four tiers: the central
tier, Tier 0, is the database managed by PostgreSQL; pESTle surrounds
either filtering the accesses to it and serving the data to a web interface
(Tier 1), or building the database from raw data (Tier -1); finally, the final
user client is located in Tier 2 and the raw data and reference databases
are located in Tier -2.

111
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6.1.2 Chapter 3

This chapter shows both an univariate analysis and a generalized additive
model which links the PCR efficiency reaction with some parameters of the
reaction, such as the G+C content of the template or the primers length.

The univariate analysis reflects that several variables contribute signif-
icantly to the PCR efficiency (in example, the amplicon length reduces it).
The model regarding multiple interacting variables show that the 42% of
the deviance found could be explained in a model which gathers modifi-
able parameters, such as lengths and purine contents. Accordingly, there
is possible to improve the expected efficiency prior to wet lab experiments.

6.1.3 Chapter 4

In this chapter the suitable reference genes for developmental studies in
Petunia hybrida flowers and leaves is performed.

GAPDH is not adequate for normalization purposes in P. hybrida.
EFla and SAND are valid in Mitchell, whilst CYP and RANI are the
genes of choice in V30. A normalization factor including two genes should
be enough for reliable quantification. Nevertheless we propose a reference
gene stability test when performing gene expression studies in P. hybrida.

As a novelty, this work insist on the inconsistencies found between
different stability-assessing algorithms and proposes for first time the rank
aggregation-based melding of the data.

6.1.4 Chapter 5

In this chapter a systematic reverse genetics approach is applied to dis-
cover novel genes involved in petal development. The statistics behind
target gene selection is based on data mining of public transcriptomic
Arabidopsis thaliana data and an EST database from P. hybrida.

Results assign a function on petal development to seven out of nine
target genes. The silencing lines show altered flower parameters such
as: size and shape (PhCYP76, PhNPH3, PhFeSOD, PhXTH, PhCYP96
and PhWWAK), petal smoothness (PhPRA), color (PhNPH3 and PhWAK)
and symmetry (PhCYP76). Pleiotropic phenotypes were found, such as
root morphology and leaf color (PhCYP76), flower number, capsule and
seed morphology (PhCYP96) and plant height (PhCYP76 and PhCYPIG6).
Therefore, the identification of novel genes by criteria of expression profil-
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ing can indeed be successful; in this case, a proof of concept was applied
to P. hybrida petal development.

6.2 Practical applications

Three of the chapters presented in this dissertation have a strong method-
ological background. The first one, chapter 4, offers a new method for
estimating the reference gene stability by merging several previously de-
scribed algorithms. Chapter 3 and 2 are in fact software tools, which are
direct, out-of-the-lab resources: an user-friendly web tool allowing PCR
efficiency estimation; and a new conceptual model for EST handling, com-
prising a selection of sequence (pre-)processing procedures, a relational
database design, a frontend for annotation tools, and ready-to-use web
user interface.

It is worth noting that the chapter 4 had 20 cites on May 2012; three
citing articles apply the rank aggregation proposed in Coffea (Goulao et al.,
2011), rat carotid (Kim et al., 2011) and hybrid roses (Klie and Debener,
2011).

6.3 Summary of contributions

Since P. hybrida started to be regarded as a model system its research
topics widened, covering very different fields such as flavonoid metabolism,
epigenetics, volatiles and so on (Gerats and Vandenbussche, 2005). These
studies were in many cases carried out looking at the gene expression lev-
els via quantitative or semiquantitative PCR. However, the first validation
of the suitability of the reference genes for these studies, included in the
present thesis as chapter 4, was published in 2010. The findings of the
chapter were corroborated by Zenoni et al. (2011b) even in different Petu-
nia species through microarray analysis.

Quantitative real-time has been one of the most used technologies in
gene expression assessment. However, it was described that a common
pitfall on its data analysis is to obviate the PCR reaction efficiency (Free-
man et al., 1999). As the underlying basics determining such parameter
were poorly known, the experimental set-up could not be modified in or-
der to uniformize or maximize the reaction efficiency. The chapter 3 of
the present thesis offers a novel application which predicts PCR efficiency
given a sequence to amplify and a primer pair. The application is acces-
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sible through a web interface and thus is platform independent; is freely
available and could be employed either in predicting the efficiency of a
given amplicon and primers or in primer design (when only the desired
amplicon is queried).

Gene function elucidation by reverse genetics is a standard approach.
Post-transcriptional gene silencing has been found to be a valuable infor-
mation source even if only a partial loss-of-function is generated (Andrew,
1999). Since the -omic information available at the start of the present
thesis were ESTs, we decided to conduct an inductive, synthetic hypoth-
esis search based on microarray analysis of previously published data. As
described in chapter 5, we gathered data from A. thaliana expression sets
and localized transcripts expressed characteristically in petals, and then
examined their homologs in Petunia. After such identification, we silenced
those transcripts and analyzed the phenotypes.

Roughly, post-transcriptional gene silencing can be summarized as the
introduction of exogenous RNA within the cell and consequently inhibit
gene expression whose sequence is equivalent to that of the RNA. DNA
amplification by PCR, technologies based on recombinant DNA and plant
transformation are determined by, again, DNA sequence. Thus, sequence
handling is a key point on genetics research. Because of that we start
the present dissertation by chapter 2 offering an EST handling platform
(P. hybrida sequences are mostly ESTs, until the genome project finishes);
this EST pipeline offers an integrative solution to EST manipulation and
provides the basis to the rest of the analysis.

The aim of the present dissertation was to discover novel genes playing
a role on petals in P. hybrida. Chapter 5 show an experimental design for
accomplishing that aim as well its results. As the methods are as different
as transcript profiling, plant transformation or phenotyping, a variety of
techniques have been required during the PhD thesis. A summary of such
a methodology is presented as figure 6.1, reflecting the interactions and
dependencies between chapters.

6.4 Future research

In 2012 the Petunia Platform (The Petunia Platform, 2004) organized a
genome project. The availability of the assemblies will facilitate designs
involving full-length coding sequences, such as overexpression analysis; and
reporter assays, such as GUS-mediated promoter spacial regulation anal-
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Figure 6.1: Overview of the methodology used and dependencies between
chapters. Label code the chapters’ number as follows: introduction, 1;
pESTle, 2; pcrEfficiency, 3; validation, 4; and silencing, 5. A, contributions
of each chapter (columns) to the dissertation. B, summary of the major
tools employed in each chapter (rows).



116 6 CONCLUSIONS

ysis. Incidentally, the understanding of phenotypes associated to the si-
lencing of PhC'YP76 and PhCYP96 could be greatly improved by over-
expression analysis; and more independent lines with impaired expression
could be fetched from the Vandenbussche’s and coworkers pool described
in Vandenbussche et al. (2008). The availability of a new dTphl-tagged
insertional mutagenesis population can enrich the number of independent
lines of the genes tested in this dissertation. Even more, as the shortlist
of target genes presumably involved in petal identity was longer than the
ten genes scrutinized in this dissertation, new phenotypic information can
be achieved from the rest of genes with unknown function.

As this dissertation presents new genes affecting the atypical class B
gene PhTM6 expression, crosses with the well-established pool of P. hy-
brida mutants will be insightful.

As the stable plant transformation is a labor-consuming protocol, tran-
sient expression silencing assays can provide an interesting alternative.
Virus-induced gene silencing (VIGS) provides the tools to even silence
multiple genes at once (Chen et al., 2004).

Finally, microarray techniques could be applied to the some of the
transgenics lines obtained. This approach enlarge the data analysis power,
as changes in the transcriptomic level can be understood globally.

6.4.1 Final reflection

The large community of researchers studying model species such as Caenorhab-
ditis elegans, Drosophila melanogaster or A. thaliana, among others, have
unveiled abundant and striking mechanisms in developmental biology. How-
ever, some of this information in a certain way lacks universality.

The “-omics” integration could be insightful in handling this diversity,
specially in terms of data acquisition from different experimental conditions
as well from consolidated and emerging model species. Thus, given the
facilities developed for “-omic” data handling, data mining could give some
insight on both conserved and divergent patterns. This data analysis could
have a direct application on fundamental biology, such as developmental
regulation or evo-devo understanding; but also to industry, such as the
plant breeding.



Capitulo 7

Conclusiones

El presente capitulo resume las conclusiones generales del trabajo, asi como
sus aplicaciones y perspectivas.

7.1 Conclusiones generales

Dado que la presente tesis estd estructurada a manera de articulos cientifi-
cos, cada capitulo posee su propia conclusién. No obstante y tal y co-
mo queda descrito en la introduccién (seccién 1.6.2), el nicleo de la tesis
estd representado en el trabajo de seleccién y silenciamiento de genes pre-
sumiblemente involucrados en la identidad de pétalo (capitulo 5); de este
modo, los capitulos 2, 3 y 4 representan el bagaje metodolégico que ha sido
necesario desarrollar para la consecucién de los objetivos del capitulo 5.

7.1.1 Capitulo 2

Contiene un nuevo sistema de gestién de ESTs denominado <pESTlexs.
Consiste en un conjunto de aplicaciones informaticas que efectiian las dos
tareas fundamentales de un entorno de almacenamiento de ESTs: en primer
lugar, el procesamiento de los datos crudos con el fin de obtener secuencias
consenso, anotadas y convenientemente dispuestas en un sistema gestor de
bases de datos; y en segundo lugar, la difusién de estos resultados proce-
sados, facilitando su visualizacion e interpretacion. pESTle esta disenado
con el fin de garantizar la seguridad de los datos; por ello, se ejecuta lo-
calmente y posee mecanismos de garantia de integridad. De este modo,
pESTIe organiza la base de datos bioldgica en cuatro capas: una central,
la capa 0, que contiene los datos procesados convenientemente gestionados
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por el nicleo de PostgreSQL; dos capas intermedias, una filtrando las con-
sultas y modificaciones de los datos (capa 1) y otra realizando las tareas de
construccién de la base de datos (capa -1); y finalmente las capas externas,
que ofrecen la interfaz del usuario final (capa 2), y la que contiene los datos
crudos y las bases de datos de referencia (capa -2).

7.1.2 Capitulo 3

Se describe un andlisis univariante y un modelo aditivo generalizado que
relacionan la eficiencia de reacciéon de la PCR y ciertos pardametros, co-
mo el contenido G+C del producto de amplificacién o la longitud de los
cebadores.

El analisis univariante refleja que la eficiencia de PCR responde a va-
riables de distinta indole (como la longitud del producto de amplificacién).
El modelo multivariante reduce el niimero de variables a tener en cuenta y
explica el 42 % de la devianza. De esta forma, el modelo retine datos sim-
ples, como por ejemplo la longitud de los cebadores y su contenido G+C,
y predice la eficiencia final. Por tanto, la herramienta permite realizar pre-
dicciones sobre cebadores preexistentes pero también ofrece una interfaz
de diseno de cebadores orientado hacia la obtencién de eficiencias 6ptimas.

7.1.3 Capitulo 4

Este capitulo analiza la idoneidad de genes de referencia para PCR en
tiempo real bajo las condiciones experimentales de la tesis.

GAPDH muestra una gran inestabilidad y queda descartado como gen
de normalizacién en P. hybrida. EF1a y SAND presentan el comporta-
miento éptimo en la linea Mitchell, mientras que CYP y RANI lo hacen
en V30. No obstante, salvo para el caso de GAPDH, se detecta una norma-
lizacién adecuada empleando dos genes practicamente en cualquier condi-
cién experimental. De cualquier modo, se postula la necesidad de efectuar
andlisis de estabilidad de expresién de los genes de referencia bajo cada
condicién experimental.

El trabajo resalta que las estimaciones de estabilidad producidas me-
diante distintos métodos son inconsistentes. Como novedad propone rea-
lizar una aglutinacién de los resultados que se basa en una agregaciéon de
rankings.
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7.1.4 Capitulo 5

Este capitulo emplea la mineria de datos transcriptémicos como método
para descubrir nuevos genes con presumible participacién en la determi-
nacién de caracteristicas de pétalo. Para ello parte de datos publicos de
la especie modelo A. thaliana y de una base de datos local de EST de
P. hybrida, obteniendo como resultado lineas transgénicas con una menor
expresion de cada uno de los genes candidatos.

Como resultado, se describen siete nuevos genes cuyo silenciamiento
altera de hecho caracteristicas florales tan variadas como: la forma y ta-
mano (PhCYP76, PANPH3, PhFeSOD, PhXTH, PhCYP96 y PhWAK),
textura (PhPRA), color (PhNPH3 y PhWAK) y simetria (PhCYP76) de
los pétalos. Ademds, se detectan cambios en otros pardametros, como el
color de las hojas y la morfologia radicular (PhCYP76), el nimero de flo-
res, la morfologia de las cdpsulas y semillas (PhCYP96) y la altura de la
planta (PhCYP76 y PhCYP96). Por tanto, un enfoque puramente bioin-
formatico permite recabar nuevos genes cuya funcién se circunscriba a un
determinado ambito; en este caso, el desarrollo del pétalo de P. hybrida.

7.2 Aplicaciones

Tres de los capitulos aqui presentados poseen una vocaciéon metodoldgica
y, por tanto, practica. Uno de ellos, el capitulo 4, ofrece un nuevo método
de estimacion de idoneidad de genes de referencia. Los capitulos 3 y 2 son
de hecho aplicaciones informaticas utilizables directamente en si mismas:
concretamente, el primero proporciona una interfaz web que apoya el di-
senio de cebadores en conjunciéon con un estimador de la PCR; y el segundo
ofrece una nueva estrategia de analisis y almacenamiento de ESTs que re-
dunda en la difusién de los resultados mediante una interfaz web de uso
sencillo, a la vez que posee un disenio sélido basado en un gestor de bases
de datos relacional.

En cuanto al impacto real del presente trabajo cabe destacar que el
capitulo 4 poseia 20 citas en mayo de 2012; tres de los articulos incorporan
la metodologia propuesta en material tan variopinto como el cafeto (Goulao
et al., 2011), la cardtida de rata (Kim et al., 2011) o la rosa hibrida (Klie
and Debener, 2011).
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7.3 Contribucion cientifica

Los estudios empleando P. hybrida como organismo modelo son varia-
dos e incluyen el metabolismo de flavonoides, la epigenética, la emision
de volétiles entre otros (Gerats and Vandenbussche, 2005). El andlisis de
la expresion génica realizado en buena parte de ellos se ha basado en la
técnica de PCR cuantitativa (o semicuantitativa) mediante comparacién
con genes de referencia. No obstante, la primera validacién de los genes de
referencia, incluida como capitulo 4 en la presente tesis, data de 2010. Sus
resultados han sido confirmados mediante un estudio de micromatrices de
ADN realizado por Zenoni et al. (2011b); cabe destacar la consistencia de
resultados pese a que las condiciones experimentales entre ambos estudios
difieren, asi como la categoria taxonémica de las petunias estudiadas.

La PCR cuantitativa en tiempo real es una de las técnicas mas emplea-
das para evaluar la expresion génica. Existe literatura cientifica resaltando
que una fuente importante de errores procede de obviar la eficiencia de la
reaccién (Freeman et al., 1999). No obstante, se desconoce buena parte del
fundamento bioquimico que afecta a tal eficiencia; mas atn, no existe una
receta clara para maximizarla o uniformizarla. El capitulo 3 de la presente
tesis ofrece una aplicaciéon que predice la eficiencia de acuerdo a carac-
teristicas de los cebadores y de la secuencia a amplificar. Tal aplicacion es
libre y accesible a través de una interfaz web, por lo que es independiente
de plataforma. Ofrece la la prediccién de eficiencias de PCR a partir de
la combinacién de un juego de cebadores y un producto de amplificacion,
asi como un diseno de cebadores dirigido que evalia la eficiencia predicha.

La asignacion de funciones a un determinado gen mediante técnicas de
genética inversa se ha convertido en un estandar. El silenciamiento génico
permite inhibir la expresién de forma informativa aun cuando el silen-
ciamiento no es total (Andrew, 1999). Puesto que la informacién dmica
presente al inicio de la tesis consistia en ESTs, el enfoque escogido fue
sintético e inductivo: el diseno experimental se basa en una bisqueda bio-
informatica de datos depositados en repositorios piblicos que genera la
hipdtesis a evaluar. Tal y como se describe en el capitulo 5, se obtuvie-
ron datos transcriptomicos procedentes de los cuatro verticilos florales y
los pedicelos de una base de datos de A. thaliana; después, se realizdé un
andlisis estadistico que detectara aquellos genes con una pauta de expre-
sién distinta en pétalos; finalmente, se obtuvieron los genes homologos en
P. hybrida y se silenciaron a fin de caracterizar anomalias en la corola.

A grandes rasgos, el silenciamiento génico post-transcripcional se basa
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en introducir un ARN exégeno de doble cadena en la célula y disminuir
con ello la expresién de genes que codifican la secuencia de este ARN.
Las técnicas de amplificaciéon de ADN mediante PCR, del ADN recom-
binante y por ende la transformacién génica, nuevamente, dependen de
la manipulacién de secuencias. Por tanto, la gestién de las secuencias es
un punto crucial en la investigacion genética. Por esta razén el capitulo
2 abre el presente documento de tesis ofreciendo una solucién integradora
para la gestién de ESTs (las secuencias existentes de P. hybrida a falta de
la publicacién definitiva de su proyecto genémico) que sustenta el resto de
analisis.

El objetivo de la presente tesis es la biisqueda de nuevos genes carac-
teristicos de pétalo en P. hybrida. El capitulo 5 plantea y ejecuta un disenio
experimental para este fin. Como los métodos empleados son diversos, in-
cluyendo el andlisis transcriptéomico, la generacién de plantas transgénicas
o el fenotipado, se han empleado distintas técnicas a lo largo de la tesis. La
figura 6.1 esquematiza el peso especifico de cada capitulo en la consecucion
del objetivo final; del mismo modo, resume las técnicas empleadas y seniala
las dependencias entre unas partes y otras.

7.4 Perspectivas futuras

El proyecto de secuenciacién del genoma de petunia difundié el primer
ensamblado de P. inflata y P. integrifolia en 2012. Su disponibilidad favo-
recerd una aproximacién de sobreexpresiéon o de expresién con promotores
especificos, acomodando secuencias codificantes completas. La compren-
sién de los fenotipos PhCYP76 vy PhCYP96 se verd facilitada mediante
estos ensayos.

Al mismo tiempo, seria interesante realizar una busqueda de germo-
plasma en el banco de mutantes de insercién por transposicién descrito por
Vandenbussche et al. (2008). El fenotipado podria extenderse a més lineas
de las descritas en esta tesis: puesto que se infirié una expresién diferencial
en el pétalo para més genes, podria extenderse el proyecto con una criba
fenotipica de aquellos que estén presentes en las lineas de insercién y que,
al mismo tiempo, tengan una funcién desconocida.

Puesto que en el capitulo 5 se muestra una interaccién entre PhCYP96
y PhTM®6, los cruzamientos entre ambos genotipos podrian arrojar luz
sobre el efecto de este gen de clase B atipico al que, de hecho, se le conoce
una pauta de expresién de gen de tipo C.
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Las técnicas de silenciamiento transitorio mediado por virus (VIGS)
podrian ofrecer una alternativa rapida al silenciamiento estable. Ademas,
ofrecen la posibilidad de silenciar multiples genes simultdneamente (Chen
et al., 2004).

Finalmente, la caracterizacién de las lineas transgénicas podria reali-
zarse mediante técnicas transcriptémicas, como las basadas en microma-
trices de ADN. De este modo seria posible obtener una vision global de los
todos cambios desencadenados durante el proceso de silenciamiento.

7.4.1 Reflexién final

La biologia del desarrollo ha avanzado enormemente gracias al estudio de
especies modelo tan dispares como A. thaliana, Caenorhabditis elegans o
Drosophila melanogaster, entre otros. No obstante, algunos de los resulta-
dos obtenidos distan de ser universales.

Por esta razon, seria de interés ahondar en perspectivas integradoras.
Esta estrategia de aglutinacién podria basarse en recabar datos proceden-
tes de distintas condiciones experimentales tanto de las especies modelo
consolidadas como de las emergentes. De esta forma, y dada la facilidad
de manejo de la informacién -dmica, podria realizarse una mineria de da-
tos exhaustiva que incidiese tanto en las pautas conservadas como en las
divergentes. Este conocimiento seria extrapolable a cuestiones puramente
fundamentales, como la regulacion del desarrollo o el evo-devo; y a apro-
ximaciones précticas, como la mejora de caracteres de interés agronémico.



Appendix A

Supplemental information

A.1 Supplemental methods
A.1.1 Fast plasmid DNA isolation from FEscherichia coli
minicultures

A protocol for fast colony check was adapted from the Tom Gerats’ lab
(Nijmegen). It is an one-day, high throughput method based on 96-well
plates bacterial mini-cultures. A sample of 3 pL of the last step can be
used as template on a 15 uL PCR.

1. Colony picking (8 colonies per construct).

2. Inoculation of the 100 uL LB (plus the antimicrobial agent, as de-
scribed by Maniatis (1989)) on a microtiter plate.

3. 37 °C incubation for four hours.

4. Sampling of 5 puL of the grown culture and diluting to 100 L with
water.

5. 94 °C incubation for five minutes (on a thermocycler).

6. Centrifugation (one minute at 1000 rpm).

A.1.2 Fast genomic DNA isolation from Petunia leaves

A protocol for DNA extraction was adapted from the Hilson et al. (2004)’s
protocol for Arabidopsis RN A lines genotyping (AGRIKOLA consortium).
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Table A.1: Fast plant DNA extraction buffer composition

Compound Volume
Tris HCI pH 7.5 8 mL
NaCl 5 M 2 mL
SDS 20 % 2 mL
H>0O to 40 mL

Using young Petunia plantlets as plant material, the distal half of a young
leaf was sampled and processed with the following protocol (a sample of 3
L of the last step can be used as template on a 20 uL PCR ):

1. Grind liquid nitrogen-frozen samples stored on 1.5 mL eppendorf
tubes by manual pistile mecanical pressure and vortexing with stainless-
steel balls.

2. Add 400 pL of the extraction buffer whose composition is described
in table A.1.

3. Incubate at 50 °C for 15 min.
4. 15 min centrifugation at 4200 rpm and 4 °C.

5. Sample 150 pL, which will be transferred to a new tube; discard of
the starting tube with the pellet.

6. Add 150 uL of isopropanol.

7. Vortex and incubate for 20 min at room temperature.
8. 30 min centrifugation at 4200 rpm and 4 °C.

9. Remove supernatant.
10. Add 200 pL of ethanol 70 %.
11. 15 min centrifugation at 4200 rpm and 4 °C.
12. Remove supernatant.

13. Resuspend on 100 pL of TE pH 8 (Maniatis, 1989).
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A.1.3 Petunia transformation

The transformation procedure is a slightly modified version of the protocol
gently provided by the Tom Gerats’ lab (Nijmegen). It gathers the experi-
ence of Peter de Groot (Nijmegen) and Dave Clark (University of Florida).
If not stated otherwise, the “in vitro” culture was under a light regime of
16 h L and 8 h D and a termoperiod of 23 °C L and 18 °C D. The protocol
is approximately three months long.

1.

© o N o

10.

Seed sterilization of Mitchell diploid (W115).

e Place 50 puL of Petunia seeds in a 1.5 mL tube filled with ethanol
70 %. Incubate one minute.

Rinse with sterile water three times.

Soak on domestos at 20 % for ten minutes.

Rinse with sterile water until no foam is produced.

Sow in halfstrenght MS medium and grow for 6 weeks.

. Grow the Agrobacterium tumefaciens culture overnight in 4 mL. YEB

medium plus rifampicine and spectinomycine.
Dilute the culture 1:10 in water.

Cover five Petri dishes with excised, young Petunia leaves (lacking
petiole; each leaf yields 2—4 fragments).

Soak each Petri dish with 10 mL of the diluted A. tumefaciens culture
and allow to sit 15 minutes.

Remove the A. tumefaciens culture.
Cultivate two days in dark conditions.
Transfer to selective medium plates (8 explants per plate).

After 3 weeks the calli will regenerate shoots. The calli must be
subcultivated every 4 weeks, and the shoots must be excised and
transferred to hormone free medium.

After 2 weeks and conspicous rooting, remove the medium from the
roots and transfer to a substrate of vermiculite-perlite-turf-coconut
fiber mixture (2:1:2:2) and cover the pot with a plastic film.
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11. Cultivate for a week.

12. The ex wvitro adaption requires another week of gradual removing
(that is, rupturing) the plastic film.

13. Genotype.

The standard plant medium (based on the basal recipe described by
Murashige and Skoog (1962)) contains (per litre): 30 g of sacarose and 4.4
g of Murashige and Skoog microsalts with Gamborg B5 vitamins. The pH
is adjusted to approximately 5.8 with NaOH. Phytagel is used as solidifying
agent at 4 g/L. The different variants used are the following;:

e Halfstrength medium. Standard plant medium but with 2.2 g/L of
MS salts.

e Co-cultivation medium. Contains 2 mg/L of 6-benzylaminopurine
and 0.1 mg/L of 1-naphthaleneacetic acid.

e Selective medium. Contains 2 mg/L of 6-benzylaminopurine, 0.1
mg/L of 1-naphthaleneacetic acid, 500 mg/L carbenicillin and 300
mg/L kanamycin.

e Root medium. Contains 500 mg/L carbenicillin and, if desired,
50 mg/L (the kanamycin difficults root development and could be
avoided without increasing the number of escapes).

A.2 Germoplasm availability

The fertile seeds available as either 77 and 75 are summarized in table A.2.

A.3 Sequence information

The substrings subjected to reverse genetics (cloned and thereafter used
to trigger the post-transcriptional gene silencing) are shaded in lightgray.
Bootstrap values greater than 70% are printed reflecting node support of
the neighbor-joining trees.
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Table A.2: List of germoplasm carrying a silencing construct. Although 10
independent lines silencing PhTCP were achieved, their propagation was
not possible due to their low fertility, being “10.a5” the only line available
as T7.

Sequence silenced Independent lines Count Comment
PhCYP76 2.1, 2.4, 2.6, 2.A4, 2.E, 2.Ea, 7
2.j1
PhNPH3 3.j10, 3.j13, 3.j14, 3.j15, 3.j2, 12
3.j4, 3.j6, 3.j7, 3.j8, 3.j9, 3.p3,
3.p4
PhFeSOD 4.2, 4.al, 4.hl 3
PhXTH 5.j1, 5.2, 5.j4, 5.j6, 5.7, 5.9, 7
5.p2
PhCYPI6 6.2, 6.3, 6.4, 6.5, 6.a7, 6.hl, 7
6.j5
PhWAK 7.h1, 7310, 7511, 733, 7.j5, 9
7.j6, 7.37, 7.38, 7.j9
PhRBK - - lethal
PhPRA 9.h1, 9.h3, 9.h4, 9.j12, 9.j13, 16

9.j14, 9.j15, 9.j2, 9.j28, 9.j6,
9.j7,9.38, 9.j9, 9.01, 9.p1, 9.wl
PRTCP 10.a5 1 fertility
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A.3.1 PFG

The Clone identificator “dr004P0009L15_F.ab1 2007-08-10" has “64995225”
as NCBI's dbEST accesion, “FN009980” as EST name and GenBank Ac-
cession and “227589170” as GenBank gi. Immink et al. (1999) character-
ized it as PFG. The primers used for its amplification are:
dr004P0009LL15_F.ab1 _attB1 TACAAAAAAGCAGGCTTGGAATCTGGAACATGCAAA,
dr004P0009L15_F.abl_attB2 CAAGAAAGCTGGGTAAGGGAAGAATCCAGCTGTTG.

1 GAGAGAATAT ACATTTACTC TCTCTCTATA GTATAGTTTA ATTTATTCTG CACTATACTT
61 TTTTGTTAGA CAAAAATGGG AAGAGGAAGA GTGCAGATGA AGAGAATTGA GAATAAAATT
121 AATAGACAAG TTACTTTTTC AAAACGTCGA TCTGGATTAT TGAAGAAAGC TCATGAAATC
181 TCTGTGCTTT GTGATGCTGA AGTTGGTTTA ATTGTTTTTT CTACTAAAGG CAAACTCTTT
241 GAGTATGCTA CTGATTCTTG CATGGAGAGG ATTCTTGAAA GATATGAAAG ATACTCATAT
301 GCTGAGAGGC AGCTTGTTTC TACTGATCAT AGCTCCCCGG GAAGCTGGAA TCTGGAACAT
361 GCAAAACTTA AGGCCAGAAT TGAGGTTGTG CAGAGAAACC AAAGGCATTA TATGGGAGAA
421 GATTTGGACT CGTTAAGTAT GAAAGAACTT CAGAATTTAG AACAACAGCT GGATTCTTCC
481 CTTAAACACA TTCGATCAAG AAAGAACCAA TTGATGCATG AGTCCATTTC TGAGCTTCAA
541 AAAAAGGACA AATCATTGCA AGAGCAAAAC AACCTTCTT

A.3.2 PhRCYP76

The clone identificator “drs12P0022M07_R.abl 2007-08-10" has “65024650”
as NCBI's dbEST accesion, “FN030308” as EST name and GenBank Ac-
cession and “227617963” as GenBank gi. According to the phylogenetic
analysis described in section 5.2.3, a tree-based reconstruct of sequence
similarity can be found as figure A.2. The primers used for its amplifica-
tion are: drs12P0022M07_R.abl_attB1l TACAAAAAAGCACGGCTTCCAATTGCC-
CACACATCTA, drs12P0022M07_R.abl_attB2 CAAGAAAGCTGGGTAGTTTGCATC-
CACCACTTCCT.
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BioNJ 163 sites Poisson 1000 repl 005
100 AT3G02310 1 AGL4, SEP2 A. thaliana

AT5G15800 2 AGL2, SEP1 4. thaliana

AT1G24260 2 AGLY, SEP3 A. thaliana

100 AT3G30260 1 AGL79 A. thaliana

35 ,—ATIGZG3IO 1 AGL10 A. thaliana
I_AT1G69120 1 AGL7 4. thaliana

AT5G60910 1 AGLS, FUL A. thaliana

ADL36742 1 MADS M. domestica

95

ABF82231 1 AGLS8-like N. tabacum

o~ NP_001234543 1 AGL8 homolog S. lycopersicum
94 NP_001234173 1 TDR4 S. Iycopersicum
AAA92840 1 MADS S. tuberosum

98 1AAA92839 1 MADS S. tuberosum
AF385746_1 MADSI11 N. tabacum
AF068725_1 MADSI1 N. sylvestris

AADO01421 1 NAP1-1 N. tabacum

AF130118_1 MADS C. annuum

Figure A.1l: Phylogenetic analysis of PFG (also known as
dr004P0009L15_F.abl).
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1 GCTTTCAAGG TTGGAGCTTT CTCACAGTCG CTCCCAACCT CTCCATCATG TCCATGGATT
61 TAGGAGTGAC ATTATCAGGA AGCTCCCAGT TAAATGCATG AAGCAATGAG CCCAAAAGAA
121 GGTGCAACAT ACGATTACCT AAGGGAAGGC CTGCACACAT TCTTCTGCCA GCACCAAATG
181 GTATGAACTC AAAGTTTTGC CCCTTGTAAT CAGTTTTTGA ATTGAGGAAC CTCTCTGGCT
241 TGAATGCCAA AGGGTCTTCC CAGCATTCAG GGTCTCTTCC AATTGCCCAC ACATCTACAA
301 GAACTTGAGT GTCTTCTGGT ATATCATATC CCATGAAACT GGTGTCTTGA ATTGCTCTTC
361 TTGGAATTAA TAAAGGAAGT GGTGGATGCA AACGCAGCGT TTCCTTGACA ACAGCTTGCA
421 TATAATGTAA GTTATCAATG TCACTCTCCT CAAACTTCCT GTTTGGTCCT ACTACCTCGA
481 TAATCTCTGC TTTCACTCTG GTCATTGCTT CAGGATGGCG CAGGAGCTCA GTTAGTGCCC
541 ATTCGACACT GCTACTAGTT GTCTCTGAAC CACCTAGAAA CATTTCCAGT ATGAATATGT
601 TAATCTGATG TTCTGATAAA CTAGCTGGTT CATCTTTTCC AGTGCCCTCA AATTCAAGCA
661 ACACCT

A.3.3 PhNPHS3

The Clone identificator “dr001P0004E24_F.ab1 2007-08-10” has “64994961”
as NCBI’s dbEST accesion, “FN001167” as EST name and GenBank Ac-

cession and “227590346” as GenBank gi. According to the phylogenetic

analysis described in section 5.2.3, a tree-based reconstruct of sequence

similarity can be found as figure A.3. The primers used for its amplifi-

cation are: dr001P0004E24_F.abl_attB1l TACAAAAAAGCAGGCTAGAGAATG-

GCATTGCAGCTT, dr001P0004E24_F.ab1_attB2 CAAGAAAGCTGGGTATGATGAT-
ACGTTGCACGCTT.

1 GGTTGCTTGC AGGCTTGACT TGGAGAAGAG AATGGCATTG CAGCTTGGAC AGGCTGTATT
61 AGATGATCTG TTAATTCCTT CATATTCCTT CACAGGGGAC ACATTGTTTG ATGTTGAAAC
121 CGTGCAACGT ATCATCATGA ACTTCCTTGA CAATGAAATG GATGGAAACC GATTAATGGG
181 AGATGAAGAC TATGTTTCCC CTTCATTAAG CGACATGGAG CGTGTTGGGA AACTTATGGA
241 AAATTACCTC GCTGAAATAG CCTCTGACCG TAATCTATCT GTTTCGAAGT TCATTAATCT
301 TGCTGAAATT ATCCCGGAGC AAGCAAGGAT TACTGAAGAT GGGATGTACA GGTCCATTGA
361 CATTTATTTG AAGGCACATC CAGTTCTAAG CGACTTGGAA AGGAAAAAGG TTTGCAGTGT
421 AATGGACTGT CAAAAGCTAT CTAGAGAAGC TTGTGCTCAT GCTGCTCAAA ATGATAGGCT
481 TCCTGTTCAG ACAGTTGTTC AAGTACTTTA TTACGAGNCA CAACGCCTTC GCGATGTCAT
541 GAGTAACGGG GGTAGCCAGC TTGTAGCAAC TCCTGAACCT CCCGCTGCTC TAATTCCT
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BioNJ 163 sites Poisson 1000 repl. IL|

AT3G26330.1 CYP71B37 N. tabacum

100

——SGN-U445873 CYP75BI-like N. tabacum

R SGN-U446635 CYP75B1-like N. tabacum

89

99

SGN-U286474 CYP75B1-like S. tuberosum

51

SGN-U444399 CYP75BI1-like N. tabacum
AT5G07990.1 TT7, CYP75B1 A. thaliana

99

100 AT1G33720.1 CYP76C6 A. thaliana
AT1G33730.1 CYP76CS A. thaliana

AT2G45560.1 CYP76C1 A. thaliana
AT2G45550.1 CYP76C4 A. thaliana
AT2G45570.1 CYP76C2 A. thaliana

AT2G45580.1 CYP76C3 A. thaliana

-

AT3G61040.1 CYP76C7 A. thaliana

AT4G36220.1 CYP84ALl A. thaliana

96

Figure A.2:

XP_002283772.1 CYP46A2 V. vinifera

98 XP_002528645.1 CYP P. trichocarpa
XP_002309107.1 CYP P. trichocarpa

—{PhCYP76 P. hybrida|
92 CAAS50649.1CYP S. melongena
1004|:CAA50648.1 CYP S. melongena
100 XP_002277595.2 CYP76A2-like V. vinifera

XP_003632698.1 CYP76A2-like V. vinifera

XP_002277746.1 CYP76A2 V. vinifera

Phylogenetic analysis of PhCYP76 (also known
drs12P0022M07_R.ab1).
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A.3.4 PhFeSOD

The Clone identificator “dr004P0002022_F.abl 2007-08-10" has “65016385”
as NCBI's dbEST accesion, “FN007598” as EST name and GenBank Ac-
cession and “227608720” as GenBank gi. According to the phylogenetic
analysis described in section 5.2.3, a tree-based reconstruct of sequence
similarity can be found as figure A.4. The primers used for its amplifi-
cation are: dr004P0002022_F.abl_attBl TACAAAAAAGCAGGCTTAACAATG-
GraercceerTe, dr004P0002022_F.abl_attB2 CAAGAAAGCTGGGTACTCTC-
CTCCTCCATTCGGTT.

1 TTTGCTTTAT TTCAACTTGT CAGTCACCTT TTACACACAA GTCACAACTG ATCGATTATG
61 GCTGCTGTTA CTGCTTCACT GACATCTGCT TTTCTTCCTC GTCAAGGATT TAATGGATCA
121 TCTCAGAGCC TACAATGGAA ATCCCAAAAG AAACAGTTAG CAAGAAAAGC TGGTCATGGT
181 ACAGTAACAG CTAAATTGGA ACTCCAGCCT CCTCCTTATC CGATGGATGC TTTGGAGCCT
241 CATATGAGTA GTAGAACATT CGAATTTCAC TGGGGGAAGC ATCACAGGGC TTATGTCGAC
301 AACTTAAACA AGCAAATAAA TGGAACAGAA CTAGATGGAA AGACACTAGA AGACTTAATT
361 CTTGTTACAT ATAACAATGG TGCTCCCCTT CCAGCATTCA ACAATGCTGC TCAGGCCTGG
421 AATCATCAGT TCTTTTGGGA ATCTATGAAA CCGAATGGAG GAGGAGAGCC GGCTGGTGAA
481 CTATTAGAAC TAATCAACAG AGACTTTGGT TCCTTTGATG CATTTGTTAA AGAGTTTAAG
541 GCAGCTGCAG CAACACAATT TGGCTCTGGT TGGGCCTGGC TTGCATACAA ACCCGAAGAC
601 AAAAAGCTTG CAAT

A.3.5 PhXTH

The Clone identificator “dr004P0023M11_F.ab1 2007-08-10” has “65011425”
as NCBI's dbEST accesion, “FN014937” as EST name and GenBank
Accession and “227606149” as GenBank gi. According to the phyloge-
netic analysis described in section 5.2.3, a tree-based reconstruct of se-
quence similarity can be found as figure A.5. The primers used for its am-
plification are: dr004P0023M11_F.abl_attBl TACAAAAAAGCAGGCTAAAGC-
CCCATTTACTGCCTT, dr004P0023M11_F.abl_attB2 CAAGAAAGCTGGGTAAC-
CATCTCATGCCTTTGCAG.
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0.1
AT3G10920 1 Mn superoxide dismutase A. thaliana

L AT3G56350 1 Fe/Mn superoxide dismutase A. thaliana

100

SGN-U434929 Mn superoxide dismutase S. lycopersicum

AT5G23310 1 iron superoxide dismutase A. thaliana

Figure A.4:
dr004P0002022_F.abl).

ADX36104 1 iron superoxide dismutase H. rhodopensis
XP_002511050 1 iron superoxide dismutase putative R. communis
ADC95630 1 iron superoxide dismutase B. gymnorhiza
AAS92464 1 iron superoxide dismutase L. japonicus
87 CAD42655 1 iron superoxide dismutase precursor P. sativum

AEG89520 1 iron superoxide dismutase B. oleracea

76

100 AT4G25100 1 iron superoxide dismutase 4. thaliana

ACB30317 1 iron superoxide dismutase S. tuberosum

SGN-U271296 iron superoxide dismutase S. lycopersicum

PhFeSOD P. hybrida

SGN-U578588 iron superoxide dismutase S. lycopersicum

A39267 iron superoxide dismutase N. plumbaginifolia
AAO16563 1 iron superoxide dismutase S. tuberosum

95 | SGN-U288115 iron superoxide dismutase S. tuberosum

Phylogenetic analysis of PhFeSOD (also known

SGN-U271295 iron superoxide dismutase N. plumbaginifolia

as
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005

AT1G32170 1 XTH30 A. thaliana
AT2G36870 1 XTH32 A. thaliana
AT3G25050 1 XTH3 A. thaliana
AT2G14620 1 XTHI0 A. thaliana
SGN-U565532 XTH7 S. lycopersicum
SGN-U580834 XTH16 S. lycopersicum
SGN-U579445 XTH3 S. lycopersicum
SGN-U579684 XTH3 S. lycopersicum
SGN-U577260 XTH2 S. lycopersicum
SGN-U577928 XTHO S. lycopersicum
SGN-U198728 XTH precursor S. lycopersicum
SGN-U273562 XTH precursor S.tuberosum
SGN-U578224 XTH S.lycopersicum
SGN-U581358 XTH S.lycopersicum
AT1G65310 1 XTH17 A. thaliana
AT2G18800 1 XTH21 A. thaliana
SGN-U580011 XET precursor S.chacoense
AT3G23730 1 XTH16 A. thaliana
AT1G11545 1 XTHS A. thaliana
XP_002873632 1 XTH4 A. lyrata
AT2G06850 1 XTH4 A. thaliana
XP_002304625 1 predicted P. trichocarpa
XP_002297895 lpredicted P. trichocarpa
94 “-ABV44821 | XTH P. euphratica
SGN-U590975 XTH S. lycopersicum

SGN-U578547 XTH N. tabacum
SGN-U436435 XET precursor N. tabacum
SGN-U578547 XET precursor N. tabacum

BioNJ 97 sites Poisson 1000 repl
—
97

100

Figure A.5:  Phylogenetic analysis of PhXTH (also known as

dr004P0023M11_F.ab1).

1
61
121
181
241
301
361
421
481
541
601
661
721

CTGTTTGGAC
CTGCATTTTA
GTAACAGGAC
ACAGGGAACA
TCCTCTGGAA
AGAACTCCAA
GCCTTTGGGA
AAGCCCCATT
CACAAGAAGT
AAGATTTAGA
ATAACTACCG
GAGATATATA
GTACTATAAC

CTTCAGCATG
CCTGTCATCA
AGGTCAGCCA
AAGAGTATAT
TACCTACCAG
AGACCTTGGT
TGCAGATGAC
TACTGCCTTA
CCAAGTTTGC
TGCTCTACAA
CACTGACAGG
AATTTGAGAG
ATCCGAGAGA

A.3.6 PhRCYPY6

The clone identificator “drs31P0010G01_R.ab1 2007-08-10” has “65021539”
as NCBI's dbEST accesion, “FN022015” as EST name and GenBank Ac-

AGAATGAAGC
AACAATGCAG
TATATATTGC
CTCTGGTTTG
ATTGTGATTT
GTAAAATTCC
TGGGCCACAA
TACACTTCAT
AACTCCAAAG
TACAGGAGAC
ACGAGGTACC
GGTATTTTAT
ACCCTAACAA

TTGTTGGAGG
AGCACGATGA
AAACAAATGT
ACCCAACCAA
TTGTGGATGA
CATTCAATCA
GAGGTGGTTT
TCCACGTAGA
GCATGAGATG
TTCGTTGGGT
CTACCCTTCC
GAGAACTTAT
GAGTTGTAAG

AGATTCAGCT
GATAGATTTT
GTTCACGGGA
GGGCTTCCAT
TGTCCCAATT
GCCCATGAAG
GGAGAAAACT
TGGTTGTGAA
GTGGGATCAA
TCGCCAAAAA
ACCAGAATGC
ATGTGAGTGT
CTCTATATTC

GGTGTTGTCA
GAGTTCTTGG
GGAAAAGGAG
GATTATTCCG
AGAGCATTCA
ATATACTCAA
GACTGGTCCA
GCTGCAAACC
AAGGCTTTCC
TACACTATCT
ACCCAGGATA
ATCTATGGGT
CCTATCTT
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cession and “227617536” as GenBank gi. According to the phylogenetic
analysis described in section 5.2.3, a tree-based reconstruct of sequence
similarity can be found as figure A.6. The primers used for its amplification
are: drs31P0010GO1_R.abl_attB1 TACAAAAAAGCAGGCTGGATTTTCAACGCG-
GACTTA, drs31P0010G01_R.abl_attB2
CAAGAAAGCTGGGTATCGATCACTGGAATTAGCCC.

1 CATTCAGGGG GCACTTTTCT ATTCAAGGTC CTTGGTTTGC TAACATGGAC ATGTTATCAA
61 CAGTCGATCC AGCCAATATT CATTACATCA TGAGTTCAAA TTTCATGAAT TTTCCCAAAG
121 GCCCTAAATT CAAGGAGATG TTTGATGTTT TAGGAAATGG GATTTTCAAC GCGGACTTAG
181 ATTTGTGGAA AATTCAGAGG AAGACAACGC GAGCTTTGAT CACTCATCAG CAGTTTTACA
241 AGTTTTTAGT CAAGACTAGT CGCGACAAGG TAGAAAAAGG GCTAATTCCA GTGATCGATC
301 ATATATGCCA GACGGGTTCA ATAGTGGACT TGCAAGATTT GTTCCAAAGG TTCACTTTTG
361 ATACTACTTG TATTTTAGTC ACTGGATATG ATCCTGGATG TGTATCTATA GATTTCCCTG
421 ATGTTCCTTT CTCGAAAGCA ATGGATGATG CTGAAGAAGC CATTCTTTTC CGCCATGCAT
481 TGCCCGAGAT TATTTGGAAG TTGCAAAGAT GGCTTAGAAT TGGAGAAGAA AAGAAGATGA
541 TTAAAGCTTG GGAGACGTTG GACTATACTA TAGGTAATTA CATATC

A.3.7 PhWAK

The Clone identificator “dr001P0003003_F.ab1 2007-08-10” has “64994813”
as NCBI's dbEST accesion, “FN001019” as EST name and GenBank Ac-
cession and “227588278” as GenBank gi. According to the phylogenetic
analysis described in section 5.2.3, a tree-based reconstruct of sequence
similarity can be found as figure A.7. The primers used for its amplifi-
cation are: dr001P0003003_F.abl_attBl TACAAAAAAGCAGGCTACGAGTAT-
GTCCCCAATGGA, dr001P0003003_F.abl_attB2

CAAGAAAGCTGGGTAGATGGTAAATGGGGGGAACT.

1 TGTTAGTGTG CCAAGCTAGG CAATACTAAA GGCACTGATC AAGTTCTCAA CGAGGTCCGA
61 ATACTTTGTC AAGTTCACCA CAAGAACCTC TTGCGCATTT TAGGCTGTTG TGTTGAGCTT
121 GAACAGCCAT TGCTGGTTTA CGAGTATGTC CCCAATGGAA CTCTCTTCGA TCATTTGCAA
181 GGTCCAAATC GCAAACTTCT CACTTGGGAT TGTCGACTCA ACATCGCCCA TGCAACAGCA
241 GAGGGACTTG CTTACCTACA TTTTTCTGCA GTTCCCCCCA TTTACCATCG CGATGTCAAG
301 TCCAGCAACA TATTGCTCGA CGAGAAGTTG AACGCTAAGG TCTCAGACTT TGGTCTTTCA
361 CGGTTGGCGC ATGCAGATCT AAGTCATGTG TCCACCTGTG CTCAGGGTAC CCTTGGTTAT
421 CTTGATCCTG AGTATTACAG GAACTATCAA TTGACGGACA AGAGTGATGT GTACAGTTTC
481 GGGGTTGTGT TGTTGGAACT CTTGACATCC CAAAGAGCAA TAGACTTTGA TAGAGCACAG
541 GATGATGTGA ACTTGGCTGT ATACG
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BioNJ 172 sites Poisson 1000 repl '0—]‘

NM_130160 2 CYP86AS lacerata A. thaliana

BAF46296 1 CYP Ipomoea nil
100 IXP_002321857 1 CYP P. trichocarpa

|XP7002334340 1 CYP P. trichocarpa

PhCYP96 P. hybrida

XP_002310605 1 CYP P. trichocarpa

XP_002279670 1 CYP86BI V. vinifera
XP_002275905 1 CYP86BI V. vinifera

100 XP_002279531 1 CYP86BI V. vinifera

86 XP_002878579 1 A. lyrata
XP_002868908 1 CYP 4. lyrata
100 I:xp_oozsssxsz 1 CYP96A10 4. thaliana
92 NP_001031814 1 CYP96A10 A. thaliana

XP_002878665 1 CYP96A1 A. lyrata

100 100 NP_179899 1 CYP96A1 A. thaliana
AF370589_1 CYP A. thaliana

98
% AT2G23180 1 CYPIGALA. thaliana
XP_002866852 1 CYPI6A9 A. lyrata

100 NP_195658 3 CYP96A9 A. thaliana
1001AT4G39480 1 CYPI6AY A. thaliana

XP_003524561 1 CYP86BI1 G. max

Figure A.6: Phylogenetic analysis of PhRCYP96 (also known as
drs31P0010G01_R.abl).
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A.3.8 PhRBK

The Clone identificator “dr001P0014N20_F.ab1 2007-08-10” has “64989706”
as NCBI's dbEST accesion, “FN004829” as EST name and GenBank Ac-
cession and “227586588” as GenBank gi. According to the phylogenetic
analysis described in section 5.2.3, a tree-based reconstruct of sequence
similarity can be found as figure A.8. The primers used for its amplifi-
cation are: dr001P0014N20_F.abl_attB1l TACAAAAAAGCAGGCTCAATACTTG-
CACCATGGCAG, dr001P0014N20_F.abl_attB2
CAAGAAAGCTGGGTAATTACGCGTCTTTGGCAATC.

1 TTTGCCTGAT GGTCAAGTTG TCGCAGTCAA GAAAATAACC AAGAAAGAAA AGAATGATGA
61 GGACAGAGTT GGAGATTTCT TATCTGAGTT AGGAATCATT GCTCACATCA ACAATCCAAA
121 TGCTGTTAAG TTAATTGGTT TTAGTGTTGA CAGTGGTTTG CACCTTGTTC TTCAATACTT
181 GCACCATGGC AGCCTGGCTT CTGTATTACA CGGTACTGAA GTATGCCTTG AATGGAAAAT
241 AAGATATAAA GTGGCAGTTG GGGTGGCTGA AGGACTGCGT TATCTTCATT GTGATTGCCA
301 AAGACGCGTA ATCCATAGAG ATATTACAGC CTCGAACATT CTTCTAACTG AAGAATACGA
361 ACCTCAGATA TCTGATTTTG GACTAGCAAA GTGGCTGCCA GAAAAATGGG TACATCATGT
421 TGTTTCCCCT ATAGAAGGAA CTTTTGGATA TATGGCACCA GAGTACTTTA TGCACGGAAT
481 TGTCCATGAG AAGACTGATG TTTTCGCCTT TGGAGTTCTG CTGTTGGAGC TTATAACTGG
541 TCGCCGTGCG GTTGATTCAT CTCGACAGAG TCTTGTGATG TGGGCAAAAC CACTGTTGNA
601 AAAGAGCAAC ATCAAGGAAT T

A.3.9 PhPRA

The Clone identificator “dr004P0022H01_F.ab1 2007-08-10” has “65004935”
as NCBI's dbEST accesion, “FN014456” as EST name and GenBank Ac-
cession and “227598868” as GenBank gi. According to the phylogenetic
analysis described in section 5.2.3, a tree-based reconstruct of sequence
similarity can be found as figure A.9. The primers used for its amplification
are: dr004P0022H01_F.abl_attB1 TACAAAAAAGCAGGCTTGGTTTTGATTCAT-
GCTTCG, dr004P0022H01_F.abl_attB2 CAAGAAAGCTGGGTAACCAACCAATC-
CGAGATCAG.
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BioNJ 143 sites Poisson 1000 repl |L|
SGN-U271842 protein kinase S. tuberosum
100 ~ SGN-U443001 BRI1 N.tabacum

L—sGN-Us74182 BRII 5. lycopersicum

SGN-U450262 PERK 1-like protein kinase N. tabacum
100 ——SGN-U433603 Avr9/Cf-9 induced kinase 1 N. tabacum
L SGN-Us68144 protein kinase S. lycopersicum
_| SGN-U436536 CMV la-interacting N. tabacum
SGN-U582493 protein kinase S. lycopersicum

SGN-U438276 BRI1-associated receptor kinase N. tabacum

96 AT1G66460 1 protein kinase 4. thaliana
AT1G77280 1 protein kinase A4. thaliana
78 AT2G18890 1 protein kinase A. thaliana

AT5G57670 2 protein kinase 4. thaliana

AT3G05140 1 RBK2 A. thaliana
LE AT5G18910 1 protein kinase A. thaliana
929 AT5G35960 1 protein kinase 4. thaliana

100 XP_003635543 1 RBK1V. vinifera
XP_003635501 1 RBK1 V. vinifera

5 [PRRBR 7 yrid]
XP_002533520 1 BRI1-associated receptor kinase R.communis
XP_002310307 1 predicted P. trichocarpa
AT5G10520 1 RBK1 4. thaliana
AT5G65530 1 protein kinase A. thaliana
NP_001151766 1 predicted Z. mays
XP_003563350 1 RBK1-like B. distachyon
CCE57823 1 RBK1 H. vulgare
98'BAK02644 1 predicted H. vulgare
NP_001058295 1 unnamed O. sativa
95 | BAG99344 1 predicted O. sativa

95 BAG99343 1 predicted O. sativa

79

94 100

Figure A.8:  Phylogenetic analysis of PhRBK (also known as
dr001P0014N20_F.abl).
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BioNJ 127 sites Poisson 1000 repl.

100

0.1

P
AT3G56110.1 PRA1.BI1 A. thaliana

AT5G05380.1 PRA1.B3 4. thaliana

89

Figure

100

XP _002527418.1 predicted R. communis

XP_002279772.1 PRA1 F2-like V. vinifera

75

A.9:

Phylogenetic

100

AT3G13710.1 PRA1.F4 A. thaliana

AAOS50485.1 predicted 4. thaliana

NP_566461.1 PRA1 F3 A. thaliana

AT3G13720.1 PRA1 F3 A. thaliana

PhPRA P, hybrida

XP_003636422.1 PRA1 F2 M. truncatula

XP 003597623.1 PRA1 F2 M. truncatula

AK323271.1 PRA, predicted S. lycopersicum

AK246253.1 PRA, predicted S. lycopersicum

NP_001235529.1 predicted G. max

lcl—dr004P0022H01 _F.abl).

61
121
181
241
301
361
421
481
541
601

AGCAAAGAAC
TACCAGTCGT
ATCTCTTATT
ATCTGGCACC
TATTTTCTTC
CTTATTGGTC
ATATTGATAG
ACTGATGATT
CGTTGGGTGC
GTCCATTATT
TTTGATTGAT

GAATCTATGA
TAAAGTTTCC
TCCAAATGAA
CCATCTCTCT
GTGATGATCC
TTGCGATCAT
CGTTGTTGGT
TGTATGATGA
GGTCCTTCCT
GTGTGTCAAT
TGTTGTAATC

AGGTTTAGGT
ACATGGGGTC
CTATGCTATT
TATTGTGTTC
TTTGGTGATT
TACAATTGGA
TGGATTTGTT
AGAAGCTGCT
CGAATTCTGA
CAATGTAGTT
ACAATACGCT

analysis

ACACGTCGAC
AACGATGCAT
ATTGTATTAC
ATTGTTTTGA
TTTGGCCGTT
TTGCTCATGT
GTGGTTTTGA
GCTGAGTTCG
TCTCGGATTG
TATTTTTAAT

of PhPRA

CATGGAAAGA
TTTCAAGAAT
TTATATTGTT
TGGGTGTTTG
TGATTTCTGA
TGACTCGTGC
TTCATGCTTC
TGAGTCCTTC
GTTGGTTCGT
TTATTTATTT

(also  known

GATGTTTAAT
CAAACACAAC
TGTCAGTCTT
GCTGTTTCTT
TCGTGTGGTT
CACGTCCAAT
GCTTAGGAAA
GTCTTAGTTT
GCAATGGGCT
TGATAACTTG

141

AT1G08770.1 PRAL.E A. thaliana

as
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A.3.10 PRTCP

The Clone identificator “drs13P0013N08_R.ab1 2007-08-10” has “65023270”
as NCBI's dbEST accesion, “FN036047” as EST name and GenBank Ac-
cession and “227614700” as GenBank gi. According to the phylogenetic
analysis described in section 5.2.3, a tree-based reconstruct of sequence
similarity can be found as figure A.10. The primers used for its am-
plification are: drs13P0013NO8_R.abl_attBl TACAAAAAAGCAGGCTGGCGT-
GTTCGTCTTTCAGTT, drs13P0013N08_R.abl_attB2 CAAGAAAGCTGGGTAGAG-
GCGGAAGCTCAGAGATA.

1 GATGATGAAG AAGATGTAGG AGAAGTGAAA AAGAATAGTC TTTGTGATGT AGCTAGGCTT
61 TGTGGTTGGC CCTCATCAAG AATTGTTAGA GTGTCCCGAG CATCAGGAGG GAAAGATAGG
121 CATAGTAAAG TATGGACTTC GAAGGGACTA AGAGATAGGC GTGTTCGTCT TTCAGTTAAT
181 ACAGCTATTC AGTTTTATGA TTTGCAAGAC CGGCTCGGCT ATGATCAGCC GAGCAAGGCT
241 GTGGAGTGGC TGCTAAAAGC AGCCGCTCCT TCTATCTCTG AGCTTCCGCC TCTTGAGGCA
301 TTTCCAGATA CTATGCAGCT CAGTGATGAG AAAAGGTCTA GTGCTGGAAC CGAGCCCGGG
361 TTTGATTCAG CTGATGTTGA AATGGATAAT GATGATGACC CAAATTACAA CTATCAGCAA
421 CAACAACAAC AACAACCTTG TAGTAGCAAT TCTGAGACTA GTAAAGGTTC TGGATTGTCA
481 CTTTCTAGGT CAGAAAGTCG GATCAAAGCG CGAGAAAGAG CAAAGGANAG AGCTGTAGAG
541 AAGGAAAAGG AGAAAGAAAA TGAGTCTACT GTTGTTGCTC ATCACCAAAA TATTCACCCT
601 AGCTCTTCTT TCACTGAGCT ATTGACAGGT GGTATGAACA ACAACAACAA CAACAACAAC
661 ACGAGTCCCG TTCACCAAAA CACCCAAAGG CCATGGTCTA ATAATCCTTT GGAATACTTT
721 ACCTCAGGAT TATTAGGTCC ATCACTACTC GTGGA
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BioNJ 29 sites Poisson 1000 repl 0y
AT5G08070 1 TCP17 A. thaliana

AT5G60970 1 TCPS A. thaliana

AT3G02150 2 plastid transcription factor 4. thaliana

98 PhTCP P. hybrida

NP_001233831 1 TCP24 S. lycopersicum
82 CAD91129 1 transcription factor S. tuberosum
85
— AJ561196 1 TCP1 S. tuberosum

AT1G30210 1 TCP24 A. thaliana

XP_002519642 1 predicted R. communis

XP_002316716 1 predicted P. trichocarpa

94
AT4G18390 1 TCP2 A. thaliana

AEB37428 1 TBI1-like TCP H. petiolaris

o1 AEB37538 1 TBI1-like TCP H. annus

91 |AEB37537 1 TB1-like TCP H. annus

ol AEB37442 1 TBI-like TCP H. tuberosus
AEB37441 1 TBI1-like TCP H. tuberosus

Figure A.10:  Phylogenetic analysis of PRTCP (also known as
drs13P0013N08_R.abl).
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