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Abstract

ABSTRACT

Until recently, the genetic improvement of tomato (Solanum lycopersicum)
was focused in agronomic traits, such as yield and biotic or abiotic stresses;
therefore the interest in tomato fruit quality is relatively new. The tomato
fruit surface can be considered both an agronomic trait as well as a quality
trait, because it has an effect on consumer impression in terms of color and
glossiness but also it underlies the resistance/sensitivity to cracking or water
loss with consequences on fruit manipulation (e.g. transport and processing).
The cuticle is deposited over the cell wall surrounding the epidermal cells
and it is the first barrier in the plant-environment interface. The cuticle
composition includes two main groups of metabolites: cuticular waxes and
cutin. Other metabolites can be founded into the cuticle matrix, as
triterpenoids and flavonoids. Those minor cuticular components are involved
in the correct functionality of the cuticle. Understanding cuticle biosynthesis
and genetic regulation requires the development of fast and simple analytical
methodologies to study those specialized metabolites using large populations
(e.g. mutant collections or introgression lines), together with the
identification of genes and genomic regions responsible of their production.
This thesis aims to contribute to our understanding of the molecular programs
underlying tomato fruit quality by providing: (i) a general protocol to profile
cuticular waxes in different species, including tomato; (ii) a QTL map for
cuticular composition (i.e. cuticular waxes and cutin monomers) using the
Solanum pennellii introgression line population; (iii) a detailed protocol of
the reverse genetic tool so-called Fruit-VIGS to assist in the study of gene
function in tomato fruit; and (iv) a thorough characterization of the first null
allele for the transcription factor SIMYB12 (i.e. SImyb12-pf) in tomato fruit
which provides new insights into the regulation of the flavonoid biosynthetic
pathway in the fruit peel by high resolution mass spectrometry and RNA-Seq

approaches.
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Resumen

RESUMEN

Hasta hace poco, la mejora genética del cultivo del tomate (Solanum
lycopersicum) habia estado centrada principalmente en caracteres
agronémicos, como la productividad y la resistencia a estreses, tanto biéticos
como abidticos. Asi, el interés en la calidad del fruto de tomate es
relativamente reciente. La superficie del fruto del tomate puede considerarse
tanto un caréacter agronémico como de calidad, pues influye en la primera
impresion de los consumidores en términos de color y brillo, asi como
también en los procesos de resistencia o sensibilidad a la rotura (‘cracking’) o
a la pérdida de agua. Estos factores determinan el aspecto del fruto y
condicionan atributos relacionados con su manipulacion (transporte y
procesado). La cuticula se deposita sobre la pared celular de las células
epidérmicas y es la primera barrera que interacciona con el ambiente. Esta
constituida por dos grandes tipos de metabolitos: las ceras cuticulares y la
cutina. Otros metabolitos pueden aparecer embebidos en la matriz cuticular,
como es el caso de los triterpenoides y los flavonoides. Estos metabolitos
contribuyen a la correcta funcionalidad de la cuticula. La compresion de la
biosintesis y regulacién génica de la cuticula requiere del desarrollo de
metodologias de analisis sencillas y rapidas para el estudio de estos
metabolitos especializados en grandes poblaciones (colecciones de mutantes
o lineas de introgresion), asi como para la identificacion de genes y regiones
génicas responsables de la produccion y acumulacién de dichos compuestos,
pudiendo ser muy Utiles para implementar programas de mejora de la calidad
del tomate. El objetivo de esta tesis es contribuir a la comprensién sobre los
programas moleculares subyacentes a la calidad del fruto de tomate,
proporcionando: (i) un protocolo general de analisis del contenido de ceras
cuticulares en diferentes especies, incluyendo el tomate; (ii) un mapa de QTL
de la composicion cuticular (incluyendo ceras y mondémeros de cutina)
obtenido con la poblacién de lineas de introgresion de Solanum pennellii; (iii)

un protocolo detallado de uso de la herramienta de genética reversa Fruit-
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Resumen

VIGS con el que realizar estudios de funciones génicas en fruto de tomate; y
(iv) una minuciosa caracterizacion de un nuevo alelo nulo del factor de
transcripcion SIMYB12 (SImyb12-pf) en fruto de tomate, proporcionando
nueva informacién sobre la regulacion de la ruta biosintética de los
flavonoides en la piel del fruto, utilizando espectrometria de masas de alta

resolucién y de nuevas tecnologias de secuenciacion.
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Resum

RESUM

Fins fa poc de temps, la millora genética de la tomata (Solanum
lycopersicum) anava dirigida fonamentalment als caracters de tipus
agronomic, com la productivitat i la tolerancia a estressos bidtics o abiotics,
resultant que l'interés per la qualitat dels fruits és relativament nou. La
superficie de la tomata pot ser considerada tant com un caracter agronomic
com un de qualitat, ja que és l'aspecte de la superficie del fruit el que
confereix al consumidor la primera impressio de color, brillantor, pero és
també la pell del fruit la responsable de la diferent susceptibilitat del fruit a
desenvolupar clevills o que el fruit sofrisca més o menys péerdues d'aigua, tot
tenint importants conseqiéncies en la manipulacié (i.e. transport i
processament del fruit). La cuticula és dipositada per sobre de la paret
cel-lular que envolta la capa de cél-lules epidérmiques i constitueix la
primera barrera en la interfase planta-medi ambient. La composicié de la
cuticula presenta dos grups principals de metabolits: les ceres i la cutina.
També es poden trobar altres metabolits els triterpenoids i el flavonoids.
Aquests darrers components cuticulars menors son implicats en el correcte
funcionament de la cuticula. Per tal de comprendre la biosintesi i la regulaci6
genética de la cuticula cal desenvolupar tecnologies analitiques senzilles i
rapides que permeten estudiar aquests metabolits especialitzats en poblacions
grans de plantes (i.e. Col-leccions de mutants o de linies d'introgressio), a
més de la identificacié de gens i regions genomiques que son responsables de
la seua produccié. Aquesta tesi té com a objectiu contribuir a millorar la
nostra comprensié dels programes moleculars que afecten determinats
aspectes de la qualitat de la tomata mitjancant els seguents objectius: (i)
proporcionar un protocol general per obtenir perfils de ceres cuticulars en
diferents espécies, inclosa la tomata; (ii) obtenir un mapa de QTL per a la
composicié cuticular (i.e. ceres cuticulars i monomers de cutina) mitjancant
la utilitzacid de la poblaci6 de linies d'introgressié de Solanum pennelli; (iii)

descriure amb detall el protocol d'una eina de revers genética denominada
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Fruit-VIGS que resulta molt adequada per estudiar funcié génica a la tomata;
y (iv) fer una caracteritzacio exhaustiva del primer al-lel nul del factor de
transcripcido SIMYB12 (ie. SImyb12-pf) en tomata la qual proporciona
informacié nova sobre la regulacié de la ruta de biosintesi de flavonoides en
la pell de la tomata mitjancant espectrometria de masses d'alta resolucio i
RNAseq.
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General Introduction

GENERAL INTRODUCTION

The tomato (Solanum lycopersicum) is one of the most consumed

vegetables worldwide (USDA, 2013. http://www.ers.usda.gov/) and,

therefore, an economically important crop. Tomato breeding has been
focused on agronomic traits (Grandillo et al., 1999; Llacer et al., 2006) and
most recently on quality traits, especially those related to organoleptic or
nutritional aspects (Casafias and Costell, 2006; Camara, M., 2006; Martin et
al., 2011). Tomato quality is a complex trait which involves a set of attributes
related with chemical composition as e.g. flavor, aroma, color or texture
(Fernie et al., 2006; Luo et al., 2008; Ballester et al., 2010; Adato et al., 2009;
Saladié et al., 2007; Rambla et al., 2014). These attributes are influenced not
only by varietal differences or by the plant environmental and nutritional
regime, but also by the ripening stage and post-harvest storage conditions
(Causse et al., 2002; Giovannoni, J.J., 2004; Kosma et al., 2010; Lara et al.,
2014). Moreover, most of the quality traits show a continuous variation
resulting from the joint action of many genes on a number of specific genome
regions which could be identified /mapped by genetic markers (Quantitative-
Trait-Loci, QTL) and which are strongly influenced by the environment
(Eshed and Zamir, 1995; Koenig et al., 2013; Bolger et al., 2014). Thus, the
study of tomato quality traits requires both genetic diversity and analytical
techniques to reveal the different components associated to attributes of
interest and to determine which are their molecular basis and genetic

determinants in order to use them in plant breeding programs.

Tomato genetic diversity is small for cultivated varieties (less than
5% of the total). In contrast, wild tomato relatives have a large genetic
variability that has been used mainly for improving tomato biotic and abiotic
stress. The allelic variation found in wild tomato species has been
successfully exploited by developing interspecific populations containing
chromosomal introgressions from wild relatives into the cultivated genetic
background (Paterson et al., 1988; Goldman et al., 1995; Eshed and Zamir,
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General Introduction

1995; Tanksley et al., 1996; Bernacchier al., 1998; Chen et al., 1999; Alseekh
et al., 2013). One of the most extensively used population is the Solanum
pennellii introgression line population (Eshed and Zamir, 1995) which has
been used to analyze valuables traits of interest, to identify associated QTL
and to introduce such regions into elite tomato varieties by introgression
breeding (Zamir, 2001). In the last decade a large effort has been put in
complex quantitative traits such as those affecting fruit chemical
composition, which are highly affected by a large number of QTL (Tadmor et
al., 2002; Liu et al., 2003; Rousseaux et al., 2005; Bermudez et al., 2008;
Chapman et al., 2012; Alseekh et al., 2013). Such studies have benefited
from the development of analytical techniques to study chemical and
metabolite compositions (Mogo et al., 2006; Overy et al., 2005) and resulted
in a better understanding of the metabolic pathways contributing to
organoleptic and nutritional traits (Martin et al., 2011), how they are affected
by the environment (Zoratti et al., 2014) and their role in plant-pathogen
interactions (Schenke et al., 2014).

The study of the metabolism in tomato fruit has been important to
understand maturation, ripening and postharvest behaviors (Giovannoni, J.J.,
2001 and 2004; Lara et al., 2014). Tomato fruit ripening involves a large
number of interrelated processes which include changes in primary
metabolism (Causse et al., 2002; Overy et al., 2004) and in specialized
metabolism such as volatiles, carotenoid and polyphenol compounds (Fulton
et al., 2002; Liu et al., 2003; Rosseaux et al., 2005). Ripening also produces
changes in texture, cell wall ultrastructure and in the fruit surface, including
cuticular composition and cuticle biomechanics (Saladié et al.,, 2007;
Chapman et al., 2012; Dominguez et al., 2012). Although the tomato fruit
surface has been important for breeders during the last forty years
(Kolattukudy, P.E., 1970), the interest on it has increased in the last few years
(Yeats et al., 2012a; Petit et al., 2014).
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General Introduction

The tomato fruit surface is composed by the epidermal cell layer,
which is covered by the cuticle (Heredia, A., 2003; Riereder and Miiller,
2006; Yeats and Rose, 2013). The cuticle is a layered and mostly lipophilic
structure that represents the first barrier between the plant and the
environment (Buschhaus and Jetter, 2011) and constitutes the interface
between the plant and pathogen interaction (Martin and Rose, 2014; Schenke
et al., 2014). Further, the cuticle is an essential cytoskeleton for organ
development and integrity (Hen-Aviv et al., 2014). Actually, the cuticle
morphology and nomenclature is still in dispute, however there is an
agreement in the scientific community to define the cuticle as a layered
structure (Heredia and Dominguez, 2009; Riereder and Muller, 2006). Thus,
the structure of the cuticle consists of two layers, the cuticle proper which is
the outermost layer, and the cuticular layer which is placed below (Heredia
and Dominguez, 2009; Riereder and Miiller, 2006). The cuticle proper is
composed mostly by the cutin matrix, a tridimensional structure made of
hydroxylated and epoxy-hydroxylated fatty acids polymerized covalently
(Pollard et al., 2008; Beisson et al., 2012). Embedded into and deposited onto
the matrix there are free cuticular waxes, a mixture of dozens of compounds,
mostly very-long-chain fatty acids (i.e. fatty acids, alkanes, aldehydes,
alcohols and esters) but also flavonoids, triterpenoids, sterols or
glycoalkaloids between others (Samuels and Jetter, 2008; Buschhaus and
Jetter, 2011; Espafia et al., 2014). On the other hand, the cuticular layer,
which is a cutinizated secondary cell wall, contains cutin polymers linked to
polysaccharides (i.e. pectin, hemicellulose and cellulose) and proteins
(Heredia and Dominguez, 2009; Lopez-Casado et al., 2007; Riederer and
Miller, 2006). The cuticle proper thus could be isolated by degrading the
polysaccharides of the cuticular layer using enzymatic cocktails (Heredia and
Dominguez, 2009; Hovav et al., 2007).

In tomato, the cuticle of the fruit is thick, continue (without

stomatas) and easily extractable enzymatically (Hovav et al., 2007). These
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characteristics, together with the well-developed omics techniques have
proposed the tomato as a model system for fruit cuticle studies (Yeats and
Rose, 2013; Hen-Aviv et al., 2014; Martin and Rose, 2014). The chemical
composition and biophysical properties of tomato fruit cuticle have been
extensively studied, mainly for those aspects affecting fruits quality attributes
such as water loss and permeability, susceptibility to infections and
physiological disorders (e.g. cracking) (Hovav et al., 2007; Isaacson et al.,
2009; Dominguez and Heredia, 2011; Dominguez, et al., 2012: Lashbrooke et
al., 2015). In these studies, mutants showing affected fruit cuticle (Isaacson et
al., 2009; Petit et al., 2014) or wild species (Yeats et al., 2013) have been

analyzed.

Large interspecific populations have only recently started to be used
in cuticle composition studies. Thus, a study in tomato leaves (Bolger et al.,
2014) and another on tomato fruit addressing the triterpenoid composition in
a Solanum habrochaites introgression line population (Yeats et al., 2013)
have been only reported. The methodology to study tomato -cuticle
composition in mid/high-throughput experiments is not yet well established.
Rapid methodologies for cuticle metabolite screening, the development of
specific chemical databases or analytical software for mass spectrometry
outputs are desirable goals to facilitate the study of such complex trait that is
the tomato fruit cuticle composition. Furthermore, QTL analyses for cuticle
composition in tomato fruit would allow us to investigate the molecular basis
underlying cuticle biosynthesis, development and regulation processes,

providing new opportunities to improve tomato fruit quality attributes.
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Obijectives

This thesis aims to increase our understanding of the tomato fruit by
providing information on metabolite composition and gene function,
characterization of genetic resources for metabolites and transcripts, and
identifying genes and genomics regions associated to metabolite changes in
the context of tomato fruit surface background. To reach these goals, the

following specific objectives are proposed:

First, to develop a general method for the metabolomics analysis of cuticular

wax composition in fruit, but also extending it to other plant organs.

Second, to define genomic regions associated to variations in cuticle
composition by QTL analysis on the Solanum pennellii x Solanum
lycopersicum cv. M82 introgression line population and propose candidate

genes.
Third, to optimize Fruit-VIGS tool to study gene functions in tomato fruit.

And fourth, to conduct the metabolic and the transcriptomic characterizations

of two new pink fruit mutants.

The results obtained to achieve these objectives are described and
discussed in the next four chapters after a short introduction to the field for
fruit quality. At the end of the manuscript we present the final remarks
derived from the results, a list of goals, a statement on the future perspectives

and the main conclusions arising from this work.
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SUMMARY

Most aerial plant organs are covered by a cuticle, which largely consists of
cutin and wax. Cuticular waxes are mixtures of dozens of compounds, mostly
very-long-chain aliphatics that are easily extracted by solvents. Over the last
four decades, diverse cuticular wax analysis protocols have been developed,
most of which are complex and time-consuming, and need to be adapted for
each plant species or organ. Plant genomics and breeding programs often
require mid- or high-throughput metabolic phenotyping approaches to screen
large numbers of individuals and obtain relevant biological information.
Therefore, a fast, simple and user-friendly methodology able to capture most

wax complexity independently of the plant, cultivar and organ must be
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developed. Here we present a simple method for screening relatively small
wax amounts, sampled by short extraction with a versatile, uniform solvent.
The method is validated herein for three different crop species: tomato
(Solanum lycopersicum), apple (Malus domestica) and hybrid aspen (Populus
tremula x tremuloides). Consistent results were obtained in tomato cv. M82
across three consecutive years (2010-2012), two organs (leaf and fruit), and
also in two different tomato (M82 and MicroTom) and apple (Golden
Delicious and Granny Smith) cultivars. Our results on tomato wax
composition match those reported previously, while our apple and hybrid
aspen analyses provide the first comprehensive cuticular wax profile of these
species. Consequently, the protocols developed here allow standardized
identification and quantification of most cuticular wax components in a range

of species.

Key words: metabolic profiling, cuticular waxes, fruit surface, fleshy fruit.
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.1 INTRODUCTION

The cuticle is a flexible self-healing barrier which is covering almost
all aerial surfaces of plants. It plays important roles in preventing water loss
and desiccation, and in interactions with pathogen spores and herbivores
(Belding et al., 1998; Leide et al., 2007; Riederer and Miiller, 2006; Vogg et
al., 2004). It is thus playing a key role in plant adaptation to abiotic and biotic
stresses (Buschhaus and Jetter, 2011; Isaacson et al., 2009). Furthermore, the
cuticle is crucial for correct growth and differentiation of developing surface
tissues by establishing boundaries between nascent organs, and also appears
to be associated with the process of fleshy fruit development and ripening
(Hovav et al., 2007; Hen-Avivi et al., 2014; Kimbara et al., 2012).

The two major components that make up the cuticle are cutin and
waxes (Riederer and Miller, 2006; Hen-Avivi et al., 2014; Yeats and Rose,
2013). Cutin is a three-dimensional polymeric structure which, by definition,
cannot be extracted by solvents. It is a polyester formed mainly by
hydroxylated and epoxy-hydroxylated C,s and C,g fatty acids and glycerol
(Riederer and Miiller, 2006; Yeats and Rose, 2013). Wax, in contrast, is a
complex mixture made up of dozens of compounds derived from very-long-
chain fatty acids (VLCFAs), which range from Cy to C4, and are easily
removed by lipophilic solvent extraction (Buschhaus and Jetter, 2011,
Riederer and Miller, 2006; Samuels et al., 2008). Presence of different
functional groups in these VLCFA derivatives generates different wax
classes, including alkanes, alcohols, aldehydes, ketones and alkyl esters
(Buschhaus and Jetter, 2011; Riederer and Miiller, 2006; Yeats and Rose,
2013). Finally, secondary metabolites with ring structures (e.g., pentacyclic
triterpenoids or flavonoids) may also form part of the cuticular wax mixture
in some species (Bauer et al., 2004a; Buschhaus and Jetter, 2011). While
cuticles present only a little variation in qualitative chemical composition
between diverse species, their wax mixtures may differ drastically in

quantitative terms. The different proportions of those basic components and
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their absolute amounts are thought to cause the specific cuticle properties of

each species, organ or developmental stage (Buschhaus and Jetter, 2011).

Cuticular properties are associated with major horticultural traits,
and deficient cuticle performance often leads to serious economic losses
(Albert et al., 2013; Belding et al., 2000; Cameron et al., 2002; Hovav et al.,
2007; Lara et al., 2014). Understanding cuticle characteristics, chemical
composition, biosynthesis, regulation, development and interaction with the
environment will therefore provide valuable information about plant
development and adaptation, and can also help to reveal important targets for
breeding. Thus, the analysis of cuticle composition is important for example
in the fleshy fruit crops marketed as fresh commodities (e.g., apples,
tomatoes, grapes or berries). In such fruit, water loss, surface cracking and
pathogen infection have a negative impact on the quality of the final product
(e.g., appearance, texture or post-harvest shelf life; Belding et al., 1998;
Hovav et al., 2007; Isaacson et al., 2009; Lara et al., 2014). Thus, studying
the cuticle in commercial fruit is particularly interesting since the processes
that affect it also have an impact on the storability and marketability of
commodities (Dominguez et al., 2011; Lara et al., 2014). Tomato (Solanum
lycopersicum) and apple (Malus domestica) are two such important fresh
commaodity crops (Belding et al., 1998; Hovav et al., 2007; Isaacson et al.,
2009; Veraverbeke et al., 2001).

The tomato fruit is an excellent model for cuticle studies, as it has an
astomatous, thick and continuous cuticle that is easy to isolate. Moreover, the
availability of the tomato genome sequence provides an excellent opportunity
to study the genetic basis that controls different cuticle processes. In apple
fruits, long storage periods in controlled-atmosphere chambers and the high
accumulation of bioactive compounds such as triterpenoid acids represent
quality components associated with the cuticle, which are of much interest in
breeding programs (Caligiani et al., 2013; Szakiel et al., 2012; Veraverbeke

et al., 2001). Furthermore, the russetting (i.e., micro-crackings in the cuticle)
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is an important process affecting post-harvest shelf life and producing a
negative impact for consumers (Lashbrooke et al., 2015). However, the
interest in studying the cuticle in crop plants is not restricted to fruits.
Studying cuticular wax composition is also relevant in photosynthetic organs
for woody crops such as Populus and Salix species, in which the cuticle has
essential physiological functions and affects final dry matter production
(Cameron et al., 2002; Jones 1992).

The methodologies used to extract and analyze cuticular wax
composition in crop plants vary vastly (Buschhaus and Jetter 2011; Riederer
and Muller 2006). So far, the use of wax analyses in mid-throughput
approaches such as for breeding population screening has been limited, as
they involve costly, time-consuming protocols and a complex experimental
set-up. For example, different protocols have been used to screen cuticular
waxes in different organs of a single plant species (Belding et al., 1998;
Dobson et al.,, 2012; Hovav et al.,, 2007). Similarly, no consensus
methodology exists to study the cuticular wax composition of the same organ
across different species (Adato et al., 2009; Bauer et al., 2004a and 2004b;
Isaacson et al., 2009; Leide et al., 2007 and 2011; Yeats et al., 2012). Crop
breeding programs could benefit from the development of a mid/high-
throughput method, such as those required for metabolic profiling of a
medium or large numbers of individuals (Eshed and Zamir, 1995; Liu et al.,
2005; Watanabe et al., 2007). Therefore, optimizing and testing a simple
methodology to be used across species that would be able to reliably capture

wax complexity would be valuable.

The aim of this study was to develop a rapid method for profiling
cuticular waxes that could be used for different crop surfaces independently
of the species, cultivar or organ studied. We, herein, demonstrate the
applicability of this procedure to determine the cuticular wax composition of
diverse plant material, including three different crop species (tomato —

Solanum lycopersicum—, apple — Malus domestica— and hybrid aspen —
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Populus tremula x tremuloides-), four different cultivars (the tomato cvs.
M82 and MicroTom, and the apple cvs. Golden Delicious and Granny
Smith), and two different aerial organs (fleshy fruits in tomato and apple, and

leaves in tomato and hybrid aspen).
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1.2 MATERIALS AND METHODS

Plant Material

Cuticular wax analyses were carried out using the following organs
and species, which represent a range of cuticle thicknesses and compositions:
tomato fruit (Solanum lycopersicum cultivars M82 and MicroTom) and
tomato leaf (S. lycopersicum cv. M82); apple fruit (Malus domestica cultivars
Golden Delicious and Granny Smith); and hybrid aspen leaf (Populus
tremula x tremuloides). Three biological replicates were analyzed for tomato
and apple samples, and 10 for hybrid aspen. Each one represented a mix of
tissue samples that originated from 5-10 different fruits or leaves. Tomato
fruits were harvested in the mature red stage, and tomato leaves from 1-
month-old plants grown in a greenhouse in Rehovot, Israel. Apple fruits were
picked in the mature stage from an orchard in Trentino, Italy. Hybrid aspen
leaves were harvested from 4-month-old plants and were grown in a

greenhouse in Sweden.
General Considerations

Unless otherwise specified, all chemicals were purchased from
Sigma Aldrich®: n-alkanes (Cg-Cy), fatty acids (Cps-Csy), a- and B-amyrins,
BSTFA (bis-trimethylsilyltrifluoroacetamide), pyridine, pectinase and
cellulase enzymes (Aspergillus niger), sodium azide, sodium tetraborate
decahydrate, except for sodium acetate (Merck®), glacial acetic acid
(Furtarom® and chloroform (ACS, 1SO, Reag. Ph Eur chloroform,
EMSURE®). Alkanes and fatty acids were used as internal standards or as a
standard for identification at individual concentrations of 0.2 mg/ml. The
analysis of fruit cuticular waxes was performed using enzymatically isolated
cuticular membranes (Riederer & Muiller, 2006). Leaf cuticular waxes were

extracted from both the abaxial and adaxial sides of the same leaf together.
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Cuticular Wax Extraction
Fruit cuticle extraction

The tomato and apple fruits were washed with tap water and dried
gently before further handling. Tissue discs containing both exocarp and
mesocarp were dissected with the help of a cork borer (1 cm diameter for
apple and tomato cv. M82, and 0.78 cm diameter for tomato cv. MT) and a
sharp knife. The cuticular membrane was isolated from fruit discs by
digestion with an enzymatic cocktail in buffered solution (EB) during a 3-day
process (Hovav et al., 2007) in tomato, and a 4-day process in apple. The EB
solution contained 1% pectinase and 0.5% cellulase in 0.1 M sodium acetate
buffer, pH 3.8, which included 1 mM sodium azide to prevent microbial
growth. Incubation of fruit skin in EB was performed at 37°C for 24 h under
gentle shaking. Subsequently, the enzymatic solution was replaced and the
reaction was allowed to proceed for another 24-hour period under the same
conditions in tomato, and for an extra 24-hour period in apple to ensure the
hydrolysis of the apple mesocarp. The remaining mesocarp from the tissue
discs was cleaned gently after each digestion. The isolated cuticular
membrane discs were folded in Petri dishes to prevent them from rolling in
before being treated with sodium tetraborate decahydrate solution (10 mM
TTBS, pH 9-9.2) for 1 minute, followed by two washing steps in distilled
water, 1 minute each. Then, isolated cuticular membranes were laid flat on a
glass vial and dried at 60°C for 48 h. Finally, they were weighed and stored in

a non-oxidative atmosphere by flushing with N, gas.
Tissue sampling in leaves

Fully expanded tomato and hybrid aspen leaves were harvested,
washed with tap water and dried gently. The leaf discs were cut with a cork
borer (1 cm diameter) from fully expanded leaves (avoiding the mid-veins)

and directly immersed in chloroform.
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Cuticular wax extraction

Cuticular wax extraction was performed over a total surface area of
18.84 cm? for tomato fruits and leaves, and over a total surface area of 12.56
cm? for apple fruits and hybrid aspen leaves. The tissue discs were dipped
into chloroform at room temperature and shaken gently for 30 sec. in the case
of aspen samples and for 30 sec. twice in the case of tomato and apple
samples. Immediately after extraction, n-tetracosane (0.2 mg/ml) was added
as the internal standard (ISTD). A total of 5 ng of ISTD was added to tomato
fruit and leaf extracts, and of 2.5 ug to apple fruit and hybrid aspen extracts.
The final volume was reduced to 1 ml using a stream of N,, and the solution

stored at -20°C until further analyses.
Derivatization and GC-MS Analysis

Before Gas Chromatography — Mass Spectrometry (GC-MS)
analysis, the hydroxyl groups in the cuticular wax compounds were
transformed into the corresponding trimethylsilyl derivatives. The volume of
wax extracts was first reduced to 100 pl under a stream of N,. Then, 40 pl of
BSTFA and pyridine (1:1 v/v) were added and the solutions mixed by
vortexing for 1 minute. Derivatization was allowed to proceed at 70°C for 40
minutes. After having cooled to room temperature, the whole reaction

mixture was transferred to a vial and an aliquot injected into the GC-MS.

The qualitative and quantitative composition of the cuticular waxes
was analyzed with a GC (Trace GC, Thermo Scientific), connected to an
electron impact MS detector (DSQ2; Thermo Scientific) set at 70 eV and m/z
40-850 Da (x 0.5 Da). MS tuning was performed by using FC-43
perfluorotributylamine (PFTBA, Thermo Scientific) in positive mode after
each sequence run. GC column quality was monitored using a standard acid
mix (C,, Cs and Cg;) with a final concentration of 0.2 mg/ml for each

standard acid, which was run using the standard GC-MS program. The ratio
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between the areas of the first standard acid (C,) and the third standard acid
(C31) was kept at less than 3, ideally between 1.4 and 1.7. Additionally, a
standard mix (alkanes Cy, to Cyg) 1:1 (v:v) of n-alkane mix and chloroform
was used to test the reproducibility of compound retention and detection by
comparing peak times and areas of the 20 n-alkanes across three injections.
Solutions containing the internal standard n-tetracosane (alkane C,,), the
standard acid mix and the standard n-alkane mix were injected at the

beginning of each sequence of samples and after every five samples.

Samples were injected using a solvent split mode (50 ml/min of split
flow) in a PTV injector, and compounds were separated in a Zebron DB-1
column (Phenomenex ZB-1MS, 30 m length, 0.25 mm 1.D. and 0.50 um film
thickness). GC was carried out in an oven programmed for 0 min at 65°C,
20°C min™ to 220°C, 3 min at 220°C, 3°C min* to 300°C, 0 min at 300°C, 5°C
min? to 330°C and 35 min at 330°C using a helium flow of 1.2 ml/min.
However, these conditions had to be modified for hybrid aspen leaf wax
analysis in order to capture its wax complexity: 0.5 min at 100°C, 30°C min™
to 210°C, 0 min at 210°C, 5°C min™ to 330°C and 35 min at 330°C with the

helium flow at 1.2 ml/min.

Different wax constituents were identified in the total ion
chromatogram using their Kovat’s indices and by comparing their mass
spectra with those of authentic standards as well as data from the literature.
Only compounds eluting after minute 15 were analyzed, to exclude any
contaminating membrane lipids (Schonherr and Riederer, 1986; Yeats et al.,
2012). Online Resource 1 gives signature fragments for each compound class
and example spectra for the different wax classes identified in this study.
Detailed information about the specific fragments (i.e., [M]", [M-15]", [M-
18]" or [M-29]") for each wax compound is available in Online Resources 2
to 6. Overall, a set of three to seven ions characteristic for each compound,

including typical wax class fragments (e.g., 117, 129, 132, 145 m/z for fatty
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acids) and specific wax compound fragments (e.g., [M]* and [M-15]" or [M-

18]%) was used.

The ICIS algorithm (Xcalibur software, Thermo Fisher Scientific)
was used for the detection and peak integration using the following
parameters: an area noise factor of 5, a peak noise factor of 10 and a
minimum peak height (s/n) of 3. The quantification of each wax compound
was performed in the same way for all the wax classes, and quantities
calculated based on the ratio between each peak area and the area of the
ISTD. In all the six wax mixtures analyzed, coverages were >0.001 pg/cm?.
Peak integration was confirmed manually. Finally, each ratio was normalized
using the Excel software (Microsoft) by the total amount of ISTD (5 pg in
tomato and apple mixtures, and 2.5 ng in hybrid aspen mixtures) and by the
total area of extraction (18.84 cm? in tomato fruits and leaves, and 12.56 cm?

in apple fruits and hybrid aspen leaves) to produce the final dataset (pg/cm?).
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.3 RESULTS AND DISCUSSION

An efficient standard method for cuticular wax analysis in tomato

fruit

It is often important to study the variability in cuticular wax
composition in both breeding and mutagenized populations, to investigate the
genetic and molecular basis of cuticle-related processes in different crops
such as tomato. However, the study of wax composition in tomato fruit in
relatively large populations has not been achieved yet, in part because this
requires the use of time-consuming methodologies. In general, the analysis of
wax composition is divided to four main steps: (i) sample harvesting; (ii) wax
extraction; (iii) GC-MS separation and detection; and (iv) cuticular wax
compound identification and quantification. Parts of the last two steps are
normally performed automatically, while steps one and two are done
manually and are often time-consuming, tedious and cumbersome,
representing two important limiting factors in the study of medium/ large
breeding populations. Then, to optimize initial processing steps and to
generate a method able to capture most wax variability we modified the
procedure described by Hovav et al. (2007). The modified method thus
produced, proved to be efficient for cuticular wax analysis in tomato fruit for
low- and mid-throughput experiments using large collection of plants. We
also observed that the modified method worked to profile wax composition in
other organs and crops. The modifications performed were the following:
first, we used a smaller cuticular surface (~19 cm? instead of 25 cm?) from
only three biological replicates instead of 12 (Hovav et al., 2007), allowing
us to reduce the enzymatic buffer volume required during cuticular
membrane isolation in tomato fruit (12.5 ml instead of 20 ml). Then, we
performed the wax extraction by using CHCI; at room temperature in glass
vials for twice 30 sec instead of several minutes with hot CHCI; in a Soxhlet

apparatus (Hovav et al., 2007). Finally, we adapted the GC injection method
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to a split method in a PTV injector instead of on-column injections (Hovav et
al., 2007) and the gas chromatographic conditions to 0 min at 65°C, 20°C
min™ to 220°C, 3 min at 220°C, 3°C min™ to 300°C, 0 min at 300°C, 5°C min’

! t0 330°C and 35 min at 330°C in order to resolve closely eluting peaks.

The adapted method was tested on red fruits of the tomato cv. M82,
as this is one of the tomato varieties used as genetic background in breeding
populations (Eshed and Zamir, 1995). The adapted GC conditions provided
well separated individual peaks, facilitating wax compound identifications
(Figure 1.1A). We were able to identify seven classes of wax compounds
based on their typical fragmentation patterns recorded with high accuracy
(+0.05 Da): fatty acids, n-aldehydes, n-alkanes, branched alkanes, n-alcohols,
flavonoids and pentacyclic triterpenols (Figure S1). Further, we quantified
42 cuticular wax components (Table S1), including those present in lower
amounts, due to the high sensitivity achieved by our methodology (> 0.001 +
0.0001 pg/cm?). Thus, the wax composition obtained for tomato cv. M82
fruits included: odd-numbered n-alkanes C,s-Css, even-numbered n-alkanes
C,5-Ca4, pentacyclic triterpenols (i.e., a-, B-and d-amyrin) and flavonoids
(i.e., naringenin) as major wax components quantified (white bars in Figure.
1.2A); and iso-alkanes Cy-Cs,, anteiso-alkane Cs,, even-numbered fatty acids
Cx-Cas and even-numbered n-alcohols C,e-Cs,, except Cszo (White bars in
Figure 1.2A) as minor wax components. Those waxes contributing to lesser
extent to the total wax coverage were also quantified (Table 1.S1): odd-
numbered fatty acids Cy-Cys, even-numbered n-aldehydes Cy, and Cyg, 0dd-

numbered n-alkane C,3 and odd-numbered n-alcohols C,3-Co.

Similar results were obtained for tomato cv. M82 red fruits in a
second year (Figure 1.1B and see black bars in Figure 1.2A) and also in a
third year (Figure 1.1C and see hatched bars in Figure 1.2A). Overall, the
adapted method enabled the identification of 38 wax compounds in the
tomato samples from three consecutive years, showing small fluctuations in

the identification only in the case of trace compounds accumulating to
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amounts close to 0.001 + 0.0001 pg/cm?. Therefore, this method was found
to be efficient, robust and reproducible for cuticular wax screening in tomato

fruit.

Next, we investigated the performance of the standard method in
fruits from a different tomato cultivar. We selected the cultivar MicroTom
(MT), as this is one of the most used genetic backgrounds in tomato mutant
collections such as the ethylmethanesulfonate (EMS) mutant collection
(Watanabe et al., 2007) or the y irradiation-induced mutant lines (Matsukura
et al., 2007). In this case, similar GC resolution was achieved as for cv. M82
(Figure 1.1C). We were also able to identify six of the seven wax classes (n-
aldehydes were not detected). Furthermore, we were able to identify in cv.
MT 36 of the 42 wax compounds previously identified in cv. M82, with high
sensitivity (> 0.001 = 0.0001 pg/cm?) (Table 1.S2). We also observed that in
cv. MT the odd-numbered n-alkanes (but not the even-numbered n-alkanes),
the pentacyclic triterpenols and the flavonoids were the major cuticular wax
constituents, with higher coverages than in cv. M82 (Figure 1.2A-B). Thus,
the standard method revealed qualitatively similar wax compositions in cvs.
MT and M82 (with only six wax compounds missing: C,; and Cy nh-
aldehydes, C,qy iso-alkane and C,q, C,, and C,5 n-alcohols), and quantitative
differences in specific compounds between the cultivars. Therefore, our
standard method should be also efficient in the screening of cuticular wax

composition in different tomato cultivars.

The tomato fruit wax composition observed with our standard
method was consistent with previous reports (i.e. cv. M82 fruit cuticles
Isaacson et al., 2009; Yeats et al., 2012). The extraction method used
previously involved extraction for 24 h in a Soxhlet apparatus with a
chloroform:methanol solution (Isaacson et al., 2009; Yeats et al., 2012).
Herein, our standard method required only 1 min of extraction with
chloroform at room temperature to obtain almost the same wax composition

as those previous reports.
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1.1 Gas chromatograms of tomato (Solanum lycopersicum) waxes. Tomato

fruit cv. M82 during year 2010 (A), 2011 (B) and 2012 (C), tomato fruit cv. MT (D)

and tomato leaf cv. M82 (E) total ion count (TIC) chromatograms are presented.

Chromatogram parts from the C,, n-alkane (1) internal standard (~ min 24) to the

last peak found (~ min 62) are shown. Plots are normalized to the largest peak (C3; n-

alkane) in each chromatogram. The y-axis represents the relative abundance of the

different compounds and the x-axis the time of the GC sequence in minutes. The GC

conditions allowed good peak resolution, even between peaks with vastly differing

relative abundances (e.g., 53-57 min). The major cuticular wax compounds in the five

tomato genotypes fruit samples were (1) C3; n-alkane (2), s-amyrin (3), S-amyrin (4)

and a-amyrin (5).
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Figure 1.2 Cuticular wax composition of tomato. The cuticular wax composition in
tomato fruit was similar among the three years in cv. M82 (A), between the two
cultivars M82 and MT (B), and also between tomato fruit and tomato leaf in cv. M82
(C). In the three sets of data, n-alkanes and amyrin-type triterpenols were the major
compounds detected and quantified by our standard method. In tomato fruits (A, B)
flavonoids, fatty acids, branched alkanes and n-alcohols were also detected and
quantified by our standard method. Those even-numbered alkane and alcohol
homologs marked by a dot () were found in tomato leaves but not in tomato fruit

cuticles. Error bar, standard error (n =3 in A, B and C).
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The main differences between our results and those described by
Isaacson et al. (2009) and Yeats et al. (2012) were in the identification of a
number of pentacyclic triterpenols (i.e., multiflorenol, taraxerol, traraxasterol
and w-taraxasterol), and two other minor wax classes (i.e., alkenols and
alkenes) which were reported mainly by lIsaacson et al. (2009) but only a
couple of pentacyclic triterpenols by Yeats et al. (2012). Although we failed
to identify such compounds in our tomato fruit wax mixtures, we were able to
identify four iso-alkanes, an anteiso-alkane and three odd-chain fatty acids

which were not reported previously (Isaacson et al., 2009; Yeats et al., 2012).

For tomato cv. MT, a similar extraction method (dipping in
chloroform at room temperature for 1 or 2 min) had revealed 11 wax classes,
five more than our standard method (i.e., sterols, alkenes, alkenols,
alkadienols and dihydroxyalkanoics), and 77 wax compounds (Leide et al.,
2007). However, the total surface extracted in this latter report was the full
fruit, in contrast to the ~19 cm? from the equatorial region of the fruit used
here. On the other hand, Adato et al. (2009) also performed cuticular wax
analyses of tomato cv. MT exocarp discs from the equatorial region of the
fruit, but using long extraction periods (dipping in chloroform at room
temperature twice for 1 or 2 h). The wax composition reported by Adato et al.
(2009) included seven wax classes (sterols were identified but not n-
aldehydes) and only 16 wax compounds (Figure S7 in Adato et al., 2009),
seven of them not identified in our study (stigmasterol, B-sitosterol, taraxerol,
multiflorenol, w-taraxasterol and taraxasterol; Adato et al., 2009). The
extracted area and period of extraction seem to affect the final results on wax
composition in tomato. Thus, our standard protocol may be considered a
good compromise able to provide a richer wax composition than that of
Adato et al. (2009) but not as complete as that of Leide et al. (2007).

Despite these differences, our standard method is capable of
capturing most cuticular wax complexity in tomato fruit cuticles from

different cultivars and could prove useful to identify mutants or lines that
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contain variable amounts of n-alkanes, triterpenols, branched alkanes, fatty
acids, n-alcohols or total cuticular wax load, and it is thus of special interest
as a screening tool for large collections of individuals in medium-throughput
approaches. While our GC runs were quite long (75 min), this does not
involve personnel time and could be a compromise as it ensures detection and
quantification of the fatty acids and alcohols accumulating in lower amounts.
This standard method has been used in our lab to process ~200 samples in
four days from the cuticular membrane isolation to the wax extraction
processes (unpublished data). In case of a special interest in any of the minor
components of the selected individuals or lines can be studied using extended

protocols.

The same method can be efficiently applied for wax composition

analysis in tomato leaves

To test the applicability of our method on different plant organs, we
studied the cuticular wax composition of tomato cv. M82 leaves. Thus, we
obtained leaf discs (~19 cm?) and followed the same procedure for wax
extraction and GC-MS analysis as that used for tomato fruit. As for tomato
fruits, we also achieved good peak resolution for the cuticular wax from
tomato leaves (Figure L.1E). We found six of the seven wax classes
identified in cv. M82 fruits but no flavonoids (Figure 1.2C). Furthermore, we
were able to identify 53 cuticular wax compounds in tomato cv. M82 leaves
with the same sensitivity as in fruits (Figure 1.2C and Table 1.S3): odd-
numbered (C,3-Cs5) n-alkanes, pentacyclic triterpenols (i.e., amyrins) and
branched alkanes (C,o-C3s for both iso- and anteiso-alkanes) dominated the
wax composition, while even-numbered fatty acids (Cx-Cs4) and n-alcohols
(C2-Cgq) accumulated to lower amounts. Odd-numbered fatty acids (Cyi-
Ca3), even-numbered n-alkanes (C,s-Ca4) and odd-numbered n-alcohols (Cys-
Cs3) were also present but contributed to a lesser extent to the total wax

coverage.
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Only a few reports have described the cuticular wax composition of
tomato leaves (Smith et al. 1996; Vogg et al. 2004) but only one of them was
performed using cv. M82 (Wang et al., 2011). In those previous reports, the
major cuticular wax classes (alkanes, branched alkanes and pentacyclic
triterpenols) were described in leaves from the same cultivar (cv. M82, Wang
et al., 2011) or different tomato cultivars (cv. MT, Vogg et al., 2004) or
species (Solanum hirsutum, Smith et al., 1996). Moreover, n-alcohols were
also reported only in leaves from cv. M82 (Wang et al., 2011). However,
minor wax components such as fatty acids were not reported in the literature.
Thus, our standard method was also suitable for analyzing cuticular wax
composition in tomato leaves, as it identified all major wax components
described in the literature. Similarly to the mid-throughput cuticular wax
screening performed on tomato fruit, we also have used this standard method
in our lab to screen cuticular waxes in tomato leaves derived from a large
population. In fact, we were able to obtain leaf discs and extract the cuticular

waxes of ~200 samples in a few hours (unpublished data).

The standard method is suitable to explore the wax composition in

other crops

In order to test the versatility of the standard method, other crops
such as apple fruits (Malus domestica) and hybrid aspen leaves (Populus
tremula x tremuloides) were analyzed, two important species in the food and
wood industries, respectively. Firstly, we used apple fruits from two
commercial cultivars: cv. Golden Delicious (GD) and cv. Granny Smith
(GS). Similar to tomato fruit, we obtained exocarp discs from the equatorial
part of the apple fruit. However, we had to extend the cuticular membrane
isolation process by one day to ensure the complete digestion of the
mesocarpic tissue. On the other hand, roughly half the surface area (12.56
cm?) was sufficient for sensitive detection and accurate quantification of all
compounds of interest. We then performed the wax analysis on the exocarp

discs in a similar way as for tomato fruit (identical GC-MS conditions). We
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obtained good peak resolution during the GC sequence (Figure 1.3A-B), and
were able to identify seven wax classes: fatty acids, n-aldehydes, n-alkanes,
n-alcohols, secondary alcohols, alkyl esters and pentacyclic triterpenoid acids
(Figure 1.S1). A total of 33 wax compounds were identified and quantified
(Table 1.S5): odd-numbered n-alkanes (C,-Ca;), pentacyclic triterpenoic
acids (i.e., ursolic acid and oleanolic acid) and the secondary alcohol C,g
were dominating the cuticular waxes (Figure 1.4A), while even-numbered
fatty acids (Cy-Cso), 0dd- and even-numbered n-alcohols (C,5-Cyg and Cs,-
C,s, respectively) and n-aldehydes (Cy4-Cso) appeared to be  minor
components (Figure 1.4A). Odd-numbered fatty acids (C,3-Cy), even-
numbered n-alkanes (C,s and Csg) and the alkyl ester C4o were also identified
and quantified, but they contributed to a lesser extent to the total wax

coverage (Table 1.54).

In the sparse literature on apple wax composition there is a single
report on cuticular wax composition from an apple cultivar related to those
used in our study, i.e., Golden Delicious (Belding et al., 1998). Belding et al.
(1998) used whole fruit immersions in chloroform for three times 30 sec
each, and found three n-alcohols (Cy4, Cy and Cyg), the major n-alkane (Csg)
and the major triterpenoid acid (ursolic acid). In other apple cultivars,
Veraverbeke et al. (2001) identified a few fatty acids, n-alkanes and esters, as
well as a single n-aldehyde and n-alcohol, by dipping the entire fruits into
hexane for 45 sec (Veraverbeke et al., 2001). Interestingly, our standard
method proved to be highly effective when applied to apple fruit, allowing
the identification of 33 cuticular wax compounds, 20 more than previously
described in the literature for any apple cultivar (Belding et al., 1998;
Veraverbeke et al., 2001). Thus, our standard method is able to capture a
large portion of the wax complexity present in apple fruit surfaces,
representing an improvement over other reports in the literature, suggesting
that it could be used for medium-throughput screening of apple germplasm

collections.
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Figure 1.3 Gas chromatograms of apple (Malus domestica) and hybrid aspen
(Populus tremula x tremuloides) waxes. Fruit of apple cultivars Golden Delicious
(A) and Granny Smith (B), as well as hybrid aspen leaf (C) total ion count (TIC)
chromatograms are represented. Chromatogram parts from the C,, n-alkane (1)
internal standard (~ min 24) to the end of the run sequence (min 75) are shown for an
apple sample, and from ~min 20 to the end of the run (min 60) for a hybrid aspen
sample. In the hybrid aspen sample, the internal standard was Czq n-alkane (5) (~min
27). Plots are normalized to the largest peak (i.e., ursolic acid in apple (4); and a
salicylate derivative in hybrid aspen (6)) in each chromatogram. The y-axis
represents the relative abundance of the different compounds and the x-axis the time
of the GC sequence in minutes. The GC conditions allowed good peak resolution for
both apple and hybrid aspen waxes, even between peaks eluting closely (see zoom-in
of hybrid aspen chromatogram, (C)).The major cuticular wax compounds in the two
apple samples are also shown, C,9 n-alkane (2), oleanolic acid (3) and ursolic acid

4).
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Figure 1.4 Cuticular wax composition of apple fruit (Malus domestica) cultivars
Golden Delicious (GD) and Granny Smith (GS), and of hybrid aspen leaf (Populus
tremula x tremuloides). In apple fruits (A) n-alkanes and triterpenoid acids were the
major cuticular wax compounds quantified by our method, while fatty acids, n-
aldehydes and n-alcohols were found to be minor compounds. The secondary alcohol
n-nonacosan-10-ol was also present at high concentration in apple fruits. In hybrid
aspen leaves (B) n-alcohols and alkyl esters were major cuticular wax constituents,
together with n-aldehydes and n-alkanes. Fatty acids were also detected in hybrid
aspen leaf wax by our standard method. Error bar, standard error (n = 3 in apple; n
=10 in hybrid aspen).

A different crop plant explored by our standard method was hybrid
aspen (P. tremula x tremuloides). We obtained leaf discs similarly to those
from tomato leaves and dipped them into chloroform for extraction. For this

species, we had to reduce the time of extraction to only 30 sec and to modify
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the GC separation parameters to ensure detection of compounds with high
molecular weight and low polarity eluting at the end of the run (i.e., alkyl
esters). Thus, the GC oven was programmed for 0.5 min at 100°C, 30°C min™
to 210°C, 0 min at 210°C, 5°C min™ to 330°C and 35 min at 330°C with a
helium flow of 1.2 ml/min. The modified method enabled good peak
resolution (Figure 1.3C) even for very closely eluting peaks, and to identify
five wax classes in hybrid aspen leaf wax: fatty acids, n-aldehydes, n-alkanes,
n-alcohols and alkyl esters (Table 1.S5). We were also able to detect a set of
phenolic compounds, probably salicylate derivatives, based on their typical
fragmentation pattern, but could not determine their specific structures. Thus,
we were able to identify and quantify 28 wax compounds with similar high
resolution as for the other crop samples tested (Table 1.S5): odd-numbered n-
alkanes (Cy5-Cyg), even-numbered fatty acids (C,-Cog), n-aldehydes (Cso-
C,g), n-alcohols (Cy-Cso) and alkyl-esters (Cag-Cge) (Figure 1.3B). Odd-
numbered fatty acids (C,;-Cys) and n-alcohols (C,1-C,s) were also present,
but they contributed to a lesser extent to the total wax coverage (Table 1.S5).
The wax mixture was dominated by the unidentified phenolics (~ 32% of the

total wax), followed by n-alcohols (~23%) and alky! esters (~20%).

There is a single previous report on cuticular wax composition for
two different Populus species hybrids (Cameron et al. 2002). Dipping leaf
discs (12 mm?) in chloroform for 30 sec revealed similar fatty acids, n-
alcohols and n-alkanes composition but not n-aldehydes. However, the fatty
acids and n-alcohols reported by Cameron et al. (2002) included not only the
respective free fatty acids and n-alcohols, but also those derived from the
hydrolysis of alkyl esters before the GC analysis (Cameron et al., 2002).
Here, we were able to identify free fatty acids and n-alcohols separately from
those forming the alkyl esters. Thus, our standard method is also suitable to

capture the wax complexity in hybrid aspen leaves.
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One method, several crop surfaces

In summary, we established the suitability of our brief method in
tomato among batches form different years (Figure 1.2A), cultivars (Figure
1.2B) and organs (Figure 1.2C). We were also able to explore using the same
method the cuticular wax composition in apple fruits and hybrid aspen leaves
(Figure 1.4) and provide the first comprehensive cuticular wax profile for
these two species. Moreover, the standard method was effective in capturing
a broad range of wax variability, spanning 10 classes of wax compounds
identified in the three crops of interest (Figure 1.5), and total wax coverages
ranging from ~4 pg/cm? in tomato fruits to ~150 ug/cm? in apple fruits
(Figure 1.6). Thus, a detailed comparative study of the cuticular wax
composition for the six surfaces revealed differences in wax class distribution
in different crops and organs. Fatty acids, n-alcohols and n-alkanes were
present in all six surfaces, but in different proportions depending on the
crop/organ (Figure 1.5). The remaining compound classes identified were
crop- or organ-specific (Figure 1.5). For example, branched alkanes and
pentacyclic triterpenols (i.e., amyrins) were present in tomato fruits and
leaves, while flavonoids (i.e., naringenin) were present only in tomato fruits
and pentacyclic triterpenoic acids (i.e., ursolic and oleanolic acids) only in

apple fruits.

Our comparative study also revealed differences in the
predominating wax constituents. 