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Abstract / Resumen

Abstract
Anthocyanins is one of the main pigments conferring color to flowers. These
compounds may be also accumulated in vegetative tissues, where perform multiple
protective roles against different biotic and abiotic stressors. In the same metabolic route of
anthocyanins, other non-anthocyanin flavonoids that confer protection against a wide
diversity of environmental stresses are also synthesized. Thus, the study of anthocyanins
and other flavonoids is key to understand the importance of these metabolites in the
adaptation process of plants to their environments. In this thesis, we investigate the
adaptive role of flavonoids analyzing the ecological and evolutionary significance of
flavonoid accumulation in reproductive and vegetative tissues of plants, using Silene littorea
(Caryophyllaceae) as a model organism. This species is endemic of the Iberian Peninsula,
growing at the sea level on coastal ecosystems. The flowers of S. littorea are pink due to the
accumulation of anthocyanins. The presence of anthocyanins in calyces, leaves and stems
confers a coloration that vary from green to red depending on the concentration of
pigments accumulated. In addition, non-anthocyanin flavonoids are also produced in all
plant organs. The ability of S. littorea to synthesize anthocyanins and non-anthocyanin
flavonoids in the whole plant allow us to study how these compounds are accumulated in
different plant tissues, the possible relationships among tissues in flavonoid production and
the degree of phenotypic plasticity of this response. We also studied the physiological,
biochemical and genetic changes that UV light exposure induces in this species. In addition,
S. littorea also displays white plants with localized absence of anthocyanins in petals or a
complete absence of these pigments in the whole plant. This feature of the species offers an
excellent opportunity to investigate the relevance of these secondary metabolites in plant
development and survival. Finally, we develop a fast, efficient and non-invasive method for
estimating anthocyanin concentrations in plants by using digital images.
In S. littorea, each plant organ exhibited considerable variability in the content of
anthocyanins and other flavonoids both within and among populations. At the plant level,
the flavonoid content in petals, calyxes, and leaves was not correlated in most of the
populations. However, at the population level, the mean amount of anthocyanins in all
organs was positively correlated, which suggests that the variable environmental conditions
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of populations may play a role in anthocyanin accumulation. In populations on the west
coast of the Iberian Peninsula, a general pattern of increasing accumulation of flavonoids
toward southern latitudes was observed in photosynthetic tissues. This pattern corresponds
to a gradual increase of UV-B radiation and temperature, and a decrease of rainfall toward
the south. The study of plasticity in flavonoid production revealed that the synthesis of both
anthocyanins and flavones is mostly plastic in photosynthetic tissues, being mainly
influenced by environmental effects. In addition, flavones exhibited approximately half the
degree of phenotypic plasticity compared to anthocyanins. On the other hand, petals
showed limited plasticity in flavonoid production. These results suggest that anthocyanins
are usually constitutive in petals, yet susceptible to environmental conditions in
photosynthetic tissues. We found that UV light stimulated the production of both
anthocyanins and flavones, especially these latter in photosynthetic tissues. The synthesis of
effective antioxidant flavones in photosynthetic tissues suggest that these compounds may
have a key role as antioxidants and a minor role as light filters. In addition, UV light also
induced a modest activation of specific transcription factors, decreased the photochemical
efficiency of photosystem II and had a negative influence on plant fitness. The study of
polymorphism in the flavonoid production showed that loss of anthocyanins, either in petals
or in the whole plant, does not influence the ability of this species to synthesize flavones.
Flavones have important protective functions for plants, similar to those of anthocyanins.
We suggested that lack of anthocyanins may involve deleterious pleiotropic effects for plant
survival not associated to their protective functions, which would explain the scarcity of
non-pigmented plants in natural populations. Finally, we showed that our method based on
digital images can be applied for accurately estimate anthocyanin concentration in
photosynthetic and non-photosynthetic tissues. The most accurate estimations were
obtained from color indices that stated the ratio of the G channel over the R and/or B
channels or that reflect variations in the G channel.
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Resumen
Las antocianinas son uno de los principales pigmentos que proporcionan color a las
flores. Estos compuestos también pueden acumularse en tejidos vegetativos, donde llevan a
cabo múltiples funciones de protección frente a diferentes estreses bióticos y abióticos. En
la misma ruta metabólica de las antocianinas, también son sintetizados otros flavonoides no
antociánicos que confieren protección frente a una amplia diversidad de estreses
ambientales. Así, el estudio de las antocianinas y otros flavonoides es fundamental para
entender la importancia de estos metabolitos en los procesos adaptativos de las plantas a
sus ambientes naturales. En esta tesis, investigamos el papel adaptativo de los flavonoides
mediante el análisis el significado ecológico y evolutivo de la acumulación de flavonoides en
tejidos reproductivos y vegetativos de las plantas, usando a Silene littorea (Caryophyllaceae)
como organismo modelo. Esta especie es endémica de la Península Ibérica, creciendo at
nivel del mar en ecosistemas costeros. Las flores de S. littorea son rosas debido a la
acumulación de antocianinas. La presencia de antocianinas en cálices hojas y tallos
confieren una coloración que varía desde el verde al rojo dependiendo de la concentración
de pigmentos acumulados. Además, flavonoides no antociánicos también son producidos en
todos los órganos de la planta. La capacidad de S. littorea de sintetizar antocianinas y
flavonoides no antociánicos en toda la planta nos permite estudiar cómo estos compuestos
se acumulan en diferentes tejidos de la planta, las posibles relaciones entre tejidos en la
producción de flavonoides y el grado de plasticidad de esta respuesta. También estudiamos
los cambios fisiológicos, bioquímicos y genéticos que la exposición a la luz ultravioleta
induce en esta especie. Además, S. littorea también exhibe plantas blancas con una
localizada ausencia de antocianinas en pétalos o una completa ausencia de estos pigmentos
en toda la planta. Esta característica de la especie ofrece una excelente oportunidad para
investigar la relevancia de estos metabolitos secundarios en el desarrollo de la planta y su
supervivencia. Finalmente, desarrollamos un método rápido, eficiente y no invasivo usando
imágenes digitales para estimar las concentraciones de antocianinas en plantas.
En S. littorea, cada órgano de la planta exhibió una considerable variabilidad en el
contenido de antocianinas y otros flavonoides dentro y entre poblaciones. Al nivel de
individuo, el contenido de flavonoides en pétalos, cálices y hojas no estuvo correlacionado
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en la mayoría de las poblaciones. Sin embargo, al nivel poblacional la cantidad media de
antocianinas en todos los órganos estuvo positivamente correlacionado, lo que sugiere que
las variables condiciones ambientales de las poblaciones pueden jugar un papel importante
en la acumulación de antocianinas. En poblaciones de la costa oeste de la Península Ibérica,
observamos un patrón general de aumento de la acumulación de flavonoides en tejidos
fotosintéticos hacia latitudes al sur. Este patrón corresponde con un incremento gradual de
radiación UV-B y temperatura, a la vez que un descenso de las precipitaciones, hacia el sur.
Los estudios en la plasticidad de la producción de flavonoides revelaron que la síntesis tanto
de antocianinas como de flavonas es principalmente plástica en tejidos fotosintéticos,
siendo mayormente influenciada por los efectos ambientales. Además, las flavonas
exhibieron aproximadamente la mitad del grado de plasticidad comparado con las
antocianinas. Por otro lado, los pétalos mostraron una plasticidad limitada en relación a la
producción de flavonoides. Estos resultados sugieren que las antocianinas son
principalmente constitutivas en pétalos, aunque susceptibles a las condiciones ambientales
en los tejidos fotosintéticos. Encontramos que la luz ultravioleta estimuló la producción
tanto de antocianinas como de flavonas, especialmente estas últimas en tejidos
fotosintéticos. La síntesis de flavonas con efectiva capacidad antioxidante en tejidos
fotosintéticos sugiere que estos compuestos pueden tener un papel destacado como
antioxidante pero un papel menor como filtradores de luz. Además, la luz ultravioleta
también indujo una modesta activación de factores de transcripción específicos, disminuyó
la eficiencia del fotosistema II y tuvo una influencia negativa en el fitness de la planta. El
estudio del polimorfismo en la producción de flavonoides mostró que la pérdida de
antocianinas, tanto en pétalos como en toda la planta, no influye en la capacidad de esta
especie de sintetizar flavonas. Las flavonas también importantes funciones de protección
para las plantas, similares a las de las antocianinas. Sugerimos que la falta de antocianinas
debe involucrar efectos pleiotrópicos deletéreos para la supervivencia de la planta no
asociados a sus funciones protectores, lo que explicaría la escasez de plantas no
pigmentadas en poblaciones naturales. Finalmente, mostramos que nuestro método basado
en imágenes digitales puede ser aplicado para estimar con precisión las concentraciones de
antocianinas en tejidos fotosintéticos y no fotosintéticos. Las estimaciones más precisas se
obtuvieron con índices de color que contemplaban la relación del canal verde sobre el/los
canal/es rojo y/o el azul o los que reflejaron variaciones en el canal del verde.
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Chapter 1. Introduction

1. Background
1.1. Anthocyanin as mayor pigments causing flower color
The study of the floral color has drawn the attention of many naturalist through the
history (e.g. Aristotle, approx. 350 b.C.; Hopkirk, 1817; Mendel, 1866), and continues to be
an important focus of research (Rausher, 2008; Narbona et al., 2014; van der Kooi et al.,
2016). Although flower microstructure may affect the perceived flower color (van der Kooi
et al., 2016; Moyroud and Glover, 2017), this is mainly affected by the presence of
pigments, i.e. chemical compounds that absorb light at specific wavelengths. The most
extended pigments in plants are the chlorophylls. These pigments are responsible of the
green coloration of sepals and vegetative tissues, but exceptionally are found in petals or
tepals, as in some species of the Orchidaceae (Lee, 2007; Vignolini et al., 2012). Apart from
chlorophylls, most flower pigments belong to one of these three chemical classes: betalains,
carotenoids and flavonoids. Among them, flavonoids are the major source of color in
flowers (Lee, 2007; Miller et al., 2011). Anthocyanins, a specific type of flavonoids, typically
provide orange, red, pink and blue colorations (Miller et al., 2011; Narbona et al., 2014).
Other flavonoids, such as aurones, chalcones, flavones and flavonols are uncolored or paleyellow, although frequently act as copigment of anthocyanins to intensify their color
(Davies, 2009). Carotenoids, organic pigments of the isoprenoids group, are also relatively
frequent in angiosperms, generating yellow, orange and red colorations in flowers. These
pigments are common in fruits and in flowers of some families, such as Asteraceae and
Liliaceae (Grotewold, 2006; Tanaka et al., 2008). Betalains are nitrogen-containing
compounds that produce yellow to pink and red colorations in some families of the order
Caryophyllales (Shimada et al., 2007; Brockington et al., 2011).
Petal color is determined by the presence of one of more of these pigments. Thus, is
common to find petals with several types of anthocyanins or with the presence of
anthocyanins and carotenoids coexisting in this tissue (Glover, 2007; Lee, 2007; Ng and
Smith, 2016). Only the accumulation in petals of betalains and anthocyanins is mutually
exclusive (Brockington et al., 2011). Changes in their relative proportions or in the pigment
composition can lead to petal color modifications, but also other factors such as vacuolar
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pH, metals or co-pigments can also affect the resulting petal color (Andersen and Jordheim,
2006; Miller et al., 2011). Finally, the lack of pigments generates white petals or flowers.

1.2. Biosynthesis and biological functions of anthocyanins and other flavonoids
Anthocyanins are synthetized in the anthocyanin biosynthetic pathway (ABP,
hereafter; Fig. 1), being one of the best-studied metabolic routes in plants (Kopp, 2009).
Anthocyanins are the final product of the ABP, being the colors they produce mainly
determined by their precursors: the sugar-free anthocyanidins (also termed aglycone).
There are 23 types of anthocyanidins, but the six more common in vascular plant are, in this
order: cyanidins (blue-pink-purple colorations), delphinidins (blue), and pelargonidins
(orange-red), peonidins (pink-red), malvidins (pink-mauve) and petunidins (pink-purple)
(Castañeda-Ovando et al., 2009). These six anthocyanidins differ in the number of hydroxyl
groups on the B-ring and the methylation level (Grotewold, 2006; Tanaka et al., 2008; Fig.
1). The number, position and identity of glucosides attached to the anthocyanidin skeleton
can also affect the final coloration (Brouillard and Dangles, 1994; Lee, 2007).
The ABP is composed by at least six core enzymes regulated by the MBW complex, a
group of transcriptional factors formed by members of the R2R3-MYB (MYB), basic helixloop-helix (bHLH), and WD40-repeat (WDR) families (Koes et al., 2005; Xu et al., 2015; Fig.
1). This is a sophisticated regulatory mechanism that activates and represses anthocyanin
production, being the MYBs the key regulatory factors of the MBW complex (Albert et al.,
2014). The regulation of anthocyanin biosynthesis is usually cell- or tissue-specific (Sobel
and Streisfeld, 2013), enabling plants to spatially control their anthocyanin accumulation
(Albert et al., 2014). This is the case of species with striped petals (Schwinn et al., 2006;
Shang et al., 2011) or leaves with red margins (Albert et al., 2015). In vegetative tissues,
anthocyanin synthesis is also temporally controlled. Thus, some species remain red
throughout their lives (Gould et al., 2000; Manetas, 2006), but most plants turn red only at
certain period of their lifes (Hatier and Gould, 2009).
Anthocyanins pigments may be accumulated in all plant organs; they are synthesized
in the cytoplasm and usually accumulate it in the vacuoles of epidermal or mesophyll cells
(Wheldale, 1916; Lee et al., 2003; Hughes and Smith, 2007). Anthocyanins are commonly
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associated to a wide variety of biological functions depending where they are accumulated
(Gould et al., 2009; Landi et al., 2015). In reproductive tissues, their main function is the
attraction of pollinators and dispersers of seeds or fruits (Schaefer and Ruxton, 2011).
However, vegetative anthocyanins have multiple protective roles against biotic and abiotic
stressors, such as high doses of UV-B, cold, salinity, herbivory, among others (reviewed in
Chalker-Scott, 1999; Steyn et al., 2002; Gould, 2004; Narbona et al., 2014; Landi et al.,
2015).

Figure 1. Scheme of the anthocyanin biosynthetic pathway (ABP). Core enzymes are depicted in blue and
enzymes belonging to the phenylpropanoid pathway in grey. White arrows indicate branch pathways leading
to different secondary metabolites (main functions are indicated). The basic Helix Loop Helix protein (bHLH),
WD Repeats (WDR) and R2R3-MYB domains (MYB) are regulatory proteins (transcription factors) that form the
MBW complex, which can control the activity of pathway´s enzymes. Abbreviations: PAL, phenylalanil
ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, coumarate CoA ligase; CHS, chalcone synthase; CHI,
chalcone isomerase; F3H, flavanone-3-hydroxylase; F3’H, flavonoid 3’hydroxylase; F3’5’H, flavonoid 3, 5’
hydroxylase; DFR, dihydroflavonol 4-reductase; LDOX/ANS, leucoanthocyanidin dioxygenase/anthocyanidin
synthase; GT, glycosyl transferase; RT, rhamnosyl transferase; AT, acyltransferase. Dihydroflavonols
(precursors of flavonols) are abbreviated as: DHK, dihydrokaempferol, DHQ, dihydroquercetin; DHM,
dihydromyricetin. Scheme extracted and modified from Narbona et al. 2014.
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Other flavonoids such as flavones, flavonols or catechins (non-anthocyanin
flavonoids, hereafter) are also synthesized in the early secondary branches of this metabolic
route (Fig. 1). These compounds are much widely located in plant tissues that anthocyanins,
being accumulated in the vacuoles, cell walls, nucleus and chloroplast (Hutzler et al., 1998;
Agati et al., 2013). Non-anthocyanin flavonoids show similar protective functions against
environmental stressors than those of anthocyanins (reviewed in Agati and Tattini, 2010;
Pollastri and Tattini, 2011; Falcone Ferreyra et al., 2012; Silva et al., 2016). Furthermore, the
quantity of anthocyanins is usually correlated with those of non-anthocyanin flavonoids, at
least in some tissues (Berardi et al., 2016; Chapter 2). Thus, the combined effect of both
types of flavonoids may provide adaptive benefits for plant acclimation and adaptation to
environmental changes. The spatio-temporal patterns of anthocyanin production have most
often been investigated in vegetative organs of perennial plants, especially shrubs and trees
of tropical or temperate regions (reviewed in (Archetti, 2009; Gould et al., 2010; Hughes,
2011; Hughes and Lev-Yadun, 2015). However, information regarding the pattern of
vegetative anthocyanin accumulation and/or its ecological significance is scarce for annual
species and almost exclusively based on crop and ornamental species (Boldt et al., 2014;
Tattini et al., 2014).
Because of the biosynthesis of flavonoids is supposed to vary in response to
environmental changes, their accumulation has been commonly assumed as plastic (e.g.
Smith, 1990; Chalker-Scott, 1999; Steyn et al., 2002; Nicotra et al., 2010). Thus, production
of stress-induced flavonoids is genetically controlled by the MBW complex (Albert et al.,
2014; Zoratti et al., 2014; Xu et al., 2015; Lu et al., 2016), which is involved in plant plastic
responses (Gutierrez et al., 2009; Nicotra et al., 2010; Albert et al., 2014). Plasticity in the
flavonoid accumulation can be a powerful means of adaptation or acclimation to variable
environmental conditions (e.g. Jaakola and Hohtola, 2010; Comont et al., 2012; Castagna et
al., 2017). However, it is crucial to know which part of the phenotypic variance is explained
by environmental or genetic effects, as well as the genotype-environment interaction
(DeWitt and Scheiner, 2004; Fig. 2). In this vein, the knowledge of these three components
of the phenotypic plasticity is necessary to understand how environmental effects can
contribute to the production of stress-induced flavonoids (Murren et al., 2015; Vogler et al.,
1999).
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Figure 2. The blue and red lines indicate the reaction norms of two different genotypes responding to a
change from a low light environment (Environment 1) to a high light one (Environment 2). Asterisks denote
the significant effect of environment (E), genotype (G), or genotype by environment interaction (G x E).

1.3. Flavonoid protection against excess light
Light is a critical environmental factor for plant development. However, high doses of
light (VIS and/or UV) lead to morphological and physiological changes in plants, such as
increase in femaleness, reduced biomass and decrease of pollen viability (Tevini and
Teramura, 1989; Bertin, 2007; Koski and Ashman, 2015), as well as many other changes at
cell and organismal levels (reviewed in Jansen, 2002; Robson et al., 2015; Fig. 3). High light,
especially UV-B radiation, damage the photosynthetic apparatus of the chloroplast and
cause an increase in reactive oxygen species (ROS) levels, which compromise the
functionality and integrity of enzymes and cell membranes (Jordan, 1996; Llorens et al.,
2015; Robson et al., 2015). ROS typically result from the excitation of atmospheric oxygen to
form superoxide radical (O2-), hydrogen peroxide (H2O2) or a hydroxyl radical (HO−). Plants
have developed defense mechanisms for the quenching of ROS by antioxidant enzymes that
11
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control ROS levels (e.g. superoxide dismutase; Bornman and Teramura, 1993; Asada, 2006).
However, the antioxidant activity in plants is not exclusive of these proteins, and flavonoids
and other phenolic compounds are also involved in the non-enzymatic mechanism for ROS
detoxification (Nakabayashi et al., 2014; Köhler et al., 2017). In fact, it is recently proposed
that flavonoids could play a key role in the physiological adaptation to UV in the evolution of
land plants (Bowman et al., 2017).
Flavonoids may act in plant photoprotection by their ability to reduce the lightgenerated ROS (Agati et al., 2007, 2012; Pollastri and Tattini, 2011). In fact, most UVinducible flavonoids are dihydroxy B-ring-substituted flavonoids, i.e. flavonoids with a
catechol group in the B-ring such as luteolin or quercetin derivatives (e.g. Rice-Evans et al.,
1997; Tattini et al., 2000, 2004; Agati et al., 2007; Fig. 3). These flavonoids constitute an
effective antioxidant system against UV-B damage given that they prevent the ROS
generation and effectively quenching ROS once they are formed (Mittler, 2002; Pourcel et
al., 2007). More important, flavonoids are versatile compounds that deal with the oxidative
stress caused by numerous environmental stressors (e.g. Olsen et al., 2009; Agati et al.,
2011; Landi et al., 2014), in addition to regulate important functions in plats such as cell
growth and differentiation (Peer and Murphy, 2007; Agati et al., 2012; Landi et al., 2015).
Furthermore, flavonoids may prevent damages to both photosynthetic apparatus
and DNA caused by excessive solar irradiance by acting as sunscreens (Treutter, 2006; Agati
and Tattini, 2010; Pollastri and Tattini, 2011; Agati et al., 2012; Landi et al., 2015). This
photoprotective function of flavonoids has been attributed to their absorption spectrum
and antioxidant properties (Tattini et al., 2000; Havaux and Kloppstech, 2001; Agati et al.,
2007). Thus, anthocyanins decrease the amount of photosynthetically active radiation (PAR)
transmitted to chloroplasts by absorbing the green spectrum of visible light (VIS) and
preventing a decline of the photosynthetic activity of PSII (Gould and Lee, 2002; Hughes et
al., 2005; Gould et al., 2010; Cooney et al., 2015). Acylated anthocyanins (i.e. hydrocinnamic
acids attached to anthocyanins) are even better effective attenuators of UV radiation than
the simples non-acylated forms (Lee, 2007; Hatier and Gould, 2009; Landi et al., 2015).
Although non-anthocyanin flavonoids have been considered as an effective shield against
UV-B irradiance (280-315 nm; Cockell and Knowland, 1999), they maximally absorb in
wavelengths higher than 335 nm (except for most acylated forms). This suggests that UV-
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screening is just one, probably not the most important, contribution of flavonoids to
photoprotection (Agati and Tattini, 2010).

Figure 3. Schematic diagram of effects of UVA-B radiation on S. littorea plants (blue square),
as well as the morphological and physiological changes mediated by UV radiation (red
square). The chemical structures isoorientin (flavone) and quercetin (flavonol), two UVinduced flavonoids with a catechol group in the B-ring (red dotted square), are shown.

1.4. Loss of anthocyanins and its pleiotropic effects
Traditionally, flower color polymorphism, i.e. coexistence of at least two flower-color
discrete variants in a population, has been considered as uncommon (Wheldale, 1916; Kay,
1978), but in certain groups of species is more frequent that previously thought (Warren
and Mackenzie, 2001; Narbona et al., 2017). Evolutionary shifts from purple-, blue-, or pinkflowered species into their white-flowered forms is the most common case of
polymorphism in plants (Warren and Mackenzie, 2001; Narbona et al., 2017; Fig. 4g-i).
However, the loss of pigmentation can be limited to flowers or extended to the whole plant
(Rausher, 2008). The genetic changes involved in shifts from pigmented to white flowers are
the consequence of functional or regulatory mutations. According to Wessinger and
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Rausher (2012), functional mutations involve the loss-of-function of any structural enzyme
of the ABP, whereas regulatory mutations involve loss-of-function of regulatory
transcription factors (MYB, bHLH and WDR) and cis-regulatory mutations that downregulate
these regulators or any structural enzyme. Both functional and regulatory mutations can
generate the whole-plant anthocyanin lacking individuals, whereas petal-loss anthocyanin is
frequently the result of regulatory mutations affecting the MYB factors (Sobel and Streisfeld,
2013). Given that these transcription factors are often tissue-specific, their inactivation in
petals allow the production of anthocyanins in the rest of the plant (Wessinger and Rausher,
2012). Thus, mutations that inactivate the MYB factors are preferentially fixed by natural
selection since avoid the deleterious pleiotropic effects associated to anthocyanin loss in
vegetative tissues (Streisfeld and Rausher, 2010; Wessinger and Rausher, 2012). These
mutations seem to be common in species with stable flower-color polymorphism in natural
populations. On the contrary, the frequency of whole-plant anthocyanin lacking individuals
is very low in natural populations, usually less than 0.1% [e.g. Delphinium nelsonii, (Waser
and Price, 1981); Phlox drummondii, (Levin and Brack, 1995); Mimulus lewisii, (Wu et al.,
2013); or Ipomoea calycinum, (Coburn et al., 2015)].

1.5. Measuring anthocyanins
In the last century, interest in anthocyanins has increased substantially since these
pigments are involved in many plant-animal interactions (Harbone and Grayer, 1994;
Harborne and Williams, 2000; Schaefer and Ruxton, 2011). The content of anthocyanin in
reproductive and vegetative organs can vary spatiotemporally within individuals and among
individuals or populations (e.g. Fournier-Level et al., 2009; Berardi et al., 2016; Xue et al.,
2016). Thus, a methodology to measure anthocyanins in evolutionary-ecology studies is
challenging. Traditionally, this quantification has been performed biochemically through
HPLC or spectrophotometric techniques (Abdel-Aal and Hucl, 1999). These biochemical
methods provide accurate estimation of the anthocyanin content (Lee et al., 2008), but also
involve tissue destruction (Solovchenko et al., 2001). In addition, they are time-consuming
and expensive, and implicate serious limitations for the study of other aspects of color (e.g.
pollinator preferences, fitness, etc.). For all these reasons, some alternative to biochemical
methods have emerged in the last years. Because anthocyanins are optically detectable,
14
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numerous studies have developed indices for anthocyanin quantification derived from UVVIS spectral reflectance (e.g. Curran et al., 1990; Gamon and Surfus, 1999; Merzlyak et al.,
2003). These new methods accurately estimate pigment content in leaves, fruits and stems
(Richardson et al., 2002; Sims and Gamon, 2002; Gitelson et al., 2009). In addition, the
increasing portability of spectrophotometers makes of this method an interesting choice for
using in the field. This sampling approach is considered as non-destructive since it is directly
applicable to measurable plant area (Gamon and Surfus, 1999; Richardson et al., 2002).
However, this is not always easy for delicate plant parts, such as petals or small leaves, and
requires a sizeable plant material to be measured (typically ³ 1 cm). In addition, there is a
common need for destructive sampling to make easier the measurement process (Gamon
and Surfus, 1999; Bergman and Beehner, 2008).
Recently, it is becoming popular the use of digital photographs as an efficient, noninvasive and reliable method to quantify color in ecological studies (Villafuerte and Negro,
1998; Bergman and Beehner, 2008; Kendal et al., 2013; Garcia et al., 2014; Mizunuma et al.,
2014; Stevens et al., 2014). Although this method has been widely used in the study of
animal coloration (e.g. color change, pigment patterns and camouflage; (Strauss and Cacho,
2013; Taylor et al., 2013; Akkaynak et al., 2014; Stevens et al., 2014; Gómez and LiñánCembrano, 2017), its application for estimating pigment concentration in plants has only
scarcely explored (but see Junker and Ensminger, 2016). Thus, the use of digital images
emerges as an interesting alternative for a fast and reliable quantification of anthocyanin
concentrations in plants.

2. Study species
The shore campion, Silene littorea Brot. (Caryphyllaceae), is an annual species.
Traditionally, the infraspecific taxon Silene littorea subsp. adscendens (Lag.) Rivas Goday
have been considered within S. littorea (Talavera 1979, 1990), but molecular phylogenies
have attributed the species status to S. adscendens (Oxelman et al., 2013). This species
grows at the sea level on coastal ecosystems from the northwestern to the southeastern
Iberian Peninsula (Talavera, 1990; Fig. 4f). Populations of S. littorea are exposed to
heterogeneous climatic factors along the latitudinal gradient, such as solar exposure
15
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(number of sunny days, level of UV radiation, etc.), temperature and precipitation. In
addition, light conditions are also variable within populations, finding most plants
completely exposed to sun whereas others are under the canopy of coastal pine forest and
understory shrubs (Del Valle, pers. observation). In contrast, soil properties and vegetation
composition are generally homogeneous within and among populations (Lomba et al.,
2008).
Silene littorea is a self-compatible species (Vilas and García, 2006), producing a highly
variable number of flowers per plant (ranging from three to 338; Casimiro-Soriguer et al.,
2013; Fig. 4a-c). This species shows a gynodioecious–gynomonoucious sexual system, i.e.
populations containing hermaphroditic, female and gynomonoecious individuals (CasimiroSoriguer et al., 2015). Although hermaphrodite flowers are protandrous, overlapping
between male and female phase exist; thus, about 10-20% of fruit and seed set may be
produced by spontaneous autogamy (Casimiro-Soriguer et al., 2015). Silene littorea is
entomophilous, being mainly pollinated by species of Apidae, Bombyliidae, Sphingidae and
Syrphidae (Casimiro-Soriguer, 2015; Del Valle J.C. unp. results).
The flowers of S. littorea are pink due to the accumulation of anthocyanins (cyanidin
derivatives; Casimiro-Soriguer et al., 2016; Chapter 5; Fig. 4g). This species also accumulates
anthocyanins in calyces, leaves and stems, showing organs that vary from green to red
depending on the concentration of pigments accumulated (Fig. 4d and e). These tissues
accumulated chlorophylls, thus they are photosynthetically actives. In addition, nonanthocyanin flavonoids are present in petals, calyces, leaves and stems (Chapters 2 and 5).
Interestingly, this species exhibits white flower polymorphism in two populations of its
northwest distribution range (Casimiro-Soriguer, 2015; Chapter 5). Preliminary observations
show that white-flowered plants lack anthocyanins exclusively in the petals, but produce red
coloration in the rest of the plant (Fig. 4h). However, other white-flowered plants lacking
anthocyanins in the whole plant are also observed in populations across the species range,
but in a very low frequency (Fig. 4i).
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Fig. 4. Silene littorea of plants from southern (a and b) and northern (c) populations, showing different
number of flowers per plant and pigmentation in petals and photosynthetic tissue; (d) comparison of
calyces that accumulate variable amount of anthocyanins; (e) anthocyanins in the main vein and leaf
margins; (f) habitat of S. littorea in the population of Barra; pictures of pink plants (g) and whiteflowered plants that lack anthocyanins in petals (h) or the whole plant (i).
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3. Thesis structure and specific aims
The general objective of this PhD project is to understand the patterns and process
underlying the synthesis of anthocyanins and non-anthocyanin flavonoids in annual species,
using Silene littorea as a model. Specifically, the within- and among populations patterns,
the degree of phenotypic plasticity, and the effect of UV radiation on flavonoid
accumulation were studied. The flavonoid composition and concentration of two types of
white-flowered mutants was also investigated. Finally, a non-invasive method for
anthocyanin quantification in both reproductive and vegetative tissues was explored. The
specific objectives of each chapter are described below:
In Chapter 2, “On flavonoid accumulation in different plant parts: variation patterns
among individuals and populations in the shore campion (Silene littorea)”, we investigated
how flavonoids accumulate in reproductive (petals and calyces) and vegetative (leaves)
tissues of S. littorea plants, and their variation within and among populations. In addition,
we also analyzed the relationship between climatic variations and flavonoid concentration.
In Chapter 3, “Phenotypic plasticity in light-induced flavonoids varies among tissues
in Silene littorea (Caryophyllaceae)”, we experimentally investigated the phenotypic
plasticity response of flavonoid production in aboveground tissues when expose maternal
families to different light environments. We also compared the degree of phenotypic
plasticity among tissues (petals, calyces, leaves and stems) and between the accumulation
of anthocyanins and non-anthocyanin flavonoids.
In Chapter 4, “Effects of UV radiation on flavonoid biosynthesis, photosynthesis and
reproductive morphology of the shore campion (Silene littorea)”, we specifically studied the
effects of the UV radiation on fitness, photosynthetic performance and flavonoid production
in aboveground tissues. We also examined if UV radiation causes variations in biochemical
composition of plants, and tried to determine the genetic basis that explain how of S.
littorea respond to UV radiation through the activation of the flavonoid pathway.
In Chapter 5, “Biochemical analysis of white-petal polymorphic and spontaneous
mutants of shore campion reveals loss of protective anthocyanins but not loss of flavones”,
we compared the flavonoid profiles of pink and the two types of white-flowered
phenotypes of S. littorea at the whole plant level. In particular, we identified and quantified
18
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the main groups of flavonoids present in plants from monomorphic and polymorphic
populations of this species.
In Chapter 6, “Digital photography provides a fast, reliable and noninvasive method
to estimate anthocyanin pigment concentration in reproductive and vegetative plant
tissues”, we propose a non-invasive method based on digital images to accurately predict
anthocyanin concentration in plant tissues. This method is compared with traditional
biochemical and spectrophotometric approaches used for the estimation of anthocyanin
pigments.
Finally, Chapter 7 is a general discussion of the principal findings from previous
chapters and the main conclusions of this thesis.
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4. Articles generated in this thesis
All chapters of the present PhD project are original studies, being some of them
already published whereas others are in the publication process.
1. Del Valle, J.C., Buide, M.L., Casimiro-Soriguer, I., Whittall, J.B., Narbona, E., 2015. On
flavonoid accumulation in different plant parts: variation patterns among individuals
and populations in the shore campion (Silene littorea). Front. Plant Sci. 6, 939.
2. Del Valle, J.C., Buide, M.L., Whittall, J.B., Narbona, E. Phenotypic plasticity in lightinduced flavonoids varies among tissues in Silene littorea (Caryophyllaceae)
(submitted to Environmental and Experimental Botany).
3. Del Valle, J.C., Alcalde-Eon, C., Escribano-Bailón, M. T., Whittall, J.B., Valladares, F.,
Buide, M.L., Narbona, E. Effects of UV radiation on flavonoid biosynthesis,
photosynthesis and reproductive morphology of the shore campion (Silene littorea)
(in preparation to be submitted to Journal of Experimental Botany).
4. Del Valle, J.C., Alcalde-Eon, C., Escribano-Bailón, M.T., Buide, M.L., Narbona, E.
Biochemical analysis of white-petal polymorphic and spontaneous mutants of shore
campion reveals loss of protective anthocyanins but not loss of flavones (in
preparation to be submitted to Journal of Ecology).
5. Del Valle, J.C., Gallardo-López, A., Buide, M.L., Whittall, J.B. & Narbona, E. (2017).
Digital photography provides a fast, reliable and noninvasive method to estimate
anthocyanin pigment concentration in reproductive and vegetative plant tissues.
Ecol. Evol. (in press).
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5. Articles produced during the PhD program but not
included in this thesis
1. Narbona, E., Buide, M.L., Casimiro-Soriguer, I., Del Valle, J.C. 2014. Polimorfismos de
color floral: causas e implicaciones evolutivas. Ecosistemas 23, 36-47.
2. Buide, M.L., Del Valle, J.C., Pissatto, M., Narbona, E., 2015. Night life on the beach:
selfing to avoid pollinator competition between two sympatric Silene species. Ann.
Bot. 116, 201-211.
3. Casimiro-Soriguer, I., Narbona, E., Buide, M.L., Del Valle, J.C., Whittall, J.B., 2016.
Transcriptome and biochemical analysis of a flower color polymorphism in Silene
littorea (Caryophyllaceae). Front. Plant Sci. 7:204.
4. Buide, M.L., Del Valle, J.C., Castilla, A.R., Narbona, E., 2018. Sex expression variation
in response to shade in gynodioecious-gynomonoecious species: Silene littorea
decreases flower production and increases female flower proportion. Env. Exp. Bot.
146: 54-61.
5. Del Valle, J.C., Casimiro-Soriguer, I., Buide, M.L., Narbona, E., Whittall, J.B.
Hybridization and speciation by small sea barrier in Iberian Silene (in preparation to
be submitted to Journal of Biogeography).
6. Narbona, E., Jaca, J., Del Valle, J.C., Valladares, F., Buide, M.L. Whole-plant reddening
in an annual plant: anthocyanin accumulation in Silene germana is associated with
high visible radiation (in preparation to be submitted to Perspectives in Plant
Ecology, Evolution and Systematics).
7. Herman, J.A., Del Valle, J.C., Whittall, J.B. Mating system trumps island-like habitat in
determining the distribution of genetic diversity in a rare sandhill endemic
(Erysimum teretifolium, Brassicaceae) (in preparation to be submitted to Plos One).
8. Narbona, E., Del Valle, J.C., Alcalde-Eon, C., Escribano-Bailón, M.T., Buide, M.L.
Pollinator perception of flowers with different types of anthocyanin pigments:
distinct pigments generate different colors? (in preparation to be submitted to
American Journal of Botany).
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2
On flavonoid accumulation in
different plant parts: variation
patterns among individuals and
populations in the shore campion
(Silene littorea)
Abstract: The presence of anthocyanins in flowers and fruits is frequently
attributed to attracting pollinators and dispersers. In vegetative organs,
anthocyanins and other non-pigmented flavonoids such as flavones and flavonols
may serve protective functions against UV radiation, cold, heat, drought, salinity,
pathogens, and herbivores; thus, these compounds are usually produced as a
plastic response to such stressors. Although, the independent accumulation of
anthocyanins in reproductive and vegetative tissues is commonly postulated due
to differential regulation, the accumulation of flavonoids within and among
populations has never been thoroughly compared. Here, we investigated the
shore campion (Silene littorea, Caryophyllaceae) which exhibits variation in
anthocyanin accumulation in its floral and vegetative tissues. We examined the insitu accumulation of flavonoids in floral (petals and calyxes) and vegetative
organs (leaves) from 18 populations representing the species’ geographic
distribution. Each organ exhibited considerable variability in the content of
anthocyanins and other flavonoids both within and among populations. In all
organs, anthocyanin and other flavonoids were correlated. At the plant level, the
flavonoid content in petals, calyxes, and leaves was not correlated in most of the
populations. However, at the population level, the mean amount of anthocyanins
in all organs was positively correlated, which suggests that the variable
environmental conditions of populations may play a role in anthocyanin
accumulation. These results are unexpected because the anthocyanins are usually
constitutive in petals, yet contingent to environmental conditions in calyxes and
leaves. Anthocyanin variation in petals may influence pollinator attraction and
subsequent plant reproduction, yet the amount of anthocyanins may be a direct
response to environmental factors. In populations on the west coast, a general
pattern of increasing accumulation of flavonoids toward southern latitudes was
observed in calyxes and leaves. This pattern corresponds to a gradual increase of
UV-B radiation and temperature, and a decrease of rainfall toward the south.
However, populations along the southern coast exposed to similar climatic
stressors showed highly variable flavonoid contents, implying that other factors
may play a role in flavonoid accumulation.
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Chapter 2. On flavonoid accumulation in different plant parts: variation patterns among
individuals and populations in the shore campion (Silene littorea)

1. Introduction
Flavonoids are secondary metabolites common to angiosperms, which confer a
variety of biological functions (Gould and Lister, 2006; Agati et al., 2012). Anthocyanins, a
group of flavonoids, are synthesized in the anthocyanin biosynthetic pathway (ABP), a highly
conserved route of flavonoid biosynthesis. Branches of the ABP may lead to important
groups of metabolites such as aurones, chalcones, flavones or flavonols (Davies and
Schwinn, 2006; Saito et al., 2013). Anthocyanins show a variety of colors from blue to red,
but their flavonoid intermediates are largely colorless, with the exception of aurones and
chalcones that are yellow or pale- yellow (Tanaka et al., 2008). The accumulation of
anthocyanins in flowers or fruits is commonly related to pollinator attraction and seed/fruit
dispersers (Schaefer and Ruxton, 2011). However, in vegetative organs, anthocyanins and
flavonols may perform a variety of functional roles in response to biotic and abiotic stressors
such as UV radiation, cold, heat, drought, salinity, herbivory, pathogens, etc. (Chalker-Scott,
1999; Falcone Ferreyra et al., 2012; Narbona et al., 2014). In flowers, anthocyanin
expression is generally constitutive and honed by the preferences of pollinators and the
light environment (Fenster et al., 2004; Schiestl and Johnson, 2013). Conversely, in
vegetative tissues, anthocyanins and other flavonoids usually accumulate transiently, as a
plastic response to biotic or abiotic stressors (Manetas, 2006; Hatier and Gould, 2009).
Plants can differentially regulate anthocyanins in various tissues, organs and celltypes. Therefore, species with anthocyanin-pigmented flowers may or may not accumulate
anthocyanins in vegetative tissues (e.g., Wheldale, 1916; Streisfeld and Kohn, 2005), and the
same with anthocyanin accumulation in stems and leaves (e.g., Gould et al., 2010; Hughes et
al., 2010). Their production can be variable among cells within the same tissue. This is the
case of variegated flowers or flowers with striped petals (Schwinn et al., 2006; Shang et al.,
2011) and of leaves with red margins (Albert et al., 2015). In white-flowered plants, the
petal-specific downregulation of the ABP allows plants to avoid the negative effects of
anthocyanin and flavonoid loss in vegetative organs (Strauss and Whittall, 2006; Streisfeld
and Rausher, 2011). This tissue or cell-specific regulation is possible due to ABP gene
regulation at the transcriptional level by the transcription factor MYB-bHLH-WD repeat
(MBW) complex (Koes et al., 2005; Davies et al., 2012). Thus, the MBW complex allows
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plants to spatially and temporally change their anthocyanin production (Sobel and
Streisfeld, 2013; Albert et al., 2014). In addition, it has been demonstrated that members of
the MBW can be regulated by environmental conditions, such as light and temperature (Lu
et al., 2009; Albert et al., 2011; Zoratti et al., 2014). Interestingly, some light-regulated
transcription factors may control both anthocyanin production in vegetative tissues and in
petals (Albert et al., 2011; Maier et al., 2013), indicating that anthocyanin accumulation in
petals may not always be completely decoupled from vegetative tissues. This agrees with
historic observations in which alpine and artic species show greater amount of anthocyanins
at the whole plant level (Wheldale, 1916). Although the molecular basis of tissue or cellspecific regulation of anthocyanin production has been elucidated in several species (Albert
et al., 2014), confirmation of the independent accumulation of anthocyanins and other
flavonoids in different parts of plants in the field remains limited (but see Koski and Ashman,
2015).
Because most flavonoids are plastically produced as an acclimation process to
environmental stressors (Manetas, 2006; Albert et al., 2011; Anderson et al., 2013; Hectors
et al., 2014), individuals in different populations exposed to varying environmental
conditions usually show variable accumulation of flavonoids (Jaakola and Hohtola, 2010).
Environmental factors (temperature, precipitation, solar radiation, etc.) in populations
throughout the species distribution area are often subjected to latitudinal, longitudinal, or
altitudinal gradients (Narbona et al., 2010; Arista et al., 2013; Prendeville et al., 2013); thus,
flavonoid accumulation may show geographic clines. For instance, flavonoid content in fruits
of two species of Vaccinium showed a geographical gradient, with higher amounts of
flavonoids in northern latitudes, probably due to the length of the day (Lätti et al., 2008,
2010). Flavonoid contents in Betula pubescens leaves were positively correlated with
latitude (Stark et al., 2008). In European populations of Plantago lanceolata, latitude and
altitude have a strong influence on the accumulation of anthocyanins in inflorescences,
suggesting that these geographic effects are caused by the local thermal environment
(Lacey et al., 2010). Recently, it has been demonstrated that plants of Argentina anserina
showed an increased pattern of floral pigmentation (UV-absorbing flavonoids) in
populations at lower latitudes in both hemispheres (Koski and Ashman, 2015), which
confirms an analogous hypothesis for animals, of increased pigmentation toward equatorial
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latitudes (Lincoln et al., 1998). Thus, analyzing flavonoid accumulation in a variety of
populations subjected to climatic gradients may be useful to identify potential
environmental factors influencing anthocyanin production (Santamaría et al., 2003). Coastal
species represent an ideal study system because the physical environment of their
populations is very homogenous (elevation, topography, etc.), yet there is a wide range of
climatic conditions among populations along a latitudinal gradient (Sagarin et al., 2006).
In this study, we investigated the accumulation of anthocyanins and other flavonoids
in reproductive (petal and calyx) and vegetative (leaf) organs of Silene littorea Brot.
(Caryophyllaceae) in 18 populations across their geographic range. This entomophilous pinkflowered species has calyxes, stems and leaves that range from light green to dark red
depending on the amount of anthocyanin produced (Figure 1). This pigmentation is caused
by the accumulation of anthocyanins (cyanidin-3-glucoside derivatives), but other flavonoids
such as flavones and flavonols are also present in vegetative and reproductive tissues
(Casimiro-Soriguer, 2015). Although betalains are produced in some families of the
Caryophyllales, only anthocyanins are documented in the Caryophyllaceae (Brockington et
al., 2011). The redness of vegetative tissues is a highly variable character (Narbona et al.,
2014), which may be a plastic response to UV-B light (Chapter 3). Gene expression analyses
suggest that MYB transcription factors could be involved in natural within-population
variation of petal color intensity (Casimiro-Soriguer, 2015). Silene littorea specifically
inhabits foredunes from the northwest (43º N, 8º W) to the southeast (36º N, 1º W) of the
Iberian Peninsula. Thus, populations are exposed to a high degree of solar exposure,
temperature and precipitation (Supplementary Table 1). In contrast, within a given
population, environmental conditions are very homogeneous, and the same is true for
several among population conditions such as soil properties and vegetation composition
(Lomba et al., 2008).
Within this framework, we predicted how anthocyanin and non-anthocyanin
flavonoid accumulation varies among different organs within a single plant, and among
individuals or populations across the species geographic range. Considering that the
biosynthesis of flavonoids can be tissue-specifically regulated (e.g., Davies et al., 2012) and
also represent a cost for the plant (Steyn et al., 2002), we predict that flavonoid content in
different organs of the plants will not be correlated. In addition, because flower color is
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subject to pollinator-mediated selection (e.g., Fenster et al., 2004), we expect that the
amount of anthocyanins in the petals will vary to a lesser extent than those in the calyxes
and leaves. On the other hand, anthocyanins and other flavonoids that accumulate in the
same tissue are generally positively related, because they are synthesized in the general
flavonoid biosynthetic pathway, and the same transcription factor may simultaneously
regulate several steps in the pathway (Davies and Schwinn, 2006, but see Mouradov and
Spangenberg, 2014). Consequently, we also predict that anthocyanins and non-anthocyanin
flavonoids will be correlated within each specific organ. Finally, considering the protective
role of flavonoids (Agati et al., 2012; Falcone Ferreyra et al., 2012) and plastic accumulation
due to climatic conditions (Lacey et al., 2010), we hypothesize that flavonoids will
accumulate to different levels across the geographic range of S. littorea in relation to
climate, specifically we expect a positive correlation with temperature and UV-B radiation
and a negative correlation with precipitation (Chalker-Scott, 1999; Koski and Ashman, 2015).
Thus, we address the following questions: How do the flavonoid contents vary in different
plant organs (petals, calyxes, and leaves) within and among populations? Is there a
relationship between anthocyanin and non-anthocyanin flavonoids that accumulate in each
plant organ? Do the flavonoid contents of each plant organ show a geographical pattern
related to the climate features of the populations?

2. Materials and methods
2.1. Study system and sampling
Silene littorea is a self-compatible species mainly pollinated by butterflies, bees and
moths (Del Valle, unpublished data). This annual plant blooms between March and June and
exhibits large variation in flower production, from three to ca. 300 flowers per plant (mean
± s.e. = 97.4 ± 9.1, Casimiro-Soriguer et al., 2013). Most S. littorea plants have pink petals
with a range of intensity across populations (Fig. 1a). In two populations from northwestern
Spain (Bar and Lou, Table S1) white petals can be found on ca. 20% of plants (Narbona et al.,
2014). In these two polymorphic populations, white-flowered individuals were not included
in this study. Anthocyanin accumulation in calyxes and leaves produces a continuous variety
of colored organs from light green to dark red (Fig. 1b and 1c). Within an individual plant,
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the color of each tissue is homogeneous; thus, we only sampled once per plant. The
flavonoid derivatives present in S. littorea, identified by HPLC-ESI-MS/MS, were the flavones
apigenin, isovitexin and luteolin; the flavonols rutin and quercetin; and the anthocyanin
cyanidin-3-glucoside (Casimiro-Soriguer, 2015). In both calyxes and leaves, anthocyanins are
accumulated in epidermal cells (Fig. 1d and 1e).
Samples were collected from 2012 to 2014 during the peak flowering period. We
have observed several populations during the flowering season in three consecutive years,
and we did not detect any color change within individuals, nor among the entire population
for floral and vegetative tissues. We randomly sampled 15 - 31 individuals per population
for 18 populations from the northwestern to southeastern portions of the Iberian Peninsula
(Fig. 2; Table S1).

2.2. Flavonoids quantification
In order to quantify the in-situ accumulation of flavonoids, a branch or a whole plant
was placed in zip-lock bag and transported inside a cooler with ice until later extraction
(usually in within 6 h with no apparent color change). For each individual, four petals and
the calyx of one flower were dissected. In addition, a section of approximately 1 centimeter
of length of a leaf from the middle region of the stem was selected. Weights of calyxes and
leaves were measured using a precision scale. The petals were photographed on graph
paper and the total area was measured using the software ImageJ v.1.48v (National
Institutes of Health, USA); the petal’s weight was calculated using the mean weight per area
(2.11 μg cm−2, N = 8). Samples were preserved in 1 mL of CH3OH:H20 (7:3, v:v) containing 1%
HCl and stored at −20º C in the dark until the subsequent pigment extraction. Petals were
homogenized using 3 mm diameter glass beads (EMD Millipore Corporation, Billerica, MA),
and beaten in a bead beater for 1min intervals until samples were thoroughly homogenized.
The supernatant was removed after 10 min centrifugation (13,000 rpm) and stored at −80º
C. The same procedure was applied for calyx and leaf samples, but these plant parts were
previously frozen in liquid nitrogen to improve homogenization.
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Figure 1. Petals (A), calyxes (B), and leaves (C) of Silene littorea and their UV-Vis reflectance
spectra. Two contrasting populations in redness were chosen for each plant organ: Alc (dark
pink circles) and Are (light pink) for petals, Sin (red circles) and Bre (green circles) for calyxes,
and San (red circles) and Tra (green circles) for leaves (see Table 1 for population code). The
mean population reflectance spectrum is showed. For details of spectra acquisition see Buide
et al. (2015). (D) Detail of a calyx showing superficial accumulation of anthocyanins in the
veins, scale = 0.5 nm. (E) Detail of a transversal section of a leaf showing accumulation of
anthocyanins in epidermal cells of abaxial surface exposed to light, scale = 0.2 nm.
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Three replicates of 200 μL per flavonoid extraction were placed in a Multiskan GO
microplate spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Extracts of each
plant part were scanned in order to identify the absorption maximum of the different
flavonoids, using the wavelengths commonly used in the literature to determine the
concentration of the main groups of flavonoids (Merken and Beecher, 2000; Shimada et al.,
2005; Zhu et al., 2012); absorbances were read at 520 nm for anthocyanins and at 350 nm
for combined non-anthocyanin flavonoids (flavones and flavonols). We estimated combined
nonanthocyanin flavonoids content at 350 nm because the amount of flavones (absorbance
peak at 350 nm) in samples of S. littorea is 2.5 times higher than that of flavonols (peak at
370 nm; Casimiro-Soriguer, 2015). In calyx and leaf samples, anthocyanin content was
corrected using the formula A520 - 0.24 × A653 in order to compensate for the small overlap in
absorption by chlorophyll (Murray and Hackett, 1991; Gould et al., 2000). Anthocyanin and
non-anthocyanin flavonoid content were quantified using five-point calibration curves of
cyanidin-3-glucoside chloride and luteolin standards (Sigma-Aldrich, Steinheim, Germany)
and expressed as cyanidin-3-glucoside and luteolin equivalents, respectively.

2.3. Relationship between amounts of anthocyanins and climatic features
Mean temperature and cumulative rainfall were extracted from the Digital Climatic
Atlas of Spain (Ninyerola et al., 2005) using 15 and 50 year datasets for local weather
stations. Total solar and UV-B (280-315 nm) radiation values were obtained from the Solar
Radiation Data (SoDa Services), an online data service that provides daily mean surface solar
irradiance for the period 1985-2005 from the HelioClim-1 database. This database has been
created from archives of images of the Meteosat satellites using the Heliosat-2 method
(Rigollier et al., 2004). Solar and UV-B radiation was highly correlated; thus, we used UV-B
radiation in our analyses due to the known functional relationship between flavonoids and
UV-B (Jansen et al., 1998; Hectors et al., 2014). Climate data was restricted to the growing
period of S. littorea (February-May; Table S1).
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Figure 2. Geographical distribution of studied populations of S. littorea in the Iberian Peninsula.
Population mean anthocyanin contents in the calyxes were represented by means of the
2
relative point size (original values are showed in Table 1). Incident UV-B radiation (kJ/m ) on
each population is represented by means of a color scale inside the circle. Population code is
showed in Table S1.

2.4. Statistical analysis
For each plant organ, the variation of the flavonoid content among populations was
explored with a linear mixed-effects model, considering the “population” as a random factor
(Bennington and Thayne, 1994). In these analyses, the components of variance for the
population factor and the error term (plant nested within population) were estimated
(Crawley, 2007). The inter- and intra-population correlations of anthocyanin and nonanthocyanin flavonoid contents among petals, calyxes, and leaves were assessed with
Pearson correlations and a Bonferroni adjustment for multiple comparisons (Rice, 1989). A
similar analysis was carried out to test possible relationships between the anthocyanin and
non-anthocyanin flavonoid contents in each plant organ.
We also evaluated whether flavonoid contents in each plant organ were related to
the main climatic variables of the populations (UV-B radiation, temperature and
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precipitation). Although the multicollinearity of these environmental variables and latitude
(see Results) make the use of multivariate statistics unsuitable (Kutner et al., 2005; Grace,
2006), we performed a principal component analysis (PCA) to explore the relative
importance of all climatic and geographic variables. In each organ, linear regressions with
Bonferroni adjustments were performed between latitude (see Results) and the mean
population flavonoid contents. In addition, to test if flavonoid contents were spatially
autocorrelated (i.e., similar contents values in adjacent populations), Mantel tests with
pairwise geographic distances based on latitude and longitude were carried out using the
“ade4” R package (Crawley, 2007).
Data were Box-Cox transformed to meet normality and homoscedasticity
assumptions. The normality was tested with the Shapiro-test and homoscedasticity was
checked with the Fligner-Killeen statistic (Crawley, 2007). All analyses were performed in R
version 3.1.1 (R Core Team, 2013), with the exception of PCA that was performed in Tanagra
software (http://eric.univ-lyon2.fr/~ricco/tanagra/en/tanagra.html).

3. Results
3.1. Variation in flavonoid contents among plants and populations
Considering the whole data set, the average content of anthocyanins in petals,
calyxes, and leaves were 28.18 ± 1.49 mg g−1 fresh weight (hereafter FW; mean ± SE), 2.72 ±
0.14 mg g−1 FW, and 0.75 ± 1.00 mg g−1 FW, respectively. The average non-anthocyanin
flavonoid content in each organ was much higher compared to anthocyanins: 127.27 ± 7.01
mg g−1 FW, 16.31 ± 0.90 mg g−1 FW, and 16.05 ± 0.88 mg g−1 FW for petals, calyxes and
leaves, respectively. This relationship was consistent among populations (Table 1). The
contents of anthocyanins and non-anthocyanin flavonoids in each organ of S. littorea varied
within and among populations (Table 1). The coefficients of variation (CV) of anthocyanin
content in the whole dataset were approximately twice as high in leaves (133.0%) as in
petals and calyxes (63.5 and 68.2%, respectively). However, the non-anthocyanin flavonoid
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Table 1. Descriptive statistics of anthocyanin and non-anthocyanin flavonoid contents (mg g−1 FW) in petals, calyxes, and leaves of S. littorea
populations (ordered from NW to SE).
Anthocyaninsa

Pop.
Petals
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Calyxes

Non-anthocyanin flavonoidsb
Leaves

Petals

Calyxes

Leaves

Mean ± SE

CV

Mean ± SE

CV

Mean ± SE

CV

Mean ± SE

CV

Mean ± SE

CV

Mean ± SE

CV

Bal
Tre
Lir
Lou
Are
Bar
Mir

13.0 ± 1.0
46.3 ± 2.1
11.7 ± 0.9
20.9 ± 2.7
6.7 ± 0.4
19.7 ± 1.5
27.5 ± 1.6

35.4
20.9
36.2
47.8
27.5
38.4
27.8

1.75 ± 0.14
2.17 ± 0.16
2.19 ± 0.16
3.52 ± 0.44
2.92 ± 0.26
2.19 ± 0.24
2.49 ± 0.35

37.7
33.9
34.0
46.5
41.2
55.0
65.2

0.38 ± 0.09
0.14 ± 0.03
0.39 ± 0.04
0.38 ± 0.05
0.62 ± 0.10
0.33 ± 0.04
0.40 ± 0.05

107.7
80.4
44.1
47.1
74.9
65.7
50.0

90.1 ± 4.5
218.3 ± 8.7
79.1 ± 2.5
169.3 ± 28.0
73.4 ± 2.3
137.2 ± 4.2
186.6 ± 14.8

22.9
17.8
14.5
40.6
14.5
14.6
23.8

10.9 ± 0.49
13.8 ± 1.61
8.7 ± 0.33
18.0 ± 1.24
12.2 ± 0.78
11.1 ± 0.55
17.8 ± 1.53

20.3
38.8
17.2
24.8
29.4
24.9
35.4

11.9 ± 0.94
15.7 ± 0.79
9.5 ± 0.66
13.8 ± 0.74
11.6 ± 0.55
16.1 ± 0.95
14.8 ± 1.08

36.3
18.7
32.0
19.3
21.7
30.1
33.4

Naz
Cas
Alc
Sin
Alj
San
Odi

40.1 ± 2.4
46.0 ± 3.6
55.7 ± 5.7
23.2 ± 2.3
38.7 ± 1.3
56.5 ± 3.6
35.0 ± 1.5

27.7
35.6
43.0
42.2
14.5
26.7
19.5

1.86 ± 0.23
2.93 ± 0.36
4.66 ± 0.52
4.61 ± 0.52
3.99 ± 0.37
5.91 ± 0.41
3.69 ± 0.48

57.7
50.7
48.1
46.2
41.7
29.8
58.2

0.56 ± 0.06
0.41 ± 0.07
2.21 ± 0.48
1.35 ± 0.40
1.76 ± 0.30
2.16 ± 0.29
1.82 ± 0.28

49.0
78.5
83.8
115.3
76.7
56.8
65.7

154.7 ± 7.8
129.7 ± 5.1
148.1 ± 9.1
145.9 ± 10.8
103.2 ± 4.6
142.5 ± 7.5
133.5 ± 5.6

23.0
18.1
26.1
28.6
20.0
22.3
17.9

10.4 ± 0.51
18.4 ± 1.31
26.9 ± 2.46
25.4 ± 1.86
23.4 ± 1.63
25.7 ± 1.91
23.2 ± 1.59

18.9
32.6
38.9
30.3
31.1
30.6
27.4

12.6 ± 0.66
12.0 ± 1.14
24.5 ± 2.38
18.5 ± 2.17
25.9 ± 2.68
16.8 ± 1.31
33.5 ± 2.50

23.5
43.5
40.1
45.4
45.0
31.0
29.8

Tra
Bre
Man
Car

15.1 ± 1.2
23.6 ± 1.3
18.6 ± 2.4
17.4 ± 1.0

43.7
19.7
50.2
27.3

1.05 ± 0.12
1.11 ± 0.14
1.60 ± 0.17
1.97 ± 0.21

64.0
46.5
43.0
49.4

0.11 ± 0.03
0.34 ± 0.06
0.49 ± 0.11
0.53 ± 0.05

156.7
56.9
93.8
44.7

122.2 ± 3.1
93.7 ± 4.2
159.3 ± 9.7
80.4 ± 3.3

14.1
15.6
22.7
18.7

10.0 ± 0.63
13.1 ± 0.77
20.5 ± 1.06
11.9 ± 0.69

33.1
21.1
20.8
26.4

10.0 ± 0.55
22.2 ± 2.29
16.0 ± 0.77
14.1 ± 0.89

27.5
32.6
19.9
29.1

Total
28.2 ± 1.5
63.5
2.72 ± 0.14
68.2
0.75 ± 0.04
133.0
127.3 ± 7.0
36.6
16.3 ± 0.90
49.2
16.0 ± 0.88
a
Determined as cyanidin-3-glucoside equivalents.
b
Determined as luteolin equivalents. SE, standard error; CV, coefficient of variation expressed in percentage. Population code is show in Table S1.
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content was less variable, with overall CV of 36.6% in petals and ca. 50% in calyxes and
leaves.
Differences in anthocyanin content among populations were statistically significant
for petals [t(17, 340) = 26.97, P <0.0001], calyxes [t(17, 342) = 34.29, P <0.0001] and leaves [t(17,
299)

= 64.71, P <0.0001]. In petals, the proportion of anthocyanins content variation among

populations was three times higher than within population variation (73.37 vs. 26.63%).
However, the within population and among population variance was nearly similar in both
calyxes (47.51 vs. 52.49%, respectively) and leaves (47.75 vs. 52.25%). We also found
significant differences among populations in the non-anthocyanin flavonoids for the petals
[t(17, 312) = 68.54, P <0.0001], calyxes [t(17, 312) = 78.23, P <0.0001], and leaves [t(17, 316) = 77.53,
P <0.0001]. In petals, there was higher variance among populations than within populations
(71.33 vs. 28.67%). Yet, in calyxes there was higher variance within populations than among,
but to a lesser degree (56.98 vs. 43.02%). The variance for leaf anthocyanin content was
similar for within vs. among population comparisons (48.53 vs. 51.47%).
Table 2. Pearson correlation coefficients comparing anthocyanin and non-anthocyanin flavonoid
contents in petals, calyxes, and leaves of S. littorea populations.
Anthocyanins
Non-anthocyanin flavonoids
Population
Petal vs.
Petal vs.
Calyx vs.
Petal vs.
Petal vs.
Calyx vs.
Calyx
Leaf
Leaf
Calyx
Leaf
Leaf
Bal
-0.05
0.09
0.48
0.01
0.01
0.43
Tre
0.34
-0.12
-0.20
-0.67
-0.13
-0.03
Lir
0.22
-0.20
-0.15
0.43
-0.03
0.01
Lou
0.68*
0.06
-0.11
0.82
0.22
0.09
Are
0.10
0.06
0.50
-0.59*
-0.15
0.26
Bar
0.10
0.27
-0.04
-0.27
-0.16
0.25
Mir
0.11
0.33
0.32
-0.69
-0.18
0.64*
Naz
-0.19
0.05
0.34
-0.31
0.23
-0.20
Cas
0.11
-0.05
0.23
0.35
-0.06
-0.36
Alc
0.00
-0.16
-0.31
-0.02
-0.01
-0.31
Sin
-0.04
-0.02
0.63
-0.07
0.17
0.54
Alj
-0.16
0.33
0.11
0.07
-0.11
0.24
San
-0.17
-0.37
0.32
0.27
-0.04
0.60
Odi
0.30
0.15
0.36
-0.10
-0.31
-0.22
Tra
0.28
0.07
0.39
0.24
0.10
-0.59*
Bre
-0.01
0.42
0.66
-0.16
0.21
0.68
Man
0.27
-0.08
0.46
-0.22
0.36
0.02
Car
0.05
-0.21
-0.50
0.03
0.23
0.67*
* P-values in bold are significant at Bonferroni-corrected P level (0.05/3 = 0.017).
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3.2. Relationships between the flavonoid contents in different organs
In general, neither anthocyanin content, nor non-anthocyanin flavonoid content
correlated among petals, calyxes, and leaves within each population (Table 2). However,
when we analyzed the average values of each population, we found that the population
mean anthocyanin content between different plant organs were significantly correlated; the
correlation coefficient was high in calyxes vs. leaves but moderate in petals vs. calyxes and
in petals vs. leaves comparisons (Figures 3A-C). For the non-anthocyanin flavonoids, a
significant correlation was only present in calyxes vs. leaves (Figures 3D-F).

Figure 3. Pearson correlations between population mean content of flavonoids in petals vs.
calyxes (A, B), petals vs. leaves (C, D), and calyxes vs. leaves (E, F). Circles and triangles
−1
represent the content (mg g FW) of anthocyanins and non-anthocyanin flavonoids,
respectively. The best-fit lines were showed for significant correlations. P-values are
significant at Bonferroni-corrected P level (0.05/3 = 0.017).
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3.3. Relationship between anthocyanins and non-anthocyanin flavonoids in the same
organ
In petals and leaves, correlations between anthocyanins and non-anthocyanin
flavonoid content were found in 10 and 6 populations, respectively. In calyxes, this
correlation was found within almost all populations (Table 3). Considering the average
values of all populations, the strongest relationship was between the calyxes and leaves
(Fig. 4).
Table 3. Pearson correlation coefficients of the comparison between
anthocyanins and non-anthocyanin flavonoid contents in each plant organ of S.
littorea populations.
Population

Petals

Calyxes

Leaves

Bal
Tre
Lir
Lou
Are
Bar
Mir

0.56 *
0.93 ***
0.44 *
0.92 *
0.14
0.48 *
0.65

-0.38
-0.74 *
-0.58 *
0.69 *
-0.59 *
-0.52 *
0.81 ***

0.05
-0.16
-0.68 *
-0.38
-0.37
0.20
0.36

Naz
Cas
Alc
Sin
Alj
San
Odi

-0.41
0.68 *
0.53 *
-0.21
-0.35
0.52 *
0.31

-0.61 *
0.62 *
0.77 *
0.59 *
0.79 ***
0.88 ***
0.52 *

0.00
-0.59 *
0.43
0.40
0.74 ***
0.51 *
0.50

Tra
Bre
Man
Car

0.37 *
0.52 *
-0.03
0.26

0.75 ***
0.74 *
-0.66 *
-0.70 *

-0.13
0.76 *
0.21
0.81 ***

Significant correlations were highlighted in bold. *P < 0.05; ***P < 0.0001.
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Figure 4. Pearson correlations between the population mean content of
anthocyanins and non-anthocyanin flavonoids in petals (A), calyxes (B),
and leaves (C). Anthocyanins were determined as cyanidin-3-glucoside
equivalents and non-anthocyanin flavonoids were determined as luteolin
equivalents. The best-fit lines were drawn for significant correlations.

3.4. Relationship between flavonoid contents and geographic and climatic factors
All climatic variables were strongly correlated (r > 0.88; Table 4). Latitude showed a
strong correlation with all the climatic variables of S. littorea populations (r > 0.93; Table 4).
Temperature and UV-B radiation were greater at lower latitudes, whereas precipitation had
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the opposite trend. In contrast, there was no correlation between longitude and climatic
factors (Table 4). The PCA showed that the PC1 and PC2 explained 83.4 and 12.4% of the
variance, respectively. In PC1, the three climatic variables and latitude showed high and
similar factor loadings (ranged between 0.94 and 0.98), whereas longitude showed a loading
of 0.69 (Table S2). Given the similar loading of all the climatic factors and the latitude in PC1,
as well as the high correlation among them, we used latitude as a representative variable
for this group of variables.
Table 4. Pearson correlation coefficients between climatic and geographic
variables from the studied populations of S. littorea.
UV-B
Mean
Cumulative
radiation
temperature
precipitation
Mean temperature
0.88***
Cumulative precipitation
-0.90***
-0.90***
Latitude
-0.96***
-0.93***
0.93***
Longitude
-0.40
-0.28
0.37
For climatic data calculations, the period from February to May were used.
Significant correlations were highlighted in bold. * P < 0.05, *** P < 0.0001.

Using all populations, we did not find a relationship between the anthocyanin
contents and latitude in any plant organ (R2 = 0.06, P = 0.317 for petals; R2 = 0.02, P = 0.622
for calyxes; R2 = 0.17, P = 0.090 for leaves). Similar results were found for the nonanthocyanin flavonoids in petals (R2 = 0.02, P = 0.594), but in this case, calyxes and leaves
showed marginally significant relationships (R2 = 0.19, P = 0.068; R2 = 0.19, P = 0.067,
respectively). The Mantel tests showed absence of spatial autocorrelation for all plant
organs and flavonoids types, except for the non-anthocyanin flavonoids in petals (P = 0.002;
Table S3). Conversely, if we consider only the populations on the west coast of the
distribution area (i.e., populations from Bal to San, Figure 2), we observe a general pattern
of increasing flavonoid contents toward southern latitudes (Figure 5). In anthocyanins of
calyxes and leaves the relationship was highly significant but in petals, it was slightly
significant (Fig. 5A, 5C and 5E). In non-anthocyanin flavonoids, the relationship was highly
significant in calyxes and marginally significant in leaves, whereas in petals the relationship
was not significant (Figures 5B, 5D and 5F). The Mantel tests showed a significant
autocorrelation in the flavonoid contents among population (P < 0.002 for the three plant
organs; Table S3).
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Figure 5. Relationship between latitude and contents of anthocyanins (circles) and nonanthocyanin flavonoids (triangles) in petals (A, B), calyxes (C, D), and leaves (E, F). Black
points represent populations from the west coast, whereas the white points represent
populations of the south coast (i.e., Odi, Tra, Bre, Man, and Car populations; see Figure 2).
−1
2
Flavonoid contents are expressed as mg g FW. R and the best-fit lines correspond to
regression analysis of populations from the west coast. P-values are significant at
Bonferroni-corrected P level (0.05/3 = 0.017).
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4. Discussion
4.1. Patterns of flavonoid content variation within and among populations
Our results show that in each plant organ, the content of anthocyanins and other
flavonoids varies greatly within and among populations. As expected, CVs of anthocyanin
content in petals were much lower than in leaves, both at the population and the species
level. Changes in the presence or absence of anthocyanins (i.e., pigmented vs. unpigmented
flowers) may cause important changes in pollinator fauna due to pollinator preferences for
particular colors (Fenster et al., 2004; Hoballah et al., 2007). Furthermore, changes in
anthocyanin concentration may also affect petal color (i.e., hue and chroma, Holton et al.,
1993; Schmitzer et al., 2009) and subsequent pollinator activity (Shang et al., 2011). Thus,
the low variation in anthocyanin contents in petals of S. littorea suggests petal specific
regulation and possibly some evolutionary constraint on that character because of the
importance for pollinators (Schiestl and Johnson, 2013). With respect to non-anthocyanin
flavonoid content, the CV of the petals was smaller than those of calyxes and leaves, which
may be explained by the relationship between the contents of anthocyanins and other
flavonoids in each organ (see below).
We found that both at the population and species levels, the anthocyanin content in
calyxes was approximately four times higher than in leaves, but that of non-anthocyanin
flavonoids was nearly similar in both plant parts. The content of non-anthocyanin flavonoids
was 6 and 21 times higher than those of anthocyanins in calyxes and leaves, respectively. In
petals, non-anthocyanin flavonoids were also five-fold more abundant than anthocyanins.
This much higher content of non-anthocyanin flavonoids is common in plants (Jaakola et al.,
2004; Zhu et al., 2012; Chen et al., 2013). Although, both groups of compounds show
protective functions against biotic and abiotic stressors (Gould and Lister, 2006; Agati et al.,
2012), the predominance of non-anthocyanin flavonoids suggests that by mass alone, the
visible anthocyanins represent the minority of the flavonoids (yet the visible anthocyanins
are often the focus of functional studies; Manetas, 2006).
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4.2. Anthocyanin and other flavonoid variations in the same and different organs
Within populations, there was no correlation between the flavonoid content in
petals vs. calyxes, petals vs. leaves, and calyxes vs. leaves. These results suggest that in each
plant, flavonoid production is regulated independently in each organ. In the white flowered
S. latifolia, similar independent accumulation of anthocyanins and flavones in leaves and
calyxes has been proposed (Mastenbroek and Van Brederode, 1986). Although, the
independent accumulation of anthocyanins or other flavonoids in different plant parts has
previously been documented as a qualitative or discrete character (e.g., Warren and
Mackenzie, 2001; Streisfeld and Kohn, 2005; Dick et al., 2011), here we show comparable
results as using a quantitative approach. The tissue-specific regulation of the ABP (Davies et
al., 2012; Albert et al., 2014), may help to explain this independent accumulation of
flavonoids in S. littorea in different organs. The independent accumulation of flavonoids
may have adaptive advantages for S. littorea. For example, the leaves and calyxes could
accumulate anthocyanins or other flavonoids in response to biotic or abiotic stressors
(Gould and Lister, 2006) without changing the color of the petals (Schwinn et al., 2006;
Wang et al., 2013).
Conversely, when the mean population content of anthocyanins was analyzed, a
positive correlation among all plant organs was found. In the pink flowered S. dioica,
anthocyanin accumulation in petals, calyxes, and vegetative organs is greatly increased
when understory plants are exposed to full sun (Kamsteeg et al., 1979). The apparent
contradiction in which anthocyanin content in the different organs are unrelated at the
intra-population level, but related at the inter-population level, may be explained by the
lower range of climatic variation at the intra-population level than at the inter-population
level, as is common in coastal species (Sagarin et al., 2006). Thus, the effect of UV-B
radiation on anthocyanin accumulation is dosage-dependent (Zoratti et al., 2014). Similarly,
Sperdouli and Moustakas (2012) experimentally demonstrated that anthocyanin
accumulation only increased in moderate drought conditions. On the other hand, a
significant correlation was only found between calyxes and leaves in the mean population
content of non-anthocyanin flavonoids. This suggests that the climate has a similar effect on
non-anthocyanin flavonoid accumulation in calyxes and leaves.
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The relationship between the content of anthocyanins and other flavonoids in the
same organ showed a well-defined pattern. At the intra-population level, the content of
both groups of flavonoids was correlated in the calyx in almost all populations, and in some
populations in petals and leaves. At the inter-population level, we found that both groups of
flavonoids were also correlated in each of the analyzed plant parts. In genetically modified
ornamental species, anthocyanin production can be modified by altering the activity of
enzymes in key branches of the ABP, which generates a negative relationship between the
content of flavonols and anthocyanins due to competition for a common substrate dihydroflavonols (Holton et al., 1993; Davies et al., 2003). This competition for substrate by
enzymes leading to different flavonoid branches is also suggested in Muscari armeniacum;
plants with pigmented petals show high concentrations of anthocyanins, but low
concentrations of the flavonols kaempferol and myricetin, whereas the reverse pattern was
found in white-petal mutants (Lou et al., 2014). Conversely, in a comparison among petals
of Nelumbo cultivars, a positive correlation exists between five types of anthocyanins and
kaempferol derivatives (Chen et al., 2013). In S. littorea, our results demonstrated positive
relationships between anthocyanins and other groups of flavonoids, composed of flavones
and flavonols derivatives, which suggests that the sub-pathways leading to these
compounds are coordinated (not competing), especially in calyxes, where positive
correlations were found in almost all populations.

4.3. Geographic and climatic variations in flavonoid content: latitude only partially
explains plastic flavonoid accumulation
Considering the populations on the west coast of the Iberian Peninsula, flavonoid
content in both calyxes and leaves increased toward southern latitudes. In our study,
latitude greatly covaries with mean temperature, cumulative precipitation and UVB
radiation in the growing and flowering period, as is found in studies of the same area
(Narbona et al., 2010; Arista et al., 2013). Thus, increasing flavonoid contents follow a
positive gradient with UV-B radiation and temperature, and a negative gradient with
precipitation. Similar latitudinal variation in flavonoid accumulation with associated
environmental gradients have been reported for several other plants. For instance, in
northern latitudes, flavonoid content appears to increase with an increase of sunlight hours
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or UV-B radiation (reviewed in Jaakola and Hohtola, 2010). Higher flavonoid content has
also been reported in some species in drought-stress scenarios (Chalker-Scott, 1999), but
this information is based on manipulative controlled studies (e.g., Hughes et al., 2013; Ma et
al., 2014), and no natural environmental gradients had previously been described before
this on S. littorea. Conversely, Plantago lanceolata produced darker anthocyanin pigmented
inflorescences at cooler ambient temperatures in northern populations, which increased the
absorption of solar radiation and accelerated seed production (Stiles et al., 2007). Thermal
acclimation is suggested to drive this variation (Lacey et al., 2010), which seems common in
other species in the genus Plantago (Anderson et al., 2013).
The increased flavonoid accumulation associated with hotter, drier, and higher UV-B
radiation populations across the western coast of the Iberian Peninsula may represent some
advantages for S. littorea. For instance, flavonoids that accumulate in the epidermis of
calyxes and leaves of S. littorea would mitigate the effects of solar radiation by reducing the
amount of photosynthetically active radiation transmitted to chlorenchyma (Gould et al.,
2010; Tattini et al., 2014) and to protect against UV-B damage to DNA (Jansen et al., 1998).
Petals, which lack photosynthetic apparatus and are relatively ephemeral, would be less
conditioned by such environmental gradients. In fact, the correlation between latitude and
both anthocyanin and other flavonoids in petals was weak or insignificant. In addition, the
reactive oxygen species‘ (ROS) scavenging capacity of flavonoids may also protect plants
from drought and high temperatures common in the southern populations (Hatier and
Gould, 2009; Falcone Ferreyra et al., 2012).
Unexpectedly, when all populations of S. littorea were considered, there was no
correlation between flavonoid content and latitude. This is because the southeastern
populations along the Mediterranean Sea showed very low amounts of flavonoids despite
their climatic features being comparable to those of the southwestern populations (Fig. 2
and 5). Differences in flavonoid accumulation among populations may be caused by the
combination of genetics (i.e., adaptation to local conditions) and environmental effects (i.e.,
phenotypic plasticity; Nicotra et al., 2010). Thus, these low values in southeastern
populations would be caused by genetic constraints that restrict the adaptive potential of
plants (Santamaría et al., 2003), resulting in individuals with limited capability to synthesize
pigments (Jain and Gould, 2015). However, common garden experiments suggest that
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genetic effects are less important than environmental effects in S. littorea (Chapter 3).
Lastly, other biotic or abiotic factors (e.g., herbivory; Rolshausen and Schaefer, 2007) not
considered in the present study may affect differential flavonoid accumulation in southern
populations.

5. Conclusion
This study accounts for a considerable variability of anthocyanins and other
flavonoids in floral and vegetative organs of an annual plant species. First, the accumulation
of flavonoids was highly variable among organs within individual plants. Their accumulation
was independent at the population level. This within-individual variation in flavonoid
accumulation may represent a component of phenotypic variability with an important
adaptive value (Herrera, 2009). Interestingly, the mean population anthocyanin content in
all organs was correlated, suggesting that the variable environmental conditions of coastal
populations may drive anthocyanin accumulation in the whole plant. In the analysis of the
populations located on the west coast, an increase of anthocyanin content in petals, calyxes
and leaves, and non-anthocyanin flavonoids in calyxes and leaves was found toward
southern latitudes, with higher content toward the south. The capacity to change the
flavonoid accumulation in photosynthetic organs of S. littorea may represent an advantage
for the species in climate change scenarios, where an increase of temperature and UV-B
radiation is expected (Ballaré et al., 2011). Overall, this study has contributed to a more
detailed understanding of how flavonoids accumulate in different plant organs, and their
variation within and among populations. Despite the fact that flavonoid function is far from
clearly understood (Landi et al., 2015), here we find new evidence for the relationship
between anthocyanin and non-anthocyanin flavonoids in each organ, and describe a pattern
of flavonoid variation along a climatic gradient. In addition, we demonstrate unexpectedly
high correlations of population mean anthocyanin content between petals, calyxes and
leaves that warrant further attention.
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Supplementary material
Table S1. Sites, geographical locations and climatic conditions of populations of S. littorea.
Populations were ordered from NW to SE. For climatic data calculations, the period from February to
May were used.
Code

Locality

Latitude

Longitude

UV-B

Temp

Prec

Bal
Tre
Lir
Lou
Are

Balarés, A Coruña, Spain
Trece, A Coruña, Spain
Lira, A Coruña, Spain
Louro, A Coruña, Spain
Areabrava, Pontevedra, Spain

43º 14' 30'' N
43º 10' 58'' N
42º 48' 18'' N
42º 46' 17'' N
42º 17' 27'' N

8º 56' 27'' W
9º 09' 22'' W
9º 08' 03'' W
9º 07' 29'' W
8º 50' 40'' W

28.3
27.9
29.4
29.4
30.1

11.5
11.6
13.3
13.1
12.6

140.6
154.6
143.6
137.9
144.3

Bar
Mir
Naz
Cas
Alc
Sin
Alj

Barra, Pontevedra, Spain
Miramar, Aveiro, Portugal
Nazaré, Leiria, Portugal
Cascais, Lisboa, Portugal
Alcácer do Sal, Setúbal, Portugal
Sines, Setúbal, Portugal
Aljezur, Faro, Portugal

42º 15' 35'' N
41º 04' 11'' N
39º 36' 50'' N
38º 41' 49'' N
38º 29' 11'' N
37º 55' 17'' N
37º 20' 22'' N

8º 50' 25'' W
8º 39' 24'' W
9º 04' 59'' W
9º 27' 45'' W
8º 54' 13'' W
8º 48' 17'' W
8º 51' 07'' W

30.3
32.3
33.0
33.6
32.6
34.8
36.5

12.6
13.3
13.3
14.4
14.9
15.1
15.0

138.5
103.4
78.7
62.5
63.8
63.3
75.6

37º 01' 23'' N

8º 59' 43'' W

36.6

14.5

67.3

37º 09' 14'' N
36º 10' 57'' N
36º 11' 22'' N
36º 19' 57'' N
36º 57' 45'' N

6º 54' 19'' W
6º 02' 21'' W
5º 56' 58'' W
5º 14' 21'' W
1º 53' 59'' W

35.2
36.3
36.0
34.5
35.3

15.6
15.8
14.9
15.7
16.3

40.4
60.9
58.3
74.1
31.3

San
Odi
Tra
Bre
Man
Car

Cabo San Vicente, Faro,
Portugal
Odiel, Huelva, Spain
Trafalgar, Cádiz, Spain
Breña, Cádiz, Spain
Manilva, Málaga, Spain
Carboneras, Almería, Spain

UV-B, UV-B radiation (kJ/m2); Temp, mean temperature (ºC); Prec, cumulative precipitation (mm).
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Table S2. Summary of PCA results. Factor loadings of climatic and
geographic variables are shown.
Proportion of Variance
(Cumulative proportion)

Component 1
83.4%
(83.4%)

Component 2
12.4%
(95.8%)

Latitude
Longitude
Cumulative precipitation

-0.977
0.693
-0.956

0.139
0.718
0.132

Mean temperature
UV-B radiation

0.966
0.943

0.009
-0.259
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Table S3. Summary of Mantel test applied to all populations and populations on the west coast
of the distribution area. Mantel’s correlation r is shown.
Anthocyanins
All populations
W coast populations

Petal
0.028
0.273***

Calyx
0.002
0.244***

Non-anthocyanin flavonoids
Leaf
-0.021
0.264***

Petal
0.071*
0.046*

Calyx
0.030
0.344***

Significant autocorrelations were highlighted in bold. * P < 0.05, *** P < 0.0001.
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Leaf
-0.005
0.153***

3
Phenotypic plasticity in lightinduced flavonoids varies among
tissues in Silene littorea
(Caryophyllaceae)
Abstract: Plants respond to environmental stimuli in a diversity of ways including
the production of secondary metabolites. Plant phenolics such as flavonoid
biosynthesis is frequently activated in response to a variety of biotic and abiotic
stressors (e.g. extreme temperatures, high radiation, pathogens, etc.). This
induced reaction is typically assumed to be a plastic response, but the
components attributable to plasticity vs genetic variance in these components are
poorly understood. Here, we investigate the variation in flavonoid production
(anthocyanins and flavones) in petals, calyces, leaves and stems of Silene littorea.
We performed a common garden experiment with maternal families from three
populations in which plants were exposed to different light treatments (sun
exposure and shade). The synthesis of both anthocyanins and flavones is mostly
plastic, showing significant environmental effects in all photosynthetic tissues,
with 23 to 42% of total phenotypic variance explained by light environment.
However, non-photosynthetic petals showed considerably less plasticity in
anthocyanin production in contrast with the accumulation of these compounds in
photosynthetic tissues. The concentrations of anthocyanins in photosynthetic
tissues increased when plants were exposed to sun, yet flavones are produced
constitutively in both sun and shade treatments. Flavones exhibited
approximately half the degree of phenotypic plasticity compared to anthocyanins
in photosynthetic tissues. Overall, these results provide new insights into the
degree of tissue-specific plasticity and flavonoid-specific response. Increased
plasticity found in anthocyanin production is consistent with these flavonoids
being the final-step in the anthocyanin biosynthetic pathway. Variable plasticity
between flavonoids types in petals and photosynthetic tissues may allow this
annual plant to differentially respond to changing light environments, while
maintaining constitutive petal color in response to pollinators.

Del Valle, J.C., Buide, M.L., Whittall, J.B., Narbona, E., (submitted to Env. Exp. Bot.). Phenotypic plasticity in lightinduced flavonoids varies among tissues in Silene littorea (Caryophyllaceae).
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1. Introduction
Plant species are exposed to a range of environments over both time and space.
Across an environmentally variable geographic range, selection will often lead to local
adaptation to regional environmental conditions (Linhart and Grant, 1996). Alternatively,
environmental heterogeneity within a population over time can drive phenotypic plasticity,
a means of expressing alternative phenotypes in response to environmental changes
(Bradshaw, 1965; Schlichting and Pigliucci, 1998; DeWitt and Scheiner, 2004). In plants,
phenotypic plasticity is induced by variation in a great deal of environmental factors, such as
water availability (Sultan and Bazzaz, 1993; Nilson and Assmann, 2010), light heterogeneity
(Matos et al., 2009; Valladares and Niinemets, 2008), temperature variations (Vogler et al.,
1999; Atkin et al., 2006), among many other factors. Thus, plants modify biochemical,
anatomical, morphological and physiological phenotypes within an individual’s lifetime in
response to environmental factors (reviewed in Sultan, 2000; Atkin et al., 2006; Nicotra et
al., 2010). Most of the literature has focused in those traits directly involved in functions
related to photosynthesis, respiration and development (i.e. primary metabolites).
However, limited information exists on the degree of plasticity in the synthesis of secondary
metabolites, which exert a key role in plant response to environmental changes (Metlen et
al., 2009; Di Ferdinando et al., 2014; Castagna et al., 2017).
Phenolic compounds, particularly flavonoids, are the most diverse group of plant
secondary metabolites (Crozier et al., 2006). The accumulation of different types of
flavonoids, such as flavonols, flavones, or anthocyanins help plants to cope with a wide
variety of biotic and abiotic stressors (e.g. wounding, extreme temperatures, exposure to
visible or UV radiation, pathogens, etc.; reviewed in Falcone Ferreyra et al., 2012; Mouradov
and Spangenberg, 2014; Jiang et al., 2016). Anthocyanins are synthesized in a side branch of
phenylpropanoid biosynthesis (Tanaka et al., 2008). These pigments are found in many
flowers and fruits and can accumulate in vegetative plant tissues, where they likely perform
similar protective functions (Chalker-Scott, 1999; Steyn et al., 2002; Landi et al., 2015).
Variation in anthocyanin content is commonly constitutive in petals and fruits, probably due
to its obligate mutualism with pollinators and seed dispersers (Schaefer and Ruxton, 2011);
but in the rest of the plant, the accumulation of both anthocyanins and non-anthocyanin
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flavonoids can be highly variable and often respond transiently to environmental signals
(Jaakola and Hohtola, 2010; Ferdinando et al., 2014; Del Valle et al., 2015).
The ability to generate protective flavonoids against a wide range of biotic or abiotic
stressors may confer a selective advantage in changing environments (Landi et al., 2015).
The synthesis of these compounds after an environmental stress is fast and generally
transient; therefore, it is commonly assumed that this response is plastic (e.g. Smith, 1990;
Chalker-Scott, 1999; Steyn et al., 2002). However, little is known about the genetic and
heritable (i.e. the interaction of genotypic and environmental effects) component of this
plastic response (but see Lacey and Herr, 2005; Jaakola and Hohtola, 2010; Lacey et al.,
2010; Koski and Ashman, 2013). The knowledge of these three components of phenotypic
variance (genetic, environment and their interaction) is critical to understand the influence
of natural selection in the production of stress-induced flavonoids (Vogler et al., 1999;
Murren et al., 2015). Given that regulation of the flavonoid biosynthesis is tissue-specific
(Albert et al., 2014) and the phenotypic plasticity takes places at the intra-individual level
(de Kroon et al., 2005; Herrera, 2009), studies on the components of phenotypic variance in
the flavonoid production must be assessed in different plant tissues.
High radiation, including both VIS and UV light, is one of the most important factors
affecting flavonoid production. Due to their absorption spectrum and antioxidant
properties, flavonoids prevent damages to both photosynthetic apparatus and DNA caused
by excessive solar irradiance (Treutter, 2006; Pollastri and Tattini 2011; Landi et al., 2015). In
the last years, the genetic mechanisms underlying the light-induced flavonoid accumulation
have been elucidated (reviewed in Albert et al., 2014; Xu et al., 2015). These studies point to
a fundamental role played by MBW complexes, a family of transcriptional regulatory genes
that act in the flavonoid biosynthetic pathway. Interestingly, these regulatory genes are also
involved in plant plastic responses (Gutierrez et al., 2009; Nicotra et al., 2010; Albert et al.,
2014), thus plants’ response to light stress should be plastic response. Yet, how do tissues in
which anthocyanins play a role other than stress-response (e.g., petals for pollinator
attraction), respond (or not) to changing light conditions?
In this study, we experimentally investigated the degree of phenotypic plasticity in
flavonoid production throughout the aboveground tissues of Silene littorea Brot. when
expose to different light environments. We selected this species because it accumulates
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anthocyanins and other flavonoids in petals and photosynthetic tissues (calyces, leaves and
stems) (Del Valle et al.; Fig. 1). In addition, S. littorea shows a latitudinal pattern in
anthocyanin and flavone accumulation in most plant tissues: increasing flavonoids in
southern populations of the range area positively correlated with solar exposure and
temperature and negatively correlated with rainfall (Del Valle et al., 2015). However, it is
still unknown if the differential accumulation of flavonoids is explained by phenotypic
plasticity or if it is caused by locally adapted genotypes. To disentangle these two
possibilities, we performed a common garden experiment using extreme light conditions
(sun and shade treatments). By manipulating light exposure, we hoped to affect the
accumulation of flavonoids which could be critical for plant fitness (Jaakola et al., 2004;
Albert et al., 2009; Gould et al., 2010). In this experiment, we used seeds from three
geographically distinct populations that are exposed to different degrees of solar exposure
in their native habitat (number of sunny days, level of UV radiation, solar exposure intensity,
etc.). In light of the cost and limits of phenotypic plasticity and local adaptation in plants
(Pigliucci, 2005; Valladares et al., 2007; Murren et al., 2015), we postulate the following
non-mutually exclusive predictions for the accumulation of flavonoids in different tissues of
S. littorea: 1) if flavonoid production is influenced by phenotypic plasticity, then we predict
high levels of variance attributable to the environment (light treatment), with plants
showing the same flavonoid quantity in each light treatment independently of their home
environments, and 2) if local adaptation or phylogenetic inertia constrains flavonoid
accumulation, then we expect differences among genotypes from different populations,
with most of the variance attributable to the genotype. Given that a prevalent role of
phenotypic plasticity has been found, we also analyzed whether the plastic response varied
among different plant tissues (petals, calyces, leaves and stems) and between the
anthocyanins and non-anthocyanins flavonoids.
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2. Materials and methods
2.1. Study system and experimental design
Silene littorea is an annual plant that inhabits foredune habitats from the
northwestern to the southeastern Iberian Peninsula (Casimiro-Soriguer et al., 2016).
Populations of this species share similar soil properties and vegetation composition, but are
exposed to heterogeneous climatic factors (temperature, precipitation, solar radiation)
along the latitudinal gradient where it grows (Del Valle et al., 2015). Previous HPLC-DADMSn analyses showed that flavonoid profiles of S. littorea tissues are composed by cyanidin
derivatives and flavone derivatives (mainly isovitexin and isoorientin; Chapters 4 and 5).

Fig. 1. Details of plants exposed to sun (A, C, D) and shade (B, E, F) treatments. C and E
showed photographs of surface of the calyx ribs using stereomicroscope. D and F showed
photographs of cross section of leaf margin using microscope. Bar, 5 mm (A, B), 0.1 mm (E), 0.5
nm (C) and 0.2 nm (D, F).

Seeds were obtained from previous crosses performed at the University Pablo de
Olavide greenhouse using nine maternal families of each population [Furnas (42º 38' 15'' N,
9º 2' 21'' W) and Barra (42º 15' 35’'' N, 8º 50' 25'' W; located 40 km south of Furnas)] (Buide
et al., 2018). In addition, seeds from six maternal families from the Sines population (37º 55'
17'' N, 8º 48' 17'' W; located 480 km southern Barra) were also used. These seeds were
germinated and grown in autumn of 2013 following the procedure described in Buide et al.
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(2018). The surviving seedlings were planted in pots filled with approximately 2.5 L of an
equal mixture of standard substrate (80-90% organic material, pH = 6.5) and beach sand.
Before blooming (February 2014), pots were transferred into the experimental garden
outside the greenhouse and assigned to shade (a bench covered with a shade cloth that
reduced 95% UV-PAR radiation) and natural sunlight (hereafter sun treatment; an
uncovered bench with plants exposed to natural solar radiation) treatments. To control the
influence of maternal family, half-siblings were equally assigned to each light environment.
In total, data were obtained for 84 plants in sun and 51 in shade treatments from a total of
24 maternal families (Table S1). The mean photosynthetic photon flux throughout the
experiment ranged from 15.86 to 36.10 μmol m-2 s-1 for the shade treatment and 205 to
1011.5 μmol m-2 s-1 for the sun exposure treatment. Light measurements were collected
three times per day (0900, 1200 and 1500) at the start, middle, and the end of the
experiment.

2.2. Flavonoids quantification
At the end of the flowering period (end of May 2014), flavonoids present in petals,
calyces, leaves and stems were quantified using a Multiskan GO microplate
spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). For each plant, samples of
petal, calyx (four petals and the calyx of the same flower), leaf (section of middle region of
the stem leaf) and stem (1 cm length section) were selected. Samples were preserved in 1
ml of CH3OH:H2O (v 70:30) containing 1% HCl and stored at -20º C in the dark. We followed
the procedure described in Del Valle et al. (2015) for the flavonoid extractions. Anthocyanin
and flavone concentrations were estimated as A520 and A350, respectively; in photosynthetic
organs, anthocyanin concentration was corrected as A520 - (0.24 × A653) to compensate for
the small overlap absorption by chlorophyll (Del Valle et al., 2015). The content of
anthocyanins and flavones were expressed as cyanidin-3-glucoside and luteolin equivalents
in fresh weight (Del Valle et al., 2015).
Three replicates of 200 μL were measured for each plant tissue sampled from the
135 plants used in the common garden experiment. The accuracy of flavonoid
concentrations estimated spectrometrically was verified through HPLC-DAD-MSn detection
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of anthocyanins and flavones in petals of 21 individuals (r > 0.99, P < 0.0001 and r > 0.84, P <
0.001, respectively; Del Valle J. and Alcalde-Eon C., unp. results).

2.3. Statistical analysis
Generalized linear mixed models (GLMMs) with Gaussian link functions were used to
test the effect of light treatment (sun and shade) on the accumulation of anthocyanins and
flavones in each plant tissue, considering treatment and population as fixed factors and
maternal family as a random factor. Pairwise comparisons between light treatments were
carried out using the “multcomp” R-package with Bonferroni adjustment (Hothorn et al.,
2008). Flavonoid concentrations were log-transformed prior to conduct the GLMMs
analysis. The relationship between the concentrations of anthocyanins and flavones in each
plant organ was assessed with Pearson correlations.
A univariate analysis of variance (ANOVA) was carried out with maternal family as a
random factor (G), environment (E) (in this study, sun and shade treatments) as a fixed
factor, and the interaction of maternal and environment factors (GxE). For both
anthocyanins and flavones concentrations, we estimated the components of phenotypic
variance (Vp) corresponding to genotype (VG), environment (VE) and interaction (VGxE).
According to Vogler et al. (1999), the genetic determination (VG) was estimated as the
variance of maternal family divided by total corrected variance. Similarly, the environmental
plasticity (VE) was calculated as the ratio of phenotypic variance explained by changes in the
environment over the total corrected variance. The heritable component of plasticity (VGxE)
was obtained by dividing the variance of the interaction of genotype and environment
factors by the total corrected variance. Anthocyanin and flavone concentrations were log
transformed to improve normality prior to conducting the ANOVA analyses. We also used
least square means of phenotypic responses of a given genotype along the light
environments for graphically representing the reaction norms (Schlichting and Pigliucci,
1998).
To compare the phenotypic plasticity among flavonoid types and tissues, the
simplified relative distance plasticity index (RDPIs) was used (Valladares et al. 2006). This
index can be obtained as:
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𝑅𝐷𝑃𝐼% =

(𝑑*+ → 𝑖′𝑗′) (𝑥* 2 + 2 + 𝑥*+ )) / 𝑛

where (𝑑*+ → 𝑖′𝑗′) (𝑥* 2 + 2 + 𝑥*+ )) is the relative distances for the maternal families
exposed to shade and sun environments, and n is the total number of distances. The mean
phenotypic values for sibs of each maternal family in each light treatment, i.e. replicates,
were considered (Valladares et al., 2006). RDPIs values span from 0 (no plasticity) to 1
(maximal plasticity), which allows for statistical comparisons of phenotypic plasticity among
flavonoid types (anthocyanins and flavones), plant tissues and populations. These
differences were tested using ANOVA analyses with Student’s t tests for post hoc RDPIs’s
comparisons.
Estimates of components of variance, ANOVAs and Student’s t tests were carried out
in SPSS v. 22.0 (Armonk, NY, IBM Corp.). Least square means and GLMMs analyses were
performed in R v3.4.0 (R Core Team, 2017) using the R libraries “lsmeans” and “lme4”,
respectively (Bates et al., 2015; Lenth, 2016).

3. Results
3.1. Effects of light environments in the flavonoid production
In general, petal anthocyanin concentration was at least five times higher than in the
photosynthetic plant tissues, particularly in the leaves where the quantities were very low
(Fig. 2). In petals, plants from both light treatments showed no statistical differences in the
accumulation of anthocyanins (Table 1). However, in the rest of tissues, plants in the sun
had between 5 and 35 times more anthocyanins than those in the shade; these differences
were especially noticeable in calyces and stems (Fig. 2). Plant tissues showed no significant
differences in the accumulation of anthocyanins among populations, except in the stems
which showed higher overall levels in Furnas (Table 1).
The flavone concentrations were at least five times higher than those of
anthocyanins across all tissue types (Fig. 2). Similar to the anthocyanins, the concentration
of flavones in the petals was approximately four times higher than flavones in the
photosynthetic plant tissues. Plants in the sun displayed significant higher concentrations of
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flavones in all plant tissues compared to plants of the shade treatment (Table 1). Plants
tissues showed significant differences in the accumulation of flavones among populations in
the petals and calyces.

Fig. 2. Comparisons of the concentrations of anthocyanins and flavones between the sun (white
bars) and shade (gray bars) treatments in four plant tissues. Means and standard errors are
presented. For plants from each population, results of pairwise comparisons of flavonoid
concentrations between light treatments are shown when significant differences between treatment
were detected using GLMMs (see Table 1). FW, fresh weight; **, P < 0.01; ***, P < 0.001.
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Table 1. Results from GLMMs testing the effect of light treatment, population and their
interaction on the production of anthocyanins and flavones in each plant tissue. The interaction
term is shown only when significant after model reduction applied to GLMMs.
Anthocyanins
SS

Numerator
d.f.

Denominator
d.f.

F

P

Treatment

0.34

1

111.28

2.13

0.15

Population

0.12

2

25.71

0.36

0.70

Treatment
Population
Treatment x Population

16.92
0.32
0.83

1
2
2

113.00
113.00
113.00

132.08
1.24
3.22

< 0.001
0.29
0.04

Treatment
Population

1.31
0.01

1
2

109.51
19.45

75.17
0.25

< 0.001
0.78

Treatment x Population

0.12

2

107.11

3.52

0.03

Treatment
Population

19.08
3.41

1
2

110.58
17.02

151.13
13.52

< 0.001
< 0.001

Source of variation

S.S.

Numerator
d.f.

Denominator
d.f.

F

P

Treatment
Population

3.84
0.19

1
2

107.27
22.09

147.05
3.72

< 0.001
0.04

Treatment

15.42

1

102.70

98.30

< 0.001

Population

1.57

2

18.46

5.00

0.02

Treatment
Population

20.51
0.18

1
2

111.48
17.88

189.27
0.85

< 0.001
0.44

Treatment
Population

13.15
0.95

1
2

106.14
9.88

88.26
3.20

< 0.001
0.09

Source of variation
Petals

Calyces

Leaves

Stems

Flavones

Petals

Calyces

Leaves

Stems
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Within each population, the production of anthocyanins and flavones in each plant
was positively correlated in calyces (r > 0.50, P = 0.011), leaves (r > 0.50, P = 0.003) and
stems (r > 0.78, P < 0.001; Table S2). In petals, the correlation was not significant, except for
plants from Sines population (r > 0.67, P < 0.001; Table S2).

3.2. Components of phenotypic variance and reaction norms
Neither genotype (G), nor light environment (E) showed a significant effect on petal
anthocyanin accumulation (Table 2). The norms of reaction between light treatments show
no consistent pattern (Fig. 3A). In contrast, there was a significant environmental effect in
all photosynthetic tissues; reaction norms generally exhibited lines with decreasing slopes
from the sun to the shade environments (Fig. 3C, 3E and 3G). There is a moderate-high
proportion of phenotypic variance explained by the light treatments (VE ranges from 0.23 in
leaves to 0.42 in calyces). In calyces, norms of reaction converge at one point in the shade.
Anthocyanins in stems also varied significantly among genotypes, but had a low-moderate
contribution to the total phenotypic variance (VG = 0.19). In leaves, anthocyanins showed
significant GxE interaction, having a low-moderate contribution to the total phenotypic
variance (VGxE = 0.16); this is explained by the lines with little or even positive slopes of
connected genotypes from Barra (Fig. 3E).
Flavones present in all tissues were significantly influenced by the light environment,
having a moderate-high contribution to the total phenotypic variance (VE ranged from 0.27
in stems to 0.37 in leaves; Table 2). In general, reaction norms of flavone production
showed lines with decreasing slopes from sun to shade environments (Fig. 3B, 3D, 3F and
3H). In petals and calyces, the presence of flavones also varied significantly among
genotypes, with a moderate VG in petals and calyces (VG = 0.23 and 0.18, respectively); thus,
parallel slopes were found in most genotypes. Finally, there was also a significant GxE effect
in stems (VGxE = 0.20).
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Fig. 3. Reaction norms diagrams for anthocyanin (left column) and flavones (right column)
present in four plant tissues in the sun and shade environments. Four functional subunits
are depicted: petals (A, B), calyces (C, D), leaves (E, F) and stems (G, H). Triangles and green
lines represent data from Sines location, circles and blue lines represent data from Barra
location, and squares and red lines represent data from Furnas location. Data are least
squares means; error bars represent ± SE.
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Table 2. Variance partitioning of flavonoid concentrations in petals, calyces, leaves and stems of S.
littorea plants. The analysis is an ANOVA with maternal genotype (G) as a random factor, environment
(E) (sun or shade) as a fixed factor, and interaction (GxE). In bold is highlighted the significant
phenotypic variation (VP) components (P < 0.05).
Anthocyanins

Flavones

Tissue

Factor

S.S.

d.f.

M.S.

P

VP

S.S.

d.f.

M.S.

P

VP

Petals

G

8.54

23

0.37

0.110

0.27

2.26

23

0.10

0.004

0.23

E

0.26

1

0.26

0.285

0.01

3.16

1

3.16

< 0.001

0.32

GxE
G

4.43
2.08

20
23

0.22
0.09

0.358
0.664

0.14
0.05

0.64
8.64

21
23

0.03
0.38

0.286
0.002

0.07
0.18

E
GxE
G
E
GxE
G
E

16.11
2.16
0.47
0.94
0.67
42.88
73.13

1
19
23
1
20
23
1

16.11
0.11
0.02
0.94
0.03
1.87
73.13

< 0.001
0.808
0.874
< 0.001
0.017
0.004
< 0.001

0.42
0.06
0.12
0.23
0.16
0.19
0.32

14.45
2.19
3.93
15.73
3.28
12.71
14.46

1
21
23
1
20
23
1

14.45
0.10
0.17
15.73
0.16
0.55
14.46

< 0.001
0.956
0.456
< 0.001
0.157
0.413
< 0.001

0.29
0.04
0.09
0.37
0.08
0.24
0.27

GxE

10.79

20

0.54

0.941

0.05

10.62

21

0.51

0.003

0.20

Calyces

Leaves

Stems

S.S., sum of squares; d.f., degree of freedom; M.S., mean square.

3.3. Levels of plasticity among tissues, populations and flavonoid types
RDPIs values varied significantly among tissues and flavonoid types, but no significant
differences were detected among populations (Tables 3 and S3). The production of
anthocyanins was much more plastic than those of flavones in calyces (among-population
mean; 0.92 vs 0.40), leaves (0.63 vs 0.42) and stems (0.70 vs 0.37); however, both types of
flavonoids showed similarly low RDPIs values in petals (0.14 vs 0.19; Fig. 4). These
heterogeneous differences in anthocyanins vs flavones plasticity among all tissues is
demonstrated by the significant tissue x flavonoid types interaction (Table 3).
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Table 3. ANOVA for simplified relative distance plasticity index (RDPIs) values
of anthocyanins and flavones production in S. littorea plants among flavonoid
types, tissues and populations.
Source of variation

S.S.

d.f.

Intercept
Flavonoid
Tissue
Population

30.048
2.369
5.273
0.047

1
1
3
2

Flavonoid x tissue
Flavonoid x population
Tissue x population
Flavonoid x tissue x population
Error

1.547
0.012
0.311
0.325
3.633

3
2
6
6
136

F

P

1124.864
88.676
65.796
0.876

< 0.001
< 0.000
< 0.001
0.419

19.306
0.230
1.940
2.029

< 0.001
0.794
0.079
0.066

Fig. 4. Differences in the simplified relative distance plasticity index (RDPIs)
values between anthocyanins (white bars) and flavones (gray bars) in four
plant tissues. Among-population means and standard errors are
presented. Results of Student t test comparing RDPIs values of both
flavonoids types in each tissue are shown; ns, not significant; **, P < 0.01;
***, P < 0.001.
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4. Discussion
Our results add new insights into the degree of phenotypic plasticity across tissues
for the flavonoid production in Silene littorea under different light conditions, being petals
less plastic than photosynthetic tissues. In addition, anthocyanins and flavones showed
different degrees of plasticity: anthocyanin synthesis is nearly double plastic than flavone
production in photosynthetic tissues, but not for petals. These results agree with the
current understanding of tissue-specific flavonoid gene regulation that allows distinct
function of flavonoids in different plant parts.
We have found that the synthesis of anthocyanins and flavones in calyxes, leaves and
stems of S. littorea is highly plastic. In general, the environmental effects of light exposure
explained most of the phenotypic plasticity found in this species. Very little genetic variation
for flavonoid production was discovered (VG). Although we sometimes found genotypes
whose reaction norms intersected, the genotype-by-environment interaction (VGxE) was
usually not significant. That is, there were mostly only small differences among genotypes in
their response to the differing light environments. Our findings contrast with the results of
anthocyanin accumulation in inflorescences of Plantago lanceolata at different temperature
conditions, in which anthocyanin plasticity is at least partially genetically controlled (Lacey
and Herr, 2005; Stiles et al., 2007; Lacey et al., 2010). In the same way, the anthocyanin
production in purple basil (Ocimum basilicum) is mostly genetic and favors the specialization
for high light environments (Tattini et al., 2014). In nature, plants of S. littorea that are
exposed to highly variable light conditions, both within- and among-populations.
Specifically, plants can be found in habitats ranging from completely exposed sand dunes to
the margins of nearly closed canopy coastal pine forest and understory shrubs.
Furthermore, there is an increase of 31% in solar irradiance among populations at either
end of the latitudinal gradient stretching the length of the Iberian Peninsula (Del Valle et al.,
2015). In this scenario, high plasticity in the synthesis of light-induced flavonoids would be
advantageous (Lande, 2009; Nicotra et al., 2010), allowing plants respond rapidly to changes
in light availability.
Anthocyanin concentration in petals was not significantly affected by light
environment. Thus, the plasticity level of anthocyanins in this tissue was low. However, the

86

Chapter 3. Phenotypic plasticity in light-induced flavonoids varies among tissues in Silene littorea
(Caryophyllaceae)

low anthocyanin plasticity in petals was not paralleled in photosynthetic tissues, being RDPIs
from petals about one-fifth that of photosynthetic tissues. This may reflect some
evolutionary constrains given that changes in anthocyanin contents might directly or
indirectly influence the pollinator activity and affect plant fitness (Gómez, 2000; Schiestl and
Johnson, 2013; Sletvold et al., 2016). Less plasticity in floral with respect to vegetative traits
has been demonstrated in Dalechampia scandens in response to environmental variation,
and assumed to support the Berg hypothesis, which proposes a decoupling and canalization
of specialized floral structures (Pélabon et al., 2011). In Petunia hybrida, plants can
determine the level of anthocyanin pigmentation through activation complexes, the R2R3MYB transcription factors, that differentially regulate anthocyanin production in petals and
photosynthetic tissues (Albert et al., 2011; 2014). In a previous study with S. littorea,
Casimiro-Soriguer et al. (2016) suggested that members of the same transcription factor
family are responsible of the loss of pigmentation in petals of white-flowered plants, which
lack anthocyanins in petals but not in the rest of the plant. A tissue-specific regulation of the
anthocyanin production must grant S. littorea the ability to maintain their floral traits
without hindering the plastic response of anthocyanin production in calyces, leaves and
stems. Recently, it is suggested that anthocyanins may provide similar photoprotective
functions than the previously posted to flavonols or flavones (Silva et al., 2016). In addition,
transient anthocyanin production may provide diverse protective roles in different
photosynthetic tissues (Kovinich et al., 2014).
We have found positive relationships between concentrations of flavones and
anthocyanins in calyces, leaves and stems. These results are in concert with our previous
findings, in which we suggested that the synthesis of both flavonoids were correlated, at
least in calyces (Del Valle et al., 2015). Because of the molecular structure, flavones provide
protection to the damaging effects of UV light, whereas anthocyanin molecules only absorb
light in the visible wavelengths (Jiang et al., 2016; Silva et al., 2016). In addition, both types
of molecules possess important antioxidant properties, protecting leaves from oxidative
stress (Jiang et al., 2016; Landi et al., 2015). Thus, the coordinated plastic response of
anthocyanins and flavones may provide protection to excess solar radiation in the full
spectrum. On the other hand, flavones showed around half the plasticity levels than
anthocyanins. These results provide more evidences of the metabolic plasticity within the
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flavonoid biosynthetic pathway, where anthocyanins are the last step and flavones are
produced in mid-pathway secondary branches (Mouradov and Spangenberg, 2014; Tattini et
al., 2014). In this regard, studies on Arabidopsis have demonstrated that flavonol and
anthocyanin biosynthesis are independently regulated through specific Myb factors
(Mehrtens et al., 2005; Stracke et al., 2007). Thus, the fact that different transcriptional
factors are involved in the light-induced regulation of the synthesis of anthocyanins and
flavones (Xu et al., 2015), may allow the coordinate response with different plasticity levels
of both flavonoid groups found in S. littorea.
Flavone concentrations were always at least five times higher than that of
anthocyanins, even in the shade treatment. In other words, the flavones are produced
constitutively in both treatments in photosynthetic and non-photosynthetic tissues, which
may suggest that flavones are also playing other non-photoprotective functions in S.
littorea. Species of Silene, including S. littorea, frequently interact with seed predators,
fungal pathogens, larval parasitoids and different herbivores, such as snails and
grasshoppers (Prieto-Benítez et al., 2017; Buide, unpublished data), thus the presence of
flavones might confer protection against these biotic agents (Jiang et al., 2016).
Furthermore, levels of flavones in petals of S. littorea are higher than in calyces, leaves and
stems. Flavones could act as copigments in petals, increasing color intensity and stability of
anthocyanins, as is found in petals of Iris ensata (Yabuya et al., 1997). In addition, flavones
may help the maintenance of epidermal cells; the absence of glicosilated isovitexin in
mutant lines of Silene latifolia produce collapse of epidermal cells which originated plants
with curled petals (van Brederode et al., 1982).
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5. Conclusion
Although the synthesis of stress-induced flavonoids has been a research interest for
many years, this study is the first to assess the plasticity in the synthesis of both
anthocyanins and flavones in different plant tissues. Thus, we have found that production of
anthocyanins and flavones is mainly a plastic response in photosynthetically active tissues of
S. littorea, although this plasticity differs among plant tissues. The higher plasticity found in
anthocyanins could reflect different transcriptional regulation of those genes involved in the
production of both anthocyanins and flavones. The increase of concentrations of both
flavonoids when exposed to sun agrees with the photoprotective functions associated to
these compounds, although the higher levels in both sun and shade in the case of flavones
indicate that they could be playing other protective functions. Because of the distribution
range and habitat, Silene littorea and other species of Mediterranean Basin are exposed to a
high spatio-temporal heterogeneity in environmental conditions (Del Valle et al., 2015;
Narbona et al., 2017). Variable plasticity between flavonoid types in petals and
photosynthetic tissues may allow S. littorea to differentially respond to selective pressures
of pollinators and other biotic agents and changing light environments.
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Supplementary material
Table S1. Number of plants for each maternal genotype,
population and light environment (sun and shade).
Population
Sines

Barra

Furnas

Total

96

Maternal
family

Environment
Sun

Shade

1

6

3

2

1

2

3

5

6

4

3

0

5

3

1

6

4

1

7
8
9

3
2
4

1
1
2

10
11
12
13
14
15

2
2
4
4
8
4

2
2
2
3
4
2

16
17
18
19
20
21
22
23

2
2
6
3
1
1
8
4

2
2
3
2
1
1
4
4

24

2

0

84

51
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Table S2. Pearson correlation coefficients of the comparison between
concentrations of anthocyanin and flavones in each plant tissue of S. littorea
plants from the three populations.
Population

Petals

Calyces

Leaves

Stems

Sines
Barra
Furnas
Total

0.67 ***
-0.20
-0.14
0.30

0.50 *
0.76 ***
0.87 ***
0.71 ***

0.50 **
0.58 ***
0.55 ***
0.54 ***

0.78 ***
0.81 ***
0.82 ***
0.81 ***

*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Table S3. Simplified relative distance plasticity index (RDPIs) values obtained from flavonoid concentrations in
petals, calyces, leaves and stems of S. littorea plants from each population. RDPIs values span from 0 (no plasticity)
to 1 (maximal plasticity).
Anthocyanins
Calyces

Leaves

Flavones

Pop

Petals

Sines

0.11 ± 0.03

0.86 ± 0.04 0.66 ± 0.22 0.66 ± 0.09

0.15 ± 0.03 0.37 ± 0.05 0.40 ± 0.06 0.40 ± 0.17

Barra

0.19 ± 0.05

0.93 ± 0.01 0.51 ± 0.09 0.78 ± 0.03

0.17 ± 0.03 0.39 ± 0.03 0.43 ± 0.04 0.37 ± 0.04

Furnas

0.09 ± 0.03

0.98 ± 0.01 0.87 ± 0.05 0.64 ± 0.10

0.23 ± 0.02 0.43 ± 0.05 0.42 ± 0.07 0.33 ± 0.07

Values are expressed as mean ± standard error.
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4
Effects of UV radiation on flavonoid
biosynthesis, photosynthesis and
reproductive morphology of the
shore campion (Silene littorea).
Abstract: UVB radiation has a strong influence in plant physiology and
morphology. High exposition to UV light generate reactive oxygen species (ROS)
that affect the photosynthetic activity, the stability of plant DNA and induce
changes in plant morphology. Under severe stress conditions, plants stimuli the
production of antioxidant flavonoids that are able to prevent ROS generation or
reduce the levels of ROS once they are formed. Here, we experimentally
investigate the variation in the production of anthocyanins and flavones in all
tissues of S. littorea and the genetic mechanisms controlling this UV-induced
response. In addition, we also study the effect of UV radiation in plant
reproduction and photosynthetic efficiency. We performed a common garden
experiment with plants from two populations that were exposed to natural
sunlight (UV + PAR radiation) and UV exclusion treatment (PAR radiation). UV light
stimulated the production of both anthocyanins and flavones. However, the
highest differences in flavonoid production among plants exposed to different
light treatments was found in photosynthetic tissues, where isoorientin
derivatives (effective antioxidant flavones) are synthesized. UV exposition
induced a modest activation of structural genes of the flavonoid biosynthetic
pathway required for flavone and anthocyanin production, as well as of bHLH and
specific Myb transcription factors. UV stress also decreased the photochemical
efficiency of photosystem II (Fm/Fv) and negatively affect plant fitness. Our
results suggest that flavones may have a key role as antioxidants in
photosynthetic tissues and a minor role as light filters. On the other hand, a
complex regulatory system controlling independent flavonol-anthocyanin
production is suggested. Finally, we have shown that excess UV light has complex
effects on plant reproduction that require of integrated approaches to clarify the
ecological consequences of UV light for plant reproduction.

Del Valle, J.C., Alcalde-Eon, C., Escribano-Bailón, M. T., Whittall, J.B., Valladares, F., Buide, M.L., Narbona, E., (in
preparation to be submitted to J. Exp. Bot.). Effects of UV radiation on flavonoid biosynthesis, photosynthesis and
reproductive morphology of the shore campion (Silene littorea).

Chapter 4. Effects of UV radiation on flavonoid biosynthesis, photosynthesis and reproductive
morphology of the shore campion (Silene littorea)

1. Introduction
The depletion in the last decades of the stratospheric ozone, the natural shield
against ultraviolet (UV) radiation, has become a major environmental problem. Thus, many
organisms and ecological processes are affected by increasing solar UV-B radiation reaching
the earth surface (Paul and Gwynn-Jones, 2003). In plants, high levels of UV-B irradiance
affect the activity of the photosystem II (PSII) and generate reactive oxygen species (ROS)
that damage the photosynthetic apparatus and plant DNA (Jordan, 1996; Mittler, 2002). In
addition, other negative effects of high exposure to UV-B have been reported, such as
reduced biomass (Tevini and Teramura, 1989), effects of plant sexual reproduction (Koski
and Ashman, 2015; Llorens et al., 2015), and many other changes at cell and organismal
levels (revised in Jansen, 2002; Mpoloka, 2008; Robson et al., 2015). Plants have developed
a variety of mechanisms to avoid these negative effects, mainly the screening of UV-B
wavelengths, the repairing of UV-induced DNA damage or the quenching of ROS (Bornman
and Teramura, 1993). This latter is performed by antioxidant enzymes (superoxide
dismutase, ascorbate peroxidase and catalase) that control ROS levels (Mittler, 2002).
However, antioxidant activity is shared with flavonoids and other phenolic compounds that
constitute an effective non-enzymatic mechanism for ROS detoxification (Köhler et al.,
2017).
In plants, flavonoids seem to have a key role in photoprotection (Agati and Tattini,
2010; Agati et al., 2012), as shown by the high sensitivity to UV-B radiation of Arabidopsis
flavonoid-lacking mutant (Li, 1993; Havaux and Kloppstech, 2001). Although flavonoids
protect a high diversity of biotic and abiotic factors (revised in Treutter, 2006; Falcone
Ferreyra et al., 2012; Jiang et al., 2016), in the recent years their key role in photoprotection
has probably received more attention than any other functional hypothesis. Many studies
have attributed to flavonoids an important role in the UV-B screening (e.g. Cockell and
Knowland, 1999), however these compounds are probably not the best candidates to
perform this function since they do not maximally absorb in the UV-B wavelengths (280-315
nm). It is thought, on the contrary, that flavonoids have a more important contribution to
photoprotection by reducing the oxidative damage of light-induced ROS (Agati et al., 2007,
2012; Pollastri and Tattini, 2011). For example, trichomes of Phillyrea latifolia activate the

101

J. C. Del Valle – PhD Project

flavonoid synthesis in plants acclimated to full solar radiation; however, only effective
antioxidant dihydroxy B-ring-substituted flavonoids (i.e. luteolin and quercetin derivatives)
increased their concentration at expense of the less effective apigenin derivatives (Tattini et
al., 2000). Several lines of evidence support the hypothesis that flavonoids constitute an
effective antioxidant system against UV-B damage (e.g. Rice-Evans et al., 1997; Tattini et al.,
2004; Agati et al., 2007). More important, the antioxidant activity of flavonoids is also
extended to the oxidative stress caused by other abiotic factors, such as drought, low
temperature or salinity, among others (e.g. Olsen et al., 2009; Agati et al., 2011; Landi et al.,
2014).
Photoprotective flavonoids (such as flavones or flavonols) are synthesized in the
mid-pathway secondary branches of the anthocyanin biosynthetic pathway (ABP,
hereafter), where anthocyanins are the final product (Grotewold, 2006; Mouradov and
Spangenberg, 2014). Anthocyanins also play an important role in photoprotection acting as
a sunlight attenuator through the absorption of the green spectrum of visible light,
protecting plants from photoinhibition (Gould and Lee, 2002; Steyn et al., 2002; Manetas et
al., 2003). Thus, anthocyanic tissues decrease the amount of photosynthetically active
radiation (PAR) transmitted to chloroplasts, suffering less decline of the photosynthetic
activity of PSII after a saturating light stress (Hughes et al., 2005; Gould et al., 2010; Cooney
et al., 2015). In addition, despite anthocyanins maximally absorb the green spectrum of the
visible light, when acylated are also effective attenuators of UV radiation (Neill and Gould,
1999; Tattini et al., 2014; Landi et al., 2015). In addition to these passive screening
functions, many studies have evidenced that anthocyanins have the potential to reduce the
photooxidative damage (Rice-Evans et al., 1997; Hatier et al., 2013; Landi et al., 2015),
contributing even more to ROS scavenging than other phenolics (Bi et al., 2014).
Direct sun exposure or high UV-B radiation stimulate the expression of the ABP
genes, leading to higher accumulation of both anthocyanins and other flavonoids in plant
tissues (Jaakola et al., 2004; Liu et al., 2013). UV-B light also seems to regulate the activity of
the MBW complex, a group of transcriptional factors formed by Myb, bHLH and WDR
proteins (Koes et al., 2005; Yuan et al., 2014). Furthermore, studies on Arabidopsis have
shown that specific set of Myb factors independently control the flavonol production
without affecting the anthocyanin biosynthesis (Stracke et al., 2007; Albert et al., 2009).
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Thus, the exposition to high doses of UV radiation may stimulate the activity of different
branches of the ABP leading to the synthesis of specific flavonoids, providing adaptive
benefits for plant acclimation to high light environments.
Here, we experimentally investigated the effects of UV radiation in the shore
campion (Silene littorea Brot., Caryophyllaceae), an endemic species of coastal ecosystems
of the Iberian Peninsula that accumulates anthocyanins and flavones in the whole plant (Del
Valle et al., 2015). We performed a common garden experiment using different light
conditions (with or without exposition to UV light) to assess possible genetic changes in the
flavonoid pathway caused by the UV radiation. In addition, we analyzed if these changes
were paralleled with alterations in the production of anthocyanins or other flavonoids.
According to previous studies that analyzed how high light increased the activity of ABP
genes (e.g. Jaakola et al., 2004; Albert et al., 2009; Liu et al., 2013). We hypothesize that UV
radiation will induce differential gene expression in both structural and regulatory genes,
resulting in a swelling in the accumulation of both flavonoids. Exposition to UV light is also
expected to alter the plant chemistry through the synthesis of specific flavonoids with high
antioxidant activity. By using HPLC-DAD-MSn, we identified the main groups of flavonoids
present in petals, calyces, leaves and stems of plants growing in different light treatments to
test for differences in their flavonoid composition. In addition to test the influence of UV
light on the synthesis of secondary metabolites, we also studied the influence its influence
on the photosynthetic performance and plant fitness.

2. Materials and methods
2.1. Study system and experimental design
Silene littorea is an annual plant that accumulates anthocyanins (cyanidin
derivatives) and other flavonoids (mainly isovitexin and isoorientin derivatives) in both
reproductive and vegetative tissues (Chapter 5; Fig. 1). This species inhabits coastal
populations from the northwest to the southeast of the Iberian Peninsula, showing a
pattern of increasing accumulation of flavonoids in the whole plant toward southern
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latitudes, which matches a gradual increase of solar radiation and temperature, and a
decrease of rainfall (Del Valle et al. 2015).
We collected seeds of five plants from Furnas (42º 38' 15'' N, 9º 2' 21'' W) and four
plants from Sines (37º 55' 17'' N, 8º 48' 17'' W), two populations separated by 500 km along
the Atlantic coast of the Iberian Peninsula. Seeds were germinated and grown in September
2015 following the procedure described in Buide et al. (2018). The surviving seedlings were
planted in pots filled with 2.5 L of a mixture of standard substrate (80-90% organic material,
pH = 6.5) and beach sand (v 50:50). Seedlings were maintained in the Pablo de Olavide
University greenhouse and before blooming (February 2016) were transferred into the
experimental garden to be assigned to UV exclusion (plants under an opaque filter to UVA-B
radiation) and full sunlight (plants under transparent filters to UVA-B) treatments. To
prevent the effect of the filtration frames themselves, plants exposed to natural radiation
were also covered with a polyethylene film that transmitted the UVA-B radiation (Fig. S1).
Plants that shared the same maternal family were equally assigned to each treatment. A
total of 24 plants were grown in the natural sunlight treatment and 41 in the UV exclusion
environment from a total of 9 maternal families (Table S1).

Fig. 1. Details of a Silene littorea plant (A) to show the accumulation of
anthocyanins throughout the whole plant. B and C showed photographs of
surface of the calyx ribs and the leaf surface, and D the cross section of a
stem. All photographs were obtained by using a stereomicroscope. Bar, 5
mm (A), 0.5 mm (B, C), and 1 mm (D).
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2.2. Fitness measurements
The flower and fruit production in plants from both light treatments was weekly
monitored during the entire flowering period from March 10th to June 20th. A mature fruit
per plant were collected, and the mature seeds and undeveloped ovules of fruits were
analyzed to obtain seeds set values. Seed production per plant was calculated as the
product of number of flowers per fruit set and seed set. Pollen and ovule production were
analyzed following the procedure described in Buide et al. (2015) from unopened flower
buds preserved in FAA (95 % ethanol, dH2O, 37-40 % formaldehyde, acetic glacial acid,
10:7:2:1) of 9 and 13 plants grown in the full sunlight and UV exclusion treatments,
respectively.

2.3. Spectrophotometric flavonoid quantification
In an advance stage of the flowering period (mid-May 2016), samples of petal, calyx
(five petals and the calyx of the same flower), leaf (section of middle region of the stem leaf)
and stem (1 cm length section) were selected from 34 plants grown under natural sunlight
and 22 in the UV exclusion environments from a total of 9 maternal families (Table S1).
Samples were preserved in 1.5 ml of HCl-CH3OH (v 1:99) and stored at -20º C in the dark
until posterior flavonoid extraction following the procedure described in Del Valle et al.
(2015). Three replicates of 200 µL per sample extraction were used to estimate flavonoid
concentrations using a Multiskan GO microplate spectrophotometer (Thermo Fisher
Scientific Inc., MA, USA). Anthocyanin concentrations were estimated as A520; in
photosynthetic organs, the anthocyanin concentrations were corrected as A520 - 0.24 × A653
to compensate for the small overlap absorption by chlorophyll (Del Valle et al., 2015). Nonanthocyanin flavonoids were estimated as A350. Concentrations of anthocyanins and nonanthocyanin flavonoids were expressed as cyanidin-3-glucoside and luteolin equivalents in
fresh weight (Del Valle et al., 2015).
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2.4. Variation in the flavonoid composition due to UV exposition
Five plants per treatment were selected for biochemical studies. Preparation of
methanolic extracts of each plant tissue (i.e. petals, calyces, leaves and stems) and HPLCDAD-MSn analyses were the same than those described in Chapter 5, which has been
successfully used to obtain the anthocyanin and flavone profiles of S. littorea. HPLC analyses
were carried out in a Hewlett-Packard 1100 series liquid chromatograph. Detection was
carried out at 360 nm (for flavone analysis) and at 520 nm (for anthocyanin analysis).
Spectra were recorded from 220 to 600 nm. Mass spectrometric analyses were performed
in a API 3200 Qtrap (Applied Biosystems, Darmstadt, Germany) equipped with an ESI source
and a triple quadrupole-ion trap mass analyser that was controlled by Analyst 5.1 software.
Mass spectrometric conditions and mass experiments were the same than those described
in Chapter 5. Spectra were recorded between m/z 150 and 1400.
Flavonoids previously identified for S. littorea (Chapter 5) have been used for
biochemical comparisons of anthocyanin and flavone profiles between plants from both
treatments. Both anthocyanin and flavone quantifications were done from the area of the
peaks detected in the chromatogram recorded at 520 and 360 nm, respectively.
Concentrations of anthocyanin were obtained using a cyanidin 3-O-glucoside (Polyphenols
Labs (Sandnes, Norway)) calibration curve. A calibration curve of isovitexin (Extrasynthese,
Genay, France) was employed to quantify the flavones present in petals, whereas the
flavones of photosynthetic tissues were quantified using a calibration curve built from the
major compound present in them (isoorientin X-O-caffeoylhexoside).

2.5. Photoinhibitory response
The photochemical efficiency of photosystem II (Fv/Fm) was measured in calyces and
leaves of 19-24 plants from each light treatment using a field portable pulse-modulated
chlorophyll fluorometer (FMS2, Hansatech Instruments, Norfolk, UK). Measurements were
carried out on the early (March) and late (May) stages of the experiment in the predawn
(~0700h) and the afternoon (~1430h). To minimize temporal variation in Fv/Fm, all
measurements were made in a period of an hour. For measurements in the afternoon,
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samples were previously acclimated for 30 minutes to dark with leaf-clips that contain a
mobile shutter.

2.6. Gene expression analysis of ABP genes
The influence of the UV radiation in the expression of structural and regulatory
genes involved in the ABP was studied in calyces of plants from both treatments that
showed contrasted differences in flavonoid concentrations. Nine calyces were sampled for
genetic expression study (n = 5 and 4 for the full sunlight and UV exclusion environments,
respectively) at mid-May 2016 together with sample collection for spectrophotometric
flavonoid quantification. Plant material was immediately preserved in RNAlater (Ambion,
Inc., Austin, Texas) and stored at −20ºC until RNA extraction following the procedure
described in Casimiro-Soriguer et al. (2016). RNA-Seq libraries were prepared and
sequenced by genomic services of Novogene Bioinformatics Institute (Beijing, China)
following the manufacturers protocol. The nine libraries were barcoded (6 bp), pooled in
equimolar concentrations and loaded on a single lane of the Illumina Hi-Seq 2500 system,
which produced 150 bp paired-end reads. There was an average of 39,816,521 million reads
per sample (range 31,583,322 – 67,105,874 million).
Low quality regions of sequences were previously trimmed by means of trimming
option in Geneious v.9.1 (Biomatters Ltd., Auckland, New Zealand) with default parameters.
We conducted a reference-guided assembly using “Geneious for RNA Seq” assembler under
default settings with medium-low sensitivity and 15 identified ABP-related genes of S.
littorea as reference (Casimiro-Soriguer et al., 2016). The number of reads mapped for each
gene was extracted using Geneious. For differential expression analysis, we used the
DESeq2 package (Love et al., 2014) in R version v3.4.0 (R Core Team, 2017).

2.7. Statistical analysis
Generalized linear mixed models (GLMMs) with Gaussian link functions were used to
test the effect of UV radiation on the accumulation of anthocyanins and flavones in each
plant tissue, considering “treatment” and “population” as fixed factors and “maternal
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family” as a random factor. Pairwise comparisons between full sunlight and UV exclusion
treatments were carried out using the “multcomp” R-package with Bonferroni adjustment
(Hothorn et al., 2008). Flavonoid concentrations were log-transformed prior to conduct the
GLMMs analysis. The relationship between the concentrations of anthocyanins and flavones
in each plant organ was assessed with Pearson correlations, as well as the relationship
between gene expression and flavonoid concentrations. ANOVAs using “treatment” and
“population” as fixed factors were carried out to test for fitness differences in plants grown
in the experimental garden. Differences in Fv/Fm between plants from full sunlight and UV
exclusion treatments were performed by t-tests; comparisons were done for each time of
the day. ANOVAs and Student’s t tests were carried out in IBM SPSS Statistics v. 22.0
(Armonk, NY, IBM Corp.), whereas GLMMs were performed in R v3.4.0 (R Core Team, 2017)
using the R libraries “lsmeans” and “lme4”, respectively (Bates et al., 2015; Lenth, 2016).

3. Results
3.1. Effects of UV radiation in flavonoid production
Anthocyanin concentrations of petals were at least 10 times higher than in the other
plant tissues, being almost absent in leaves (Fig. 2). Plants from the UV exclusion treatment
produced lower concentrations of anthocyanins in all plant tissues, but were only
statistically significant in petals and stems and almost significant in calyces (Table 1). No
significant differences in the anthocyanins accumulation were found between Sines and
Furnas populations (Table 1).
Flavone concentrations were higher than those of anthocyanins in all tissues
(approximately three and 10 times higher in petals and photosynthetic tissues, respectively;
Fig. 2). As found in anthocyanins, flavone concentration of petals was higher than in the
other tissues. When we consider the two populations together, plants from the full sunlight
treatment showed significantly higher flavone concentrations in all plant tissues except for
petals, which showed nearly significant differences (Table 1). Plants from Sines population
displayed higher flavone concentrations than those from Furnas in all tissues, except for the
stems (Table 1).
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Fig. 2. Comparisons of the concentrations of anthocyanins and flavones between the full sunlight
(purple bars) and UV exclusion (white bars) treatments in four plant tissues. Means and standard errors
are presented. For plants from each population, results of pairwise comparisons of flavonoid
concentrations between light treatments are shown when significant differences between treatment
were detected using GLMMs (see Table 1). FW, fresh weight; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Within each population, anthocyanin and flavone concentrations were positively
correlated in calyces (P < 0.016), but uncorrelated in leaves (P > 0.065) (Table S2). The
production of anthocyanins and flavones in petals and stems was correlated in plants from
Sines (P < 0.001), but not in plants from Furnas (P > 0.134) (Table S2).
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Table 1. Results from GLMMs testing the effect of UV exposition, population and their interaction
on the production of anthocyanins and flavones in each plant tissue. The interaction term is shown
only when significant after model reduction applied to GLMMs.
Anthocyanins
Source of variation

SS

Numerator
d.f.

Denominator
d.f.

F

P

Treatment

0.517

1

47.25

8.733

0.005

Population

0.004

1

22.75

0.067

0.798

Treatment
Population

0.156
0.017

1
1

45.65
43.45

3.552
0.396

0.066
0.532

Treatment

< 0.001

1

46.60

0.167

0.685

Population
Treatment x Population

0.005
0.016

1
1

23.32
48.21

0.229
4.930

0.229
0.031

Treatment
Population

0.687
0.046

1
1

45.53
50.60

8.936
0.595

0.004
0.444

S.S.

Numerator
d.f.

Denominator
d.f.

F

P

Treatment
Population

0.056
0.371

1
1

45.02
48.23

3.492
23.32

0.068
<0.001

Treatment
Population

1.190
0.715

1
1

45.26
44.76

36.80
22.12

<0.001
<0.001

Treatment
Population

0.424
1.400

1
1

50.00
50.00

5.054
16.70

0.029
<0.001

Treatment
Population

1.462
0.060

1
1

47.06
42.61

6.436
0.266

0.015
0.609

Petals

Calyces

Leaves

Stems

Flavones
Source of variation
Petals

Calyces

Leaves

Stems
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3.2. Fitness measurements
Plants without exposition to UV radiation produced approximately five times more
flowers than those grown in the full sunlight treatment (261.4 ± 30.1 vs. 50.4 ± 8.4; mean ±
S.E.; n = 24 and 41, respectively; Fig. 3a; Table 2). On the contrary, fruit set was significantly
higher in plants from the full sunlight treatment (0.58 ± 0.04 vs. 0.33 ± 0.03; n = 24 and 41,
respectively; Table 2), but it was not significant in plants from Sines population (Fig. 3b). The
seed set was similar in plants grown with or without UV exposition (0.53 ± 0.04 vs. 0.49 ±
0.04, n = 21 and 33, respectively; Fig. 3c; Table 2). Plants from the UV exclusion treatment
produced approximately three times more seeds per plant (46.2 ± 7.78 vs. 14.3 ± 1.94; n =
21 and 33, respectively; Table 2), showing the plants from Sines the highest differences
between treatments (Fig. 3d). In general, the pollen production increased in plants without
exposition to UV radiation (2126.1 ± 99.0 vs. 1625.9 ± 169.7; n = 11 and 9, respectively;
Table 2), but at the population level only plants from Sines showed statistical differences
(Fig. 3e). Finally, the ovule production in plants from the UV exclusion and full sunlight
treatments were similar (96.8 ± 4.7 vs. 84.2 ± 8.5, n = 11 and 9, respectively; Fig. 3f; Table 2).
Table 2. ANOVAs for several fitness measurements in S. littorea plants from different
populations and UV exposition.
Fitness measurement
Flowers

Treatment
47.881 ***

Population
12.651 ***

Treatment x population
2.0681 (ns)

Fruit set

9.6271 **

11.521 ***

1.8591 (ns)

Seed set

0.3491 (ns)

0.01 (ns)

2.3301 (ns)

15.061

***

2.2401 (ns)

0.6691 (ns)

Pollen

7.4341

*

0.5651 (ns)

0.3911 (ns)

Ovules

0.3821 (ns)

2.6361 (ns)

0.0551 (ns)

Seeds per plant

Significant p-values were highlighted in bold. ns, not significant; *, P < 0.05; **, P <
0.01; **, P < 0.001.

111

J. C. Del Valle – PhD Project

Fig. 3. Comparisons of fitness measurements of plants growing in the full sunlight (purple
bars) and UV exclusion (white bars) treatments. Means and standard errors are presented
for flower production (A), fruit set (B), seed set (C), seed production per plant (D), pollen
(E) and ovule (F) production. Results of Student t test comparisons are shown; ns, not
significant; ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

3.3. Photoinhibitory responses in photosynthetic tissues of S. littorea
In the early stage of the experiment (March), comparisons of measurements of the
photochemical efficiency (Fv/Fm) showed a decrease of the Fv/Fm ratio from the predawn
to the afternoon conditions in plants from both treatments (Fig. 4a and c). This decline in
Fv/Fm was more pronounced in the late stage of the experiment (May; Fig. 4b and d). In
predawn conditions, significant differences in the Fv/Fm ratio between light treatments
were found for the first measurements performed in leaves and the second in calyces (Table
3). In the afternoon, plants grown in the UV exclusion treatment showed higher Fv/Fm
values than plants from the full sunlight treatment, being statistically significant in all cases
(Table 3).
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Fig. 4. Variation of photochemical efficiency (Fv/Fm) from predawn conditions
to afternoon. The Fv/Fm values obtained from leaves of plants from full sunlight
(solid lines) and UV exclusion (dashed lines) treatments are showed in A
(March) and B (May), whereas the Fv/Fm values obtained from calyces are
showed in C (March) and D (May). Filled circles represent plants from Furnas
and empty circles plants from Sines. Statistical analyses are shown in Table 3.

Table 3. Photochemical efficiency of photosystem II (Fv/Fm) comparisons in plants from
the full sunlight and UV exclusion treatments.

Leaves

Calyces

Predawn
Afternoon

Predawn
Afternoon

d.f.

March
t

May
P

d.f.

t

P

29.96
22.58

3.240
3.585

0.003
0.002

19.32
34.10

-1.742
2.796

0.097
0.008

d.f.

t

P

d.f.

t

P

31.81
32.11

0.091
2.195

0.928
0.035

36.09
39.94

-3.994
2.150

<0.001
0.038
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3.4. Comparisons of expression of ABP genes in plants with and without exposition to UV
light
When comparing calyces of plants grown under full sunlight and UV exclusion
treatments, no significant differences were found in the expression of structural or
regulatory genes. Most structural ABP genes (CHS-1, CHS-2, CHI, F3’H, F3H-1, DFR, ANS and
UF3GT) and Myb4 and bHLH transcription factors, were more expressed in calyces of plants
exposed to UV radiation. On the contrary, copies of genes immediately upstream of the ABP
(PAL, C4H, 4CL), WDR and most Myb factors were underexpressed.

Fig. 5. Expression differences, estimated as fold changes, between calyces of plants
growing in the full sunlight and UV exclusion treatments. Fold change values between
calyces growing in different light treatments are shown. Purple bars represent higher
genetic expression in calyces exposed to natural sunlight and white bars higher expression
in the UV exclusion treatment. Gene abbreviations: Pal, phenylalanil ammonia-lyase; C4h,
cinnamate 4-hydroxylase; 4Cl, coumarate CoA ligase; Chs: chalcone synthase; Chi,
chalcone isomerase; F3ʹh, flavonoid 3ʹhydroxylase; F3h, flavanone-3-hydroxylase; Fls,
flavonol synthase; Dfr, dihydroflavonol 4-reductase; Ans, anthocyanidin synthase; Uf3gt,
flavonoid-3-O-glucosyltransferase; At, acyltransferase; Myb, R2R3-MYB transcriptional
factor; Bhlh, basic Helix Loop Helix protein; Wd40, WD Repeats protein.
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We found a positive relationship between anthocyanin concentrations and the
expression of the late genes of the route (i.e. DFR, ANS, UF3GT; P < 0.001; R2 > 0.50, but also
with the Myb6 (P < 0.001; R2 = 0.64) and bHLH (P < 0.001; R2 = 0.75) transcription factors.

4. Discussion
Ultraviolet radiation induces many adaptive responses in plants. Biochemical
comparisons in S. littorea have demonstrated that UV radiation enhanced the flavonoid
biosynthesis but did not modify the flavonoid composition in any plant tissue. Despite this
increase in flavonoid concentrations, we failed to found significant differences in the
expression of both structural and regulatory proteins of the ABP. However, specific sets of
transcription factors were positive or negative expressed as a consequence of the incidence
of the UV light. We also added further evidences of photooxidative function of flavonoids
and how exposure to UV radiation can alter plant reproduction.
In this study, we confirmed that UV radiation enhances the synthesis of both
anthocyanins and flavones in S. littorea. Differences between light treatments in the
accumulation of anthocyanin concentrations were statistically significant for petals and
stems, whereas photosynthetic tissues displayed the more noticeable differences in the
accumulation of flavones (Fig. 2; Table 1). More importantly, luteolin derivatives
(isoorientin), a dihydroxy B-ring-substituted flavonoid, were the most abundant flavones
found in these tissues (Chapter 5). The catechol group in the B-ring of these compounds
inhibits the generation of free radicals (Brown et al., 1998) and also reduces the lightgenerated ROS (Rice-Evans et al., 1997). Thus, the synthesis of these dihydroxy B-ringsubstituted flavonoid may provide to S. littorea of an effective antioxidant defense when
growing under UV stress. Flavonoid production induced by UV exposition has already been
observed in other studies, but only the biosynthesis of luteolin and quercetin derivatives
(dihydroxy B-ring-substituted flavonoids) seems to be light-regulated (e.g. Markham et al.,
1998; Tattini et al., 2000, 2004; Agati et al., 2007). Our findings agree with the assumption
that flavonoids may have a key role as free radical scavengers (Gould et al., 2000), and
suggest that S. littorea prevents the photoinhibition through the biosynthesis of efficient
antioxidant flavonoids.
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It is worth noting that flavonoids may have a more important role in S. littorea as
effective UV attenuator that was initially thought. In view of photosynthetic tissues mostly
produced flavonoids with acylated structures (hydroxycinnamic acids linked to the molecule
structure), these flavonoids may act as effective UV-B filters that strongly absorb between
280-320 nm (Skaltsa et al., 1994; Harborne and Williams, 2000). In this experiment, the
photochemical efficiency in calyces and leaves of S. littorea decreased accordingly to
maximum intensity of both VIS and UV radiations (Fig. 4). However, plants unaffected by UV
radiation showed a strong tendency to lower photoinhibition (Table 3). Plants from both
light treatments are theoretically well-equipped to deal with photoinhibition, i.e. they
accumulated putative photoprotective flavones. In addition, the concentrations in calyces
and leaves of anthocyanins, which has demonstrated to perform photoprotective functions
(Hughes et al., 2005; Gould et al., 2010; Hatier et al., 2013; Cooney et al., 2015), are similar
in plants from both light treatments. Although spectral features of these flavonoids may
confer photoprotective advantages through the absorption of UV wavelengths (Harborne
and Williams, 2000), differences in the photochemical efficiency must be explained by a
different consequence of the exposition to UV light.
The effects of the UV-B on the chloroplast include damages to the photosynthetic
reaction centers, detriment of electron transport or loss of enzymatic activity, among others
(revised in Jordan, 1996). These changes are caused by ROS generated in stressed plants
that result in decreased efficiency of photosynthesis (Agati and Tattini, 2010; Nielsen and
Simonsen, 2011). Although more studies are necessary to clarify the photoprotective
mechanisms acting in S. littorea, we hypothesized that flavonoids may act as antioxidants in
addition to perform a minor role as light filters. Also, an antioxidant function in which excess
light is quenched potentially explains why plants did not suffer chronic photoinhibition (i.e.
why the PSII is not permanently down-regulated) as a consequence of UV exposition (Fig. 4).
Thus, this versatility of photoprotective functions might be beneficial for survival in highly
irradiate habitats, like those where S. littorea inhabits.
In addition to physiological changes, high doses of UV light frequently alter the
growth, branching and plant biomass accumulation (Jansen, 2002; Verdaguer et al., 2017).
Also, UV radiation induced modifications on reproductive morphology, but these changes
vary depending on the plant sensitivity (revised in Jansen, 2002; Llorens et al., 2015; Robson
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et al., 2015). In S. littorea, UV radiation affects the flower production, the number of seeds
per plant and pollen production, but increased fruit set (Fig. 3). These results were
unexpected in light of the opposite effects observed in other Mediterranean species
(Stephanou and Manetas, 1998). The demanding of flavonoids in tissues exposed to UV
stress probably relocates the resources commonly available to plant growth (Dixon and
Paiva, 1995; Tattini et al., 2014). Thus, plants without exposition to UV radiation exhibited at
least three times more flowers, what determined the significant differences found in the
seed production per plant. The quantitative estimations of male fitness indicated that pollen
production was affected by UV stress. Similar effects have been previously reported,
although most studies focused on the decrease of pollen viability (Demchik and Day, 1996;
Koski and Ashman, 2015). On the other hand, total fruit and seed production per plant did
not show significant decreases, being the fruit set even higher in plants grown in an
environment with UV radiation. Similarly, we did not find any difference in the ovule
production. Day and Demchik (1996) already pointed that ovules were well-protected
against UV-B radiation due to higher concentrations of UV-B absorbing compounds. Thus,
our results suggest that UV radiation is negatively affecting plant fitness in S. littorea by
altering the reproductive morphology and male fitness, although the influence of other
important factors (e.g. pollinator interaction) were not tested and, therefore, can limit our
understanding of the ecological consequences of UV for plant reproduction.
The expression analysis failed to identify significant differences in either structural or
regulatory gene of the flavonoid pathway (Fig. 2). Unexpectedly, increasing flavonoid
concentrations did not lead to a significantly differential activation of the ABP genes.
Although higher transcript levels of these genes in plants exposed to UV radiation have
previously been reported (e.g. Lu et al., 2016), most of the time expression differences were
found in comparisons made between light and full darkness treatments, or at least in nondemanding environments. In this experiment, elevated doses of PAR radiation transmitted
to chloroplasts, equal for plants from both light treatments, may result in the generation of
ROS that can alter the activity of PSII and stimulate the activation of the ABP (Jaakola et al.,
2004; Hughes et al., 2005). Although flavonoid accumulation in calyces was significantly
different, the possibility that genes were already activated in plants unaffected by UV light
could explain the absence of expression differences. Even though, we found higher
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activation of most structural genes of the ABP in plants subject to UV stress, as already
reported in other studies (e.g. Liu et al., 2013). Anthocyanin synthesis in Petunia is lightinduced as a consequence of the upregulation of the ABP genes in plants exposed to high
doses of light (Albert et al., 2009). In particular, the vegetative anthocyanin pigmentation is
regulated through members of the Myb transcription factor family together with bHLH.
Also, Myb repressor proteins also have an important function as regulator of anthocyanin
production (Albert et al., 2011, 2014). In S. littorea, we found that transcription factors of
the same families (i.e. SlMyb4 and bHLH) seem to positively regulate flavonoid biosynthesis
in plants affected by UV radiation, whereas the SlMyb5 factor showed the highest
downregulation among genes (Fig. 5). We hypothesized that activation of the ABP through
both SlMyb4 and bHLH transcription factors must be partially UV-regulated and, at the same
time, must constrict the expression of the putative repressor SlMyb5. We also detected
significant correlations between anthocyanin concentrations and gene expression in several
Myb factors, bHLH and late genes (Dfr, Ans, Uf3gt). All these lines of evidences suggest that
the interaction of MYB and bHLH transcription factors is controlling the anthocyanin
pigmentation in photosynthetic tissues, and that this complex is also affected by UV
radiation. However, further researches are necessary to have a better comprehension of the
genetic mechanisms activated in plants exposed to UV radiation.
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Supplementary material

Fig. S1. Comparisons of light reaching each treatment. Transparent filter to UVA-B (dark grey)
used in the full sunlight treatment allow the transmittance of natural sunlight, whereas the
opaque filter to UVA-B (light grey) used in the UV exclusion treatment blocked the wavelengths
between 300-380 nm, approximately.
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Table S1. Number of plants for each maternal genotype,
population and environment (natural sunlight and UV exclusion
treatment). Plants used for spectrophotometric analyses are
indicated in brackets.
Population
Sines

Furnas

Total

Maternal
family

Environment
Full sunlight
UV exclusion

1

4 (3)

3 (3)

2

5 (4)

4 (4)

3

0 (0)

1 (1)

4

5 (5)

9 (7)

5
6
7

2 (1)
2 (2)
6 (5)

2 (2)
0 (0)
2 (2)

8
9

4 (4)
13 (10)

0 (0)
3 (3)

41 (34)

24 (22)
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Table S2. Pearson correlation coefficients of the comparison between
anthocyanin and flavone concentrations in each plant tissue of S. littorea
populations.
Population
Sines
Furnas
Total

Petals
***

0.664
0.285
0.366**

Calyces
*

0.475
0.548**
0.422**

*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Leaves

Stems

-0.135
0.353
0.142

0.689***
0.119
0.403**

5
Biochemical analysis of white-petal
polymorphic and spontaneous
mutants of shore campion reveals
loss of protective anthocyanins but
not loss of flavones
Abstract: Anthocyanins are the major source of color in flowers and may be also
accumulated in vegetative tissues, where perform multiple protective roles
against biotic and abiotic stressors. Occasional loss of anthocyanin pigmentation
is common in nature, but its selective consequences have been extensively
debated. Theory predicts that localized loss of pigmentation in petals allows
plants to escape from the negative pleiotropic effects associated to the lack of
anthocyanins in vegetative organs. Here, we perform an HPLC-DAD-MSn analysis
of anthocyanins and other flavonoids present in Silene littorea, a species that can
show genotypes with loss of anthocyanins either in petals or in the whole plant.
We investigate how the accumulation of anthocyanins and other protective
flavonoids synthetized in the same metabolic route can be related with the
frequency of these genotypes in natural populations. We found that the loss of
anthocyanic pigmentation, either in petals or in the whole plant, does not
influence the ability of these genotypes to synthesize flavones, a group of
flavonoids produced early in the same metabolic route. Since these compounds
share many protective functions frequently attributed to anthocyanins, our
results suggest that the total absence of anthocyanins may involve other negative
consequences for fitness.

Del Valle, J.C., Alcalde-Eon, C., Escribano-Bailón, M.T., Buide, M.L., Narbona, E., (in preparation to be submitted to J.
Ecol.). Biochemical analysis of white-petal polymorphic and spontaneous mutants of shore campion reveals loss of
protective anthocyanins but not loss of flavones.

Chapter 5. Biochemical analysis of white-petal polymorphic and spontaneous mutants of shore
campion reveals loss of protective anthocyanins but not loss of flavones

1. Introduction
The lack of pigmentation in an organism, i.e. albinism, has drawn the attention of
naturalists and biologists from earliest times (Hopkirk, 1817; Darwin, 1882; Coonen, 1977).
In animals, pigmentation is mostly due to melanins and carotenoids and their absence
causes lack of protection to UV radiation or predators (i.e. crypsis) or poor vision, which
leads to a decrease of survival in the wild (Braun and Boyd, 1979; Kehas et al., 2005). In
plants, the total lack of pigments is obviously more detrimental because chlorophylls and
carotenoids are involved in photosynthesis and their deficiencies entail plant death (Young,
1991; Kumari et al., 2009). Plants may also accumulate anthocyanins or betalains pigments,
which are not directly involved in plant metabolism and grown (i.e. secondary metabolites).
Anthocyanins are widespread among angiosperms and provide orange to red and pink to
blue colorations. Betalains are only found in the order Caryophyllales, and may show similar
colourations and biological functions than anthocyanins (Grotewold, 2006; Tanaka et al.,
2008; Jain and Gould, 2015). Anthocyanic pigments display different functions depending
where they are accumulated; in flowers and fruits, they help plants to attract pollinators
and seed dispersers, whereas in vegetative tissues may show protective roles such as
sunscreens, antioxidants or antipathogens, among others (Manetas, 2006; Falcone Ferreyra
et al., 2012; Landi et al., 2015). Thus, individuals lacking anthocyanins potentially grow and
reproduce but are commonly defined as “tender” and showed a series of ecological
disadvantages that may seriously limit their survival and fitness in the wild (Wheldale, 1916;
Burdon et al., 1983; Levin and Brack, 1995).
Anthocyanins are synthetized in the anthocyanin biosynthetic pathway (ABP
hereafter), that is one of the best-known metabolic routes in plants and, along with
melanins, are considered as examples of evolutionary metamodels (Kopp, 2009; Carletti et
al., 2014). The ABP is part of the general flavonoid pathway, in which side branches lead to
other flavonoids such as flavones or flavonols (Grotewold, 2006; Tanaka et al., 2008). These
non-anthocyanin flavonoids are uncoloured or pale-yellow and show similar or even more
protective functions against environmental stressors than anthocyanins themselves (Agati
and Tattini, 2010; Pollastri and Tattini, 2011; Falcone Ferreyra et al., 2012). Furthermore,
the quantities of anthocyanins are usually correlated with those of non-anthocyanin
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flavonoids, at least in some tissues (Del Valle et al., 2015; Berardi et al., 2016).
Consequently, it is difficult to know what group of flavonoids is responsible for the
ecological disadvantages of anthocyanin lacking plants, and studies that clearly differentiate
between flavonoid groups are limited. For instance, in an influential study in six herbaceous
species, anthocyanin-lacking individuals showed lower fitness than pigmented ones under
drought conditions, but the non-anthocyanin flavonoid composition of such plants is
unknown (Warren and Mackenzie, 2001). Thus, analysing the full flavonoid profile in
anthocyanin-lacking plants is challenging because allows to identify the type of flavonoids
critical for plant survival.
Because of the proposed negative effect of the loss of anthocyanins in the whole
plant (Strauss and Whittall, 2006; Rausher, 2008; Streisfeld and Rausher, 2010; Wessinger
and Rausher, 2012), the frequency of anthocyanin-lacking individuals in the wild populations
is usually very low (Table S1). However, in some individuals, the loss of anthocyanins is
exclusively located in the flowers (usually in petals), allowing the rest of the plant to
produce anthocyanins, which makes this genotype ecologically competitive (Coberly and
Rausher, 2008; Sobel and Streisfeld, 2013). Subsequently, petal-loss anthocyanin mutations
may generate stable flower-colour polymorphism in the populations and may be maintained
across generations (Sobel and Streisfeld, 2013; Norton et al., 2015). This localized loss of
anthocyanins in petals represents the most frequent cases of flower colour polymorphism
(Warren and Mackenzie, 2001; Narbona et al., 2017). Thus, two types of individuals with
absence of anthocyanins in petals could exist in natural populations: petal anthocyanin loss
and whole-plant anthocyanin loss individuals (hereafter PAL and WAL, respectively).
Theoretically, mutations generating PAL genotypes may lead to petals colour
polymorphisms whereas mutations producing WAL genotypes may lose in one or a few
generations (Stern and Orgogozo, 2008, 2009; Streisfeld and Rausher, 2010; Wessinger and
Rausher, 2012). Polymorphism is when discrete variants coexist in the same population, and
the less abundant is in a frequency too high to be the result of recurrent mutations (Ford,
1945; Huxley, 1955). The 5% is usually accepted as a threshold frequency to consider
polymorphism against spontaneous mutations (Wright, 1978), and it seems to well fulfil the
studies cases in flower colour polymorphism (Table S1). Both inter-individual variation and
colour polymorphism enhances evolutionary potential and speciation (Hugall and Stuart-
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Fox, 2012; McLean and Stuart-Fox, 2014; Forsman and Wennersten, 2016). However,
limited information exists on the biochemical and genetic differentiation between PAL and
WAL individuals with respect to wild phenotype. Although the genetics basis causing WAL
plants is well established in a few species, the flavonoid composition is still almost unknown
(Chang et al., 2005; Wu et al., 2013; Coburn et al., 2015).
In this study, we investigated the flavonoid profile at the whole plant level of PAL
and WAL individuals in the shore campion, Silene littorea Brot. (Caryophyllaceae). Previous
studies showed that this annual, pink-flowered species may accumulate anthocyanins and
non-anthocyanin flavonoids in petals but also in photosynthetic calyces, leaves and stems
(Del Valle et al., 2015; Casimiro-Soriguer et al., 2016). The shore campion grows along the
Iberian coast, and exhibits genetically based flower colour polymorphism by loss of petal
anthocyanins in two populations of the northwest distribution range (Casimiro-Soriguer et
al., 2016). This polymorphism is maintained over the years, with a mean frequency of PAL
plants in each population of 8% and 17% (Table S2). Population surveys during several years
showed that WAL individuals are found in nine of 20 populations across the species range,
including the two polymorphic populations, but with a very low frequency (<1%; Fig. 1;
Table S2). Thus, the occurrence of PAL and WAL plants in S. littorea offers an excellent
opportunity for understanding how the lack of anthocyanins or other flavonoids can help to
explain their frequency in wild populations. Because of the populations frequency of PAL
and WAL genotypes and the negative indirect consequences of the lack of flavonoids (Koes
et al., 2005; Strauss and Whittall, 2006; Sobel and Streisfeld, 2013), we predict that WAL
genotypes may lack anthocyanins and non-anthocyanin flavonoids in the whole-plant level,
whereas in PAL genotypes this only occurs in the petals. To address this issue, we first used
HPLC-DAD-MSn to compare the flavonoid composition and concentration among the three
anthocyanin genotypes (PAL, WAL and wild-type) in one polymorphic and one nonpolymorphic population. These analyses were performed separately in petals, calyces,
leaves and stems. Then, we expanded the study to more individuals and populations using
spectrophotometric quantification of flavonoids
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2. Materials and methods
2.1. Studies sites and sampling
Silene littorea is an annual plant that grows in coastal dune ecosystems from the
northwestern to the southeastern Iberian Peninsula (Casimiro-Soriguer et al., 2016).
Depending of the degree of human disturbance on their habitat, population’s size ranges
from approx. 102 (e.g. Algezur, Breña, Odiel) to more than 104 individuals (e.g. Sines, Barra).
This self-compatible species is entomophilous, but may produce up to 20% of fruit and seed
set by spontaneous autogamy (Narbona E., unp. results). Calyces, leaves and stems produce
chlorophylls and photosynthetic activity (Chapter 4; Del Valle J.C., unp. results).
Flavonoid analyses were conducted in two northwestern petal-colour polymorphic
populations (Barra and Louro) and in two southern non-polymorphic populations (Breña and
Trafalgar; Fig. 1). For complete flavonoid identification, we randomly selected four plants of
each wild, PAL and WAL phenotypes in Barra and four plants from each wild and WAL
phenotypes in Breña. For spectrophotometric flavonoids quantification, we extend the
sampling to 20 plants of each phenotype except for the rare WAL individuals, in which 6, 5,
6 and 3 individuals were analysed (Barra, Louro, Breña and Trafalgar, respectively). Sampling
was carried out from March to April 2016, during the early to mid-flowering period of the
species. For each plant, we collected four samples: the petals and calyx of one flower, a leaf
and stem section (1 cm length) from the middle region of the stem. Flavonoids were
extracted in 1.5 ml of CH3OH containing 1% HCl and stored at -20º C in the dark, following
the procedure described in Del Valle et al. (2015).
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Fig. 1. Silene littorea sampling and phenotypes with respect to anthocyanin accumulation. The map
shows 20 populations covering the distribution range of S. littorea where frequencies of petal
anthocyanin loss (PAL) and whole-plant anthocyanin loss (WAL) phenotypes were estimated (see
Table S2 for details). Pink circles indicate populations in which only wild-type individuals (pink petals
and reddish calyces, stems and leaves) are found, pink squares show populations in which WAL
individuals are also found in at least one year of the studied period, and white squares represent
populations where WAL and PAL individuals are found. WAL individuals are found in frequencies
equal or lower that 1% and their presence in the populations was usually not fixed, whereas PAL
individuals represent stable flower colour polymorphism with frequencies ranging for 8% to 21% in
three different years (Table S2). The name of the two polymorphic populations (Louro and Barra) and
the two non-polymorphic populations (Trafalgar and Breña) in which flavonoids were biochemically
analysed is showed. Photograph of the three phenotypes present in Barra (above) and the two in
Breña (below) are presented; note the difference in redness due to anthocyanin accumulation in
vegetative tissues of wild, PAL and WAL phenotypes.

2.2. Flavonoid identification and quantification by HPLC-DAD-MSn
A volume of 500 µL of methanolic extracts of each plant tissue (i.e. petals, calyces,
leaves and stems) was concentrated in a SpeedVac concentrator (Savant ISS110, Thermo
Fisher Scientific, NC, USA) after the addition of 100 µL of ultrapure water (Autwomatic,
Wasserlab, Barbatáin, Spain). The volume of the aqueous extracts was then adjusted to 250
µL with acidified water (pH = 1.4, HCl). Aqueous extracts were filtered (ClarinertTM Syring
Filters, 0.45 μm, Agela Technologies, DE, USA) prior to the HPLC-DAD-MSn analysis. We
followed the procedure described in (Alcalde-Eon et al., 2013; 2016), which has provided
satisfactory results in the analyses of anthocyanin content in other plant materials and also
allows the simultaneous detection of flavones and anthocyanins in a single run. HPLC
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analyses were carried out in a Hewlett-Packard 1100 series liquid chromatograph. Detection
was carried out at 360 nm and 520 nm for flavone and anthocyanin analysis, respectively.
Spectra were recorded from 220 to 600 nm.
Mass spectrometric analyses were performed in a API 3200 Qtrap (Applied
Biosystems, Darmstadt, Germany) equipped with an ESI source and a triple quadrupole-ion
trap mass analyser that was controlled by Analyst 5.1 software. The HPLC system was
connected to the mass spectrometer via the UV cell outlet. Positive mode (ESI+) was
selected in order to allow the simultaneous detection of anthocyanins and flavones. Zero
grade air served as nebulizer (GS1) and turbo gas (GS2) for solvent drying. Nitrogen served
as curtain (CUR) and collision gas (CAD). The ionisation and fragmentation conditions were
optimised by direct infusion of a solution of malvidin 3-O-glucoside. GS1 and GS2 were set
at 40 psi and 50 psi, respectively. CUR was set at 10 psi and CAD was set as “high”.
Declustering potential (DP) was set at 20 V, entrance potential (EP) at 10 V, ion spray
voltage (IS) at 5000 V, and the temperature of the probe (TEM) at 600º C. Both quadrupoles
were set at unit resolution. Three types of mass experiments were performed: full mass
analysis (EMS mode, collision energy (CE) 10 V), where all the ions were detected, MS2
analysis (EPI mode, CE 30 V), where the major ion of the full mass analysis was fragmented,
and MS3 analysis (CE 30 V, excitation energy (AF2) 80 V), where the major fragment ion of
the MS2 analysis was, in turn, fragmented. Spectra were recorded between m/z 150 and
1400.
Identification of the compounds was done considering their retention times, UV-vis
spectra, m/z of the molecular (anthocyanins) or pseudomolecular (flavones) ions, fragment
ions and fragmentation patterns of the compounds and by comparison with the features of
standards and samples with known composition analysed in the same conditions.
Furthermore, alkaline and acid hydrolyses were performed in all the types of sample
extracts (petals and vegetative parts) to verify the presence of acids in the molecules as well
as to determine their identity (Supplementary information). Some of the major compounds
of petals and photosynthetic tissues were isolated and alkaline hydrolysis was also carried
out on them.
Anthocyanin quantification was done from the area of the peaks detected in the
chromatogram recorded at 520 nm and using a Cyanidin 3-O-glucoside (Polyphenols Labs,
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Sandnes, Norway) calibration curve. Likewise, flavone quantification was done from the
area of the peaks detected in the chromatogram recorded at 360 nm. A calibration curve of
isovitexin (Extrasynthese, Genay, France) was employed to quantify the flavones present in
petals. In photosynthetic tissues, flavones were quantified using a calibration curve of the
major compound present in these tissues, isoorientin X-O-caffeoylhexoside; because this
flavonoid is rare, an isolation and purification was previously performed from a calyces’
extract (Supplementary information).

2.3. Spectrophotometric flavonoids quantification
Flavonoid quantifications were estimated spectrophotometrically using a Multiskan
GO microplate spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Three replicas
of 200 μL were measured for each sample. Absorbances were read at 520 and 350 nm to
determine the concentrations of anthocyanins and non-anthocyanin flavonoids respectively,
using a correction formula in photosynthetic organs [see for details (Del Valle et al., 2015)].
We expressed the concentrations of anthocyanin and non-anthocyanin flavonoid as
cyanidin-3-glucoside and luteolin equivalents in fresh weight (Del Valle et al., 2015).

2.4. Statistical analysis
HPLC results were analysed separately for flavones and anthocyanins. In each tissue,
exploratory analyses of flavone content of the different phenotypes were performed by
principal-component analysis (PCA), using concentrations of all compound identified. We
retained those compounds with the highest principal component loadings. In addition,
compounds highly correlated were eliminated to overcome collinearity. PCA was based on
the covariance matrix and without rotation of the extracted component (Valcárcel and
Vargas, 2010). Confirmatory MANOVAs (multivariate analysis of variance) was carried out
when differences between populations were detected (Valcárcel and Vargas, 2010).
MANOVAs were performed grouping the total flavone composition of plants into four
functional groups according to the di-C-glycoside flavone core of flavones (i.e. derivatives of
isovitexin, isoorientin and isoscoparin, and C-glycosides; see Table 1). Since plants from
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Barra and Breña locations showed differences in their flavone content (see results) and the
PAL phenotype is only present in Barra, both populations were analysed independently.
Because only a few anthocyanin compounds were found in the samples and some
phenotypes did not produce anthocyanins (see results), exploratory PCAs cannot be
performed; instead, differences in the total anthocyanin concentrations among phenotypes
were analysed using ANOVAs with post hoc Tukey test.
For the spectrophotometric data, generalized linear models (GLMs) with Gaussian or
gamma error distribution were performed to test for differences in the accumulation of
anthocyanins and flavones in each plant tissue; phenotype and population were considered
as fixed factors. Previously, we tested the error distributions that generated the smaller
deviance in the model, using the Akaike’s Information Criterion (R Core Team, 2017). F-test
for analysis of deviance were used to correct for overdispersion (Crawley, 2007). Separated
GLMs were performed for polymorphic and non-polymorphic populations, using post hoc
comparisons with Bonferroni adjustment to test for differences among phenotypes within
each population.
GLMs were performed in R v3.4.0 (R Core Team, 2017), using the “multcomp” Rpackage to test for multiple post hoc comparisons (Hothorn et al., 2008). ANOVAs, PCAs and
MANOVAs were carried out in SPSS v. 22.0 (Armonk, NY, IBM Corp.).
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3. Results
3.1. Flavonoid identification and composition in each plant tissue
In the three phenotypes of S. littorea, five anthocyanins and 21 flavones were successfully
identified in methanolic extracts of petals, as well as four anthocyanins and 19 flavones in
photosynthetic tissues (Table S3). Although compounds with similar chemical structure have
been found in species of the same genera (Kamsteeg et al., 1978; Mastenbroek et al., 1983;
Mamadalieva et al., 2014), flavonoids present in S. littorea have higher structural
complexity. For anthocyanins, only cyanidin derivatives were found, but with different
substituents in petals and photosynthetic tissues (Fig. 2; Table S3). The predominant
anthocyanin in pigmented petals was a cyanidin derivative containing two substituents (one
rhamnosylglucose and one glucose probably attached to positions 3 and 5, respectively)
acylated with acetic acid (71.0 - 74.1% of the total anthocyanin concentrations in wild and
PAL phenotypes), whereas in photosynthetic tissues the structures of the predominant
anthocyanins were simpler, with only one sugar attached to the aglycone (78.0 - 99.4%). The
flavone composition was also different for petals and photosynthetic tissues (Fig. 2; Table
S3). The main peak in petals was an isovitexin derivative containing two pentoses attached
to the molecule (69.5 - 88.3% of the total flavone concentrations in the three phenotypes).
Photosynthetic tissues mostly produced isoorientin derivatives, being an isoorientin
derivative containing an additional hexose and a caffeoyl residue the main flavone present
in calyces (58.8 - 63.2%), leaves (42.9 - 58.1%) and stems (50.6 - 57.8%). In all tissues,
isoscoparin derivatives were also found in small-medium amounts (Tables 1 and S3). No
other flavonoids (e.g. flavonols) were detected in any tissue.

139

J. C. Del Valle – PhD Project

Fig. 2. Examples of chromatograms of petals (A-D) and calyxes (E-H) extractions of wild and WAL plants from
Barra population recorded at 360 nm (flavones) and at 520 nm (anthocyanins). Only main peaks are
numbered (see Fig. S1, S2 for more exhaustive chromatograms, and Table S3 for more details of compound
identities; A = phenolic acids).
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Table 1. Mean concentration (mg g FW; fresh weight) of main groups of anthocyanins and flavones from petals and photosynthetic tissues of wild, PAL and WAL phenotypes of Barra and Breña populations.
n
Flavonoid quantification was performed from the area of the peaks detected in the chromatogram using HPLC-DAD-MS . Four plants per phenotype and population were analysed. Flavones were grouped
according to the functional C-glycoside core, the additional glycoses types and the hydroxycinnamic acid types linked to flavone skeleton. Percentages of each flavonoid groups per total flavones are shown in
brackets under concentration values. “–” indicates that the compound was below the detection level.
Petals

Calyces

Wild

Barra
PAL

Wild

Barra
PAL

WAL

Wild

WAL

1.65

0.03

0.02

2.82

0.07

0.28

86.2
(93.1)
2.75
(2.98)
1.49
(1.61)

90.5
(95.1)
1.73
(1.81)
0.96
(1.01)

84.2
(83.4)
10.7
(10.6)
3.53
(3.49)

64.9
(93.3)
3.36
(4.84)
0.73
(1.05)

78.0
(88.5)
4.27
(4.85)
3.28
(3.72)

2.10
(2.27)

2.00
(2.10)

2.52
(2.50)

0.53
(0.76)

2.57
(2.92)

(0.24)
88.0
(95.1)

91.4
(96.0)

0.77
(0.76)
92.5
(91.7)

1.54
(2.22)
63.9
(92.0)

3.22
(3.66)
77.5
(88.0)

2.04
(2.20)

1.65
(1.73)

3.27
(3.24)

2.98
(4.29)

2.25
(2.44)

2.17
(2.28)

4.36
(4.32)

0.74
(0.80)

1.07
(1.12)

1.91
(1.90)

Anthocyanins
Total:

Breña

Leaves

WAL

Breña
Wild
WAL

Wild

Barra
PAL

WAL

0.35

<0.01

0.23

-

<0.01

0.02

0.07
(0.96)
0.14
(1.89)
6.62
(87.5)

0.08
(0.83)
0.18
(1.97)
7.95
(86.1)

0.11
(1.15)
0.15
(1.66)
8.25
(88.6)

0.23
(2.35)
0.30
(3.06)
8.47
(85.7)

0.08
(1.91)
0.11
(2.57)
3.69
(84.1)
0.50
(11.4)

0.26
(4.95)
4.76
(89.5)

0.73
(9.6)

1.02
(11.0)

0.80
(8.6)

0.88
(8.93)

3.85
(4.37)

7.52
(99.5)
-

9.17
(99.4)
-

9.26
(99.5)
-

9.18
(92.9)
-

1.06
(1.53)

3.53
(4.00)

0.04
(0.48)

0.06
(0.63)

0.05
(0.52)

1.58
(2.27)

2.47
(2.80)

6.82
(90.3)

8.08
(87.6)

8.35
(89.7)

Stems
Breña
Wild
WAL

Wild

Barra
PAL

WAL

-

0.05

0.36
(7.55)
3.68
(77.7)

0.35
(3.96)
7.90
(90.1)

0.29
(5.5)

0.70
(14.7)

0.52
(5.89)

4.00
(91.2)
-

5.31
(99.7)
-

4.72
(99.6)
-

0.70
(7.10)

0.38
(8.77)

0.01
(0.28)

8.22
(83.2)

3.55
(81.0)

5.21
(97.9)

Breña
Wild
WAL

-

0.29

0.18

-

0.29

-

0.55
(7.33)
6.48
(86.4)
0.47
(6.27)

0.33
(5.74)
5.01
(87.4)
0.40
(6.09)

0.23
(5.71)
3.67
(89.2)
0.21
(5.08)

0.28
(6.21)
3.88
(85.5)
0.38
(8.32)

0.26
(6.39)
3.49
(86.2)
0.30
(7.41)

0.10
(1.84)
0.69
(12.7)
4.30
(79.4)
0.33
(6.07)

0.05
(0.90)
0.52
(10.0)
4.02
(77.5)
0.60
(11.5)

8.73
(99.6)
-

7.43
(99.0)
-

5.68
(99.0)
-

4.08
(99.4)
-

4.50
(99.1)
-

4.00
(98.8)
-

5.38
(99.2)
-

5.11
(98.4)
-

0.02
(0.39)

0.04
(0.41)

0.07
(0.96)

0.06
(0.98)

0.02
(0.60)

0.04
(0.95)

0.05
(1.23)

0.04
(0.80)

0.08
(1.56)

4.50
(95.1)

8.59
(98.0)

7.29
(97.1)

5.53
(96.5)

3.90
(95.0)

4.23
(93.0)

3.85
(95.3)

5.31
(97.9)

4.92
(94.8)

Flavones
a
C-glycoside flavone core
Isovitexin
Isoscoparin
Isoorientin
di-C-glycosides

a

Additional glycoses
0.22
Hexose
Pentose
Hexose and
pentose
None

a

Acylation
Acylated
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Caffeic ac.
Ferulic ac.
p-coumaric ac.

0.54
(0.58)
0.20
(0.22)
-

0.89
(0.93)
0.18
(0.19)
-

1.11
(1.10)
0.81
(0.80)
-

0.29
(0.42)
1.29
(1.85)
-

0.52
(0.59)
1.95
(2.21)
-

-

-

-

-

91.8
(99.2)

94.2
(98.4)

99.0
(98.1)

92.5

95.2

100.9

Diacylated
None

Total flavones:
a

-

5.37
(71.1)
1.38
(18.2)
0.07
(0.96)

6.46
(70.1)
1.51
(16.3)
0.11
(1.22)

6.80
(73.1)
1.46
(15.7)
0.09
(0.96)

6.14
(62.1)
1.48
(15.0)
0.61
(6.14)

2.66
(60.7)
0.57
(13.0)
0.32
(7.35)

3.71
(69.8)
1.39
(26.1)
0.11
(2.01)

3.15
(66.5)
1.16
(24.6)
0.19
(3.98)

6.36
(72.6)
1.86
(21.3)
0.36
(4.16)

4.50
(60.0)
2.03
(27.1)
0.76
(10.1)

3.37
(58.7)
1.35
(23.5)
0.82
(14.2)

3.01
(73.2)
0.84
(20.5)
0.05
(1.28)

3.28
(72.2)
0.83
(18.2)
0.12
(2.57)

3.02
(74.7)
0.74
(18.3)
0.09
(2.26)

2.91
(53.8)
0.76
(14.0)
1.15
(21.2)
0.49
(8.96)

2.65
(51.1)
0.81
(15.7)
0.79
(15.2)
0.67
(12.8)

67.9
(97.7)

85.7
(97.2)

0.74
(9.74)

1.14
(12.4)

0.96
(10.3)

1.66
(16.8)

0.83
(19.0)

0.11
(2.08)

0.23
(4.93)

0.18
(2.02)

0.22
(2.91)

0.20
(3.51)

0.21
(5.02)

0.32
(7.00)

0.19
(4.72)

0.11
(2.05)

0.27
(5.17)

69.5

88.1

7.56

9.23

9.31

9.88

4.38

5.32

4.73

8.76

7.50

5.73

4.11

4.55

4.05

5.42

5.19

, chemical characteristics of flavonoids are detailed in Table S3.
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3.2. Variation in flavonoid content among phenotypes using HPLC-DAD-MSn
The three phenotypes showed clear differences in their anthocyanin contents (Table
1). In petals, PAL and WAL phenotypes accumulated only small traces of the same
anthocyanins found in the wild phenotype (approx. 1 % of total anthocyanin concentration;
Fig. 2; Table S3), and these differences were statistically significant (Table 2). In
photosynthetic tissues, differences in total anthocyanin concentrations among phenotypes
were also statistically significant, except for leaves. WAL phenotypes produced undetectable
concentration of anthocyanins, whereas wild and PAL phenotypes showed statistically
similar anthocyanin levels (Tables 1 and 2).
Table 2. Results from ANOVAs and MANOVAs comparing the anthocyanin and flavone contents
among phenotypes in Barra (wild, PAL and WAL) and Breña (wild and WAL). Comparisons were
made independently for each plant tissue. Total anthocyanins were considered for anthocyanin
analyses, whereas main groups were considered for flavone analyses (see Table 1).
Anthocyanins

Flavones

ANOVA test

MANOVA test

Tissue

SS

d.f.

F

P

Wilk's
lambda

F

d.f.

P

Barra

Petals
Calyces
Leaves
Stems

6.403
0.272
0.001
0.173

2, 12
2, 12
2, 12
2, 12

19.32
8.249
2.627
17.28

0.001a
0.009b
0.126
<0.001b

0.215
0.563
0.256
0.274

1.735
0.500
1.463
1.365

4, 12
4, 12
4, 12
4, 12

0.188
0.834
0.266
0.303

Breña

Petals
Calyces
Leaves
Stems

15.11
0.106
0.004
0.170

1, 8
1, 8
1, 8
1, 8

49.89
30.76
1.121
10.71

<0.001
<0.001
0.330
0.017

0.659
0.260
0.445
0.121

0389
2.131
0.935
5.448

4, 8
4, 8
4, 8
4, 8

0.808
0.280
0.544
0.098

a

, post hoc Tukey test showed significant differences between wild vs. PAL and WAL phenotypes
(P < 0.05); b, post hoc Tukey test showed significant differences between WAL vs. wild and PAL
phenotypes (P < 0.05).

For flavones, the profile of the three phenotypes showed minimal differences (Fig.
2). Only three petal flavones (compounds 10, 25, 26; Table S3) were exclusively present in
one phenotype, but in all cases involved less than 0.5 % of total flavones. We also found
differences in flavone composition between Barra and Breña populations, with five
compounds specific of the later (compounds 16, 18, 21, 33a and 37a; Table S3). The first
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three were minority petal flavones (less than 1 % of total flavones) whereas the other two
compounds were moderately abundant in photosynthetic tissues (4.17 - 21.2 % of total
flavones in each tissue). Thus, PCAs based on the flavone composition and concentration
showed a clear separation between Barra and Breña populations, but not among
phenotypes of each population (Fig. 3); individuals of the same phenotype generally showed
higher variation in flavone content than phenotypes among themselves. Confirmatory
MANOVAs performed within each population showed no significant differences in flavone
concentration among phenotypes in all tissues (Tables 1 and 2). Similar results were
obtained when using the relative proportion of anthocyanins and flavones in MANOVAs
analyses (data not shown).

Fig. 3. Scatter plot of principal components extracted from PCAs using flavone
composition and concentrations detected in petals (A), calyces (B), leaves (C) and stems
n
(D) of S. littorea phenotypes through HPLC-DAD-MS . PCAs were performed for samples
obtained from Barra (circles) and Breña (triangles). Pink, grey and green colours were used
to represent the wild, PAL and WAL phenotypes, respectively. Variance explained by each
two first principal components is indicated.
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3.3. Variation in flavonoid content among phenotypes measured spectrophotometrically
In the two polymorphic populations (Barra and Louro), the three phenotypes showed
significant differences for the anthocyanin accumulation in all tissues except for leaves,
which again showed very low values in all phenotypes (Fig. 4; Table 3). In petals, PAL and
WAL phenotypes produced near zero anthocyanin concentration, whereas in photosynthetic
tissues only WAL phenotype showed absence of anthocyanins. The three phenotypes
showed statistically similar flavone concentrations in photosynthetic tissues. In petals,
significant differences were found due to the higher flavone content in WAL plants from
Barra (Fig. 4; Table 3). Between populations significant differences were found for the
anthocyanin production in petals and stems, and for the flavone production in all tissues,
being the flavonoid production higher in Barra than Louro.
Table 3. Results from GLMs testing differences among phenotypes, populations and their interaction on the
production of total anthocyanins and non-anthocyanin flavonoids in each plant tissue. GLMs were performed
separately in polymorphic (Barra and Louro) and non-polymorphic populations (Breña and Trafalgar).
Polymorphic populations
Anthocyanins
Source of
variation
Petals
Phenotype
Population
Phen. x Pop.
Calyces
Phenotype
Population
Phen. x Pop.
Leaves
Phenotype
Population
Phen. x Pop.
Stems
Phenotype
Population
Phen. x Pop.

Non-polymorphic populations

Flavones

Anthocyanins

Flavones

d.f.

F

P

d.f.

F

P

d.f.

F

P

d.f.

F

P

2
1
2

332.0
11.58
1.046

<0.001
0.001
0.356

2
1
2

4.219
4.535
1.277

0.018
0.036
0.284

1
1
1

192.5
17.16
3.031

<0.001
<0.001
0.915

1
1
1

1.606
0.412
0.756

0.217
0.527
0.392

2
1
2

117.9
0.003
8.936

<0.001
0.960
<0.001

2
1
2

1.017
35.09
0.694

0.366
<0.001
0.502

1
1
1

80.39
0.035
0.282

<0.001
0.854
0.600

1
1
1

10.02
24.80
0.008

0.004
<0.001
0.931

2
1
2

1.512
0.001
0.422

0.227
0.990
0.657

2
1
2

1.866
9.985
2.962

0.162
0.002
0.058

1
1
1

2.864
4.672
1.391

0.104
0.041
0.250

1
1
1

0.143
37.45
0.428

0.709
<0.001
0.519

2

81.37

<0.001

2

2.289

0.109

1

62.00

<0.001

1

3.139

0.092

1
2

10.92
1.513

0.001
0.227

1
2

16.18
0.112

<0.001
0.8946

1
1

27.38
5.552

<0.001
0.029

1
1

7.726
6.749

0.012
0.017
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In non-polymorphic populations (Breña and Trafalgar), significant differences have
been found in the anthocyanin production between wild and WAL phenotypes in all tissues,
except for leaves (Fig. 4; Table 3). Flavone concentrations in both phenotypes were similar
in all tissues, except for calyces in which WAL plants from Breña showed lower values than
wild plants. Between populations, significant differences were found for anthocyanins in
petals, leaves and stems, and for flavones in all photosynthetic tissues, showing higher
concentration levels in Breña population (Table 3).

Fig. 4. Flavonoid concentrations measured by spectrophotometry in the phenotypes of S.
littorea from the polymorphic (Barra and Louro) and non-polymorphic (Trafalgar and Breña)
petal-colour populations. Mean (± s.e.) concentrations of anthocyanins and non-anthocyanin
flavonoids in the four studied plant tissues are showed. Pink, grey and white bars represent
wild, PAL and WAL phenotypes, respectively. Letters showed the results of post hoc multiple
comparisons among phenotypes within each population. Note the different scale between
plant tissues and flavonoid types. FW, fresh weight.
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4. Discussion
In this study, we have found that Silene littorea may accumulate both anthocyanins
and flavones in aerial organs, but specific classes of these compounds were differentially
produced in petals versus photosynthetic calyces, leaves and stems. Pink-flowered wild-type
and PAL plants showed similar anthocyanins content in the analysed tissues, except for the
obvious absence in petals, whereas WAL phenotype lacks anthocyanins in the whole plant.
In contrast, plants with white petals (both PAL and WAL phenotypes) lack both qualitative
and quantitative differences in the flavone content with respect to pink-flowered plants.
This pattern of anthocyanin and flavone production in white-flowered genotypes is
congruent among populations. Together, these results suggest that the synthesis of flavones
in each tissue of both PAL and WAL phenotypes is not affected by the loss of anthocyanins.
Below, we discuss these findings in view of the frequency in which PAL and WAL phenotypes
are found in natural populations.

4.1. Different flavonoid composition among tissues may provide tissue-specific protection
HPLC analyses revealed that tissues accumulated specific types of cyanidin, being
triglycoside and monoglycoside derivatives, the main compounds found in petals and
photosynthetic tissues, respectively (Fig. 5). Likewise, isovitexin derivatives were the
principal flavones present in petals whereas photosynthetic tissues mostly produced
isoorientin derivatives. Although a myriad of protective functions has been described for
flavones and flavonols, UV-screening and antioxidant activity are probably the best
supported (reviewed in Agati and Tattini, 2010; Agati et al., 2012; Zhang et al., 2013; Jiang et
al., 2016). The accumulation of isoorientin (with a dihydroxy B-ring) in photosynthetic
tissues of S. littorea, instead of isovitexin (with monohydroxy B-ring, Fig. 5), may provide a
better antioxidant system for coping with reactive-oxygen species (ROS) generated by
excess UV exposition (Agati et al., 2013). In addition, we have found that most flavones
present in photosynthetic tissues are acylated. Hydroxycinnamic acids have an important
role as UV-B attenuators due to their maximum light absorptance (280 - 315 nm), that may
complement the UV-A shielding properties of flavones (320 - 380 nm; Burchard et al., 2000;
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Landi et al., 2015). Overall, these results suggest that flavone derivatives found in
photosynthetic tissues of S. littorea may help to effectively protect plants against excessive
UV radiation. In the petals, isovitexins could acts as co-pigments of cyanidins or as regulator
of vacuole homeostasis in epidermal cells (van Brederode et al., 1982; Yabuya et al., 2000).

Figure 5. Simplified flavonoid biosynthetic pathway in Silene littorea. Enzymatic activities
(capital letters next to arrows) and metabolic products are indicated. Main anthocyanins
n
and flavones detected by HPLC-DAD-MS are in boxes with red, green and yellow letters for
compounds found in petals, photosynthetic tissues or both, respectively; the chemicals
structures of these compounds are also showed. The biosynthetic route was divided into
early and late halves using a dotted line based on genes involved in the synthesis of
upstream (flavones) and downstream (anthocyanins) products of the biosynthetic pathway.
CHS: chalcone synthase; CHI, chalcone isomerase; F3ʹH, flavonoid 3ʹhydroxylase; FNS,
flavone synthase; F3H, flavanone-3-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS,
anthocyanidin synthase; 3GT, 3-glucosyl transferase; 3RT, 3-rhamnosyl transferase; AT,
acyltransferase.
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4.2. Flavonoid composition of PAL plants and the maintenance of flower color
polymorphism
PAL phenotype of S. littorea showed similar flavonoid composition and
concentrations than wild-type phenotypes, except for the absence of anthocyanins in the
petals. In a previous study analysing the sequences and gene expression of ABP genes in
petals of S. littorea, Casimiro-Soriguer et al. (2016) suggest that anthocyanin petal-loss in
PAL individuals is caused by a blockage of flavanone-3-hydroxylase (F3h) gene through a
downregulation of Myb1a, a transcription factor. Our HPLC results agree with the blockage
of the metabolic route at that point. Flavones are synthetized from naringenin or
eriodictyol, which are flavonoids produced in the immediately previous steps of the F3H
enzyme (Fig. 5). Thus, a downregulation of F3h may redirect the flux from anthocyanins to
flavones in petals of S. littorea, as is found in other species (Van Houwelingen et al., 1998;
Nishihara et al., 2014). Although no information of ABP gene expression in vegetative
tissues exists for this species, the fact that the loss of anthocyanins in petals is caused by a
Myb transcription factor could also explain the presence of anthocyanins in the
photosynthetic tissues. Mutations acting on Myb transcription factors family are cell or
tissue specific (Albert et al., 2014; Martins et al., 2017), allowing that downregulation of
anthocyanins only occurs in petals without hindering the anthocyanin accumulation in other
tissues (Streisfeld and Rausher, 2010; Wessinger and Rausher, 2012).
Loss of anthocyanin pigments in flowers is relatively common in nature (Warren and
Mackenzie, 2001; Narbona et al., 2017), but different types of genetic mutations may
originate WAL or PAL phenotypes (Rausher, 2008; Sobel and Streisfeld, 2013). Theoretically,
the localised loss of pigmentation in petals (PAL) tends to be maintained in natural
populations, whereas anthocyanin-lacking individuals (WAL) have lower fitness due to the
deleterious pleiotropic effects of lack of anthocyanins in vegetative tissues (Cooper et al.,
2007; Stern and Orgogozo, 2008, 2009; Streisfeld and Rausher, 2010). Thus, PAL phenotypes
generally showed similar, or even higher, fitness that pigmented wild-types, which allow
their stable maintenance in the wild (Gómez, 2000; Carlson and Holsinger, 2013; Narbona et
al., 2017). PAL plants of S. littorea from Barra population showed similar male and female
reproductive performance than the pink-flowered phenotype (Rodriguez-Castañeda, N.,
unp. result), which may help to explain their stable maintenance in the populations.
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4.3. Flavonoid composition of WAL plants and its ecological consequences
One of the main results of our study is that, beside of the predictable absence of
anthocyanins in all tissues of the WAL phenotype, these plants showed a similar flavone
content than wild-type plants. As far as we know, this is the first study that have analysed
the complete flavonoid profile in spontaneous white-flowered mutants. However, existing
partial information agrees with our results. Thus, flowers of the rare white-petal phenotype
of Iochroma calycinum accumulates the same flavonol quercetin than the pigmented
phenotype (Coburn et al., 2015), and several rare WAL plants of Borago officinalis showed
similar amounts of non-anthocyanin flavonoids than wild-types (Narbona E. and Del Valle,
unp. results). Consistent with the presence of flavones found in all tissues of WAL
phenotypes of S. littorea, we suggest that the blockage of anthocyanin synthesis is produced
in late genes of the ABP, allowing functional upstream enzyme of the F3H (Fig. 5). In
Mimulus lewisii and Iochroma calycinum species, mutations in coding regions of a late gene
of the ABP, the dihydroflavonol 4-reductase (Dfr), caused the complete loss of anthocyanin
of rare white-flowered individuals (Wu et al., 2013; Coburn et al., 2015). Coberly and
Rausher (2003, 2008) found that chalcone synthase (Chs; an early gene of ABP) mutants of
Ipomoea purpurea showed reduced fertility when plants were exposed to high
temperatures, but they cannot conclude if anthocyanins of other flavonoids are crucial to
successful fertilization. Interestingly, all WAL plants from Barra and Breña populations of S.
littorea accumulated flavones, which suggest similar downstream blockage of the ABP, but
not necessarily caused by inactivation of the same gene/s. Further researches are necessary
to determine the genetic causes of the lack of anthocyanin without flavone depletion in
WAL phenotypes of S. littorea.
A key question arising from our findings is why WAL phenotypes are quite rare in the
populations even they have similar amounts of protective flavones. Flavones share many of
the numerous protective biological functions attributed to anthocyanins (Agati et al., 2012;
Falcone Ferreyra et al., 2012; Jiang et al., 2016; Silva et al., 2016), and the concentration of
flavones in S. littorea is several times higher than those of anthocyanins in each tissue
(Chapter 2, Table 1), as commonly found in other species (Manetas, 2006). Thus, it seems
improbable that the lack of protective compounds is causing the ecological disadvantage by
which WAL plants remain scarce in the populations. However, it is recently proposed that
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anthocyanins may be involved in the regulation of signalling cascades responsible for cell
growth and differentiation; thus, controlling important developmental processes (Taylor
and Grotewold, 2005; Hatier and Gould, 2008; Landi et al., 2015). In addition, genetic
linkage between ABP genes and other loci affecting fitness (McKinnon and Pierotti, 2010), as
well as the metabolic cross-talk between flavonoid and other metabolic pathways
(Mouradov and Spangenberg, 2014), are probably useful arguments to explain why loss of
anthocyanin seems to be essential for the fitness of WAL plants. Thus, rare white-petal
plants of Phlox drummondii had reduced survivorship and fecundity that pigmented plants
(Levin and Brack, 1995), and wild-type plants of Echium plantagineum are more successful
than spontaneous white-petals mutants when are forced to compete in small soil volumes
(Burdon et al., 1983). However, in Arabidopsis thaliana and Mimulus guttatus, the fitness
disadvantage of WAL phenotypes is not obvious (Von Wettberg et al., 2010; Twyford et al.,
2018). WAL plants of S. littorea seem to have a reduced germination capacity (Del Valle, J.C.,
unp. results), but controlled experiments are carrying out to study if other stages of the
reproductive cycle may be affected.
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Supplementary material

Figure S1. Chromatogram of the petal extract of a WAL specimen from Breña population
recorded at 360 nm (a). Zoom on the time range 12-50 min (b). See Table S3 for more details on
compound identities (A = phenolic acids).
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Figure S2. Chromatogram of the leaf extract of a wild specimen from Barra population recorded
at 360 nm (a). Zoom on the time range 12-50 min (b). See Table S3 for more details on compound
identities (A = phenolic acids).
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Table S1. Frequency of petal anthocyanin loss (PAL) and whole-plant anthocyanin loss (WAL) individuals in natural populations of species with loss of anthocyanin
petal polymorphism and spontaneous mutants, respectively. In addition, presence of non-anthocyanin flavonoids (flavones, flavonols) in flower and vegetative
tissues in indicated when biochemical data is available.
White-petal phenotype
frequency (%)
Species with PAL phenotypes

Non-anthocyanin
flavonoids
Flower

Vegetative

Reference

a

Bletia patula (Orchidaceae)

~ 60

?

?

(Ackerman and Carromero, 2005)

Cirsium palustre (Asteraceae)

0 - 64

?

?

(Mogford, 1974)

Corydalis cava (Fumarioideae)

5 - 40

?

?

(Olesen and Knudsen, 1994)

Cosmos bipinnatus (Asteraceae)

10 - 15

?

?

(Malerba and Nattero, 2012)

Ipomoea purpurea (Solanaceae)

0 - 43

?

?

(Epperson and Clegg, 1986)

Linanthus parryae (Polemoniaceae)

0 – 100 (mean 78)

?

?

(Epling and Dobzhansky, 1942; Schemske and Bierzychudek, 2001)

Orchis italica (Orchidaceae)

12

?

?

Narbona E. (unp. results)

Parrya nudicaulis (Brassicaceae)

0 - 24

+

+

(Dick et al., 2011); Narbona E. & Whittall J.B. (unp. results)

Phlox pilosa (Polemoniaceae)

0 - 100

?

?

(Levin and Kerster, 1970)

Protea aurea (Proteaceae)

70 - 95

?

?

(Carlson and Holsinger, 2010, 2013)

Silene gallica (Caryophyllaceae)

0 - 100

?

?

Narbona E. (unp. results)

Silybum marianum (Asteraceae)

12 - 24

?

?

(Keasar et al., 2016); Narbona E. (pers. obs.)

Borago officinalis (Boraginaceae)

< 0.01

+

+

Narbona E. (unp. results)

Delphinium nelsonii (Ranunculaceae)

< 0.1

?

?

(Waser and Price, 1981)

Digitalis purpurea (Plantaginaceae)

< 0.001

?

?

(Ernst, 1987; Warren and Mackenzie, 2001)

Species with WAL phenotypesb
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a

Echium plantagineum (Boraginaceae)

< 0.1

?

?

(Burdon et al., 1983); Narbona E. (pers. obs.)

Ipomoea purpurea (Solanaceae)

< 0.005

?

?

(Epperson and Clegg, 1987; Coberly and Rausher, 2003)

Iochroma calycinum (Solanaceae)

“extremely rare”

+

-

(Coburn et al., 2015)

Lupinus pilosus (Leguminosae)

<1

?

?

(Pazy, 1987)

Medicago sativa (Leguminosae)

“rare”

?

?

(Talbert and Bingham, 1989)

Mimulus guttatus (Phrymaceae)

0.08 (greenhouse)

?

?

(Twyford et al., 2018)

Mimulis lewisii (Phrymaceae)

“rare”

?

?

(Wu et al., 2013)

Orchis mascula (Orchidaceae)

< 1.4

?

?

(Dormont et al., 2010)

Phlox drummondii (Polemoniaceae)

1

?

?

(Levin and Brack, 1995)

Silene dioca (Caryophyllaceae)

“rare”

?

?

(Kamsteeg et al., 1978; Rahmé et al., 2014)

, all polymorphic species showed PAL individuals with anthocyanins in vegetative tissues, except in Cosmos bipinnatus and Silybum marianum with no available

information. b, all species with spontaneous mutants had WAL individuals with lack of anthocyanins in vegetative tissues, except in Iochroma calycinum in which
wild type plants also showed lack of anthocyanins in vegetative tissues, and in Ipomoea purpurea in which variegated pigmentation was found in flowers, stems
and leaves.
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Table S2. Sites, geographical locations and percentage of PAL and WAL phenotypes of Silene littorea. Populations were ordered from NW to
SE, covering the full distribution range of the species. In populations with more than 1000 estimated individuals, samplings were carried out
following a random sampling with 200 random numbers; whereas for populations with less than 1000 estimated individuals, the sampling
were carried out with 100 random numbers.
Locality

Latitude

Longitude
8º 56' 27'' W

2010
PAL
WAL
-

2013
PAL
WAL
0
<1

2014
PAL
WAL
-

2016
PAL
WAL
-

Balarés, A Coruña, Spain

43º 14' 30'' N

Trece, A Coruña, Spain
Lira, A Coruña, Spain
Louro, A Coruña, Spain
Areabrava, Pontevedra, Spain
Barra, Pontevedra, Spain
Miramar, Aveiro, Portugal
Nazaré, Leiria, Portugal

43º 10' 58'' N
42º 48' 18'' N
42º 46' 17'' N
42º 17' 27'' N
42º 15' 35'' N
41º 04' 11'' N
39º 36' 50'' N

9º 09' 22'' W
9º 08' 03'' W
9º 07' 29'' W
8º 50' 40'' W
8º 50' 25'' W
8º 39' 24'' W
9º 04' 59'' W

-

-

0
2
21
20
0
0

0
0
<1
<1
0
0

9
0
14
-

1
0
0
-

8
17
-

<1
<1
-

Cascais, Lisboa, Portugal
Alcácer do Sal, Setúbal, Portugal
Sines, Setúbal, Portugal
Aljezur, Faro, Portugal
Cabo San Vicente, Faro, Portugal
Odiel, Huelva, Spain
Trafalgar, Cádiz, Spain
Breña, Cádiz, Spain

38º 41' 49'' N
38º 29' 11'' N
37º 55' 17'' N
37º 20' 22'' N
37º 01' 23'' N
37º 09' 14'' N
36º 10' 57'' N
36º 11' 22'' N

9º 27' 45'' W
8º 54' 13'' W
8º 48' 17'' W
8º 51' 07'' W
8º 59' 43'' W
6º 54' 19'' W
6º 02' 21'' W
5º 56' 58'' W

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
-

0
<1
0
<1
-

0
0
0
0
0
0
0

0
0
0
0
<1
<1
<1

0
0
0

<1
<1
<1

Manilva, Málaga, Spain
Punta Entinas, Almería, Spain
Cabo de Gata, Almería, Spain
Carboneras, Almería, Spain

36º 19' 57'' N
36º 42' 47'' N
36º 44' 58'' N
36º 57' 45'' N

5º 14' 21'' W
2º 12' 58'' W
2º 38' 10'' W
1º 53' 59'' W

0
0
-

<1
0
-

0
0
-

0
0
-

0
0
0

0
0
0

-

-
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Table S3. Anthocyanins and flavones identified through HPLC-DAD-MSn from methanolic extracts of petals and photosynthetic tissues (calyces, leaves and stems) of S. littorea
plants. Two compounds that co-eluted at the same retention time (RT) were named with the same number followed by a different letter.
Anthocyanins
(520 nm)
Petals

Photosynthetic
tissues

Flavones
(360 nm)
Petals

Rt
(min)

lmax (nm)

M
(m/z)

Fragment ions in MS
(m/z)

1

9.5

278, 516

757

2

11.2

277.6, 514

3

19.9

4
5

2

Aglycone

Additional sugar(s)

Acylation

Type of compounds

595,449,287

Cyanidin

None

3,5-O-triglycosides

611

287

Cyanidin

Rhamnosylglucose
and glucose
Glucose (2)

None

3,5-O-diglycosides

277.2, 518.8

799

637,287,449

Cyanidin

Acetic ac.

3,5-O-triglycosides acylated

21.4

277.6, 440, 516.4

595

287

Cyanidin

Rhamnosylglucose
and glucose
Rhamnosylglucose

None

3-O-diglycosides

29.5

276, 440, 518.8

637

287

Cyanidin

Rhamnosylglucose

Acetic ac.

3-O-diglycosides acylated

6
1
7

18.8
29.5

280, 440, 515.6
440, 518.8

449
637

287
287

Cyanidin
Cyanidin

Glucose
Rhamnosylglucose

None
Acetic ac.

3-O-monoglycosides
3-O-diglycosides acylated

8

30.8

280.4, 440, 518

535

287

Cyanidin

Glucose

Malonic ac.

3-O-monoglycosides acylated

9

37.5

280.4, 440, 518.4

549

287

Cyanidin

Glucose

Succinic ac.

3-O-monoglycosides acylated

Peak

Rt
(min)

lmax (nm)

M
(m/z)

Fragment ions in MS
(m/z)

C-glycosidic
core

Additional sugar(s)

Acylation

Type of compounds

10

19.3

342

625

367,313,343

Scoparin

Hexose

None

C-monoglycoside O-glycosides

11

19.8

269.2, 340

757

625,313,343,463,608

Isoscoparin

Hexose and pentose

None

C-monoglycoside O-glycosides

12

20.3

254, 270.4, 350

713

449,383,581

Isoorientin

Pentose (2)

None

C-monoglycoside O-glycosides

13a

21.5

269.6, 293.6, 336

727

433,313,283,337,416

Isovitexin

Hexose and pentose

None

C-monoglycoside O-glycosides

13b

21.7

270.8, 294, 331

565

325,337,409,427

None

None

di-C-diglycosides

14

23.2

270.8, 337.6

565

379,337,469,530,325

None

None

di-C-diglycosides

23.7

257.2, 292.4, 349.2

581

329,383,431,449

Chrysoeriol 6,8-Cdipentoside
Apigenin 6-Chexoside-8-Cpentoside
Isoorientin

Pentose

None

C-monoglycoside O-glycosides

23.9

270, 337.2

727

433,415,313,445,595

Isovitexin

Hexose and pentose

None

C-monoglycoside O-glycosides

25.0

270, 335.6

697

433,415,565,547,313

Isovitexin

Pentose (2)

None

C-monoglycoside O-glycosides

26.2

269.6, 338

595

433,415,337,313

Isovitexin

Hexose

None

C-monoglycoside O-glycosides

15
16

4

17
18
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19

26.7

n.a.

565

397,313,337,433,415,379

Isovitexin

Pentose

None

C-monoglycoside O-glycosides

20a

28.1

270, 334

565

313,337,433,415,379

Isovitexin

Pentose

None

C-monoglycoside O-glycosides

20b

28.3

270, 334

433

283,313,337,415,379

Isovitexin

None

None

C-monoglycoside

4

29.2

625

343,445,463,313,367,397

Isoscoparin

Hexose

None

C-monoglycoside O-glycosides

595

343,427,313,367,445,463

Isoscoparin

Pentose

None

C-monoglycoside O-glycosides

21
22

31.7

254.8, 270.4, 290,
347.6
254.4, 270.4, 346.8

23

32.1

254.4, 270.4, 346.9

463

313,445,409,343,367

Isoscoparin

None

None

C-monoglycoside

24

35.6

272.8, 328.8

903

313,177,415,771

Isovitexin

Hexose and pentose

Ferulic ac.

C-monoglycoside O-glycosides ac.

25

37.3

336.4

801

177,367,463,487

Isoscoparin

Hexose

Ferulic ac.

C-monoglycoside O-glycosides ac.

26

37.7

271.6, 292, 300, 331.6

771

177,313,625,339,397,463

Isoscoparin

Pentose

Ferulic ac.

C-monoglycoside O-glycosides ac.

27

39.1

n.a.

727

415,337,283

Isovitexin

Pentose

Caffeic ac.

C-monoglycoside O-glycosides ac.

40.1

271.6, 256.4, 335.6

757

295,163,427,343,463,367

Isoscoparin

Pentose

Caffeic ac.

C-monoglycoside O-glycosides ac.

16.1
18.3

258.8, 269.6, 350
271.2, 342

773
773

611,449,431,413,329
611,329,546,593

Hexose (2)
Hexose

None
None

C-monoglycoside O-glycosides
di-C-glycosides O-glycosides

19.6

260.4, 270.4, 350

581

515,311,461,443,431,421

None

None

di-C-glycosides

21.4

252.4, 271.6, 337.6

935

773,449,163,299,329,431

Isoorientin
Luteolin 6,8-Cdihexoside
Luteolin 6-Chexoside-8-Cpentoside
Isoorientin

Hexose (2)

Caffeic ac.

C-monoglycoside O-glycosides ac.

21.6

257.2, 269.6, 292, 348

611

413,431,329,449,353

Isoorientin

Hexose

None

C-monoglycoside O-glycosides

23.1

271.2, 290, 300, 335.6

565

529,511,499,469,427,295

None

None

di-C-glycosides

33b

23.2

273.2, 292.8, 333.6

935

611,461,353,491,515,163

Hexose

Caffeic ac.

di-C-glycoside O-glycosides ac.

2

25.1

252.8, 272, 335.6

949

787,593,177,491,449,353

Apigenin 6-Chexoside-8-Cpentoside
Luteolin 6,8-di-Chexoside
Isoorientin

Hexose (2)

Ferulic ac.

C-monoglycoside O-glycosides ac.

35a

25.7

272.4, 292.4, 334

773

449,329,431,413,287,353

Isoorientin

Hexose

Caffeic ac.

C-monoglycoside O-glycosides ac.

35b

25.7

273.2, 292.4, 333.6

949

611,449,491,773,515

Hexose

Ferulic ac.

di-C-glycoside O-glycosides ac.

36

27.9

272.4, 292, 326.8

773

383,163,299,329,449,611

Luteolin 6,8-di-Chexoside
Isoorientin

Hexose

Caffeic ac.

C-monoglycoside O-glycosides ac.

29.1

272.4, 292.4, 326.4

757

595,449,383,299

Isoorientin

Hexose

p-coumaric ac.

C-monoglycoside O-glycosides ac.

29.3

272, 292.4, 334

787

449,177,431,329,353,299

Isoorientin

Hexose

Ferulic ac.

C-monoglycoside O-glycosides ac.

28

Photosynthetic
tissues

29
30

2

31

32a

2

32b
33a

34

37a

34

4

37b
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38a

34.5

n.a.

757

433,163,337,325,283

Isovitexin

Hexose

Caffeic ac.

C-monoglycoside O-glycosides ac.

38b

34.5

n.a.

787

463,163,445,625

Isoscoparin

Hexose

Caffeic ac.

C-monoglycoside O-glycosides ac.

39

37.3

n.a.

801

n.a.

Isoscoparin

Hexose

Ferulic ac.

C-monoglycoside O-glycosides ac.

40

1

2

37.7

272.8, 334.8

771

n.a.

Isovitexin

Hexose

Ferulic ac.

C-monoglycoside O-glycosides ac.

41

39.4

278.8, 292.4, 332.4

1111

Isoorientin

Hexose (2)

Caffeic ac. (2)

C-monoglycoside O-glycosides diac.

42

40.5

279.2, 292.4, 330.8

1125

787,769,991,667,353,299,6
37
787,769,177,667,625,365,3
25

Isoorientin

Hexose (2)

Ferulic ac. (2)

C-monoglycoside O-glycosides diac.

2

3

4

not present in leaves; not present in calyces; not present in leaves and stems; exclusive of Breña population; n.a., not available
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Supplementary information
Isolation of flavones
The same equipment as that employed in the HPLC-DAD analyses was used for the
isolation of the compounds. The chromatographic method was previously optimised and
used in our laboratory for the isolation of flavonoids in other plant samples (Alcalde-Eon et
al., 2013). Each selected sample was concentrated at the head of the column (20
consecutive injections of 100 mL of sample with isocratic 100% ultrapure water, solvent C)
and then eluted by a gradient between A, B and C solvents (Alcalde-Eon et al., 2013).
Spectra were recorded from 220 to 600 nm. Isolated compounds were collected through the
UV-cell outlet.
Alkaline hydrolysis
Alkaline hydrolysis was performed in the extracts obtained from petals and from
vegetative parts in order to establish the peaks that contained acylation and to determine
the identities of the acids. It was also performed in some of the major compounds of the
extracts that were previously isolated. The methodology was the same as that previously
employed in our laboratory for the alkaline hydrolysis of anthocyanins in other plant
material (Alcalde-Eon et al., 2013), but slightly modified (Nardini et al., 2002) to avoid
degradation of dihydroxy phenolic acids, such as caffeic acid. To be precise the alkaline
hydrolysis

was

carried

out

in

the

presence

of

ascorbic

acid

(1%)

and

ethylenediaminetetraacetic acid (EDTA) 10 mM, which were initially added to the samples.
Then, each sample was introduced in a screw-cap test tube, 10% aqueous KOH was added
until alkaline pH (pH indicator paper roll), nitrogen was flushed and the tube was capped
and maintained in the dark at room temperature for 10 minutes. The solution was
neutralised with 3N HCl until acid pH. The organic phase, containing the phenolic acids, and
the aqueous phase, containing the deacylated compounds, were separated with ethyl ether,
concentrated under vacuum (SpeedVac) and re-dissolved either in MeOH:H2O (10:90)
(phenolic acids) or in acidified water (pH=1.4, HCl) (deacylated flavonoids). Both phases
were analysed by HPLC-DAD-MSn with the same method as described above.
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Acid hydrolysis
Ten mL of 3N HCl was added to the aqueous phase resulting from the alkaline
hydrolysis in a screw-cap test tube, flushed with nitrogen and capped. The tube was placed
at 100ºC for 60 min and then cooled in an ice bath. The hydrolysate was purified using a
Waters C-18 Sep-Pak® cartridge previously activated with methanol:HCl 0.1N (95:5) and
equilibrated with ultrapure water. The sample was loaded onto the cartridge and ultrapure
water was first added in order to elute the sugars released from the flavonoids. Then, the
aglycones and C-glycosidic cores were eluted with acidified methanol. This fraction was
concentrated under vacuum and then analysed by HPLC-DAD-MSn.
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6
Digital photography provides a fast,
reliable and non-invasive method to
estimate anthocyanin pigment
concentration in reproductive and
vegetative plant tissues
Abstract: Anthocyanin pigments have become a model trait for evolutionary
ecology since they often provide adaptive benefits for plants. Anthocyanins have
been traditionally quantified biochemically, or more recently using spectral
reflectance. However, both methods require destructive sampling and can be
labour intensive and challenging with small samples. Recent advances in digital
photography and image processing make it the method of choice for measuring
colour in the wild. Here, we use digital images as a quick, non-invasive method to
estimate relative anthocyanin concentrations in species exhibiting colour
variation. By using a consumer-level digital camera and a free image processing
toolbox, we extracted RGB values from digital images to generate colour indices.
We tested petals, stems, pedicels and calyces of six species, which contain
different types of anthocyanin pigments and exhibit different pigmentation
patterns. Colour indices were assessed by their correlation to biochemically
determined anthocyanin concentrations. For comparison, we also calculated
colour indices from spectral reflectance and tested the correlation with
anthocyanin concentration. Indices perform differently depending on the nature
of the colour variation. For both digital images and spectral reflectance, the most
accurate estimates of anthocyanin concentration emerge from anthocyanin
content-chroma ratio (ACCR), anthocyanin content-chroma basic (ACCB) and
strength of green (Sgreen) indices. Colour indices derived from both digital images
and spectral reflectance strongly correlate with biochemically determined
anthocyanin concentration, however the estimates from digital images performed
better than spectral reflectance in terms of r2 and normalized root-mean-square
error. This was particularly noticeable in a species with striped petals, but in the
case of striped calyces both methods showed a comparable relationship with
anthocyanin concentration. Using digital images brings new opportunities to
accurately quantify the anthocyanin concentrations in both floral and vegetative
tissues. This method is efficient, completely non-invasive, applicable to both
uniform and patterned colour, and works with samples of any size.

Del Valle, J.C., Gallardo-López, A., Buide, M.L., Whittall, J.B., Narbona, E., 2018. Digital photography provides a fast,
reliable and non-invasive method to estimate anthocyanin pigment concentration in reproductive and vegetative
plant tissues. Ecol. Evol. (in press).

Chapter 6. Digital photography provides a fast, reliable and non-invasive method to estimate
anthocyanin pigment concentration in reproductive and vegetative plant tissues

1. Introduction
Apart from chlorophylls, anthocyanins are one of the main pigments conferring
colour in plants, being almost ubiquitous among angiosperms (Tanaka et al., 2008).
Anthocyanins may be accumulated in all organs, and are usually stored in vacuoles of the
epidermis or mesophyll (Wheldale, 1916; Lee et al., 2003; Gould et al., 2008). In flowers and
fruits, anthocyanins confer colours ranging from orange to red to blue to purple, whereas in
vegetative organs, mostly red or purple colours are observed (Lee, 2007). The pigments
absorb light at specific wavelengths and the remaining light is reflected or scattered by plant
structures, such as vacuoles or epidermal cells, which produces the visible colours in
wavelengths spanning 400 nm to 700 nm (Lee, 2007; van der Kooi et al., 2016). The manner
in which anthocyanins affect final pigmentation mainly depends on the type of
anthocyanin(s) that accumulates and its concentration, but their colour can also be
influenced by the type and amount of linked co-pigment, metals, and pH (Gonnet, 1999;
Tanaka et al., 2008).
Anthocyanins provide adaptive benefits for many plants (reviewed in Strauss and
Whittall, 2006; Archetti et al., 2009; Landi et al., 2015). In reproductive organs, anthocyanins
help attract pollinators or seed dispersers, whereas in vegetative organs, they provide
protection against environmental stressors such as UV-B radiation, excess light, cold,
drought, salinity, pathogens and/or herbivores (Lee and Gould, 2002; Schaefer and Ruxton,
2011; Landi et al., 2015). Variation in floral and vegetative anthocyanin concentrations
within and among populations is common and often adaptive (e.g. Del Valle et al., 2015;
Menzies et al., 2016). Therefore, it is undeniable that the quantification of anthocyanins has
become fundamental in understanding many aspects of plant evolutionary ecology (OrtizBarrientos, 2013; Sobel and Streisfeld, 2013).
A battery of methods has been used to quantify the amount of anthocyanin pigment
present in plant tissues. Pigment extraction by wet chemical methods in organic solvents
and subsequent HPLC or spectrophotometric quantification is the most frequently used
(Abdel-Aal and Hucl, 1999). Although these biochemical methods are extremely accurate
(Lee et al., 2008), they are also time-consuming and expensive; more important, they
consume the tissues measured, limiting investigation of other aspects of colour (e.g.,
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pollinator preference, fitness, etc.). Some remarkable alternatives to biochemical methods
are based on UV-Vis spectral reflectance (Gamon and Surfus, 1999; Gitelson et al., 2009).
Analysis of reflected wavelength distribution through digital portable spectrophotometers
following the use of appropriate indices for the specific pigment, has become a widely used
methodology to estimate relative pigment concentration in leaves and fruits (Richardson et
al., 2002; Sims and Gamon, 2002; Merzlyak et al., 2003; Gitelson et al., 2009) and even in
petals (Narbona E. and Whittall J. B., unpublished data). Because of the increasing
portability of spectrophotometers and the small size of the measurable plant area, this
method can be considered non-invasive (Gamon and Surfus, 1999; Richardson et al., 2002).
However, taking spectral reflectance of delicate plant parts such as petals or small leaves,
the tissue usually has to be removed from the plant or at the least is usually damaged (see
also Bergman and Beehner, 2008).
On the other hand, digital photography is a fast, non-invasive alternative which has
become the method of choice for measuring colour both in animals and plants (Bergman
and Beehner, 2008; Kendal et al., 2013; Garcia et al., 2014; Mizunuma et al., 2014; Stevens
et al., 2014). With relatively simple camera settings, a few precautions before taking the
photo, and easy image processing (Stevens et al., 2007; Troscianko and Stevens, 2015;
White et al., 2015), digital imaging is an efficient and reliable method to quantify colour,
even in the field (Bergman and Beehner, 2008; Macfarlane and Ogden, 2012; Stevens et al.,
2014). Recently, there have been several intriguing applications of digital photography to
study plant and animal colouration, such as assessment of colour change, pigment patterns
and camouflage (Taylor et al., 2013; Akkaynak et al., 2014; Strauss and Cacho, 2013; Stevens
et al., 2014; Gómez and Liñán-Cembrano, 2016). In spite of these advantages, the use of
digital images to faithfully quantify colour variation in plants is in its infancy. As far as we
know, the application of digital images to estimating pigment concentration has only been
studied in leaves of sugar maple, which undergo dramatic, seasonal changes in pigment
composition (Junker and Ensminger, 2016).
In this study, we describe an efficient, non-invasive method for estimating relative
anthocyanin concentration using digital images. Our method is based on current knowledge
of image processing to measure plant colour (Troscianko and Stevens, 2015), incorporating
the application of new indices related to output data from digital images of plants. Our
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objective is to determine the suitability of our method for different plant tissues and
pigmentation patterns. Thus, we assessed anthocyanins in petals that accumulate
anthocyanin pigments, as well as in other plant parts such as pedicels, calyces and stems
which also contain chlorophylls, from a total of six species. Each plant tissues studied
showed variation in colour intensity and pigmentation pattern (uniform, striped, spotted
and with veins). The digital image method was assessed by comparison of the colour indices
with anthocyanin concentration quantified biochemically. Colour indices based on spectral
reflectance were also compared to anthocyanin concentrations. Most anthocyanins are
characterized by an absorption maxima in the ~520-560 nm region (Merken and Beecher,
2000). Although UV reflectance may occur in the flowers of some plant species (Glover,
2007; Koski and Ashman, 2016), this is primarily caused by other flavonoids such as
flavones, flavonols and flavanones (Merken and Beecher, 2000). These non-anthocyanin
flavonoids do not absorb in the visible region; thus, they not interfere in the anthocyanin
estimates although can acts as co-pigments. Herein, to estimate anthocyanin concentration,
we focus on the use of digital images to capture data from the visible region of the
spectrum.

2. Materials and methods
2.1. Plant materials and sampling
In spring of 2016, we collected one flower from 19-41 individuals of one or two
populations for each of five species in southern Spain belonging to phylogenetically diverse
angiosperm groups: Borago officinalis L., Malva sylvestris L., Moricandia moricandioides
(Boiss.) Heywood, Orchis italica Poir. and Silene littorea Brot. (Table 1). We sampled flowers
in early anthesis, representing the maximum range of colour variation. We focussed on
flower parts containing anthocyanin pigments; thus, we analysed petals (or labellum in O.
italica) for all species except for B. officinalis and S. littorea for which we also collect
pedicels (approx. 1 cm long) and calyces, respectively (Fig. 1). In addition, we studied stems
of Sonchus oleraceus L., from which 1 cm of the main stem was cut with a razor blade. For
four of the six sampled species (B. officinalis, M. sylvestris, S. littorea and S. oleraceus), we
estimated the anthocyanin concentration by three methods: digital images, spectral
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reflectance and biochemistry. Immediately after collecting the plant material, we captured a
digital image, measured the spectral reflectance, and placed the plant material into a 1.5 mL
of MeOH:HCl (99:1% v:v). Because petals are damaged in the process of measuring spectral
reflectance (see below), we used one petal from each flower for this method, leaving the
remaining petals of each flower for the other two methods. For the remaining species (M.
moricandioides and O. italica), only digital images and biochemical methods were assessed.

Fig. 1. Photographs of the species and tissues considered in the estimation of anthocyanin
concentration with digital images showing the diversity of colours and pigmentation
patterns. Spectral reflectances are included for the species that anthocyanin concentration
was also estimated by portable spectrophotometer. Red and blue solid lines are the darkest
and lightest samples of petals, respectively. Red and blue dotted lines represent the darkest
and lightest samples of the other studied tissues. (a) Petals and pedicels of Borago
officinalis. (b) Petals of Malva sylvestris. (c) Petals and calyces of Silene littorea. (d) Stems of
Sonchus oleraceus. (e) Petals of Moricandia moricandioides. (f) Petals of Orchis italica.
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2.2. Anthocyanin quantification by biochemistry
After samples were placed in microcentrifuge tubes, they were temporarily stored
for 1-2 hours in the dark at room temperature, and then frozen at -80º C until subsequent
anthocyanin extraction and biochemical quantification (1-3 months later). Due to the
thinness of the petal samples, the MeOH:HCl solution was sufficient to completely extract
all anthocyanins. Thus, we only removed the transparent petals from the methanol extract
before anthocyanin quantification. For complete anthocyanin extraction in pedicels, calyces
and stems samples, we used the methods described in Del Valle et al. (2015).
Three replicates of 200 µL per sample were measured in a Multiskan GO microplate
spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Previously, extracts of each
species and plant tissues were scanned across visible wavelengths to identify the maximum
absorbance (Amax) of anthocyanins; this wavelength was confirmed with the literature
whenever possible (Table 1). Some species with similar anthocyanin derivatives showed
different maximum wavelength absorption due to possible effects of co-pigments, and the
number, position and identity of glucosides linked to the anthocyanidin skeleton (Brouillard
and Dangles, 1994; Andersen and Jordheim, 2006). In photosynthetic tissues, anthocyanin
concentration was corrected using the equation Amax - 0.24 A653 (Murray and Hackett, 1991).
Total amounts of anthocyanins were expressed as absorbance units (AU) per cm2 of fresh
material.

2.3. Colour spectra measurements
UV-Vis spectral reflectance of each sample was measured with a Jaz portable
spectrometer (Ocean Optics Inc., Dunedin, FL, USA) equipped with a Deuterium–Tungsten
halogen light source (200-2000 nm) and a black metal probe holder (6 mm diameter
opening at 45º). Reflectance, relative to a white standard WS-1-SL, was analysed with
SpectraSuite v.10.7.1 software (Ocean Optics). In order to maximize the amount of light
used in reflectance measurements and reduce occasionally erratic reflectance values at
individual nm, we set an integration time of 2 seconds and smoothing boxcar width of 12,
respectively (White et al., 2015). To calculate different colour indices, we analysed spectral
wavelengths from 300 to 800 nm at 0.4 nm intervals (see below).
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Table 1. Species and plant tissues analysed in this study. For each plant tissue, colouration pattern, main type of anthocyanin pigment accumulated, wavelength
used to biochemically quantify anthocyanins (λmax), descriptive statistics of relative anthocyanin concentration, minimum and maximum size values of sample area
and number of pixels per unit area measured from digital images are shown. References for anthocyanin pigment identification are showed in square brackets.
Species (Family)

Plant part (N)

Colour
(pattern)

Borago officinalis (Boraginaceae)

Petals (23)

Blue (uniform)

Pedicels (19)

Red (uniform,
hairy)

Malva sylvestris (Malvaceae)

Petals (26)

Moricandia moricandioides
(Brassicaceae)
Orchis italica (Orchidaceae)
Silene littorea (Caryophyllaceae)

Petals (41)

Sonchus oleraceus (Asteraceae)

Anthocyanin

λmax

Anthocyanin

Size of sample
.

type

-2

concentrations (AU cm )
Range

CV (%)

2

area (mm )

Pixels per unit
area (pixels/mm2)

Del-3,5-G,
Pet-3,5-G [a]
Unknown

530

0.09 – 0.23

26.4

17.6 – 18.1

2624.1 – 2873.8

535

0.00 – 1.03

126.0

7.9 – 14.9

1474.9 – 1664.8

Mal-3,5-G [b]

535

0.03 – 0.25

48.8

103.6 – 134.8

2623.5 – 2714.2

Peo-3-S,5-G;
Cya-3-S,5-G [c]
Cya-3-G [d]
Cya-3-G [e]
Cya-3-G [f]

560

0.05 – 0.20

30.2

28.7 – 97.7

1464.3 – 1536.7

Petals (19)
Petals (28)*
Calyces (29)

Mauve
(striped)
Purple
(venation)
Pink (spotted)
Pink (uniform)
Red (striped)

530
520
520

0.06 – 0.50
0.04 – 0.33
0.04 – 0.72

60.8
51.5
67.2

24.6 – 57.8
2.8 – 64.3
19.8 – 27.5

1602.6 – 4735.6
2869.4 – 3796.9
2539.7 – 4410.3

Stems (31)

Red (uniform)

Cya-3-G [g]

530

0.01 – 0.98

74.5

26.2 – 110.1

1867.0 – 2227.7

AU, absorbance units; CV, coefficient of variation. Del, delphinidin; Pet, petunidin; Mal, malvidin; Peo, peonidin; Cya, cyanidin; G, glucoside; S, sophoroside. *,
another 28 independent samples were used to model validation (see methods section). [a] Salem et al. (2014); [b] Farina et al. (1995); [c] Tatsuzawa et al. (2012);
[d] Strack et al. (1989); [e] Casimiro-Soriguer et al. (2016); [f] Alcalde-Eon C. and Del Valle J.C. unpublished data; [g] Price & Sturgess (1938).
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2.4. Digital images
Prior to using digital images to estimate anthocyanin content, one must confirm
experimentally or by using the literature (e.g. Harborne, 1994; Andersen and Jordheim,
2006) that the pigment(s) underlying the colour of their samples are anthocyanins. The
method presented here was tested for samples containing exclusively anthocyanins or
anthocyanins with non-anthocyanin flavonoids or chlorophylls; the additional accumulation
of carotenoids could significantly affect the tissue colour and thus introduce errors in any
subsequent estimation of anthocyanin concentration.
The four steps necessary to quantify the anthocyanin concentration from digital
images are depicted in Fig. 2. First, we used a Sony α65 DSLR camera (Sony Corporation,
Tokyo, Japan) equipped with a Sam 18-55 mm autofocus lens (transmitting wavelengths of
400–700nm). This camera has a 23.5 x 15.6 mm CMOS sensor (6024 x 4024 pixels) and
shows full regulation of exposure and metering, as recommended for unbiased data
acquisition (Stevens et al., 2007; White et al., 2015). We manually adjusted these settings
for all samples: lens aperture of f/5.6, ISO 100, and white balance fixed at 4500k; the
exception was integration time, set for each species from 1/30 to 1/100, depending on
specific light conditions. We deliberately underexposed all photographs by 0.3 f-stop to
prevent colour “clipping” or saturation (Stevens et al., 2007). Images were taken in Sony
Alpha RAW format (ARW). RAW files are the recommended format because they contain
unprocessed images which may be linearized by using specialised software (see Fig. 2, step
3).
Second, each sample was photographed with a ColorChecker Passport (X-Rite Inc.,
Grand Rapids, MI) for standardization across light conditions (Fig. 2, step 2). With calyces of
S. littorea we used the “sequential method”: we photographed the ColorChecker chart and
then performed a series of 5-8 photographs of plant samples under the same light
conditions as the chart (Fig. 2, step 2b; Bergman and Beehner, 2008; Troscianko and
Stevens, 2015). Photographs were taken under natural light condition, but in the shade, to
prevent shadow and excessive brightness (Kendal et al., 2013).
Third, we calibrated digital photographs to allow their use for objective
measurements of colour or pattern within or between photographs (Stevens et al., 2007;
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Akkaynak et al., 2014). For image processing, we used the freeware “Image Calibration and
Analysis Toolbox” (Troscianko and Stevens, 2015), which is a plugin for ImageJ software
(Schneider et al., 2012). The major advantages of this toolbox are easy linearization, high
precision, and low data loss in image analysis due to 32-bit floating-point image processing
(Troscianko and Stevens, 2015). For image calibration, we selected two grey standards of
the ColorCheckert (Neutral 3.5 and Neutral 8, with 9.11% and 60.90% reflectance,
respectively; Myers, 2010), and used the setting for “visible” photography and “aligned
normalized 32-bit” files. Calibrations performed using these two grey standards produce
statistically similar results when compared to calibrations with all six grey standards (Table
S1). The calibration process successfully linearized the RGB values (Fig. S1). Regions of
interest (ROIs) were selected in each image (i.e. specific areas of plant tissue analysed) and
the mean values of red–green–blue (RGB) channels were extracted. Following the
recommendations of White et al. (2015), the size of sampled area and the number of pixels
per unit area are shown in Table 1.

2.5. Colour indices and statistical analyses
Four, we used the RGB values in several indices to analyse colours and estimate
pigment concentration. In the literature, there are a myriad of indices that can be obtained
from colour spectra data (Endler, 1990; Gomez, 2006; Montgomerie, 2006; Gitelson et al.,
2009) and digital image data (i.e. RGB values; Gillespie et al., 1987; Woebbecke et al., 1995;
Mizunuma et al., 2014). For spectral reflectance, we used indices related to the physical
properties of light which are independent of the observer’s visual system, except for
segment analysis indices, chosen because it compares different regions of the wavelength
spectra (Endler, 1990; Kemp et al., 2015). In addition, we proposed two new indices which
consider the shape of the spectra with two peaks at 450 and 650 nm and a minimum at
approximately 550 nm (Fig. 1), and other five new indices for digital images comparing the G
against the R and B channels; all indices including those newly developed are described in
Table 2.
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Fig. 2. Diagrammatic representation of the steps required to estimate anthocyanin
concentration from digital images. Note that this method is tested for samples
containing exclusively anthocyanins or anthocyanins with chlorophylls or nonanthocyanin flavonoids.
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Because our primary goal is to test if anthocyanin concentration can be predicted
from indices obtained from digital images versus spectral reflectance and the strength of
this relationship, we used least-squares linear regressions (Warton et al., 2006). Preliminary
graphic inspection showed that our data were appropriate for simple linear regressions. In
some cases, variables were log transformed to meet requirements for normality of residuals
and homoscedasticity (Crawley, 2012). To measure goodness-of-fit of the regression
models, the explained variance (r2) was used. We applied the sequential Bonferroni test to
control for experiment-wide type I error produced by the fourteen indices we compared (P
<

/ 14 for each dataset; Rice, 1989).
To compare the accuracy of the model's predictions between the spectral

reflectance and the digital image methods, we used the normalized root-mean-square error
(NRMSE). Normalization was performed by dividing RMSE by the maximum variability
(maximum minus minimum value) in the observed data, which allows comparisons among
models with different scales of variables (Willmott, 1981). NRMSE were calculated in the
four common indices that best fit our data (ACCB, ACCR, R:GR and Sgreen; see results). To
additionally assess how our regression model predicts the amounts of anthocyanins, we
performed a model validation using independent data from S. littorea petals (Data S1).
All analyses were performed with R version v3.1.1 (R Core Team, 2016) and graphs
were created with R-package ggplot2 v2.0.0 (Wickham, 2009).
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Table 2. Colour indices used to estimate anthocyanin concentration from spectral reflectance and digital image data. References shown in square brackets.
Colour indices
Hue

Formula used for spectral reflectance

Formula used for digital images

H = l Rmax [a]

H = (g - b) / ((Imax - Imin) x 60) [h]
H’ = (2 * r - g - b) / (g - b) [i]

#$$
#%% !" -

Hue-segment classification

HSC = sign (
/ CSC) modulus 2 π [b]

Brightness

B=

'$$
&%% !"

&$$
&%% !" )

* arcsine ((

'$$
'%% !" -

($$
(%% !" )

B = Ö[(b2 + g2 + r2) / 3] [i]

[a]

Lightness

L = (Imax + Imin) / 2 [h]

Saturation

S = (Imax - Imin) / (2 - (Imax + Imin)) [h]

Chroma

C = (Rmax - Rmin) / Raverage [c]

C = (Nred – Ngreen) / ((Nred + Ngreen + Nblue) / 3) [e]
C’ = Ö ((Nred - Ngreen) 2 + (Nblue - Ngreen) 2) [e]

2
'$$
($$
'%% !" - (%% !" )

#$$
#%% !" -

2
&$$
&%% !" ) )

Chroma-segment classification

CSC = Ö((

Anthocyanin content-chroma difference

ACCD = ((R450 + R650) / 2) - R550 [d]

ACCD = ((Nblue + Nred) / 2) - Ngreen [e]

Anthocyanin content-chroma ratio

ACCR = R550 / ((R450 + R650 / 2) [e]

ACCR = Ngreen / ((Nblue + Nred) / 2) [e]

Anthocyanin content-chroma basic

ACCB = (R450 + R650) / R550 [e]

ACCB = (Nblue + Nred) / Ngreen [e]

/

#$$
#%% !" [f]

/

#'%
#(% !"

+(

Red:green ratio

R:GR =

'$$
'%% !"

Red:green index

R:GI =

*+%
'$% !"

Modified anthocyanin content index

mACI =

,%%
*'% !"

/

#'%
#(% !"

[g]

Strength of green

Sgreen =

#'#
#(# !"

/(

'*%
'-% !"

+

Strength of red

Sred =

Strength of blue

Sblue =

'*%
'-% !"
(*$
(#$ !"

/(
/(

'*%
'-% !"
'*%
'-% !"

[a]

R:GR = Nred / Ngreen [j]

[g]

+
+

#'#
#(# !"
#'#
#(# !"
#'#
#(# !"

+

+
+

(*$
(#$ !" )
(*$
(#$ !" )

[h]

[h]

(*$
(#$ !" )

[h]

Sgreen = Ngreen / (Nred + Ngreen + Nblue) [h]
Sred = Nred / (Nred + Ngreen + Nblue) [h]
Sblue = Nblue / (Nred + Ngreen + Nblue) [h]

l = Wavelength (nm); Ri = Reflectance, relative to white standard, in wavelength i; Nred, Ngreen and Nblue are values of red, green, blue channels, respectively; r, b, g =
values of each channel divided by the total number of possible values for the channel (i.e. 65535 for 16-bit images); Imax and Imin are maximum and minimum values of
r, g and b. [a] Endler (1990); [b] Smith (2014); [c] Andersson et al. (2002); [d] Frey (2004); [e] New indices proposed in this study; [f] Gamon & Surfus (1999); [g]
Gitelson et al. (2009); [h] Mizunuma et al. (2014); [i] Mathieu et al. (1998); [j] Bergman & Beehner (2008).
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3. Results
For petals, interindividual variation for the relative amount of anthocyanin measured
in terms of the percent coefficient of variation ranged from 26% in B. officinalis to 61% in O.
italica (Table 1). Photosynthetic tissues showed higher levels of variation among samples,
with coefficients of variation ranging from 67% in the calyces of S. littorea to 126% in the
pedicels of B. officinalis.
Results of linear relationships between relative anthocyanin concentration and
indices calculated from digital images are shown in Table 3. H presented weak or nonsignificant relationships in petals of all species except O. italica, whereas in the rest of
tissues, the association was moderate-high (r2 = 0.60 - 0.93). H’ showed similar results to H,
but in the case of O. italica petals and S. oleraceus stems, the relationship was nonsignificant. B, L and S indices displayed different results, in some samples performed well
whereas in others had non-significant or weak relationships. In general, chroma and
anthocyanin content indices showed similar coefficients of determination, and performed
very well for all species and tissues (higher r2 = 0.80 - 0.93) and moderate-well for S. littorea
calyces (higher r2 = 0.65; Table 3). A special case was found in B. officinalis petals, with
moderate or non-significant relationships in R:GR, ACCD and C’ indices. This is because their
blue petals had higher values in the blue and green channels than the red one, generating
values between 0 and 1, which reduces absolute differences between samples. Among
indices related to strength of RGB channels, Sgreen had the best relationship with relative
anthocyanin concentration, which had similar predictive power to those found in
anthocyanin content indices. The indices showing the highest r2 were: Sgreen (five studied
samples), ACCB (four studied samples), ACCR (three studied samples) and R:GR (two studied
samples; Table 3).
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Table 3. Coefficient of determination (r2) and statistical significance of linear regressions between relative anthocyanin concentration and digital image
indices. The highest r2 for each species-tissue combination is highlighted in bold.
B. officinalis
Petals

B. officinalis
Pedicels

M. sylvestris
Petals

M. moricandioides†
Petals

O. italica†
Petals

S. littorea
Petals

S. littorea
Calyces

S. oleraceus†
Stems

Hue (H)

0.01ns

0.93***

0.06ns

0.36***

0.68***

0.33*

0.61***

0.60***

Hue (H’)

< 0.01ns

0.92***†

< 0.01ns

0.36***

0.05ns

0.28ns

0.55***†

0.03ns

Brightness (B)

0.20ns

0.77***

0.75***

0.75***

0.16ns

0.43**

0.19ns

0.45***†

Lightness (L)

0.26ns

0.71***

0.77***

0.79***

0.17ns

0.42**

0.14ns

0.36**†

Saturation (S)

0.66***

0.28ns

0.85***

0.83***

0.10ns

0.87***

0.31*

0.28*

Chroma (C)

0.38*

0.79***†

0.85***

0.82***

0.73***

0.87***

0.56***

0.78***

Chroma (C’)

0.07ns

0.57**

0.70***

0.25*

0.51**

0.65***

0.40**

< 0.01ns

Anthocyanin content-chroma difference (ACCD)

0.11ns

0.89***

0.69***

0.28**

0.84***

0.67***

0.50***

0.59***

Anthocyanin content-chroma ratio (ACCR)

0.82***

0.93***

0.88***†

0.78***

0.86***

0.88***

0.62***

0.80***†

Anthocyanin content-chroma basic (ACCB)

0.83***

0.92***

0.88***

0.75***

0.85***

0.88***

0.65***

0.78***

Red:green ratio (R:GR)

0.46**

0.90***

0.87***

0.83***

0.75***

0.88***

0.58***

0.75***

Strength of green (Sgreen)

0.82***

0.94***

0.88***

0.77***

0.86***

0.88***

0.63***

0.81***

Strength of red (Sred)

0.60***

0.89***

0.55***

0.16ns

0.03ns

0.80***

0.33*

0.67***

Strength of blue (Sblue)

0.70***

0.35ns

0.63***

0.43***

0.66***

0.03ns

0.43**

0.16ns

†, indices that were ln transformed. Absorbance of S. oleraceus, O. italica and M. moricandioides comparisons were also ln transformed. Significance after
Bonferroni correction for multiple tests: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns = non-significant.
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The relationship between anthocyanin concentration estimated with the biochemical
method and H, HSC and B calculated from spectral reflectance data was weak or nonsignificant for most species and tissues, except for B. officinalis pedicels and S. littorea
calyces, with a moderate-high coefficient of determination (Table 4). Similar results were
found with C and CSC indices, with only a moderate relationship in S. littorea petals. In
general, indices relating to anthocyanin content (i.e. ACCD, ACCR, ACCB, R:GR, R:GI and mACI)
showed good performance of the regression model in pedicels and petals of B. officinalis
(higher r2 = 0.94 and 0.73, respectively), S. littorea petals (r2 = 0.79) and S. oleraceus stems
(r2 = 0.72), and a moderate performance in S. littorea calyces (r2 = 0.61) and M. sylvestris
petals (r2 = 0.54). Sgreen and Sred showed similar linear relationships to those found in
anthocyanin content indices, except for Sred of B. officinalis petals that was not significant.
Conversely, Sblue showed mostly non-significant relationships in all species. Based on r2, the
indices that showed the strongest relationship with anthocyanin concentrations in each
species and plant tissues are: R:GI, ACCR, ACCD, ACCB, Sgreen and mACI (Table 4).
In general, digital image method showed slight better accuracy than spectral
reflectance method in estimating anthocyanin concentrations (Table S2). Mean NRMSE was
higher in all plant samples, ranging from 8.6% to 13.1% in digital image estimations (B.
officinalis pedicels and S. oleraceus stems, respectively), and from 13.5% to 22.5% in
spectral reflectance estimations (S. littorea petals and M. sylvestris petals, respectively). This
high accuracy of the model's predictions can be observed in Fig. 3 and 4, which show the
relationship between anthocyanin concentration from biochemical method and Sgreen from
digital image and spectral reflectance data. An exception was found in S. littorea calyces,
which showed nearly similar NRMSE in both methods (Table S2). Finally, the validation of
regression model of anthocyanin amount in petals of S. littorea using independent samples
showed a high relationship between observed and predicted values (r2 = 0.90, P < 0.0001),
with the slope of the regression model that was not significantly different from a slope of 1
(slope = 0.923, t = -0.225, d.f. = 26, P = 0.25; Fig. S2).

188

Chapter 6. Digital photography provides a fast, reliable and non-invasive method to estimate
anthocyanin pigment concentration in reproductive and vegetative plant tissues

Table 4 Coefficient of determination (r2) and statistical significance of linear regressions between relative anthocyanin concentration and
spectral reflectance indices. The highest r2 for each species-tissue combination is highlighted in bold.
B. officinalis
Petals

B. officinalis
Pedicels

M. sylvestris
Petals

S. littorea
Petals

S. littorea
Calyces

S. oleraceus†
Stems

Hue (H)

0.01ns

0.66***

0.09ns

0.19ns

0.45***†

0.32*

Hue-segment classification (HSC)

0.18ns

0.86***

0.25ns†

0.66***

0.52***

0.19ns†

Brightness (B)

0.25ns

0.66***

0.22ns

< 0.01ns

0.05ns

0.38**†

Chroma (C)

0.41*

0.37ns

0.15ns

0.60***

< 0.01ns†

0.26*

Chroma-segment classification (CSC)

0.09ns

0.37ns

0.32*

0.30*

0.34*

0.03ns

Anthocyanin content-chroma difference (ACCD)

0.13ns

0.69***

0.10ns

0.77***

0.61***

0.67***

Anthocyanin content-chroma ratio (ACCR)

0.55***

0.72***

0.54***

0.75***

0.45**

0.63***†

Anthocyanin content-chroma basic (ACCB)

0.61***

0.81***†

0.43**†

0.79***†

0.56***†

0.63***†

Red:green ratio (R:GR)

0.69***

0.85***

0.42***†

0.75***†

0.60***

0.57***

Red:green index (R:GI)

0.71***

0.94***

0.43**†

0.76***†

0.53***

0.70***†

Modified anthocyanin content index (mACI)

0.73***

0.87***†

0.43**†

0.75***†

0.28*

0.60***†

Strength of green (Sgreen)

0.54***

0.78***

0.50***

0.77***

0.57***

0.72***

Strength of red (Sred)

0.16ns

0.84***

0.41**

0.70***

0.58***

0.69***

Strength of blue (Sblue)

0.51**

0.39ns

< 0.01ns

0.01ns

0.34*

0.01ns

†, indices that were ln transformed. Absorbance of all S. oleraceus comparisons was also ln transformed. Significance after
Bonferroni correction for multiple tests: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns = non-significant.
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Fig. 3. Relationship between relative anthocyanin concentration estimated from the
biochemical method and Sgreen calculated from digital images in various species and
tissues. Statistics of the regression models and the best-fit linear regression lines with
95 % confidence intervals (shaded) are shown. Absorbance values of M.
moricandioides, O. italica and S. oleraceus, were log transformed (see Table 3).
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Fig. 4. Relationship between relative anthocyanin concentration estimated from
biochemical method and Sgreen calculated from spectral reflectance in various species
and tissues. Statistics of the regression models and the best-fit linear regression lines
with 95 % confidence intervals (shaded) are shown. Absorbance values of S. oleraceus
were log transformed (see Table 4).
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4. Discussion
We propose several digital image based colour indices that accurately predict
anthocyanin concentration in species with a diversity of anthocyanins or anthocyanins plus
chlorophyll. Indices related to hue and brightness showed variable results depending on
species and the plant tissue analysed, whereas chroma and anthocyanin content indices
yielded a reasonable goodness-of-fit score in most samples. This result is not surprising
given that within species variation in pigment concentration usually affects indices based on
variation between different areas of colour spectra or RGB channels (Curran, 1989; Gonnet,
1999; Gitelson et al., 2006). Specifically, indices that simply stated the ratio of the G channel
over the R and/or B channels (i.e. ACCR, ACCB and R:GR) yielded the best results in terms of
coefficient of determination. Similarly, among indices related to strength of each RGB
channel, the best result was found with Sgreen. Since anthocyanin pigments show absorption
in the green region of the spectrum, and reflect red, blue and purple wavelengths (Gitelson
et al., 2001; van der Kooi et al., 2016); it follows that variation in the G channel is
particularly effective for estimating anthocyanin concentration using digital images. In this
way, Mizunuma et al. (2014) showed the suitability of digital images to discriminate leaf
colours and estimate chlorophyll concentration. Chlorophylls absorb in the red region of
spectra, and accordingly, indices accounting for the R channel showed the best performance
(Mizunuma et al., 2014).
Methods based on spectral reflectance can reliably estimate anthocyanin pigments
in leaves, fruits and stems (Gamon and Surfus, 1999; Gitelson et al., 2009; Gould et al.,
2010), yet often require destructive sampling. Here, we show that this type of data is also
suitable to estimate anthocyanin concentration in petals and other photosynthetic tissues
such as pedicels. In fact, most anthocyanin content indices and Sgreen calculated from
reflectance data had moderate to good ability in predicting the anthocyanin concentration.
Nevertheless, our major finding is that digital images can produce reliable estimates of
quantitative variation in anthocyanin concentration in photosynthetic and nonphotosynthetic tissues. In fact, both spectral reflectance and digital image methods are
based on reflectance of light reaching the plant tissue. The spectrophotometer may provide
increased spectral resolution than the digital camera, especially when the characteristics of

192

Chapter 6. Digital photography provides a fast, reliable and non-invasive method to estimate
anthocyanin pigment concentration in reproductive and vegetative plant tissues

the camera or lens are low-quality (Garcia et al., 2013; Kendal et al., 2013; Mizunuma et al.,
2014). However, the recent advance of camera optics and sensors and the increasing freely
available open-source softwares for image processing allow efficient acquisition of data
appropriate for a precise colour determination (Akkaynak et al., 2014; Garcia et al., 2014;
Troscianko and Stevens, 2015) affording accurate quantification of pigment without
destructive sampling of the plant tissue.
In most species and tissues, estimating anthocyanin concentration by digital images
showed similar or slightly better performance than using spectral reflectance. In petals of
M. sylvestris this difference was more pronounced, which might be due to their striped
pigmentation pattern. Similarly, previous studies reported high effectiveness of colour
captures using digital images when measures are done in biological material with nonuniform colours or texture (Stevens et al., 2007; Pike, 2011; Kendal et al., 2013; Gómez and
Liñán-Cembrano, 2016). In this vein, Garcia et al. (2014) compared digital images with
spectrophotometer data in analysing petal colour of eight species with variable
pigmentation patterns, and found that when the pattern is complex, the spectrophotometer
would potentially underestimate spectral signal variability. In our study, the spectrometer
probe holder has a relatively small sampling area, which could lead to a different spectral
measurement depending if, by chance, it was positioned on a light or dark stripe or patch.
This explains why samples with similar anthocyanin concentration showed very different
values of Sgreen calculated form spectral reflectance (Fig. 4). This problem can be solved by
measuring reflectance in multiple points of the sample (e.g. Garcia et al., 2014), but this
clearly increases the time spent analysing one sample, particularly when it is compared with
the time needed to take a single photo. Although we do not have reflectance data of petals
of O. italica, which show a spotted pattern, the digital image method showed a high
correlation with anthocyanin concentration. Conversely, in striped calyces of S. littorea, the
digital image method fails to increase both r2 and NMRSE compared to the spectral
reflectance method. In petals of O. italica and M. sylvestris, anthocyanins accumulate in
epidermal cells, whereas in S. littorea calyces, the anthocyanins are also stored in basal cells
of the trichomes (Del Valle et al., 2015). The cylindrical structure of these cells could cause a
discrepancy between the amount of anthocyanin estimated by digital images (in 2dimensions) and the concentration analysed with the biochemical method.
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Although our digital image methodology has numerous advantages, there are some
limitations. For example, when anthocyanins are not homogeneously distributed
throughout a 3-dimensional structure, digital images may not accurately predict the
anthocyanin concentration because single digital images can only capture 2-dimensional
plane of data. Digital photography may also fail in cases when the cells of the measured
surface are irregular. Cell shape has been shown to change the perceived colour (Glover,
2007), which would cause errors when estimating anthocyanin concentration from digital
images. In addition, other characteristics such as presence of waxes, cell wall thickness or
pigment location may also affect the observed colour (Kay et al., 1981; van der Kooi et al.,
2016). Finally, our methodology performs well when analysing variation among samples in
concentration of the same anthocyanin type (e.g., cyanidin derivatives). However, when
samples differ in the type of pigment (e.g., anthocyanin vs. carotenoid), type of anthocyanin
(cyanidin vs. pelargonidin) or in their biochemical modifications (glycosylation and acylation;
Merken and Beecher, 2000; Nogales-Bueno et al., 2015), digital images will capture the
visible colour, but there will be no associated changes in the raw anthocyanin
concentration. In these cases, other indices may show improved performance, but require
further study.
In conclusion, we have demonstrated that digital images bring new opportunities to
accurately quantify anthocyanin concentration in both floral and vegetative plant tissues.
The principal advantages are efficiency, totally non-invasive, applicable to patterned tissues,
and useful for plant samples of any size and shape. We recommend to use ACCR, ACCB or
Sgreen indices because of their simplicity and performance in most species and tissues,
including samples with red, pink and blue colours. In addition, the selection of the most
appropriate index with complex tissues or sample colours should be tested in a subset of
samples following the pipeline described here. Our method could be particularly useful for
studies attempting to unravel the ecological interactions and evolutionary forces moulding
flower colour variation. Variation in floral anthocyanin content or pattering may be under
selection by pollinators (Ortiz-Barrientos, 2013; Sletvold et al., 2016) or non-pollinators alike
(Strauss and Whittall, 2006; Strauss and Cacho, 2013; Narbona et al., 2017). Similarly, the
accumulation of anthocyanins in vegetative organs or tissues such as leaves, stems or
pedicels is also influenced by direct or indirect selection of biotic and abiotic factors (Gould
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et al., 2010; Cooney et al., 2015; Menzies et al., 2016). In order to estimate the fitness
consequences of such anthocyanin variation (e.g. Del Valle et al., 2015; Sletvold et al., 2016),
one must employ an efficient, non-invasive method such as digital photography.
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Supplementary material

Fig. S1. Comparison between untransformed (filled symbols) and calibrated
images (empty symbols) for the reflectance and RGB values of six grey standards
present in the ColorChecker. Data were obtained from a total of 24 digital images
in RAW format (four samples per species). Means and 1 standard error are
represented. The ‘required’ line represents the values that should be measured if
the camera’s response was linear and the three channels equally stimulated.
Reflectance of grey standards of ColorChecker Passport were extracted from
Myers (2010). Images were calibrated using ‘Image Calibration and Analysis
Toolbox’ (Troscianko and Stevens 2015).
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Fig. S2. Observed values for anthocyanin concentration for S. littorea petals
from 2017 data plotted against predicted values using the regression formula of
R:GR with 2016 data. The solid line corresponds to the best fit line using SMA
2
estimation (r = 0.897), and the dotted line to the 1:1 line. Tests comparing the
slope of our data with slope 1 showed non-significant difference (slope = 0.923,
confidence interval = 0.816 - 1.057, t = -0.225, d.f. = 26, P = 0.25).
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Table S1. ANOVAs comparing values of red, green and blue channels obtained after
image calibration using two versus six grey standards of the ColorChecker Passport.
Red channel

Green channel

Blue channel

F

P

F

P

F

P

Sonchus littorea

0.280

0.601

0.116

0.736

0.223

0.640

Silene oleraceus

0.017

0.898

0.020

0.888

0.048

0.828

We randomly chose 15 samples of each S. littorea (petals) and S. oleraceus (stems).
Images were calibrated using “Image Calibration and Analysis Toolbox” (Troscianko &
Stevens 2015).
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Table S2. Normalized root-mean-square errors (NRMSE) for anthocyanin content-chroma basic (ACCB), anthocyanin content-chroma
ratio (ACCR), red:green ratio (R:GR) and strength of green (Sgreen) indices using spectral reflectance and digital images methods to
estimate anthocyanin concentrations. The mean among the four indices is also shown.
ACCB
Spectra Image

ACCR
Spectra Image

NRMSE (%)
R:GR
Spectra Image

Sgreen
Spectra Image

Mean
Spectra Image

Species

Plant part

Borago officinalis

Petals

17.6

9.9

16.4

10.2

14.0

20.1

18.5

10.1

16.6

12.6

Pedicels

14.1

8.7

17.6

8.5

13.8

9.1

15.7

8.0

15.3

8.6

Malva sylvestris

Petals

24.4

11.9

20.5

12.7

23.6

11.7

21.3

12.5

22.5

12.2

Silene littorea

Petals
Calyces
Stems

13.6
15.2
15.2

9.4
16.0
12.4

13.1
16.4
17.1

9.7
17.0
14.1

13.8
14.9
18.9

10.3
16.4
12.2

13.5
15.6
18.6

9.6
16.6
13.6

13.5
15.6
17.5

9.8
16.6
13.1

Sonchus oleraceus
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Supplemental Methods
Data S1: Model validation using independent data from S. littorea petals.
In spring 2017, one year after the initial measurements of S. littorea, biochemical
and digital image methods were applied in another 28 plants growing in the greenhouse,
using the same pre- and post-image processing that previous data. We calculated the
predicted amount of anthocyanins using the regression model of the dataset from 2016
with the best digital image indices (R:GR, see results). These predicted values were regressed
with the measured amount of anthocyanins in the new dataset (Piñeiro et al. 2008), and the
slope if the regression line against the 1:1 line were compared using Standardised Major
Axis estimation (SMA; Warton et al. 2006). SMA analysis was conducted in the R-package
smatr3 (Warton et al. 2012).

Supplementary references:
Piñeiro, G., Perelman, S., Guerschman, J.P., Paruelo, J.M., 2008. How to evaluate models:
Observed vs. predicted or predicted vs. observed? Ecol. Model. 216, 316-322.
Warton, D.I., Wright, I., Falster, D., Westoby, M., 2006. Bivariate line-fitting methods for
allometry. Biol. Rev. 81, 259-291.
Warton, D.I., Duursma, R.A., Falster, D.S., Taskinen, S., 2012. smatr 3–an R package for
estimation and inference about allometric lines. Methods Ecol. Evol. 3, 257-259.
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Chapter 7. General discussion and conclusions

1. General discussion
One way that plants can adapt or acclimate to changes in environmental conditions
is with the production of secondary metabolites. The study of anthocyanins and other
flavonoids is key to understand the importance of these metabolites in the adaptation
process, since they help plants to cope with the effects of a variety of biotic and abiotic
stressors such as herbivory, pathogens, excess light, UV-B radiation, cold, heat, drought or
salinity (Chalker-Scott, 1999; Falcone Ferreyra et al., 2012; Landi et al., 2015; Silva et al.,
2016). The general aim of this PhD project was to infer the adaptive role of flavonoids
analyzing the ecological and evolutionary significance of flavonoid accumulation in
reproductive and vegetative tissues of plants, using Silene littorea (Caryophyllaceae) as a
model species. To achieve our goal, we studied how anthocyanins and non-anthocyanin
flavonoids are accumulated in different tissues of S. littorea, the genetic component and the
degree of phenotypic plasticity of this response. We also studied the physiological,
biochemical and genetic changes that high light exposure can induce in plants. In addition,
due to S. littorea displays polymorphism in the flavonoid production, this species offers an
excellent opportunity to investigate the relevance of these secondary metabolites in plant
development and survival. Finally, given the importance of anthocyanins in many ecological
processes (e.g. plant-animal interaction; Schaefer and Ruxton, 2011), we develop a fast,
efficient and non-invasive method for estimating anthocyanin concentrations in plants by
using digital images.

1.1. Flavonoid production in petals and photosynthetic tissues of Silene littorea
Throughout the Chapters 2 and 3, we found that flavonoid accumulation in S. littorea
varies greatly across tissues. In addition, anthocyanin concentrations in petals show low
plasticity and low variability at the population level. Conversely, photosynthetic tissues (i.e.
calyces, leaves and stems) showed high levels of plasticity in response to environmental
stress, and also high variability at the population level. In S. littorea, anthocyanin production
seems to be evolutionary constrained in petals without interfering with the plastic response
of anthocyanin production in photosynthetic organs. These results reinforce the general
assumption of decoupling of functions in floral and vegetative tissues (Pélabon et al., 2011).
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This decoupling requires of genetic mechanisms controlling the differential anthocyanin
production in floral and vegetative tissues. In this vein, it has been shown that Petunia
plants can independently control anthocyanin production in petals and photosynthetic
tissues through the activation of tissue-specific MYB factors (Albert et al., 2011, 2014).
Interestingly, members of the same family of transcription factors seem to be responsible of
the pink-white flower color polymorphism (Casimiro-Soriguer et al., 2016), but also of
flavonoid production in calyces of S. littorea (Chapter 4). All these evidences lead us to
support the important role, well described in Petunia (Albert et al., 2014), of MYB factors
controlling floral and vegetative pigmentation of S. littorea, allowing plants to attract
pollinators or seed/fruits dispersers and, at the same time, to be protected against biotic
and abiotic stressors through their accumulation in vegetative organs.
As for anthocyanins, the production of flavones (the main type of non-anthocyanin
flavonoids identified for S. littorea; Chapters 4 and 5) was less plastic in petals than in the
remaining plant organs (Chapters 2 and 3). Moreover, production of both types of
flavonoids was correlated in these tissues (Chapter 2). Similarly, Berardi et al. (2016) found
correlations between flavonoids with the same hydroxylation level within tissue, although
weak correlations between floral and leaf flavonoids. In our research, we found that
flavones were far more abundant than anthocyanins in all plant tissues. Anthocyanins are
the final-step of the metabolic route where flavones are synthesized (Grotewold, 2006;
Tanaka et al., 2008). When biotic and abiotic stressors induce the activation of the ABP in S.
littorea, it seems that most metabolic resources are designated to the production of
flavones instead of anthocyanins. Given that both type of flavonoids shares many protective
functions (Gould and Lister, 2006; Agati et al., 2012), the predominance of flavones suggests
that these compounds probably perform most of protective functions or that are also
playing other non-protective functions in S. littorea (Chapter 3). Therefore, vegetative
anthocyanins might be the visible consequence of flavone production, but we cannot
discard other possibilities that explain why both types of flavonoids are found in such
different concentrations.
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1.2. Flavonoid production in different light environments
In S. littorea, we found a pattern of increasing accumulation of flavonoids in the
whole plant toward southern latitudes, which matches a gradual increase of solar radiation
and temperature, and a decrease of rainfall (Chapter 2). Similarly, geographical patterns of
flavonoids have been found in the white-flowered S. latifolia (Mastenbroek and Van
Brederode, 1986). However, our analysis did not allow to discriminate if these differences
are due to local adaptation and/or phylogenetic inertia or plasticity. To explicitly test the
levels of phenotypic plasticity, we dispose plants from different populations and maternal
families to natural light versus reduced UV-PAR radiation treatment (Chapter 3) and to a
treatment with or without UV radiation (Chapter 4). In the former experiment, we found
high plasticity levels in flavonoid production, with photosynthetic tissues being more plastic
than petals (Chapter 3). Comparing the different flavonoid types, we saw that flavone
production showed around half the plasticity levels than anthocyanins. As a result, plants
growing under natural sunlight showed higher relative increase of anthocyanin production
than for flavone production in all tissues, except for petals (Fig. 1). In the latter experiment
(Chapter 4), we found that UV light moderately increased the flavonoid production (Fig. 1).
These differences were only significant in petals and stems for anthocyanins and in
photosynthetic organs for flavones. These results suggest a role of flavonoids in protection
from UV and visible light. However, we should be cautious when comparing the effect of UV
suppression and UV-PAR light suppression because both treatments had been developed
with different plants and years. In both experiments, we found different levels of plasticity
among organs and types of flavonoids. In this regard, studies on Arabidopsis have
demonstrated that flavonol production is independently regulated of anthocyanin
biosynthesis through specific Myb factors (Mehrtens et al., 2005; Stracke et al., 2007; Xu et
al., 2015). High light probably activates both regulatory modules, producing the coordinate
response of synthesis of anthocyanins and flavones. However, this response may be
different and allow for different degree of plasticity.
In S. littorea, the plastic response was mainly determined by environmental stress,
having the genotypes a lower influence in the flavonoid production (Chapter 3). In addition
to variable solar radiation among populations (Table S1; Chapter 2), plants of S. littorea
grow on completely exposed sand dunes, but they are also found in margins of nearly closed
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canopy coastal pine forest and understory shrubs. The high plasticity in the flavonoid
production must help S. littorea to acclimate to light heterogeneity within and among
populations, expressing the most appropriate phenotype in response to the light availability.
However, a critical aspect in our experimental design is that we used half-sibs in each
maternal family, which increases the within-family variance and may underestimate the
differences among genotypes.

Fig. 1. Effects of UV+VIS light (left) and UV radiation (right) on flavonoid
production. Each light experiment (Chapters 3 and 4) is represented on
the top. On the left, plants from same maternal families were exposed to
reduced UV-PAR radiation treatment and natural light, whereas on the
right were exposed to UV exclusion treatment and natural light. The
increase in the accumulation of anthocyanins (red squares) and flavone
(yellow squares) is showed for petals, calyces, leaves and stems.
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In Chapter 4, we also found that UV light influences on reproductive morphology of
S. littorea. Thus, plants growing in full sunlight produced lower number of flowers than
those where only UV was limited. In addition, flowers in absence of UV radiation produced
more pollen grains but the same number of ovules. Finally, they also produced lower fruit
set, but the same seed set. Overall, plants in the absence of UV also produced high female
fitness measure as total number of seeds per plant. Our results suggest that UV light may
negatively affect the fitness of S. littorea by altering the reproductive morphology and male
fitness. Since UV light increases the flavonoid production, plants may have less resources
available to plant growth (Dixon and Paiva, 1995; Tattini et al., 2014). In addition, UV
radiation has been demonstrated to decrease pollen viability (Demchik and Day, 1996; Koski
and Ashman, 2015). However, the influence of other important factors (e.g. pollinator
interaction) need to be tested to have a better understanding of how UV light can affect the
fitness of S. littorea.
Finally, we did no find significant differences in the expression of structural or
regulatory genes of calyces with or without UV exposition (Chapter 4). Although not
significant, the structural genes Chs-1, Chs-2, Chi, F3’h, F3h-1, Dfr, Ans and Uf3gt, and the
transcription factors Myb4 and bHLH showed higher expression in the treatment with UV
radiation, whereas the Myb5 factor was the highest downregulated (Chapter 4). In addition,
we also detected significant correlations between anthocyanin concentrations and the
expression of the bHLH and several Myb transcription factors, as well as with the expression
of the late genes of the ABP (Dfr, Ans, Uf3gt). As for Petunia (Albert 2011, 2014), we
hypothesized that a complex of the bHLH and Myb factors controls the anthocyanin
pigmentation in calyces of S. littorea. However, more analysis including other organs and
more samples would be necessary in future studies.

1.3. Characterization of flavonoids in anthocyanin phenotypes of S. littorea
In Chapter 5, we analyzed pink-flowered plants (wild-type), those with white flowers
but all the rest with red (PAL) and lacking red in the whole plant (WAL), finding that the only
biochemical differences are the absence of anthocyanins in petals (PAL) or in the whole
individual (WAL). The synthesis of flavones is not affected by this blockage of anthocyanin
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production, having the three phenotypes similar flavone concentrations in petals (isovitexin
derivatives) and photosynthetic tissues (isoorientin derivatives). Our findings suggest that
loss of anthocyanins in both types of white-flowered plants is the result of an inactivation of
the ABP genes after the synthesis of naringenin or eriodictyol, precursors of flavones, what
redirects the flux from anthocyanins to flavones. However, the genetic causes that lead to
this blockage of the ABP must be different in PAL and WAL phenotypes and may, somehow,
help to explain their distinct frequency in natural populations.
The localized loss of anthocyanins in petals of S. littorea (PAL) seems to be the result
of the inactivation of the flavanone-3-hydroxylase (F3h) gene through a downregulation of
the Myb1a transcription factor (Casimiro-Soriguer et al., 2016; Fig. 2). Mutations acting on
MYB factors are usually tissue specific (Albert et al., 2014; Martins et al., 2017), since the
activation of the anthocyanin synthesis in each tissue is performed by different MYB copies
(Chapter 4; Quattrocchio et al., 2006; Schwinn et al., 2006). Therefore, regulatory mutations
on the Myb1a factor, due to either loss of function or cis-regulatory mutations, have the
potential to affect anthocyanin production only in petals and is unlikely that they affect the
flavonoid production in other tissues. The localized loss of pigmentation in petals is
expected to involve less pleiotropic effects and generate stable flower-color polymorphism
in natural populations (Sobel and Streisfeld, 2013; Norton et al., 2015). In fact, the
frequency of PAL plants of S. littorea is maintained over the years (Chapter 5), and seem to
exhibit similar fitness that the pink-flowered phenotype.
On the other hand, we suggest that a loss-of-function of late genes of the ABP may
block the anthocyanin production in WAL plants of S. littorea (Fig. 2). The only two loss-offunction mutations known in natural populations involve the Dfr gene and result in
exceptionally rare white individuals compared to their pigmented counterparts (Wu et al.,
2013; Coburn et al., 2015). Mutations disrupting the activity of any of the core genes of the
ABP are expected to involve deleterious pleiotropic effects (Streisfeld and Rausher, 2010;
Streisfeld et al., 2011; Wessinger and Rausher, 2012). In addition, the lack of protective
anthocyanins in vegetative tissues has traditionally explained the low frequency of
spontaneous white mutants (Warren and Mackenzie, 2001). The presence of flavones in
WAL plants suggest that these individuals may be protected against environmental
stressors, since flavones share many protective functions with anthocyanins (Agati et al.,
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2012; Falcone Ferreyra et al., 2012; Jiang et al., 2016; Silva et al., 2016). Moreover, flavones
present in photosynthetic tissues (isoorientin) may help to cope with oxidative stress caused
by abiotic factors, such as excess UV exposition (Chapter 4; Agati et al., 2013). Therefore,
our results lead us to reconsider the ecological consequences of the anthocyanin loss.

Fig. 2. Representation of the anthocyanin biosynthetic pathway (ABP) leading to each phenotype of S. littorea.
Core enzymes are next to arrows in capital letters. Black and grey arrows indicate branch pathways leading to
different secondary metabolites in petals and photosynthetic tissues, respectively. Loss-of-function (X) of ABP
enzymes are indicated for PAL and WAL phenotypes. The Myb1a transcription factor is downregulating the
activity of the F3H enzyme in petals of PAL individuals. CHS: chalcone synthase; CHI, chalcone isomerase; F3ʹH,
flavonoid 3ʹhydroxylase; FNS, flavone synthase; F3H, flavanone-3-hydroxylase; DFR, dihydroflavonol 4reductase; ANS, anthocyanidin synthase; 3GT, 3-glucosyl transferase; 3RT, 3-rhamnosyl transferase; AT,
acyltransferase. Scheme extracted and modified from Casimiro-Soriguer et al. (2016).

Among the numerous protective functions attributed to anthocyanins (Steyn et al.,
2002; Manetas, 2006; Falcone Ferreyra et al., 2012), it has been recently proposed that
these compounds may participate in multiple cellular processes, such as the regulation of
signalling cascades responsible for cell growth and differentiation (Landi et al., 2015). In
addition, the genetic mechanisms underlying anthocyanin loss could be correlated with
phenotypic traits that affect plant fitness (Mo et al., 1992; Shirley, 1996) and, therefore, the
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ability of WAL plants to spread through populations. Thus, the selective pressures acting on
traits affecting plant fitness would be translated into the negative selection of anthocyanin
phenotypes (Taylor and Grotewold, 2005; McKinnon and Pierotti, 2010). In this regard,
preliminary results point that WAL plants of S. littorea seems to have a reduced germination
capacity compared to the wild and PAL phenotypes (Del Valle, J.C., unp. data). However,
further studies are necessary to understand the pleiotropic effects associated to the
absence of anthocyanins and their relationship with the scarcity of WAL plants of S. littorea
in natural populations.

1.4. Digital images as an alternative method to quantify anthocyanin concentrations
In Chapter 6, we have shown that digital images can be applied for accurately
estimate anthocyanin concentration in species with a diversity of anthocyanins. Given that
this method is based on reflectance of light reaching the plant tissue, we can take advantage
of the optical properties of anthocyanins. Anthocyanins maximally absorb in the green
region of the spectrum (Gitelson et al., 2001; van der Kooi et al., 2016), thus the most
accurate estimations of anthocyanin concentrations were obtained from color indices that
stated the ratio of the G channel over the R and/or B channels (i.e. ACCR, ACCB and R:GR) or
that reflect variations in the G channel (i.e. Sgreen). Spectral reflectance, the most common
alternative to biochemical methods (e.g. Gamon and Surfus, 1999; Merzlyak et al., 2003;
Gitelson et al., 2009), showed similar or slightly worse accurate estimations of anthocyanin
concentrations. In tissues with complex color patterns (e.g. flowers with spots or striped
petals), this difference is more evident (Chapter 6). In addition, taking spectral reflectance of
delicate plant parts such as petals or small leaves often require destructive sampling
(Bergman and Beehner, 2008). Data from digital images, on the contrary, is totally noninvasive and can be easily obtained by using a consumer-level digital camera and free opensource software for image processing (Troscianko and Stevens, 2015).
Digital image methodology is an accurate, efficient and totally non-invasive method
to quantify color in ecological studies (Villafuerte and Negro, 1998; Bergman and Beehner,
2008; Kendal et al., 2013; Garcia et al., 2014; Mizunuma et al., 2014; Stevens et al., 2014).
For example, digital images allowed us to study the temporal evolution in the anthocyanin
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accumulation in vegetative organs as a consequence of a continuous exposition to abiotic
stress, preserving plant tissues for the study of other aspects of color (Chapter 4). However,
this method has also some limitations, mainly related with the cell-distribution of
anthocyanins or when analyzing concentrations of different types of pigments (Chapter 6).
Moreover, biochemical analyses can also provide information about other important nonpigmented compounds in the plant response to environmental stress, such as catechins,
flavones or flavonols, among others. Despite these limitations, the use of digital images is a
reliable alternative to biochemical methods to estimate visible anthocyanin concentrations,
allowing to study the evolutionary forces molding their accumulation in different plant
tissues.
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2. Future studies
Throughout the present PhD Project, new questions have arisen that are necessary
to answer in future studies:
1. Given that the synthesis of anthocyanins and flavones is plastic, is this phenotypic
response adaptive? To answer this question, we are planning to measure fitness of
plants exposed to different degree of environmental stress (e.g. light conditions). If
the synthesis of anthocyanins and/or flavones is adaptive, individuals with higher
plasticity would also show higher fitness. This future experiment would complement
our results of Chapter 3 about plasticity in the production of anthocyanins and other
flavonoids. In addition, it is a good opportunity to reevaluate the influence of
genotypes in the flavonoid production by using full sibs instead of half-sibs.
2. Are anthocyanins necessary for plant survival? What is the influence of anthocyanins
in plant fitness? Beyond their protective functions, anthocyanins seem to have an
essential contribution for plant survival. We are planning to carry out a common
garden experiment in which pigmented (wild type) and unpigmented (WAL) plants
are exposed to the same degree of environmental stress. Given that both
phenotypes only differ in the absence of anthocyanins, the differences in plant
fitness between phenotypes would reflect if anthocyanin biosynthesis is adaptive. In
addition, other important functions for plant survival, such as the photosynthetic
performance, could be influenced by the absence of anthocyanins. The answer to all
these questions would help to disentangle why unpigmented individuals are
uncommon in natural populations.
3. What are the causative mutations leading to non-pigment plants in S. littorea?
Although we already postulated the origin of non-pigment plants, we will analyze the
transcriptome of different tissues of all phenotypes of S. littorea (already preserved
in RNAlater) to investigate the genetic basis of white-flowered plants. Thanks to
these comparative expression studies, we expect to contribute to have a better
understanding of the genetic evolution observed at the species level.
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3. Conclusions
1. The accumulation of flavonoids was independent at the population level.
Interestingly, the mean population anthocyanin content in all organs was correlated,
suggesting that the variable environmental conditions of coastal populations may
drive anthocyanin accumulation in the whole plant.
2. Populations of S. littorea on the west coast of the Iberian Peninsula showed a
geographical pattern of increasing accumulation of flavonoids in the whole plant
toward southern latitudes, which matches a gradual increase of solar radiation and
temperature, and a decrease of rainfall. The capacity to change the flavonoid
accumulation in photosynthetic organs may represent some advantages for the
species to mitigate the effect of the abiotic factors associated to southern latitudes
(i.e. high temperature and UV-B radiation)
3. The increase of concentrations of anthocyanins and flavones when exposed to
natural sunlight agrees with the photoprotective functions associated to these
compounds, although the higher levels of flavones in all light treatments indicate
that they could be playing other protective functions.
4. Variable plasticity between flavonoid types in petals (low plasticity) and
photosynthetic tissues (high plasticity) may allow S. littorea to differentially respond
to selective pressures of pollinators and other biotic agents and changing light
environments. Differences among plant tissues may respond to tissue-specific
regulation in flavonoid production.
5. Anthocyanin production showed higher plasticity than flavones in photosynthetic
tissues, suggesting different transcriptional regulation of those genes involved in the
production of both anthocyanins and flavones.
6. UV radiation increases the synthesis of effective antioxidant flavonoids in
photosynthetic tissues that inhibit and reduce the light-generated ROS. On the other
hand, UV radiation had negative effects on reproductive morphology and fitness.
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7. The interaction of MYB and bHLH transcription factors seems to control the
anthocyanin pigmentation in photosynthetic tissues, being this complex affected by
UV radiation.
8. The concentration of the different flavones varies among organs. Isovitexin was the
most frequent in petals, whereas isoorientin was more abundant in vegetative
tissues. Both flavones may perform different functions in petals (co-pigments of
cyanidins or as regulator of vacuole homeostasis in epidermal cells) and
photosynthetic tissues (protection against excessive UV radiation).
9. The PAL phenotype of S. littorea showed similar flavonoid composition and
concentrations than wild-type phenotypes, except for the absence of anthocyanins
in the petals. The localized loss of anthocyanin in petals may involve less pleiotropic
effects.
10. The WAL phenotype of S. littorea also have a similar flavone content than wild-type
plants, except for the absence of anthocyanins in all tissues. Given the scarcity of
WAL plants in natural populations, our results suggest that anthocyanin seems to be
essential for the fitness of WAL plants.
11. Digital images method of bring new opportunities to accurately quantify anthocyanin
concentration in both floral and vegetative plant tissues.
12. Digital image based colour indices accurately predict anthocyanin concentration in
species with a diversity of anthocyanins or anthocyanins plus chlorophyll.
13. Estimating anthocyanin concentration by digital images showed similar or slightly
better performance than using spectral reflectance, the most common alternative to
biochemical methods. In addition, the digital images method is totally non-invasive,
applicable to patterned tissues, and useful for plant samples of any size and shape.
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