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Summary and outlines of this Thesis 

Plants are diversely affected by UV-B radiation depending on their resistance, having 

different strategies to counteract their negative effects and subsequently acclimate. Thus, 

we briefly documented in Chapter 1 the importance of UV-B radiation as a stress factor, the 

main strategies that plant posses to counteract the effects of this radiation and the 

importance to make an approach of the resistance strategies in Vaccinium corymbosum, an 

important fruit crop, cultivated in south central Chile, characterized by its richness in 

phenolic compounds. 

In Chapter 2, the different strategies that plant can posses to overturn the negative UV-B 

influence, focusing in the role of flavonoids is presented as a review. We aimed to discuss 

the role of flavonoids in photoprotective and antioxidant mechanisms against UV-B and the 

possible compliances of glycosylation on acclimation to this stress factor. The dual 

capability of these molecules under UV-B radiation makes their induction an efficient 

mechanism for UV-B resistance in plants. 

Chapter 3. The UV-B resistance capacity of V. corymbosum cultivars tested in our work 

group did not show a clear differentiation among the cultivars Brigitta and Legacy, both 

considered resistant to other abiotic stresses like aluminum and manganese toxicity, and 

later under UV-B radiation under short-term exposure. For that reason, it was necessary to 

conduct a short experiment exposing plants to high UV-B doses, testing both cultivars 

(Brigitta and Legacy) selecting the most UV-B resistant cultivar to be later contrasted with 

the sensitive Bluegold under long-term UV-B exposures. Under this condition, the most 

resistant cultivars showed to be Legacy.  
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In the Chapter 4, we focused in the distinct physiological and metabolic reprogramming 

undergoing long-term UV-B radiation showed in the highbush blueberry cultivars Legacy 

and Bluegold. We discuss the rapid ability of the UV-B resistant cultivar Legacy to 

reprogram their metabolism under UV-B radiation by increasing its photoprotective 

compounds during the first week of exposure, coping with the intake of UV-B radiation 

(avoidance strategy), and afterwards, increasing its antioxidant capacity (tolerance). These 

strategies proved to be UV-B radiation dose-dependent. Bluegold, by the other hand, 

showed to react later by increasing SOD activity and anthocyanins, but despite of these 

increments, metabolic damage occurred.  

In the same direction, in Chapter 5, we evaluated the molecular responses of Legacy and 

Bluegold cultivars under UV-B exposure, assessing the most important phenolic and 

flavonoid compounds and the gene expression related to their synthesis. We found that the 

major inductions of phenylpropanoids genes were not related to resistance, so it seems that 

the intrinsic phenylpropanoid composition of Legacy has also a role on their resistance 

under UV-B radiation.  

In Chapter 6, a general discussion and outlines of the thesis are presented. In this sense, we 

link the importance of the novo synthesis of flavonol glycosides under UV-B radiation, 

together with the intrinsic metabolite composition (pre-adaptation strategy) of the cultivar 

Legacy and the capacity to rapidly modulate its metabolism, all together constituting the 

main factors to contribute to the resistance characteristic of this cultivar against UV-B 

radiation.  
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Finally, this thesis guide to an approach of the main mechanism under UV-B exposure, 

giving evidence to the importance of the intrinsic metabolic plant status to counteract the 

changing environment (pre-adaptation strategy), complementary to the capacity to fast 

modulate their metabolism under UV-B stress. This could be true for other stress factors, 

giving a necessary clue to further consideration for the selection of resistant plants.  
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1. General Introduction 

1.1 Introduction  

Ultraviolet radiation effects in plants have been per decade’s matter of extense research. 

The reduction of stratospheric ozone (O3) has increased the amount of UV-B radiation 

reaching the earth's surface, especially over the Southern Hemisphere, affecting both 

natural ecosystems and crops species (Caldwell et al., 1998). Despite the compliance of 

Montreal protocol (Velders et al., 2007), remain the concern of future scenarios in 

worldwide UV-B radiation (Watanabe et al., 2011) and its potential effects on plant 

development and productivity. It is expected that the pre-1980 levels of the ozone layer 

recovery may still require several decades (Mackenzie et al, 2011), but this not necessarily 

will decrease levels of UV-B according to new models that predict increment in the UV-B 

radiation driven by climate change (Williamson et al., 2014).  

Biota exposed to light, is unavoidably exposed to some level of UV-B radiation. Plants are 

inevitably exposed to UV-B radiation due to the need of light capture for photosynthesis. 

Despite UV-B radiation represents only a small fraction of total solar spectrum, is an 

important component of sunlight due to its disproportional large photobiological effects on 

plants and the absorption of important biomolecules such as nucleic acids and proteins 

(Teramura and Sullivan, 1994, Jansen et al., 1998; Hollósy, 2002; Kakani et al., 2003). It 

has been demonstrated that UV-B radiation can regulate many aspects of plant growth, 

development, cellular and metabolic activities, even in absence of stress symptoms (Hideg 

et al., 2013).  
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Plants have a wide range of acclimation responses to UV-B stress that allow them to face 

the effects of this radiation (Jansen et al., 1998; Day and Neale, 2002, Solovchenko and 

Merzylak, 2008). In terms of acclimation responses, it is important to clarify the terms 

‘‘stress resistance’’ and ‘‘stress tolerance’’ often used indistinctly in the literature when 

referring to stress mechanisms. Here we follow the terminologie of Levitt (1980) using the 

term ‘‘resistance’’ to all mechanisms that plant can present to cope toa changed condition, 

which include “Avoidance” and “Tolerance”. We talk about “avoidance” when referring to 

a mechanism that excludes the income of the stressor agent (Kochian, 1995; Delhaize et al., 

2007), in this case the UV-B radiation. In the other hand, a tolerant mechanism detoxifies 

internally the hazardous molecules that are corrupted or produced by this radiation, 

tolerating this stress (Delhaize et al., 2007; Hectors et al., 2007).  

Aditionally, it has been described that plants have two main pathways to respond under 

UV-B. One is through the UVR8 photoreceptor, linked to photomorphogenesis components 

(Kim et al., 1998; Loyola et al., 2016). The other is through the way of stress response, 

which is not a specific pathway, but due to direct DNA damage and the induction of signal 

molecules such as ROS (Loyola et al., 2016). Both pathways trigger diverse responses in 

plant and can be linked to each other by the accumulation of phenylpropanoid compounds, 

consequent from the activation of the phenylpropanoid pathway (Bornman et al., 1997, 

Rozema et al., 1997). 

As an acclimation response, the accumulation of UV-B absorbing compounds is frequently 

reported as an efficient resistance strategy to avoid the UV-B stress in plants (Caldwell et 

al., 1983; Li et al., 1993; Landry et al., 1995; Cockell and Knowland, 1999; Hectors et al., 
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2007; Jenkins, 2009). These secondary metabolites, such as flavonoids and other 

polyphenols, acts as UV-screening compounds (Bornman and Teramura, 1993; Bornman, 

1999). The capacity to absorb UV-B light is due to the pronounced absorption bands with 

high extinction coefficients in the UV region, this because the presence of conjugated doble 

bonds and π-electron systems (Cockell and Knowland, 1999). 

The accumulation of these metabolites prevents damage to target molecules, which absorb 

at the wavelengths of UV-B radiation (Harborne, 1986; Day, 1993), lowering UV-B levels 

within the tissues, without altering the transmission of PAR (Ruhland and Day, 1996). This 

is a plant adaptation to reduce the amounts of UV-B radiation reaching the photosynthetic 

tissues of the leaves (mesophyll), where the UV-B can be damaging. UV screening may 

provide some energetic advantage by reducing the need for constantly active repair 

processes (Cockell and Knowland, 1999). The localization of these compounds seems to be 

specific depending on the involved protective mechanism. Flavonoids are often as 

glycosylated derivatives because this modification confers stability and solubility to the 

molecule (Ford et al., 1998; Pietta, 2000; Kumar et al., 2013) so they can be accumulated in 

vacuoles. If the avoidance mechanism is related to the glycosylation patterns of flavonoids, 

the induction of glycosyltransferases (UGTs) enzymes could be a quick phenylpropanoid 

modification response in order to accumulate the molecules in vacuoles of the cells. 

Still, plants have also mechanisms to tolerate the damage by UV-B, such as the induction of 

antioxidant compounds (enzymatic and non-enzymatic) that ameliorate or neutralize these 

effects (Strid et al., 1994; Jansen et al., 1998; Agrawal et al., 2009). It is known that 

phenolics acids and flavonoids along with other plant secondary metabolites act as 
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antioxidants through the scavenging of radical oxygen species (ROS). Thus, they can 

alleviate oxidative stress induced by abiotic factors such as heavy metals, high light and 

UV-B radiation (Rice-evans et al., 1995). The dominant ROS produced under UV-B stress 

is the anion superoxide (O2
-
) (Hideg et al, 2002), being one of the main enzymes expected 

to be involved in UV-B protection the superoxide dismutase (SOD). Also ROS can be 

alleviated by the antioxidant mechanism of phenolic compounds, which have the capacity 

to removal of hydrogen atom from the antioxidant (ArOH) to the free radicals formed 

during oxidation, becoming a radical themselves (Brewer, 2011, Bendary et al., 2013). 

These intermediates radical are stabilized by the resonance delocalization of the electron 

within the aromatic ring and formation of quinone structures (Nawar, 1996).  

The antioxidant mechanism can act by suppressing the formation of scavenging ROS and 

up-regulating or protecting antioxidant defenses (Halliwell and Gutteridge, 1998; Pietta, 

2000). However, for the case of flavonoids, it is necessary take into account the different 

arrangements of functional groups coupled to the basic structure to determine their 

antioxidant capacity. It is known that free radical scavenging capacity is primarily 

attributed to the hydroxyl substituents (Heim et al., 2002). However, flavonoids are often as 

glycosylated derivatives in plants, which negatively influences on the radical-scavenging 

capacity (Pietta, 2000). 

Studies in UV-B radiation are performed mainly with acute UV-B exposure and for short 

periods of time (described in literature as short-term UV-B experiments, in hours). The 

disproportional use of elevated UV-B radiation (acute UV-B treatments) tigger many 

responses more severe that in chronic and natural conditions (Lake et al., 2009; Boyko et 
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al., 2006). Under short-term experiment, acute doses of UV-B decrease photosynthesis, cell 

proliferation and genome stability (Sztatelman et al., 2015; Boyko et al., 2006; Teramura 

and Sulliva, 1994). Contrarily, Hectors et al. (2007) found that in Arabidopsis thaliana 

acclimated to low doses of UV-B radiation for a period of 12 days, showed an increment in 

chlorophyll content, up regulation of photosynthetic genes and an unaffected PSII 

efficiency.  

To elucidate the molecular background of the mechanisms involved in UV-B induced 

responses, several authors have considered changes in gene expression in UV-B exposed 

plants. The induction of the phenylpropanoid synthesis under these stress conditions is the 

result of genes encoding the corresponding biosynthetic enzyme (Dixon and Paiva, 1995). 

Short-term UV-B exposure (minutes or hours) induces an increase expression of genes 

encoding certain enzymes of phenylpropanoid pathways, such as phenylalanine ammonia-

lyase (PAL), and for the flavonoid pathway, such as chalcone isomerase (CHI) chalcone 

synthase (CHS), dihydroflavonol reductase (DHFR) and flavanona 3´hydroxylase (F3H) 

(Kalbin et al., 1997; Kim et al., 2008; Huang et al., 2010; Hua et al., 2013). However, in 

long-term UV-B exposure (refered in literature as days) there is a lack of information in 

other than model plants.  

For several years, our research group has been researching around abiotic stresses than can 

affect Vaccinium corymbosum plants. This specie represents one of the most important 

cultivated berry crops worldwide and it is produced in the USA, Canada, Europe, Australia, 

New Zealand, Argentina and Chile (Hancock et al. 2003, Boches et al. 2006). It is known 

that Vaccinium sp. posses high amount of flavonoids in fruits and leaves (Ribera et al. 
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2010, Ferlemi and Lamari, 2016). Nowadays, according to the last ODEPA report 

(ODEPA, 2016), there are 15 800 ha cultivated in Chile, distribuited mostly in South 

Central Chile. Currently, there is no information regarding the effect and mechanism of 

resistance to UV-B radiation on V. corymbosum genotypes addressing the photoprotective, 

antioxidant and gene expression level under long-term (days) UV-B exposure. Because 

Chile has a great influence of UV-B radiation due the ozone depletion in the South 

Hemisphere (Huovinen et al., 2006; de los Rios and Acevedo, 2010), the behavior of crops 

under these special conditions is an important focus to understand the capacity for 

modulates their photoprotective and antioxidant responses. This understanding can give 

future guidelines to improve the genetic background of V. corymbosum under the current 

and possible future scenarios of UV-B radiation. Moreover, knowledge on the expression of 

key genes could be beneficial to know the different resistance mechanisms and their 

effectiveness to counteract this stress.  

The aim of this work is to study the long-term response to simulated daily course UV-B 

radiation in cultivars of V. corymbosum differing in their UV-B resistance, evaluating the 

induction of phenylpropanoid compounds with UV-B absorbing and antioxidant capacity, 

as well the induction of genes related with their synthesis.  
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1.2  Hypothesis and research objectives 

1.2.1 Hypothesis 

Under a long-term simulated daily course of UV-B exposure, a UV-B resistant cultivar of 

V. corymbosum favors the accumulation of glycosilated flavonoids with UV-B absorbing 

capacity (avoidance mechanism), being this acumulation dose dependent. This is reflected 

in a better photosynthetic performance, a lower induction of antioxidant enzymes and lower 

levels of ROS production, a higher concentration of glycosilated flavonoids and greater 

induction of genes related to phenylpropanoids synthesis. However, in the UVB-sensitive 

cultivar, hidroxyl phenolic compounds with high antioxidant capacity (tolerance 

mechanism) are mainly induced to cope UV-B metabolic damage, having a differential 

genes expression than the resistant cultivar.  

1.2.2 Research objectives 

1.2.2.1 General objective 

To study the long-term effects of low and high doses of UV-B radiation on the induction of 

absorbing photoprotective and antioxidant phenylpropanoids compounds and the 

expression of genes associated to their synthesis in V. corymbosum cultivars differing in 

their UV-B resistance. 

1.2.2.2 Specific objectives 

1. To define a UV-B resistance candidate of V. corymbosum cultivars to be contrasted 

with a UV-B sensitive cultivar under long-term UV-B exposure.  

2. To determine the effect of low and high UV-B doses in plant growth and leaf 
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physiological, enzymatic and non-enzymatic antioxidant systems in the selected 

contrasting V. corymbosum candidates. 

3. To determine the effect of low and high doses of UV-B radiation on the gene 

expression associated to flavonoids biosynthesis pathway genes and its relation to 

UV-B protective strategies. 
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Abstract 

Ultraviolet radiation is still a matter of concern. Climate change has brought to us many 

anomalies, including longer periods of clear sky conditions, affecting that impacts of UV-B 

radiation are increasing alongside. Research on UV-B responses in plants, per decades has 

attributed to flavonoids as responsible for plant resistance. New evidence put these 

molecules in the top of the line of defense against UV-B stress. Their main role in 

photoprotection and antioxidative defense is discussed. Moreover, the metabolic 

reprogramming capacity is one of the key mechanisms for UV-B resistance. Still, the role 

of the glycosylation of flavonoids in the UV-B protection is obscure. With this review, we 

aim to discuss the role of flavonoids in photoprotective and antioxidant mechanisms against 

UV-B and the possible compliances of glycosylation on acclimation to this stress. 

 

Keywords: Flavonoids, UV-B radiation, UV-B resistance, photoprotection, antioxidative 

response, UV-B tolerance, flavonoids glycosylation. 
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2.1 Introduction 

Plants have developed different strategies to counteract the incoming UV-B radiation. 

Among these strategies, the increment of flavonoids is one of the most documented, even 

though the mechanisms involved are still controversial. Many authors indicate that one of 

the main strategies in plants is the accumulation of flavonoids acting as UV-B absorbing 

compounds, due to their localization and their absorbance capacity in the UV-B region 

(Day, 1993; Kolb et al., 2001; Schmitz-Hoerner and Weissenböck, 2003). However, the 

role of these compounds as antioxidants or as scavengers is still under discussion (Agati et 

al., 2012). The present review aims to deal with the role of flavonoids in molecular and 

biochemical aspects of UV-B resistance mechanisms and the possible compliance of 

glycosylation in these responses  

2.2 Ultraviolet B radiation: A present concern for the 21
st
 century 

Most UV-B radiation is attenuated by the ozone column that absorbs strongly between the 

200-300 nm of the solar spectrum. On the earth’s surface UV-B radiation has been 

increased due to the growing depletion of the stratospheric ozone layer, principally because 

of the increase of pollutants such as chlorofluorocarbons (CFCs) (Casati and Walbot, 2003; 

Sunkar, 2010). In the late 20th century, the ozone-depleting substances (ODSs) were one of 

the greatest environmental concerns. Due to the Montreal Protocol (MP) on substances that 

depleted the ozone layer, there has been a significant reduction in the emission rates of 

chlorine and bromine-containing halocarbons, the historically dominant ODSs. Hence, the 

ozone depletion has been limited and the recovery of the ozone layer seems to be initiated 

(Kakani et al., 2003b; Ravishankara et al., 2009). However, it is known that nitrogen oxides 
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(NOx= NO + NO2), which are very stable in the troposphere, also catalyze ozone 

destruction (Crutzen and Oppenheimer, 2008). Ravishankara et al. (2009) estimated that 

N2O will be the greatest ozone-depleting gas by the middle of the 21st century, because of 

the decreasing of ODSs according to MP compliance. Furthermore, the relation between 

climate change and ozone depletion, and the difficulties in measuring and modeling 

decrease the limit of confidence to predict future scenarios of UV radiation (McKenzie et 

al., 2011). 

Recently, numerous anomalies have occurred worldwide in relation of ozone depletion. de 

Laat et al. (2010) reported an unprecedented anomaly in the Antarctic ozone hole in 2009, 

and hence, high UV radiation was recorded. This anomaly reached populated regions in the 

southern regions of South America. In addition, over the Arctic, an ozone hole was 

observed in the spring of 2011, comparable to the Antarctic ozone hole (Manney et al., 

2011). A more comprehensive explanation about this phenomenon was recently described 

by Abbasi and Abbasi (2017). Since this event was recorded, new events eventually have 

taken place in the Arctic (Hand, 2016). However, these events are isolated and take place 

mainly in regions of the planet with very low population and with little vegetation cover. 

The maximum UV radiation in these regions is not registered. Furthermore, the record of 

solar UV irradiance is registered in the tropical Andes (Cabrol et al., 2014) of 43.3 as UV 

index Moreover, models on the decrease of ozone column over the tropical areas suggest 

for the coming decades a slight decrease, which could increment substantially (up to 15 %) 

the UV radiation reaching these areas (Cabrol et al., 2014; Meul et al., 2016). It is 

anticipated that climate change will produce longer periods of clear sky and hence, more 



Chapter 2: Flavonoids in UV-B response 

 

 

15 
 

fluency of UV-B radiation reaching these areas. Therefore, even if the decrease in ozone 

layer would not occur, levels of UV radiation could be increased. 

2.3 Main effect of UV-B in plants 

UV-B radiation has many effects on plants due to their obligatory need for sun exposure to 

maximize light capture for photosynthesis (Brown et al., 2005a). Even though UV-B 

represents only a small portion of total solar spectrum, it has disproportionately large 

photobiological effects on plants (Sullivan and Rozema, 1999; Brown et al., 2005a). These 

effects may be direct, inducing changes in photosynthesis, cell division and other life 

processes, affecting growth and development of plants. These effects cover damages to 

DNA, proteins and membranes, alterations in photosynthesis, transpiration, plant 

hormones, leaf secondary metabolites, as well alterations in leaf anatomy and morphology 

(Jansen et al., 1998; Sullivan and Rozema, 1999; Mpoloka, 2008). The main direct 

molecular and biochemical alterations induced by UV-B are summarized in Table 2.1. 

Indirect effects mediated by radiation-induced changes in the plant environment or in 

reaction with other organisms (Mpoloka, 2008), will not be detailed in the present review.  
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Table 2.1 Main molecular and biochemical alterations induced by UV-B radiation. 

Alteration Effect 
 

References 

 

DNA 

photoproducts  

 

Formation of CPDs and 6–4 PPs  

Induction of repair mechanisms: photoreactivation and 

DNA re-synthesis 

Stimulation of homologous recombination  

Hutchinson (1987) 

Biever and Gardner (2016) 

Manova and Gruszka (2015) 

RNA damage 

Ribosomal 

damage 

RNA crosslinking to ribosomal proteins Casati and Walbot (2004) 

Protein damage  Degradation of D1 and D2 protein 

Reduction of activity and amount of RuBisCo 

Friso et al. (1994) 

Takeuchi (2002) 

Tubulin oxidation 

Microtubules reorganization  
Staxén et al. (1993)  

Krasylenko et al (2013) 

Oxidative 

response 

 

Superoxide radicals on cell wall polygalacturonic acid 

Induction of antioxidant enzymes :SOD, CAT, APX, 

GR 

 

Pristov et al. (2013) 

Hideg et al. (2013) 

A-H-Mackerness et al. (2001)  

Rao et al. (1996) 

Induction of antioxidant compounds: phenolic acids, 

flavonoids, anthocyanins, ascorbic acid. 

PR-1protein accumulation 

Damage to membranes (lipid peroxidation) 

Polyamines 

 

Agati and Tattini (2010) 

Yao and Liu (2006)  

Green and Fluhr (1995)  

Kramer et al. (1991) 

Lutz et al. (2005) 

Secondary 

metabolism 

rearrangement 

 

Accumulation of UV-B absorbing compounds 

Flavonoids, alkaloids, terpenoids, sinapic esters, 

stilbenes, lineal carotenoids, hydroxycinnamic acids, 

and other phenolics 

Glucosinolates  

Specific flavonoids, such as flavonols glycosides 

Phenylpropanoid pathway: activation of enzymes PAL 

, CHS, CHI 

Zhang and Björn (2009) 

Meijkamp et al. (1999) 

Du et al. (2011) 

Brosché and Strid (2003) 

Mewis et al. (2012 

Hectors et al.(2014) 

Vidovic et al. (2015) 

Signal 

transduction 

Jasmonic acid. ethylene, salicylic acid. 

MAPKs  

ROS, NO, H2O2 

Ca2+, Calmodulin 

Brassinosteroid  

miRNAs 

UVR8 

HY5, MYB12 transcription factors 

 

Agrawal et al. (2009) 

Dai et al. (1997)  

Surplus et al. (1998)  

Frohnmeyer et al. (1998) 

Brosché and Strid (2003) 

A-H-Mackerness et al. (2001)  

Sävenstrand et al. (2004) 

Jia et al. (2009) 

Sunkar (2010)  

Neil et al.(2002) 

Rizzini et al. (2011) 

Brown et al. (2008) 

Stracke et al (2010)  
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The effects of UV radiation involve a series of plant responses, which allow them to face 

the stress and acclimate. However, these responses are species and cultivar specific and can 

vary depending on UV-B source, UV-B/PAR ratio, radiation levels, and exposure times to 

stresses, (Jansen et al., 1998; Meijkamp et al., 1999; Kakani et al., 2003a). There are three 

main classes of protective responses to UV-B: i) avoiding damage by preventing UV-B 

from reaching sensitive targets (e.g. change on leaf reflectance and epidermal absorbance) 

(Bornman, 1997; Mazza et al., 2000; Solovchenko and Merzlyak, 2008), ii) minimizing 

damage by growth delay or quenching of reactive oxygen species (ROS) production 

(Agrawal et al., 2009), and iii) mitigating damage by repair mechanisms (Gill et al., 2015; 

Manova and Gruszka, 2015) (Figure 2.1).  

Among these mechanisms, there is a fluency of metabolites that may have distinct roles in 

plant tissues, with a different functional significance, depending on the cell localization. 

This is the case for flavonoids, which have different functions, for example: UV-filtering 

properties (Day, 1993), quenchers of ROS (Mierziak et al., 2014), preventing 

photobleaching of carotenoids (e.g. quercetin and kaempherol) (Takahama, 1982), 

regulators of auxin transport (Brunn et al., 1992), DNA damage inhibition by iron fast 

kinetics binding sites (Verdan et al., 2011), attractants or as feeding deterrents, and in 

general, by their role in plant resistance (Treutter, 2006). These broad functions of 

flavonoids in plants show the efficient use of these molecules, and explain their ubiquitous 

presence in plant kingdom. 
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Figure 2.1. Model of defense strategies against UV-B radiation in plant leaf (Modified 

from Cockel and Knowland, 1999; Solovchenko and Merzlyak, 2008). The incident UV-B 

is reflected by cuticle and waxes or attenuated by UV-B absorbing compounds at the 

epidermal level in cell vacuoles, avoiding damage. This strategy could be more or less 

effective depending on plant species. Tolerance strategy acts when the UV-B radiation 

affects primarily the electron transport, producing an excess of ROS, which by the 

induction of antioxidant compounds minimize damage. When UV-B reaches and damage 

sensitive targets (such as proteins and lipids on membranes, DNA and RNA) the tolerance 

mechanism acts repairing those molecules to maintaining the cell status.  
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2.4 Flavonoids and UV-B 

2.4.1  Biosynthesis and regulation of flavonoids 

Flavonoids are small secondary metabolites ubiquitous in plant kingdom, sharing a basic 

structure, consisting in two phenyl groups joined via a heterocyclic pyrane ring (Kumar and 

Pandey, 2013; Le Roy et al., 2016) (Figure 2.2A). Flavonoids can be found as aglycones, 

metylated, acylated and mostly glycoside derivatives (Gachon et al., 2005; Kumar and 

Pandey, 2013).  

Flavonoid biosynthetic pathway proceeding via the phenylpropanoid pathway is well 

understood. The main precursor, phenylalanine, is transformed into 4-coumaroyl-CoA, via 

intermediate steps, which lead to the flavonoid biosynthesis pathway (Figure 2.2B). 

CHALCONE SYNTHASE (CHS), the first specific enzyme in the flavonoid pathway, 

condenses this molecule with three molecules of malonyl- CoA, resulting in narigenin 

chalconne, which is then transformed by CHALCONE ISOMERASE (CHI) into 

naringenin, being the substrate to the different subclasses of flavonoids, including 

isoflavonoids, flavonols, flavan-3-ols, anthocyanins and proanthocyanidins (Falcone 

Ferreyra et al., 2012; Jaakola, 2013).  

The enzymes involved in the biosynthesis of flavonoids are known to be located in the 

cytosolic side of the endoplasmic reticulum, organized into macromolecular complexes that 

can be associated to endomembranes (Kutchan, 2005; Zhao and Dixon, 2009). However, 

some of these enzymes have also been described in nuclei in Arabidospis thaliana, for 

instance CHS and CHI (Saslowsky et al., 2005) and FLAVONOL SYNTHASE (FLS1) 
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(Kuhn et al., 2011). After biosynthesis, flavonoids are transported to vacuoles or cell walls 

(Koes et al., 2005, Jaakola et al., 2013).  

Phenylpropanoid glycosylation, including glycosylation of flavonoids, regulates stability, 

solubility and toxic potential, influence on compartmentalization and availability of these 

compounds in different subcellular compartments, as reviewed by Le Roy et al. (2016). 

UDP-glycosyltransferases (UGTs) are responsible of flavonoids glycosylation in C3 and 

C7 position. The induction of UGTs under different stresses gives to these molecules a new 

role in plant defense, but their role is not yet clear due to that they are less effective 

antioxidants than their corresponding aglycone (Le Roy et al., 2016). UGTs are responsible 

for the important diversity of flavonoid modifications, though, it is still matter of research 

their characteriazation in plants (Le Roy et al., 2016).  

The regulation of flavonoid biosynthesis is mediated by the interaction of different 

transcription factors families; members of the the R2R3-MYB family, MYC-like basic 

helix-loop-helix (bHLH) and WD40 proteins (Hichi et al., 2011, Li et al., 2014), but also 

bZIP proteins are involved depending on light (Stracke et al., 2010, Malacarne et al., 2016). 

R2R3-MYB transcription factors have specific interaction with MYB recognition element 

(MRE) present in promoters of structural target flavonoid genes eg: CHS, DFR, UFGT and 

FLS1. (Hartmann et al., 2005; Takos et al., 2006; Czemmel et al., 2009; Lai et al., 2014; 

Zoratti et al., 2014)  
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Figure 2.2. General biosynthetic pathway of flavonoids in plants A. Basic structure of 

flavonoids. B. Main flavonoids biosythetic pathways. The corresponding enzymes in the 

metabolic route are given in ligh blue color. CHI, chalcone isomerase; CHS, chalcone 

synthase; FNS: flavone synthase; F3´H: flavonoid 3-hydroxylase; F3H favonone 3- 

hydroxilase; F3´5´H: flavonoid 3',5'-hydroxylase; FLS, flavonol synthase; DFR, 

dihydroflavonol 4-reductase; LAR, leucoanthocyanidin reductase; ANS, anthocyanidin 

synthase; UFGT, UDP glucose flavonoid glycosil transferase. 

2.4.2 UV-B signaling transduction pathway of flavonoids 

Since this discovery, the understanding of UV-B responses has been re-evaluated. It has 

been recently demonstrated that UVR8 possesses high conservative characteristics in 

nature, possibly for the establishment of UV-B tolerance from green algae to higher plants 

(Fernández et al., 2016). UVR8 is a key regulator of gene expression under UV-B and solar 

UV (Brown et al., 2005a; Favory et al., 2009a; Morales et al., 2013). Brown et al, (2005a) 

reported that in Arabidopsis thaliana, the UVR8 acts as an UV-B specific signaling 

component regulating the expression of a range of genes essential for UV-B protection, 

such as flavonoid biosynthetic genes, alkaloid related biosynthetic genes, oxidative stress 

(e.g. glutathione peroxidase), photooxidative damage (ELIP proteins), signaling 

components, and transcription factors, among others. Moreover, UVR8 regulates 

ELONGATED HYPOCOTYLS 5 (HY5), a transcription factor with a key role in 

photomorphogenesis (Osterlund et al., 2000; Brown et al., 2005a) and plays a more critical 

role that LONG HYPOCOTYL5-LIKE HYH homologous transcription factor in 

orchestrating UV-B protection (Brown and Jenkins, 2008). Signaling of UVR8 is also 
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mediated by CONSTITUTIVE PHOTOMOTOHOGENESIS 1 (COP1) (Cloix and Jenkins, 

2008; Favory et al., 2009b) acting as a positive regulator promoting the expression of HY5 

(Brown et al., 2005) and hence promoting photomorphogenesis. Under light, COP1 is a 

repressor of photomophogenesis in complex with CULLIN4–DAMAGED DNA BINDING 

PROTEIN 1 (CUL4–DDB1) and SUPPRESSOR OF PHYA (SPA). Under UV-B, COP1-

SPA is functional and physically dissociated from CUL4–DDB1, formatting a unique 

complex with UVR8 (Huang et al., 2013) (Figure 2.3). The entire complex UVR8-COP1-

SPA stabilizes bZIP transcription factor HY5. The mechanism by which this complex 

stabilizes HY5 is still unknown, but it is supposed to be a posttranslational stabilization 

rather than a transcriptional regulation (Jenkins, 2014). HY5 and HYH bind directly to 

promoters of several UV-B regulated genes, including MYB12, CHS, COP1, among others 

(Binkert et al., 2014). 

Loyola et al. (2016) suggested that HY5 and HYH play a complementary role in regulating 

flavonol synthesis in vegetative and reproductive organs of Vitis vinifera. This was 

observed at different time points of development and different times after UV-B exposition. 

In leaves, a higher upregulation of HYH than HY5 and UVR1 was observed. However, the 

most predominantly expressed genes where UVR1 in berry skin and HY5. They observed a 

co-regulation of HY5/HYH in flavonol synthesis genes as FLAVONOL SYNTHASE 4 

(FLS4) and FLAVONOL GLYCOSYLTRANSFERASE 5 (GT 5) and a positive 

correlation in flavonol levels and up-regulation of HY5 and HYH in fruits. Additionally, 

Liu et al. (2015) found that a low fluence of UV-B radiation can also stimulate the flavonol 

biosynthesis in V. vinifera.   
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Activated mitogen protein kinases (MAPKs) in A. thaliana have been shown to 

phosphorylate several transcription factors such as MYB/MYB related proteins bZIPs, 

among others (Popescu et al., 2009). The upregulation of different MAPKs were found in 

response of high UV-B intensity in Glycine max (Yoon et al., 2016). Recently, OsMPK3 

have been showed to be induced in Oryza sativa under UV-B stress (Wankhede et al., 

2016). However, the activation of MAPKs seems to be independent of UVR8 signaling, 

both determining coordinately plant UV-B tolerance (González Besteiro et al., 2011; 

Nawkar et al., 2013). As far as we know, MAPKs could be associated to induction 

acclimation resposes, such as the induction of flavonoids, but this has not been 

demonstrated. 
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Figure 2.3. Signaling pathway affecting flavonoids biosynthesis under UV-B radiation. 

UV-B promotes the monomerization of the UVR8 homodimer due to Trp electron 

excitation and subsequente salt breach disruption (Christie et al., 2012). UVR8 is present 

mostly at the cytosol than nucleus (Brown et al., 2005; Kaiserli and Jenkins, 2007), but its 

function is focused in the nucleus. UVR8 requieres COP1 to be imported to the nucleus 

(Yin et al., 2016), forming an active core that stabilizate HY5 transciption factor by 

preventin their degradation (Huang et al., 2013). HY5 promote the activity of MYB12 and 

binds to the MYB-recognition element (MRE-box) within the flavonoids pathway genes 

promoters. HY5 directly target MYB12 promoter via ACE/G box (Stracke et al., 2010, 

Schenke et al., 2014). Negative regulation of flavonoids pathway genes is by the MYB4 via 

targeting MRE- box (Schenke et al., 2011). 

2.5 Acclimation responses to UV-B stress 

2.5.1 Role of flavonoids as photoprotective compounds: avoiding UV-B damage 

The most reported mechanism against UV-B stress is the increased synthesis of secondary 

metabolites, such as flavonoids and other polyphenols, acting as UV-screening compounds, 

which are documented in both, natural systems and in the laboratory (Bornman and 

Teramura, 1993; Bornman, 1999, Jansen et al., 2008). The accumulation of these 

metabolites prevents damage to target molecules, which strongly absorb at the wavelengths 

of UV-B radiation. This is possible because they are photostable and strongly absorb light 

in the range of UV-B (Harborne, 1986; Day, 1993), lowering these radiation levels within 

the tissues, without affecting the transmission of photosynthetic active radiation (PAR) 

(Ruhland and Day, 1996, Meijkamp et al., 1999). This strategy is considered a plant 
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adaptation to reduce the amounts of UV-B radiation, reaching the photosynthetic tissues of 

the leaves (mesophyll), where the UV-B can be damaging. Moreover, UV screening may 

provide some energetic advantages by reducing the need for constantly active repair 

processes (Cockell and Knowland, 1999). Additionally, modeling by integrating the UV-B 

radiation effects in plants through epidermal absorptance spectra and cellular DNA repair 

rates indicated that plants with relative high epidermal absorptance are mostly unaffected 

by UV-B radiation increases (Suchar and Robberecht, 2015).  

The accumulation of flavonoids under stress by UV-B radiation is widely documented in 

many species. In Picea abies, an increase of flavonoids at low doses of UV-B (near to 

ambient UV-B) compared with doses close-to-zero was found (Fischbach et al., 1999). 

Furthermore, Hofmann et al. (2000) found that a higher accumulation of glycosylated 

quercetin under long-term UV-B irradiation was correlated with UV-B tolerance inducing 

growth reduction in Trifolium repens leaves. Besides, UV-B was also shown to induce 

production of flavonoids in V. vinifera cv Silvaner leaves (Kolb et al., 2001), A. thaliana 

(Li et al., 1993; Sheahan, 1996), Brassica napus (Bornman, 1997), Cucumis sativus (Tevini 

et al., 1993), and Betula pendula (Tegelberg et al., 2004) among others. Likewise, Ginkgo 

biloba leaves response to UV-B is age depending, where the higher induction of total 

flavonoids was observed in younger leaves (Sun et al., 2010). It is interesting that induction 

of flavonoids at enhanced UV-B levels in crop species ranged between 10 to 300% (Kakani 

et al., 2003).  

The localization of these compounds seems to be specific depending on the involved 

protective mechanism. In Hordeum vulgare, secondary phenolics, including flavonoids 
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saporanin and lutonarin, were shown to be a regulated adaptive and tissue-specific response 

to UV-B (Liu et al., 1995). In this species, the glycosylated flavone saponarin was observed 

by fluorescence microscopy and located in both epidermis and in the outermost cell layers 

of the mesophyll, especially in the vacuoles (Schmitz-Hoerner and Weissenböck, 2003). 

Vacuoles are physically separated from the ROS-generating sites in the cell, so the storage 

of flavonoids in these compartments has been associated to photoprotection. In Centella 

asiatica, Bidel et al. (2015) found a cumulative effect of UV-B doses in flavonol 

accumulation in epidermal cells. The accumulation of flavonols reached a plateau at 7 days 

of UV-B exposition, increasing thereafter by augmented UV-B, even in non exposure 

tissues. These authors finally suggest, that the epidermal accumulation of flavonols is 

primarily determined by the UV-B irradiance rather than by duration of the exposure.  

Recently, the important role of glycosylation in UV-B defense has been discussed. The 

glycosylation patterns of flavonols in relative long-term exposition to UV (days) showed 

increased UV acclimation in A. thaliana. Di- and tri- glycosides of flavonols augmented 

during the first 4 days of UV treatment, explained by upregulation of flavonol-7-O-

rhamnosyltransferase UGT89C1 (Hectors et al., 2014). In V. corymbosum, a differential 

response was observed among cultivars in long-term UV-B exposition (21 days), showing 

that the UV-B resistant cultivar synthesized de novo flavonols glycosides under UV-B 

radiation (Luengo Escobar et al., 2017). In C. asiatica, flavonols were accumulated under 

UV-B exposition, where predominantly kaempferol-3-glucuronopyranoside and quercetin-

3-glucuronopyranoside were observed (Bidel et al., 2015). In transgenic lines of Populus, 

quercetin-3-rhamnoside increased steadily until 5 days of UV-B exposition, reaching at this 
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time significantly higher values than control. Moreover, the differences in concentration 

among exposed and none exposed UV-B plants were significant after 2 days. A broad 

rearrangement of the leaf metabolome was observed under UV-B (Kaling et al., 2015). It is 

known that in A. thaliana plants, short-term responses to UV-B exposure occur only at the 

level of primary metabolites suggesting that these responses promote later production of 

UV-B-absorbing secondary metabolites (Kusano et al., 2011). Subsequently this indicates 

that the metabolic adjustment of secondary metabolites is necessary to be evaluated in 

longer time periods than only few hours of UV-B exposition. 

Due to the low antioxidant capacity of flavonoid glycosides compared to their aglycone 

(given by their high glycosylation), it is hypothesized that their main role is 

photoprotection. However, it is also suggested that these compounds are stored in vacuoles 

to be used later as antioxidant in other cell compartments (Le Roy et al., 2016, Petrussa et 

al., 2013) In general, glycosylation can modify stability, solubility, localization and 

biological activity of phenylpropanoids, as described by Le Roy et al. (2016). UDP-

glycosyltransferases (UFGts) are responsible for glycosylation; therefore these molecules in 

some extent also regulate plant responses against a series of environmental changes 

(Bowles et al., 2005; Le Roy et al., 2016).  

2.5.2 Role of flavonoids as antioxidants: mechanism of tolerance to damage 

In addition to the production of UV-screening compounds, plants have evolved 

mechanisms to limit the damage by UV-B. Specifically, UV-B radiation generates an 

excess of reactive oxygen species (ROS) when exposed to this radiation, inducing a series 
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of antioxidant compounds (enzymatic and non enzymatic) that ameliorate or neutralize 

these effects (Strid et al., 1994a; Agrawal et al., 2009).  

It is known that phenolic acids and flavonoids along with other plant secondary metabolites 

act as antioxidants through the scavenging of ROS. Thus, they can alleviate oxidative stress 

induced by abiotic factors such as heavy metals, high light and UV-B radiation (Rice-evans 

et al., 1995). The mechanism of antioxidant action can include suppressing reactive oxygen 

species, scavenging of ROS and upregulating or protecting antioxidant defenses (Halliwell 

and Gutteridge, 1998; Pietta, 2000, Hideg et al., 2013). Most of these criteria are 

accomplished by flavonoids (for more information, see Pietta, 2000). Thus, many author 

attribute the accumulation of flavonoids to the increase of ROS scavenging activity (Agati 

and Tattitni, 2010; Fini et al, 2011). Likewise, their distribution in different cell 

compartments seems to support this idea (Agati el al., 2012). Also, at the functional level, 

dihydroxy B-ring-substituted flavonoids, such as quercetin, are preferably accumulated 

under severe stress conditions, which are effective scavengers of ROS (Agati et al., 2012 

and references therein). In this sense, under UV-B radiation, the quercetin: kaempferol ratio 

is reported to increase in several species (Ryan et al., 1998, Ryan et al., 2001, Reifenrath 

and Müller, 2007). As mentioned above, flavonoids are frequently found as glycosylated 

derivatives in plants, diminishing their radical-scavenging capacity (Pietta, 2000). In the 

case of quercetin, a flavonol hydroxyl derivative exhibits a Trolox equivalent antioxidant 

capacity (TEAC) value of 4.7 mM of Trolox, whereas the glycosylated forms quercetin-3-

O-glucoside, quercetin-4′-O-glucoside and quercetin 3,4′-di-O-glucoside, have a TEAC of 

3,25, 074 and 0,01 mM of Trolox, respectively (Rice-Evans et al., 1996; Zielinska et al., 
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2008). These results show that it is necessary take into account the different arrangements 

of functional groups coupled to the basic structure of flavonoids to determine their 

antioxidant capacity and hence, their final role in UV-B protection.  

An indirect role of flavonol glycosides in augmenting antioxidant activity has been reported 

(Agati et al., 2012). In Fagopyrum tataricum, UV-B radiation increased rutin glucosidase 

activity in 365%, which was consequently correlated with an increment in quercetin and 

rutinose concentrations (Suzuki et al., 2005). These authors suggest that the breakdown of 

rutin (quercetin-3-rutinoside) in quercetin is an indirect mechanism for augmenting the 

antioxidant activity under UV-B radiation, because quercetin is a good substrate for guiacol 

peroxidase. Besides, another possible mechanism is the increment of carbohydrate supply 

for respiration (in this case, rutinose from rutin) because of damage on photosynthesis 

system or translocation of carbohydrates from source organs (Suzuki et al., 2005). 

However, the increment of rutin, together with rutin glycosidase activity under UV-B 

radiation (Suzuki et al., 2005) leaved the question unclear about this response.  

The vacuole was proposed as being part of the cellular antioxidant network, by which 

sugars and sugar like compounds may act as ROS scavengers together with phenolic 

compounds (Van den Ende and Valluru, 2009; Peshev and Van den Ende, 2013). Peshev et 

al., (2013) proposed a model to describe the putative radical reactions involving fructans 

and secondary metabolites at the inner side of the tonoplast in the vacuolar lumen. Despite 

of that this mechanism has not yet been related to UV-B radiation response, it is interesting 

to follow the undergoing research on this matter. 
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2.6 Concluding remarks 

The discussion on the role of flavonoids in UV-B protection is still open. Historically, 

flavonoids have been primarily attributed to photoprotection in avoidance strategies of 

plants. However, as a secondary antioxidant system, flavonoids are capable to mitigate the 

damage of UV-B incoming sensitive target of plant cells. This dual capability makes the 

induction of these molecules an efficient mechanism for UV-B resistance in plants. 

Additionally, the role of glycosylation of these molecules in UV-B protection is a new issue 

to investigate. Why plants synthesize more complexes molecules with more sugar moieties 

under UV-B, is a question which remains to be clarified in the future. 
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Determining a UV-B resistant Bluebery cultivar candidate for the long-term 

experiment of this research. 

3.1 Introduction 

Previous studies have shown different capacities of Blueberry cultivars to respond to the 

abiotic stresses such as aluminum and manganese toxicities frequently found in south-

central Chile (Reyes-Diaz et al., 2009, 2010, Rojas-Lillo et al., 2014). In these studies, 

some V. corymbosum cultivars showed contrasting behavior under these abiotic constrains, 

with Brigitta and Legacy being considered resistant and Bluegold as sensitive cultivar.  Our 

research group reported previously that Bluegold behave as UV-B sensitive cultivar 

according to Rojas Lillo et al. (2014) and Brigitta and Legacy behave as UV-B resitant 

according to Inostroza Blancheteau et al. (2014) and Reyes-Diaz et al. (2016). For selecting 

the most UV-B resistant cultivar, a short-term experiment (6 to 20 h) with high UV-B was 

assessed between the above mentioned resistant cultivars to be later used for the long-term 

experiment in this thesis. 

3.2 Materials and Methods 

3.2.1 Plant material an experimental conditions 

This study was performed in a greenhouse of Universidad de La Frontera, Temuco, Chile. 

Two year-old blueberry cultivars clones (Legacy and Brigitta) were obtained from Berries 

San Luis Farm, Lautaro, Chile. They were grown in a substrate of oat shell: sawdust: pine 

needles at a 1:1:1 proportion. The conditions in the greenhouse were: temperature (22 ± 

2ºC), relative humidity (75 ± 5%) and continuous photosynthetic active radiation (PAR) of 
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~400µmoles m
-2

s
-1

. Cultivars were subjected to two UV-B treatments: i) without UV-B 

(control) and ii) high UV-B (irradiance 24.4 Wm
-2

 (280-320 nm), total dose 88.0 KJ m
-2

 h
-1

 

(280-320 nm)) for a continuous period of 6 and 20 h. UV-B radiation was provided by UV-

B Q-lamps (Phillips Q-Panel 313; 0.398 Watts tube
-1

) with radiation range from 280-320 

nm. To avoid the lateral transmittance of UV-B radiation from lamps, the system was 

laterally protected with a cabinet of polyethylene previously tested at the Institute of 

Physics of the University by Professor Mg. Patricio Acevedo. Also lamps were surrounded 

with a Mica filter to minimize the UV-C radiation emitted.  

A completely randomized experimental design 2 x 2 x 3 (2 blueberry cultivars, 2 radiation 

included control and three times of exposure) were used with 3 biological replicates per 

treatment. The experimental units consisted of 1 pot with 1 blueberry plant, given a total of 

6 pots for the assay. After applying the treatments, the following parameters were 

determined in vivo in the leaves. 

3.2.2 Photochemical efficiency of photosystem II (PSII). 

The maximum photochemical efficiency (Fv/Fm) was measured in pre-darkened leaves and 

the effective photochemical efficiency of PSII (ΦPSII) by a pulse-amplitude modulated 

fluorimeter in attached leaves (FMS 2, Hansatech Instruments Ltd., U.K.). The 

measurements were determined according to Reyes-Diaz et al. (2009). Three technical 

replicas were measured per biological replicate at 0, 6 and 20 h of UV-B exposure. 

3.2.3 Spectral reflectance of leaves.  



Chapter 3. Determining a UV-B resistant Bluebery cultivar candidate for the long term experiment 

of this research. 

 

 

35 
 

Leaf reflectance of the third or fourth complete expanded leaf was measured in the range of 

400 to 1000 nm was measured with a PS-100 spectroradiometer (Apogee Instruments Inc., 

USA) with a resolution of 1 nm. Three technical replica were measured per biological 

replicate at 0, 6 and 20 h of UV-B exposure. This parameter indicate stress status according 

with the previously report described by Carter and Knapp (2001).  

3.2.4 Statistical analysis.  

All data passed the normality and the equality of variance tests after Kolmogorov-Smirnov 

test. Data then were subjected to a two-way ANOVA where the factors were cultivar and 

UV-B treatment. A Tukey`s honestly significant differences test was used to identify those 

values with significant differences (P ≤ 0.05). Analyses were performed with Sigma Stat 

3.5 (Systat software INC). 

3.3  Results 

Fluorescence parameters were estimated to identify the possible damage at PSII level in 

response to high UV-B exposition. Results indicated that for the maximum quantum yield 

(Fv/Fm), Legacy cultivar decrease only after 20 hours of exposure to UV-B radiation, 

whereas in Brigitta this parameter was affected earlier at 6 hours of exposure (Figure 3.1A).  

The effective quantum yield (ɸPSII) showed a decrease in both cultivars at 6 hours of UV-

B exposition, but after 20 h, Legacy showed to recover their levels compared to control, 

meanwile for Brigitta, the decrease was manained (Figure 3.1B).  

In relation to spectral reflectance (wavelengths on which plants reflect the inciden light), it 

was evaluated changes in four regions of the spectra (from 400-1000 nm) were considered 
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for the analysis (Figure 3.2). It is observed, that only Legacy showed a significant increase 

of reflectance at the first range (400-500 nm) by UV-B effect. In contrast, in the second 

range (500-600 nm) Brigitta reflectance decreased ≈13 and 17 % at 6 h and 20 h 

respectively, compared to 0 h. In the 600-750 nm range, Brigitta reflectance slightly 

decreased at 6 h, while at 20 h it showed to be increased. At the last range (750-1000 nm) 

Legacy showed to be less affected by UV-B, while Brigitta showed a strong decrease at the 

near infrared (NIR) range in response to UV-B stress (Figure 3.2), indicating damage on the 

internal structure of the leaves. This damage is reported to occur at the level of the spongy 

mesophyll, where by loosing of air space, decreases the NIR reflectance (Castro and 

Sanchez-Azofeifa, 2008; Knapp and Carter, 1998), indicating compactation of the cells as 

consequence of the high levels of UV-B radiation applied.   

Since chlorophylls absorb light in the range of  400-500 nm (blue) and 600-700 nm (red), 

the increase in reflectance at these wavelengths indicate a lower light absorption, and thus a 

greater reflection (Blackmer et al., 1994). Accordingly, a major reflection at 550 nm 

(green) indicates high amout of chlorophyll, which correspond to the reflection of the green 

light which is not absorbed. This was observed at 20 h of UV-B treatment in Brigitta, 

where an increase in red reflectance was registered and consequently a decrease in green 

reflectance (Figure 2.2).  This further suggests that there was a degradation of chlorophyll 

due to the high dose of UV-B used. The external appearance of both blueberry cultivars 

evaluated in response to UV-B exposure is shown in Figure 3. Brigitta leaves, consistently 

with the above results, were mostly damaged by the UV-B treatment, showing leaves 

brownish (Figure 3.3. D2). 
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Conclusions 

With this short-term UV-B experiment, we were able to select, from the resistant cultivars 

available in our laboratory, the best candidate for the long-term UV-B experiment. Despite 

the high UV-B conditions, Legacy was able to maintain the leaf chlorophyll fluorescence 

and no changes in leaves reflectance, indicating no changes in chlorophyll composition and 

leaf structure, demostrating a highest resistance under this extreme UV-B radiation.  
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Figure 3.1: A) Changes in maximum quantum yield (Fv/Fm) in two Vaccinium 

corymbosum cultivars under high UV-B exposure for 20 hours. Values represent the 

average of 3 biological replicates ± SE. Different lowercase letters indicate statistically 

significant differences (Tukey’s HSD at P ≤ 0.05) between UV-B treatment for the same 

cultivar and exposure time. Different uppercase letters indicate differences (Tukey’s HSD 

at P ≤ 0.05) between exposure time for the same cultivar and similar UV-B treatment.  

A 

B 
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Figure 3.2: Changes of leaves spectral reflectance (400 to 1000 nm) in two Vaccinium 

corymbosum (Legacy and Brigitta) cultivars under high UV-B exposure for 0, 6 and 20 

hours. Values represent the average of 3 biological replicates. 
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Figure 3.3: Changes in the leaves appearance of two Vaccinium corymbosum cultivars 

exposed to UV-B radiation for 20 hours in Legacy and Brigitta cultivars. Control and UV-B 

expoed plants are showed. 1. Entire plant view. 2. First third upper leaves view.
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Abstract 

Despite the Montreal protocol and the eventual recovery of the ozone layer over Antarctica, 

there are still concerns about increased levels of ultraviolet-B (UV-B) radiation in the 

Southern Hemisphere. UV-B induces physiological, biochemical and morphological stress 

responses in plants, which are species-specific and different even for closely related 

cultivars. In woody plant species, understanding of long-term mechanisms to cope with 

UV-B-induced stress is limited. Therefore, a greenhouse UV-B daily course simulation was 

performed for 21 days with two blueberry cultivars (Legacy and Bluegold) under UV-BBE 

irradiance doses of 0, 0.07 and 0.19 Wm
−2

. Morphological changes, photosynthetic 

performance, antioxidants, lipid peroxidation and metabolic features were evaluated. We 

found that both cultivars behaved differently under UV-B exposure, with Legacy being a 

UV-B-resistant cultivar. Interestingly, Legacy used a combined strategy: initially, in the 

first week of exposure its photoprotective compounds increased, coping with the intake of 

UV-B radiation (avoidance strategy), and then, increasing its antioxidant capacity. These 

strategies proved to be UV-B radiation dose dependent. The avoidance strategy is triggered 

early under high UV-B radiation in Legacy. Moreover, the rapid metabolic reprogramming 

capacity of this cultivar, in contrast to Bluegold, seems to be the most relevant contribution 

to its UV-B stress-coping strategy. 

 

Keywords Flavonoids, UV-B radiation, UV-B resistance, photoprotection, antioxidative 

response, metabolic adjustment. 
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4.1 Introduction 

Many regions in the Southern Hemisphere have been severely impacted by the decrease in 

the ozone layer, which has led to higher doses of UV-B radiation (between 280 and 320 

nm) reaching the earth’s surface (Mckenzie et al., 2007). The interaction between ozone 

depletion and climate change can modify expectations regarding the future of UV-B 

scenarios, which maintain that this issue is a current concern (Ballare et al., 2011). 

Although UV-B radiation represents only a small fraction of the total solar spectrum, it has 

disproportionately large photobiological effects on plants because of its high energy, which 

has been extensively reviewed (Jansen et al., 1998, Kakani et al., 2003, Lidon et al., 2012, 

Kataria et al., 2014). A common negative effect of UV-B is the enhancement of reactive 

oxygen species (ROS) production generating oxidative stress, lipid peroxidation of 

biomembranes and organelles, including chloroplasts (He et al., 1994, Landry et al., 1995, 

Lidon and Ramalho, 2011). It has been demonstrated in Arabidopsis plants that short-term 

responses to UV-B exposure occur only at the level of primary metabolites (Kusano et al., 

2011). This suggests that these responses allow the cell to promote later production of UV-

B-absorbing secondary metabolites. In addition to metabolite reprogramming, UV-B 

irradiation damages the photosynthetic apparatus, negatively affecting its function through 

direct effects on both photosystem I and II (PSI and PSII) and consequently limiting the 

carbon assimilation (Pfundel 2003, Lidon and Ramalho 2011). Furthermore, it has been 

shown that UV-B radiation reduces the activity of ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) and/or its protein amount in some plant species such as 

Oryza sativa (Takeuchi et al., 2002, Fedina et al., 2010) and Canavalia ensiformis (Choi 
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and Roh 2003), affecting the CO2 assimilation. This radiation also impacts the stability of 

the chloroplast ultrastructure, affecting the light harvesting apparatus by inducing changes 

at the level of photosynthetic pigments (especially chlorophylls) and thus reducing 

photosynthesis (He et al., 1994, Hui et al., 2013, Kataria et al., 2014).  

Carotenoids are known to have a role in UV-B photoprotection in Arabidopsis plants 

(Middleton and Teramura 1993). However, some evidence indicates a non-direct 

assignment of total carotenoids (TC) in UV-B protection as established in Avena sativa 

(Ruhland et al. 2007) and Fagopyrum esculentum (Gaberščik et al., 2002). By contrast, 

xanthophyll cycle pigments are involved in the dissipation of excess energy in plants 

(Baroli and Niyogi 2000). In excessive light, zeaxanthin (Zx) is rapidly formed by de-

epoxidation of violaxanthin (Vx), via the intermediate antheraxanthin (Ax). This reaction is 

reversed under dark conditions (Bolink et al., 2001; Jahns and Holzwarth, 2012). With 

respect to UV-B radiation, the participation of the xanthophyll cycle pool is still 

controversial. In this sense, Bolink et al. (2001) reported that while in Pisum sativum the 

levels of these pigments increased after UV-B exposure, in Phaseolus vulgaris they 

remained unchanged. Moreover, in P. sativum, it is suggested that violaxanthin de-

epoxidase (VDE) is inhibited by UV-B, resulting in enhanced levels of Vx.  

Plants have evolved strategies to counteract the negative effects of UV-B radiation 

(Solovchenko and Merzlyak 2008). One of these is the accumulation of UV-B absorbing 

compounds [e.g. secondary metabolites such as phenolic acids (Phe), flavonoids (FL), 

hydroxycinnamic acid, etc.]. These compounds are accumulated mainly in epidermal cells, 

screening the amounts of UV-B radiation reaching the photosynthetic leaf tissues. They are 
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considered an efficient avoidance UV-B-resistance mechanism, where the UV-B can cause 

damage (Li et al., 1993, Landry et al., 1995, Mazza et al., 2000, Kolb et al., 2001). 

Metabolomic studies among species and genotypes subjected to UV-B have revealed 

different phenolic compositions and de novo synthesis of molecules (Casati et al., 2011, 

Kusano et al., 2011). In this context, it has been suggested that among flavonoids, the 

flavonols subclass is the main group induced under UV-B radiation (Pollastri and Tattini 

2011, Zoratti et al., 2014). In general, flavonoids have a strong UV-B absorbance capacity 

and relatively high antioxidant capacity depending on their structure (Rice-Evans et al., 

1996). Nevertheless, some authors assign a major role to this group as UV-B absorbing or 

photoprotective compounds (Li et al., 1993, Bieza and Lois 2001). 

Moreover, as a complement to the role of the UV-B absorbing compounds Phe and FL 

along with other plant secondary metabolites act as antioxidants through the scavenging of 

ROS (Rice-Evans et al., 1995, Pietta 2000). According to Solovchenko and Merzlyak 

(2008) this is a tolerance mechanism. The ROS scavenging capacity (RSC) is primarily 

attributed to the hydroxyl substituents of Phe and FL, conferring antioxidant, chelating and 

prooxidant activity (Heim et al., 2002). Nonetheless, flavonoids are often found as 

glycosylated derivatives in plants, which negatively influence their RSC (Pietta 2000). In 

addition to the non-enzymatic antioxidant strategies detailed above, enzymatic antioxidants 

such as superoxide dismutase (SOD) is also involved in UV-B protection in plants. 

According to Hideg et al. (2002), the dominant ROS produced under UV-B stress is the 

anion superoxide (O2
−
), which is scavenged by SOD. It has been reported that SOD activity 

varied among plants species according to the UV-B dose applied (Agrawal et al., 2009). 
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South-central Chile, an important agricultural region, has increased levels of UV-B 

radiation because of the decreasing ozone layer (Huovinen et al., 2006). Thus, many crops 

are cultivated under high UV-B radiation as is the case of highbush blueberry (Vaccinium 

corymbosum). The high antioxidant attributes of its fruits, as well as its high economic 

returns, have positioned the blueberry as an important crop in this region (Ribera et al., 

2010). Our previous studies have shown different capacities of cultivars to respond to the 

abiotic stresses such as aluminum and manganese toxicities frequently found in south-

central Chile (Reyes-Diaz et al., 2009, 2010; Rojas-Lillo et al., 2014). In these studies, we 

demonstrated that some V. corymbosum cultivars showed contrasting behavior under these 

abiotic constrains, with Legacy being considered a resistant and Bluegold a sensitive 

cultivar. However, information about metabolic and antioxidant strategies affected by UV-

B radiation in V. corymbosum cultivars is still limited. Thus, the present work aimed to 

determine the effect of increasing doses of UV-B radiation in a long-term treatment in V. 

corymbosum cultivars and evaluate the strategy to counteract the negative effects of this 

stress. Therefore, plant growth, photosynthetic performance, antioxidants, photoprotective 

compounds accumulation, lipid peroxidation and metabolic responses to UV-B stress of 

Legacy and Bluegold were analyzed. 

 

4.2 Materials and methods 

4.2.1 Plant material and experimental conditions 

In this work, two highbush blueberry (V. corymbosum) cultivars (Legacy and Bluegold) 

frequently cultivated in south-central Chile were used. The 2-year-old clone plants were 
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provided by Berries San Luis in south-central Chile (38° 29’ S, 72° 23’ W), transported to 

the Universidad de la Frontera (38° 44’ S, 72°37’ W) and acclimated for 3 months under 

greenhouse conditions. Prior to the UV-B application, plants were conditioned by washing 

the roots carefully and placing them in 3 l pots containing an Andisol (volcanic ash soil), a 

soil substrate typical of the region where this species is cultivated. The soil was previously 

analyzed for its chemical composition (organic matter, pH, available P, S and N, 

exchangeable Al, Mn, Mg, Ca, K and Na) according to Sadzawka et al. (2004). Based on 

the chemical analyzes, soil was fertilized according to the agronomic fertilization for 

blueberry plants. Thus, the NPK (Nitrogen, Phosphorus, Potassium) ratio of 2:1:1 (3:1.5:1.5 

g m−2
; Hancock and Hanson, 1986) was applied by fertigation for1month of pre-UV-B 

treatments. 

4.2.2 Greenhouse irradiation conditions  

Three irradiation conditions were used in this study: (1) photosynthetically active radiation 

(PAR) irradiation without UV-B exposure (−UV-B), (2) PAR plus UV-B, simulating a 

typical winter daily course of UV-B radiation, which corresponds to low UV-B radiation 

and (3) PAR plus UV-B simulating a summer daily course of radiation which corresponds 

to a 30% increase in UV-B intensity over the typical irradiance of UV-B in south-central 

Chile (De los Rios et al., 2007, De los Rios and Acevedo, 2010). The UV-B radiation was 

applied via UV-B Q-lamps (Q-Panel 313; Cleveland, Ohio) enclosed in a cellulose 

diacetate (0.08 mm) filter to remove UV-C radiation from the lamps (Middleton and 

Teramura 1993). Under this condition, the transmitted photon flux energy was 57% of the 
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total UV-B and only 5.7% UV-A radiation. Thus, it was possible to ensure that the UV 

radiation applied in this study was mainly biologically effective UV-B. The Q-lamps were 

suspended 20 cm above the top of plant. The UV-B daily course was carried out 

automatically by setting individual timers (mod. Temps 24H, Halux®, Santiago, Chile) on 

each Q-lamp to obtain 2.5 and 5.2 W m
−2

 UV-B irradiance (63.0 and 128.7 kJ m
−2

 day
−1

 

UV-B daily dose, respectively). The biologically effective UV-B (UV-BBE irradiance) was 

0.07 and 0.19 W m
−2

 for low and high UV-B treatments, respectively (Annex 1, Figure 

S1.1). The UV-B radiation range was 280 to 320 nm and measured with a 

spectroradiometer (Li-CORR 1800, Lincoln, NE). Daily PAR radiation was followed with 

Li-COR Li-189, with sensor Quantum N° Q32496 (Lincoln, NE). Measurements were 

taken during the day above the plants tops. The daily PAR was on average 400 μmol 

photons m
−2

 s
−1

 day
−1

. All the experiments were performed simultaneously in greenhouse 

and PAR conditions were the same for all the UV-B levels simulated. 

During the assay, the plants were maintained at 24 °C (±2 °C), relative humidity of 75% (

±5%), a photoperiod of 16 h light and 8 h dark. Irrigation was performed every day to 

maintain water field capacity. The plants remained under different UV-B doses for 7, 14 

and 21 days. To minimize any positional effect, the placement of pots with plants was 

changed randomly every day. A completely randomized experimental 2 × 3 × 3 design 

(two blueberry cultivars, three UV-B treatments and three time periods) was used with 

three replicates per treatment. The experimental units consisted of one plant per pot, giving 

a total of 54 pots for the assay. Measurements were taken at the beginning of the light 

period on each harvesting day. Samples were collected from fully expanded leaves from the 
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first upper third top of the plant, immediately frozen in liquid nitrogen and stored at −80 °C 

for biochemical analyzes. 

4.2.3 Plant growth parameters 

Plant growth was determined by measuring the shoot height (from the root collar to the end 

of selected branches) at the beginning and end of the experiment. Relative growth rate 

(RGR) was determined from the mean natural logarithm-transformed plant heights (lnH2) − 

(lnH1)/(t2 −t1), where t1 and t2 are the times 0 and 21 days, respectively as described by 

Hoffmann and Poorter (2002). 

4.2.4 Epidermis and mesophyll autofluorescence by confocal laser scanning microscopy 

Autofluorescence in different sections of fresh leaves of epidermal and mesophyll tissue of 

V. corymbosum cultivars was examined early (7 days) using confocal laser scanning 

microscopy (CLSM, Olympus FV1000, Olympus Co., Tokyo, Japan). Cross-sections of 

leaf tissues were cut using a double-sided razor blade, mounted in water and then observed. 

The 488 nm line of an Ar ion laser and 633nm of a He–Ne laser were used for excitation. A 

beam splitter (HFT UV/488/633; Olympus Co.) was used to separate excitation from 

emission and to divide the fluorescence emission into two channels. The chloroplast 

autofluorescence (633nm excitation) was visualized at 650–750 nm with a long-pass filter. 

Phenolic compounds autofluorescence (488 nm excitation) were visualized at 530 nm 

(Kolb et al., 2001, Agati et al., 2009). Images were processed using image processing 

software (software FLUOVIEW FV10-ASW v0.200c; Olympus Co.). 
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4.2.5 Measurement of photosynthetic parameters  

Carbon dioxide (CO2) assimilation was measured in intact fully expanded leaves belonging 

to the first upper third of non-flowering plants with a portable photosynthesis system (LI-

6400, LI-COR Inc., Lincoln, NE) controlling for light (300 mol photons m − 2
 s − 1

), 

temperature (20 °C), humidity (80%) and CO2 (360 ppm) as described earlier by Reyes-

Diaz et al. (2011). Measurements were taken on the morning of each collection day. The 

chlorophyll a fluorescence analyzes were determined by using a portable pulse-amplitude 

modulated fluorimeter (FMS 2; Hansatech Instruments, King’s Lynn, UK), exactly as 

described by Reyes-Diaz et al. (2009, 2010). The maximum quantum yield (Fv/Fm), 

effective quantum yield (ΦPSII), electron transport rate (ETR) and non-photochemical 

quenching (NPQ) were calculated according to Maxwell and Johnson (2000). 

4.2.6 Photosynthetic pigments  

Chlorophyll and carotenoids were extracted from leaves with 100% v/v acetone (HPLC 

grade) and analyzed according to Garcia-Plazaola and Becerril (1999), using a high-

performance liquid chromatography (HPLC) system (Agilent technologies 1200 series, 

column C-18 Waters spherisorb 5.0 μm ODS1 4.6× 250 mm). Standards for the pigments 

Vx, Ax, Zx, neoxanthin (Nx), chlorophyll (Chl) a, b,  -carotene ( Ca) and lutein (Lt) were 

purchased from Sigma-Aldrich (Sigma Chemical Co. St. Louis, MO). The de-epoxidation 

state of the xanthophyll-cycle pigments (DEPS) was calculated as described by Klem et al. 

(2015). 
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4.2.7 Chloroplast isolation and ROS determination by flow cytometry 

Chloroplasts were isolated from leaf samples as described by Grabsztunowicz and 

Jackowski (2012). Later on, intracellular ROS production was determined according to 

Maxwell et al. (1999) with modifications. The suspension of intact chloroplasts was 

incubated at 37 °C for 30 min with the fluorescent probe chloromethyl 2’,7’-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Invitrogen, Molecular Probes™, 

Eugene, OR, USA). The chloroplast ROS production was analyzed using flow cytometry 

(Becton Dickinson™, Becton Dickinson, San Jose, CA, USA). All measurements were 

taken using an Ar ion laser excited at 488nm and emitting at 530 nm. The images were 

processed through the FACSDiva 6.1.3 software (Becton Dickinson™). Autofluorescence 

of chloroplasts was measured and then a positive control (intact chloroplasts plus 

H2DCFDA and 100 M H2O2) and a negative control (intact chloroplasts plus H2DCFDA 

without H2O2) were assessed (Rabinovitch 2001). Chloroplasts testing positive for ROS 

fluorescence related to the entire chloroplast population per sample were evaluated.  

4.2.8 Determination of ROS in leaf extracts  

ROS levels in total leaf extracts were determined as described by Jambunathan (2010) 

using CM-H2DCFDA as the ROS-specific probe (Invitrogen, Molecular Probes). The dye 

CM-H2DCFDA has absorption at 492–495nm and maximum emission at 517–527 nm. 

Fluorescence detection was carried out on a Synergy™ HT multimode microplate reader 

(Bio-Tek Instruments, Winooski, VT). 

4.2.9 Lipid peroxidation and antioxidant activity  
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As an oxidative stress indicator, the lipid peroxidation (LP) of membranes through 

malondialdehyde (MDA) was determined in fresh material using a thiobarbituric acid 

reacting substances (TBARS) assay according to the modified method of Du and Bramlage 

(1992). The absorbance was measured at 532, 600 and 440 nm. The radical scavenging 

activity was determined using the method of oxygen radical antioxidant capacity (ORAC) 

described by Ou et al. (2001) adapted for a 96-well plate (Roy et al. 2010). Leaves were 

extracted with 80% ethanol and measured in their antioxidant capacity to inhibit the decline 

of fluorescence induced by the radical generator 2, 2’-azobis (2-amidinopropane) 

dihydrochloride (AAPH). Oxygen radical absorbance capacity values were calculated as 

the integrated peak area under the decay curve (AUC) between the blank and a sample. The 

values were expressed as micromoles of Trolox equivalents (TE) per gram of fresh weight. 

Superoxide dismutase (SOD) (EC. 1.15.1.1) enzyme activity was evaluated by the 

inhibition of photochemical reduction of nitroblue tetrazolium (NBT) measured at 560 nm 

(Donahue et al., 1997) with modification for 96 wells microplate. The enzymatic activity 

was expressed on a protein basis, and the protein concentration was calculated according to 

Bradford (1976) method using BSA for the calibration curve. 

4.2.10 Total phenols, flavonoids and anthocyanins 

Total soluble phenols (TP) contained in ethanolic extracts were determined with Folin-

Ciocalteu reagent by the method described by Slinkard and Singleton (1977) using 

chlorogenic acid as the standard. The extracts were measured spectrophotometrically at 765 

nm (UV-VIS Spectrophotometer T80+, PG Instruments, Beijing, China). For total 

anthocyanins (TA), leaf samples were extracted with acidic ethanol solution (1%) and 
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measured in a spectrophotometer (UV-VIS Spectrophotometer T80+, PG Instruments, 

Beijing, China) at 530 and 657 nm using a molar extinction coefficient of cyanidin-3-

glucoside (Sigma Chemical Co. St. Louis, MO, USA). Results were expressed as 

milligrams of cyanidin-3-glucoside equivalents per fresh weight (Strack et al., 1989). Total 

flavonoids were measured by the aluminum chloride colorimetric assay as described by 

Zhishen et al. (1999) with some modifications using rutin as the standard (Sigma Chemical 

Co. St. Louis, MO, USA). Samples were measured spectrophotometrically at 510 nm (UV-

VIS Spectrophotometer T80+, PG Instruments, Beijing, China). The results were expressed 

as milligrams of rutin equivalents per gram of fresh weight.  

4.2.11 Total soluble UV-B absorbing compounds 

The UV-B absorbing capacity of leaves was determined under UV-B conditions as 

described by Semerdjieva et al. (2003). Briefly, leaf samples from each cultivar were frozen 

in liquid nitrogen, ground and extracted with methanol for 1 h at room temperature in the 

dark and centrifuged at 16 000 g for 15 min. The supernatant was removed and the pellet 

was re-suspended with methanol and re-extracted twice for 30 and 10 min, respectively. 

Supernatants were pooled and stored at 4 °C and spectrophotometrically measured from 

250 to 400 nm. The UV absorbing compounds (UAC) were normalized to 284 nm 

according to Semerdjieva et al. (2003) and Clarke and Robinson (2008) and the integration 

of AUC was performed from 280 to 320 nm. Results were expressed as AUC per mg fresh 

weight and per leaf area in centimeter square. 

4.2.12 Phenylpropanoid profile 
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Phe and FL composition analyses were performed using HPLC coupled with a mass 

detector (HPLC-MS) according to Lin and Harnly (2007). Leaves were extracted with 

methanol 80% v/v. The applied system was an HPLC Shimadzu Prominence coupled to a 

mass spectrometer MDS Sciex 3200 Qtrap® (Applied Biosystems) with electrospray 

ionization Turbo V™ at 450 °C. The chromatographic separation was done with an RP-C18 

Inertsil® ODS-3 column (2.1 × 150 mm, 3 m; GL Sciences Inc., Tokyo, Japan), an 

injection volume of 10 l, 0.2ml min−
1
 flux, a constant column temperature of 35 °C and a 

mobile phase at different concentration gradients of formic acid 0.1% v/v and methanol. 

The equipment control and post hoc analysis were done with software Analyst 1.5.1 (AB 

SCIEX, Ontario, Canada). 

4.2.13 Statistical analyses 

All data passed the normality and equality of variance tests after the Kolmogorov–Smirnov 

test. Data were subjected to a two-way ANOVA where the factors were cultivar and UV-B 

treatment. A Tukey’s significant differences test identified those values with significant 

differences (P < 0.05). Analyzes were performed with Sigma Stat 3.5 (SYSTAT Software 

Inc.). Three correlation matrices were performed for each species at each collection point 

(7, 14 and 21 days) among the three UV-B light irradiances with all parameters. 

Correlations were calculated from mean data for an accession across all replicates and 

experiments. The original data are given in the Supplementary section (Annex1, Table 

S1.3). Significance levels were P < 0.05. For Pearson’s correlation coefficients and P-value 
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data, GraphPad Prism 6 was used and a matrix design was generated using Microsoft 

Office Excel
®
. 

4.3 Results  

4.3.1 Growth, photosynthetic performance and oxidative stress under contrasting UV-B 

radiation levels  

Plant height was measured to determine RGR. This parameter was reduced by both UV-B 

doses where the decrease was around 69% for 0.19 W m−2
 compared with the control 

treatment (Table 1). Surprisingly, no differences were observed between the Legacy and 

Bluegold cultivars. 

Table 4.1. Relative growth rates of plants from two V. corymbosum cultivars growing 

under different UV-B doses for 21 days. Values represent averages of three biological 

replicates±SE. Different capital letters indicate significant differences (P < 0.05) between 

cultivars for the same treatment. Different lowercase letters show differences (P < 0.05) 

between treatments for the same cultivar. 

Cultivar 
UV-B treatment 

(W m
-2

) 

Relative growth rate 

[mean ± SE (mm day
-1

)] 

Legacy Control 

0.07 

0.19 

0.032 ± 0.006 Ab 

0.012 ± 0.003 Aa 

0.009 ± 0.004 Aa 

Bluegold Control 

0.07 

0.19 

0.038 ± 0.006 Ab 

0.011 ± 0.005 Aa 

0.013 ± 0.005 Aa 
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Considering that RGR decreased after UV-B treatments in both cultivars, we decided to 

investigate whether the UV-B levels would lead to an altered photosynthetic rate (Table 

4.2). Thus, we observed that the CO2 assimilation rate was different between the two 

cultivars, with higher values for Legacy. This cultivar displayed a constant CO2 

assimilation rate at all UV-B levels and time periods (Table 4.2). In contrast, under high 

UV-B dose, Bluegold showed a strong decrease in the CO2 assimilation rate from the 7th 

day, which was statistically significant at 14th and 21st day of treatment compared with the 

control treatment (Table 4.2). Interestingly, transpiration rates were not affected by either 

UV-B or by exposure time to UV-B in either cultivar (Table 4.2).  

The measurement of chlorophyll a fluorescence parameters indicated that Fv/Fm, ɸPSII 

and ETR in Legacy and Bluegold plants did not differ compared with the control plants on 

either level of UV-B for all time periods (Table 4.2). Non-photochemical quenching 

decreased in both cultivars at the high UV-B intensity at all time points, the differences of 

which were higher at 21 days of treatment. Nonetheless, at low UV-B radiation, only 

Legacy decreased its values compared with the control (Table 4.2).  

In order to obtain information about the effect of UV-B exposure on carotenoid levels, the 

concentration of these pigments was measured. In general, the carotenoid pool showed a 

contrasting trend (Figure 4.1). For Legacy, a decrease was found under UV-B radiation 

from the second week of treatment, whereas Bluegold showed an increase. The levels of 

βCa and Lt, which is derived from  -carotene, increased around 20% in Bluegold in plants 

under high UV-B doses at 21 days compared with the control treatment (Figure 4.1B). 
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Antheraxanthin and Zx decreased in Legacy under high UV-B exposure (Figure 4.1A), 

whereas in Bluegold Ax levels remained constant (Figure 4.1B), whereas Vx was increased 

by UV-B radiation in both cultivars (Figure 4.1). The de-epoxidation state (DEPS) 

indicates the flux of xanthophyll carotenoids toward de-epoxidation of Vx via Ax to Zx. 

DEPS in Legacy was reduced by the high UV-B radiation at all measured time points 

compared with the control (P < 0.05; Figure 4.1). Meanwhile, no changes were found at 

low UV-B radiation; these values were similar to the control. For Bluegold, a similar 

reduction in DEPS by UV-B radiation was found with respect to untreated plants (P < 

0.05), and this occurred at lower UV-B dose than for Legacy. On the other hand, Chl 

concentrations and ratio were not affected at any time and dose of UV-B radiation of either 

cultivar (Annex 1, Table S1.1).  

In general, Bluegold presented greater ROS values than Legacy in isolated chloroplasts 

from UV-B-treated plants compared with untreated plants. The highest ROS level (11-fold 

higher than control) was exhibited by Bluegold after 7 days of UV-B treatment at low UV-

B radiation compared with untreated plants (Figure 4.2A). Interestingly, from the 14th to 

21st days of UV-B exposure, the differences were smaller (approximately one fold) than at 

7 days, but still significant. For Legacy, at the highest UV-B dose, an increase in ROS (two 

fold) was observed at each time point compared with the control (Figure 4.2A). In addition, 

total ROS produced in leaves did not change at all times points by applying different UV-B 

treatments in Legacy (Figure 4.2B). In contrast, Bluegold showed an increase in ROS 

accumulation from the 14th day of treatment at the highest UV-B dose. At the end of the 
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experiment, Bluegold showed higher ROS at both UV-B treatments compared with the 

control (88 and 162%, respectively; Figure 4.2B). 

The levels of LP for Bluegold increased at 21 days of UV-B treatment (Figure 4.2C). In 

contrast, LP was enhanced in Legacy with the low dose of UV-B radiation after 7 days of 

treatment, decreasing thereafter (14th and 21st days) at both UV-B doses (Figure 4. 2C). 
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Table 4.2. Gas exchange and chlorophyll a fluorescence parameters measured in fully expanded leaves from plants of two V. 

corymbosum cultivars growing under different UV-B doses. Data are means of three biological replicates ± SE. Different lowercase 

letters indicate statistically significant differences among treatments for the same cultivar and exposure time (Tukey’s HSD at P < 

0.05). Different uppercase letters indicate differences (Tukey’s HSD at P < 0.05) between cultivars for the same exposure time and 

treatment. Asterisks (*) indicate statistically significant differences at P < 0.001. 

 Legacy Bluegold 

  T (days) Control 0.07 Wm
-2

 0.19 Wm
-2

  Control 0.07 Wm
-2

 0.19 Wm
-2

 

CO2 assimilation (μmol CO2 m
-2

s
-1

) 7 2.10±0.12 aB 2.10±0.10 aB 2.03±0.05 aB  1.71±0.13 bA 1.62±0.15 bA 1.27±0.11 aA 

14 2.06 ±0.1 aB 2.10±0.03 aB 2.00±0.21 aB  1.62±0.19 bA 1.60±0.19 bA 0.55±0.06 aA 

21 2.00±0.06 aB 2.06±0.13 aB 2.01±0.10 aB  1.63±0.11 bA 1.60±0.10 bA 0.66± 0.05 aA 

Transpiration rate (mmol H2O m
-2

 s
-1

) 7 1.53±0.06 aA 1.54±0.11 aA 1.58±0.07 aA  1.40±0.06 aA 1.50±0.04 aA 1.50±0.04 aA 

14 0.83±0.00 aA 0.86±0.01 aA 0.86±0.01 aB  0.84±0.01 bA 0.82±0.01 abA 0.8±0.01 aA* 

21 0.83±0.01 aA 0.82±0.02 aA 0.81±0.00 aA  0.86±0.01 bA 0.84±0.00 bA 0.8±0.01 aA 

Fv/Fm 7 0.84±0.01aA 0.87±0.01aA 0.84±0.01aA  0.86±0.01aA 0.85±0.01aA 0.83±0.00aA 

14 0.83±0.00aA 0.86±0.01aA 0.86±0.01aB  0.84±0.01bA 0.82±0.01abA 0.80±0.01aA 

21 0.83±0.01aA 0.82±0.02aA 0.81±0.00aA  0.86±0.01bA 0.84±0.00bA 0.80±0.01aA 
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ɸPSII 7 0.24±0.01 abA 0.22±0.01 aA 0.27±0.01 bA  0.23±0.01 aA 0.23±0.0 aA 0.22±0.01 aA 

14 0.23±0.01 aA 0.23±0.02 aA 0.26±0.02 aA  0.2±0.00 aA 0.23±0.01 aA 0.22±0.02 aA 

21 0.26±0.01 aA 0.26±0.01 aA 0.23±0.01 aA  0.23±0.01 aA 0.24± 0.01 aA 0.18±0.01 aA 

ETR 7 30.3±0.93 abA 27.34±0.77 aA 33.9±1.65 bB  28.8±1.24 aA 28.4± 0.31 aA 27.6±1.58 aA 

14 29.01±1.35 aA 29.34±0.48 aA 32.6±2.77 aA  27.9±0.33 aA 29.0± 1.45 aA 27.7±2.22 aA 

21 33.07±1.42 aA 33.02±1.52 aA 28.95±1.2 aA  29.0±1.21 aA 29.7± 1.57 aA 23.2±1.53 aA 

NPQ 7 3.26±0.04 aA 2.73±0.1 aA 3.09±0.26 aA  2.85±0.11 aA 2.48±0.06 aA 2.73±0.06 aA 

14 3.26±0.12 cA 2.26±0.23 bA 1.75±0.18 a*A  2.59±0.13 abB 3.07±0.09 bB 2.35±0.05 aB 

21 3.06±0.11 bA 1.79±0.47 aA 1.47±0.1 aA  2.79±0.08 bA 2.78±0.11 bB 1.58±0.17 aA 
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Figure 4.1. Carotenoid pigments concentration (g g − 1
 FW) and the nominal de-

epoxidation state (DEPS) of the xanthophyll cycle pigments in leaves of plants from two 

highbush blueberry cultivars growing under control and UV-B radiation conditions. Values 

represent the average of three replicates ±SE. Ant, antheraxanthin; DEPS, de-epoxidation 

state of the xanthophyll-cycle pigments; Lut, lutein; Neo, neoxanthin; Vio, violaxanthin; 

Zea: zeaxanthin, βca: β-carotene. 
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Figure 4.2. ROS and damage generation of V. corymbosum plants under UV-B radiation 

conditions. (A) ROS production in chloroplasts under UV-B treatments. (B) Total leaf 

ROS. (C) Lipid peroxidation as malondialdehyde (MDA) concentration. All values 

represent the average of three replicates ± SE. Different lower case letters indicate 

statistically significant differences (Tukey’s HSD at P ≤ 0.05) among treatments for the 
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same cultivar and time. Different uppercase letters indicate differences (Tukey’s HSD at P 

< 0.05) between cultivars for the same treatment and time. 

4.3.2 Leaf tissue visualization using confocal microscopy and accumulation of UV-B 

screening compounds  

To visualize the impact of UV-B on leaves, we used confocal microscopy to compare 

Legacy and Bluegold leaf tissue without treatment and after 7 days of exposure to UV-B 

radiation. Interestingly, bronzing of Legacy leaves subjected to the high dose of UV-B was 

observed, whereas in Bluegold, this effect was less pronounced. In response to UV-B 

treatment, Legacy epidermis cells exhibited higher levels of green fluorescence, 

corresponding to fluorescence of phenolic compounds, than Bluegold epidermal cells 

(Annex 1, Figure S1.2). Green fluorescence was 27-fold higher than controls in Legacy, 

whereas in Bluegold this was 4.3-fold (Annex 1, Table S1.2). Red fluorescence, resulting 

from chlorophyll autofluorescence, is equally increased by UV-B treatment, but only 

slightly in both Legacy and Bluegold (1.3- and 1.5-fold, respectively) (Annex 1, Table 

S1.2). A disturbance was also observed in the autofluorescence of chloroplasts at the 

mesophyll level in Bluegold, suggesting a disruption in chloroplast integrity (Annex 1, 

Figure S1.2B). Contrarily, this phenomenon was not observed in Legacy leaves (Annex 1, 

Figure S1.2A). 

4.3.3 Antioxidant activity in leaves after UV-B radiation treatment 

To better understand the metabolic responses of plants exposed to UV-B radiation, several 

secondary metabolites were quantified. A significant interaction between cultivar and UV-
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B dose was observed for ORAC in Legacy at 14 and 21 days (Figure 4.3A). There was a 

mild increase in ORAC in Legacy at 7 days under the highest dose of UV-B radiation, and 

after 14 days this increase was significantly higher with both UV-B radiation levels 

compared with the control. On the other hand, for Bluegold no change caused by the UV-B 

exposure was observed (Figure 4.3A). In general, it was observed that UV-B radiation did 

not influence SOD activity in Legacy plants. However, in Bluegold plants an increase in 

SOD activity was observed at the highest UV-B level on the 7th and 21st day (Figure 

4.3B). 

 

Figure 4.3. Antioxidant capacity of leaves of V. corymbosum plants grown under different 

UV-B treatments. (A) Oxygen radical activity (ORAC) measured as Trolox equivalents 
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(TE) and (B) Enzymatic antioxidant activity as superoxide dismutase (SOD). All values are 

the average of three replicates± SE. Different lowercase letters indicate statistically 

significant differences among treatments for the same cultivar and exposure time. Different 

uppercase letters indicate differences (Tukey’s HSD at P < 0.05) between cultivars for the 

same exposure time and treatment. 

4.3.4 Accumulation of secondary metabolites involved in UV-B responses 

As compared with controls at the same time point, TP in Legacy increased as UV-B dose 

increased over the whole study period (Figure 4.4A), with the highest TP accumulation, 

1.7-fold over controls, being observed at 21 days under the highest UV-B dose. In contrast, 

Bluegold exhibited only minor changes in TP in response to UV-B, with the exception 

being on the 14th day at the highest UV-B dose, where a 1.7-fold increase in TP was 

observed (Figure 4.4A).  

The two cultivars displayed differential responses in terms of TA concentration under UV-

B treatment (Figure 4.4B). For Legacy, no change in TA was observed at either UV-B dose 

until 21 days of exposure, when TA levels were found to have decreased. In contrast, decay 

in TA levels was revealed in Legacy plants at 21 days of exposure to UV-B radiation 

(Figure 4.4B). However, for Bluegold the opposite changes were observed over time: a 

significant increase in TA from the 14th to 21st days was observed at the highest UV-B 

dose (Figure 4.4B). 

In terms of TF accumulation, no difference was detected in Bluegold compared with the 

control at any UV-B treatment or any exposure time (Figure 4.4C). In Legacy a clear 
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increase in TF was observed, around 71% at the highest UV-B dose at 7 days of treatment, 

then levels decreased by around 31% at 21 days with both UV-B doses (Figure 4.4C). 

Ultraviolet absorbing compounds showed an increase only for Legacy plants at the highest 

UV-B dose at 7 and 14 days of treatment compared with the control (Figure 4.4D). The 

major differences occurred at 14 days when there was an increase of about 92%. At 21 

days, AUC values in Legacy were lower, and were similar to those found in Bluegold 

across the experimental period (Figure 4. 4D). 

Additionally, a phenolic profile at the end of the experiment was carried out considering 

only de novo phenolic compounds induced by the UV-B radiation treatments (Table 4.3). 

These compounds were not found in the control plants. A differential phenolic profile 

between the two cultivars was found, where Legacy showed a wider variety of induced 

compounds than the Bluegold plants under UV-B treatments (Table 4.3). Legacy 

synthesized mostly flavonol glycosides, such as quercetin-rhamnoside, kaempferol-

glucoside and myricetin-xyloside. In general, all the induced compounds absorb strongly in 

the UV-B and UV-A ranges (Annex 1, Table S1.4). 
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Figure 4.4. Total phenols (A), anthocyanins (B), flavonoids (C) and UV-B absorbing 

capacity (D) from leaves of V. corymbosum cultivars grown under different UV-B light 

treatments at different time periods, measured as chlorogenic acid, cyanidin-3-glucoside, 

rutin equivalents and area under the curve (AUC) integrated between 280 and 320 nm, 

respectively. All values correspond to the average of three replicates each±SE. Different 

lower case letters indicate statistically significant differences among treatments for the 

same cultivar and exposure time. Different upper case letters indicate differences (Tukey’s 

HSD at P ≤ 0.05) between cultivars for the same exposure time and treatment. 
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Table 4.3*. Compounds induced by UV-B radiation in leaves of Vaccinium corymbosum 

plants growing under UV-B treatments for 21 days. Treatments: low, 0.07 W m−2 UV-B; 

high, 0.19 W m−2 UV-B. Details of compound characterization can be found in Annex 1, 

Table S1.4. 

Cultivar  Class ID UV-B treatment (W m
-2

) 

    0.07  0.09 

Legacy      

|  Phenolic acid Dicaffeoylquinic acid + - 

   Caffeoylshikimic acid  + + 

   5-O-Feruoylquinic acid  + + 

  Flavonol Kaempferol glucoside (sodium adduct m/z 535)  - + 

   Kaempferol glucoside (sodium adduct m/z 419 

Kaempferol Arabinoside)  

+ - 

   kaempferol 3-O-(6”-O-malonyl) glucoside - + 

   Myricetin-3- xyloside  + - 

   Ishoramnetin-3- rutinoside  + - 

   Ishoramnetin- 3- glucoside  + - 

   Kaempferol-7-O--rhamnoside  - + 

  Flavonone Pentahydroxyflavanone-A hexoside  + + 

  Flavan 3 ol Epicatechin + + 

   Gallocatechin  + + 

      

Bluegold      

  Phenolic acid 5-O-Feruoylquinic acid + - 

   Myricetin-3- xyloside + - 

  Flavonol Isorhamnetin + + 

   Prodelphynidin B3 + - 

*Alternative table in Annex 1, Table S1.5   
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4.3.5 Correlation analysis between physiological and metabolic parameters 

To assess the level of association between the measured variables, Pearson’s correlation 

coefficient was calculated for all pairs of measured parameters across the three UV-B 

radiation conditions (Figure 4.5). At a level of 5% significance, a total of 289 correlations 

were found, of which 171 were positive and 118 were negative. Differences were observed 

between the matrix correlations of the two cultivars (Figure 4.5). As noted, Legacy 

activated a non-enzymatic antioxidant system at the onset of stress. As evidence, flavonoids 

were positive strongly correlated with total ROS and chloroplast ROS on the 7th day 

(Figure 5.5A) and phenols strongly correlated with phenols with total ROS and chloroplast 

ROS on the 14th day (Figure 4.5C). A positive correlation between ROS levels and 

phenolic compounds was observed only on the 21st day in Bluegold. After 7 days of 

treatment, negative correlations were found between LP and ROS produced in the 

chloroplast, total ROS levels, TF and Vx content, as well as ɸPSII, ETR in Legacy (Figure 

4.5A). In the following days this behavior was not so evident, and most of the LP 

correlations were positive (Figure 4.5C, E). Interestingly, Bluegold plants exhibited a 

different behavior. In this cultivar, it was observed that most of the physiological 

parameters at 21 days, such as CO2 assimilation and Fv/Fm, were negatively correlated 

with many of the other parameters, including LP, total ROS, TP, TA, Nx and Lt levels 

(Figure 4.5F). This highlights the sensitivity of Bluegold to UV-B radiation in comparison 

with Legacy’s tolerance to the same treatment. 
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Figure 4.5. Correlation matrices based on Pearson’s correlation coefficients between 

antioxidative metabolism responses, secondary metabolites, pigments and photosynthetic 

parameters of Legacy and Bluegold cultivars. Correlation was calculated at three points 7 

(A and B), 14 (C and D) and 21 (E and F) days and three UV-B radiance (0, 0.07 and 0.19 

W m−2). Pearson coefficients that are significant at P ˂ 0.05 are indicated by dark and light 

shading, which means strong (0.67 to 1.0) and weak (0.34 to 0.66) correlation, respectively. 

Positive and negative correlations are distinguished by blue and yellow colors, respectively. 

4.4  Discussion  

This study applied simulated UV-B radiation conditions on V. corymbosum cultivars for 3 

weeks. We observed that although both cultivars were affected by UV-B radiation in terms 

of shoot growth, their plant performance was completely different. Previous studies have 

suggested that UV-B radiation alone and combined with manganese toxicity affects stem 

elongation in highbush blueberry (Rojas-Lillo et al., 2014). It has also been demonstrated 

that plant growth is strongly affected by UV-B radiation (Teramura and Sullivan 1994, 

Krizek et al., 1997, Conner and Neumeier, 2002, Kumari et al., 2009, Zhu and Yang 2015). 

One of the reasons for the reduced plant growth following UV-B exposure could be the 

reduction in photosynthetic performance as well as the amount of assimilates as observed in 

grape (Kolb et al., 2001) and rice (Mohammed and Tarpley 2010). In cucumber plants, an 

increase in stem elongation and growth under UV-B exclusion has been observed, showing 

that growth can be affected even at ambient levels of UV-B (Krizek et al., 1997, Kanungo 

et al., 2013). These effects are generally mild and are more pronounced in herbaceous 
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species than in woody perennial plants (Giordano et al., 2004). Nonetheless, under a daily 

UV-B course simulation, we found that in V. corymbosum UV-B reduced stem growth ( > 

60%; Table 4.1), with both cultivars being equally affected regardless of the UV-B dose. 

We also observed that CO2 assimilation in Legacy was not directly affected by UV-B 

exposure and therefore it cannot be associated with reduced plant growth; by contrast, in 

Bluegold a direct relationship was found between CO2 assimilation and growth. In addition, 

CO2 assimilation decayed at the end of the experiment in Bluegold. This decrease in CO2 

assimilation rates has been associated with damage to the light harvesting complexes, 

disruption of thylakoid membrane integrity, inactivation of RuBisCO or a change in 

stomata conductance (Takeuchi et al., 2002, Kosobryukhov et al., 2015).  

It is known that UV-B can increase ROS production in UV-B-sensitive plants, affecting the 

photosynthetic apparatus (Strid et al., 1994, Agrawal and Mishra 2009, Kataria et al., 

2014). The plant low capacity to screen thisradiation from the photosynthetic tissues is an 

indicatorm of UV-B sensitivity (Middleton and Teramura 1993). Consequently, the 

evaluation of this response on isolated chloroplasts gives information about the incoming 

intensity of UV-B reaching these organelles (Hideg et al., 2013). In our experiment, 

Bluegold increased H2O2 production in chloroplasts sooner than Legacy under low UV-B 

radiation (Figure. 4.2A). Thus, we believe that the intake of this radiation to the inner cell 

layers was stronger in the first days of treatment in Bluegold. In fact, higher levels of 

chloroplast ROS were correlated negatively with increased LP (r = −0.91) in Legacy 

(Figure. 4.5), whereas Bluegold exhibited a positive correlation with LP (r = 0.97) and total 

ROS at 21 days. The LP increase in Bluegold indicated higher sensitivity to UV-B during 
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prolonged exposure (Figure 4.2C). Furthermore, UV-B sensitivity in this cultivar may be 

associated with a decrease in CO2 assimilation (Table 4.2). Meanwhile, such physiological 

parameters were not affected in Legacy plants (Table 4.2).  

Increases in the scavenging parameters under UV-B radiation treatments have been 

extensively discussed in different plant species (Hideg et al., 2013). The results obtained in 

the present study suggest that Bluegold counteracts the ROS accumulation with UV-B-

enhancing SOD activity (Figure 4.3B). Nonetheless, this response seemed to be insufficient 

to counteract the harmful effects of UV-B reflected in the increase in LP at the end of 

experiment.  

Xanthophyll cycle compounds could be involved in the photosynthetic apparatus protection 

against UV-B radiation; however, this protection is poorly understood (Yang et al., 2007, 

Moon et al., 2011). In our study, we found a differential response to UV-B radiation in both 

cultivars with respect to xanthophyll pigments. Lt levels were increased in Bluegold with 

the highest UV-B dose, which is relevant because of the involvement of this carotenoid in 

NPQ. This was demonstrated in the npq1 mutant of Arabidopsis, where the accumulation of 

Lt in the absence of Zx restored the NPQ (Li et al., 2009). In this context, our results did 

not support this assumption because Bluegold decreased NPQ at the highest UV-B dose at 

the end of the experiment. Bluegold also increased βCa at the end of the experiment. Yet 

despite this cultivar showing an increase in Lt and βCa, these compounds were not 

correlated with either NPQ or ORAC. Therefore, we suggest that in Bluegold plants these 

increases seem to be a UV-B stress response and not a UV-B resistance mechanism. The 
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reduction of DEPS at the high UV-B radiation in Legacy and at both UV-B levels in 

Bluegold (Figure 4.1) suggests that Vx de-epoxidase was inactivated by UV-B radiation, 

leading to an accumulation of Vx in both cultivars. In fact, the inhibition of Vx de-

epoxidation by UV-B radiation has been reported previously in Pisum sativum (Pfundel et 

al., 1992), Cucumis sativus, Solanum lycopersicum and A. thaliana (Moon et al., 2011). 

However, these last authors reported that an increase in VDE/ZEP ratio in UV-B-treated 

plants indicated greater enzyme activity for de-epoxidation of Vx to Zx than for Zx-

epoxidase, which was not consistent with the NPQ suppression by UV-B (Moon et al., 

2011). Although a central role of pH in thylakoid lumen acidification because of electron 

transport has been hypothesized to explain xanthophyll cycle activation and NPQ, our 

results indicate that ETR was not affected in either cultivar by UV-B radiation (Table 4.2). 

This confirms our assumption about the possible inhibition of Vx de-epoxidase by UV-B 

exposure. 

Another important response to UV-B radiation is the increase in phenylpropanoid 

compounds (Caldwell et al., 1983, Li et al., 1993, Landry et al., 1995, Hectors et al., 2007, 

Jenkins 2009, Randriamanana et al., 2015). Both flavonoids and hydroxycinnamic 

derivatives are widely reported to be sunscreens (Rozema et al., 1997, Fischbach et al., 

1999, Tilbrook et al., 2013). Our findings indicate that flavonoid accumulation is 

responsive to UV-B, increasing in concentration in Legacy at the highest UV-B dose at 7 

days (Figure 4.4C). However, we observed a null response in this cultivar with respect to 

anthocyanins (Figure 4.4B). Anthocyanins have been previously reported as being induced 

by stress factors in V. corymbosum (Inostroza-Blancheteau et al., 2014, Rojas-Lillo et al., 
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2014, Yañez-Mansilla et al., 2015, Reyes-Diaz et al., 2016). In our case, these cultivars did 

not show a clear induction of anthocyanins under UV-B radiation. Bluegold did show an 

increase of these metabolites at 14 and 21 days, but this response seems to be associated 

with stress conditions and not particularly with a UV-B photoprotective mechanism, 

because this cultivar was damaged by UV-B treatments.  

The accumulation of UV-B absorbing compounds (UAC), a common response strategy to 

UV-B in plants, was induced in our experiment. Legacy showed an increase in these 

compounds earlier (7 days), maintaining higher levels than the control at the highest UV-B 

treatment. A contradictory behavior was found in Bluegold, where UAC did not change 

during the exposure to UV-B radiation (Figure 4.4D).  

Flavonols can contribute as a UV-B radiation exclusion mechanism. Our findings suggest 

that Legacy has a higher pool and wider variety of UV-B photoprotective compounds than 

Bluegold, biosynthesizing mostly flavonol glycosides, which could afford some advantages 

in the avoidance of UV-B stress. All these molecules strongly absorb in the UV-B range 

(280–320 nm), which is consistent with other reports (Caldwell et al., 1983, Emiliani et al., 

2013). The glycosylation of these molecules also reduces their antioxidant capacity, giving 

the molecule greater stability and solubility (Pietta 2000). In fact, it is reported that a large 

number of these compounds are accumulated in vacuoles of epidermis cells (Solovchenko 

and Merzlyak 2008), where it is suggested they act as photoprotective compounds under 

UV radiation (Merzlyak et al., 2008).  
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According to Hideg et al. (2013) and based on our results about increased levels of ROS, 

LP and reduction in CO2 assimilation, Bluegold could be considered as developing a 

distress (a strong stress event following an unfavorable change in environmental conditions 

leading to metabolic damage), indicating that this cultivar is sensitive to UV-B radiation. 

By contrast, Legacy seems to be a UV-B-resistant cultivar because of a better 

photosynthetic and antioxidant performance.  

4.5 Conclusions 

The results of this study showed that, under a simulated daily course of UV-B radiation, the 

cultivars behaved differently under UV-B stress: while Legacy was UV-B resistant, 

Bluegold was UV-B sensitive. It is worth noting that Legacy revealed a combined strategy 

to cope with the intake of UV-B radiation, which is primarily better oriented to 

photoprotection (avoidance) and then to tolerate the impact of this radiation. This strategy 

was shown to be dose-dependent, and it is triggered early under high UV-B radiation in this 

cultivar. Interestingly, the behavior of Legacy under a high UV-B dose showed an initial 

increase in its UV-B absorbing capacity during the first week of treatment, where 

flavonoids seemed to have the main role. From the second week, plants responded by 

reprogramming their metabolism, thereby increasing their antioxidant capacity and 

augmenting the biosynthesis of phenolic molecules. However, the capacity of Legacy to 

synthesize a wider variety of phenolics than Bluegold may also be involved in increasing its 

efficiency to tolerate high doses of UV-B. In general, the capacity of Legacy to respond 

early to UV-B by reprogramming its metabolism is the main difference with the sensitive 

cultivar Bluegold, which seems to react later, leading to metabolic damage. 
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Abstract 

UV-B radiation induces several physiological and biochemical effects that can influence 

regulatory plant processes. Vaccinium corymbosum responds differently to UV-B radiation 

depending on the UV-B resistance of cultivars, according to their physiological and 

biochemical features. In this work, the effect of two levels of UV-B radiation during long-

term exposure on the phenylpropanoid biosynthesis, and the expression of genes associated 

with flavonoid biosynthesis as well as the absolute quantification of secondary metabolites 

were studied in two contrasting UV-B-resistant cultivars (Legacy, resistant and Bluegold, 

sensitive). Multivariate analyses were performed to understand the role of 

phenylpropanoids in UV-B defense mechanisms. The amount of phenylpropanoid 

compounds was generally higher in Legacy than in Bluegold. Different expression levels of 

flavonoid biosynthetic genes for both cultivars were transiently induced, showing that even 

in longer period of UV-B exposure; plants are still adjusting their phenylpropanoids at the 

transcription levels. Multivariate analysis in Legacy indicated no significant correlation 

between gene expression and the levels of the flavonoids and phenolic acids. By contrast, in 

the Bluegold cultivar higher number of correlations between secondary metabolite and 

transcript levels was found. Taken together, the results indicated different adjustments 

between the cultivars for a successful UV-B acclimation. While the sensitive cultivar 

depends on metabolite adjustments to respond to UV-B exposure, the resistant cultivar also 

possesses an intrinsically higher antioxidant and UV-B screening capacity. Thus, we 

conclude that UV-B resistance involves not only metabolite level adjustments during the 
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acclimation period, but also depends on the intrinsic metabolic status of the plant and 

metabolic features of the phenylpropanoid compounds. 

 

Keywords: Phenylpropanoids; flavonoids, phenolic acids, gene expression, UV-B radiation.  
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5.1 Introduction 

As an important component of sunlight, most of living organisms of the biosphere are 

exposed to UV-B. With regard to plants, some species are unaffected by UV-B irradiation 

and several are apparently regulated in many aspects of growth, development and 

metabolism. On the other hand, sensitive plants can be adversely affected by direct 

metabolism damage (Zlatev et al., 2012; Wargent and Jordan, 2013). Thus, the effect of 

increased UV-B radiation on crops and terrestrial plant species is not fully understood and 

has become one of the most important subjects of investigation in the last decades. 

Plants have a wide range of acclimation responses to UV-B stress that allow them to 

counteract the negative effects of this radiation (Jansen et al., 1998; Day and Neale, 2002). 

As an avoidance strategy, the accumulation of UV-B absorbing compounds are frequently 

reported as an efficient response to avoid UV-B stress in plants (Bornman et al., 1997). 

These compounds are often secondary metabolites, such as flavonoids (FL) and other 

polyphenols (Bornman, 1997; Solovchenko and Merzlyak, 2008). A high variability in the 

quality and quantity of phenols has been observed among plant species. It has been reported 

that phenolic acids and flavonoids along with other secondary metabolites act as 

antioxidants by scavenging reactive oxygen species (ROS) in plants (Rice-evans et al., 

1995; Hideg et al., 2013). These compounds also lead to photoprotection due to their 

absorption capacity in the UV region (Cerovic et al., 2002). The main role of these 

molecules in UV-B stress, however, remains a matter of debate (Agati et al., 2012; Agati et 

al., 2013).  
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The induction of phenylpropanoid synthesis under UV-B stress conditions is the result of 

changes in the expression of genes encoding the corresponding enzymes involved in their 

biosynthesis (Dixon and Paiva, 1995). Brief UV-B exposure induces an increase in the 

expression of genes encoding certain enzymes in phenylpropanoid pathways, such as 

PHENYLALANINE AMMONIA LYASE (PAL), and the flavonoid pathway, such as 

CHALCONE ISOMERASE (CHI), CHALCONE SYNTHASE (CHS), 

DIHYDROFLAVONOL REDUCTASE (DHFR) and FLAVANONE 3HYDROXYLASE (F3H) 

(Kalbin et al., 1997; Kim et al., 2008; Huang et al., 2010; Hua et al., 2013). In addition, 

transcription factors (TFs) that regulate flavonoids biosynthesis have been identified and 

characterized in several plant species (Allan et al., 2008; Sun et al., 2017) and also TFs as 

R2R3-MYBC2 are known to negative regulate at different levels the phenylpronanoid 

pathway as shown in Vitis vinifera (Cavallini et al., 2015). 

In Arabidopsis thaliana, it is known that the UV RESISTANCE LOCUS8 (UVR8), a 

recently characterized UV-B-specific receptor (Rizzini et al., 2011), is required for the 

transcript accumulation of genes related to UV protection, oxidative stress, hormone signal 

transduction, among others, in short-term exposure (Morales et al., 2013). Despite the 

growing number of studies in model plants (Kusano et al., 2011; Tohge et al., 2011; 

Tilbrook et al., 2013), few reports provide information about molecular and metabolite 

modulation in long-term UV-B exposure in non-model species. The accumulation of 

flavonoids under UV-B at different time points has been reported in Arabidopsis thaliana 

(Hectors et al., 2014). This study indicated that in the short-term, UV-B response entails an 

accumulation of α-tocopherols and polyamines. However, after a long period of exposure to 
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UV-B, a sustained accumulation of some flavonols is observed, reaching steady-state levels 

after 3-4 days, whereas others reach it after 12 days of treatment. Moreover, in Betula 

pendula leaves, positive correlations were shown between PAL expression and the levels of 

four flavonols under UV-B exposure (Morales et al., 2010).  

It has been shown that excessive UV-B radiation exposure affects photosynthetic 

performance, influencing growth and plant productivity (Surabhi et al., 2009; Shen et al., 

2010; ZukGołaszewska, 2017). In the south-central region of Chile, many crops are 

constantly exposed to high UV-B radiation due to the reduction in the ozone layer, with 

UV-B radiation being notably higher in spring (Huovinen et al., 2006). In this region, 

Vaccinium corymbosum (highbush blueberry) has been widely cultivated, being an 

important crop. Recently, the effects of UV-B radiation on physiology and metabolite 

reprogramming have been reported in Vaccinium corymbosum (Luengo Escobar et al., 

2017), where physiological and biochemical traits of V. corymbosum cultivars differentially 

responded to long-term UV-B exposure (21 days), suggesting the involvement of different 

UV-B response mechanisms. Such varied UV-B responses between cultivars have also 

been demonstrated in other abiotic stresses such as aluminum and manganese toxicity 

(Reyes-Díaz et al., 2009, 2010; Rojas-Lillo et al., 2014). Under UV-B radiation, the Legacy 

cultivar showed increased diversity of flavonol glycosides, which may have a central role in 

photoprotection (Luengo Escobar et al., 2017). Despite the advances obtained for this 

species, there is still a lack of information regarding the composition and levels of different 

phenolic compounds and flavonoids in leaves of different V. corymbosum cultivars growing 

under UV-B in prolonged exposure. Furthermore, little is known about the regulation of 



Chapter 5: Different levels of UV-B resistance in Vaccinium corymbosum cultivars reveal distinct 

backgrounds of phenylpropanoid metabolites 

 

 

87 
 

genes associated with the synthesis of these compounds in V. corymbosum. Thus, the 

present work aims to study the effect of two UV-B doses in a long-term treatment in two 

cultivars with contrasting UV-B resistance on the levels of key secondary metabolites and 

expression of their biosynthetic genes. It is hypothesized that under long-term UV-B 

exposition, the UV-B resistant cultivar of V. corymbosum favors the accumulation of 

flavonoids with UV-B absorbing capacity in leaves, showing a greater induction of genes 

related to their synthesis, while in the most UV-B sensitive cultivar these changes are lower 

than the resistant one. 

5.2 Methods 

5.2.1 Plant material 

Legacy and Bluegold, two highbush blueberry (Vaccinium corymbosum L.) cultivars, 

commonly cultivated in south-central Chile were used. In a previous report, Legacy and 

Bluegold were defined as UV-B-resistant and -sensitive, respectively. In the present study, 

two-year-old clones (in the vegetative stage) from each cultivar were acclimated for three 

months in a greenhouse without UV-B radiation. The plants were maintained in the same 

conditions described by Luengo-Escobar et al. (2017) 

5.2.2 UV-B treatments 

UV-B irradiation conditions were applied in a greenhouse as described previously (Luengo 

Escobar et al., 2017). The biologically effective UV-B (UV-BBE) irradiances were as 

follows: 0 Wm
-2

 BE (control), low UV-B, simulating winter UV-B (0.07 Wm
-2

 BE), and high 

UV-B, simulating a 30 percent above summer UV-B (0.19 Wm
-2

 BE). A daily course of 
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UV-B radiation was simulated using UV-B Q-lamps (Q-Panel 313; Cleveland, Ohio, USA), 

following exactly the procedure established by Luengo Escobar et al. (2017). All the UV-B 

irradiation conditions were performed simultaneously in the greenhouse and thus 

photosynthetic active radiation (PAR) conditions (average 400 µmol m
-2

 s
-1

 d
-1 

with 

minimum of 6.2 and maximum as 873 µmol m
-2

 s
-1

 d
-1

) were the same for all the UV-B 

levels. Lateral transmittance of UV-B radiation from lamps was avoided by polyethylene 

cabinets previously tested for their UV-B radiation interception. Plants were maintained at 

24 °C (±2 °C), relative humidity of 75% (±5%) and a photoperiod of 16 h light and 8 h dark 

by the additional PAR supply with cool white fluorescent tubes. The position of pots with 

plants was changed randomly every day to minimize any positional effect.  

For the UV-B treatment, expanded leaves from the first upper third top of plants, in a 

completely randomized design, were collected at three times (7, 14 and 21 days). The 

harvested tissues were immediately frozen in liquid nitrogen and stored at 80 C until further 

biochemical and gene expression analyses. 

5.2.3 Metabolic analyses 

The ground material (100 mg) of each leaf sample was extracted with 1 mL of 80% 

methanol and shaken for 1 h. Samples were centrifuged at 12,000 g for 2 min (Sigma 3-30 

k, Osterode, Germany) and the supernatants were collected. After filtering (0.22 mm PVDF 

filters) and transferring to glass vials, the samples were randomized and analyzed for 

flavonols and phenolic acid compounds by High Performance Liquid Chromatography 

(HPLC) with UV detection coupled with electrospray ionization tandem mass spectrometry 
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(HPLC-UV-ESI MS/MS). HPLC analysis was performed on a modular Shimadzu 

Prominence UFLC apparatus with a UV detector SPD-20AV (set at λ= 280 nm) coupled 

with an auto injector (SIL-20AC, Shimadzu). The mass spectra scan was performed using a 

3200 QTRAP® LC/MS/MS system from Applied Biosystems/MDS Sciex (Applied, 

Biosystems, USA) equipped with Turbo V™ electrospray ionization source operated at 450 

°C. The chromatographic separation was done as describe previously by Veloz et al. (2015) 

with minor modifications. Mobile phase was performed as described in Annex 2 Table 

S2.1A. The equipment control and post hoc analysis were performed with Analyst 1.5.1 

software (AB SCIEX, Canada) and the sample analysis with the Multiple Reaction 

Monitoring (MRM) method in negative and positive polarity (Annex 2 Table S2.1B). 

5.2.4 Molecular analyses 

5.2.4.1 Isolation of total RNA and cDNA synthesis 

Total RNA was isolated from 200 mg of leaves by the method described by Jaakola et al. 

(2001). RNA concentrations and purity were measured using a Spectral Scanning 

Multimode Reader Varioskan Flash μDrop™ Plate (Thermo Scientific, Wilmington, USA). 

For synthesis of the first strand, the cDNA was prepared from 10 µg of total RNA from V. 

corymbosum leaves, which was reverse-transcribed by SuperScript III Vilo TM 

(Invitrogen, Carlsbad, CA) using standard methods in a reaction volume of 25 µL. To 

remove genomic DNA, the cDNA was cleaned according to Jaakola et al. (2004) with a 

DNA gel extraction kit (Millipore Corporation, Bedford, MA, USA). 

5.2.4.2 Real-time quantitative PCR (qRT-PCR) analysis.  
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The primers used in this study are shown in Annex 2, Table S2.2. Transcripts were 

sequenced and confirmed using previous qPCR analyses (See Annex 2, Table S2.3). The 

relative quantification of VcPAL, VcCHS, VcF3H and VcUFGT gene expression were 

determined with the 7500 FAST Real-Time PCR System, Applied Biosystems (Carlsbad, 

CA, USA). All experiments were performed with three biological replicates and two 

technical replicates. The geometric mean of two housekeeping genes (VcGAPDH and 

VcUBC28) previously described by Zifkin et al. (2012) and Vashisth et al. (2011) were 

used. The real-time PCR reactions were performed with the Brilliant II SYBR® Green 

QPCR Master Mix (Agilent Technologies, Santa Clara, California) following the procedure 

as described by Inostroza-Blancheteau et al. (2014) with minor modifications. Gene 

expression data (Ct values) and primer efficiencies were used to quantify relative gene 

expression as described by Pfaffl (2001). 

Additional note: GNORM stability of housekeeping genes, standar curves and melt curves 

of tagets and housekeeping genes used in this study can be found in Annex 2, Figure S2.1-

5. 

5.2.5 Experimental design and statistical analyses  

The experiment was randomly designed with two blueberry cultivars, three UV-B 

treatments and three time periods, using three biological replicates per treatment. The 

experimental units consisted of one plant per pot, with a total of 54 pots for the complete 

assay. All data were subjected to a two-way ANOVA with cultivar and UV-B treatment as 

factors. Using Sigma Stat 3.5 (Systat software INC), Tukey’s honestly significant 
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differences test identified those values with significant differences (*P < 0.05, **P < 

0.001). The Pearson correlation analysis was performed by t-test at a significance level of P 

< 0.05 to examine the relationships among variables. The resulting P-values were corrected 

using the Benjamini and Hochberg (1995) false discovery rate control, using one R script 

displayed by the Rbio software (www.biometria.ufv.br). In order to reduce the 

dimensionality of the data set and identify the variables that explained a higher proportion 

of the total variance, which could provide insight into the role of phenylpropanoids in UV-

B defense mechanisms as well as their regulatory networks, a multivariate analysis by 

Principal Components Analysis (PCA) was used in the Minitab® 17 statistics program 

(Minitab Inc., Philadelphia). 

5.3 Results  

5.3.1 Effect of UV-B radiation on phenolic compounds 

The main phenolic compounds found in leaves of V. corymbosum under UV-B radiation 

were flavonoids and phenolic acids (Table 5.1). Nine individual phenolic compounds were 

measured by HPLC- UV-ESI MS/MS at different time points (7, 14 and 21 days under UV-

B exposure). Among flavonoids measured in this study, quercetin was the most abundant. 

Quercetin levels in control plants showed no differences among cultivars. Surprisingly, the 

quercetin levels did not differ among UV treatments in all time points for both cultivars, 

with the exception of Bluegold, which had lower quercetin levels at 21 days at the highest 

UV-B dose compared to Legacy (Table 5.1). Quercetin derivatives showed different levels 

in both cultivars. Quercetin-3-rutinoside was the main quercetin glucoside in Bluegold 

leaves (1.6 fold higher than Legacy). In Legacy leaves quercetin-3-rhamnoside was the 
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most abundant quercetin derivative. Interestingly, the quercetin-3-rhamnoside levels were 

around 37-fold higher in Legacy leaves than in the Bluegold control plants. However, this 

compound decreased under high UV-B exposure at 21 days of treatment in Legacy leaves, 

whereas in Bluegold leaves, the quercetin-3-rhamnoside levels did not vary throughout the 

experiment (Table 5.1).  

The levels of kaempferol increased in leaves of Legacy control plants throughout the 

experiment. Meanwhile, in Bluegold leaves decreased levels were observed for this 

metabolite (Table 5.1). The amount of this compound was lower under both UV-B 

radiation levels in Legacy plants at 21 days of treatment, whereas in Bluegold no difference 

in kaempferol level was observed in leaves of plants under UV-B. Its derivative, 

kaempferol-3-rutinoside, was significantly higher (∼2 fold) in Bluegold control plants than 

in Legacy control plants, which was unaltered under UV-B treatments in both cultivars 

(Table 5.1). The levels of catechin, a flavan-3-ol subclass, were significantly higher (∼8 

fold) in Legacy control than in Bluegold control plants. However, the levels of this 

metabolite did not change in response to the UV-B treatments applied throughout the 

experiment. Altogether, total flavonoids in Legacy plants showed significantly higher levels 

than Bluegold in UV-B-treated and non-treated plants (Table 5.1). However, there was a 

slight decrease in the amount of these compounds in Legacy at the end of the experiment in 

both UV-B doses.  

Among phenolic compounds, the levels of chlorogenic acid were higher in Legacy control 

than in Bluegold control plants; however, the levels of this metabolite remained unaltered 
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in Legacy under UV-B radiation (Table 5.1). Contrasting with this response, chlorogenic 

acid levels increased in Bluegold leaves at the end of the experiment (2.21-fold). Caffeic 

acid did not differ among cultivars or UV treatments. The levels of gallic acid were higher 

in Bluegold leaves, but unchanged under UV-B radiation exposure. The total phenol levels 

were higher in Legacy than Bluegold, except for at the end of the experiment, where both 

cultivars showed the same levels of total phenols in UV-treated plants (Table 5.1). 
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Table 5.1: Phenylpropanoid compounds from leaves of Vaccinium corymbosum cultivars Legacy and Bluegold under UV-B radiation. 

Values are the mean of three biological replicates ±SE. Different lowercase letters indicate statistically significant differences (Tukey’s 

HSD at P < 0.05) among treatments for the same genotype. Different uppercase letters show differences (Tukey’s HSD at P < 0.05) 

among genotypes for the same treatments. Asterisk represents *= P < 0.05, **=P < 0.001. Legend: Qu: quercetin, Ka: kaempherol, 

Qrut: Quercetin-3-rutinoside, Qrha: Quercetin-3-rhamnoside, Kru: Kaempherol-3-rutinoside, Cat: catechin, Chl ac: chlorogenic acid, 

Ca ac: Caffeic acid, Ga ac: Gallic acid. AV: average, SE: standar error. ST: Statistical ANOVA differences.  
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Legacy 7 days 

 

14 days 

 

21 days 

  

Compound 0 

 

0.07 

 

0.19 

 

0 

 

0.07 

 

0.19 

 

0 

 

0.07 

 

0.19 

 

Cv. 

difference 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

AV±SE 

 

ST 

 

7 

 

14 

 

21 

 

Qu 453 ± 44 Aa 373±40 Aa 453±14 Aa 409±51 Aa 394±26 Aa 463±79 Aa 430±69 Aa 321±25 Aa 418±18 Aa 

  

* 

Ka 79±20 Aa 75±7 Aa 76±5.6 Aa 73±14 Aab 55±7.0 Ab 94±8.1 Aa 100±17 Aa 53±6.5 Ab 58±3.4 Ab 

  

* 

Qrut 33±2 Ba 54±9 Aa 37.4±1.8 Aa 39±3 Aa 38±2.2 Ba 40±5.3 Aa 34±3.7 Ba 31±7.6 Ba 41±4.9 Aa 

   Qrha 144±22 A*a 113±20 A*a 151±0.6 A*a 134±1.0 A*a 101±0.3 A*a 125±1.0 A*a 135±2.1 A*a 73±0.3 Aab 59±2.7 Ab * * * 

Krut 7.2±2 Bb 14±1.0 Aa 7.3±0.6 Bb 6.9±1.0 Ba 4.6±0.3 Ba 5.5±1.0 Aa 7.4±2.1 Ba 5.4±2.4 Aa 5.1±0.4 Aa 

   Cat 61±1 A*a 46±15 Aa 50±7.7 Aa 55±11 Aa 72±13 A*a 83±14.3 A*a 60±10.4 A*a 60±5.1 A*a 59±18 A*a * * * 

Flavonoids 

 

778±79 

 

Aa 

 

680±41 

 

Aa 

 

775±21 

 

Aa 

 

717±73 

 

Ba 

 

664±16 

 

Ba 

 

812±112 

 

Ba 

 

768±130 

 

Aa 

 

543±36 

 

Ab 

 

640±24 

 

Aab 

 

** 

 

** 

 

** 

 

Chl ac 993±81 Aa 967±7 Aa 1071±4.5 Aa 1091±95 Aa 1197±101 Aa 1350±95 A*a 1198±149 Aa 1169±18 Aa 1256±79 Aa * * 

 Ca ac 0.8±0.1 Aa 2.8±1.3 Aa 1.0±0.2 Aa 0.7±0.1 Aa 1.1±0.2 Aa 0.9±0.2 Aa 0.5±0.08 Aa 0.9±0.3 Aa 0.9±0.3 Aa 

   Gal ac 0.3±0.1 Ba 0.7±0.4 Ba 0.3±0.0 Ba 0.4±0.1 Aa 0.6±0.2 Ba 0.8±0.2 Ba 0.3±0.0 Ba 0.5±0.2 Ba 0.3±0.0 Ba 

   Phen ac  994±81 Aa 970±27 Aa 1073±4.5 Aa 1091±95 Aa 1199±10 Aa 1358±96 Ba 1199±149 Aa 1170±43 Aa 1257±80 Aa ** **  

 

Bluegold 

    Qu 354±22 Aa 402±19 Aa 414±6.7 Aa 327±58 Aa 441±12 Aa 271±25 Aa 343±44.5 Aa 287±21 Aa 287±21 Ba 

   Ka 89±12 Aa 96±7 Aa 88±7.3 Aa 74±13 Aa 74±8.3 Aa 37±1.3 Bb 48±4.6 Ba 36±3.6 Aa 43±8.8 Aa 

   Qrut 59±10 Aa 46±1.8 Aa 49±1.0 Aa 53±11 Aab 75±6.9 Aa 32±2.7 Ab 54±10.5 Aab 58±3.3 Aa 32±2.6 Ab 

 

* * 

Qrha 4.0±0.4 Ba 5.6±0.6 Ba 4.7±0.2 Ba 3.8±0.9 Ba 4.2±0.0 Ba 3.9±0.2 Ba 3.3±0.1 Ba 2.8±0.7 Ba 2.1±0.4 Ba 

   Krut 16±0.3 Aa 17±2.7 Aa 17±1.0 Aa 14±1.3 Aa 19±2.4 Aa 7.7±0.9 Ab 12±1.7 Aab 9.4±0.5 Aa 4.7±0.5 Ab * * * 

Cat 14±0.2 Ba 11±1.6 Ba 9.8±1.7 Ba 6.4±0.9 Ba 13±2.0 Ba 15±4.3 Ba 5.2±0.3 Ba 19±4.7 Ba 29±8.6 Ba 

   Flavonoids 

 

535±33 

 

Ba 

 

578±29 

 

Aa 

 

584±10 

 

Ba 

 

480±68 

 

Bab 

 

627±30 

 

Aa 

 

367±23 

 

Bb 465±38 

 

Ba 

 

413±21 

 

Aa 

 

398±5.7 

 

Ba 

 

   Chl ac 816±15 Ba 892±8.6 Aa 906±30 Ba 906±334 Aa 960±27 Aa 810±85 Ba 693±106 Bb 843±128 Ab 1536±167 Aa 

   Ca ac 2.6±0.7 Aa 1.9±0.5 Aa 1.8±0.3 Aa 2.0±1.3 Aa 1.9±0.2 Aa 1.1±0.3 Aa 1.3±1 Aa 2.2±0.5 Aa 1.5±0.9 Aa 

   Gal ac 1.6±0.1 A*a 1.5±0.1 Aa 1.7±0.0 A*a 1.3±0.3 Aa 1.7±0.1 Aa 1.4±0.3 Aa 1.2±0.3 AA 1.7±0.3 Aa 2.4±0.8 Aa ** ** ** 

Phen ac 

 

820±144 

 

Ba 

 

895±8.7 

 

Aa 

 

909±30 

 

Ba 

 

909±34 

 

Aa 

 

963±27 

 

Aa 

 

813±85 

 

A*a 

 

696±107 

 

Bb 

 

847±129 

 

Aab 

 

1540±168 

 

Aa 

 

   



 

96 
 

5.3.2 Gene expression analysis of the phenylpropanoid pathway under UV-B radiation 

The transcriptional regulation of 4 phenylpropanoid pathway genes was evaluated in this 

study. The expression of VcPAL, VcCHS, VcF3H and VcUFGT were analyzed using qRT-

PCR (Figure 5.1). Different behavior was observed in VcPAL expression among cultivars. 

At 7 days of UV-B exposure, a low expression of VcPAL was observed in Legacy under 

low UV-B radiation and an upregulation with the highest UV-B dose applied. By contrast, 

Bluegold showed no difference among UV-B doses (Figure 5.1A). From the 14th day of 

treatment, Legacy was no different from the control treatments, but in Bluegold leaves, a 

downregulation at the highest UV-B dose was observed. However, after 21 days of 

exposure, none of the cultivars showed any differences in the expression of VcPAL 

compared to the control treatment (Figure 5.1A).  

For VcCHS, a downregulation was observed in Legacy plants only at 7 days of UV-B 

treatment. From 14 to 21 days, no difference was noted with the lowest UV-B dose 

compared to the control (Figure 5.1B). However, under high UV-B exposure VcCHS 

expression increased significantly. A strong reduction in the expression was observed for 

this gene in Bluegold plants after 7 and 14 days of UV-B treatment. Meanwhile at 21 days, 

no difference was found in comparison to UV-B untreated plants.  

The expression of VcF3H decreased in Legacy plants at 7 and 14 days of UV-B exposure, 

showing no differences at the end of the experiment in relation to the control plants. For 

Bluegold, the downregulation for this gene started at 7 days of treatment with the highest 

UV-B dose, and continued to the end of the experiment for all UV-B levels. These 

behaviors showed a completely opposite trend between the two cultivars (Figure 5.1C). 
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VcUFGT showed different behavior among cultivars (Figure 5.1D). In the Legacy plants a 

downregulation of this gene under the highest UV-B dose at 7 days of treatment was 

observed. However, from the 14th day of treatment, only at the lowest UV-B dose was an 

increase found in the levels of VcUFGT transcripts until the end of the experiment. On the 

other hand, Bluegold showed a strong downregulation of this gene from 7 to 14 days of 

treatment with both UV-B intensities, reaching the control levels at 21 days. 
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Figure 5.1. qRT-PCR analysis of mRNA levels of phenylpropanoid genes in leaves of 

Vaccinium corymbosum cultivars under UV-B radiation. Three independent biological 

A 

B 

C 

D 
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replicates were used for this study. All data were normalized to geometric mean value from 

VcG3PDH and VcUBC28 housekeeping genes and expressed as fold change of control 

treatments. Log2 was performed to better understand the regulation for these genes. 

Different lower case letters indicate statistically significant differences (Tukey’s HSD at P 

< 0.05) among treatments for the same genotype. Different uppercase letters show 

differences (Tukey’s HSD at P < 0.05) among genotypes for the same treatments. Asterisk 

represents differences of each UV-B treatment compared to control values from each time 

point * = P < 0.05, ** = P < 0.001. (Alternative figure with Fold change to control, please 

see Annex 2, figure S2.6) 

 

5.3.3 Correlation Analysis of Variables across the Entire Data Set. 

To assess the level of association between the evaluated traits, we calculated Pearson 

correlation coefficients for all pairs of metabolites and transcript data sets from 7 to 21 days 

of the experiment. The full data set of correlation coefficients is presented in a correlation 

matrix (Figure 5.2). Interestingly, in Legacy there were only positive correlations and a 

large number of these associations were observed between the metabolite traits (Figure 

5.2A). The transcript data obtained did not show any significant correlation with the entire 

data set. By contrast, in the UV-B-sensitive cultivar Bluegold, positive and negative 

correlations were observed among transcripts and metabolites (Figure 5.2B). We verified 

17 positive and 8 negative significant correlations (P < 0.05). It was observed that 

expression of a UDP-glucose-flavonoid 3-O-glucosyltransferase (UFGT) encoding gene 

exhibited a strong positive correlation with most of the phenolic acids, with a remarkablely 
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high correlation with gallic and phenolic acid (r=0.91 and 0.96; respectively). In addition, 

we also found that quercetin-3-rutinoside and quercetin-3-rhamnoside presented a negative 

correlation with the levels of other compounds and expression values in Bluegold. Taken 

together, these results clearly indicated different metabolic responses for the UV-B-

resistant and sensitive blueberry cultivars. 

 

Figure 5.2. Correlation matrix based on Pearson coefficients derived from metabolic and 

transcript data of Legacy (A) and Bluegold (B). Significant correlation coefficients (P < 
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0.05) are indicated by dark, medium and light shading, with positive and negative 

correlations being distinguished by green and red, respectively. Data are normalized with 

respect to the mean response calculated for treatment dose 0 of each time (7, 14 and 21). 

Abbreviations: quercetin (Qu), kaempherol (Ka), quercetin-3-rutinoside (Qrut), quercetin- 

3-rhamnoside (Qrha), kaempherol-3-rutinoside (Krut), catechin (Cat), chlorogenic acid 

(Chl ac), caffeic acid (Ca ac), gallic acid (Ga ac), phenolic acids (Phen ac), phenylalanin 

ammonia-lyase (PAL), flavanone 3-hydroxylase (F3H); chalcone synthase (CHS) and 

UDP-glucose-flavonoid 3-O-glucosyltransferase (UFGT) 

5.3.4 Principal Components Analysis 

To search for possible common factors that would explain the observed correlations, a PCA 

based on all measured traits was performed individually for each cultivar (Figure 5.3). For 

this comparison, datasets obtained for each cultivar (Legacy and Bluegold) were averaged 

and normalized as indicated in Figure 5.3. Distributions along the first and second 

components are shown in the same figure. For Legacy, the first principal component (PC1), 

which explained 40.3% of total variance separated kaempferol-3-rutinoside and quercetin-

3-rutinoside together from most flavonoids and phenolic acids. In contrast, the second 

principal component (PC2) explained 28.2% of total variance and grouped transcript data 

among themselves (Figure 5.3A). On the other hand, in Bluegold, PC1 and PC2 explained 

56.9% and 22.6% of the total variance, respectively. Unlike what was observed for Legacy, 

derivatives of kaempferol and quercetin were strikingly grouped with others polyphenolic 

flavonoids (Figure 5.3C). Furthermore, a strong antagonistic group was observed between 

flavonoids and phenolic acids. Unlike Legacy, traits associated with gene expression did 
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not group among them. This suggests a greater correlation between secondary metabolite 

levels and transcripts in Bluegold (Figure 5.3C). When we compared the PCA scores plot 

(Figure 5.3B and D) of Legacy and Bluegold, we observed a clear separation between the 

two UV-B levels. By Pearson’s distance, five and four clusters were formed in Legacy and 

Bluegold, respectively (Figure 5.3B and D). Unlike what occurred with the Legacy control, 

in Bluegold the control treatment (0 Wm
-2

 BE) did not group with the UV-B treatments. 

 

Figure 53. Principal component analysis of metabolic and transcript data of Legacy and 

Bluegold. PCA was performed based on the correlation matrix of least square means of 

accessions averaged. Data are normalized with respect to the mean response calculated for 
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treatment dose 0 of each time point (7, 14 and 21 days). Numbers in parentheses give the 

percent variation explained by the first and second principal component. Figures A and C 

show the loadings plot and B and D the scores plot obtained for the resulting distribution 

for Legacy and Bluegold, respectively. Color circles in Figures B and D represent the 

cluster formed by Pearson’s distance, and text colors in Figures A and C indicate the 

groupings from metabolite and transcript data. Abbreviations: quercetin (Qu), kaempherol 

(Ka), quercetin-3-rutinoside (Qrut), quercetin-3-rhamnoside (Qrha), kaempherol-3-

rutinoside (Krut), catechin (Cat), chlorogenic acid (Chl ac), caffeic acid (Ca ac), callic acid 

(Ga ac), Phenolic acids (Phen ac), phenylalanin ammonia-lyase (PAL), flavanone 3-

hydroxylase (F3H); chalcone synthase (CHS) and UDP-glucose-flavonoid 3-O-

glucosyltransferase (UFGT).  

5.4 Discussion  

Our results showed that under long-term UV-B exposure, the cultivars had different 

amounts of total phenolics and flavonoids, with their concentration being higher in Legacy 

(UV-B-resistant) than in Bluegold (UV-B-sensitive). It is clear that a dynamic 

accumulation of flavonoid and phenolic acid compounds across the time exposure to UV-B 

radiation showed distinct responses between cultivars.  

Interestingly, among flavonol glycosides, quercetin-3-rhamnoside was 37-fold higher in 

Legacy than in Bluegold, even in the control plants. It has been reported that different 

glycosides coupled to a specific flavonoid confer different properties on the molecule 

(Heim et al., 2002). Quercetin is one of the best ROS quenchers (Arora et al., 1998), but 

when coupled to rhamnose, its antioxidant activity decreases (Heim et al., 2002). By 
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contrast, when quercetin is coupled to rutinose, the decrease in its antioxidant activity is not 

significant (Heim et al., 2002). In our results, the difference in the amount of quercetin-3-

rhamnoside may have had an impact on the UV-B response of the resistant cultivar, 

primarily attributed to photoprotection. Despite of the decreased antioxidant capacity, this 

molecule absorb at the UV range with maximum absorbance wavelength of 267 and 356 

nm (Diaconeasa et al., 2014). However, it maybe also possible that this quercetin-3- 

rhamnoside could be stable from degradation under UV-B, so its synthesis could be favored 

by the plant to avoid constantly activation of repair or synthesis processes. In this sense, it 

has been reported that quercetin-3-rutinoside is more stable to photobleaching than its 

aglycone quercetin under UV (Cvetkovic et al., 2011; Zvezdanovic et al., 2012) so we 

could expect the same behavior for quercetin-3-rhamnoside. This opens the question about 

the role of glycosylation of flavonoids under UV-B radiation, and the subsequent role of 

UFGTs, responsible for glycosylation of these molecules, which have been reported to be 

induced under UV-B (Hectors et al., 2014; Loyola et al., 2016). 

On the other hand, among the group of phenolic acids, we found that chlorogenic acid 

predominated. This result is in agreement with those reported for V. angostifolium and V. 

myrtillus, (Martineau et al., 2006; Oszmiański et al., 2011). Inostroza-Blancheteau et al. 

(2014) reported that under low, medium and high UV-B conditions, chlorogenic acid 

increased in V. corymbosum at the short-term. However, in our experiment, the amount of 

chlorogenic acid was not increased by UV-B exposure, although it was higher in the 

resistant cultivar in most of the experiment. 
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The expression of phenylpropanoid pathway-related genes was affected differently by UV-

B radiation in this study (Figure 5.1). PAL is one of the main genes reported to be induced 

by UV-B in plants (Kalbin et al., 2001; Ryan et al., 2002). Our findings showed a transient 

induction of this gene at a higher UV-B dose in the resistant cultivar Legacy, whereas the 

sensitive cultivar was observed to be downregulated or unaffected (Figure 5.1). Previous 

studies in the Brigitta cultivar of V. corymbosum (reported as UV-B-resistant), showed 

VcPAL to be transiently induced by UV-B in the short-term (Inostroza-Blancheteau et al., 

2014). In agreement with our results, in a long-term experiment, Betula pendula showed a 

higher expression of PAL when plants were exposed to solar UV-B radiation (Morales et 

al., 2010), indicating that even in longer periods of exposure, the induction of this gene is 

important to the acclimation of plants under UV-B radiation. 

Moreover, in our experiment, the UV-B response of contrasting cultivars behaved 

differently in terms of VcCHS gene expression under UV-B exposure. Although both 

cultivars downregulated VcCHS at the beginning of the UV-B treatment, this 

downregulation was higher in the sensitive cultivar. Thereafter an upregulation was 

recorded early for Legacy plants at the highest UV-B dose (Figure 5.1B), which leads us to 

consider the induction of flavonoid synthesis as this enzyme is the first step on the 

flavonoid pathway (Jaakola, 2013). VcCHS was also induced in the short-term in the 

sensitive cultivar of V. corymbosum subjected to a low UV-B dose (Inostroza-Blancheteau 

et al., 2014). 

Generally, the VcF3H trend was contrasted in Legacy and Bluegold, being strongly 

downregulated at the beginning in Legacy and downregulated at the end of the UV-B 
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exposure in Bluegold (Figure 5.1C). F3H enzyme catalyzes the 3-hydroxlation of 2S-

flavanones, such as naringenin to dihydroflavonols. In the short-term in A. thaliana, there is 

an upregulation of F3H together with the induction of flavonol-specific genes (FLS1, 

AtUGT89C1, AtMYB111 and AtRHM1), suggesting that after the induction of anthocyanin, 

tocopherol and ascorbate derivatives (early response), the induction of flavonol genes take 

place (Kusano et al., 2011). Liu et al. (2013) reported that at transcriptional and 

translational levels, F3H was induced when Reaumuria soongorica was exposed to 

prolonged UV-B radiation, which was later related to an increase in total flavonoids and 

anthocyanins. 

Most of the reports on UV-B have considered short periods of plant exposure from minutes 

to a few hours (Brosché et al., 2002; Ulm et al., 2004). It is known that in A. thaliana the 

primary metabolite level response occurs in the short-term, leading to the later production 

of UV-B-absorbing secondary metabolites throughout the metabolism reprogramming, 

diverting carbon assimilates to aromatic amino acids, precursors of the phenylpropanoid 

pathway (Kusano et al., 2011). A short-term evaluation of the gene expression is relevant to 

understanding signaling or the first state of responses, but this does not necessarily mean a 

later acclimation response in longer time periods (Hectors et al., 2007). However, a few 

reports have explored the effect of long-term UV-B exposure to explain changes in gene 

expression. Recently, Luengo Escobar et al. (2017) demonstrated that in the long-term of 

supplemental UV-B exposure, the resistant V. corymbosum cultivar (Legacy), responded 

early to UV-B by reprogramming its metabolism, in contrast to the sensitive cultivar 

Bluegold, which responded later, leading to metabolic damage. Martínez-Lüscher et al. 
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(2013), in a study on Vitis vinifera, found that long-term supplemental exposure to high 

UV-B can produce acclimation responses, primarily attributed to the accumulation of UV-

absorbing compounds rather than antioxidant enzyme activity. In general, this plant species 

is cultivated under high UV environments, and is probably well adapted to UV-B 

(Martínez-Lüscher et al., 2013). In Plectranthus coleoides leaves, the UV-B supply for 9 

days increased the flavonoids apigenin (flavone) and cyanidin glycosides (anthocyanins) in 

green and white tissues (Vidović et al., 2015). Emiliani et al. (2013) reported that in 

transgenic plants of A. thaliana, the expression of ZmFLS1 conferred less sensitivity on 

UV-B radiation, giving a primary role to flavonols as protective compounds against this 

stress. In the same line, flavonol di- and triglycosides of kaempferol and quercetin were 

demonstrated to be stimulated under UV in A. thaliana after 1-4 days (Hectors et al., 2014). 

Although the biosynthesis of secondary metabolites and transcripts levels of corresponding 

biosynthetic genes are mainly under transcriptional regulation via transcription factors 

(Yang et al., 2012; Patra et al., 2013; Nguyen et al., 2017), surprisingly in Legacy, 

transcript data did not show any significant correlation with the entire data set, while to 

Bluegold, only UFGT levels correlated significantly with phenolic acids, suggesting that 

UFGT, is likely more highly regulated than the other flavonoid genes, in this cultivar. 

However, taken together, these findings suggest that for both cultivars, changes in the 

expression of genes encoding the enzymes of the phenylpropanoid pathways studied here 

seems not directly related to the levels of secondary metabolites evaluated. 

As shown in the PCA analysis, the two cultivars can be readily distinguished from each 

other on the basis of their transcript and metabolite levels. Most notable in this respect is 
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the clear differentiation of grouping among the cultivars in the data set obtained from the 

transcripts. In this case, the Legacy transcript data clustered completely independently from 

the secondary metabolites studied. These results reflect the fact that changes at the 

transcript level are less pronounced than changes at the metabolite level in the resistant 

cultivar when exposed to high UV-B radiation. This could be because of the importance of 

the metabolic intrinsic status and the reprogramming capacity of this cultivar. A. thaliana, 

under short periods of UV-B exposure, undergoes extensive metabolite reprogramming 

(Kusano et al., 2011). However, under long periods of UV-B, the plants need to readjust 

their metabolism to maintain their metabolic status. It has been shown that flavonoids have 

different UV-B stability, when quercetin and its glycoside quercetin-3-rutinoside are 

compared, the glycoside is more stable to UV-B degradation (Zvezdanović et al., 2012). 

Even if the plants did not increase their metabolite content, they could maintain a sufficient 

level to cope with the stress.  

Although the multivariate data analysis did not prove causal or even reveal mechanistic 

links between molecular entities, this study identified several correlations between some 

transcripts and secondary metabolites from the same or closely related pathways. In 

general, expression levels of several genes encoding key enzymes of a secondary 

biosynthetic pathway are being elevated in a coordinated trend to UV-B stress signals 

(Long and Jenkins, 1998). Taken together, our results suggest not only a metabolite 

adjustment for a successful UV-B acclimation, but also, to a certain extent, that UV-B 

resistance depends on the intrinsic status of plant metabolic features of phenylpropanoid 

compounds. This could be important as a UV-B pre-adaptation strategy (Benina et al., 
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2013) that can be fundamental in longer periods of acclimation in plants under natural 

conditions where other stress factors are relevant. In addition, multiple years experiment 

can give more clues about the understanding of UV-B influence in the resistance of plants 

as showed in sensitive and resistant cultivars of Glycine max, where it was demonstrated 

that the sensitivity to UV is altered by the prevailing microclimate (Teramura et al., 1990). 

Regarding to the hypothesis, we have demonstrated that under long term UV-B exposure, 

the resistant cultivar Legacy is favored by a higher background of metabolites with UV-B 

absorbing capacity, than the sensitive cultivar Bluegold. Furthermore, we observed that the 

gene expression of key enzymes is transiently induced in both cultivars, showing that even 

in long term UV-B exposure, plants are adjusting their metabolism. This knowledge is 

useful to further selecting new cultivars to ensure the subsequence success of plants under 

this environmental constraint by fixing a pre-adaptation strategy as intrinsic higher pool of 

metabolites with photoprotective properties. 
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6 General discussion, concluding remarks and future directions 

6.1 General discussion 

Plants are affected by UV-B stress at different levels depending on their capacity to 

modulate this stress. However, the biochemical mechanisms that underlie this reponses are 

still controversial. Many authors postulate that the avoidance mechanism (photoprotection) 

(Solovchenko and Merzlyak, 2008) by phenylpropanoids, especially flavonoids, is the main 

plants mechanism to cope UV-B stress, meanwhile others attribute to the antioxidant 

mechanism (tolerance), the main role of these compounds (Agati et al., 2009, 2010).  

In this work we made an approach to the UV-B mechanism involved in cultivars of V. 

corymbosum with contrasting UV-B resistance (Legacy as resistant and Bluegold as 

sensitive). Along this study, we refer to some terminology to understand the stress 

mechanisms that are involved.  Here we used the term ‘‘resistance’’ to all acclimation 

mechanisms that plant can present to cope to a changed condition, which include 

“avoidance” and “tolerance” mechanisms (Levitt 1980). “Avoidance” is a mechanism that 

can exclude the income of the stressor agent (Kochian, 1995; Delhaize et al., 2007), in this 

case the UV-B radiation. In the other hand, a tolerance mechanism detoxifies internally the 

hazardous molecules that are corrupted or produced by this radiation, e.g. ROS (Delhaize et 

al., 2007; Hectors et al., 2007). 

We had a previous knowledge around the sensitivity of Bluebery cultivars used in our 

research group. A sensitive cultivar (Bluegold) has been described under several abiotic 

streses, even in UV-B conditions (Rojas-Lillo et al., 2014), as well resistant cultivars under 

UV-B stress (Legacy and Brigitta) (Inostroza-Blancheteau et al., 2014; Reyes-Diaz et al., 
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2016). To select which of them is more resistant to UV-B, a comparative experiment was 

conducted under short-term (hours) UV-B conditions between Legacy ans Brigitta (Chapter 

3) showing Legacy to be more resistant according to its photosynthetic performance and 

spectral reflectance, which were less affected by stress than Brigitta. With these contrasting 

cultivars in their UV-B resistance we focused into the broad response on physiological, 

biochemical and metabolic traits during a long-term UV-B exposition, simulating daily 

courses of low and high UV-B doses in greenhouse conditions (Chapter 4). Both cultivars 

decreased their shoot growth even under low UV-B doses (Table 4.1). According to Kolb et 

al., (2001) and Mohammed and Tarpley, (2010), this reduction can be explained by a 

decrease in CO2 asimilates due to UV-B damage in the photosynthetic apparatus. However, 

it has been also shown that UV-B induce photomorphogenesis in plants mediated by the 

UV-B-specific UV RESISTANCE LOCUS (UVR8) photoreceptor (Favory et al., 2009) 

and recently, it has been demonstrated that UVR8 activity inhibits auxin signaling and stem 

elongation at high temperature (Hayes et al., 2017). It is known that UV-B impact on stem 

development by inhibiting hypocotyls and stem elongation (Jansen et al., 2012; Jansen, 

2002). In cucumber plants, an increase in stem elongation and growth under UV-B 

exclusion has been observed, showing that growth can be affected even at ambient levels of 

UV-B (Krizek et al., 1997, Kanungo et al., 2013). Consequently, under UV-B radiation, 

growth delaying is not necessarily bound to stress.  

Our findings in CO2 assimilation reflected this situation, only the sensitive cultivar 

Bluegold, which was affected by UV-B, decreasing at the end of the experiment whit the 

highest UV-B dose (Table 4.2). It is widely reported that the main target of UV-B radiation 
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is the photosinthetic apparatus. The sensitivity of plants under UV-B is commonly reflected 

at this level. One of the possibles reasons could be because the disruption of membranes 

and chlorophyll breakdown by liberating Mg
2+

cations, with a subsequent demetallation of 

Chl a to pheophytin a as documented by senescent leaves (Hörtensteiner and Kräutler 

2011). However, pheophytins were not detected in this study (data not shown). 

Furthermore, the Chl a/b ratio was not affected in any cultivars and for any UV-B dose 

applied. It is likely that RuBisCO (Ribulose-1,5-bisphosphate carboxylase/oxygenase) 

could be affected by UV-B and lately affects CO2 assimilation in Bluegold. However, as 

reported in Phaseolus vulgaris, CO2 assimilation was found to be reduced only when 

compained by nitrogen restriction, leading to reduction of RuBisCO activity (Riquelme et 

al., 2007). This is not the case in our study, because N status showed no difference between 

control and treated plants in none cultivar (Annex 3, Figure S3.1).  

The higher levesl of ROS registered in isolated chloroplasts could be the main reason of 

CO2 assimilation reduction. There is evidence that singlet oxygen (
1
O2) can be produced by 

free chlorophyll and its degradation producs, wich are strong photosensitizer (Krieger-

Liszkay, 2005). This free chlorophyll released from the membrane would produce ROS and 

cause fotooxidative damage as occurred during senescense (Hörtensteiner and Feller, 

2002). This may be perhaps supported by the evidence in ourconfocal microscopy that 

shows an apparently disruption of chloroplasts integrity under high UV-B exposure (Anexx 

1, Figure S1.2 B,d). 

Plant cell membranes contain unsaturated fatty acids, damageable by breakdown of their 

structure and function by UV in the presence of oxygen (Kramer et al., 1991; Mishra and 

http://www.sciencedirect.com/science/article/pii/S0005272810007942#!
http://www.sciencedirect.com/science/article/pii/S0005272810007942#!
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Singhal, 1992). Consequently, lipid peroxidation is a clear indication of sensitivity in 

plants. In our study, higher lipid peroxidation in Bluegold confirmed the sensitivity of this 

cultivar under UV-B exposure. One of the main sites of ROS production is the chloroplast, 

which is very sensitive to stress conditions (Foyer and Noctor, 2005). In this sence, 

Bluegold showed the highest levels of ROS in isolated chloroplasts, and also higher levels 

of ROS in total leaf extracts compared to Legacy (Figure 4.2). However, actual evidence 

shows that ROS are involved in signaling and not necessary to damage and growth 

impairment (Hideg et al., 2013, Mitller et al., 2011). Probably ROS play a role in eustress 

(good stress usually acclimative) by mediating UV-B acclimation and the readjustment of 

metabolism (Hideg et al., 2013).  

Under UV-B radiation, xanthophyll cycle compounds could be involved in the protection of 

the photosynthetic apparatus; however, this protection under UV-B is not fully understood 

and only few studies about are reported (Yang et al., 2007, Moon et al., 2011; Bolink et al 

2001). Our results indicated that the reduction of the (de-epoxidation state) DEPS at the 

high UV-B radiation in Legacy and at both UV-B levels in Bluegold (Figure 4.1) suggests 

that Vx de-epoxidase (VDE) was inactivated by UV-B radiation, leading to an 

accumulation of Vx in both cultivars (Figure 4.1). This response has a consequence in NPQ 

levels, which was accordingly reduced (Table 4.2). For high light intensities, and other 

stresses it is reported, that acidification of thylakoid lumen activate the protein PsbS (Cp22) 

in PSII required for the regulation of thermal energy dissipation and it is assumed to initiate 

protonation dependent reorganization in light harvesting complex II LHCII (Ort, 2001). 

Under high light intensities this protein has a regulatory in cyclic electron flow. In addition, 



Chapter 6: General Discussion, Concluding Remarks and Future Directions  

 

 

116 
 

npq1 mutants of A. thaliana lacking in this protein generate more singlet oxygen (
1
O2)

 

accompained with higher PSII photoinhibition (Roach and Krieger-Liszkay, 2012).  

Lutein (Lt) levels were increased in Bluegold with the highest UV-B dose, which is 

relevant because of the involvement of this carotenoid in NPQ. In the npq1 mutant of 

Arabidopsis, the accumulation of Lt in the absence of Zx restored the NPQ (Li et al., 2009). 

But NPQ in Bluegold was not restored despite the increase in Lt under UV-B. The 

reduction in the thermal dissipation due to this possible inactivation of VDE could carry an 

overload of the photosystem and generate a great amount of ROS. At the chloroplast level, 

the greater ROS augmenting was registered for Bluegold plants, which at the end of the 

experiment could lead to the observed reduction in CO2 assimilation.  However, the real 

implications of the reduction of thermal dissipation under UV-B are far to be elucidated in 

this thesis. However, it remains the question to be investigated in the future. 

Probably, in longer times of UV-B exposure simulations, both cultivars would reach to a 

point of succesfull acclimation under the simulated conditions that were carried out in this 

study. Still, it is important to highlight the rapid modulation of Legacy plants under UV-B 

exposure, which under ambient UV-B conditions can attribute this cultivar with several 

advantages under changing environment compared to Bluegold. Nowadays, Bluegold in 

field is being replaced in Chilean Highbush blueberry fields by other cultivars more 

advantageous due to the problems that it has had to adjust to the conditions of south central 

Chile (Walter Lobos, personal comunication), as aluminum toxicity and high light. 

With respect to the UV-B intensities used in this study, it should be noted that although the 

irradiances correspond to those registered in winter (0.07 Wm
-2

 BE irradiance) and summer 
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plus 30% (0.19 Wm
-2

 BE), this simulation, in terms of dose, replicate the daily cycle of UV-

B radiation. Therefore, plants eventually have the possibility of recovering from these 

intensities, and respond favorably to the course of days of treatment. This is a novel 

approach, distint to those simulating short but high continous UV-B fluences. The 

cumulated doses per each day of treatment were 63 and 128.7 kJ m
-2

 day
-1

 for low and high 

UV-B, respectively. This represents ∼100% augment in UV-B for the high simulation 

respect to winter simulation. However, despite this difference, the effects of UV-B doses 

were not double. However, the main reponses proved to be cultivars and UV-B dose 

dependent such as ROS, lipid peroxidation, SOD activity, total phenolic and flavonoids 

compounds and AUC. 

The cultivar Legacy showed to have a better performance counteracting the UV-B radiation 

than Bluegold. Interestingly, Legacy revealed a combined strategy to cope with the intake 

of UV-B radiation, which is primarily oriented to photoprotection (avoidance mechanism), 

increasing their absorbing capacity (Figure 4.4D) and later, tolerating the impact of this 

radiation by the induction of phenolic compounds (Figure 4.4A). Also, the novo synthesis 

of flavonols glycosides in Legacy could contribute to the avoidance mechanism, due to that 

they absorbs at the UV-B range (280-320 nm) (Table 4.3) and they are less effective 

antioxidants compared to their corresponding aglycone (Pietta, 2000). Flavonol glycosides 

have shown to be induced under UV-B radiation. These molecules under UV-B are 

reported to be localized in vacuoles (Koes et al., 2005, Jaakola et al., 2013). Our result 

showed the accumulation of phenolic compounds at the epidermal level (Anexx 1, Figure 

S1.2). This evidence could explain the possible no increment of phenolic acids or 
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flavonoids como un todo, pero que por ser una respuesta localizada, este efecto pudo verse 

diluido debido a la naturaleza de los analisis realizados en esta tesis. Es por ello que para 

una completa dilucidación del mecanimso de resistencia de Legacy debe ser analizado 

futuramente teniendo en cuenta este factor.  

The main difference response among cultivas was the rapid metabolic reprogramming of 

the resistant cultivar in comparison to Bluegold cultivar, which react later showing 

metabolic damage by UV-B exposure. Plants metabolic reprogramming capacity has been 

shown to be fundamental under different stress conditions as noticed under water limitation 

stress and cold (Claeys and Inzé, 2013; Hoermiller et al., 2017). As far as we know, no 

resports about a combined strategy under long-term UV-B exposure of UV-B resistant 

plants are yet available. 

The absolute quantification of secondary metabolites (Chapter 5) showed that the amount 

of phenylpropanoid compounds was generally higher in the resistant cultivar, Legacy than 

in Bluegold. Constitutively, the main difference among cultivars was the flavonol glycoside 

quercetin-3-rhamnoside, showing to be 37-fold higher in Legacy. Due to the characteristic 

of this molecule (Heim et al., 2002) it may have a role in UV-B photoprotection. Moreover, 

a transient induction of flavonoid biosynthetic genes for both cultivars was observed 

(Figure 5.1), showing that at the transcription levels, plants are still adjusting their 

phenylpropanoids. But the levels of secondary metabolites in the resistat cultivar was not 

correlated to phenylpropanoid gene expression (Figure 5.2), suggesting that the instrinsic 

metabolic status of this plant also have a role in UV-B resistance. Despite this view, it is 

interesting to note the induction of VcUFGT under low UV-B radiation in Legacy plants 
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from the second week of the experiment (Figure 5.1D). The possible role of these UFGTs 

in plant resistance has been discussed (Le Roy et al., 2016). They mentioned that induction 

of UGTs under different stresses gives tot glycosylation a new role in plant defense due to 

that the glycosylation of flavonoids gives mores stability, low reactivity and solubility to 

these molecules, potentially stored in vacuoles and working primarily as photoprotective 

compounds (Solovchenko, 2010; Le Roy et al., 2016). However, as the other genes 

evaluated in our work, VcUFGT is transiently induced, so its specific function needs to be 

evaluated in a future research. 

The importance of the instrinsic characteristics of a genotype as a pre-adaptation strategy is 

demonstrated to be relevant when changes in the environment conditions take place 

(Benina et al., 2013). Glycine max and G. gracilis showed to have distinct metabolism to 

respond to environmental conditions, as well as a different intrinsic metabolic phenotype, 

being quercetin-3-rutinose and its precursor quercetin-3-glucoside only present in G. 

gracilis (Yun et al., 2016). In our study, different amount in phenolic and flavonoids seems 

to be relevant among Legacy and Bluegold. Particularly, in the resistant cultivar, it seems 

that the plant invested to have an intrinsic pool of metabolites capable to overcome an 

eventual stress condition (Table 5.1), priming the cells with a high pool of antioxidant and 

photoprotective compounds. This added to the capacity of Legacy to rapidly modulate its 

metabolism in response to UV-B, make this cultivar be well prepared to face an eventual 

stress.  

Based on the above presented discussion, we can indicate that the hypothesis of this thesis 

was validated in some extent since the resistant cultivar manifested first an avoidance 
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mechanism, but this is later (in days) replaced by an antioxidant mechanism related to 

phenypropanoid compunds. Moreover, from this study also appeared that not only the 

induction of these responses are important for the acclimation of Legacy to UV-B, but also 

the rol of a pre-adaptation strategy in terms of a greater background of phenylpropanoid 

compounds is relevant. This pre-adaptation is related to the genetic background of the 

plant, evolved in plants enhancing evolutionary fitness and is not reflected in the 

acclimation responses, which is articulated to respond under an eventual stressor. 

Identification of novel metabolites or pathways that underlie plant adaptation to abiotic 

stress could lead to the production of more resistant plants under UV-B stress in the future. 
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Figure 6.1 Overview of the UV-B resistant characteristics of Legacy cultivar observed in 

this study.   
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6.2 Concluding remarks 

 

 Under long-term UV-B radiation conditions, UV-B resistance seems to 

implicate fast metabolic adjustments, first oriented to photoprotection 

(avoidance) and later to antioxidant (tolerance) and also an intrinsic high 

phenylpropanoid background (pre-adaptation strategy) to ensure a successful 

acclimation in V. corymbosum. 

 The expression of phenylpropanoid genes are transiently induced for both 

cultivars, indicating that under long-term UV-B radiation, plants are still 

adjusting their phenylpropanoids at the transcription level.   

 Under long-term UV-B radiation, the sensitiviry of Bluegold was 

demonstrated by their high metabolic damage. 

 

6.3 Future directions and additional remarks 

Further studies are necessary to better understand the role of the novo molecules found in 

the resistant cultivars Legacy under UV-B radiation and the gene expression that regulate 

their synthesis in Vaccinium plants. According to this, it may be possible to know the target 

genes that are responsible for photoprotection in this plants specie and further select them 

in focused breeding or genome editing to maintain these characteristics in improved 

cultivars in the future. 

Taking into account the characteristics of the cultivars used in this study and the multiple 

breading selection through the time (Annex 3), it can be especulated that the cultivar 
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Bluegold had loses fitness respect to Legacy in its breeding selection. Further selections of 

new cultivars also needs to be oriented in the direction of ensure the subsequence success 

of plants under different environmental constraints by perhaps fixing a pre-adaptation 

strategy as a starting point. This can be done by precise plant breeding using new genome 

edithing techniques (Hartung and Schiemann, 2014). 

The role of different rearangments of flavonols glycosides and its photoprotective and 

antioxidant roles under UV-B and other stress factors is an interesting line of research. In 

the same way, more information needs to be collected in terms of the UFGTs 

characterization and their potential benefical role under stress conditions. 
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Annex 1 

Chapter 4 Annexes 
 

Supporting Information 

 
Figure. S1.1. Daily course of UV-B simulation (280-320 nm) in greenhouse experiment. 

(A) Low dose, maximal irradiance at midday was 0.07 Wm
-2

BE. (B) High dose, maximum 

irradiance at midday was 0.19 Wm
-2

BE. BE: Biological Effective radiation. 
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Figure S1.2: Confocal Laser Microscopy images from leaves of Vaccinium corymbosum 

cultivars under UV-B treatment for 7 days. (A)  Legacy and (B)  Bluegold. (i, ii) Control 

and treated plants at 0.19 Wm
-2

 UV-BBE (high UV-B), respectively; (a,b) epidermal cells 
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under confocal images on green (530 nm emission) and red/green (650-750/530 nm 

emission) autofluorescence, respectively; (c,d) mesophyll cells under confocal images on 

green (530 nm emission) and red/green (650-750/530 nm emission) autofluorescence, 

respectively; (b1, d1) TF: red and green transversal fluorescence intensities for each tissue. 
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Table S1.1. Chlorophyll concentration detected by HPLC-DAD of two highbush blueberry 

cultivars under control and UV-B radiation conditions. 

 

  Legacy 

 

Bluegold 

Compound T(d) Control 0.07 W m
-2

 0.19 W m
-2

 
 

Control 0.07 W m
-2

 0.19 W m
-2

 

  

       
Chla 7 1.32±0.18aA 1.97±0.34aA 1.37±0.07 aA  1.74±0.13 aA 1.97±0.19 aA 2.34±0.26 aB 

 14 1.40±0.22 aA 1.13±0.11 aA 1.21±0.27 aA  2.35±0.23aB 2.01±0.17aB 1.85±0.24aA 

 21 1.47±0.09 aA 1.27±0.003 aA 1.39±0.04 aA  2.22±0.34aB 1.66±0.22aB 2.35±0.33aB 

Chlb 7 0.39±0.04aA 0.62±0.11aA 0.41±0.02 aA  0.54±0.05aA 0.61±0.06 aA 0.77±0.10 aB 

 14 0.41±0.07 aA 0.34±0.03 aA 0.37±0.08 aA  0.75±0.08 aB 0.61±0.04 aB 0.56±0.083 aA 

 21 0.44±0.03 aA 0.38±0.004 aA 0.42±0.01 aB  0.71±0.12aB 0.52±0.05aA 0.74±0.11aA 

Chla+b 7 1.83±0.18aA 2.13±0.28 aA 1.79±0.09 aA  2.28±0.18 aA 2.59±0.25 aA 3.11±0.36 aB 

 14 1.82±0.29 aA 1.48±0.15aA 1.59±0.35aA  2.80±0.64aB 2.63±0.21 aB 2.41±0.32aA 

 21 1.90±0.13 aA 1.65±0.007aA 1.81±0.05 aA  2.60±0.15aB 2.34±0.11 aA 2.71±0.29aB 

Chla/b 7 3.4±0.08 aA 3.2±0.05 aA 3.4±0.05 aB  3.2±0.05 aA 3.2±0.03 aA 3.0±0.08 aA 

 14 3.4±0.08 aB 3.3±0.01 aA 3.3±0.02 aA  3.1±0.04 aA 3.3±0.08 aA 3.3±0.07 aA 

 21 3.4±0.03 aA 3.3±0.03 aA 3.3±0.03 aA  3.2±0.06 aA 3.1±0.17 aA 3.2±0.07 aA 
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Table S1.2. Relative total leaf fluorescence intensity on Vaccinium corymbosum cultivars 

exposed to UV-B radiation for 7 days. The fluorescence was measured with Olympus 

Fluoview FV1000 software. Values represent the average of 3 replicates ± SE. Different 

lowercase letters indicate statistically significant differences between UV-B treatments for 

the same cultivar and exposure time. Different uppercase letters indicate differences 

(Tukey’s HSD at P < 0.05) between cultivars for the same exposure time and UV-B 

treatment. 

 

UV-B treatment Red Green 

 

Legacy Bluegold Legacy Bluegold 

Control 2253.8±146.1aA 2107 ±331.4aA 99.3±18.39aA 474±32.0aA 

0.19 W m
-2

 2959.5±219.9bA 3214.8±35.2 bA 2690.3±216.8bB 2038±187.8bA 
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Table S1.3 A. Correlation matrix based on Pearson correlation coefficients, between 

oxidative metabolism parameters, pigments and photosynthetic parameters of Legacy 

blueberry variety, in 7 days of three UV-B irradiance (0, 0.07 and 0.19 Wm
-2

). Only 

significant coefficients are showed in the matrix. 

Peroxidation 

(MDA) 
0                                                 

Chloroplast ROS -0.9 0                                               

Total ROS -0.9 0.71 0                                             

SOD activity #### #### #### 0                                           

UV-B absorbers -0.8 0.82 0.87 #### 0                                         

ORAC #### #### #### #### 0.73 0                                       

Phenols ### #### #### #### 0.69 0.70 0                                     

Total Anthocyanins #### #### #### -0.8 #### #### #### 0                                   

Total Flavonoids -0.7 0.84 0.69 #### 0.93 #### 0.69 #### 0                                 

Neoxanthin ### #### #### #### #### #### #### #### #### 0                               

Violaxanthin -0.8 0.85 0.79 #### 0.94 #### #### #### 0.92 #### 0                             

Antherxantin 0.76 -0.8 -0.8 #### -1 -0.7 -0.8 #### -0.9 #### -0.9 0                           

Zeaxanthin 0.84 -0.8 -0.7 #### -0.8 -0.7 #### #### -0.8 #### -0.7 0.87 0                         

Lutein #### #### #### #### #### #### #### #### #### 0.85 #### #### #### 0                       

ß-carotene #### #### #### #### #### #### #### #### #### #### #### #### #### ### 0                     

Chla #### #### #### #### #### #### #### 0.68 #### #### #### #### #### ### #### 0                   

Chlb #### #### #### #### #### #### #### #### #### #### #### #### #### ### #### 0.99 0                 

Chla+b #### #### #### #### #### #### #### 0.67 #### #### #### #### #### ### #### 1.00 1.00 0.00               

Chla/b #### #### #### #### #### #### #### #### #### #### #### #### #### ### #### #### #### #### 0             

CO2 assimilation #### #### #### #### #### #### #### #### #### #### #### #### #### ### #### #### #### #### #### 0           

Fv/Fm #### #### #### #### #### #### #### #### #### #### #### #### #### ### #### 0.84 0.83 0.84 #### #### 0         

ϕ PSII -0.8 0.73 0.88 #### 0.76 #### #### #### 0.67 #### 0.74 -0.7 -0.7 ### #### #### #### #### #### #### #### 0       

ETR -0.8 0.73 0.88 #### 0.76 #### #### #### 0.67 #### 0.74 -0.7 -0.7 ### #### #### #### #### #### #### #### 1 0     

NPQ #### #### #### #### #### #### #### #### #### #### #### #### #### ### #### #### #### #### #### #### #### #### #### 0   

Transpiration                                                   
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Table S1.3 B. Correlation matrix based on Pearson correlation coefficients, between 

oxidative metabolism parameters, pigments and photosynthetic parameters of Legacy 

blueberry variety, in 14 days of three UV-B irradiance (0, 0.07 and 0.19 Wm
-2

). Only 

significant coefficients are showed in the matrix. 

Peroxidation 

(MDA) 
0.00                                                 

Chloroplast ROS #### 0.00                                               

Total ROS -0.73 #### 0.00                                             

SOD activity #### #### #### 0.00                                           

UV-B absorbers #### 0.98 #### #### 0.00                                         

ORAC -0.91 #### #### #### #### 0.00                                       

Phenols -0.79 0.71 0.95 #### 0.72 #### 0.00                                     

Total Anthocyanins #### #### -0.75 #### #### #### #### 0.00                                   

Total Flavonoids #### #### #### #### #### #### #### ### 0.00                                 

Neoxanthin #### #### #### #### #### #### #### ### ### 0.00                               

Violaxanthin #### #### 0.67 -0.73 #### #### #### ### ### #### ##                             

Antherxantin #### -0.90 #### #### -0.87 #### #### ### ### #### ## 0.00                           

Zeaxanthin #### #### #### #### -0.69 #### #### ### ### #### ## 0.71 ###                         

Lutein #### #### #### #### #### #### #### ### ### 0.73 ## #### ### 0.00                       

ß-carotene #### #### #### #### #### #### #### ### ### #### ## #### ### #### 0.00                     

Chla #### #### -0.71 #### #### #### #### ### ### #### ## #### ### 0.74 0.74 0.00                   

Chlb #### #### -0.69 #### #### #### #### ### ### #### ## #### ### 0.73 0.76 1.00 0.00                 

Chla+b #### #### -0.71 #### #### #### #### ### ### #### ## #### ### 0.74 0.74 1.00 1.00 0.00               

Chla/b #### #### #### #### #### -0.72 #### ### ### #### ## #### ### #### #### #### #### #### ###             

CO2 assimilation #### #### #### #### #### #### #### ### ### #### ## #### ### #### #### -0.70 -0.72 -0.71 ### 0.00           

Fv/Fm #### 0.81 0.67 #### 0.85 #### 0.71 ### ### #### ## -0.73 ### #### #### #### #### #### ### #### ##         

ϕ PSII #### #### #### #### #### #### #### ### ### #### ## #### ### #### #### #### #### #### ### #### ## 0.00       

ETR #### #### #### #### #### #### #### ### ### #### ## #### ### #### #### #### #### #### ### #### ## 1.00 ###     

NPQ 0.82 -0.69 -0.73 #### -0.70 -0.85 -0.85 ### ### #### ## #### ### #### #### #### #### #### ### #### ## #### ### ###   

Transpiration                           0.69                       
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Table S1.3 C. Correlation matrix based on Pearson correlation coefficients, between 

oxidative metabolism parameters, pigments and photosynthetic parameters of Legacy 

blueberry variety, in 21 daysof three UV-B irradiance(0, 0.07 and 0.19 Wm
-2

). Only 

significant coefficients are showed in the matrix. 

Peroxidation 

(MDA) 
0.00                                                 

Chloroplast ROS -0.81 0.00                                               

Total ROS #### #### ###                                             

SOD activity #### #### ### 0.00                                           

UV-B absorbers #### #### ### #### 0.00                                         

ORAC -0.67 0.81 ### #### #### 0.00                                       

Phenols #### #### ### #### #### 0.68 0.00                                     

Total Anthocyanins #### #### ### #### #### #### -0.84 0.00                                   

Total Flavonoids 0.96 -0.80 ### #### #### #### #### #### 0.00                                 

Neoxanthin 0.72 #### ### #### #### #### #### #### 0.71 0.00                               

Violaxanthin #### #### ### 0.78 #### #### 0.69 #### #### #### 0.00                             

Antherxantin #### #### ### #### #### #### -0.91 0.94 0.68 #### #### 0.00                           

Zeaxanthin #### #### ### #### #### #### -0.96 0.93 #### #### #### 0.97 0.00                         

Lutein #### #### ### #### #### #### #### #### #### 0.88 0.72 #### #### 0.00                       

ß-carotene 0.90 -0.79 ### #### #### -0.72 #### #### 0.88 0.79 #### #### #### #### 0.00                     

Chla 0.78 #### ### #### #### #### #### #### 0.75 0.91 #### #### #### 0.84 0.91 0.00                   

Chlb 0.71 #### ### #### #### #### #### #### 0.68 0.92 #### #### #### 0.83 0.87 0.99 0.00                 

Chla+b 0.76 #### ### #### #### #### #### #### 0.73 0.91 #### #### #### 0.84 0.90 1.00 0.99 ###               

Chla/b #### #### ### #### #### #### #### #### #### #### #### #### #### #### #### #### #### ### ###             

CO2 assimilation #### #### ### #### -0.76 #### #### #### #### #### #### #### #### #### #### #### #### ### ### 0.00           

Fv/Fm #### #### ### #### #### -0.68 #### #### #### #### #### #### #### #### #### #### #### ### ### ### 0.00         

ϕ PSII #### #### ### #### #### #### #### #### #### #### #### #### #### #### #### #### #### ### ### ### #### ###       

ETR #### #### ### #### #### #### #### #### #### #### #### #### #### #### #### #### #### ### ### ### ####   0.00     

NPQ 0.72 #### ### #### #### -0.71 -0.83 0.67 0.76 #### #### 0.72 0.75 #### #### #### #### ### ### ### 0.86 ### ### ###   

Transpiration                                                   
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Table S1.3 D. Correlation matrix based on Pearson correlation coefficients, between 

oxidative metabolism parameters, pigments and photosynthetic parameters of Bluegold 

blueberry variety, in 7 days of three UV-B irradiance (0, 0.07 and 0.19 Wm
-2

). Only 

significant coefficients are showed in the matrix. 

 

Peroxidation 

(MDA) 
0.00                                                 

Chloroplast ROS #### 0.00                                               

Total ROS #### #### 0.00                                             

SOD activity #### #### 0.77 0.00                                           

UV-B absorbers #### #### #### #### 0.00                                         

ORAC #### #### #### #### #### ###                                       

Phenols #### #### #### #### #### ### 0.00                                     

Total Anthocyanins #### #### #### #### #### ### #### 0.00                                   

Total Flavonoids #### #### #### #### #### ### #### #### ###                                 

Neoxanthin -0.75 #### #### #### #### ### #### #### ### 0.00                               

Violaxanthin -0.84 #### #### #### #### ### 0.78 #### ### 0.75 0.00                             

Antherxantin #### -0.73 #### #### #### ### #### #### ### #### -0.68 0.00                           

Zeaxanthin #### #### #### #### #### ### #### #### ### #### -0.91 0.69 0.00                         

Lutein #### #### #### #### #### ### #### -0.70 ### #### #### #### #### ##                       

ß-carotene -0.79 #### #### #### #### ### #### #### ### 0.98 0.80 #### #### ## ##                     

Chla #### #### #### #### #### ### 0.67 #### ### #### #### #### #### ## # 0.00                   

Chlb #### #### #### #### #### ### 0.67 #### ### #### #### #### #### ## 
 

0.99 0.00                 

Chla+b #### #### #### #### #### ### 0.67 #### ### #### #### #### #### ## ## 1.00 1.00 0.00               

Chla/b #### #### #### -0.77 #### ### #### #### ### #### #### #### #### ## 
 

-0.80 -0.86 -0.81 ###             

CO2 assimilation #### #### -0.80 -0.77 #### ### #### #### ### #### #### #### #### ## # #### #### #### ### 0.00           

Fv/Fm #### #### #### #### #### ### #### #### ### #### #### #### #### ## ### #### #### #### ### ### 0.00         

ϕ PSII #### #### #### #### -0.70 ### #### #### ### #### #### #### #### ## ### -0.71 -0.70 -0.71 ### ### #### 0.00       

ETR #### #### #### #### -0.70 ### #### #### ### #### #### #### #### ## ### -0.71 -0.70 -0.71 ### ### #### 1.00 0.00     

NPQ #### #### #### #### #### ### #### #### ### #### -0.72 0.75 0.72 ## ### ## #### #### ### ### #### #### ### ###   

Transpiration #### #### #### #### #### ### #### #### ### #### 0.7 #### -0.8 ## ### ## #### #### ### ### -0.7 #### ### ### 0 
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Table S1.3 E. Correlation matrix based on Pearson correlation coefficients, between 

oxidative metabolism parameters, pigments and photosynthetic parameters of Bluegold 

blueberry variety, in 14 days of three UV-B irradiance (0, 0.07 and 0.19 Wm
-2

). Only 

significant coefficients are showed in the matrix. 

 

Peroxidation 

(MDA) 
0.00                                                 

Chloroplast ROS #### 0.00                                               

Total ROS #### #### 0.00                                             

SOD activity #### #### #### ##                                           

UV-B absorbers #### #### #### ## ##                                         

ORAC #### #### #### ## ## ##                                       

Phenols #### #### #### ## ## ## 0.00                                     

Total Anthocyanins #### 0.81 #### ## ## ## 0.67 #                                   

Total Flavonoids #### #### -0.69 ## ## ## #### # #                                 

Neoxanthin #### #### #### ## ## ## #### # # 0.00                               

Violaxanthin #### 0.75 0.68 ## ## ## 0.77 # # #### 0.00                             

Antherxantin #### #### #### ## ## ## #### # # #### #### 0.00                           

Zeaxanthin #### #### #### ## ## ## -0.70 # # #### #### #### 0.00                         

Lutein #### #### #### ## ## ## #### # # 0.92 #### #### #### 0.00                       

ß-carotene #### 0.69 #### ## ## ## #### # # 0.69 #### #### #### 0.90 0.00                     

Chla #### #### -0.67 ## ## ## #### # # #### #### 0.89 0.71 #### #### 0.00                   

Chlb #### #### -0.73 ## ## ## #### # # #### #### 0.84 0.73 #### #### 0.98 0.00                 

Chla+b #### #### -0.69 ## ## ## #### # # #### #### 0.88 0.72 #### #### 1.00 0.99 0.00               

Chla/b #### 0.67 #### ## ## ## #### # # #### 0.69 #### #### #### #### #### #### #### ##             

CO2 assimilation 0.78 #### -0.67 ## ## ## -0.74 # # #### #### #### #### #### #### #### #### #### ## ##           

Fv/Fm #### #### -0.74 ## ## ## -0.71 # # #### #### #### 0.79 #### #### 0.73 0.72 0.73 ## ## #         

ϕ PSII #### #### #### ## ## ## #### # # #### #### #### #### #### #### #### #### #### ## ## # 0.00       

ETR #### #### #### ## ## ## #### # # #### #### #### #### #### #### #### #### #### ## ## # 1.00 ##     

NPQ 0.76 #### #### ## ## ## #### # # #### #### #### #### #### #### #### #### #### ## ## # #### ## 0   

Transpiration                                                   
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Table S1.3 F. Correlation matrix based on Pearson correlation coefficients, between 

oxidative metabolism parameters, pigments and photosynthetic parameters of Bluegold 

blueberry variety, in 21 days of three UV-B irradiance (0, 0.07 and 0.19 Wm
-2

). Only 

significant coefficients are showed in the matrix. 

 

Peroxidation 

(MDA) 
0.00                                               0.00 

Chloroplast ROS #### 0.00                                             #### 

Total ROS 0.97 #### 0.00                                           
 

SOD activity #### #### #### 0.00                                         
 

UV-B absorbers #### #### #### #### #                                       
 

ORAC #### #### #### #### # 0.00                                     
 

Phenols 0.80 #### 0.87 #### # #### 0.00                                   
 

Total Anthocyanins 0.75 #### 0.76 #### # #### #### 0.00                                 
 

Total Flavonoids #### #### #### -0.82 # #### #### #### ##                               
 

Neoxanthin 0.80 #### 0.82 #### # #### 0.94 #### ## 0.00                             
 

Violaxanthin 0.69 #### #### #### # #### #### #### ## #### 0.00                           
 

Antherxantin #### -0.74 #### #### # #### #### #### ## #### -0.73 0.00                         
 

Zeaxanthin -0.82 #### -0.78 #### # #### #### #### ## #### -0.71 0.87 0.00                       
 

Lutein 0.83 #### 0.82 #### # #### 0.89 0.69 ## 0.98 #### #### #### 0.00                     
 

ß-carotene #### #### #### 0.77 # -0.74 #### #### ## #### #### #### #### #### 0.00                   
 

Chla #### #### #### #### # #### #### #### ## #### #### #### #### #### #### 0.00                 
 

Chlb #### #### #### #### # #### #### #### ## #### #### #### #### #### 0.71 0.99 0.00               
 

Chla+b #### #### #### #### # #### #### #### ## #### #### #### #### #### 0.68 1.00 0.99 0.00             
 

Chla/b #### #### #### #### # #### #### #### ## #### #### #### #### #### #### #### #### #### ##           
 

CO2 assimilation -0.83 #### -0.73 #### # #### -0.67 -0.77 ## -0.76 #### #### #### -0.80 #### #### #### #### ## 0.00         
 

Fv/Fm -0.94 #### -0.89 #### # #### -0.82 -0.76 ## -0.89 #### #### 0.74 -0.94 #### #### #### #### ## 0.88 0.00       
 

ϕ PSII #### #### #### #### # #### #### -0.81 ## #### #### #### #### #### #### #### #### #### ## 0.84 #### 0.00     
 

ETR #### #### #### #### # #### #### -0.81 ## #### #### #### #### #### #### #### #### #### ## 0.84 #### 1.00 0.00   
 

NPQ -0.81 #### -0.70 -0.82 # #### #### #### ## -0.72 #### #### #### -0.72 -0.76 #### #### #### ## 0.90 0.81 0.68 0.68 ## 
 

Transpiration #### #### #### #### # #### #### #### ## #### #### #### #### #### #### 0.83 0.82 0.83 ## #### #### #### #### ## #### 
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Table S1.4. Compounds induced by UV-B radiation and detected by HPLC MS/MS in V. 

corymbosum cultivars under UV-B radiation at the end of the time point experiment (21 

days). The m/z in positive and negative mode is presented. Treatments: low, 0.07 W m
-2

 

UV-B; high, 0.19 W m
-2

 UV-B. Present and absent are listed as + and - respectively. Rt: 

Retention time, λmax: Maximum wavelength absorbance. 

RT 

(min) 
Ion Fragments ID 

UV-B 

treatment 

(W m-2) 

λmax 

(nm) 
References 

Legacy    0.07  0.09   

[M+H]+        

37.2  499  163 319  Dicaffeoylquinic acid + - 300 (de Moraes et al., 2009) (Gobbo-Neto 

and Lopes, 2008)  

36.2-

36.8  

451  319  Myricetin-3- xyloside  + - 254-358 MassBank (PR101028) ReSpect 

(PS093001)  

38.8  449  287 303  Quercetin-3-rhamnoside - + 348 MassBank (PR020079)  

39.0  557  167 347 471 513  Kaempferol glucoside 

(sodium adduct m/z 

535)  

- + 266-348 (Lin et al., 2008)  

39.0 441  245 309 355 397  Kaempferol glucoside 

(sodium adduct m/z 419 

Kaempferol 

Arabinoside)  

+ - 265-352 (Cai et al., 2005) 

39.1  535  231 287  kaempferol 3-O-(6”-O-

malonyl) glucoside 

- + 266-348  (Lin et al., 2008)   

35.8  467  287 305  Pentahydroxyflavanone-

A hexoside  

- + 288-360 (Lin et al., 2007) 

        

[M-H]-        

34.7-

35.1  

335  135 161 179  Caffeoylshikimic acid  +  + 325 (Bastos et al., 2007)  

35.1-

35.3  

367  135 161 179 191  5-O-Feruoylquinic acid  + + 324 (de Moraes et al., 2009) (Bravo et al., 

2007) (Petreska et al., 2011) (Gouveia 

and Castilho, 2011)  

31.1  289  125 137 151 175 

188 203 221 245 

271  

Epicatechin  + + 280 Internal library 

 465 303 Pentahydroxyflavanone-

A hexoside 

+ + 288-360 (Lin et al., 2007) 

38.8  447  284 300  Quercetin-3-rhamnoside + + 348 MassBank (PR040197)  
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28.9-

29.0  

305  125 167 219  Gallocatechin  + + 270 (Dou et al., 2007)  

38.9  623  315  Ishoramnetyn-3- 

rutinoside  

+ - 254 ReSpect (PS091210) (PS091211)  

39.1  477  315  Ishoramnetyn- 3- 

glucoside  

+ - 255 MassBank (PR040094)  

39.9  431  285  Kaempferol-7-O--

rhamnoside  

- + 265 (Romani et al., 2002) (Ferreres et al., 

2009)  

Bluegold        

[M+H]+        

36.2-

36.8 

451 319 Myricetin-3- xyloside + - 254 MassBank (PR101028) ReSpect 

(PS093001) 

        

[M-H]-        

35.1-

35.3 

367 135 161 179 191 5-O-Feruoylquinic acid + - 295-325 (de Moraes et al., 2009) (Bravo et al., 

2007) (Petreska et al., 2011)  (Gouveia 

and Castilho, 2011) 

28.7-

28.9 

593 177 289 407 Prodelphynidin B3 + - 280  (Bystrom et al., 2008) (Friedrich et al., 

2000).  

38.4-

38.7 

317 153 229 245 257 

274 285 302 

Isorhamnetin + +  Internal Library 
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Table S1.5. Compounds induced by UV-B radiation in leaves of Vaccinium corymbosum 

plants growing under UV-B treatments for 21 days. Treatments: low, 0.07 W m−2 UV-B; 

high, 0.19 W m−2 UV-B. The presence in each treatment is highlighted in blue, absence in 

red. Details of compound characterization can be found in Annex 1, Table S1.4. 

Cultivar  Class ID 

UV-B 

  (W m
-2

) 

    0.07 0.19 

Legacy      

|  Phenolic acid Dicaffeoylquinic acid + - 

   Caffeoylshikimic acid  + + 

   5-O-Feruoylquinic acid  + + 

  Flavonol Kaempferol glucoside (sodium adduct m/z 535)  - + 

   Kaempferol glucoside (sodium adduct m/z 419) Kaempferol 

arabinoside)  
+ - 

   kaempferol 3-O-(6”-O-malonyl) glucoside - + 

   Myricetin-3- xyloside  + - 

   Ishoramnetin-3- rutinoside  + - 

   Ishoramnetin- 3- glucoside  + - 

   Kaempferol-7-O--rhamnoside  - + 

  Flavonone Pentahydroxyflavanone-A hexoside  + + 

  Flavan 3 ol Epicatechin + + 

   Gallocatechin  + + 

  Tanin Prodelphinidin B3 - - 

 

Bluegold 

   
  

  Phenolic acid Dicaffeoylquinic acid - - 

   Caffeoylshikimic acid  - - 

   5-O-Feruoylquinic acid + - 

  Flavonol Kaempferol glucoside (sodium adduct m/z 535)  - - 

   Kaempferol glucoside (sodium adduct m/z 419 Kaempferol 

Arabinoside)  
- - 

   kaempferol 3-O-(6”-O-malonyl) glucoside - - 
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   Myricetin-3- xyloside + - 

   Ishoramnetin-3- rutinoside  - - 

   Ishoramnetin- 3- glucoside  - - 

   Kaempferol-7-O--rhamnoside - - 

   Isorhamnetin + + 

  Flavonone Pentahydroxyflavanone-A hexoside  - - 

  Flavan 3 ol Epicatechin - - 

   Gallocatechin  - - 

  Tanin Prodelphinidin B3 + - 
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Annex 2 

Chapter 5 Annexes 

 

 

Figure S2.1. Acceptance letter of Plant Physiology and Biochemistry Journal. 
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Supporting information 

Table S2.1A: Samples were separated using a concentration gradient with a mobile phase 

A (Water formic acid 0.1 %) and B (Methanol, 0.1 % formic acid) as follows: 

 

Time (min) A (%) B (%) 

0-10.0 

10.0 

40.0 

50.0 

55.0 

60.0 

95 

95 

5 

5 

95 

95 

5 

5 

95 

95 

5 

5 

 

Table S2.1B: Multiple Reaction Monitoring in Negative and positive polarity of 

phenylpropanoid compounds analyzed in this study. DP (Declustering Potential), EP 

(Entrance Potential), CE (Colission Energy) and CXP (Collision Exit Potential). 

 

Positive polarity 

ID Q1 Mass 

(Da) 

Q3 Mass 

(Da) 

Time 

(ms) 

DP 

(volts) 

EP 

 (Volts) 

CE  

(Volts) 

CXP 

(Volts) 

quercetin 3- rutinoside 1  611 303 200 45 8,7 33,7 3,3 

quercetin 3-rutinoside 2  611 465 200 45 8,7 19 4,4 

quercetin 1  303 229 200 95 11 39 2,8 

quercetin 2  303 153 200 95 11 44 2,3 

kaempherol 1   287 153 200 85,72 7,94 44,82 2,37 

kaempherol 2  287 121 200 85,72 7,94 44,81 2,25 

 

Negative polarity 

ID Q1 Mass 

(Da) 

Q3 Mass 

(Da) 

Time 

(ms) 

DP 

(volts) 

EP 

 (Volts) 

CE  

(Volts) 

CXP 

(Volts) 

caffeic acid 1  179 135 200 -46,69 -12 -20,9 -0,86 

caffeic acid 2  179 107 200 -46,69 -12 -31,57 -1,06 
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chlorogenic acid 1 353 191 200 -55 -8 -22 -5 

gallic acid 1  169 125 200 -45 -9 -22 -3 

(+) catechin 1  289 245 200 -55 -9 -16 -2 

kaempferol-3-rutinoside 1 593 285 200 -115 -10 -49 -2 

quercetin 3-rhamnoside 1  447 300 200 -167 -12 -34.86 -2.47 

quercetin 3-rhamnoside 2 447 271 200 -167 -12 -53.58 -2.03 

 

All standards were supplied by Sigma Aldrich (Sigma Chemical Co. St. Louis, MO), except 

by quercetin-3-rhamnoside, supplied by HWI Analytik GmbH (Innsbruck, Austria). 
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Table S2.2: Vaccinium corymbosum phenylpropanoid pathway genes primers used for 

gene expression analysis by qRT- PCR. 

 

 

 

 

 

 

 

 

 

 

 

Gene Primers Sequence (5´-3´) Gene annotation Reference 

VcPAL F 5´-GTCCAAAGTGCAGAGCAACA-3´ 

R 5´-TCCTCCAAATGCCTCAAATC-3´ 

Phenylalanin 

ammonia-lyase 

This work 

VcCHS F 5´-CTTGACTGAGGAAATCTTGAAGG-3´ 

R 5´-AGCCTCTTTGCCCAATTTG-3´ 

Chalcone synthase Zifkin et al., 2012 

 

VcF3H F 5´- TCACCTATTTCTCATACCCACTTC -3´  

R 5´- TTTCCAAACCCATTGCCTCAG -3´ 

Flavanone 3-

hydroxylase 

Li et al., 2016 

VcUFGT F 5´-TCCGTTCCTCTGGTCTCTCA-3´ 

R 5´-CCACCTGATGATCCCCGAAG-3´ 

Flavonoid glycosil 

transferase 

This work 

VcG3PDH F 5´-GGTTATCAATGATAGGTTTGGCA-3´  

R 5´-CAGTCCTTGCTTGATGGACC-3´ 

Glyceraldehyde –

phosphate 

dehydrogenase 

Zifkin et al., 2012 

 

VcUBC28 F 5´-CCATCCACTTCCCTCCAGATTATCCAT-3´ 

R 5´-ACAGATTGAGAGCACCTTGGA-3´ 

Ubiquitin-

conjugating 

enzyme 28 

Vashisth et al., 

2013 
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Figure S2.1: The stability of three housekeeping genes (VcMT, VcG3PDH and VcUBC28) 

was tested for this study. It is shown that the most stables genes were VcG3PDH and 

VcUBC28. Subsequently, the gene expression was evaluated calculating the geometrical 

mean among these selected genes. GENORM algorithm was applied for this selection 

(Vandesompele et al., 2002). 
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Figure S2.2: Standar curves of the target genes VcPAL, VcCHS, VcF3H and VcUFGT used 

for qPCR analysis in the leaves samples. 
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Figure S2.3: Standar curves of the housekeeping genes VcG3PDH, VcUBC28 and VcMT 

and used for qPCR analysis in the leaves samples. 
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Figure S2.4: Melt curves of the target genes VcPAL, VcCHS, VcF3H and VcUFGT used for 

qPCR analysis in the leaves samples. 
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Figure S2.5: Melt curves of the hosekeepingt genes VcG3PDH, VcUBC28 and VcMT used 

for qPCR analysis in the leaves samples. 
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Figure S2.6: qRT-PCR analysis of mRNA levels of phenylpropanoid genes in leaves of 

Vaccinium corymbosum cultivars under UV-B radiation. Three independent biological 

replicates were used for this study. All data were normalized to geometric mean value from 

VcG3PDH and VcUBC28 housekeeping genes and expressed as fold change of control 

treatments. Different lower case letters indicate statistically significant differences (Tukey’s 
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HSD at P < 0.05) among treatments for the same genotype. Different uppercase letters 

show differences (Tukey’s HSD at P < 0.05) among genotypes for the same treatments. 

Asterisk represents differences of each UV-B treatment compared to control values from 

each time point * = P < 0.05, ** = P < 0.001. 

 

 

 

 

 

 

 

  



Annex 

 

 

181 
 

Table S2.3: PCR fragments sequenced and matched in BLAST Nucleotide collection Megablast and V. corymbosum database 

 

            Vaccinium corymbosum unigenes  

NCBI 

Vaccinium corymbosum database  

(www. vaccinium.org) 

            

          

Biological process 

CV Gene 

REFSEQ 

Match Accession Nº Name E value ID 

Region of 

ID %COV Conting Term Activity 

            
            L VcPAL PAL  JF793918 Petunia axillaris 

PAL1 (PAL1) 

mRNA, complete cds 

2.51E-23 87 1765-1662 58.52 Vaccinium_corymbo

sum_v1_Contig344  

GO:001684 ammonia-lyase activity 

B VcPAL PAL  KX092438 Luffa aegyptiaca 

phenylalanine 

ammonia-lyase 5 

mRNA, complete cds 

1.93E-24 72.8 1618-1519 56.57 Vaccinium_corymbo

sum_v1_Contig344  

GO:001684 ammonia-lyase activity 

L VcF3H F3H KP334104 Vaccinium 

corymbosum cultivar 

Bluecrop flavanone3-

hydroxylase (F3H) 

mRNA, complete cds 

2.60E-45 99.1 515-621 100    

B VcF3H F3H KP334104 Vaccinium 

corymbosum cultivar 

Bluecrop flavanone3-

hydroxylase (F3H) 

mRNA, complete cds 

2.56E-45 100 519-621 98.1    

L VcCHS CHS JN654702 Vaccinium 

corymbosum 

chalcone synthase 

(chs) mRNA, 

complete cds 

1.27E-19 100 379-434 100    
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B VcCHS CHS JN654702 Vaccinium 

corymbosum 

chalcone synthase 

(chs) mRNA, 

complete cds 

2.78E-22 98.5 384-320 98.46    

L VcUFGT UFGT AB694899 Vaccinium ashei 

UFGT1-1 mRNA for 

UDP-glucose: 

flavonoid 3-O-

glucosyltransferase, 

complete cds 

9.90E-77 99.7 1011-1173 100 Vaccinium_corymbo

sum_v1_Contig205 

IPR002213 UDP-

glucuronosyl/UDP-

glucosyltransferase 

B VcUFGT UFGT AB694899 Vaccinium ashei 

UFGT1-1 mRNA for 

UDP-glucose: 

flavonoid 3-O-

glucosyltransferase, 

complete cds 

9.90E-77 99.7 1011-1173 100 Vaccinium_corymbo

sum_v1_Contig205 

IPR002213 UDP-

glucuronosyl/UDP-

glucosyltransferase 

L VcUBC28 UBC28 XM_0109149

71 

PREDICTED: Elaeis 

guineensis ubiquitin-

conjugating enzyme 

E2-17 kDa 

(LOC105039009), 

mRNA 

2.94E-24 92.8 344-426 88.3 Vaccinium_corymbo

sum_v1_Contig251  

GO:0043687 post-translational 

protein modification 

B VcUBC28 UBC28 XM_0109149

71 

PREDICTED: Elaeis 

guineensis ubiquitin-

conjugating enzyme 

E2-17 kDa 

(LOC105039009), 

mRNA 

3.37E-24 91 341-461 85.15 Vaccinium_corymbo

sum_v1_Contig251  

GO:0043687 post-translational 

protein modification 

L VcGAPDH GAPDH JX424596 Arachis hypogaea gly

ceraldehyde-3-

phosphate dehydroge

nase C2 mRNA, com

plete cds 

2.29E-10 84.9 92-41 100 Vaccinium_corymbo

sum_v1_Contig724   

GO:0008943 glyceraldehyde-3-

phosphate 

dehydrogenase activity 

B VcGAPDH GAPDH AY123769 Vaccinium myrtillu

s glyceraldehyde-3-

phosphate dehydro

genase  

1.65E-13 96.2 170-221 87.93 Vaccinium_corym

bosum_v1_Contig7

24 

GO:000894

3 

glyceraldehyde-3-

phosphate 

dehydrogenase 

activity 
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Annex 3 

Chapter 6 Annexes 

Supplemental information 

Plant material characteristics 

Vaccinium corymbosum cultivar Legacy 

Accession number: PI 618164 

Intermediate to southern and northern highbush blueberries. Intermediate chilling 

phenotype (Boches et al., 2006). Pedigree hybrid Elizabeth x (Fla. 4B x Bluecrop). 

Released by USDA and NJAES (Rutgers University) in 1993. This cultivar is 25% 

Vaccinium darrowi Florida 4B and 75% Vaccinium corymbosum (Brevis et al., 2008).  

Tolerant to Al-stress (Reyes-Diaz et al., 2010). Cold sensitive (Rowland et al., 2005). 

Late mid-seasson (Vorsa, 1998). 

 

Vaccinium corymbosum cultivar Bluegold: 

Accession number: PI 618034 

Northern highbush blueberry. Chilling phenotype. Pedigree Blueheaven (Berkeley x Iq-H) 

x MEUS-5 (Ashworth x Bluecrop) (Garriga et al., 2013). Developed in 1967 and released 

in 1988 by USDA/New Jersey AES) (Ehlenfeldt, 1994). Sensitive to Al-stress (Inostroza-

Blancheteau et al., 2013). Sensitive to Mn-stress (Rojas-Lillo et al., 2014). 

Late harvest season (Vorsa, 1998).   
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Figure S3.1: Nitrogen content (%) of Vaccinium corymbosum cultivars under UV-B 

treatments. Values represent averages of 3 replicates ± SD.  
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Figure S3.2: Vaccinium corymbosum cultivars Legacy (A) and Bluegold (B). 

  


