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1. INTRODUCTION 

1.1. Almond culture 

Almond, a temperate tree crop cultivated around the world, is a very important 

crop in Spain, closely linked to the Mediterranean landscape and culture. It has been 

traditionally cultivated under dry conditions, implanted in marginal lands and with 

poor care by farmers.  

However, due to the recent increase of the prices of almond at international 

level, almond culture is having an amazing expansion, not only in Spain but also in all 

the producer countries. The efficient horticultural practices in irrigated orchards and 

the introduction of new cultivars better adapted to the climatic conditions of each 

area are allowing growers to obtain a high productivity, low costs of production and 

so profitable benefits. 

In this new context, research, experimentation and transference activities are 

required for the release of new almond cultivars adapted to each area, that position 

almond cultivation as a profitable option. 

 

1.1.1. Taxonomy, botany and origin of the almond species 

The almond (Prunus dulcis (Mill.) D. A. Webb) is a deciduous stone fruit species 

belonging to the Rosaceae family. Its taxonomic classification is as follows: 

Kingdom: Plantae 

Division: Spermatophyta 

Subdivision: Angiospermae 

Class: Magnoliopsida 

Order: Rosales 

Family: Rosaceae 

Subfamily: Prunoidea 

Genus: Prunus 

Subgenus: Amygdalus (L.) Focke 

Species: Prunus dulcis (Mill.) D.A. Webb 

 

The term Prunus dulcis has been used by several botanists from Spach (1843) 

to Graselly (1976) for almond designation. In 1964, the General Committee for 

botanical nomenclature decided that the official name would be P. dulcis (Mill.) D.A. 

Webb. In addition, P. amygdalus (Batsch) and P. communis (L.) Archang. are accepted 

as synonyms (Punt, 1964). 
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Morphologically, almond is a tree with a different size depending on the 

cultivar, soil and horticultural practices. The leaves are alternate and lanceolate and 

flowers are grouped or isolated. The almond flower is hermaphrodite, white or rose 

depending on the genotype. After successful pollination, almond fruit starts growing 

during the spring and maturation takes place in summer (Figure 1.1).  

The almond fruit is oval-shaped with a tip, and it is classified as a drupe with a 

pubescent skin (exocarp), a fleshy but thin hull (mesocarp), and a hardened shell 

(endocarp) that contains the seed (kernel), made up of the embryo and the testa. The 

fruit grows during development and the hull opens and dries at maturity. The mature 

endocarp hardness ranges from soft to hard depending on the genotype. 

Horticulturally, almonds are classified as a “nut” in which the edible seed (the kernel) 

is the commercial product (Figure 1.1).  

 

Figure 1.1. The almond production cycle. A. Flowering and pollination. B. Fruit development. 

C. Fruit maturation (opened mesocarp). D. Edible seeds (almonds).  
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Early researchers proposed that cultivated almond resulted from selection 

within a species listed originally as Amygdalus communis L., based on studies of two 

natural populations containing large numbers of sweet seeded individuals, rather 

than the bitter ones typically found in the wild almond species (Watkins, 1979).  

One population is located in the Kobet Dag mountain range in central Asia 

(between Iran and Turkmenistan) and the other in the lower slopes of the Tian Shan 

Mountains (between Kyrgyzstan and western China) (Vavilov, 1931; Grasselly, 1976). 

The natural range of distribution would extend and overlapped with known sites of 

early almond cultivation, and distinction between cultivated and wild forms gradually 

disappeared (Denisov, 1988; Kester et al., 1991).  

However, because the variable kernel phenotype of almond, the emerging 

consensus is that cultivated forms possibly derived from Prunus fenzliana Fritsch 

through natural hybridizations with a range of wild species including Prunus 

bucharica (Korsh.) Hand.-Mazz., Prunus kuramica (Korsh.) Kitam. and Prunus triloba 

Lindl (Ladizinsky, 1999; Zeinalabedini et al., 2010). According to this view, the Kobet 

Dag and Tian Shian populations would come from later domesticated orchards 

(Kester et al., 1991; Graselly and Crossa Raynaud, 1980; Socias i Company, 2002). In 

addition, Felipe (2000) indicated that P. fenzliana and P. bucharica are middle-late 

flowering species. 

The subsequent diffusion of cultivated almond occurred in three main stages 

(Figure 1.2):  

1. Asiatic. The Asiatic stage included the initial domestication and expansion 

along major prehistoric trade routes (Grasselly, 1976). The range centers on present-

day Iran extending east to western China, northwest India, northern Pakistan, 

northwest through Turkey and southwest into the uplands and deserts of central 

Israel and Syria. Almond culture continues to the present time in these areas, mainly 

under dryland and subsistence agricultural practices similar to those used 2,000 BCE 

(Gradziel, 2009).  

2. Mediterranean. Cultivated almonds appear to have been brought into 

Greece prior to 300 BCE and subsequently they were introduced in other regions 

bordering the climate-moderating Mediterranean Sea (Bacarella et al., 1991). 

Subsequent introductions occurred in 500-600 CE with the conquest of North Africa 

by Arabs who also brought almonds into southern Spain and Portugal (Gradziel, 

2009). In these regions, orchards were established in specific locations where well-

defined ecotypes have evolved (Muncharaz, 2004).  
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3. New World. Along the 18th and 19th century, almonds were distributed to 

North America, South America and Australia (Kester et al., 1990; Gradziel and Kester, 

1996). Hard-shelled germplasm was brought from Spain and later France introduced 

soft-shelled material. In California, almond production was moved from marginal 

coasts to Central Valley. High-input orchard practices, together with favourable soil 

and climatic conditions and water abundance made California the top almond 

producer worldwide (Gradziel, 2009). Nowadays, ‘Nonpareil’ is the most abundant 

cultivar, often used in breeding programs as genitor.  

Almond culture was later introduced in Australia and South America (Chile and 

Argentina overall), and it is cultivated in Mediterranean zones under the Californian 

production system (Gradziel, 2011). The vegetative multiplication of local cultivars in 

the 20th century allowed the stabilization of plant material, that constitutes the 

starting material of breeding programs. 

 

 

Figure 1.2. Origin of the cultivated almond (P. dulcis) and diffusion phases (1, 2, 3). Wild 

almond species and the century of introduction (between parenthesis) are indicated. Almond 

cultivars involved in this Thesis are also indicated in red. (Adapted from Martínez-Gómez et 

al., 2017).  
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1.1.2. Distribution and economical importance of almond 

Due to its great variability almond is nowadays cultivated in a wide variety of 

ecological niches. Almonds are cultivated in more than 50 countries, with a 95% of 

production located in California, Australia and the Mediterranean basin 

(http://faostat.fao.org). 

Regarding the surface, according to the Food and Agriculture Organization of 

the United Nations (FAO), in 2017 there was 1,925,887 ha dedicated to almond 

cultivation in the world. Spain is the first country with 633,562 ha, representing 33% 

of the global total, followed by USA (21%), Tunisia (9.4%) and Morocco (9%). 

However, despite our large surface cultivated, Spain is still the third world producer 

due to the lower productivity of the Spanish orchards (100 kg/ha on average) 

compared to that of the Californian and Australian (2,500 kg/ha), due to cultivation 

techniques and irrigation.  

Production of almond in Spain was of 62,027 t of kernel in 2018, according to 

Cooperativas Agro-Alimentarias (CCAA) (http://www.agro-alimentarias.coop). Aragón, 

Castilla La Mancha and Andalucía were the top regional producers, followed by 

Comunidad Valenciana and Región de Murcia (Figure 1.3). The establishment of new 

large irrigated orchards in Spain will rise our production to 100,000 t in the following 

years. 

Figure 1.3. Spanish almond production (t) in 2018 by regions. 
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1.1.3. Food uses and applications of almonds 

The almond kernel is consumed either in the natural state or processed, and it 

has many food uses. Kernels may be roasted or fried in oil. The processed kernel can 

be used blanched, and it is combined with chocolate in confectionery, also sliced in 

pastry and ground into paste for bakery products or marzipan (Gradziel, 2009). 

Additionally, almond kernel oil can be used for cosmetics.  

Although almond consumption is largely based on sweet cultivars, bitter and 

slightly bitter almonds are used for marzipan and amaretto liquors (Dicenta and 

García, 1993). Bitterness results from hydrolysis of amygdalin, which produces 

benzaldehyde (conferring the “amaretto” flavour) and the toxic compound cyanide 

(Sánchez-Pérez et al., 2008). Bitter kernels are usual in wild almond species to protect 

the seed against herbivores. The domestication of wild bitter to cultivated sweet 

almonds was elucidated by the sequencing of the almond genome, finding that a 

single mutation in a basic helix-loop-helix (bHLH) transcription factor switched off the 

accumulation of amygdalin in sweet almonds (Sánchez-Pérez et al., 2019). 

Historically, almonds were consumed as fresh and processed food, and it is 

nowadays considered as a functional food with both nutritional and health properties. 

Almonds are among the most dietetic nuts. They are a good source of essential fatty 

acids, (between 50-60% of kernel weight, the oleic acid representing 65-80%), 

vitamins (mainly vitamin E and folic acid), minerals and fibre (Saura-Calixto et al., 

1981; Schirra, 1997; Sabate and Haddad, 2001). Almond consumption is associated to 

the prevention of coronary disease, cancer and cataracts (Fulgoni et al., 2002; Gradziel 

and Martínez-Gómez, 2013) with anti-inflammatory and hypocholesterolaemic 

properties (Poonam et al., 2011; Musa-Veloso et al., 2016). On the other hand, 

almonds are not highly allergenic to consumers (Sathe et al., 2001). In addition, the 

uses of sweet or bitter almond ointment included the treatment of asthma and the 

use in soothing salves for burns (Gradziel, 2009). 

 

1.1.4. Factors affecting almond production 

Productivity of the almond tree is mainly determined by the plant material, 

culture practices and environmental conditions (García, 1986). Selection of the plant 

material includes both the cultivar and the rootstock. Both determine production, 

fruit quality and cultivation costs. The rootstock must be compatible with the cultivar 

and adapted to the type of soil (permeability, minerals and pathogens presence) and 

irrigation system. 
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Suitable culture practices are equally important. Orchard designing, pruning, 

fertilization, weeds control, pesticides treatments and irrigation. In Mediterranean 

countries almond has been traditionally considered a rainfed species. However, the 

production is directly related to water availability. In non-irrigated orchards, low 

rainfall drastically reduces yield and almond quality (Egea et al., 2010). Moderate to 

high rainfall, together with introduction of early ripening cultivars, which ripen before 

the driest summer season, can improve production and quality.  

Environmental conditions also affect almond production. The main limiting 

factor in most of areas in Spain (and other countries) is the late frost. During the 

winter, dormant buds are very resistant to low temperatures, but open flowers and 

mainly young fruits are highly susceptible to frosts and can be seriously damaged. 

During flowering, bad weather (wind, low temperatures, fog and rain) difficults the 

pollination of flowers by insects, delays anthers dehiscence and reduces successful 

fertilization of flowers for fruit set. The use of late flowering cultivars self-compatible 

is recommended for minimizing both problems in cold areas (Martínez-García et al., 

2011 and Dicenta et al., 2016).  

 

1.1.5. Almond breeding 

For the above mentioned factors that limit almond production in cold areas, 

late flowering and self-compatibility together with a high production and fruit quality 

(size, shape, absence of double kernels, etc.) are desirable traits for almond breeding 

programs in Spain. Other important traits for breeders are pest and disease resistance 

and drought tolerance. Obviously, sweet kernel is a compulsory characteristic. 

Classical almond breeding is a long and tedious process, similar to that of 

other fruit species, affected by its woody nature and the long juvenile period. For this 

reason, breeders must have a rigorous and extensive knowledge of the species, the 

culture, and the genetic control of the most important traits, to design the new 

cultivars. The new cultivars released will have an impact in the sector (nurseries and 

growers) many years later since they were created by breeders. The minimum time to 

release a new almond cultivar could be 10 years. 

Once fixed the objectives of breeding, the first key decision of the breeder is 

the selection of the genotypes that will be used as genitors. This election will 

determine the success or failure of the breeding program. Breeder usually crosses 

two cultivars with complementary characteristics to obtain a new cultivar with the 

most interesting traits of both genitors. Transgressive seedlings (with lower or higher 
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values than genitors) for the main traits are usually selected to advance more and 

more in the improvement of these traits.  

The first desirable trait is a high productivity. For this, a high floral density and 

a good fruit set rate have to be assured. In addition, floral and fruit production must 

be stable year by year, which depends on the cultivar, but also on culture practices.  

In cold areas, late flowering is very important to escape the late frost since the 

risk of frost decreases along the season. Self-compatibility allows that flowers can be 

fertilized by its own pollen. This trait allows an easier orchard management, based on 

mono-varietal plantations (Dicenta et al., 2000; Ortega and Dicenta, 2004). Early 

ripening is also important in these areas, to avoid the harvest under cold and wet 

conditions of October. Ripening time and flowering time are quite independent traits, 

so extra-late flowering and early ripening like ‘Penta’ and ‘Makako’ cultivars can be 

released.  

The first almond breeding programs were developed in the USA (1925) and 

Russia (1932). Later on, other programs were carried out in the Mediterranean basin, 

with important results in France, Italy and Spain (Kester and Gradziel, 1996). Finally, 

Australia joined to the list of almond breeders at the end of the XX century 

(Wirthensohn and Sedgley, 2001). Nowadays, the most important breeding programs 

are located in the USA (California), Spain (Zaragoza, Reus and Murcia) and Australia 

(Adelaide). 

Almond breeding was initiated at the University of California Davis (UC Davis) 

and a high number of new cultivars were released. Some of them are selections of 

‘Nonpareil’, ‘Texas’ (‘Mission’), ‘Ne Plus Ultra’ and ‘Peerless’ (Kester et al., 1984), 

whereas others came from breeding programs, like ‘Butte’, ‘Ruby’ and ‘Sweet Heart’ 

(Gradziel et al., 2001; Gradziel and Martínez-Gómez, 2013). Other cultivars from 

private companies are ‘Shasta’ or ‘Independence’, being the first commercial self-

compatible American almond cultivars. The main objective of the almond breeding 

program at UC Davis is currently the release of cultivars compatible with ‘Nonpareil’ 

(like ‘Sonora’ and ‘Winters’), as well as self-compatible cultivars, pest and disease 

resistant (Gradziel and Kester, 1994; 1998; 1999; Gradziel et al., 2007).  

In Spain, there are three different breeding programs carried out in Aragón, 

Región de Murcia and Cataluña. Self-compatibility and late flowering are the primary 

common objectives. 

The research on almond was initiated in Zaragoza in 1966 in the current Centro 

de Investigación y Tecnología Agroalimentaria de Aragón (CITA). The breeding 

program was started in 1974 (Felipe and Socias i Company, 1985). The first releases 
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were the cultivars ‘Guara’, ‘Aylés’ and ‘Moncayo’ (Felipe and Socias I Company, 1987), 

later ‘Blanquerna’, ‘Cambra’ and ‘Felisia’ (Socias i Company and Felipe, 1999) and 

more recently ‘Soleta’, ‘Belona’, ‘Mardía’ and ‘Vialfas’ (Socias i Company and Felipe, 

2007; Socias i Company et al., 2008; Segura et al., 2016). Recently, the analysis by 

Single Sequence Repeat (SSR) markers has shown that ‘Guara’ is actually the Italian 

cultivar ‘Tuono’ (Dicenta et al., 2015), as it was shown with ‘Supernova’ (Marchese et 

al., 2008). 

The almond breeding program developed at Centro de Edafología y Biología 

Aplicada del Segura (CEBAS-CSIC), in Murcia was started in 1971 (Egea et al., 1985; 

Egea and García, 1988). First crossings were made from an 81 varieties collection, with 

the objective of maintaining the characteristics of the autochthonous cultivars 

(productivity, quality kernel and hard shell) and introducing self-compatibility and 

late-flowering. The first cultivars released were ‘Antoñeta’ and ‘Marta’ (Egea et al., 

2000). Later, ‘Penta’ and ‘Tardona’ the first extra-late flowering cultivars, were 

released (Dicenta et al., 2009). ‘Tardona’ is the latest flowering almond cultivar 

released so far. More recently, the extra-late cultivar ‘Makako’ has been registered 

(Dicenta et al., 2017a). 

In Catalonia, the almond breeding program started in 1975 at the Institut de 

Recerca i Tecnologia Agroalimentàries (IRTA), in Reus. The first cultivars obtained 

were ‘Masbovera’, ‘Glorieta’ and ’Francolí’ (Vargas et al., 1984; Vargas and Romero, 

1993) and later were released ‘Constantí’, ‘Vairo’, ‘Marinada’ and ‘Tarraco’ (Vargas et 

al., 2006). 

Finally, the most recent almond breeding program began in 1995 at the 

University of Adelaide. The main objectives are self-compatibility and good kernel 

quality (Bertozzi et al., 1998; Sedgley and Collins, 2002). Spanish parents as ‘Marta’ 

and ‘Antoñeta’ from CEBAS-CSIC (Murcia) have been used for these breeding 

purposes. 

 

1.1.6. Perspectives of almond culture in Spain 

The almond culture has undergone a vertiginous change in our country in the 

last years. The rise in almond prices, consequence of the high international demand, 

has caused a never-known interest in this crop. 

Traditional growers have begun to invest in their plantations to improve the 

production and large companies from the almond sector, or from other sectors, are 

investing in almond culture, establishing large modern farms with irrigation and 
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yields similar to those of the Californians. Traditional rainfed almond farming will 

have to look for the benefit of organic farming, for example, in order to compete with 

the low production costs of large farms. 

All this has been possible thanks to the release of the new self-compatible 

cultivars with late and extra-late flowering time, which can currently be grown in any 

Spanish region, with a low risk of frost. The development of cultivation techniques 

adapted to our highly variable edaphoclimatic conditions has also contributed to this 

new situation. 

Due to the expansion of the crop in our country and the increase of 

productivity of the orchards, it is predictable that Spanish production will soon 

exceed 100,000 t, and that it will continue to grow exponentially in the coming years. 

Given the imminent climate change, the emergence of new pests and diseases and 

the increasing consumer demand, breeders have a great job to do releasing new 

varieties adapted to these new challenges mainly in aspects related to bud dormancy 

and flowering. 

 

1.2. Dormancy in temperate fruit trees 

Phenology is defined as the sequential developmental stages of the annual 

growth cycle and their timing. Thus, the key developmental stages of the annual 

growth are phenological events as growth cessation, dormancy, dormancy release 

and bud burst (sprouting and flowering) (Singh et al., 2017). Phenological states from 

endodormancy to flowering of flower buds were described by Felipe (1977) (see 

Figure 2.6 in Chapter 2).  

Both flower and vegetative almond buds begin their development as 

vegetative buds. By mid-summer the potential floral buds undergo a transition to the 

reproductive state, a process marked by the enlargement of the shoot apical 

meristem. The floral whorls are initiated sequentially during late summer (Lamp et al., 

2001; Imani et al., 2012). Almond flower buds can be presented on axial nodes or in 

spurs, and can be differentiated from vegetative buds by shape. Vegetative buds are 

conical, whereas flower buds are egg-shaped (Figure 1.4). Differentiation of flower 

buds is not possible until late summer, and may require bud dissection and 

microscopy (Polito et al., 2002). The formation of terminal apical buds, prior to 

termination of cell proliferation, is a major indicator of the dormancy beginning of 

trees (Hamilton et al., 2016).  
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Figure 1.4. Almond bud formations. Vegetative (V) buds are indicated by arrows. 

 

1.2.1. Dormancy phases 

Dormancy has been defined as a temporary suspension of visible growth of 

any plant structure containing a meristem (Campoy, 2009). Many types of plant 

dormancy have been described, regarding seed and bud dormancy (Dennis, 1994).  

Dormancy period is a critical developmental phase of some plants of temperate 

climates, in which the plant must be protected from the cold injuries of the winter 

(Vitasse et al., 2014; Ding and Nilsson, 2016). 

Almond harvest usually occurs between August and September. Dormancy 

period is established during summer and remains during the winter. Once dormancy 

is overcome, flowering takes place. Depending on cultivar and region, almond 

flowering in Spain ranges from January to April (Figure 1.5).  

According to Lang (1987), dormancy can be divided in three sequential phases: 

Paradormancy, endodormancy and ecodormancy (Figure 1.5). In paradormancy, the 

bud growth is inhibited by other buds within the tree. During endodormancy, growth 

inhibition is controlled by the inhibited bud meristem itself. Finally, during 

ecodormancy maintenance depends on environmental cues, and the bud will be able 

to restart its active growth under favourable conditions. 
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Figure 1.5. Almond annual life cycle. From outer to inner: Phenological events, months, and 

physiological processes. Schedule of phenology is approximated and can vary depending on 

the cultivar and area. Dashed line indicates endodormancy to ecodormancy transition. 

 

 

Paradormancy 

According to Champagnat (1983), dormancy starts with paradormancy, what 

consist on the inhibition of axillary buds growth by the apical dominance of terminal 

bud (Hillman, 1984). Paradormancy gradually becomes endodormancy (Figure 1.5) 

what is also known as dormancy induction phase.  

Apical dominance is based on the acropetal circulation of nutrients, water, 

minerals and growth promoters as cytokinins because of the auxin synthesis by the 

leaves at shoot apex. This phenomenon implies a gradient in dormancy depth that 

decreases basipetally (Arias and Crabbé, 1975). Thus, dormancy depth is variable 
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within the three and dormancy state can be assessed in three different levels: whole 

tree, shoots or single node cuttings.  

 

Endodormancy  

Endodormancy is established in the late-summer and the deepest point is 

reached in autumn (beginning of November in Spain) although this characteristic 

depends on climatic factors, the species and even the cultivar studied (Figure 1.5). 

 

Factors affecting induction and depth of endodormancy 

The induction and depth of endodormancy depends on environmental and 

endogenous factors. 

 

 Environmental factors: 

The most important environmental factors affecting tree dormancy induction 

and depth are photoperiod, temperature and horticultural practices. 

Photoperiod is necessary for endodormancy establishment in a wide range of 

tree species (Arora et al., 2003; Ruttink et al., 2007). However, response to 

photoperiod is variable within members from the Rosaceae family, and it depends on 

the interaction with temperature (Heide and Prestud, 2005; Heide, 2008; Cook, 2005). 

Summer high temperatures promote and intensify endodormancy (Jonkers, 

1979; Heide, 2003), as well as falling temperatures of the autumn (Hatch and Walker, 

1969; Ben Ismail, 1989; Cook et al., 2005).  

On the other hand, horticultural practices can also affect bud endodormancy, 

depending on the moment of application. If the case of pruning, if the shoot apex is 

removed too late, the effect on endodormancy release of axillary buds will be low. 

Regarding defoliation, if it is performed before endodormancy establishment, the 

removal of growth inhibitors synthetized in leaves can alleviate dormancy state 

(Mielke and Dennis, 1978; Erez, 1982). 

 

 Endogenous factors 

Hormone content and tree characteristics are the main endogenous factors 

affecting endodormancy establishment and depth. 
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Abscisic Acid (ABA) is generally considered a growth inhibitor (Addicot, 1983). 

ABA synthesis is promoted upon endodormancy induction, probably by ethylene 

hormone (Rodrigo et al., 2006). Then, ABA content decreases concomitantly with 

endodormancy progression (Tamura et al., 1992; Horvath et al., 2008). Moreover, 

exogenous ABA application prevented endodormancy release of sour cherry (Prunus 

cerasus L.) and peach (Prunus persica (L.) Batsch) (Mielke and Dennis, 1978). The effect 

of ABA in endodormancy maintenance is probable mediated by other molecules, as 

C-REPEAT/DRE BINDING FACTORS (CBFs) and DEHYDRATION-RESPONSIVE-ELEMENT 

BINDING (DREB) transcription factors (Lata and Prasad, 2011; Rubio et al., 2018) that 

regulate expression of genes responsive to cold and other abiotic stresses 

(Wisniewski et al., 2006) (see Chapters 1.2.4 and 5). 

On the other hand, gibberellins are growth promoter molecules that have 

been traditionally used to stimulate buds to growth and to measure dormancy depth. 

High levels of gibberellins (GAs) are required for endodormancy release (Ramsay and 

Martin, 1970; Tamura et al., 1992). 

Finally, auxin levels decrease during endodormancy while rise in ecodormancy 

(Bennet and Skoog, 1938; Rodríguez and Sánchez-Tamés, 1986; Aloni and Peterson, 

1997).  

Regarding tree characteristics, vigour and age increase endodormancy depth. 

Moreover, Tromp (1976) showed that vegetative vigour, induced by high 

temperatures, can inhibit floral initiation. The branch position and orientation is also 

important (Crabbé, 1984) due to hormone balance. For grafted trees, if the rootstock 

used is low-compatible, endodormancy release can be advanced (Erez, 2000).  

 

Endodormancy release 

Low temperatures are needed for endodormancy overcoming. The concept of 

chilling requirement was introduced to define the environmental conditions 

controlling endodormancy release. Chilling requirement consist on the amount of 

chill accumulated necessary for endodormancy release, and this trait is dependent on 

the species and cultivar, even on the type of bud (floral or vegetative). 

The first to observe the relationship between dormancy and low temperatures 

was Coville (1920). Different models for chill accumulation have been proposed (see 

Chapter 1.2.2). Although these models can predict when chilling requirements will be 

satisfied, there is little information on the physiological basis of this process.  
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In this regard, endodormancy has been conceptualized by two different 

schools:  

 The classical school proposed a model based on the balance of growth 

promoters and inhibitors (hormones) (Amen, 1968; Seeley, 1990) that 

has remained aside. 

 The French school focused on a “morphogenetic factor” dependent on 

different correlative influences and beginning from paradormancy 

(Champagnat, 1983).  

 

Regardless of the conceptualization of endodormancy, this is considered a 

quantitative state that is released progressively. For this reason, endodormancy 

release is established according to an arbitrary criterion to estimate chilling 

requirement and to compare results between species and cultivars. 

Several methods for study the endodormancy release have been proposed 

(Dennis, 2003; Fadón and Rodrigo, 2018). One of them is to expose plant material 

(single-node cuttings, branches) to forcing conditions (Seeley, 1996). Such conditions 

of temperature (23-25°C) and relative humidity (40-60%) allow the phenological 

evolution of buds. The criterion selected for defining endodormancy release is diverse 

(Felker and Robitaille, 1985). Endodormancy release can be considered when 50% of 

buds shows a green tip (Tabuenca, 1964) or when buds gain 30% of weight or reach 

the Baggioglini stage (Baggioglini, 1952) (see Chapter 2.2). 

During flower bud endodormancy, cell division, enlargement, and 

differentiation are taking place (Reinoso et al., 2002; Fadón and Rodrigo 2018). Some 

biological processes as tetrad formation during microsporogenesis in apricot (Julian 

et al., 2011), xylem vessels differentiation in apricot and peach (Bartolini et al., 2006; 

Andreini et al., 2012; Viti et al., 2013) and carbohydrates hydrolysis and uptake by 

floral primordia in peach (Bonhomme, 2005) were related to endodormancy release. 

 

Ecodormancy 

Once endodormancy is overcome, sprouting or flowering of tree buds 

depends on high temperatures of spring. This period is called ecodormancy (Lang, 

1987) and the amount of high temperatures needed for each cultivar is defined as 

heat requirements. 
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While the influence of chilling requirements on dormancy release is a well-

studied phenomenon (Couvillon and Erez, 1985a; Erez and Couvillon 1987), the effect 

of heat requirements on flowering time is less clear in Prunus species (Citadin et al., 

2001; Couvillon and Erez, 1985b). 

Heat units accumulation expressed as Growing Degree Hours (GDH), proposed 

by Richardson et al. (1975), is one of the most suitable models to estimate the heat 

requirements (Darbyshire et al., 2014). However, the model showed inter-annual and 

inter-location variability in a given cultivar (El Yaacoubi et al., 2016) (see Chapter 

1.2.2). 

During ecodormancy, starch accumulated during endodormancy starts 

vanishing as heat accumulation increase (Fadón et al., 2018). Following starch 

decrease, the ovary cells become active and processes of cell division, chromatin 

decondesation and vacuolization are observed (Horvath et al., 2003). 

 

1.2.2. Models for dormancy monitoring 

Weinberger (1950) initially established that effective temperatures for chill 

accumulation should be below 7°C. Later, Richardson et al. (1974) established a range 

of temperatures that corresponded to an amount of Chill Units (CU). The Richardson 

model has been the most and frequently used to estimate chilling requirements of 

cultivars, but it was developed for the cold winters of Utah (USA). This resulted in the 

inaccuracy of the model in warm-winter areas (see Chapter 3). 

Whereas Richardson model considers temperatures above 16° have negative 

effects on chill accumulation, Erez and Couvillon (1987) reported that moderate 

temperatures ranging 13-15ºC actually performs a synergistic effect with lower 

temperatures. Moreover, high temperatures in brief daily periods reinforce the 

positive effect of low temperatures for chill accumulation 

The dynamic model (Fishman, 1987a; 1987b), developed in Israel, took into 

account the considerations mentioned above and the irreversibility of chill 

accumulated. This model has been successfully applied in Mediterranean climates as 

in Spain (see Chapter 3).  

In Prunus species, chilling requirement for endodormancy release is considered 

the major factor determining flowering time (Tabuenca et al., 1972; Couvillon and 

Erez, 1985a; Citadin et al., 2001; Egea et al., 2003; Albuquerque et al., 2008). While 

Harrington et al. (2010) suggested that chilling and heat requirements are not 

independent processes, but they overlapped in time, Okie and Blackburn (2011) 
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considered that heat requirements are subordinate to chilling requirements in peach. 

The contribution of heat requirements to dormancy release was estimated in 30% in 

apricot with a 70% of contribution of chilling requirements (Ruiz et al., 2007). Thus, 

the chilling requirement of each cultivar determines its suitable adaptation to each 

area. 

For proper calculation of chilling requirements it is very important to establish 

the beginning time of chilling accumulation. According to different authors this time 

could be when a persistent amount of chilling is being accumulated (Richardson et 

al., 1974; Ruiz et al., 2007). 

On the other hand, temperature data must be accurately recorded. Thus, is 

worthy to take into account the solar radiation and the wind, what could modify the 

temperature of the bud, usually not recorded by dataloggers (Weinberger, 1950; Erez, 

2000; Naor, 2003).  

 

1.2.3. Dormancy and fruit production 

Successful dormancy completion is necessary for a good production in terms 

of fruit quantity and quality. Climatic conditions (mainly temperatures) affect the 

progression of endodormancy, ecodormancy, and the processes of flowering, fruit set 

and fruit development (Cooke et al., 2012; Hamilton et al., 2016).  

 

Effects of temperatures during endodormancy 

Dormancy has to be overcome by satisfying the chilling requirement of the 

tree, which is critical to successfully complete the reproductive phase and provide a 

high production of quality (Byrne and Bacon, 1992; Erez, 2000).  

The term “residual effect of dormancy” is used when crops show symptoms of 

insufficient chilling. These symptoms are usually a deficient and irregular flowering, 

the uneven foliation and a low fruit set (Felker and Robitaille, 1985; Couvillon and 

Erez, 1985a).  

Insufficient chill accumulation has been related to an excessively long 

ecodormancy period (El Yaacoubi et al., 2016). The lack of chilling must be considered 

since last years are among the warmest since 1850, with a significant trend of 

temperature to increase in spring and winter in the northern locations (Schawrtz, 

2006; Cordero et al., 2011; Marengo and Camargo, 2008). Moreover, temperature will 

continue increasing according to data provided by the Intergovernmental Panel on 

Climate Change (IPCC) report (2018). Such warming has also been reported in Spain 
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(Martínez et al., 2010; Rodríguez et al., 2019). Others parameters under consideration 

when looking at climate change are the variability of rainfall and the more frequent 

drought periods. The effect of high temperatures during endodormancy is discussed 

in Chapter 3.  

 

Effects of temperatures during ecodormancy 

During ecodormancy period, tree tissues lose cold hardiness (dehardening) 

and are ready to resume growth (Kalberer et al., 2006). For this reason, from 

ecodormancy to flowering, low temperatures are dangerous because the tree 

hardening potential is low (Hänninen, 2016; Lenz et al., 2016).  

Dehardening potential of Prunus species (Prunus avium (L.) L.) is higher than 

that the exhibited by other tree species, as heat requirements are lower (Vitra et al., 

2017). Moreover, frost resistance of peach flower buds decreased rapidly in response 

to heat accumulation, during ecodormancy (Szálay et al., 2010). Frost resistance 

declined even more rapidly after a mild winter. Thus, high temperatures during the 

endodormancy period can affect the hardening potential during ecodormancy.  

Furthermore, negative effects of high temperatures during ecodormancy and 

flowering are explained in Chapter 4. 

 

1.2.4. Genetic and Molecular control of dormancy and flowering time 

Dormancy phases are regulated by several molecular pathways interconnected 

(Beauvieux et al., 2018). In recent decades, many studies based on metabolic, 

physiological, subcellular, genetic, and genomic analyses have unravelled 

mechanisms underlying bud dormancy progression. However, the molecular switch 

leading to endodormancy release has not been uncovered to date. 

 

Genetic control  

Flowering time is a heritable quantitative trait in fruit tree species. Due to its 

importance for tree adaptation and success in breeding programs, many studies on 

the genetic control of this trait have been carried out.  

The transmission of flowering time has been studied by different authors in 

almond (Kester, 1965; Grasselly, 1972; Vargas et al., 1984; Sánchez-Pérez et al., 2007; 

2012) and high values (0.8-1) of heritability has been calculated by regression (Kester 

and Asay, 1973; Kester et al., 1977; Dicenta et al., 1993). Dicenta and García (1993) 
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showed that flowering time is controlled by nuclear DNA, and no maternal effects 

were observed. 

On the other hand, different genomic regions involved in the control of 

flowering time have been identified in almond and other Prunus species by 

Quantitative Trait Loci (QTLs) studies (Sánchez-Pérez et al., 2014). Using Random 

Amplified Polymorphic DNAs (RAPDs), a major gene in the variance control of 

flowering time was found. This and other two markers were found in linkage group 

(LG) 4 (Ballester et al., 2001). The localization of the Lb gene in LG4 was confirmed 

using Simple Sequence Repeat markers (SSRs) in the almond population R1000 x 

Desmayo Largueta and other QTLs were identified in an almond (Sánchez-Pérez et al., 

2007; 2012) and almond x peach progeny (Silva et al., 2005) and located in LG1, LG2, 

LG3, LG5, LG6 and LG7. Moreover, some of these QTLs were linked to chilling 

requirements and in LG2 and LG7 were found QTLs linked to heat requirements (see 

Chapter 5). 

Based on the model derived from the long-day herbaceous plant Arabidopsis, 

LEAFY (LFY) and FLOWERING TIME (FT) genes, among others, were identified as 

determinants of flowering time. In some Prunus species, homologs to that flowering 

time regulators have been isolated and characterized (An et al., 2012; Srinivasan et al., 

2012; Yarur et al., 2016). In almond, LFY but no FT homolog has been reported to 

date (Silva et al., 2005). However, homologous genes to FT and LFY and others 

involved in flowering time control in the model plant Arabidopsis did not colocalize 

with the Lb gene. More recently, candidate genes underlying Lb were investigated in 

sweet cherry and key genes were identified for chilling requirements and flowering 

time (Castède et al. 2015) (see Chapter 5). 

The peach evergrowing (evg) mutant carries a deletion in EVG locus affecting 

up to four genes that prevents terminal buds from endodormancy (Bielenberg et al., 

2004). The map-based cloning analyses of EVG locus revealed that it included six 

tandemly arrayed genes, called Dormancy Associated MADS-box (DAM) genes 

(Bielenberg et al., 2004; 2008) (see Chapter 5). 

Other QTLs were also described in different LGs in peach (Fan et al., 2010; 

Romeu et al., 2014; Bielenberg et al., 2015), and apricot (Prunus armeniaca L.) 

(Olukolu et al., 2009; Salazar et al., 2016). 
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Transcriptional regulation 

Seasonal cues in terms of photoperiod and temperature regulate dormancy 

state through gene expression control. Gene expression regulation can operate at 

different levels. Several strategies for decipheration of transcriptional networks and 

epigenetic marks involved in the control of dormancy and flowering time in fruit tree 

species have been performed. One of them was to apply the knowledge acquired 

from herbaceous and tree model species (Arabidopsis and poplar respectively) to 

non-model tree species like almond. 

Furthermore, in this Thesis, transcription regulation (Chapter 6) and DNA 

methylation (Chapter 7) were targeted for analysis during endodormancy 

progression. 

 

 Circadian clock genes 

Plants and animals perceive seasonal changes, as photoperiod and 

temperature, by the circadian clock. Such environmental cues occur during the 

induction and release of endodormancy.  

In several tree species as poplar, photoperiod plays a major role in 

endodormancy induction. LHY and TOC1 were the first clock genes described in 

chestnut (Castanea sativa (Mill.)) and poplar (Populus tremula (L).) (Ramos et al., 

2005). These genes regulate the module CONSTANS/FLOWERING LOCUS T (CO/FT) 

that control flowering, as occurs in Arabidopsis (Böhlenius et al., 2006). Additionally, 

induction of FT by cold towards dormancy release has been reported in poplar (Rinne 

et al., 2011) and in sweet cherry flower buds (Gericke, 2015). Moreover, in 

Arabidopsis, FT expression is regulated by GIGANTEA (GI) (Sawa and Kay, 2011). In 

almond, an increase of FT transcript abundance was observed upon anthesis and 

PdGIGANTEA expression increased during endodormancy of flower buds (Barros et 

al., 2017).  

Another gene related to photoperiod is ELF3 (EARLY FLOWERING 3), identified 

as a light signal transductor for flowering in Arabidopsis. In trees, ELF3, was identified 

as up-regulated in endodormant buds of leafy spurge (Doğramacı et al. 2010).  

 

 Cold tolerance 

During endodormancy meristematic and surrounding tissues inside the bud 

acquired cold hardiness, promoted in autumn by the fall of temperatures.  
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This process enables the tree to survive to lower and freezing temperatures during 

the winter (Wisniewski et al., 2018).  

Cold hardiness is based on the synthesis of molecules that prevents frost injury 

by the stabilization of cell membranes. This mechanism is triggered in Arabidopsis by 

CBFs and DREB transcription factors (Wisniewski et al., 2011), whose expression 

depends on photoperiod (Artlip et al., 2013) and low temperatures. Moreover, CBFs 

are regulated by LHY (Ibáñez et al., 2010).  

In almond, gene expression analysis of cold-responsive PdCBF1 and PdCBF2 in 

floral buds suggested a downregulation of these genes during ecodormancy (Barros 

et al., 2012). 

 

 MADS-box genes 

MADS box genes are an extent gene family of transcription factors that 

regulate floral development. In addition DAM (Dormancy Associated MADS-box) 

genes are responsible for endodormancy maintenance and its expression decrease 

concomitantly with endodormancy release (Yamane et al., 2011; Xu et al., 2014; Zhu 

et al., 2015; Rothkegel et al., 2017). Actually, CBF transcription factors are known to 

target DAM genes for transcriptional regulation in Japanese apricot (Prunus mume 

(Siebold) Siebold & Zucc.) (Zhao et al., 2018).  

Other MADS-box genes controlling flowering in Arabidopsis are those 

belonging to AGAMOUS-LIKE (AGL) family, together with SUPRESSOR OF CONSTANS 

(SOC1) and SHORT VEGETATIVE PHASE (SVP). SVP and SOC1 expression decreased 

during dormancy release in poplar vegetative buds (Howe et al., 2015) and Japanese 

apricot flower buds (Kitamura et al., 2016). On the other hand, SVP accumulation is 

influenced by ELF3 (Yoshida et al., 2009), which relates expression pattern with 

photoperiod.  

According to the regulatory model proposed by Wu et al. (2017), it seems that 

SVP and DAM are in fact floral repressors whose expression becomes reduced during 

chill accumulation and dormancy release (Kumar et al., 2016a; Singh et al., 2018). 

Nevertheless, a role associated to dormancy rather than to flowering transition has 

been proposed for SOC1 in apricot and kiwifruit (Trainin et al., 2013; Voogd et al., 

2015). Recently, the interaction of SOC1 and DAM6 has been reported in Japanese 

apricot (Kitamura et al., 2016). 

In almond, MADS box genes PdMADS1-PdMADS3, gradually increase 

expression levels during ecodormancy of flower buds (Barros et al., 2012). 
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Gibberellins pathway 

Based on the expression pattern of the GIBBERELLIN 20-OXIDASE (GA20ox) 

and GIBBERELLIN 2-OXIDASE (GA2ox) genes, involved in GAs biosynthesis of bioactive 

and inactive GAs, respectively, a change in GA metabolism was proposed to take 

place upon endodormancy release (Silva et al., 2005; Barros et al., 2012). Actually, GAs 

have been proposed as signal molecules for promotion of growth reactivation, 

together with FT (Singh et al., 2017). Interestingly, gibberellins are involved in the 

regulation of cell elongation in stamen filament as well as in cellular development in 

anthers, in Arabidopsis (Cheng et al., 2004). In sweet cherry, GA2ox was a highlighted 

candidate gene related to flowering time from QTL analysis (Castède et al., 2015) (see 

Chapter 5). 

 

Epigenetic regulation 

Finally, the expression regulation at epigenetic level cannot be discarded 

during endodormancy (Yaish et al., 2011). Genome-wide patterns of DNA and 

histones modifications highlighted the importance of this process in endodormancy 

release (Santamaría et al., 2009; De la Fuente et al., 2015). Furthermore, the epigenetic 

regulation of a DAM gene was reported in peach (Leida et al., 2012a).  

In peach, Zhebentyayeva et al. (2014) described PcG (Polycomb Group) genes, 

which are involved in the regulation of flowering at the epigenetic level in the model 

species Arabidopsis. The POLYCOMB REPRESSIVE COMPLEX II (PRCII) components 

EMBRYONIC FLOWER 2 (EMF2) and PHOTOPERIOD-INDEPENDENT EARLY 

FLOWERING 1 (PIE1) colocalize with a flowering time QTL in sweet cherry (Castède et 

al., 2015) (see Chapter 5). 

Epigenetic marks regarding DNA methylation in almond will be discussed in 

detail in Chapter 7. 
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1.3. Objectives 

The main objective of this PhD Thesis is the analysis of the genetic and molecular 

basis of endodormancy release and flowering time in almond to identify molecular 

markers linked to these important agronomic traits. For this general purpose, several 

specific objectives were included: 

1. Assessment of chill accumulation for flower bud dormancy release using 

different models and evaluation of heat accumulation for flowering in almond 

cultivars with different flowering time. 

2. Evaluation of the effect of different controlled temperature conditions on 

flowering time, fruit set, fruit characteristics and maturity time in almond 

cultivars with different flowering times.  

3. Expression analysis of candidate genes linked to endodormancy release and 

flowering time in almond cultivars with different flowering times and 

evaluation of their use as potential expression markers for monitoring 

endodormancy release and flowering time. 

4. Identification of new expression markers by using whole transcriptome 

sequencing (RNA-Seq) of endodormant and ecodormant flower buds from 

almond cultivars with different chilling requirements and flowering time. 

5. Identification of epigenetic marks based on DNA methylation in endodormant 

and ecodormant flower buds from almond cultivar with different flowering 

time. 

 

These specific objectives correspond to the different experimental chapters of 

this Thesis. 
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2. PLANT MATERIAL  

 

2.1. Almond cultivars assayed 

In terms of flowering time, five different groups of cultivars can be considered in 

almond (Dicenta et al., 2017b) (Figure 2.1):  

 Extra-Early flowering cultivars: Traditional cultivars of unknown genetic origin 

resulting from selection carried out by farmers. These cultivars flower in the 

Mediterranean area in January. 

 Early flowering cultivars: Traditional cultivars of unknown genetic origin 

resulting from selection carried out by farmers flowering in the Mediterranean 

area in early February. 

 Late flowering cultivars: Cultivars obtained from crosses between local cultivars 

with other late flowering cultivars, usually coming from breeding programs. These 

cultivars flower 20-30 days after early cultivars. 

 Extra-late flowering cultivars: Cultivars obtained from crosses between 

previously obtained late cultivars. These cultivars flower 50-60 days after early 

cultivars. 

 Ultra-late flowering cultivars: Recently, an almond cultivar which flowers in April 

(more than 60 days later than early cultivars) has been obtained: ‘Tardona’. 

 

The plant material included in this Thesis consisted of a traditional almond cultivar 

of extra-early flowering (‘Desmayo Largueta’) and cultivars provided by the Almond 

Breeding Program of “Centro de Edafología y Biología Aplicada del Segura” (CEBAS-

CSIC): the extra-late cultivar ‘Penta’ and the ultra-late cultivar ‘Tardona’.  

These almond cultivars were choosen due to its different flowering time and 

endodormancy release including the three main genetic pools used to delay the 

flowering time in almond: North of Italy, Californian mutation ‘Tardy Nonpareil’ and 

Ukraine (Figure 2.1). 

The trees are located in the experimental station “Tres Caminos” of CEBAS-CSIC 

located in Santomera (Murcia, South-East Spain, 38º 6’ 34.28’’ N; 1º 2’ 16.71’’ O). With 

an altitude of 130 meters on average, this farm is characterised by very hot summers 

and cool winters, with minimum temperatures usually higher than 0 ºC. The trees are 

ten-years old, grafted onto ‘Garrigues’ seedling rootstock and drip irrigated (Figure 

2.2). 
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Figure 2.1. Pedigree representation of the almond cultivars used as plant material ‘Desmayo 

Largueta’, ‘Penta’ and ‘Tardona’ (colored in red). New releases (squares) were obtained by 

crosses of traditional cultivars (circles), indicated by arrows. The origin of ‘Tardy Nonpareil’ is 

a natural mutation (Lb, Late blooming) of ‘Nonpareil’, and the selection ‘S5133’ is an open 

pollination of ‘Primorskii’ cultivar. The early-flowering genetic pool is in yellow, the medium-

late Mediterranean pool is in red, the medium-late Californian pool is in green, and the late 

Ukrainian pool is in blue. Adapted from Dicenta et al. (2017) and Martínez-Gómez et al. 

(2017). 

 

 

Desmayo Largueta: A traditional Spanish cultivar of unknown origin, dating from the 

19th century in Tarragona and spread throughout the Mediterranean area. It is self-

incompatible, with extra-early flowering and late ripening times, and fruit hard-

shelled and elongated. Its high productivity and good quality makes its price high in 

the market (Figure 2.3). 
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Figure 2.2. Trees from cultivars used in this work. From left to right: ‘Penta’, ‘Tardona’ and 

‘Desmayo Largueta’ grafted into ‘Tardona’ in the experimental orchard of CEBAS-CSIC.  

 

 

Figure 2.3. ‘Desmayo Largueta’ tree and shoot with developing fruits (March). The black line 

indicate 1cm. 

 

Penta: A Spanish cultivar obtained at CEBAS-CSIC from the cross between the late 

flowering Spanish selection S5133 (open pollination of the Ukrainian cultivar 

‘Primorskii’) and Lauranne (‘Ferragnès’ x ‘Tuono’). It is self-compatible, with extra-late 

flowering and early ripening times. The fruit is elongated and hard-shelled. Penta 

combines sources of late-flowering from Italy and Ukraine (Figure 2.4). 
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Figure 2.4. Penta mother tree and shoot with pollinated flowers (March) and fruits set. The 

black line indicates 1cm. 

 

 

 

Figure 2.5. Tardona mother tree and shoot with flowers in different phenological stages (C-

G) (March). The black line indicates 1cm. 
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Tardona: A Spanish cultivar obtained at CEBAS-CSIC from the cross between S5133 

and the late flowering French cultivar ‘R1000’ (‘Tardy Nonpareil’ × ‘Tuono’). ‘Tardona’ 

combines sources of late flowering from Italy and Ukraine, as well as the spontaneous 

Lb mutation from the Californian cultivar ‘Tardy Nonpareil’. ‘Tardona’ can flower up to 

60 days later than ‘Desmayo Largueta’, and it is the latest flowering almond cultivar 

released in the world to date (Figure 2.5). 

 

2.2. Plant material for endodormancy release evaluation 

In all the developed assays in this Thesis three branches (mixed twigs, 1-year 

shoots, 40 cm in long and 5 mm in diameter) of each almond cultivar were picked 

weekly from the same tree in the field for dormancy release evaluation described in 

Chapter 3. Phenological evolution of buds was assessed based on classification of 

Felipe (1977) (Figure 2.6). 

Figure 2.6. Almond flower buds phenological states as described by Felipe (1977). 

 

 

2.3. Plant material for molecular analysis  

The plant material used for molecular analysis included endodormant (A state) 

to ecodormant (B state) flower buds (Figures 2.6 and 2.7) used for DNA extraction 

and RNA extraction protocols referred in next Chapters 5, 6 and 7. Flower buds were 

picked randomly from each cultivar tree in the field and kept on ice. Samples were 

collected weekly from November 10th until the dormancy release date, during two 

seasons: 2015-2016 and 2016-2017. ‘Tardona’ samples from December 1st, 9th, 29th of 

2016 and January 28th of 2017 could not be used for molecular analysis. 
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Once at laboratory, buds were peeled and frozen at -80ºC. A group of flower 

buds was not frozen, but kept for observations with stereoscopic microscope 

Olympus SZ61 (Olympus, Hamburg, Germany), and pictures were taken with camera 

Olympus SC30 (Olympus, Hamburg, Germany) (Figure 2.7 and Figure 2.8). 

 

 

Figure 2.7. Endodormant (A state) to ecodormant (B state) flowering buds sampled and 

processed for molecular analysis. Line indicates 1mm. From upper to lower: Intact flower 

buds with brown scales, peeled flower buds with green scales and chopped flower buds 

(developing pistil and anthers). From endodormancy to ecocodormancy flower bud is size 

increasing. 

 

  

A B
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Figure 2.8 shows a detailed comparison of flower buds in B state 

(ecodormancy) of the cultivars used as plant material: ‘Desmayo Largueta’, ‘Penta’ 

and ‘Tardona’. It is necessary to note that different flowering time is reflected in a 

different development of the anther in the analysed almond flower buds. 

 

 

 

 

 

 

 

 

Figure 2.8. Comparison of flower buds in B state (ecodormancy) of the cultivars used as plant 

material: ‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’. Line indicates 1 mm. 

 



 

 

 



 

3. NATURAL PROGRESSION OF DORMANCY 

AND FLOWERING IN ALMOND 
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3. NATURAL PROGRESSION OF DORMANCY AND FLOWERING IN ALMOND 

 

3.1. Introduction 

As we indicated in the Introduction of this Thesis, one of the main objectives of 

almond breeding is the development of new extra-late flowering cultivars to avoid 

damage from spring frosts. The expansion of almond cultivation from the 

Mediterranean Basin to colder areas in Northern Europe and America has been made 

possible by delaying flowering time through classical breeding methods (Gradziel and 

Martínez-Gómez, 2013; Dicenta et al., 2016; Martínez-Gómez et al., 2017). This delay 

in flowering time has its limits, however, and success is conditioned by the extent to 

which the climatic requirements are met for the suitable development of vegetative 

and flower buds and the processes of pollination, fruit set and fruit development 

(Alonso Segura et al., 2017; Dicenta et al., 2017). 

The chilling and heat requirements (CR and HR, respectively) determine flower 

bud dormancy release and the subsequent flowering in temperate fruit species 

(Campoy et al., 2011). Although chill and heat accumulation are inter-dependent 

processes (Erez and Couvillon, 1987), chilling requirement is considered to be the 

major factor that determines flowering time in almond and the rest of the Prunus 

species, rather than heat requirement (Egea et al., 2003; Ruiz et al., 2007; 

Albuquerque et al., 2008; Sánchez-Pérez et al., 2012; Atkinson et al., 2013). Chilling 

requirement is therefore a very important adaptive trait specific to each cultivar (Egea 

et al., 2003; Ruiz et al., 2007; Campoy et al., 2011), and it determines the length of the 

dormancy period. The dormant state is cumulative and quantitative with endogenous 

and environmental signals continually altering its depth in woody plants (Cooke et al., 

2012). For an adequate flowering the chilling and heat requirements of each cultivar 

have to be fulfilled. Otherwise this essential process could be negatively affected also 

affecting final production (Luedeling, 2012) and even fruit shape (Yong et al., 2016).  

According to Lang et al. (1987), there are three distinct types of dormancy: 

endodormancy, due to control factors inside the bud; paradormancy, controlled by 

agents outside the dormant bud; and ecodormancy, depending on the temperature 

once the chilling requirement has been supplied (see Chapter 1.2) (Figure 3.1). 

Chilling requirement therefore mainly affects the endodormancy period, with high 

chilling requirement determining long endodormancy periods and vice versa.  
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Plant production can be affected by dormancy in two ways: through increasing 

the chances of survival during inclement climatic conditions, and through affecting 

flower and fruit development during the growing season (Campoy et al., 2011; 

Martínez-Gómez et al., 2017).  

Figure 3.1. Chill and heat accumulation as conceptualized by Lang et al. (1987) and 

phenologic events related to them. Adapted from Luedeling et al. (2009). 

 

To explain dormancy release, different models have been developed, including 

the Richardson model (Richardson et al., 1974) for cold areas and the Dynamic model 

(Fishman et al., 1987a; 1987b; Erez et al., 1990) for mild-winter areas (see Chapter 

1.2.2). Studies comparing the Richardson and Dynamic models have been performed 

using historical phenology records in peach (Maulión et al., 2014), almond 

(Benmoussa et al., 2017) and sweet cherry (Gannouni et al., 2017). These studies have 

shown clear differences in the estimation of chill requirements using both methods. 

Maulión et al. (2014) recommended Richardson model for the evolution of chilling 

requirements in peach in Argentina conditions whereas Benmoussa et al. (2017) and 

Gannouni et al. (2017) recommended the Dynamic models in almond and sweet 

cherry in the North of Africa conditions. 

From the perspective of global climate change, dormancy regulation has 

recently drawn the attention of more researchers (Luedeling et al., 2009; Luedeling, 

2012; Campoy et al., 2011; Viti et al., 2013). Such studies are of great interest in mild-

winter areas like South-East of Spain where warmer winters are anticipated in the 

future due to the climate change (Ponti et al., 2014; IPCC, 2018). In the Mediterranean 

region, a delay has been observed in dormancy release and flowering time in peach 
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(Ghrab et al., 2014) and cherry (Oukabli and Mahhou, 2007; Gannouni et al., 2017) in 

the context of this climate change. This situation has also been observed in Western 

Europe for apple (Malus domestica Borkh.) (Legave et al., 2013).  

In relation to the genetic basis of endodormancy release and flowering time in 

almond, the objective of this first experimental chapter of the Thesis was the 

assessment of chill and heat accumulation for flower bud dormancy release and 

flowering in almond, using Richardson and Dynamic models, in three almond 

cultivars with different flowering time. 

 

3.2 Material and methods 

3.2.1 Plant material 

The plant material assayed included the traditional Spanish extra-early 

flowering almond cultivar ‘Desmayo Largueta’ in addition to the extra-late ‘Penta’ and 

the ultra-late ‘Tardona’, both releases of the CEBAS-CSIC breeding programme (Table 

1). This study has been performed onto ten-years old trees grafted onto ‘Garrigues’ 

seedling rootstocks (see Chapter 2). Trees, four replications per cultivar, were growth 

in standard cultivation conditions in a drip-irrigated orchard. 

 

3.2.2 Evaluation of chilling and heat requirements 

Experiments for the evaluation of chilling and heat requirements were 

conducted over a period of three seasons in the experimental field of CEBAS-CSIC, in 

Murcia (south-eastern Spain) at an altitude of 150 m.s.l. Between 2014 and 2017, 

temperatures were recorded hourly with a data-logger (HOBO® UX100-003) from  

November 1st to April 7th. Mixed twig branches were weekly collected during the 

period from November 1st to April 1st. The full flowering time of each cultivar (when 

50% of flowers were open, F50) was recorded in the field. The calculation of chilling 

accumulation was performed in Chill Units (CUs) according to the model described by 

Richardson et al. (1974) and in Chill Portions (CPs) according to the Dynamic model 

(Fishman et al., 1987a; 1987b).  

Using the Richardson model, the initial date for chilling accumulation was 

determined when consistent chilling accumulation occurred and temperatures 

producing a negative effect (chilling negation) were rare (Erez et al., 1979). 
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 Finally, the period of ecodormancy (between dormancy release and flowering), 

when heat is theoretically accumulated, was considered as the number of days 

between dormancy release and the full flowering date (Figure 3.1). Heat requirements 

(HR) were estimated during this period according to Richardson et al. (1975) as 

Growing Degree Hours (GDHs), defined as the hourly temperatures minus 4.5°C. 

 

3.2.3 Endodormancy release evaluation 

Three branches (mixed twigs, 1-year shoots 40 cm in long and 5 mm in 

diameter) (Figure 3.2) of each cultivar were picked weekly from the same tree in the 

field and placed in a growth chamber in controlled conditions (23±1ºC, RH of 40% 

during the 16h of photoperiod and 20±1ºC, RH of 50% during the dark period). A 

fresh cut was made at the base of the almond branches, which were placed in the 

growth chamber in 5 % sucrose 0.1 % aluminium sulphate solution. The date of 

endodormancy release was established when 50% of the flower buds were in the B-C 

state (Felipe, 1977) (Figure 2.6) after 10 days in the growth chamber. 

 

3.2.4. Flowering density and productivity evaluation 

Flowering density and productivity were evaluated in the four ten-season-old 

trees of each cultivar on a scale of 1 to 5 (minimum to maximum) during the three 

seasons of the study (2015, 2016 and 2017): 0. - no flowering or production; 1.- very 

irregular flowering or production; 2.- low flowering or production; 3.- medium 

flowering or production; 4.- high flowering or production 5.- very high (complete) 

flowering or production.  

 

3.3. Results and discussion 

Almond species present enormous variability for many characteristics as a 

result of their origins, including both multiplication by seed and breeding (Gradziel 

and Martínez-Gómez, 2013). Flowering time is probably the most notable example of 

a characteristic displaying such variability (Dicenta et al., 2017b; Martínez-Gómez et 

al., 2017). This is an advantage for almond cultivation, which can thus be established 

in a wide range of environmental conditions by regulating the chilling and heat 

requirements. 
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Figure 3.2. Detail of 5cm flower bud twigs phenologic evolution between November 15th of 

2016 and January 15th of 2017 in the almond cultivars studied. 
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3.3.1. Chill and heat accumulation in the field 

Figure 3.3 shows the chill and heat accumulation according to the Richardson 

and Dynamic models during the three seasons of study. Both models estimated that 

the chill accumulated in the field during the 2015-2016 season was the lowest (308 

CU and 49 CP) in comparison to the other two seasons 2014-2015 (843 CU and 61 

CP) and 2016-2017 (798 CU and 66 CP).  

According to the Richardson model, the initial dates for chill accumulation 

were December 3rd, November 22nd and November 7th in 2014, 2015 and 2016, 

respectively. In 2016-2017 the starting date of CU accumulation was the earliest, as 

shown, but this season was not the coldest in terms of chill accumulation.  

On the other hand, the heat accumulated during 2015-2016 season was the 

highest (36,087 GDH) in comparison with 2014-2015 and 2016-2017 (32,225 and 

32,980 GDH, respectively). Results highlight the fact that the winter of 2015-2016 was 

strangely warm in comparison to the other two seasons, and much warmer than 

average values in this area.  

Our results showed that the climatic conditions were quite different over the 

period of this study, as shown by the chill and heat accumulated annually. Total chill 

accumulation in the first and third season was similar to previous evaluations in 2009, 

when Sánchez-Pérez et al. (2012) described an accumulation of 800 CU. Furthermore, 

the heat accumulation observed during the three seasons of study was also similar to 

that found in previous evaluations of Sánchez-Pérez et al. (2012), with an annual 

accumulation of around 30,000 GDH.  

 

3.3.2. Evaluation of chilling and heat requirements of almond cultivars using 

Richardson and Dynamic models 

Endodormancy (CU/CP) plus ecodormancy (GDH) determined the flowering 

time of the cultivars (Figure 3.1). Table 3.1 shows the chilling requirements for 

dormancy release and the heat requirements for flowering of ‘Desmayo Largueta’, 

‘Penta’ and ‘Tardona’ during the three seasons of study, according to the Richardson 

and Dynamic models. The flowering times were as follows in 2015, 2016 and 2017 

respectively: February 7th, January 28th and January 27th for ‘Desmayo Largueta’; 22, 

25 and 12 March 22nd, 25th and 12th for ‘Penta’ and March 30th, April 7th and March 

21th for ‘Tardona’. In general 2016-2017 was the earliest flowering season and 2015-

2016 the latest. 
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Figure 3.3. Chill accumulated in CU (Chill Units) and CP (Chill Portions) and heat accumulated 

in Growing Degree Hours (GDH) in field conditions during the seasons 2014-2015, 2015-2016 

and 2016-2017. Dormancy release (evaluated in a growth chamber) and flowering dates 

(evaluated in the field) of the assayed cultivars during the three seasons of the study are also 

indicated. 
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We found a narrow relationship between flowering time and the 

endodormancy period in the three assayed cultivars, while the ecodormancy period 

was similar (close to 40 days) in all cultivars (Table 3.1). This fact is supported by 

comparing the coefficients of variation (CVs) of CU and GDH (44% versus 16%) over 

the seasons. If flowering time is expressed in Julian days, ‘Desmayo Largueta’, ‘Penta’ 

and ‘Tardona’ flowered on days 30, 79 and 89, on average, with an endodormancy 

period of 31, 81 and 90 days, respectively. 

These results substantiate the previously mentioned notion that chilling 

requirements are more important than heat requirements for flowering also 

corroborating previous works in different Prunus species including almond (Egea et 

al., 2003), apricot (Ruiz et al., 2007) or sweet cherry (Alburquerque et al., 2008). 

During the second season of study, the cultivars behaved according to their 

chilling requirements under low chill conditions. ‘Desmayo Largueta’ fulfilled its low 

chilling requirements, and the warm conditions promoted flowering on nearly the 

same date as usual. The extra-late ‘Penta’, however, and the ultra-late ‘Tardona’, for 

the most part, had a delayed flowering time, since the chill accumulation was lower 

than usual.  

This lack of chill produced a more extended flowering period, with large 

differences in phenological states within each tree. This situation was similar for 

hundreds of extra- or ultra-late-flowering seedlings in our breeding programme in 

this season (data not shown). 

Looking into detail, according to the Richardson model, chilling requirements 

of the early flowering cultivar Desmayo Largueta was similar in the second and third 

seasons (130 and 137 CU) and higher in the first season (234 CU). The Dynamic 

method, however, produced contradictory results, since first and last seasons were 

similar (22 and 24 CP); while the second was lower (16 CP).  

The anomalous situation observed during the second season of study (2015-

2016) is likely due to the fact that chill accumulation started earlier in the third season 

of study (Figure 3.3), so dormancy release could occur earlier, mainly affecting the 

earlier flowering cultivar. Heat requirements were quite different along the different 

studied seasons, reaching values of 6,134, 7,770 and 4,933 GDH for the three seasons. 

The highest heat requirements were observed during the second season of study 

(2015-2016). 
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Regarding the extra-late flowering cultivar ‘Penta’, CUs and CPs were similar in 

the first and last season (825 CU / 55 CP and 723 CU / CP 54) and much lower (274 

CU / 41 CP) in the second. Heat requirements were lower in the first season (7,103 

GDH) and higher in the second and third seasons (9,166 and 8,923 GDH, respectively).  

Finally, the latest flowering cultivar ‘Tardona’, showed a similar pattern to 

‘Penta’ cultivar in terms of CUs and CPs: CUs and CPs were higher in the first and last 

seasons (870 CU / 59 CP and 762 CU / CP 61) and much lower (284 CU / 47 CP) in the 

second season. Heat requirements were similar in the first and last seasons (7,996 and 

7,789 GDH) and higher in the second season (9,929 GDH). 

Important differences were observed in the variation of chilling requirements 

of each cultivar depending on the method applied for calculations (Richardson or 

Dynamic). Inter-annual variability was always higher with the Richardson than with 

the Dynamic model, which is shown by the CV of CU and CP. Using the Richardson 

model (CU), the CV was higher when chilling requirement was estimated in the extra-

late cultivar Penta (48%) and the ultra-late ‘Tardona’ (49%) than in the early flowering 

cultivar ‘Desmayo Largueta’ (34%). In general, CVs were smaller in the estimation of 

chilling requirement using the Dynamic model (20%, 16% and 14% for ‘Desmayo 

Largueta’, ‘Penta’ and ‘Tardona’, respectively).  

The Dynamic model therefore seems to be more accurate in the evaluation of 

chilling requirements in extra-late and ultra-late cultivars under warm winter 

conditions. 

The Dynamic model showed lower inter-annual variation, as shown by CV. 

These results agree with those obtained by other authors in almond (Benmoussa et 

al., 2017); and cherry (Measham et al., 2017), which propose that the Dynamic model 

is the most suitable/adaptive model for many species and regions. The Dynamic 

model takes into account high-temperature periods interspersed with moderate 

chilling temperatures (Erez and Couvillon, 1987). This pattern of temperatures is 

frequent in our area of study, where winter is usually mild.  

In this context, Luedeling and Brown (2011) stated that the chilling 

requirement data of stone fruit cultivars obtained using different models should 

always be supplemented with information on the location, study duration and study 

conditions under which the requirements were determined. 

As expected, the chilling requirements of the cultivars were related to their 

flowering time. On average, the CUs/CPs were 167/21, 607/50 and 638/56 for 

‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’, respectively.  
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Differences between their average GDHs were observed but smaller (6,279, 

8,397 and 8,571, respectively). In general, these values were lower than in previous 

evaluations performed by our group (Egea et al., 2003; Sánchez-Pérez et al., 2012) 

due to the anomalous second season of evaluation. Without the second season data, 

the average values would agree with the previous results referenced (CUs/CPs of 

185/23, 774/54 and 816/60 for ‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’, 

respectively). 

The fulfilment of chilling requirements is a signal for dormancy release in the 

flower buds of woody plants (Figure 3.1). If warm weather occurs before the plant 

completes its chilling requirements, however, dormant meristems are unable to 

resume growth under favourable conditions (Rohde and Bhalerao, 2007).  

Results obtained by Egea et al. (2003) using the Richardson model indicated 

that flowering date was a consequence of chilling requirements with a small 

contribution of heat requirements. Results obtained in this study highlighted the 

likely need to use an alternative model like the Dynamic model to calculate chilling 

accumulation in the case of warm winters, like that of 2015-2016.  

This necessity has been confirmed by other exhaustive studies performed in 

almond and other fruit-producing species (Luedeling et al., 2009; Benmoussa et al., 

2017). 

 

3.3.3. Flowering density and productivity in the different seasons 

Table 3.1 shows the flower density and productivity of the almond cultivars 

assayed –‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’- in the three seasons of study, 

both scored on a scale of 1 (very low) to 5 (very high). A certain amount of logical 

variation between seasons for flowering density and productivity was observed. 

‘Penta’ was the most floriferous and productive cultivar followed by ‘Desmayo 

Largueta’ and ‘Tardona’.  

High temperatures during the second season (2015-2016) greatly affected the 

productivity of the extra-late (‘Penta’) and ultra-late-flowering (‘Tardona’) cultivars 

more than that of the early-flowering ‘Desmayo Largueta’. In fact, ‘Desmayo Largueta’ 

had normal flowering and productivity behaviour in this warm season. By contrast, 

the productivity of ‘Penta’ and ‘Tardona’ dropped during 2015-2016 season, despite 

high density (yet spread-out) flowering. This situation was similar for most of extra- 

and ultra-late-flowering seedlings of our breeding programme (data not shown).  
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In the current scenario of climate change (Ponti et al., 2014; IPCC, 2018), 

several Prunus species, including almond, have demonstrated special sensitivity when 

facing environmental challenges such as warmer winters (Benmoussa et al., 2017; 

Gannouni et al., 2017). Such events lead to serious damage in fruit production, 

causing disorders such as altered cold accumulation. Cold accumulation during winter 

(endodormancy) is fundamental for suitable flowering intensity and, consequently, 

kernel and fruit productivity in Prunus species (Viti et al., 2010; Andreini et al., 2012).  

According to our results, there is risk in growing cultivars with high chilling 

requirements like ‘Penta’ or ‘Tardona’ in very warm areas, since the chilling 

temperatures needed to dormancy release may not be reached. This may not only 

affect dormancy release and flowering dates, but it is also likely to affect the quantity 

and quality of the production (Dicenta et al., 2016).  

A recent three-season study on sweet cherry in Northern Africa has also shown 

that warm winters have a greater impact on high-chill cultivars than on low-chill local 

cultivars (Gannouni et al., 2017). These authors discuss the better adaptation of low-

chill cultivars with higher fruit set. Luedeling (2012) has indicated expected global 

chilling declines, and for the stronger warming scenarios, he anticipates that the 

losses are likely to impact production. Formerly, the same author recommended that 

growers explore ways to artificially break dormancy and consider introducing lower-

chill cultivars (Luedeling et al., 2009). 

 

3.4. Conclusions 

 Our results confirmed that flowering time in almond is a complex process 

involving the chilling and heat requirements and the genetic background of 

each cultivar. 

 The estimation of chilling and heat requirements under different climatic 

conditions showed that the Dynamic model is more accurate than the 

Richardson model, especially under warm conditions. 

  If the chilling requirements of the cultivars are not satisfied, productivity could 

be negatively affected, showing the risk of growing extra-late and ultra-late 

flowering almond cultivars in warm areas. 

 This fact demonstrates the importance of growing each cultivar in the 

climatically suitable area and the important effect of climatic change on 

flowering time and productivity of almond. 



 

4. MODULATION OF DORMANCY RELEASE AND 

FLOWERING TIME IN ALMOND 
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4. MODULATION OF DORMANCY RELEASE AND FLOWERING TIME IN ALMOND 

 

4.1 Introduction 

Dormancy in fruit tree species is described as a rest period determined firstly 

by endogenous factors (the endodormancy phase) and later by exogenous factors 

(the ecodormancy phase). The length of endodormancy period is dependent on 

chilling requirements of each cultivar, whereas ecodormancy period is dependent on 

heat requirements to flower (see Chapters 1.2 and 3). Both, endodormancy and 

ecodormancy determine the flowering time. 

Late flowering advances in almond implies a qualitative shift for this culture, 

since extra-late flowering cultivars have spread to colder areas, never considered 

before because of the frost risk. In this sense, the CEBAS-CSIC Almond Breeding 

Program has achieved great goals, by the release of cultivars like ‘Penta’, ‘Makako’ 

and ‘Tardona’. ‘Tardona’ flowers 60 days later than early traditional cultivars like 

‘Desmayo Largueta’ (see Chapter 2). 

However, as we indicated in Chapter 3 negative effects of the extreme delay of 

flowering time on tree productivity have been observed (Grasselly, 1978; Kester, 

1965). Extra- and ultra-late flowering cultivars can exhibit bud extinction, apical 

dominance, poor branching, floral bud abortion, irregular flowering and poor fruit set 

(Oukabli et al., 2003; Petri and Leite, 2003; Atkinson et al., 2013). Low fruit set could 

be due to the improper development of flower buds during the previous autumn or 

the competition with the sprouting vegetative buds (Dicenta et al., 2017b). 

Additionally, higher temperatures occurring during flowering and early fruit 

development of extra-late flowering cultivars can affect the stigma receptivity, 

shortening the “Effective Pollination Period”.  

On the other hand, for cold areas it is important to breed early ripening 

cultivars, to avoid the harvest in October, when wet and cold weather conditions 

difficult fruit maturation. Extra-late flowering time could delay ripening time, 

although in almond, ripening time and flowering time are apparently independent 

traits. Dicenta and García (1992) found low correlation coefficient between flowering 

and ripening time, and Sánchez-Pérez et al. (2007) did not found significant 

correlation between these traits. 

In fact, ‘Desmayo Largueta’ is extra-early flowering but extra-late ripening. 

However, ‘Tardona’, which is the latest flowering cultivar released up to date, shows 

the same ripening time than ‘Desmayo Largueta’ (Figure 4.1). 
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Regarding the seed size, it has been observed that some extra-late flowering 

cultivars with early ripening time produce small seeds. This could be related to the 

short fruit development period or due to the endocarp hardening by high 

temperatures that limits the seed growth. 

To deepen into the genetic basis of endodormancy release and flowering time 

in almond, the objective of this second experimental chapter was to determine the 

effect of controlled temperature conditions on flowering time, fruit set, fruit 

characteristics and maturity time in almond cultivars with different flowering times. 

Almond cultivars were cultured in big containers and subjected to controlled 

temperatures in controlled chambers during endodormancy and ecodormancy 

periods. These assays in controlled conditions complement the results in natural 

conditions obtained in the Chapter 3 of this Thesis. 

 

4.2 Material and methods 

4.2.1 Plant material 

Cultivars ‘Desmayo Largueta’ and ‘Tardona’ (described in Chapter) were 

grafted in ‘GF677’ rootstock clones and established in 40 L containers. Containers 

were placed outdoors in the experimental field “Tres Caminos” of Santomera (Murcia, 

Southeast Spain) and were cultured, drip-irrigated, until they came in bearing in 2015, 

when the assays were initiated. The assay was carried out for three seasons: Season 1 

(2015-2016), Season 2 (2016-2017) and Season 3 (2017-2018). 

 

4.2.2 Temperature control for chill and heat accumulation 

Plants entered in dormant state in the field, and before the temperature fell, in 

early autumn, containers were taken to a temperature-controlled chamber (Autumn 

chamber) to avoid the chill accumulation. Later, containers were moved to another 

chamber (Winter chamber) for chill accumulation. Once cold treatment was finished, 

plants were taken to a greenhouse (Spring chamber) for heat accumulation and 

flowering. Finally, all trees were carried to a shade shelter, for vegetative growth and 

fruit development (Figure 4.2). 

For each cultivar, 10 treatments (T1-T10) with two replicates (two containers) 

were applied. Cold treatments for endodormancy release and greenhouse conditions 

for flowering were programmed to provoke flowering in T1 to T10 in a range from 

natural flowering time of ‘Desmayo Largueta’ (February 1st) to that from ‘Tardona’ 

(April 1st) in our experimental field in Santomera. 
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Figure 4.2. Experimental design for flowering time modulation by control of temperature.  

 

 

Experimental conditions for chill and heat accumulation were adjusted in each 

season, based on the results obtained in the former season (Figure 4.3).  

 

Autumn chamber 

Temperature in the Autumn chamber was raised from 12-15ºC in Season 1, to 

20ºC in Season 2 and Season 3. The date of entry in the Autumn chamber was 

advanced from every season of study to the next (November 17th, October 14th and 

October 3rd in Seasons 1, 2 and 3, respectively) to allow longer cold treatments and to 

prevent chill accumulation in the field (Figure 4.3).  
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Chill accumulation 

‘Desmayo Largueta’ and ‘Tardona’ treatments were weekly introduced in the 

Winter chamber at 7ºC on dates indicated in Figure 4.3. Cold treatment was 

estimated for fulfilling the chilling requirement of each cultivar, based on data 

obtained in the experimental field of Santomera (Egea et al., 2003). Treatments 

differed one from another in the moment of application and thus, in the date of 

endodormancy release (Figure 4.3). Chill accumulation was estimated as Chill Units by 

applying the Richardson model (Richardson et al., 1974). Cold treatments increased 

from one year to another. During the first season, 336 CU (two weeks) were applied 

to ‘Desmayo Largueta’ and 1,344 CU (8 weeks) to ‘Tardona’. During the second and 

third year cold treatment was increased to 672 and 840 CU for ‘Desmayo Largueta’ (3 

and 5 weeks) and to 1,512 and 2,016 CU for ‘Tardona’ (9 and 12 weeks) (Figure 4.3). 

This was made to assure that there was no problem of insufficient chilling for each 

cultivar during the trials. 

 

Heat accumulation 

Temperature in the Spring chamber were set to 12ºC-25ºC althought 

fluctuations out of this range were recorded (Annex 1). Heat requirements for 

flowering were calculated as Growing Degree Hours (GDH) according to Richardson 

et al. (1975).  

Dates of T1 entry to Spring chamber were earlier in Season 2 (December 28th) 

and Season 3 (January 2nd) respect Season 1 (January 19th). Consequently, the rest of 

treatments were entered weekly to the Spring chamber. Ecodormancy period 

estimated was increased in Season 2 and Season 3 in one week and two respect 

Season 1, respectively (Figure 4.3). 

Full flowering time was registered for each tree when the 50% of flowers were 

opened. 

 

4.2.3. Pollination and fruit evaluation 

Flowers were pollinated with pollen previously obtained by manual extraction 

of flower buds in D state (see Chapter 2, Figure 2.6) from ‘Achaak’ almond cultivar. 

Flowers were not emasculated to avoid flower damage and to promote fruit set. In 

Season 1 trees were not pollinated.  
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Once all trees had been pollinated (a week after the last pollination), all 

containers were carried to a shade shelter for tree and fruit development. Fruit set 

was estimated as the percentage of pollinated flowers that become fruits. 

Ripening time was registered when the mesocarp opened, and mature fruits 

were harvested for evaluation. In shell and kernel weight were estimated and the 

percentage of kernel calculated. 

 

4.3. Results and discussion  

4.3.1. Flowering time modulation 

Season 1  

‘Desmayo Largueta’ progressed from endodormancy to ecodormancy and 

flowered inside the Autumn chamber, so for this season flowering data of ‘Desmayo 

Largueta’ were no valid. According to Richadson et al. (1974), temperatures between 

12-15ºC are low enough to let chill accumulation.  

The effect of temperatures on endodormancy depends on the cultivar 

(Champagnat, 1983) and low chilling requirements cultivars may do not enter into 

endodormancy state under high temperatures in autumn (Erez, 2000) or may acquire 

a superficial dormancy state, easy to overcome by moderate temperatures. 

‘Tardona’ treatments flowered gradually according to the date of entry in the 

Spring chamber, between March 1st to April 12th. These dates were delayed respect 

programmed dates (February 1st to April 1st). Delay was mainly in the first treatments, 

T1-T3, which flowered grouped in the same week (data not shown). Heat 

requirements for flowering ranged between 9,170 and 15,037 GDH, with fluctuations 

around 10,000 GDH and an average value of 11,328 GDH, but without a clear trend to 

increase or decrease from T1 to T10. However, a certain trend to reduce the 

ecodormancy period in the ‘Spring’ chamber was observed from T1 (41 days) to T10 

(21 days) (Figure 4.4). 

 

Season 2 

Temperature of the Autumn chamber (20ºC) prevented ‘Desmayo Largueta’ 

trees to flower inside the Winter chamber. ‘Desmayo Largueta’ treatments flowered 

between February 7th and March 25th, close to dates expected (Figure 4.5). 
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Ecodormancy period decreased gradually from 41 to 27 days between T1 and 

T10 treatments. GDH accumulated for flowering were highly stable, around 11,000 

GDH, with an average of 10,851 GDH. This means that lower temperatures during the 

ecodormancy period of T1 are related to a longer ecodormancy period for flowering. 

GDH accumulated were lower than the expected 13,776 (Figure 4.4).  

Figure 4.4. Heat requirements (bars) and ecodormancy period (lines) during Season 1 (blue), 

Season 2 (green) and Season 3 (orange) of treatments. Flowering data of ‘Desmayo Largueta’ 

in the Autumn chamber during Season 1 was discarded for analysis. 

 

In case of ‘Tardona’ treatments, flowering took place between February 21st 

and March 28th with an important delay of T1 and T2 respect the expected flowering 

time (February 1st-February 7th) (Figure 4.5). Ecodormancy period also decreased from 

55 to 30 days. It supposed a variation of 16,100 to 11,488 GDH, higher than those 

accumulated during Season 1. The average was 14,623 GDH (Figure 4.4). 

In field conditions, GDH accumulated for flowering was 5,492 (Egea et al., 

2003) and 6,279 (see Table 3.1 in Chapter 3) in case of ‘Desmayo Largueta’ and 8,571 

GDH for ‘Tardona’ (see Table 3.1 in Chapter 3). Thus, GDH accumulated for flowering 

in the Spring chamber was higher than in the field in both cultivars. 

Figure 4.5. Flowering time and number of flowers of ‘Desmayo Largueta’ (pink) and ‘Tardona’ 

(green) treatments during Seasons 2 and 3.  
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Season 3 

‘Desmayo Largueta’ flowering occurred gradually as observed in Season 2, 

between February 2nd and March 26th, so results fitted our experimental design 

(Figure 4.5). GDH ranged from 8,949 in T1 to 6,865 in T10, with an ecodormancy 

period of 31 and 20 days respectively (Figure 4.4). These results are similar to those 

obtained in natural conditions (Egea et al., 2003) (see Table 3.1 in Chapter 3). 

‘Tardona’ flowered between March 2nd and April 4th, with an important delay of the 

first treatments, similarly to which happened in Season 1 and Season 2 (Figure 4.5). 

Heat requirements and ecodormancy period gradually decreased from 16,626 to 

9,940 GDH and from 59 to 29 days, respectively (Figure 4.4). In this case, last 

treatments were more similar to heat requirements and ecodormancy period 

registered in the field (see Table 3.1 in Chapter 3).  

Other factors apart from chilling requirement could be limiting the flowering in 

‘Tardona’, as photoperiod, that was not present in the Winter chamber (continuously 

dark) nor in the Spring chamber (natural photoperiod). 

 

4.3.2 Fruit set, ripening time and fruit characteristics  

Fruit set 

Generally, fruit set ratio was lower than values usually obtained when trees are 

pollinated in the field, in spite of the high number of flowers pollinated (Figure 4.6). 

In Season 2, ‘Desmayo Largueta’ trees rendered 98 fruits from 1,532 pollinated 

flowers (6%). Fruit set tended to decrease along treatments. In case of ‘Tardona’, 116 

fruits were obtained from 645 pollinated flowers (15%).  

Figure 4.6. Number of flowers pollinated per treatment (orange), number of fruits obtained 

(dark orange) and fruit set (%) for treatments T1 to T10, for Season 3. 
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Fruit set slightly increased along treatments (data not shown). In Season 3, fruit 

set increased to 19% in case of ‘Desmayo Largueta’ (469 fruits from 2658 flowers). 

The trend to decrease observed was less clear than in Season 2. ‘Tardona’ fruit set 

decreased to 7% in the Season 3 (32 fruits from 374). 

Poor flowering was observed during all seasons of study in the ultra-late 

flowering cultivar ‘Tardona’, compared to ‘Desmayo Largueta’ (Figure 4.4). Anomalous 

flower buds and buds abscission due to sprouting of vegetative buds was observed 

(Figure 4.7).  

Figure 4.7. ‘Tardona’ flower bud failure. Dried flower buds in different phenological states (A-

B) and anomalous flower buds surrounded by leaves (C-D). 
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This could be explained by a different dormancy state between vegetative and 

flowering buds. Endodormancy completion is needed for xylem vessels differentiation 

that allows the rehydration of the developing bud (Bartolini et al., 2006). Vegetative 

buds released from endodormancy could be in a dominant state and quickly grow 

during ecodormancy under high temperatures (El Yaacoubi et al., 2016). This could 

inhibit the growth of other buds by correlative inhibitions and lead to very short 

ecodormancy (Petri and Leite, 2003). Additionally, it is possible that low chilling 

requirements cultivars like ‘Desmayo Largueta’ could better tolerate high 

temperatures during ecodormancy (El-Yacooubi et al., 2016). 

Ito et al. (2015) showed that when chilling is applied too early in Japanese pear 

(Pyrus communis L.) flower buds, the effect on endodormancy release was small, 

although increasing cold. Moreover, it was confirmed the higher chilling requirement 

of flower buds compared to vegetative buds (Ito et al., 2015). 

Finally, multipistil formation was commonly found in ‘Tardona’ flowers under 

experimental conditions, a phenomenon that is not observed in the field (Figure 4.8). 

This can be related to high temperatures registered in the Spring chamber (Wang et 

al., 2019) (Annex 1). 

 

 

 

Figure 4.8. Double and multipistil formation observed in ‘Tardona’ flowers.  
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Ripening time 

In Season 2, fruits from four treatments of ‘Desmayo Largueta’ were obtained. 

T1 showed an early ripening time (July 13th) compared to the observed in the 

experimental field of Santomera (first week of September). A progressive delay of 

ripening time in the following treatments was observed (T2-July 21st; T4 and T7-

August 10th) (data not shown). Fruit development period was similar in all treatments, 

around 155 days. In Season 3, fruits from all treatments of ‘Desmayo Largueta’ were 

obtained. The advancement of ripening time (from July 10th) and stability of the 

ripening period (160 days) was confirmed (Figure 4.9). 

Fruits from ‘Tardona’ T3 and T5 were obtained in Season 2, and the ripening 

time for both of them was August 10th, similar to ripening time observed in the field 

(August 17th) (data not shown). In Season 3, ‘Tardona’ fruits from five treatments were 

obtained and ripening time was on August 7th. Fruit development period was of 156 

and 163 days in Season 2 and from 138 to 158 days in Season 3 (Figure 4.9). 
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Figure 4.9. Flowering time (pink boxes) and ripening time (orange boxes) of almond 

treatments (T1-T10) during Season 3. Fruit development period is represented by a green bar.  
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Fruit weight, seed weight and yield 

Generally, fruits and seeds obtained from treatments were smaller than those 

obtained from trees growth in the field. In Season 3, average fruit and seed weight 

was of 2.83g and 0.80g for ‘Desmayo Largueta’; and 2.45g and 0.63g for ‘Tardona’ 

(Figure 4.10). Values obtained in Season 2 was slightly lower (data not shown). 

Experimental conditions limited the size of the fruits obtained, probably by high 

temperatures and low relative humidity in the Spring chamber during the earliest 

phases of fruit development and to the experimental system of trees cultured in 

containers (Annex 1).  

 

Figure 4.10. Mean weight of fruits (soft blue) and seeds (dark blue) per treatment in Season 

3. Fruit yield (%) is indicated in each case.  

 

 

4.4. Conclusions 

 Controlled conditions in Autumn, Winter and Spring chambers successfully 

modulated flowering time from first February to first April in the extra-early 

almond ‘Desmayo Largueta’. For the ultra-late ‘Tardona’, flowering could not 

be advanced to the first week of February, even with the application of enough 

chill in winter chamber. 

 ‘Desmayo Largueta’ has lower heat requirements than ‘Tardona’, which were 

variable depending on the treatment and season, without any clear 

relationship along the treatments. Since the numbers of days to overcome 

ecodormancy decrease with the treatments, other unknown factors could be 

involved. 
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 Ripening time was much earlier in controlled conditions than in natural 

conditions for both cultivars, probably consecuence of artificial culture in pots. 

The delay of flowering time, consequence of treatments, shifted progressively 

the maturation time in ‘Desmayo Largueta’ but not in ‘Tardona’. 

 Fruit set was negatively affected by culture conditions, being lower than in 

natural conditions, mainly in ‘Tardona’. No relationship was observed along 

the treatments applied. 

 Nut and seed weight was smaller than that observed in natural conditions. 

 The behaviour of both cultivars under the different treatments shows the 

complex nature of endodormancy release and flowering time in almond linked 

to temperature, but probably to other uncontrolled factors. 



 

5. CANDIDATE GENE ANALYSIS DURING 

ENDODORMANCY RELEASE 
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5. CANDIDATE GENE ANALYSIS DURING ENDODORMANCY RELEASE 

 

5.1. Introduction 

Genetic association studies are useful for studying the inheritance of complex 

agronomic traits as flowering time (see Chapter 1). Therefore, it is a promising strategy 

to analyze genes located close to QTL regions identified. In case of almond, Linkage 

Groups (LG) 1, 2 and 4 are enriched in variants that explain the inheritance of flowering 

time (see Chapter 1.2.4) (Ballester et al., 2001; Sánchez-Pérez et al., 2012). In addition, 

cloning studies of specific genes related to dormancy, especially those involved in cold 

stress have been performed in almond (Barros et al., 2012; 2017). 

On the other hand, from a molecular and transcriptomic point of view, 

discovering the candidate genes whose expression varies as a cause or consequence 

of endodormancy release and studying the biological role of those genes are priorities 

for breeding programs (Mazzitelli et al., 2007; Hedley et al., 2010). The differential 

transcription regulation between early and late flowering cultivars and the genes 

related to chilling requirements must therefore be identified.  

Differentially expressed genes between dormant and non dormant buds were 

identified by Suppression Subtractive Hybridization (SSH) and microarray in peach 

(Leida et al., 2010; Leida et al., 2012a). Among them, DORMANCY ASSOCIATED MADS-

BOX 5 (DAM5), ABI FIVE-BINDING PROTEIN (AFP), ABA-INDUCED WHEAT PLASMA 

MEMBRANE 19 (AWPM19), DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 

2c (DREB2c) and a gene coding for Class III peroxidase (Prupe.1G114700) were analyzed 

by qRT-PCR (Leida et al., 2012b). These genes belong to LG1, excepting DREB2c (LG2). 

DAM5-6 transcription factors are downregulated during endodormancy progression in 

peach (Yamane et al., 2011). DREB2C and AFP are regulators of ABA sensitivity and 

transduction (López-Molina et al., 2003; Lee et al. 2010), whereas AWPM19 codes for a 

membrane protein that enables freezing tolerance (Koike et al., 1997), and transcription 

of this gene is downregulated by cold treatment (Habu et al., 2014). 

On the other hand, candidate genes from LG4 associated to flowering time, 

chilling requirements and heat requirements were genetically or in silico mapped by 

Castède et al. (2015) in sweet cherry. Genes coding for components of epigenetic 

complexes were highly represented: PIE1, LYSINE-SPECIFIC HISTONE DEMETHYLASE 1 

HOMOLOG 2 (LDL2), EMF2, AUXIN RELATED PROTEIN 4 (ARP4); and also GA2ox, 

involved in GAs inactivation (see Chapter 1.2.4). EMF2 has been described as a subunit 

of the PRC2 complex in herbaceous species (Yoshida et al., 2001). 
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 This complex act as a repressor of FLOWERING LOCUS C (FLC) in response to 

cold (Bastow et al., 2004; Jiang et al., 2008). In this sense, EMF2 could be considered a 

flowering activator. 

In addition, ARP4 and PIE1 act together in the chromatin remodeling complex 

SWR1, keeping high levels of FLC transcription (Deal et al., 2007; Noh and Amasino, 

2003). Finally, LDL2 is a demethylase that inactive the chromatin state of FLC, during 

dormancy release of flower buds (Jiang et al., 2007). 

Recently, endodormancy release in fruit trees was proposed to be due to 

transcription reprogramming in response to environmental cues, in this case, cold 

accumulation (Halaly et al., 2008; Horvath, 2009) and may be mediated by oxidative 

stress (Pérez et al., 2008; Sudawan et al., 2016; Beauvieux et al., 2018).  

Regarding the molecular basis of endodormancy release and flowering time in 

almond at expression level, the objective of this chapter was the expression analysis of 

candidate genes linked to endodormancy release and flowering and the evaluation of 

their use as potential markers for monitoring endodormancy release. For that purpose, 

we have cloned a candidate peroxidase gene related to endodormancy release and 

analysed its sequence and expression by qRT-PCR from endodormancy to 

ecodormancy in three almond cultivars from extra-early to ultra-late flowering. 

 

5.2. Material and methods 

5.2.1. Plant material 

In this work, flower buds from endodormancy (November 10th) to ecodormancy 

(endodormancy release) were assayed from the almond cultivars ‘Desmayo Largueta’, 

‘Penta’ and ‘Tardona’ (see Chapter 2).  

 

5.2.2. Evaluation of endodormancy release 

Experiments to evaluate the endodormancy release of the cultivars assayed were 

conducted in the experimental field of CEBAS-CSIC, in Murcia (south-east Spain), 

during the 2015-2016 and 2016-2017 seasons according to explained in Chapter 3.  
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5.2.3. RNA isolation and cDNA synthesis 

Flower buds were sampled and processed according to Chapter 2.3. Total RNA 

was extracted from 15 flower buds according to Le Provost et al. (2007) and treated 

with DNAseI (Ambion, ThermoFisher Scientific, Waltham, Massachusetts, USA). After 

checking RNA samples in an RNAse-free agarose gel, cDNA was synthetized using SSIII 

Reverse Transcriptase (ThermoFisher Scientific, Waltham, Massachusetts, USA) for 

subsequent amplification by standard and quantitative RT-PCR (qRT-PCR). 

 

5.2.4. Expression analysis by relative qRT-PCR 

Relative qRT-PCR experiments were carried out with a One Step Plus real-time 

PCR system (Applied Biosystems, Foster City, California, USA). Peach, sweet cherry or 

almond specific primers used are listed on Annex 2. Specific primers based on 

previously obtained almond sequences were designed using Primer3 (Tm: 60°C, 18-20 

bp long, PCR product: 80-120 bp). The qRT-PCR efficiency was checked by the standard 

curve method. For all real-time qRT-PCR reactions, a 10 μl mix was made including 5 

μl Power SYBR® Green PCR Master Mix (Applied Biosystems), 10 to 20 ng of cDNA, 

and 2.5 µM of each primer. The qRT-PCR conditions were as follows: 95 °C for 10 min; 

40 cycles of 95 °C for 15 s and 60 °C for 1 min. The melting temperature in these 

experiments was set to 60 °C ~ 95 °C, increasing by 0.3 °C/s. Each sample was 

implemented in three technical replicates. RPII was used as reference gene for data 

normalization (Tong et al., 2009), and the levels of relative expression were calculated 

by the comparative method (Pfaffl, 2001), using November 10th sample as the reference 

sample for calculations. 

 

5.2.5. Determination of peroxidase activity 

Flower bud samples (100mg) were homogenized with an extraction medium 

(1/10, w/v) containing 50 mM Tris acetate buffer (pH 6.0); 0.1 mM EDTA; 1 % (w/v) PVP; 

1 % (w/v) PVPP; and 0.2 % (v/v) Triton X-100. Total peroxidase activity was analyzed 

following the oxidation of 4-methoxy-α-naphtol at 593 nm according to Ros-Barceló 

(1998). Each sample was implemented in at least two biological replicates, except for 

those indicated in Figure 5.1 by a cross. Peroxidase activity was measured at least twice.  
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5.2.6. Full-length cDNA amplification and sequence analysis 

Full-length cDNA was amplified by standard PCR from the cDNA of the flower 

buds of the ‘Desmayo Largueta’, ‘Penta’ and ‘Tardona´ cultivars using 3′-RACE strategy 

and primers from peach sequences available in databases (Forward primer: 5´-ATG GCC 

ATG AAG AAG TTG GC-3´; Reverse primer: 5´- TCT CTC CCT TCG TCC CAG TA-3´). High-

fidelity PCR was performed using KOD Hot Start DNA polymerase (Novagen, New York, 

USA), and the product was cloned into E. coli using a Zero Blunt Topo PCR Cloning Kit 

(Life Technologies, Carlsbad, California, USA) for sequencing. PCR was performed in a 

30 µl mix according to the manufacturer’s instructions with 150ng of cDNA from each 

almond cultivar and 10µM primers.  

The PCR reaction was incubated at 94ºC for 2 min for the initial denaturation 

step, followed by 35 cycles of 94ºC for 30 s, 62ºC for 1 min and 68ºC for 1 min. A final 

extension step at 68ºC was set for 10 min. Full-length sequences were aligned and 

translated using a SeqMan tool within Lasergene software. A BLAST search in the NCBI 

site and GDR Rosacaeae databases (https://www.rosaceae.org/) was performed using 

the predicted protein from the three cultivars’ sequences in order to study the 

molecular function of the protein and to collect homologous proteins from Prunus and 

other genera with high identity percentages. 

Phylogenetic analysis was performed with phylogeny.fr online software 

developed by Dereeper et al. (2008): protein sequences were aligned with MUSCLE, 

and the alignment was curated with Gblocks. The phylogenetic tree was drawn based 

on the bootstrapping procedure, using the Dayhoff substitution model. 

 

5.2.7. In silico protein analysis 

Predicted protein domains were identified by homology analysis at the InterPro 

database (www.ebi.ac.uk/interpro/sequencesearch). A search on SignalP 4.0 (Petersen 

et al., 2011) was performed to find a potential signal peptide. Physical and chemical 

protein properties were predicted using a ProtParam tool from ExPASY 

(https://web.expasy.org/protparam/). Secondary structure analysis was performed with 

PsiPred (http://bioinf.cs.ucl.ac.uk/psipred/), and the 3D structure was determined by 

sequence homology analysis (Biasini et al., 2014). The primary amino acid sequence 

was blasted against the SWISS-MODEL template library (SMTL, last update: 2018-02-

28, last included PDB release: 2018-02-23). The templates with the highest quality were 

then selected for model building. The protein 3D structure model selected for 

publication was built based on the Arabidopsis peroxidase 1qo4.1a crystal structure 
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(3Å) (Nielsen et al., 2001). The global and per-residue model quality was assessed using 

the QMEAN (Qualitative Model Energy Analysis) scoring function (Benkert et al., 2011). 

 

5.3. Results and discussion 

5.3.1. Endodormancy release date 

According to results obtained in Chapter 3, ‘Desmayo Largueta’ broke its 

dormancy state on December 21st in 2015 and on December 15th in 2016. On the other 

hand, ‘Penta’ was estimated to break its dormancy state on February 10th in 2016 and 

on February 2nd in 2017. Finally, ‘Tardona’ was estimated to break its dormancy state 

on February 23rd in 2016 and on February 17th in 2017 (see Chapter 3, Table 3.1). 

 

5.3.2. Expression dynamics of dormancy candidate genes during endodormancy release 

The initial screening of candidate genes led to the identification of a transcript 

whose expression pattern was consistent along both years of study and cultivars, 

showing an induction prior to endodormancy release in all cases, followed by a 

decrease in most cases (Figure 5.1). This transcript corresponded to the peach 

peroxidase gene Prupe.1G114700. Thus, further characterization of this gene was 

performed.  

 

5.3.3. Total peroxidase activity before and after endodormancy release 

In the current study, the total peroxidase activity of flower buds from a subset 

of samples from the same that used for expression analysis were analyzed to determine 

if the total peroxidase activity pattern correlated with the observed expression dynamic 

of PdP40. In general, endodormancy release is preceded by an increase in total 

peroxidase activity, as was observed for PdP40 transcript expression. We observed an 

increase in the total peroxidase activity of flower buds before endodormancy release, 

but this was not synchronic with the transcriptional peak (Figure 5.1). This could be 

explained by the fact that the expression analysis was performed on a single gene, so 

the results are much more specific than the total peroxidase activity assay, which 

involves all enzymes with peroxidation activity.  
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Figure 5.1. Gene expression analysis of PdP40 and peroxidase activity in the flower buds of 

‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’ almond cultivars during the 2015-2016 and 2016-

2017 seasons. Endodormancy release (transition from endodormancy to ecodormancy) is 

indicated by an asterisk in each case. Relative expression values are represented by means of 

technical replicates ± SE. Peroxidase activity are represented by means of biological replicates 

± SD, excepting those samples indicated by a cross, in which SD of technical replicates was 

applied. Different letters indicate statistical significant differences based on Tukey´s HSD test 

(P <0.05). 

 

Total peroxidase activity could be another good biochemical marker for 

monitoring bud dormancy in almond. Several studies indicate that the levels of 

antioxidant enzymes increase in plants under chilling stress conditions, in order to 

prevent a toxic accumulation of Reactive Oxygen Species (ROS), such as H2O2 (Foyer et 

al., 1997; Baldermann et al., 2018; Beauvieux et al., 2018). Furthermore, other studies 

indicate that bud dormancy release coincides with an up-regulation of the antioxidant 

system (Wang and Faust, 1994; Pérez and Lira, 2005).  

By using a proteomic approach, Takemura et al. (2015) analyzed the protein 

expression during the endodormancy release state in Japanese pear buds. The majority 

of these proteins were primarily involved in the oxidation-reduction process, such as 

catalase, peroxidase (POX) and ascorbate peroxidase (APX), all enzymes that can 

control the H2O2 levels in buds. However, only APX activity increased prior to 

endodormancy release, whereas POX activity did not show statistical changes, and 

catalase activity progressively declined. In two walnut cultivars with different chilling 

requirements, the POX activity pattern was somewhat different to that observed in 
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almond. In walnut, there was an increase in POX activity prior to endodormancy release, 

and both walnut cultivars showed a POX peak three months before bud dormancy 

release (Gholizadeh et al., 2017). However, APX activity progressively increased, as 

occurred in Japanese pear (Takemura et al. 2015), suggesting that the APX increase 

might play a role in the transition from the endodormancy to the ecodormancy state 

(Takemura et al., 2015). In addition to H2O2 elimination, POXs are involved in cell wall 

metabolism and plant growth and development. In particular, POXs are responsible for 

stiffening the cell wall and for lignin and suberin deposition (Pomar et al., 2002). 

In pea seedlings and in in vitro peach plants, for instance, a correlation between 

POX increase and growth was observed, suggesting that POX may participate in plant 

growth regulation (Díaz-Vivancos et al., 2010; Barba-Espín et al., 2010; Clemente-

Moreno et al., 2011). 

Measuring gene or enzyme activity in fruit trees to monitor bud dormancy is of 

great interest for fruit production and breeding (Fadón and Rodrigo, 2018). In the case 

of gene activity, change is first, followed by enzyme activity. These changes define 

important tipping points in dormancy release and flowering. Monitoring the transition 

from endodormancy to ecodormancy through gene or enzyme activity can help us 

understand the plant response to climatic conditions, including spring frost. This 

knowledge could help limit damage during almond cultivation in the future (Martínez-

Gómez et al., 2017).  

In addition, knowledge gained through this monitoring should be of great 

interest in terms of the use and optimization of biostimulants to promote flowering in 

fruit tree species (Ionescu et al., 2017a; 2017b) in the present climate change and 

warming context. The moment of application of these biostimulants is critical for 

success and depends on the endodormancy state of the bud and its transition to 

ecodormancy (Erez, 1995). Treatments with these biostimulants should be applied at 

the optimum time for endodormancy release, as they can be null or even toxic 

depending on the state of the bud (Erez, 1995). 

 

5.3.4. Cloning and sequence analysis of PdP40 (P. dulcis PEROXIDASE40) 

Almond consensus sequences from at least three recombinant plasmids of each 

cultivar cDNA were uploaded to the GeneBank database with the following accessions: 

MH121042 for ‘Desmayo Largueta’, MH121043 for ‘Penta’ and MH121044 for 

‘Tardona’. The full-length cDNA clone consisted of 1189-1200 bp, depending on the 

3´UTR length of the cultivar considered, with an open reading frame of 1029 bp (Figure 

5.2). The presence of a poly (A) stretch established that the 3´terminal was complete. 
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Between 1150 and 1200 bp from the 3´UTR, there is high variability between the 

sequences from the three cultivars assayed. 

Regarding its relative position in genetic maps, PdP40 locus is close to the QTL 

associated with chilling requirement qCR1b-2009 (Fan et al., 2010) and with the 

flowering time marker qFD1 (Hernández Mora et al., 2017). Moreover, the locus is 

within the QTL associated to the period between endodormancy and ecodormancy 

release (Romeu et al., 2014). 

Sequence analysis showed that the PdP40 protein sequence from ‘Desmayo 

Largueta’, and ‘Penta’ cultivars were identical, whereas the ‘Tardona’ cultivar PdP40 

sequence showed two single amino acid changes on positions 9 and 325 that were not 

observed in the other Prunus genus proteins analyzed (Figure 5.2). These substitutions 

correspond to L9 instead of F9 and V325 instead of G325. F9 belongs to the predicted 

signal peptide, so the mutation cannot have structural or functional implications. In 

contrast, G325V is not a frequent change along the course of evolution, according to 

BLOSUM62. However, two homologous protein sequences were found to match the 

same V325 residue, that from olive (Olea europaea var. sylvestris (Mill.) Lehr) and the 

species Nicotiana attenuata Steud (Figure 5.3). The presence of such a substitution in 

other sequences supports the non-negative effect of the mutation for these kinds of 

peroxidase proteins, althought the residue 325 is close to the ligand Ca2+ (Figure 5.4). 

These results indicating the differences between ‘Tardona’ on the one hand and 

‘Desmayo Largueta’ and ‘Penta’ on the other are likely due to the different origin of 

this cultivar (see Figure 2.1 in Chapter 2).  

Homology analysis identified the full-length cDNA clone as a coding gene for a 

Class III plant peroxidase, specifically coding for peroxidase-40, thus it was named 

PdP40 (P. dulcis PEROXIDASE40). Additionally, a phylogenetic tree was built with the 

proteins homologous to the predicted PdP40 from woody species and two reference 

herbaceous species, Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz and Gossypium 

hirsutum L. (Figure 5.3).  

.  
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Figure 5.2. Alignment of almond (P. dulcis) `Desmayo Largueta ´ `Penta´ and ‘Tardona’ cultivar 

consensus PdP40 protein sequence with the hypothetical protein sequences of P. mume 

(XP_008223386), P. persica (Prupe.1G114700) and P. avium (Pav_sc0000028). Identical amino 

acids are shaded in grey. The star symbol (*) represents amino acids that change in the almond 

cultivar `Tardona´. Predicted signal peptides are italicised. Conserved helices B, D and F in 

peroxidases are boxed. Conserved active site residues (76-88: MAASLLRLHFHDC) and a 

proximal heme-ligand signature (206-215: DMVALSGAHTM) are marked with a line on the top. 

Eight conserved cysteine residues are marked with an arrowhead symbol (▼). The black 

diamond symbol (♦) represents residues involved in calcium binding (H86; V90; G92; D94 and 

S96). Residues involved in a salt bridge are in bold and shaded in dark grey (S160; D162; G166 
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and R167). The unique residues in almond are M268 and D38. Position 235 is variable between 

species. 

Protein analysis performed in the InterPro and SWISSPROT databases showed 

that predicted PdP40 contains conserved domains within the Class III peroxidases: the 

active site and calcium binding residues; a proximal heme-ligand signature; eight 

conserved cysteine residues, which yielded four disulphide bridges (C54-134, C87-C92, 

C140-C338 and C219-C249); and amino acids involved in the conserved salt bridge 

(Figure 5.2). A 24-amino-acid signal peptide was predicted to be cleaved between 

Ala24 and Ile25. The molecular mass of this PdP40 deduced protein was estimated to 

be 36.95 kDa, with a pI of 4.57. On the other hand, secondary structure analysis by 

PsiPred indicated that PdP40 contains the B, D and F conserved helix domains (Figure 

5.4A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Phylogenetic tree based on the alignment of homologous sequences to the PdP40 

predicted protein. Bootstrap values are indicated in each branch. Accessions of proteins 

represented by species name are as follows: M. domestica (XP_008390425), P. mume 

(XP_008223386), P. avium (Pav_sc0000028), P. persica (Prupe.1G114700), P. dulcis  cv. ‘Tardona’ 

(MH121042), P. dulcis cv. ‘Penta’ (MH121043), P. dulcis cv. ‘Desmayo Largueta’ (MH121044), O. 

europaea (XP_022849329), A. lyrata (XM_002870120), G. hirsutum (NP_001313929), P. 
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trichocarpa (XP_024461812), C. sinensis (XP_015388973), Q. suber (XP_023870557), E. grandis 

(XP_010027112), and P. tabuliformis protein MCE1 (AJP06326). 

The PdP40 3D structure model was built based on the Arabidopsis thaliana 

peroxidase 1qo4.1a crystal structure (3Å) (Nielsen et al., 2001) (Figure 5.4B). The PdP40 

3D structure was modelled as a monomer, displaying 50.67% sequence identity and 

0.44 similarity with 1qo.4.1A. The coverage index was 0.87 (from residue 44 to the end 

of the protein).  

Figure 5.4 A. PdP40 secondary structure predicted by PsiPred software. Blue bars indicate 

confidence of prediction. Helix domains are represented by rollers. B. Predicted 3D structure 

model of the PdP40 protein obtained by homology between a PdP40 consensus sequence 

from ‘Desmayo Largueta’ and ‘Penta’ cultivars and an Arabidopsis 1qo4.1ª crystal structure 

obtained by Nielsen et al. (2001). The conserved calcium binding site is shown. The G325 
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residue, which is substituted by V325 in the PdP40 sequence of the ‘Tardona’ cultivar, is boxed 

and zoomed in. 

The Global Model Quality Estimate (GMQE) and QMEAN parameters validated 

the model, as values were estimated to be 0.72 and (-2.54), respectively. One calcium 

ion was identified by this method as a ligand in contact with D86, V89, G91, D93 and 

S95, marked on Figure 5.2. The use of the ‘Tardona’ PdP40 predicted protein sequence 

instead of the consensus from ‘Desmayo Largueta’ and ‘Penta’ did not disturb the result 

of the model building, i.e., it did not affect the identified ligand binding site (Figure 

5.4B).  

The peroxidase superfamily (EC 1.11.1.X) includes three classes according to 

Welinder (1992). The peroxidases belonging to Class III (EC 1.11.1.7), named plant or 

fungi peroxidases, are of the secretory type and share the following structural features: 

a heme group (consisting of an Fe (III) photoporphyrin); two calcium ions (Ca2+); 4 

disulphide linkages; and a buried salt bridge (Hiraga et al., 2001).  

The PdP40 predicted protein identified in this work contained all the conserved 

domains mentioned (Figure 5.2). Furthermore, the homology analysis showed that 

PdP40 corresponds to a Class III plant peroxidase and is homologous to the flower-

specific peroxidase gene GhPOD from G. hirsutum (Chen et al., 2009). These results 

indicate the key role this specific Class III peroxidase gene plays in the regulation of 

bud dormancy in plant species from different families. 

 

5.4. Conclusions 

 Results highlighted an important increase in the transcript levels of PdP40 gene 

before endodormancy release in the three cultivars with different chilling 

requirements. The candidate transcript PdP40 is a member of the flower-specific 

Class III peroxidase encoding family. 

 This increase, during the transition from endodormancy to ecodormancy, was 

independent of the endodormancy period length, so PdP40 is a good RNA 

marker to monitor the release of endodormancy. 

 Total peroxidase activity in flower buds shared a common pattern with the 

PdP40 expression, and it could be a good biochemical marker for monitoring 

bud dormancy release in almond.   

 Understanding the transition from endodormancy to ecodormancy through 

gene or enzyme activity is of great interest for the development and use of 

biostimulants to modulate flowering time.  



6. RNA-SEQ MONITORING DURING  

ENDODORMANCY RELEASE 

  



 



RNA-seq monitoring during endodormancy release / 83 

 

Universidad de Murcia  CEBAS-CSIC 

6. RNA-SEQ MONITORING DURING ENDODORMANCY RELEASE 

 

6.1. Introduction 

Because of its economic importance (clearly indicated in the Chapter 1), 

endodormancy release is being studied in model and cultivated tree species (Ding 

and Nilsson, 2016) and molecular processes linked to cold accumulation have been 

associated. After endodormancy, cell to cell symplasmic connection is reestablished 

by callose degradation at plasmodesmata, a process triggered by cold-induced FT in 

poplar (van der Schoot et al. 2011; Rinne et al., 2011). At the subcellular level, cell wall 

loosening and ABA synthesis and signaling have been highlighted (Wang et al., 2015; 

Li et al., 2018). Sugar complexes as raffinose, stachyose and galactinol are induced 

upon endodormancy for tree protection from chilling, drought and oxidative stress 

(Nishizawa et al., 2008; Ibáñez et al., 2013). Carbohydrates act not only as a source of 

carbon and energy upon dormancy release, but they also function as developmental 

signals (Anderson et al., 2005; González-Rossia et al., 2008; Rabot et al., 2012). These 

changes are thought to be orchestrated by the activity of transcription factors (see 

Chapter 1.2.4). 

Transcriptional reprogramming leads developmental transitions in plants (Kaufmann 

et al., 2010). In the last decade, high-throughput sequencing technology has allowed 

the transcriptomic approach to decipher which gene networks are working upon 

dormancy onset and release (Bai et al., 2013; Howe et al., 2015; Ionescu et al., 2017b; 

Zhang et al., 2018). In this sense, the availability of a wide range of flowering time 

almond cultivars (Martínez-Gómez et al., 2017) offers valuable plant material for 

dormancy studies. Results obtained in Chapter 5 allowed the identification of a key 

intermediate state, between endodormancy (A) and ecodormancy state (B), evidenced 

by the induction of PdP40 gene (see Figure 5.1 in Chapter 5).  

To deepen into the molecular basis of endodormancy release and flowering 

time in almond at transcriptomic level, complementing the candidate gene analysis of 

the Chapter 5, the objective of this chapter was the identification of new expression 

markers by whole transcriptome sequencing of endodormant and ecodormant flower 

buds of early, extra-late and ultra-late almond cultivars. In addition, new candidate 

genes associated to endodormancy and ecodormancy obtained from the RNA-seq 

results were validated using qRT-PCR, and transcriptome changes during 

endodormancy and ecodormancy of the three almond cultivars were compared. This 

expression analysis allowed the identification of “early” and “late” flowering time 



84 / RNA-seq monitoring during endodormancy release 

 

CEBAS-CSIC  Universidad de Murcia 

genes that could give a cue about differential chilling response or other cultivar-

specific traits in almond. 

 

6.2. Material and methods 

6.2.1 Plant material 

In this work, flower bud samples from endodormancy (November 10th) to 

ecodormancy (endodormancy release) were used from early, extra-late and the ultra-

late flowering almond cultivars (‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’) (see 

Chapter 2). Experiments to evaluate the endodormancy release of the cultivars 

assayed and flowering time were conducted in the experimental field of CEBAS-CSIC, 

in Murcia (south-east Spain), during the 2015-2016 (Season 1) and 2016-2017 

(Season 2) seasons according to explained in Chapter 3.2.2. Chill accumulation as Chill 

Portions (CPs) and heat accumulation as Growing Degree Hours (GDHs) during the 

two winter seasons were considered according to results obtained in Chapter 3 

(Figure 6.1).  

 

6.2.2. RNA extraction and sequencing 

Flower buds (15 flower buds per sample) were collected and processed 

according to Chapter 2.3. Samples were classified according to their natural 

phenological state at the moment of sampling in the field. Season 1 samples were 

selected for RNA sequencing and classified as: endodormant flower buds, in 

phenological state A, in which the flower bud is small and enclosed by brown scales; 

and ecodormant flower buds, in phenological state B, in which the flower bud is 

swollen but still enclosed by its brown scales (Figure 2.7 and 2.8). The A samples were 

taken the first day of sampling (November 10th of 2015) for all cultivars assayed. The 

B samples were taken at the date at which every cultivar had fulfilled its chilling 

requirements. The AB samples were considered when PdP40 started to increase its 

expression levels in all the three cultivars (see Chapter 5, Figure 5.1). In this moment, 

at least every cultivar had achieved the 40% of their chilling requirements (Figure 6.1). 

For experimental design, it was considered that at certain time point between 

AB and B samples endodormancy release may take place (Figure 6.1). Total RNA was 

extracted according to a standardized protocol (Le Provost et al., 2007). RNA samples 

were treated with DNaseI (AMBION) and purified with PowerClean Pro RNA Clean-Up 

kit (MOBIO). Among 2-5 µg per RNA sample were sent to Sistemas Genómicos 

(Valencia, Spain) for library preparation and RNA sequencing.  
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All cDNA libraries were prepared according to Illumina protocols and 

subsequently sequenced (125 bp paired end) using the Illumina HiSeq 2000 platform. 

 

Figure 6.1. Sampling schedule of the two seasons of study of Desmayo Largueta (blue), 

Penta (red), and Tardona (green) almond cultivars. Chilling requirements (CR) % completion is 

indicated for each cultivar by lines and Growing Degree Hours (GDHs) for flowering is 

indicated by areas. Flower bud samples harvested in different phenological states are 

represented by points. Samples sequenced (A, AB and B states) are from Season 1.  

 

6.2.3. De novo transcriptome assembly, read mapping, and gene annotation 

RNA-seq generated 934 million reads, approximately 100 million reads per 

sample. Quality control of generated sequences (reads) was done using FastQC 

software. Next, reads were trimmed for quality. A custom-made assembly consisting 

of 68,361 gene fragments (contigs) from almond, was obtained by de novo assembly 

of over 628 million 125 bp paired end reads (after duplicate removal) coming from all 
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sequenced samples. Average contig length was 854 bp. For gene expression analysis, 

all sequence reads were mapped (per sample) to this reference.  Between 73 and 77% 

of all reads could be mapped to this reference. Trimming, mapping and de novo 

assembly were done using CLC Bio Genomics Workbench software (Qiagen, Hilden, 

Germany). 

To determine gene expression levels, Reads Per Kilobase per Million reads 

(RPKM, read counts corrected for library size and transcript length) values were 

calculated using CLC Bio software. Only contigs with more than 100 reads in at least 

one of the 9 samples were used for downstream analysis (40,757 of the 68,361 

available contigs).  

To functionally categorize all almond contigs in the assembled reference, Gene 

Ontology (GO) terms were assigned to each contig using Blast2GO software. GO 

terms provide a controlled vocabulary to describe the functions of genes across 

species. Blast2GO is an automated tool for the assignment of GO terms based on 

sequence similarity (Conesa et al., 2005). 

Data concerning number of reads and reads counted per sample, 

transcriptome contigs sequence and Blast2GO annotation is found available at 

https://mega.nz/#F!oVVTGYQL (encryption key: B5RDXKKusiec-kothvtZoQ). 

 

6.2.4. Differential expression analysis and cluster analysis 

Two sets of DEGs were generated according to different criteria: 1) ‘Dormancy’ 

DEGs by dormancy state (A-AB-B) comparison including all samples from the three 

cultivars and 2) ‘Cultivar’ DEGs by almond cultivar comparison. Contigs of candidate 

DEGs were mapped in the almond genome (Sánchez-Pérez et al., 2019) using CLC 

Genomics Workbench 5 (Qiagen, Hilden, Germany) and those not found were 

searched in the Texas almond genome v.2 (https://www.rosaceae.org/analysis/295). 

Hierarchical clustering (Euclidean distance, average linkage) were performed using 

TM4 software (Saeed et al., 2003). Mean centered log2 (RPKM) values were used. 

All DEGs included in clusters with adjusted RPKM values are available at 

https://mega.nz/#F!kE9nnYbS (encryption key: jkK6dsV39IoNFkd6zSOitQ). 

 

6.2.5. Identification of orthologous genes 

Orthologous genes were identified by comparing 43,673 protein sequences 

from the sweet cherry genome Prunus_avium_v1.0 (Shirasawa et al., 2017), and the 

translated 68,361 contigs from abovementioned almond assembly to a collection of 

https://www.rosaceae.org/analysis/295
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250 translated kiwifruit contigs (Balk et al., 2017) using OrthoMCL software (Li et al., 

2003). For the IntraBlast analysis, a threshold E-value of 1x10-5 was used, the 

OrthoMCL inflation factor used was 1.8. 

 

6.2.6. Quantitative Real Time PCR  

Sequenced samples (A, AB and B) from Season 1 together with intermediate 

samples collected between them (A2, AB2 and B2) were used to validate the obtained 

RNA-seq data by qRT-PCR. A2 and AB2 samples are the previous and next states to 

AB sample. In addition, samples from Season 2 were classified following the same 

criteria and they were also analyzed by qRT-PCR (Figure 6.1). 

Dormancy candidate DEGs, based on A-AB-B states comparison, were used for 

RNA-seq validation (Table 6.1). Primers were designed using CLC Genomics 

Workbench 5, preferably on exon-exon junctions to ensure no genomic DNA 

amplification. Following adjustment was used for primer design: PCR product size 75-

160 bp; Primer melting temperature (Tm): 54-60°C, and the other adjustments were 

kept in the default mode. Primers used for qRT-PCR are listed in Annex 3. Only 

primers with an efficiency >80% were used. Primer efficiency was tested by the 

standard curve method. The qRT-PCR was performed in 10 µl reactions of 2xSYBR 

GREEN PCR mix using the StepOnePlus® PCR system of Applied Biosystems. 5 ng 

cDNA and 2.5 µM of each set of primers were added. Relative expression was 

determined taking into account the efficiency of each primer pair (Pfaffl, 2001) using 

60S and OEP16 as housekeeping genes for data normalization. Relative expression 

was calculated taking samples in A state (November 10th for Season 1 and November 

17th for Season 2) as the reference sample. Each sample was implemented in three 

technical replicates. Correlation index was calculated between relative expression 

levels and RNA-seq reads (RPKM values). 

 

6.3. Results and discussion 

RNA sequencing technology allowed the study transcriptomic changes in 

flower buds developing from the endodormant to ecodormant state. Moreover, this 

analysis shows the comparison between cultivars with different chilling requirements 

and flowering times. In this sense, we can discuss results obtained regarding 

endodormancy release in the three cultivars assayed and also the identification of 

which genes have cultivar-associated expression patterns. 
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6.3.1. Chilling requirements for endodormancy release and heat requirements for 

flowering time 

Chilling requirements for endodormancy release and heat requirements for 

flowering of ‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’ during the two seasons of 

study are shown in Figure 6.1, as well as heat requirements for flowering. The 

advanced phenology observed during the second season of study, together with the 

lower and higher chilling and heat requirements respectively are discussed in Chapter 

3. 

 

6.3.2. Identification and annotation of dormancy related genes 

Dormancy-related differentially expressed genes (DEGs) were identified by 

using a coefficient of variation (CV) selection criterion during the progression from 

endodormancy to ecodormancy (A to AB to B). The CV was calculated as the ratio of 

the standard deviation over all three measurements and the absolute value of the 

average expression over the time series. 

A total of 1,164 genes were differentially expressed with a CV > 0.8 in the 

‘Desmayo Largueta’, ‘Penta’ and ‘Tardona’ cultivars, and were subsequently subjected 

to hierarchical average linkage clustering. This resulted in clusters 1 to 4. Clusters 1 

(13 DEGs), 2 (385 DEGs), and 3 (170 DEGs) contained DEGS that were upregulated 

during the endodormant (A) to the ecodormant (B) transition. Cluster 4 included 290 

DEGs that were downregulated during this period (Figure 6.2A). 

 

6.3.3. DEGs annotation and GO enrichment analysis 

Generally (in all clusters), GO terms belonging to primary metabolic and 

oxidation-reduction processes were the most enriched biological processes. This has 

been corroborated in other RNA-seq studies about endodormancy release (Bai et al., 

2013; Ionescu et al., 2017; Zhang et al., 2018). Oxidative burst triggers the 

endodormancy release, derived from treatment or under natural conditions 

(Gholizadeh et al., 2017; Ionescu et al., 2017b). On the other hand, metabolic 

reprogramming is needed both for dormancy release signaling and also for growth 

resumption for flowering (Zhang et al., 2018). However, specific categories to “up” 

and “down” clusters were found (Figure 6.2B; Annex 4). In this sense, and considering 

the number of DEGs/cluster, it is important to highlight that during endodormancy 

release there were more DEGs upregulated than downregulated.  
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Moreover, categories involved in pollen development and metabolic and 

structural changes are found in clusters 1, 2, and 3, whereas there are DNA 

transcription regulation categories specific to cluster 4, the downregulated cluster 

(Figure 6.2B; Annex 4). 

 

Figure 6.2. Almond DEGs identified over dormancy release. A: Dormancy genes clusters 

patterns represented by log2 (RPKM) average of genes included within each cluster. B: GO 

terms related to “Biological process” enriched and specific to “up” clusters (1, 2 and 3) or the 

“down” cluster (4). C: Almond cultivar DEGs represented by Venn diagram.  

 

6.3.4 Candidate genes selected for qRT-PCR validation 

A number of dormancy-related DEGs, whose expression varied within the three 

cultivars series, were selected from clusters 1 to 4, mapped onto the almond genome, 

and used for qRT-PCR validation (Table 6.1). In addition, genes were selected by 

identifying almond genes orthologous of dormancy-related genes from kiwifruit and 

sweet cherry using OrthoMCL (Li et al., 2003).  
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By comparing a collection of 250 unique dormancy-related contigs from 

kiwifruit (Balk et al., 2017) to the sweet cherry genome and our de novo assembled 

almond transcriptome, 147 protein groups that contained at least 1 sequence from 

each species were generated. In total, 11 almond genes having orthologous 

sequences in kiwifruit and sweet cherry and showing comparable expression pattern 

in dormancy-related RNA-seq experiments (Balk et al., 2017) were selected (Table 

6.1). Relative expression of all genes during Season 1 and Season 2 is shown in Figure 

6.3 and Annex 5 and 6, respectively. 

 

 Endodormancy-associated genes 

The first selection of genes was classified as endodormancy-associated genes 

as they displayed the highest expression during endodormancy (A to AB) and lower 

expression during ecodormancy (AB to B).  

In cluster 4, RAFFINOSE SYNTHASE 5 (RS5) and LINOLEATE 13S-LIPOXYGENASE 

3-1 (LOX3.1), involved in carbohydrate and lipid metabolism respectively, decreased 

their expression over the endodormancy release period (Figure 6.3A). In fact, primary 

metabolism and carbohydrate metabolism were among the most represented 

functional categories across the DEGs identified in this work (Figure 6.2B). In chestnut, 

RAFFINOSE SYNTHASE (RS) expression increased under low temperatures and 

raffinose was accumulated in vegetative tissues under drought stress (Nishizawa et 

al., 2008; Ibañez et al., 2013). Thus, the RS5 expression pattern observed in almond 

cultivars during endodormancy release is in line with former observations. Lipid 

peroxidation is also a process that supplies energy and carbon skeleton. Moreover, 

fatty acid synthesis occurred in the last phase of dormancy or during dormancy 

release (Gabay et al., 2019). LOX3.1 (cluster 4) encodes a plastidial peroxygenase able 

to catalyze membrane galactolipid peroxidation and free fatty acid chains as linolenic 

and linoleic acid (Pilati et al., 2014). 

Expression decrease of LOX3.1 was observed during potato meristem 

tuberization (Viola et al., 2007), which is considered an analog process to dormancy 

release (Rodríguez-Falcón et al., 2006). Habu et al. (2014) observed that a LOX2 

transcript was downregulated under cold treatment of Japanese apricot vegetative 

buds. 

Moreover, upstream regulators of floral integrators DORMANCY ASSOCIATED 

MADS-BOX (DAM1-2) genes (cluster 4), were also analyzed by qRT-PCR and their 

expression levels were downregulated concomitantly with endodormancy release 
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(Figure 6.3A). This evidence in line with the dormancy induction and maintenance role 

associated to DAM1-2 (Falavigna et al., 2019; Hao et al., 2015). 

Several orthologs of ABA-related genes were also analyzed (Table 6.1). Among 

the, two endodormancy-associated genes were found: 

The almond ortholog to NINE CIS EPOXYCAROTENOID DIOXYGENASE 5 

(NCED5) and ARABIDOPSIS THALIANA HOMEOBOX-LEUCINE ZIPPER PROTEIN 12 

(ATHB12). NCED5 codes for an enzyme involved in ABA biosynthesis and the 

expression decreased over dormancy release (Figure 6.3A). Dormancy maintenance 

role associated to ABA has been reported by different studies (Li et al., 2018; Wang et 

al., 2015; Zhao et al., 2018). In this sense, biosynthesis and signaling by ABA 

metabolism related genes are expected to be downregulated during endodormancy 

release.  

On the other hand, ATHB12 codes for a transcription factor that is induced by 

drought conditions and ABA signal in Arabidopsis (Valdés et al., 2012). In almond, 

ATHB12 ortholog expression is downregulated during endodormancy release, 

excepting the case of ‘Desmayo Largueta’ in Season 1 (Figure 6.3A) and ‘Penta’ in 

Season 2 (Annex 5). These observations point out to a temporary repression of 

ATHB12 towards endodormancy release, probably by ABA signal. 

 

 Ecodormancy-associated genes 

A second set of genes was classified as ecodormancy-associated genes as they 

displayed the highest expression during ecodormancy (AB to B) and lower expression 

during endodormancy (A to AB).  

From cluster 3 (see Table 6.1) ABI3 INTERACTING PROTEIN 2 (AIP2) ortholog 

was selected. Expression was induced in AB to B samples and therefore considered as 

an ecodormancy-associated gene. AIP2 codes for a RING-type E3 ligase that targets 

ABI3 to 26S proteasomes for proteolysis regulation, which leads to inhibition of the 

ABA response (Zhang et al., 2005). A role of this protein has been described for seed 

dormancy in Arabidopsis (Liu et al., 2010). In wheat, in H2O2-treated seeds, a transient 

increase of expression in AIP2 was observed (Gao et al., 2012).  
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Figure 6.3 Expression dynamics of candidate DEGs by qRT-PCR in Season 1 (A). 

Endodormancy genes. (B) Ecodormancy genes. Endodormancy release (between AB2 and B 

state) is indicated by a dashed line. Sequenced samples by RNA-seq are in bold (A, AB, B). 

Relative expression of genes is represented by means of technical replicates ± SE. Pearson 

correlation mean between relative expression to A state and RPKM values of every cultivar is 

indicated on the right side at the top.  

A 

'Penta' 'Tardona' 'Desmayo Largueta’ 
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Two genes from clusters 1 and 2 showed an induction period peaking in AB2: 

4-COUMARATE-CoA LIGASE (4CL) and STRICTOSIDINE SYNTHASE-LIKE 13, (STR13) 

orthologs (Table 6.1). These genes code for enzymes involved in the phenylpropanoid 

and indole alkaloid biosynthetic pathways, respectively. Phenylpropanoid compounds 

as coumaric acid are accumulated during cold treatment in peach seeds (Leida et al., 

2012c). 

Once the chilling accumulation is over, coumarate could be transiently 

targeted for CoA ligation and downstream reactions. Moreover, phenylpropanoid 

compounds accumulation dropped during ecodormancy (Conrad et al., 2019). 

Strictosidine is a key intermediate in the indole alkaloid biosynthetic pathway 

(Stöckigt et al., 2008) and STR expression has already been associated to peach late 

flowering flower buds (Rios et al., 2013). STR has been related to pollen exine 

biosynthesis during microsporogenesis in Arabidopsis (Dobritsa et al., 2009). In our 

work, pollen development is one of the most enriched up-regulated processes (Figure 

2b). In fact, meiosis event during microsporogenesis has been associated to the end 

of endodormancy in apricot (Julian et al., 2011). 

The rest of dormancy DEGs from clusters 1 and 2 are involved in cell to cell 

transport and cell wall remodeling, showing upregulation from the AB to B state 

(Table 6.1). This was confirmed by qRT-PCR (Figure 6.3B):  

Sucrose transporters are up-regulated during dormancy release in walnut 

(Decourteix et al., 2008), leafy spurge (Chao and Serpe, 2010) and in Japanese apricot 

(Zhang et al., 2018). Moreover, sucrose is mobilized and accumulated in grapevine 

buds following Hydrogen Cyanamide (HC) treatment for endodormancy release (Ben 

Mohamed et al., 2012). All this evidence supports the dormancy release induction of 

BIDIRECTIONAL SUGAR TRANSPORTER SWEET10 (SWEET10) almond ortholog. 

However, this increase peaked rather late, at B or B2 state (dormancy released or after 

released buds), which indicates the sugar utilization capacity of buds as metabolic 

sinks (Figure 6.3).  

NODULIN-LIKE INTRINSIC PROTEIN 7 (NIP7) belongs to a subfamily of the 

aquaporin proteins that are predominantly expressed in developing flowers in 

Arabidopsis. NIP7 has been proposed as boric acid channel to pollen cell wall 

building in tapetal cells (Routray et al., 2018). The narrow developmental expression 

pattern observed in Routray et al. (2018) is also observed in almond from AB/AB2 

state to B2 (Figure 6.3B). This further supports the pollen development genes role as 

one of the main expression markers of endodormancy to ecodormancy transition.  
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Glucosyl Hydrolases (GH) encoding genes are highly represented in this 

analysis: 1,3--Glucosidases, also referred to as GH17, are callose-degrading enzymes 

promoted by GAs (Rinne et al., 2011; Gai et al., 2013). 1,4--Glucanases (GH9) and 

xyloglucan endotransglusylases (GH16) are well-described cell wall loosening 

enzymes (Fry et al., 1992; Baumann et al., 2007; Huang et al., 2019) with an active role 

in the cell wall remodeling coupled to endodormancy release. Thus, the up-regulation 

of the almond orthologs of GLUCAN ENDO--1,3-GLUCOSIDASE ( -1,3-

GLUCOSIDASE), ENDO-  -1,4-GLUCANASE, (-1,4-GLUCANASE) and XYLOGLUCAN 

ENDOTRANSGLUCOSYLASE 2 (XET2), is in line with their biological function during 

dormancy release (Figure 6.3B). 

On the other hand, we found other almond orthologs by the OrthoMCL 

analysis (Table 6.1). PROBABLE SERINE/THREONINE-PROTEIN KINASE 15 (PBL15) 

ortholog expression was associated with the active state of flower buds (B) (Figure 

6.3B). PBL15 is considered a Ser-Thr kinase. The kinase protein KIN1 encoding gene 

increased its expression upon endodormancy release in Japanese apricot (Zhang et 

al., 2018). In this case, KIN1 promotes sugar metabolism and cell division, 

characteristics from a metabolically active flower bud, which could be applicable to 

almond PBL15. 

Expression of almond orthologs of genes MIZU-KUSSEI 1 (MIZ1) and 

SENESCENCE REGULATOR 40 (S40) was highly induced from AB2 to B state (Figure 

6.3B). 

The role of MIZ1 in flower buds endodormancy release remains unknown. 

Functional studies with MIZ1 in Arabidopsis are related to the establishment of root 

hydrotropism (Kobayashi et al., 2007; Yamazaki et al., 2012). MIZ1 is an endoplasmic 

reticulum-associated protein whose biological function is the generation of Ca2+ 

cytosolic signal in the phloem tissue for water tracking (Shkolnik et al., 2018). 

Although it has been reported that MIZ1 expression is induced by ABA (Moriwaki et 

al., 2012), probably generated by drought stress, this does not seem to be the case in 

endodormancy release. MIZ1 overexpression enhances osmotic tolerance (Miyazawa 

et al., 2012) and whatever would be its functional involvement in dormancy release, it 

is likely related to water foraging after endodormancy release. Another possibility 

would be the participation in calcium wave generation for rapid systemic signaling 

(Shkolnik et al., 2018), even for symplasmic re-connection (van Bel et al., 2014). From 

our results, it is clear that MIZ1 expression is necessary when metabolism of the 

flower bud is re-activated. Therefore, functional implication of MIZ1 in the 

endodormancy to ecodormancy shift would be interesting to unveil, as it could be a 

new expression marker.  
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S40 has not been characterized in fruit trees to date. In herbaceous species, the 

expression of this gene is known to be responsive to senescence in leaves (Krupinska 

et al., 2002; Gregersen and Holm, 2007; Fischer-Kilbienski et al., 2010; Jehanzeb et al., 

2017), and induced by darkness, pathogen attack, ABA and Salicylic Acid (SA) in 

Arabidopsis, and a DNA binding motif in its sequence was identified (Fischer-

Kilbienski et al., 2010). A new role for S40 gene in dormancy of flower bud meristem 

in deciduous tree species such almond is revealed by the progressive increase from 

AB2 state. The progressive increase of S40 over chill accumulation and dormancy 

release is not explained by its transcriptional ageing-dependent accumulation. 

However, leaf senescence during autumn and winter dormancy are interrelated 

processes. Perennial plants mutants affecting MADS-box genes as peach evergrowing 

(evg) (Rodríguez et al. 1994; Bielenberg et al. 2004) and poplar overexpressing the 

birch FRUITFUL (FUL) (Hoenicka et al., 2008) maintain their leaves photosynthetically 

active during the autumn/winter season.  

Finally, almond ortholog of EXORDIUM 7 (EXO7) expression increased and 

decreased alternatively over chill accumulation and dormancy release period (Figure 

6.3B). EXO7 is thought to regulate the brassinosteroids (BRs) response by 

transcriptional control in Arabidopsis (Coll-Garcia et al., 2004) and its expression is 

repressed by cold in grapevine (Kim et al., 2016). However, an EXO transcript 

appeared to be upregulated under cold treatment in the microarray analysis 

performed by Habu et al. (2014) in Japanese apricot vegetative buds.  

In this work, the expression pattern of EXO7 could be explained by the role of 

BRs in the control of cell-cycle for meristem maintenance (Farrar et al., 2003; Schröder 

et al., 2009; Gai et al., 2013). Furthermore, GAs biosynthesis is regulated by BRs in 

Arabidopsis (Unterholzner et al., 2015). In poplar, a gene-set associated to BRs 

appeared as upregulated from endodormancy to ecodormancy transition of 

vegetative buds (Howe et al., 2015).  
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6.3.5 Early versus late flowering candidate genes 

Another group of DEGs was selected. For this, DEGs were defined for each 

cultivar using a CV threshold of 1.4. Instead of looking for overlap among the three 

varieties, we looked for genes that were differentially expressed in the early flowering 

cultivar ‘Desmayo Largueta’ but not in the late flowering cultivars Penta and Tardona 

(368 DEGs), or vice versa (114 DEGs). Together, this resulted in 482 DEGs that we 

named early and late flowering candidate genes (Figure 6.2C). RPKM values and Blast 

Top Hit description of these DEGs are available at https://mega.nz/#F!ccUijY5D 

(encryption key: fK6b3AV0bwM8vgeX41gIdA). 

From the early and late flowering genes, we removed those contigs which were 

absent in the early flowering cultivar ‘Desmayo Largueta’ and present in the late 

flowering cultivars ‘Penta’ and ‘Tardona’ and vice versa. These contigs were mapped 

onto the almond genome and almond genomic code was assigned (Table 6.2 and 

Table 6.3). 

Some of the early cultivar genes (Table 6.2) are orthologs of SPHINGANINE C4-

MONOOXYGENASE 1 (SBH) isoforms, WALLS ARE THIN-1 RELATED PROTEIN 

AT2G39510-LIKE, WAX ESTER SYNTHASE/DIACYLGLYCEROL ACYLTRANSFERASE 1 

(WSD1) and disease resistance genes as TMV-RESISTANCE PROTEIN and RESISTANCE 

GENE ANALOGUE 1 (RGA1). SBH enzymes are involved in the sphingolipids synthesis 

pathway; while AT2G39510-LIKE is an auxin transporter (Ranocha et al., 2013) and 

WSD1 is involved in drought tolerance (Li et al., 2008; Patwari et al., 2019)  

Regarding the genes only expressed in the late flowering cultivars we found 

among others: orthologs of the RICESLEEPER family of transcription factors, and of 

SUPPRESSOR OF VARIEGATION 3-9 HOMOLOG PROTEIN 5 (SUVH5), which codes for 

a histone methyl-transferase; together with orthologs of other disease resistance 

genes (Table 6.3).  
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6.4. Conclusions 

 The natural progression from endodormancy to ecodormancy of an early 

flowering versus two late flowering almond cultivars was monitored by RNA 

sequencing of flower buds.  

 This monitoring allowed the identification of candidate dormancy-associated 

genes and cultivar-associated almond genes: 

o DEGs related to metabolic switches, cell-to-cell transport, cell wall 

remodeling, phytohormone signaling and pollen development were 

commonly found in the general endodormancy release process.  

o DEGs related to pathogen-resistance and transcription factors were 

identified between early and late flowering cultivars, including “early” 

flowering genes SBH1-2, WSD1, TMV-RESISTANCE PROTEIN and RGA1 

and “late” flowering genes as RICESLEPPER and SUVH5.  

 These transcriptomic results agree with the complex nature of the genetic 

determination of endodormancy release and flowering time previously 

evidenced in Chapters 3 and 4 of this Thesis. 

 The obtained information may be used for the development of dormancy 

release molecular markers and the improvement of breeding programs 

efficiency, in a climate-change context. 



 

7. METHYLATION ANALYSIS OF ALMOND FLOWER 

BUDS DURING ENDODORMANCY RELEASE 
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7. METHYLATION ANALYSIS OF ALMOND FLOWER BUDS DURING 

ENDODORMANCY RELEASE 

 

7.1. Introduction  

The dormancy release process involves the sensing of environmental cues (such 

as temperature), signal transduction and gene expression regulation to establish a 

suitable response according to the stimuli received (Cooke et al., 2012; Abbot et al., 

2015). Epigenetic changes are part of the transcriptional regulation machinery of 

genomes. The dynamic but heritable character of such modifications make them 

interesting regulators mediating adaptive responses to environmental changes, such 

as seasonal cycles and, in the long term, climate change (Lämke and Bäurle, 2017). 

Transcription reprogramming leading to dormancy release may thus be mediated by 

epigenetic mechanisms (Yaish et al., 2011; Ríos et al., 2014). 

Epigenetics are chemical modifications affecting DNA or structural proteins 

(histones) within the chromatin. Two types of epigenetic modifications have been 

described: DNA methylation (in plants 5´-cytosine methylation, 5mC) and 

PostTranslational histone Modifications (PTMs), which include the acetylation and 

methylation of histones (H2A, H2B, H3 and H4) (Saze, 2008; Feng and Jacobsen 2011). 

DNA methylation is associated with cell status stability and regulation of expression. It 

occurs in three sequence contexts: CG and CHG, which are found in promoter and 

coding regions, and CHH (where H = A, C or T), found in non-coding regions and 

Transposable Elements (TEs) (Pascual et al., 2014).  

Several works have described the role of epigenetics in the regulation of 

dormancy in deciduous plant species. Santamaría et al. (2009), for instance, described 

a methylation decrease concomitant with H4 deacetylation and the progress of 

dormancy release in chestnut (Castanea sativa Mill.). In peach, De la Fuente et al. (2015) 

identified a genome-wide pattern of the PTM H3K27me3 during bud dormancy release, 

and Lloret et al. (2017) found a relationship between gene expression, PTMs and 

sorbitol synthesis during bud dormancy progression and release.  

Rothkegel et al. (2017) showed that DNA methylation is one of the mechanisms 

participating in the regulation of MADS-box genes controlling bud dormancy in sweet 

cherry. In apple, genome methylation patterns have been linked to chilling acquisition 

during dormancy (Kumar et al., 2016b).  
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In the case of almond, results from the transcriptome sequencing (Chapter 6) of 

endodormant and ecodormant flower buds showed differential expression in a DNA 

methyltransferase gene and in the S-ADENOSYL METHIONINE SYNTHASE (SAM) gene 

responsible for the synthesis of the molecule S-Adenosyl Methionine (SAM), which 

donates the methyl group to the DNA molecule.  

In addition, DNA methylation phenomena have also been associated with floral 

self-incompatibility (Fernández i Martí et al., 2014) and with bud falling phenomena 

(Fresnedo-Ramírez et al., 2017) in this species.  

Genome-wide analysis of DNA methylation can be done by bisulfite sequencing, 

which consists of the Next Generation Sequencing of digested and bisulfite-treated 

DNA samples. The epi-GBS technique has been developed to represent a small part of 

the genome for cost-effective exploration and comparative analysis of DNA 

methylation and genetic variation in hundreds of de novo samples. Furthermore, this 

method makes it possible to genotype samples without a prior reference genome (van 

Gurp et al., 2016).  

Regarding the molecular basis of endodormancy release and flowering time in 

almond at epigenetic level, the objective of this Chapter was to analyze the DNA 

methylation status and the identification of epigenetic marks in endodormant and 

ecodormant flower buds of early and extra-late flowering almond cultivars using epi-

Genotyping by Sequencing (epi-GBS) analysis. 

 

 

7.2. Materials and Methods 

7.2.1. Plant material and experimental design 

Flower buds from ‘Desmayo Largueta’ and ‘Penta’ were used (see Chapter 2.1 in 

Chapter 2). The plant material consisted of flower buds at states A (endodormancy 

phase) and B (ecodormancy phase) (Figure 2.7). Dormancy release evaluation was 

performed by the forcing method according to Chapter 3.2.3. Almond flower buds were 

picked from the experimental field of CEBAS-CSIC during two seasons of study: Season 

1 (2015-2016) and Season 2 (2016-2017). 
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7.2.2. epi-GBS protocol 

Every sample (‘Desmayo Largueta’ state A, ‘Penta’ state A, ‘Desmayo Largueta’ 

state B and ‘Penta’ state B from Season 1 and Season 2) consisted of a pool of ten 

flower buds. Genomic DNA was extracted from each sample following the method 

described by Doyle and Doyle (1987).  

The DNA samples were quantified using Qubit (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) and diluted to 1 µg in 100 µl. A total of 20 µl was 

digested using PstI restriction enzyme. Adapters consisting of barcoded 

oligonucleotides were ligated to every sample. Non-phosphorylated hemimethylated 

adapters were used to reduce costs. Fragmented samples (libraries generated by 

restriction) were pooled and purified and subsequently subjected to nick translation 

with C-dNTPs (Zymo Research, Irvine, California, USA) and 7.5 µl of DNA PolI (NEB, 

Ipswich, Massachusetts) in NEB buffer 2. An EZ DNA Methylation-Lightning kit (Zymo 

Research) was used for bisulfite treatment, and fragments were selected by size with a 

ThermoScientific Size Selection kit. Libraries were amplified using the Kapa HiFi 

HotStart Uracil+ ReadyMix and purified with Magjet NGS Cleanup. Paired-end Illumina 

2500 reads (2x100 bases) were generated by Macrogen (Seoul, South Korea) (van Gurp 

et al., 2016). 

 

7.2.3. Bioinformatic analysis of DNA methylation  

The process_radtags program of the Stacks 1.48 pipeline (Catchen et al., 2013) 

for demultiplexing and quality filtering with the default settings was disabled with the 

exception the rad_check. This was necessary because the bisulfite treatment changes 

unmethylated cytosines in the recognition sequence of PstI, and, as a result, checking 

the restriction cut site would filter out all fragments. The ustacks program of the 

pipeline was used to align the fragments into perfectly matching stacks. The default 

settings were used with the exception of -M, which was set to 4 in order to increase 

the maximum distance (in nucleotides) between stacks. Finally, cstacks was used to 

build a catalog of consensus loci. A custom C program was used for the reconstruction 

of the original sequences of the fragments by comparing the reads with origins in the 

“Watson” and “Crick” strands of the genomic DNA. The reconstructed DNA fragments 

were merged by another custom C program to produce one continuous “mock 

genome”. Bismark_v0.19.0 (Krueger et al., 2011) was used to align the original 

fragments to the mock genome and to extract the methylation information. The 

Bismark coverage reports were used as input for the methylKit R package (Akalin et al., 

2012).  
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A methyl kit was used to elaborate histograms of C-methylation and coverage 

and to assess sample similarity and correlation using the default settings. For the 

hierarchical clustering of the samples, dist was set to “correlation” and method to 

“ward”. Finally we used the calculate DiffMeth function of a MethylKit to search for 

differentially methylated cytosines with the settings difference = 25, qvalue = 0.01. We 

looked for both hypermethylated and hypomethylated bases setting type = hyper and 

= hypo, respectively. The positions of the differentially methylated cytosines were 

extracted from the MethylKit files. Another custom made C-program was used to 

identify the original fragments where these differentially methylated cytosines were 

located. 

 

7.2.4. Gene finding and annotation 

The sequence of each fragment was mapped against the peach reference 

genome (v2.0) (Verde et al., 2017) with Gmap (v2015-06-23) (Wu and Watanabe, 2005). 

Two different output files, in the gff3 and SAM format, were obtained. The gff3 ouput 

files were processed to extract the boundary coordinates (start and end positions) of 

each hit using command line tools. After that, the boundary coordinates were used by 

a second custom python script to retrieve three different categories of annotations 

based on gene locations on the peach reference genome: upstream and downstream 

genes (in a size window of 10,000 bp) and “inside genes” (fragments within gene 

sequence) (Figure 7.1).  

Finally, SAM format files were processed using a custom python script to extract 

the alignment information (number of exons, percentage of coverage, percentage of 

identity and amino acid changes) (Figure 7.1). Such data is found available as an excel 

file at https://mega.nz/#F!ENkWiaJS (encription key: mysiAoluFTdNTKmLTFrmzw). 

Functional annotation of genes selected by distance to the mapped fragment 

was carried out using AgriGO software using Singular Enrichement Analysis (SEA) and 

Fisher’s test following manual recommendation (Tian et al., 2017).  

 

7.3. Results and discussion 

7.3.1. Evaluation of the quality of the epiGBS analysis 

A total of 9,518 fragments were sequenced (about a 1,244 kb size) with an 

identified 7,317 methylated or unmethylated fragments. We were able to reconstruct 

the original sequence of 4,377 fragments. 

 

https://mega.nz/#F!ENkWiaJS
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Figure 7.1. Schematic representation of a plant gene and classification of almond DMFs 

mapped in the peach genome. DMFs mapping from 2kb upstream TSS to 1kb downstream TTS 

were selected for functional annotation (fragments colored in orange). DMFs were classified 

according to the gene position –downstream, inside or upstream- respect to the fragment 

mapping region. Fragments mapped in intergenic regions (colored in grey) were discarded as 

putative gene regulatory regions. TSS: Transcriptional Start Site, UTR: Untranslated 

Transcription Region, TTS: Transcriptional Terminal Site. Exon and introns within transcribed 

region are colored in blue and green respectively. 

 

The total length of the “mock genome” obtained by merging the reconstructed 

fragments was 662,458 bp (data not shown). Regarding the quality of this epiGBS 

analysis, the absence of a secondary peak towards the right of the read coverage 

histograms shows that the data do not suffer from a PCR duplication bias in both years 

(Figure 7.2; data from the Season 2 sampled flower buds are not shown). 

These read coverage results show the uniformity of reads and the correct PCR 

amplification (good quality) uniformly around the whole genome in both seasons of 

study and contexts. 

The histograms of CpG methylation showed that roughly 70%-75% of the 

cytosine positions in a CpG context of the mock genome were unmethylated and 

around 10% of the positions completely methylated with the remaining positions 

partially methylated to varying degrees in both seasons of study (Figure 7.3; data from 

the Season 2 are not shown).  
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Figure 7.2. Read coverage of the samples tested in the CpG and CK (including CHG and CHH) 

contexts during Season 1. “D” = ‘Desmayo Largueta’, “P” = ‘Penta’; “A” = endodormant buds, 

“B” = ecodormant buds. 
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Figure 7.3. . Percentage of DNA methylation of the samples tested in the CpG and CK 

(including CHG and CHH) contexts during Season 1. “D” = ‘Desmayo Largueta’, “P” = ‘Penta’; 

“A” = endodormant buds, “B” = ecodormant buds. 
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On the other hand, the correlation analyses shows clearly that samples of the 

same cultivar cluster together independently of the developmental state 

(endodormancy/ecodormancy) (Figure 7.4).  

Pearson’s correlations coefficient was constantly 0.99 in comparisons within 

each cultivar and in the range of 0.84 - 0.85 in camparisons between samples of 

different cultivars (Figure 7.4A). These results were also corroborated after clustering 

analysis where samples belonging to the same cultivar are closely together while the 

two cultivars are separated by long branches (Figure 7.4B). Thus, DNA methylation 

partner is in general cultivar dependent instead of dormancy dependent.  

Quantitative analysis showed that 7,317 different fragments were methylated in 

at least one sample: 5,109 'Cs' were methylated in ‘Desmayo Largueta’ A samples; 5,089 

'Cs' were methylated in ‘Desmayo Largueta’ B samples; 4,955 'Cs' were methylated in 

‘Penta’ A samples; and 5,003 'Cs' were methylated in ‘Penta’ B samples (data not 

shown).  

The number of Differentially Methylated Fragments (DMFs) detected was 

variable depending on the comparison performed (Table 7.1). Furthermore, a total of 

677 DMFs were found between ‘Desmayo Largueta’ and ‘Penta’ genotype samples in 

all states analyzed. However, when comparing dormancy state samples (A and B), 23 

DMFs were found between ‘Desmayo Largueta’ state A respect ‘Desmayo Largueta’ 

state B samples and 48 in ‘Penta’ state A samples respect ‘Penta’ state B samples. Of 

those DMFs, ten were common between ‘Desmayo Largueta’ and ‘Penta’ in the A to B 

state comparison. The DMFs were divided into hypermethylated or hypomethylated 

categories using ‘Penta’ or ‘state B’ samples as the reference. DMFs sequences are 

found available at https://mega.nz/#F!xI8SWYSS (encryption key: nbAF-

tqOygqmF11Gk2oqRAI). 

 

7.3.2. Differentially methylated genes detected 

More than 99% of the identified DMFs were mapped on the peach v2.1 genome 

(Verde et al., 2017), and those located between 2kb upstream and 1kb downstream 

from gene coding sequences were selected for subsequent annotation (Figure 7.1). The 

number of differentially methylated genes (DMGs) thus identified is shown in Table 7.2 

and Table 7.3. DMGs were classified according to their position with respect to the 

fragment mapping region. Fragments mapped most frequently within gene regions 

(“inside” DMGs) followed by 5´regulatory regions (“downstream” DMGs) and, finally, in 

3´ regions (“upstream” DMGs) (Table 7.2). 
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Figure 7.4. Almond correlations (A) and clustering analysis (B) of the methylated fragments in 

both CpG and CKcontexts. “D” = ‘Desmayo Largueta’, “P” = ‘Penta’; “A” = endodormant buds, 

“B”=ecodormant buds. “1” samples are from Season 1 and “2” samples are from Season 2. 
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Table 7.1. Number of differentially methylated fragments (DMFs) detected by epi-GBS 

according to sample comparisons. “A” = endodormant bud state, “B” = ecodormant bud state. 

Differentially Methylated Fragments (DMFs) 

Desmayo L. –Penta cultivar comparison 

Hypo (<) Hyper (>) State 

307 370 A and B 

677 DMFs  

A-B state comparison 

Hypo (<) Hyper (>) Cultivar 

3 20 Desmayo L. 

21 27 Penta 

3 7 Desmayo L. and Penta 

10 DMFs  

 

 

Table 7.2. Number of Differentially Methylated Genes (DMGs) identified from sequenced 

fragments mapping versus peach genome (v2.1). Methylation state refers to ‘Desmayo 

Largueta’ number of 5mCs respect ‘Penta’ samples. The category “equally methylated” refers 

to those genes whose number of 5mCs are the same between samples but 5mCs are located 

in different fragment positions. Gene position is based on gene location respect fragment 

mapping region (“upstream”, “inside” and “downstream”). 

Differentially Methylated Genes (DMGs) 

Methylation state Gene position  Gene hits Genes identified 

Hypermethylated  

Upstream 36  

Inside 291  

Downstream 134   

Total    461 423 

Hypomethylated 

Upstream 19  

Inside 201  

Downstream 80   

Total    300 281 

Equally-methylated  

Upstream 6  

Inside 41  

Downstream 8   

Total    55 27 

Total DMGs   816 731 
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When comparing DMGs between ‘Desmayo Largueta’ and ‘Penta’ flower buds, 

DMGs were found as hypermethylated in ´Desmayo Largueta´ samples (in both A and 

B states) to a greater extent than in ´Penta´samples (Table 7.2). Total DMGs found 

among flower buds of the two different cultivars and functional annotation are found 

available at https://mega.nz/#F!0I8zSAzA (encryption key: mhvY4trBOs4kJk6DseB3lA). 

We found enriched hypermethylated genes in ‘Desmayo Largueta’ flower bud 

samples in the following processes related to primary metabolism in the “Biological 

function” GO category: amino-acid and carbohydrate synthesis and protein 

phosphorylation. ATP binding and protein kinase and phosphatase activity were the 

two main “Molecular function” GO terms found (Figure 7.5). 

Figure 7.5. GO terms of the “Molecular function” category represented in genes identified as 

hypermethylated in ‘Desmayo Largueta’ flower buds in both the A and B dormancy states. 
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Candidate genes related to transcription regulation processes including 

transcription factors (Prupe.1G395600, Prupe.5G088700, Prupe.6G343100), RNA-

mediated silencing (Prupe.7G221200), and chromatin remodelling (Prupe.8G221300) 

and LATE ELONGATED HYPOCOTYL (LHY) (Prupe.2G200400) appeared as 

hypermethylated in `Desmayo Largueta´ flower bud samples. The LHY protein is a well 

described flowering time regulator in response to the photoperiod (Fujiwara et al., 

2008; Park et al., 2010) (see Chapter 1.2.4) and the gene network controlling this trait 

has been studied (Park et al., 2016). ‘Desmayo Largueta’ is a low-chill cultivar whose 

dormancy period takes place under short photoperiod conditions such as the 

experimental conditions of this work. It would be interesting to study LHY behaviour 

during dormancy progression in different almond cultivars. 

Proteins involved in auxin response were highly represented (Prupe.1G000200, 

Prupe.1G067400, Prupe.7G048400) including AUXIN RESPONSE FACTORS (ARFs) 

(Prupe.3G010900, Prupe.5G217700, Prupe.7G228800). Its known that expression of 

ARFs are subjected to epigenetic regulation (Yaish et al., 2011; Xiao et al., 2006), and 

ARFs transcriptional regulation is required for developmental processes like 

germination (Xiao et al., 2006).  

Accordingly, Zhang et al. (2017) observed a flowering delay in Arabidopsis when 

ARF6 and ARF8 were repressed. Nonetheless, the reason underlying the 

hypermethylated state of genes participating in the auxin response pathway in both 

endodormant and ecodormant flower buds of the early flowering genotype ‘Desmayo 

Largueta’ has yet to be unravelled.  

We also identified DNA repair proteins, such as those encoded by 

Prupe.1G510000, Prupe.2G013900, Prupe.3G029600, Prupe.3G16000 and 

Prupe.5G066100.  

Finally, proteins participating in oxidoreduction processes, such as LATE 

EMBRYOGENESIS ABUNDANT (LEA) proteins encoded by Prupe.4G026900 and 

Prupe.4G02700, also appeared as hypermethylated in ‘Desmayo Largueta’ flower bud 

samples. LEA proteins are involved in osmoprotection, which is activated in response 

to low temperatures (Bañuelos et al., 2008). In case of hypermethylation reflected a 

repressed state of expression, in low chilling requirement cultivars like ‘Desmayo 

Largueta’, osmoprotection would not be so necessary or may be regulated in a different 

way. The LEA gene family has been characterized by Du et al. (2013) in Japanese apricot 

and differential expression has been identified during bud dormancy in this species 

(Yamane et al., 2006). 
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Regarding hypomethylated genes in ‘Desmayo Largueta’ samples, we found 

cellular protein localization within the “biological function” GO category. ATP-coupled 

transmembrane transport and ATP-binding activity, on the other hand, appeared in the 

“molecular function” GO category (Figure 7.6). 

We were able to identify a wide range of DNA-binding proteins encoded by 

hypomethylated genes in ‘Desmayo Largueta’ samples: histone methyltransferases 

(encoded by Prupe.1G050800 and Prupe.7G271600); the transcription factor histone-

like NF-Y (encoded by Prupe.2G47600); DNA topoisomerases (encoded by 

Prupe.1G173400 and Prupe.1G173500); and FAR RED IMPAIRED RESPONSE 1 (FAR1) 

(Prupe.1G196400). 

Interestingly, a single gene coding for a HYDROPHOBIC SEED PROTEIN (HSP) 

also appeared as hypomethylated in ‘Desmayo Largueta’ samples. It is interesting to 

note the high degree of differential methylation that seems to be fixed between the 

two almond cultivars analyzed.  

This fact is of practical importance in cultivar improvement for developing 

epigenetic markers based on methylation variants and taking into account the high 

flexibility of methylation patterns in relation to external signals in order to identify 

markers based on methylation polymorphisms.  

In contrast to standard sequencing, bisulfite sequencing let to gain information 

that conditions the phenotype. As a consequence, knowing the methylation state might 

help us understand the genetic determinism of important agronomic traits more 

deeply.  

Although the methylation patterns are highly variable in response to different 

external factors, the markers that we have detected in our almond genotypes are 

conserved in different states of development and in different years and can therefore 

be considered as stable and conserved epigenetic marks. 

In this study, data showed important differences between genotypes, which 

displayed different phenotypes in terms of breeding traits (chilling requirements for 

dormancy release, flowering and ripening times, almond production and almond 

characteristics) (Table 7.1 and Table 7.2). It is remarkable that more hypermethylated 

than hypomethylated fragments were identified in state A (endodormant flower buds) 

almond samples of any cultivar (Table 7.2). This is concordant with the general decrease 

in 5mC during dormancy progression in chestnut (Santamaría et al., 2009). 
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Figure 7.6. “Molecular function” GO terms represented in genes identified as hypomethylated 

in ‘Desmayo Largueta’ flower buds in both the A and B dormancy states. 

 

On the other hand, fragments mapped the most frequently within gene regions 

(“inside” DMGs), followed by 5´regulatory regions (“downstream” DMGs) and, in last 

place, in 3´ regions (“upstream” DMGs). According to Vining et al. (2012), 5mC in 

promoters and gene body parts is related to a repressed state of chromatin, a condition 

that inhibits the accesibility of the transcriptional machinery. 

The methylation variants observed may be associated with evolutionary changes 

related to each cultivar´s features (Varriale, 2017). It will be interesting to distinguish 
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which variants are related to traits of agronomic interest in order to explore adaptive 

mechanisms to the environment (Viggiano and de Pinto, 2017). Recently, for instance, 

Garg et al. (2015) identified conserved methylation polymorphisms distribution of rice 

varieties with contrasted response to drought resistance. 

 

7.3.3. Differentially methylated genes related to bud dormancy 

More DMGs were found as hypermethylated than hypomethylated in state A 

samples (Table 7.3). Furthermore, just one hypomethylated gene could be functionally 

annotated, and it was mapped in the 3’ regulatory region of the gene Prupe.4G277200, 

which encodes for a REGULATION OF CHROMOSOME CONDENSATION (RCC1) protein 

(Table 7.4). 

‘Desmayo Largueta’ and ‘Penta’ common hypermethylated genes were found 

(Table 7.4). MITOGEN-ACTIVATED PROTEIN KINASES (MAPK) and phosphatases have 

been found to participate in the initial response to cold induced by an increase in Ca2+ 

(Bañuelos et al., 2008). Furthermore, MAPK3 has been shown to be a central regulator 

of seed dormancy in barley (Nakamura et al., 2016). 

On the other hand, LEUCINE RICH REPEAT-TOLL INTERLEUKIN 1 RECEPTOR 

(LRR-TIR) apoptotic ATPases have been related to a type of Programmed Cell Death 

(PCD) called Developmental Cell Death (DCD), leading to a differentiation of cells after 

dormancy release, as occurs in floral morphogenesis or in the pollen tube (Koonin and 

Aravind, 2002; del Duca et al., 2014). 

N-terminal C2 proteins and VACUOLAR SORTING PROTEIN 1 (VSP1) protein are 

involved in vesicular trafficking from the cell membrane, and this process has been 

linked to cell wall differentiation and appears to be important in the dormancy release 

process (Ebine and Ueda, 2015; Kim and Brandizzi, 2014).  

Finally, protein glycosylation by GLYCEROPHOSPHATIDYLINOSITOL (GPI) 

anchoring proteins is involved in intercellular signaling in different processes as 

flowering transition, as shown in poplar by Rinne et al. (2011). Three additional LRR-

TIR apoptotic ATPases, among others Hypermethylated genes were found in ‘Desmayo 

Largueta’ samples (Table 7.4).  In ‘Penta’ A samples hypermethylated genes a 

GLYCOSYL HYDROLASE (GH) 1 were found, among others (Table 7.4). GHs genes from 

different families were identified by RNA-SEQ in Chapter 6 as ecodormancy associated 

genes (see Chapter 6.3.3). 
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7.4. Conclusions 

 In this Chapter, we have applied the epi-GBS protocol to almond DNA samples for 

the first time. The technical potential is evident in the discovery of epigenetic 

variants, based on 5mC.  

 According to the results obtained, the DNA methylation (5mC) pattern was cultivar-

dependent, rather than dormancy state-dependent.   

 In spite of coverage limitation of the performed sequencing, we were able to 

identify genes whose methylation state changed between the endodormant and 

the ecodormant state of flower buds DNA. This was possible in both the early-

flowering ‘Desmayo Largueta’ and the extra-late flowering ‘Penta’. Furthermore, 

common genes arose from the analysis.  

 Short term, these results can be complemented with qRT-PCR analysis of DMGs 

identified between cultivars and dormancy states. On the other hand, long term, it 

would be interesting to improve the technique coverage to obtain a greater 

representation of the genome.  

 After confirmation of epigenetic and expression results, these observed methylation 

marks should be used as epigenetic markers for endodormancy release and 

flowering time in almond. 

 Comparative DNA methylation studies of both traditional and almond cultivars 

released from breeding programs will surely contribute to our knowledge of 

methylation variants and provide candidate epialleles linked to agronomic traits. 

Such polymorphisms can be screened in large populations using NGS (New 

Generation Sequencing) to confirm the locus methylation state associated with a 

given character of interest. 
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8. GENERAL CONCLUSIONS 

 

Regarding the genetic basis of endodormancy release and flowering time in almond, 

results of the Chapter 3 confirmed that flowering time in almond is a complex 

process involving the chilling and heat requirements and the genetic background of 

each cultivar. The estimation of chilling and heat requirements under different 

climatic conditions showed that the Dynamic model is more accurate than the 

Richardson model, especially under warm conditions. If the chilling requirements of 

the cultivars are not satisfied, productivity could be negatively affected, showing the 

risk of growing extra-late and ultra-late flowering almond cultivars in warm areas. 

This fact demonstrates the importance of growing each cultivar in the climatically 

suitable area and the important effect of climatic change on flowering time and 

productivity of almond. 

 

Results of Chapter 4 evidenced that controlled conditions in Autumn, Winter and 

Spring chambers successfully modulated flowering time from first February to first 

April in the extra-early almond ‘Desmayo Largueta’, but did not for the ultra-late 

‘Tardona’, even with the application of enough chill in Winter chamber. ‘Desmayo 

Largueta’ has lower heat requirements than ‘Tardona’, which were variable depending 

on the treatment and season, without any clear relationship along the treatments. 

Since the numbers of days to overcome ecodormancy decrease with the treatments, 

other unknown factors could be involved. Ripening time was much earlier in 

controlled conditions than in natural conditions for both cultivars, probably 

consecuence of artificial culture in pots. The delay of flowering time, consequence of 

treatments, shifted progressively the maturation time in ‘Desmayo Largueta’ but not 

in ‘Tardona’. Fruit set was negatively affected by culture conditions, being lower than 

in natural conditions, mainly in ‘Tardona’. No relationship was observed along the 

treatments applied. Nut and seed weight was smaller than that observed in natural 

conditions. The behaviour of both cultivars under the different treatments shows the 

complex nature of endodormancy release and flowering time in almond linked to 

temperature, but probably to other uncontrolled factors. 
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Regarding the molecular basis of endodormancy release and flowering time in 

almond at transcriptomic level, results of Chapter 5 highlighted an important increase 

in the transcript levels of PdP40 gene before endodormancy release in the three 

cultivars with different chilling requirements. The candidate transcript PdP40 is a 

member of the flower-specific Class III peroxidase encoding family. This increase, 

during the transition from endodormancy to ecodormancy, was independent of the 

endodormancy period length, so PdP40 is a good RNA marker to monitor the release 

of endodormancy. Total peroxidase activity in flower buds shared a common pattern 

with the PdP40 expression, and it could also be a good biochemical marker for 

monitoring bud dormancy release in almond. Understanding the transition from 

endodormancy to ecodormancy through gene or enzyme activity is of great interest 

for the development and use of biostimulants to modulate flowering time.  

 

At transcriptomic level, results of the Chapter 6 allowed the identification of 

candidate dormancy-associated genes and cultivar-associated almond genes by RNA 

sequencing of flower buds from endodormancy to ecodormancy. DEGs related to 

metabolic switches, cell-to-cell transport, cell wall remodeling, phytohormone 

signaling and pollen development were commonly found in the general 

endodormancy release process. DEGs related to pathogen-resistance and 

transcription factors were identified between early and late flowering cultivars, 

including “early” flowering genes SBH1-2, WSD1, TMV-RESISTANCE PROTEIN and 

RGA1 and “late” flowering genes as RICESLEPPER and SUVH5. The obtained 

information may be used for the development of dormancy release molecular 

markers and the improvement of breeding programs efficiency, in a climate-change 

context. 

 

Finally, regarding the molecular basis of endodormancy release and flowering time, in 

the epigenetic analysis performed by epi-GBS in the Chapter 7, the DNA methylation 

(5mC) pattern was cultivar-dependent, rather than dormancy state-dependent. In 

spite of coverage limitation of the performed sequencing, we were able to identify 

genes whose methylation state changed between the endodormant and the 

ecodormant state of flower buds DNA. This was possible in both the early-flowering 

‘Desmayo Largueta’ and the extra-late flowering ‘Penta’. After confirmation of 

epigenetic and expression results, these observed methylation marks should be used 

as epigenetic markers for endodormancy release and flowering time in almond. 
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Annex 1. Maximum (red) minimum (blue) and medium (black) temperature recorded in the 

Spring chamber during the three seasons of study.  
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Annex 4. Biological process-GO categories found in clusters 2, 3 and 4 (P < 0,05). No 

significantly enriched GO categories were found in cluster 1 (13 transcripts). 
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Annex 5. Expression dynamics of candidate DEGs by qRT-PCR. Endodormancy release 

(between AB2 and B state) is indicated by a dashed line. Relative expression of genes is 

represented by means of technical replicates of RNA pools from season 2. Endodormancy 

genes. Pearson correlation mean between relative expression to A and RPKM values of 

every cultivar is indicated on the right side at the top. 

  

r=0.89 r=0.66 r=0.55 

r=0.5 r=1 r=0.96 

'Desmayo Largueta 'Tardona' 'Penta 
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Annex 6. Expression dynamics of candidate DEGs by qRT-PCR. Endodormancy release 

(between AB2 and B state) is indicated by a dashed line. Relative expression of genes is 

represented by means of technical replicates of RNA pools from season 2. Ecodormancy 

genes. Pearson correlation mean between relative expression to A and RPKM values of every 

cultivar is indicated on the right side at the top. Relative expression of 4-CL, STR, SWEET10 

and XET in ‘Penta’ samples is referred to the secondary Y axis. Relative expression of AIP2, 4-

CL and PBL15 in ‘Tardona’ samples is referred to the secondary Y axis. 
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11. RESUMEN 

Los frutales de clima templado, como el almendro, han desarrollado un 

mecanismo para asegurar su supervivencia durante el invierno. Este mecanismo es 

conocido como letargo y se caracteriza por la ausencia de crecimiento activo visible 

en el árbol. En esta fase, las yemas vegetativas y florales se encuentran protegidas de 

posibles daños debidos a las bajas temperaturas.  

La salida del letargo es un carácter dependiente del genotipo que, junto con la 

acumulación de calor, determina la época de floración de cada variedad. La salida del 

letargo requiere que se satisfagan unas determinadas necesidades de frío, que hacen 

que cuanto mayores sean, más tarde tenga lugar la época de floración. Retrasar la 

época de floración ha sido uno de los principales objetivos en los programas de 

mejora del almendro y las variedades tardías obtenidas han hecho posible la 

extensión del cultivo a zonas muy frías, nunca antes consideradas para la producción 

de almendra.  

Sin embargo, se han observado problemas de producción asociados a las 

varieades de floración tardía con altos requerimientos de frío, como floración 

irregular o bajo índice de cuajado, que pueden deberse, por una parte, a las altas 

temperaturas (insuficiente acumulación de frío) durante el letargo y por otra, a las 

altas temperaturas durante la floración y el periodo de maduración del fruto. Así 

mismo, las bajas temperaturas una vez se ha superado el estado de letargo, pueden 

afectar negativamente a la producción del árbol ya que las yemas son especialmente 

sensibles en este estado a la caída de las temperaturas. 

El letargo invernal se considera un estado cuantitativo cuya proceso de salida 

ocurre gradualmente. Diferentes procesos fisiológicos en especies del género Prunus 

se han observado durante la salida del letargo, como la formación de las tétradas 

durante el proceso de microsporogénesis, la diferenciación de los haces vasculares 

del xilema y la hidrólisis de carbohidratos, así como la toma de estos por el primordio 

de la yema floral. 

El control genético de la salida del letargo es objeto de estudio de numerosos 

investigadores y se han hecho importantes progresos al respecto. Especialmente, se 

ha caracterizado la familia DAM de factores de transcripción (DORMANCY 

ASSOCIATED MADS box), cuya expresión está asociada al mantenimiento del estado 

de letargo. Así mismo, factores de transcripción de la familia CBF (C-REPEAT BINDING 

FACTORs) y DREB (DEHYDRATION RESPONSIVE ELEMENT BINDING PROTEINS) juegan 

un papel en la respuesta a la acumulación de frío. Por otra parte, genes que regulan 

la época de floración en la planta herbácea modelo Arabidopsis se han estudiado en 

especies del género Prunus, así como genes relacionados con el fotoperiodo para el 

establecimiento del estado de letargo.  
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Además, se ha demostrado que los genes que codifican para enzimas 

relacionadas con la síntesis y metabolismo de las hormonas ABA (Acido Abscísico) y 

GAs (Giberelinas) están activamente implicadas, ya que el estado de letargo se 

relaciona directamente con el balance entre estas dos hormonas. 

El objetivo de la presente Tesis Doctoral ha sido el análisis de las bases 

genéticas y moleculares de la salida del letargo y la época de floración en almendro, 

para identificar marcadores moleculares asociados a estos caracteres agronómicos.  

Para ello, se han desarrollado los siguientes objetivos específicos: 1) La 

evaluación de la acumulación de frío para la salida del letargo usando diferentes 

modelos y la evaluación de la acumulación de calor para florecer en variedades de 

almendro con distintas época de floración; 2) La evaluación del efecto de diferentes 

temperaturas controladas en la época de floración, el índice de cuajado y las 

características del fruto y la época de maduración en variedades de almendro con 

distinta época de floración; 3) El análisis de expresión de genes candidatos asociados 

a la salida del letargo y a la época de floración en variedades de almendro y su 

evaluación como marcadores de expresión potenciales de la salida del letargo y la 

época de floración; 4) La identificación de nuevos marcadores de expresión mediante 

la secuenciación masiva del transcriptoma de yemas de flor en estado de letargo y 

fuera de letargo de variedades de almendro con distintos requerimientos de frío y 5) 

La identificación de marcas epigenéticas basadas en la metilación del ADN de yemas 

de flor en estado de letargo y fuera de letargo, en variedades de almendro con 

distinta época de floración. 

El material vegetal utilizado en los ensayos consistió en la variedad tradicional 

de almendro ‘Desmayo Largueta’, de floración extra-temprana y maduración tardía; la 

variedad de floración extra-tardía y maduración temprana ‘Penta’ y la variedad de 

floración ultra-tardía y maduración tardía ‘Tardona’, ambas procedentes del 

Programa de Mejora del CEBAS-CSIC (Murcia). Los árboles de los que proviene el 

material vegetal se encuentran en la finca experimental “Tres Caminos” localizada en 

Santomera (Murcia). Para la evaluación de la salida del letargo se utilizó material 

vegetal consistente en varetas de almendro recogidas en la finca experimental de 

Santomera durante tres años (2014-2017). Para los análisis moleculares se recogieron 

yemas florales en distintos estados de letargo y fuera de letargo durante dos años 

(2015-2017).  

Respecto al Objetivo 1) planteado en esta Tesis, la acumulación de frío se 

monitorizó para cada variedad (‘Desmayo Largueta’, ‘Penta’, ‘Tardona’) hasta que ésta 

había salido del letargo. Para llevar a cabo la evaluación de la salida del letargo, 

varetas recogidas en el campo fueron sometidas a condiciones de forzado en cámara 

controlada, y se evaluó la evolución fenológica a los diez días. La acumulación de 

calor se monitorizó desde el momento de salida de letargo hasta la época de 

floración de cada variedad en el campo. 
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La evaluación de la acumulación de frío para la salida del letargo mediante 

diferentes modelos y la evaluación de la acumulación de calor para florecer en 

variedades de almendro en condiciones naturales, mostró una mayor precisión del 

Modelo Dinámico, sobre el Modelo Richardson, sobre todo en los inviernos cálidos. 

La acumulación de calor para florecer aumentó en todas las variedades de estudio 

cuando la acumulación de frío fue menor. Así mismo, se observó una disminución en 

la productividad de las variedades tardías cuando la acumulación de frío durante el 

invierno fue insuficiente.  

Respecto al Objetivo 2) planteado en esta Tesis, se utilizaron almendros 

cultivados en macetas que fueron transferidos en otoño a una cámara controlada 

(cámara de otoño, 20ºC) para prevenir la acumulación de frío. Dos macetas de 

almendros extra-tempranos (de la variedad ‘Desmayo Largueta’) y ultra-tardíos (de la 

variedad ‘Tardona’) respectivamente fueron sometidos a distintos tratamientos de 

temperatura en una cámara de invierno (7ºC), para hacer coincidir su salida del 

letargo. Una vez concluido el periodo de acumulación de frío, cada pareja de macetas 

fue llevada a un invernadero (cámara de primavera) donde pasaron el periodo de 

acumulación de calor para florecer, y esto se hizo semanalmente para cada 

tratamiento (pareja de almendros extra-tempranos y ultra-tardíos) durante diez 

semanas. Los almendros fueron polinizados en el invernadero y posteriormente 

transferidos a un abrigo sombreado donde tuvo lugar la maduración del fruto. 

El control de la temperatura durante el letargo permitió retrasar la floración de 

la variedad extra-temprana, y de adelantar su época de maduración. El retraso en la 

floración de los diferentes tratamientos supuso un retraso gradual de la época de 

maduración. En el caso de la variedad ultra-tardía no se consiguió avanzar 

sustancialmente la floración. Las necesidades de calor para florecer fueron menores 

en la varieadad extra-temprana que en la ultra-tardía, y se observo una tendencia a 

disminuir el periodo de tiempo para florecer a lo largo de los tratamientos, 

relacionado probablemente con las temperaturas en el invernadero. Además, se 

observó que la floración en la variedad ultra-tardía fue deficiente debido a que las 

yemas florales no completaban su desarrollo y caían, lo que pudo estar relacionado 

con la brotación y de las yemas vegetativas y el crecimiento de las hojas. El 

escalonamiento de la floración no tuvo un efecto directo sobre el cuajado y las 

características del fruto estudiadas (peso del fruto, peso de la semilla y rendimiento). 

En concreto, estos valores fueron menores que aquéllos observados en condiciones 

naturales.  
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Respecto al Objetivo 3) planteado en esta Tesis, el estudio de genes 

candidatos asociados a la salida del letargo y la época de floración permitió la 

caracterización de un marcador potencial de la salida del letargo, correspondiente al 

gen de la peroxidasa 40 (PdP40). La actividad peroxidasa total de las yemas de flor, 

antes y tras la salida del letargo también fue analizada.  

El marcador potencial PdP40 procede de un escrutinio realizado mediante PCR 

cuantitativa entre genes candidatos asociados a la salida del letargo y la época de 

floración previamente descritos en especies del género Prunus. La secuencia 

codificante del gen PdP40 reveló diferencias entre las secuencias de las variedades 

‘Desmayo Largueta’ y ‘Penta’ y la variedad ‘Tardona’. 

Respecto al Objetivo 4) planteado en esta Tesis, se llevó a cabo un ensamblaje 

de novo del transcriptoma, teniendo en cuenta los datos de secuenciación de las 

variedades de almendro ’Desmayo Largueta’, ‘Penta’ y ‘Tardona’ en estados de 

letargo comparables (letargo, fuera de letargo, estado intermedio). El estado 

intermedio fue seleccionado en base a la inducción de la expresión del gen PdP40 

analizado previamente. Un total de 1064 DEGs durante la salida del letargo fueron 

obtenidos por filtración en base a su coeficiente de variación entre muestras 

correspondientes a distintos estados de letargo en las tres variedades de almendro 

analizadas. A partir de esta primera selección se obtuvieron cuatro grupos de genes 

agrupados por su patrón de variación mediante clusterización jerárquica.  

De esta manera se obtuvieron tres grupos de genes cuya expresión aumenta 

durante la salida del letargo y un grupo de genes cuya expresión disminuye durante 

la salida del letargo. Genes candidatos relacionados con la salida del letargo fueron 

seleccionados entre estos grupos, y su patrón de expresión fue analizado mediante 

PCR cuantitativa en muestras de dos años diferentes. Entre estos genes se encuentran 

aquellos relacionados con el transporte célula a célula y la degradación de los 

depósitos de callosa en los plasmodesmos, así como genes codificantes para enzimas 

biosintéticas de carbohidratos.  

Además de estos genes, otros genes identificados mediante el análisis 

OrthoMCL a partir de la comparación con transcriptomas de cerezo y kiwi, fueron 

seleccionados para la validación del RNA-seq. En conclusión, los resultados de la 

secuenciación masiva del transcriptoma (RNA-seq), llevaron a la identificación de 

nuevos genes candidatos asociados a la fase de letargo y fuera de letargo. Además, 

fue posible identificar genes cuyo patrón de expresión durante la salida del letargo 

(basado en el coeficiente de variación entre muestras) está asociado a genotipos de 

almendro temprano y tardíos, respectivamente. Este es el caso de genes relacionados 

con resistencia a patógenos y proteínas de unión a ADN del tipo RICESLEEPER. 

Respecto al Objetivo 5) planteado en esta Tesis, se llevó a cabo la técnica de 

epi-genotipado mediante secuenciación (epiGBS), que conlleva la digestión de ADN 

genómico y la ligación de adaptadores de secuenciación para la preparación de una 

librería. La detección de variantes en la metilación de citosinas (5mC) se basa en el 
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tratmiento del ADN con bisulfito. Los fragmentos secuenciados y que mostraron 

metilación diferencial fueron mapeados en el genoma del melocotonero para 

obtener la información de las regiones codificantes diferencialmente metiladas entre 

muestras.  

 Se observó que los fragmentos diferencialmente metilados se localizaron con 

más frecuencia en exones e intrones de los genes, seguido de las regiones aguas 

arriba y aguas abajo. Los resultados mostraron que en general, y a pesar de la 

limitada representación del genoma en la librería secuenciada, el estado de 

metilación depende más de la variedad (genotipo) que del estado de desarrollo 

(letargo/fuera de letargo). Los resultados del análisis de metilación diferencial de 

ADN de yemas de flor en distintos estados de letargo, permitió la identificación de 

genes (ortólogos de melocotonero) diferencialmente metilados en yemas de flor en 

estado de letargo, respecto a yemas activas, como es el caso del gen codificante para 

una proteína MAPK (MITOGEN-ACTIVATED PROTEIN KINASE) y una lipasa del tipo 

GDSL (motivo Glicina, Aspartato, Serina y Leucina) y genes diferencialmente 

metilados en yemas del almendro extra-temprano (‘Desmayo Largueta’) respecto a 

las del extra-tardío (‘Penta’), como LHY (LATE ELONGATED HYPOCOTYL) HSP 

(HYDROPHOBIC SEED PROTEIN), FAR1 (FAR RED IMPAIRED RESPONSE1) y genes 

involucrados en la regulación de la respuesta a auxina (ARFs, AUXIN RESPONSE 

FACTORS). 
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