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Abstract

:

In plants, fruit ripening is a coordinated developmental process that requires the change in expression of hundreds to thousands of genes to modify many biochemical and physiological signal cascades such as carbohydrate and organic acid metabolism, cell wall restructuring, ethylene production, stress response, and organoleptic compound formation. In Prunus species (including peaches, apricots, plums, and cherries), fruit ripening leads to the breakdown of complex carbohydrates into sugars, fruit firmness reductions (softening by cell wall degradation and cuticle properties alteration), color changes (loss of green color by chlorophylls degradation and increase in non-photosynthetic pigments like anthocyanins and carotenoids), acidity decreases, and aroma increases (the production and release of organic volatile compounds). Actually, the level of information of molecular events at the transcriptional, biochemical, hormonal, and metabolite levels underlying ripening in Prunus fruits has increased considerably. However, we still poorly understand the molecular switch that occurs during the transition from unripe to ripe fruits. The objective of this review was to analyze of the molecular bases of fruit quality in Prunus species through an integrated metabolic, genomic, transcriptomic, and epigenetic approach to better understand the molecular switch involved in the ripening process with important consequences from a breeding point of view.
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1. Introduction


In the plant kingdom, fruit ripening is a coordinated process that requires the change in expression of hundreds to thousands of genes to modify many biochemical and physiological signals including carbohydrate and organic acids metabolism, cell wall restructuring, ethylene production, stress response, and organoleptic compound formation. Several studies have tried to comprehend the main processes that take place during the transformation between a green fruit to ripe fruit, understanding horticultural maturity as the moment when the “plant or plant part possesses the prerequisites for utilization by consumers for a particular purpose” [1]. Ripening was also described by this author as “the composite of processes that occur from the later stages of growth and development through the early stages of senescence and that results in characteristic aesthetic and/or food quality, as evidenced by changes in composition, color, texture, or other sensory attributes” [1]. Ripening is a well-known step of fruit development and has been extensively studied because of the importance of accurately describing the exact point where the fruit expresses greater nutritional and economic value. Senescence is the process that follows fruit ripening and leads to the death of tissue. Though it is not lethal, senescence increases the susceptibility to disease, injury, dehydration, or microbial invasion. It is hard to discriminate between these stages since they sometimes overlap, but ripening includes processes like pigment accumulation and cell wall changes that are not usually involved in senescence processes [2].



Fruit ripening leads to the breakdown of complex carbohydrates into sugars, fruit firmness reductions (softening by cell wall degradation and cuticle properties alteration), color changes (loss of green color by chlorophylls degradation and increase in non-photosynthetic pigments like anthocyanins and carotenoids), acidity decreases, and aroma increases (production and release of organic volatile compounds) [3,4]. This process contributes to increased attractiveness and acceptance by consumers (Figure 1). Mainly, the composition of sugars, acids, color, and aroma depends on genetics; however, culture practices and environmental factors strongly influence fruit quality characters [5]. Understanding ripening mechanisms will make it feasible to implement agronomical strategies optimized to climatic conditions, enhance production, increase fruit quality, and facilitate the selection of new apricot varieties. Therefore, in this review, ripening was extensively studied because of the importance of defining exactly when a fruit displays the highest nutritional and economic value, thus rendering fruits more attractive and palatable due to the acquisition of fruit quality traits.



Additionally, fruit development is a regulated process unique to plants that involves three distinct steps: fruit set, fruit growth, and ripening. Fruit development finishes when the fruit is ripe and is defined as the optimum moment for harvest the fruit from the point of view of the consumer. Each step is controlled by genetic and environmental factors, influenced by culture practices. Each of these factors interacts in a multilevel process and triggers the coordinated action of master regulators, including hormone signaling, microRNAs, and epigenetic modifying genes [6]. On the other hand, the epigenetic regulation of gene expression has been recognized as remodeling gene expression during the ripening process [7,8], mainly by the DNA methylation of targeted loci involved in gene expression regulation. The presence of tissue-specific methylation patterns and the progressive demethylation of ripening-related gene promoters give tissue specificity and developmental stage-dependent gene expression that may be used as a strategy to monitoring ripening process [8,9].



In Prunus species including peaches, nectarines, (Prunus persica (L.) Batsch), prunes (Prunus domestica L.), Japanese plums (Prunus salicina Lindl), apricots (Prunus armeniaca L.) and sweet (Prunus avium L.) (2n = 2x = 16) and sour (Prunus cerasus L.) cherry fruits, four stages have been described during fruit development and ripening: S1: fruit growth; S2: green fruit; S3: changing color; and S4: physiological ripening (Figure 2). The beginning of S1 is characterized by fruit set and growth. A decrease in fruit growth at the S1/S2 transition is followed by endocarp lignification (stone hardening), from the middle of S2 to its end. The S3 phase begins with additional growth activation, mainly due to the increase in the number of cells, thus generating the second exponential growth phase. The maturation of the fruit is completed at the end of S3, and then the last ripening phase S4 occurs when the fruit fully develops its quality traits. The fruit developmental phases are determined using a mathematical model based on the first derivative of the growth cumulative curve, represented by a double sigmoid pattern. The identification and characterization of each phase of fruit growth are necessary for development studies and the precision harvesting of high quality fruits [10].



On the other hand, fruits have been classified into two physiological groups with two distinct ripening fruit mechanisms—climacteric and non-climacteric—based on the presence or absence of a ripening-associated rise of ethylene and an increase of the respiration ratio. In climacteric fruits, such as Prunus species, the ripening process is marked by an increased respiration ratio induced by ethylene, while in non-climacteric fruits, it is controlled by an ethylene-independent process with little change in the respiration rate [11]. The attribute acquisition during the ripening process in climacteric fruit differs among species, varieties, nutritional feeds, and environments. The most significant changes during ripening are represented in Table 1 [2,3]. In the final phase of fruit ripening, oxidative processes with the accumulation of hydrogen peroxide and membrane lipid peroxidation occur. The identification of enzymes from the cell antioxidant systems including catalase (CAT), peroxidase (POX), and superoxide dismutase (SOD)involved in the scavenging of reactive oxygen species (ROS), is a symptom of the onset of the senescence [12,13].



Prunus species, as climacteric fruits, have a short ripening period and shelf-life after harvest, with a fast period of softening. The fruit firmness, soluble sugar content, and color changes are the parameters used to define the maturity stage, where a loss of firmness during ripening is the main limitation for apricot harvesting and commercialization. Hence, apricot fruit is often harvested unripe and still firm, stored at low temperature for some time and then moved to market to extend the supply period [5,14].



Fleshy fruits are enriched in flavor, mineral compounds, dietary fiber, vitamins, and antioxidants that make them an essential component of the human diet [15]. In this sense, fruit quality is a crucial factor for fruit consumption and acceptance by consumers, mainly due to the current situation of high competition in the markets with the presence of numerous new cultivars. In the case of Prunus, fruit quality is a complex human concept that includes sensory characteristics (including texture, taste, and aroma), aesthetic attributes (appearance, defect presence, sphericity, density, and firmness), and functional and nutritional values [16]. Consumers cherish the beauty and aromatic flavor of high-quality Prunus fruits, while other parameters, such as large fruit size, ease of handling, minimum processing, and long post-harvest shelf-life, are especially considered by the fruit industry. Therefore, the requirements by consumers and the priorities of Prunus breeding programs have led to the evolution of fruit quality parameters in the last few decades, increasing fruit taste with a good balance of sugars and acidity, improving attractiveness with orange flesh and reddish blush colors, and improving post-harvest behavior and shelf-lives [9,16]. From the point of view of the consumers, these traits increase the attractiveness and acceptance of new Prunus cultivars enriched in phenylpropanoids, carotenoids, and other nutraceutical compounds highly beneficial for human health [17,18,19,20,21].



At this moment, the level of information on the molecular switch that occurs during the transition from unripe to ripe fruits is limited. Increasing this knowledge will have important consequences from a breeding point of view. During fruit development, fruit becomes ripe due to changes in physiological structure and biochemical composition, resulting in unique aesthetic and fruit quality traits. The regulation of this process is affected by various internal factors (epigenetic developmental signals, hormone signaling, microRNA regulation) and external factors (light, temperature, nutrition, humidity, and biotic and abiotic stress) involving exchanges between the fruit and its environment. Therefore, fruit should be examined as an integrated system of biological process network [22]. Most Prunus fruit quality traits, such as sugar content, acidity, fruit color, firmness, and enrichment in nutraceutical and antioxidant components are controlled by a polygenic expression, quantitatively inherited, and influenced by environment stimuli and internal signaling grow regulators. From the genomic point of view, the variation of these traits has been traditionally studied following quantitative genetics approaches such as the correlation of genetic marker–trait association analysis and transcriptomic analysis for differential gene expression in order to elucidate the implied molecular mechanism. Hence, integrated phenotypic, metabolomic, genomic, and transcriptomic analysis of this complex process must be addressed because of the many applications in breeding that are oriented towards the increase of fruit quality traits related to the handling, processing, marketing, and consumption phases [23].



The objective of this review was to analyze the molecular bases of fruit quality in Prunus species through an integrated metabolic, genomic, and transcriptomic approach while also discussing the application of new biotechnology tools to Prunus breeding programs for fruit quality traits.




2. Regulation and Signal Transduction during the Ripening Process


The level of information of molecular events at the transcriptional, biochemical, hormonal, and metabolite levels underlying ripening in climacteric and non-climacteric fruits has considerably increased in recent decades. However, we still poorly understand the developmental switch that occurs in hormone responsiveness during the transition from unripe to ripe fruits [9]. One of the most critical factors in the ripening process is the developmental switch triggered by growth regulators, such as hormone response, that determine the transition from unripe to ripe fruits. Plant hormones are involved in the control of various aspects of fruit development throughout the different stages, organs, and tissues, thus constituting a complex network. Considering that every species, even cultivars, have different responses to hormones, it has been proven in Prunus species that the combined action of auxins, gibberellins, and cytokinins plays a major role in the regulation of fruit attributes; although ethylene and abscisic acid cause the main effects of fruit ripening in all the species [24,25,26,27].



2.1. Ethylene


Ethylene was the first known gas with biological significance as a signaling molecule for plant growth and development. Ethylene directly affects seed germination, cell elongation, cell differentiation, sex determination, fruit ripening, fruit senescence, and abscission [28]. Ethylene is also a fundamental regulator of responses to biotic stresses such as drought, flooding, wounding, chilling, pathogen infection, and chemical damage [29]. During fruit ripening, two ethylene-responsive elements are registered in immature fruit. In non-climacteric fruits, system I is responsible for basal rate ethylene production, which is slow, inhibited by exogenous ethylene (auto inhibition), and detected in vegetative tissues during growth processes. System II operates during ripening in climacteric fruits and is autocatalytic. The presence of two ethylene-responsive systems that differ between climacteric and non-climacteric fruits suggests that climacteric fruits evolved to synthesize ethylene in an autocatalytic manner as a positive feedback loop to control ethylene synthesis during ripening [30,31].



In both systems, ethylene is regulated through three enzymatic reactions: (a) the precursor S-adenosyl-L-methionine (AdoMet) is converted to S-adenosyl methionine (SAM) by S-adenosyl-L-methionine synthetase (MAT); (b) 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) converts SAM to ACC; and (c) ACC oxidase (ACO) oxidizes ACC to release ethylene. The conversion of ACC to ethylene catalyzed by ACO is oxygen-dependent. However, under anaerobic conditions, ethylene formation is completely suppressed. Apart from ACC, ACS also produces 5′-methylthioadenosine (MTA), which is used for the synthesis of new methionine, thus ensuring high rates of ethylene biosynthesis [32,33,34,35,36].



Studies on the components of ethylene signaling have revealed a complex transduction pathway where the hormone is perceived by specifics receptors that initiate a transcriptional regulation cascade of genes underlying ripening-related traits including color, firmness, aroma, taste, and post-harvest shelf-life. Ethylene is perceived by ethylene receptor (ETR) and ethylene sensor (ERS) proteins. These receptors are negative regulators of ethylene signaling, and in the absence of ethylene, ERT activates the associated constitutive triple-response serine/threonine-protein kinase (CTR), acting as a negative regulator of the ethylene transduction pathway by suppressing the ethylene response via the inactivation of ethylene-insensitive (EIN) and ethylene-insensitive-like (EIL) proteins. The ethylene signaling cascade ends with the transcriptional activation of the transcription factors ethylene-responsive factors (ERFs), activated by EIN/EIL proteins. ERFs modulate the transcription of ethylene-regulated genes by binding to GCC-box type cis-elements present in their target promoters. It has also been suggested that the tetratricopeptide repeat (TPR) binds to ethylene receptors and leads to receptor degradation. These molecular regulators have been observed in different plant species including Prunus [32,33,36,37,38].



Ethylene is the main trigger of climacteric fruit ripening. Most biochemical changes associated with apricot ripening are under the control of ethylene [5]. A significant number of genes expressed during the transition of nectarine fruit from the preclimacteric to climacteric stages are not ethylene-regulated, but nevertheless a high upregulation of genes encoding transcription factors (TFs) belonging to several families like MADS-box, Auxine/indole acetid acid (IAA), basic leucine zipper domain (bZIP), basic helix–loop–helix (bHLH), homeodomain (HD )and myeloblastosis (Myb) [39]. In addition, treatments with the ethylene of unripe apricot fruit storage in cold conditions complete maturation by accelerating soluble solid accumulation, organic acid degradation, volatile organic compound (VOC) production, and fruit color change, thus leading to an improvement of apricot marketing [40,41,42]. CO2 is a competitive inhibitor of the ethylene effect, O2 is a substrate in the biosynthesis of ethylene, and ethylene oxide acts as an antagonist inhibitor of ethylene that delays the ripening process [28]. The compound 1-methylcyclopropane (1-MCP) can bind ethylene receptors as a competitive inhibitor that reduces ethylene action in fruit by suppressing the expression of genes related to fruit ripening, thus delaying the ripening process and prolonging storage life [41]. Aminoethoxyvinylglycine (AVG) acts as the most effective competitive inhibitor in the conversion of SAM to ACC, blocking ACS activity and reducing the rate of fruit softening in apricot during post-harvest with no effect in quality traits [43]. On the other hand, the application of ethephon, a long-lasting ethylene release compound, accelerates fruit ripening and abscission [44]. Therefore, there are multiple control levels of ethylene during ripening modulation [15].




2.2. Abscisic Acid


Abscisic acid (ABA) is an isoprenoid plant hormone. In higher plants, ABA is traditionally used to delay blooming, regulating seed dormancy and plant growth, and promoting ripening in climacteric and non-climacteric fruits [26]. ABA biosynthesis is derived from the oxidative cleavage of epoxy carotenoids like 9-cis-violaxanthin and 9-cis-neoxanthin by 9-cis-epoxycarotenoid dehydrogenase (NCED) to produce xanthoxin, the direct C15 ABA precursor [45]. In climacteric fruits, there is an accumulation of ABA content preceding climacteric ethylene production, reaching its maximum in fully ripe fruit and activating ethylene biosynthesis genes. A decrease of ABA was found to be correlated with an increase of ethylene, which is also related to a decrease of fruit firmness. In addition, a decrease of ABA is correlated with an increase in the sugar–acid ratio during the fruit ripening process. Thus, ABA may act as an original inducer for maturation in relation to ethylene action/perception [46]. Additionally, exogenous treatment with ABA accelerates the ripening process and increases the respiration rate when applied to pre-climacteric fruit but inhibits these processes when applied to post-climacteric fruit. The reduction of ABA content by biosynthetic inhibitors effectively delays maturity and softening [47].




2.3. Auxin


Auxins are compounds with an aromatic ring and a carboxylic group. Auxin modulates the response to light and gravity, general root and shoot architecture, organ patterning, vascular development, and plant growth. The effect of auxin differs between climacteric and non-climacteric fruits. Meanwhile, in climacteric fruits, auxin seems to accelerate the ripening process, and in non-climacteric fruit, auxin can negatively control the ripening [9,39]. In climacteric fruits like peaches, a concomitant increase of ethylene and auxin has been shown to exist. Instead, auxin plays an individual role during ripening, regulating the expression of different genes; thus, the hypothesis that cross-talk between auxin and ethylene existence has been supported [3].




2.4. Gibberellins


Gibberellins (GAs) are tetracyclic diterpenoids acids with an ent-gibberellane ring system. In apricots, the presence of GA1, GA3, GA5, GA6, GA8, GA29, and GA32 [48] has been described, and GA3 was found to be used in phytochemical treatments to induce the abscission of floral buds [49]. GAs play a stimulatory role in fruit development, enhancing cell division and enlargement, developing in parthenocarpic fruits when applied during fruit hardening, and delaying fruit ripening by decreasing ethylene release. This ethylene decrease is responsible for increasing fruit firmness, thus reducing susceptibility damage by mechanical compression and increasing time for fruit growth so that the fruit may reach a larger size. Gibberellin application during fruit set decreases flower bud populations for the following season, thus thinning the tree without phytotoxic effects, which may also increase fruit size due to the elimination of the competitive effect between developing fruits [50,51,52]. The application of GA in combination with ethephon, an ethylene long-lasting release compound used in agronomical treatments, can prevent the browning of pureed and sliced peaches [50]. On the hand, ethylene and ABA seem to be the antagonists of GA [53].




2.5. Cytokinins


Cytokinins (CKs) are N6-substituted adenine derivatives that play a crucial role during plant growth and development, including cell division, shoot initiation and growth, leaf senescence, apical dominance, sink/source relationships, nutrient uptake, phyllotaxis, vascular gametophyte and embryonic development, and responses to biotic and abiotic factors [54]. Endogenous levels of CKs induce fruit growth via the stimulation of cell division and could act by inhibiting auxin responses, at least partially, during fruit set and growth to increase fruit size [25].




2.6. Jasmonates


Jasmonates (JAs) are a class of oxylipins that induce a wide variety of higher-plant responses. In peaches, lipoxygenase (LOX), responsible for catalyzing the hydroperoxidation of polyunsaturated fatty acids to initiate the synthesis of oxylipins, was reported to increase at the early ripening stage and decrease in ripe fruit [55]. Using a peach as a model fruit regarding the effect of JAs during the ripening processes showed that exogenous JAs led to a ripening delay [56].





3. Determination of Ripening Date


The ripening date is an essential trait that defines the optimum harvesting moment. The ripening date is the moment of optimal physiological maturity when considering the conjunction of the main features of fruit quality. During ripening processes, hundreds of genes affecting firmness, skin and flesh color, sugar and acidity balance, and aroma are down- and up-regulated. The harvest date may vary from the ripening date because it is defined by growers based on a balance between high fruit quality, easy agricultural management, and the procurement of the greatest economic benefit. The selection of early or late harvesting varieties extends the marketed season by extending the production period. In this sense, the ripening date is one of the main Prunus breeding objectives, particularly for releasing extra-early ripening cultivars due to high market prices [3,5,57].




4. Fruit Color Development: Pigment Biosynthesis, Accumulation, and Degradation


Fruit color is one of the main external traits of apricot fruits perceived by consumers as an indicator of maturity, organoleptic quality, or attractiveness. During the ripening process, apricot skin color changes dramatically in a wide range from green to white, yellow, orange, or red, depending on the cultivar. This color change is due to the developmental transition from chloroplast to chromoplast as result of the degradation of chlorophyll and the dismantling of the photosynthetic apparatus, the biosynthesis of colored compounds like anthocyanins and carotenoids allow the accumulation/transformation of these compounds in different tissues or cellular components. The accumulation of pigments in fruits occurs during the ripening stage concomitantly with changes in firmness, sweetness, acidity, and aroma, and the distribution of pigments is subject to considerable variation between species and varieties [58].



During ripening and between maturity stages, apricot skin color changes dramatically from green to white, yellow, orange, red, or pink. The color change during fruit ripening is mainly due to the degradation of chlorophyll and the dismantling of the photosynthetic apparatus, the biosynthesis of different types of phenolic compounds like anthocyanins and carotenoids, and the later accumulation of carotenoid compounds in different tissues [3]. The red color is an attractive feature in apricot fruit and could have a great commercial impact, although this feature may be confusing regarding the optimal time of harvest [59]. Otherwise, the level of phenolic compounds is a key in food taste; it participates in the bitter, sweet, pungent, or astringent tastes of some products [60].



Though the flavonoid/anthocyanin biosynthetic pathway is well-understood, it is not clear how the initial precursors found in the cytosol are converted into the final pigment compounds, including β-cryptoxanthin, in the vacuole [58].



4.1. Anthocyanins


Anthocyanins are flavonoid compounds that are synthesized via the phenylpropanoid pathway. They are widely distributed secondary metabolites that play an essential role in skin pigmentation and antioxidant protection. These compounds are one of the best-characterized secondary metabolites, highly conserved among plants and microorganisms and providing a wide range of colors from orange/red to violet/blue. In Prunus fruits, an un-blushed skin color, which is green at the beginning that becomes red in conjunction with chlorophyll degradation and anthocyanin accumulation, seems to occur early in fruit development and maturation. In addition, the blushed side of apricot fruit corresponds to the sun-exposed side of the fruit. Additionally, different environmental conditions (year, location, and climate) appear to influence anthocyanin accumulation in apricots [59]. Thus, the development of a red blush in the skin is one of the most attractive features in apricot fruit with a tremendous commercial impact [61].



Initially the anthocyanin biosynthesis pathway stars from the key amino acid phenylalanine to produce 4-coumaryl Co-A by phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), and 4 coumarate coenzyme A (CoA) ligase (4CL). In addition, the phenylpropanoid biosynthesis pathway stars from the amino acid L-phenylalanine to produce cinnamic acid by phenylalanine ammonia-lyase (PAL); cinnamic acid is transformed into p-coumaric acid by C4H, and then 4CL is added to p-coumaroyl CoA. Chalcone synthase (CHS) catalyzes the synthesis of chalcone, containing two phenyl rings, from one molecule of 4-coumaroyl CoA and three molecules of malonyl CoA, the principal precursors for all flavonoids. Chalcone is stereospecifically isomerized to the colorless flavanones by chalcone isomerase (CHI). Flavanones could be hydroxylated at different positions by flavonoid 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), or flavonoid 3′5′-hydroxylase (F3′5′H) to yield dihydroflavonols. Dihydroflavonol reductase (DFR) catalyzes the reduction from dihydroflavonols to leucoanthocyanidins, while flavonol synthase (FLS) leads to flavonols. CHS, CHI, F3H, F3′H, and F3′5′H are codified by early anthocyanin biosynthesis genes (EBGs). Leucoanthocyanin or anthocyanidin synthase (ANS) catalyze the synthesis of corresponding colored anthocyanidins. Anthocyanidins are initially 3-glycosylated by the action of uridine 5′-diphospho-glucuronosyltransferase (UDP) flavonoid 3-O-glucosyltransferase (UFGT), whose activity is required to catalyze the formation of stable glycosylated anthocyanins and is an important branching point enzyme that drives the pathway towards anthocyanins. In the absence of UFGT activity, the flux may be redirected towards other upstream flavonoid branches, such as the proanthocyanidin branch that yields flavonols. The late biosynthesis anthocyanins genes (LBGs) codify the enzymes of the last steps DFR, ANS, and UFGT. Flavonoid glycosides, including anthocyanins, after being synthesized in the cytosol, are usually transported into the vacuole, where they exhibit their brilliant colors. The transport mechanism of anthocyanins from the cytosol to the vacuole is facilitated by multidrug resistance and the toxic compound-like protein ATP-binding cassette transporter. Another transporter implicated in secondary metabolite transport is the multidrug and toxin efflux transporter (MATE) anthocyanin [62,63,64,65] (Figure 3).



The biosynthesis, accumulation, distribution, and degradation of anthocyanins in different plant tissues are determined by the expression pattern of structural and regulatory genes and environmental conditions. Anthocyanins are water-soluble, synthesized in the cytosol, and localized in the vacuoles of many flowers, leaves, fruits, seeds, and other tissues [58]. In peaches, apricots, plums, and grape berries, it has been shown that anthocyanins accumulate more in the skin than in the flesh [60,61,66,67]. In addition to modifications of their structures through the incorporation of different aromatic or aliphatic moieties, their specific color also depends on the environmental pH, co-existing colorless compounds (flavones and flavonols), and the presence of metal ions [58]. A total of 19 types of anthocyanins have been described, but six anthocyanins occur most frequently in plants: pelargonidin, cyanidin, peonidin, delphinidin, petunidin, and malvidin. The major compounds are cyanidin-3-O-rutinoside, cyanidin-3-O-glucoside, and peonidin-3-O-rutinoside [68,69]. Except for the last steps where the anthocyanins are decorated and translocated into the vacuole, anthocyanin biosynthesis is well-known [62,64,65,70,71].



The regulatory mechanism of anthocyanin biosynthesis is conservative but slightly different between species. The interaction between the R2R3- myeloblastosis (MYB), bHLH, and beta-transducin repeat (WD40) transcription factors (TFs), as well as their different combinations, in forming the MYB-bHLH-WD40 (MBW) ternary complex and joining gene promoters, determines the spatial and temporal expression of anthocyanin biosynthesis genes [62,72]. In apricots, environmental conditions, such as light and temperature, have been reported to have marked effects on anthocyanin biosynthesis and accumulation [59]. Anthocyanins are widely distributed secondary metabolites among plants that play important roles in the pigmentation of fruits. The pathway of anthocyanin biosynthesis is the best-characterized secondary metabolic pathway and is conserved among seed plants. Anthocyanins are flavonoids with a basic structure of C6-C3-C6 and the widest color range from pale yellow to red, purple, violet, and blue, depending on the molecule structure and vacuole pH. Flavonoids may be classified into six major groups, such as chaconnes, flavanones, flavonols, flavandiols, anthocyanins, and condensed tannins (or proanthocyanidins); a seventh group, the aurones, is widespread but not ubiquitous. Some plants also synthesize specialized forms of flavonoids, such as the isoflovonoids that are found in legumes and small number of non-legumes plants [73]. Anthocyanins are produced by a specific branch of the flavonoid pathway. Flavonoid biosynthesis genes are highly conserved at the structural and functional levels among species and are organized in different branches that lead to the production different flavonoids. Some branches are species-specific, whereas others are almost ubiquitous. Each branch is controlled by similar R2R3-MYB regulatory genes in combination or not with bHLH and WD40-type regulatory genes, whereas in most species, the anthocyanin branch is controlled by a ternary complex of MYB-bHLH-WD40 TFs. A well-known physiological functions of the anthocyanin pigments and flavonol co-pigments include the recruitment of pollinators and seed dispersers, the signaling between-plant-and-microbe defense as antimicrobial agents, and the UV protection. Six anthocyanidins occur most frequently in plants: pelargonidin, cyaniding, peonidin, delphinidin, petunidin, and malvidin. The sugars commonly linked to anthocyanidins are monosaccharides (glucose, galactose, rhamnose, and arabinose) and di- or tri-saccharides formed by the combination of the four monosaccharides. Moreover, many anthocyanins have sugar residues acylated with aromatic or aliphatic acids [73].



The biosynthesis, accumulation, distribution, and degradation of anthocyanins in different plant tissues are regulated by genetic and environmental conditions, and these factors finally determine the expression pattern of the structural and regulatory genes of the metabolic pathway [72]. In Prunus species, anthocyanin accumulation is responsible for yellow and red coloration in plums [65,74], apricots [59], peaches [63], and sweet cherries [75]. In addition, anthocyanins provide a wide range of colors ranging from orange/red to violet/blue. A total of 19 types of anthocyanins, aglycons, or chromophores of anthocyanins are known at this moment, but there are only six major ones widely present in fruits: pelargonidin, cyaniding, peonidin, delphinidin, petunidin, and malvidin. Anthocyanins are modified by glycosyl moieties in versatile ways in a family- or species-specific manner. From the biochemical point of view, anthocyanins are most frequently O-glycosylated at the C3-position, followed by the C5-position. The glycosylation of anthocyanins results in a slight reddening. The glycosyl moieties of anthocyanins are commonly modified by aromatic and/or aliphatic acyl moieties. Aromatic acylation causes a blue shift and stabilizes anthocyanins in many plant species [58].



In peaches, the highest accumulation of anthocyanins has been found to be around the stone in the fruit mesocarp. Anthocyanin concentration increases in the skin, reaches a maximum and then decreases toward the end of maturation. There are three possible explanations for the anthocyanin decrease in the skin of mature fruits. The first involves the degradation of anthocyanins, molecules which are known to be unstable in weakly acidic conditions. The second explanation involves a dilution effect induced by fruit growth due to fruit growth being faster than anthocyanin biosynthesis. Thirdly, peeling becomes difficult as fruit ripening progresses, thus yielding two consequences: the inclusion of flesh particles in skin preparation and a longer duration of skin preparation that allows for the increased oxidation of polyphenols. In Prunus species, CHS, F3H, DFR, and UFGT, as well as localized acquired resistance (LAR) and activator of anaerobic (ANR), are expressed at higher levels in the peel and around the stone and at lower levels, sometimes at background levels, in the mesocarp. The transcript levels of genes encoding enzymes at the top (CHS) and end (UFGT) of the anthocyanin pathway are much higher than those of other biosynthetic genes. A positive correlation between gene expression and anthocyanin content was found for F2H, DFR, and UFGT [63]. Additionally, a correlation between the expression of the anthocyanin biosynthetic UFGT and the anthocyanin concentration in the peel at the early and late stages of fruit development was reported [64], although their transcript level was extremely low [63].



In the peach genome, three main MYB10-like and three bHLH-like TFs have been identified as being linked to anthocyanin biosynthesis including MYB10.1 (ppa026640m), MYB10.2 (ppa016711m), and MYB10.3 (ppa020385m) located within 80 kb on linkage group (LG) 3, as well as within the two closest DNA markers (CC2 and CC12A) to the Ag trait [63]. The maximum expression of all three genes is found in the flower, while in the mesocarp, expression during ripening was relevant only for MYB10.1 and MYB10.3. Three peach bHLH TFs are also involved in the regulation of flavonoid biosynthesis (bHLH3, ppa002884m; bHLH33, ppa002645m; and GL3, ppa002762m). However, only bHLH3 has been found to increase during fruit ripening. Nonetheless bHLH3, with bHLH33 and GL3, is also expressed during fruit growth, possibly participating in the control of the synthesis of other flavonoids or in other developmental programs, such the JA response pathway. Finally, a third regulator, a WD40-repeat protein, is involved in the regulation of anthocyanins biosynthesis. A peach WD40-repeat protein (ppa08187m) is expressed in high levels during ripening; however, this constitutive regulator is only present as a single copy in peach genome [63].



In apricot fruits, the un-blushed skin color, green at the beginning, becomes red in conjunction with chlorophyll degradation and anthocyanin accumulation, which seems to occur early in fruit development and maturation. In addition, the blushed side of apricot fruits corresponds to the sun-exposed side of the fruit. Additionally, different situations (year, location, and climate) appear to influence anthocyanin accumulation in apricot. The major compound in apricot fruit skin is cyanidin-3-O-rutinoside, followed by cyaniding-3-O-glucoside, and peonidin-3-O-rutinoside [59]. Apricot species present the largest variability in fruit color of Prunus species, ranging from white (‘Moniqui’) and orange (‘Goldrich’) to fruits largely covered with a strong red blush such as ‘Orange Red’. Intervarietal crosses have been performed between different contrasted cultivars, and recombinant hybrids have been obtained to study their physical and physiological behavior together with the genomic expression of their target genes [42,59,61,76,77,78].



In sweet cherry, 13 candidate genes that are responsible for anthocyanins in fruit have been identified from differentially expressed genes (DEGs) between red and yellow sweet cherry varieties during the ripening process. The genes belonging to anthocyanins biosynthesis pathway are PAL, 4CL, CHS, CHI, F3H, F3′H, DFR, ANS, and UFGT. The expression of these 13 genes exhibits distinctive patterns in the two varieties. In red sweet cherry, all the DEGs encoding anthocyanin biosynthesis shows a significantly upregulated expression during the ripening process, particularly when the fruit turns red (S3 and S4) [75]. In contrast, all the DEGs encoding anthocyanin biosynthesis in fruit of a yellow cultivar show significantly downregulated expression during the beginning of the ripening process (S1 and S2) and remain at a low expression level at the end (S3 and S4). The expression levels of PAL, CHS, and F3′H in the red fruit are lower than those of the yellow fruit at S1. However, in S3 and S4, the expression levels of PAL, 4CL, CHS, CHI, F3H, DFR, F3′H, ANS, and UFGT in the red fruit are higher than those of the yellow fruit. This indicates that the biosynthesis of anthocyanin compounds are maintained at high levels in the red cultivar when the fruit is turning red at the end of the ripening process. However, there are no significant changes in the expression of UFGT in a yellow cultivar, and a gradual increase expression of this gene is correlated with the accumulation of anthocyanidins in the red cultivar; therefore, UFGT may play a key role in sweet cherry coloration [75].



In the case of the Japanese plum, TFs of the subfamily R2R3MYB of the MYB gene family are associated with the regulation of anthocyanin biosynthesis. Analyses have shown that a sustained increase in the expression of PsMYB10 begins in S2 (Figure 2) in the skin of all red cultivars, and it continues until S4, showing the highest positive correlation with anthocyanin accumulation and LDOX and UFGT gene expression. These results suggest a putative function of PsMYB10 in the regulation of the transcriptional control during anthocyanin biosynthesis. On the other hand, there is a significant negative correlation between anthocyanin accumulation, LDOX and UFGT gene expression, and the highest expression of PsMYB1 at all yellow tissues. These genes participate in the synthesis of proanthocyanidins, which are abundant in S1 step. Late genes UFGT and LDOX show expression peaks in the S3 and S4 stages in the skin of Japanese plum red cultivars. All tissues without anthocyanin accumulation present a minimal expression of both LDOX and UFGT at all development stages, while pigmented tissues have an increased expression of them, suggesting that both genes are expressed in a coordinated manner during changes of fruit color. However, a major correlation between the amount of anthocyanins and gene expression in skin and pulp was found with LDOX expression. This evidence suggested that CHS is the key regulation point in the flavonoid pathway, which participates in the incorporation of phenolic compounds to the biosynthesis of proanthocyanidins and anthocyanins, whereas LDOX gene expression and its regulation could be crucial for anthocyanin biosynthesis during fruit development in this species [64,65].



The modification of the sequence of TFs may affect the regulation of anthocyanin biosynthesis. In red grape cultivars, anthocyanin biosynthesis is controlled by a complex genetic locus with two MYB genes (VvMYBBA1 and VvMYBA2) that regulate UFGT and the last steps of the anthocyanin pathway. These genes are inactive in some white grape cultivars due to a retrotransposon insertion in the promoter region of VvMYBA1 and non-conservative substitutions in the coding region of VvMYBA2 [79]. In addition, the existence of a link between the regulatory genes controlling fruit ripening and the down-stream anthocyanin pathway has been described. A MADS-box TF, VmTDR4 from bilberry (Vaccinium myrtillus L.) appears to control anthocyanin accumulation during fruit ripening via the direct or indirect control of the expression of the R2R3-MYB gene VmMYB2. When VmTDR4 is silenced by virus-induced gene silencing, the expression of VmMYB2, CHS, and other anthocyanin-specific biosynthesis genes (DFR and ANS) is reduced and two-to-three fold less anthocyanins are produced [80].



Finally, the influence of agro-climatic and environmental conditions has been reported to have a marked effect on anthocyanin biosynthesis and accumulation. Anthocyanin biosynthesis is enhanced by light, and MYB TFs appear to be the primary determinants of fruit pigmentation in response to light in red apples [81]. In red apricots, agro-climatic conditions control anthocyanin biosynthesis. The stability of the red skin character was studied over two successive years on two apricot cultivars located in different orchards, and they were found to display significant differences in anthocyanin concentration between years. The significant differences may reflect differences of climate and cultural practices among locations, including differences in light radiation, temperature, water stress, and/or mineral nutrient availability [73]. Temperature and, in particular, the difference between day and night temperatures have been reported to have a marked effect on anthocyanin accumulation in apples, berries, plums, grapes, and pomegranates [60]. On the other hand, in apple fruit skin, ultraviolet-B (UV-B) radiation and low temperature are important factors for anthocyanin accumulation because they induce the expression of the anthocyanin biosynthetic genes, especially CHS, ANS, and UFGlut, an analogue to UDP-glucose [82].




4.2. Flavonoids


In plants, flavonoids are synthetized in the cytosol. The biosynthetic enzymes belong to various enzymes families, such as 2-oxoglutarate-dependent dioxygenase (OGD), cytochromes P450 (P450), and glucosyltransferases (GT), which suggests that plants recruit theses enzymes from pre-existing metabolic pathways. The EBGs are chalcone synthase, chalcone isomerase, flavanone 3-hydroxylase, flavonoid 3′-hydroxylase, flavonoid 3′5′-hydroxylase, and dihydroflavonol 4-reductase, which lead to the production of flavonols [58]. The LBGs, including anthocyanidin synthase/leucoanthocyanidin dioxygenase, anthocyanidin reductase, leucoanthocyanidin reductase and UDP flavonoid 3-O-glucosyl transferase, lead to the production of proanthocyanidins in seeds and anthocyanins in vegetative tissues. On the other hand, CHS, a polyketide synthase, is the first enzyme in the pathway and catalyzes the synthesis of narengine chalcone (THC), a chalcone containing two phenyl rings from one molecule of 4-coumaroyl CoA and three molecules of malonyl CoA, the main precursors for all flavonoids. In addition, (2S)-naringenin is hydroxylated at the 3-position by flavanone 3-hydroxylase (F3H) to yield (2R,3R)-dihydrokaempferol. F3H belongs to the OGD family, yielding dihydroflavonols. F3H also catalyzes the hydroxylation of eriodyctiol and pentahydroxyl flavanones to dihydroquercetin and dihydromyricetin, respectively. Flavonoid 3′-hydroxylase (F3′H) and flavonoid 3′,5′-hydroxylase (F3′5′H), which are P450 enzymes, catalyze the hydroxylation of dihydrokaempferol (DHK) to form (2R,3R)-dihydroquercetin and dihydromyricetin, respectively. F3′H and F3′5′H determine the hydroxylation pattern of the B-ring of flavonoids and anthocyanins, which are necessary for leucocyanidin and leucodelphinidin production, respectively. Initially, dihydroflavonol 4-reductase (DFR) catalyzes the reduction from dihydriflavonols to leucoanthocyanidins and ANS (also called leucoanthocyanidin dioxygenase—LDOX), which belongs to the OGD family, catalyzes the synthesis of corresponding colored anthocyanidins; this ends via the activity of the UFGT glycosylation of anthocyanidins, which yields anthocyanins [62,63,65].



Different UDP-glycose-dependent glycosyltransferases, including glycosyltransferases family 1 and acyltransferases (ATs) mainly belonging to the BAHD superfamily of enzymedand S-adenosylmethionine-dependent methyltransferases, have been indicated as responsible for the anthocyanidin diversity. These enzymes are specific to the position of modification on the anthocyanin and donor substrates. These anthocyanidins are initially 3-glucosylated by the action of UFGT [58]. In addition, UFGT activity is required to catalyze the formation of stable glycosylated anthocyanins. In the absence of UFGT activity, however, the flux may be redirected towards other upstream flavonoid branches, such as the pro-anthocyanidins [62].



The expression of flavonoid biosynthesis genes in most vegetable species correlates with anthocyanin synthesis, but there is some variability in the specific involved step. In most species, only LBGs correlate well with anthocyanin synthesis, such as in tomato [83] and pepper [84]. However, in other species, the transcript levels of not only LGBs but also some EBGs are higher in red compared to non-red fruits, such the Chinese bayberry [85] and apples [81]. In Prunus species, studies based on RNA-Seq ordered to characterized the role of structural and regulatory genes in the flavonoid pathway in different tissues and development stage have been performed on cherries [75], peaches [63], nectarines [64], and Japanese plums [65]. Flavonoid glycosides, including anthocyanins, after being synthetized in the cytosol are usually transported into the vacuole, where they exhibit their brilliant colors. The transport mechanism is less well-understood than biosynthesis, which may be redundant or depend on plant species and organs. The first and most established mechanism involves the transport of anthocyanins via a glutathione S-transferase (GTS)-like protein and multidrug resistance and toxic compound-like protein ATP-binding cassette transporter [a type of ATP-binding cassette (ABC) transporter]. The molecular mechanism through which these proteins, especially GSTs, achieve the transport has not yet been clarified [58].



It has been shown that in the Rosaceae family (including Prunus), CHS, CHI, and F3H are early genes and have a coordinated expression pattern that reaches its peak in the first stage of fruit development. The late genes LDOX and UFGT have their peak of maximum expression in the maturation stage, especially in tissues that accumulate anthocyanin. The TFs MYB10 and MYB1 have been implicated in the regulation of the last three enzymes of the metabolic pathway, DFR, LDOX, and UFGT, that are the key to explain contrasting patterns of anthocyanin accumulation [65].




4.3. Carotenoids


Carotenoids are the most widespread group of colorful pigments found in plants, algae, fungi, and bacteria. Carotenoids serve as accessory pigments to harvest light in the photosynthetic apparatus, have photoprotective functions during photosynthesis, participate in root–mycorrhizal interactions, and attract pollinating insects and animals that contribute to seed dispersal in fruits and the provision of substrates for abscisic acid biosynthesis. Additionally, apocarotenoids or norisoprenoids result from cleavage carotenoids, yielding aromatic compounds [42,58,86]. Carotenoids are responsible for yellow/orange skin ground color and flesh color in apricot fruits. In apricots, a relationship between skin and flesh color with carotenoid content was demonstrated [76,87], and a non-destructive method to determine the content of carotenoids, β-carotene, and pro-vitamin A based on the flesh and skin color of the edible portion developed [77]. Carotenoids supplied to the human diet have important health benefits such as protective activity against several human cancers, cardiovascular diseases, and degenerative diseases [88,89,90,91,92,93,94].



Carotenoid biosynthesis is a well-defined pathway composed of a series of desaturation, cyclization, hydroxylation, and epoxidation steps (Figure 4). Carotenoids are accumulated during the ripening process, producing changes in skin ground color and flesh color in fruit. Usually, carotenoid accumulation confers yellow-to-red coloration to fruits. Carotenoids such as zeaxanthin, violaxanthin, antheraxanthin, and lutein are invariably found in leaves and stems. On the other hand, carotenoids in non-green tissues show distinctive compositions depending on the species [95,96,97,98,99,100].



Carotenoids are a subclass of terpenoid (or isoprenoid) compounds (C40) with polyene chains that may contain up to 15 conjugated double bonds. They play essential roles in plant life, e.g., photoprotective functions during photosynthesis as components of photosystems and the provision of substrates for the biosynthesis of the plant growth regulator ABA. Carotenoid accumulation is a balance between synthesis and degradation. However, during fruit ripening, the accumulation of carotenoids largely results from an increased synthesis capacity of chloroplasts and chromoplasts. In apricot fruits, β-carotene is the major carotenoid pigment, followed by β-cryptoxanthin and γ-carotene [87].



In carotenoid biosynthesis (Figure 4), the 2-C-methyl-d-erythritol 4-phosphate (MEP) pathway starts with the condensation of glyceraldehyde 3-phosphate (G3P) and pyruvate by the enzyme 1-deoxy-d-xylulose-5-phosphate synthase (DXS), yielding 1-deoxy-d-xylulose-5-phosphate, which is reduced by 1-deoxy-d-xylulose-5-phosphate reductoisomerase (DXR) and generates MEP; this is followed by several steps until the levels of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) rise. The carotenoid biosynthesis pathway starts from the C5 IPP in plastids, and it is there that the product accumulates. Three IPPs and one DMAPP are condensed to form C20 geranylgeranyl pyrophosphate (GGPP). A head-to-head coupling of two GGPP molecules, catalyzed by phytoene synthase (PSY), yields the first C40 carotenoid, phytoene. Then, conjugated double bonds are added by phytoene desaturase (PDS) and ζ-carotene desaturase (ZDS), yielding the intermediate pigments phytofluene (colorless), ζ-carotene (pale yellow), neurosporene (orange–yellow), and lycopene (red), containing 5, 7, 9, and 11 conjugated double bonds, respectively. The cyclization of lycopene is a branch point in the pathway that is catalyzed by lycopene β-cyclase (LCYB) and lycopene ε-cyclase (LCYE), producing two types of carotenes that contain one or two rings of either the β- or ε-type. When only LCYB acts in this step, lycopene is converted to β-carotene and β-cryptoxanthin, and it is then further metabolized to zeaxanthin via two hydroxylation steps by carotene β-hydroxylase (CHYB), providing a variety of oxygenated derivates called xanthophylls. Epoxidation at positions C5,6 and C5′,6′ of the β-ring of zeaxanthin, catalyzed by zeaxanthin epoxidase (ZEP), yields antheraxanthin and violaxanthin then metabolizes to neoxanthin by neoxanthin synthase (NXS). Both 9-cis-violaxanthin and 9-cis-neoxanthin are cleaved to xanthoxin (C15) by NCED and then converted to ABA via an ABA aldehyde intermediate. Carotenoid cleavage dioxygenase (CCD) is involved in the degradation of carotenoids at multiple levels, yielding apocarotenoid compounds [86] (Figure 4).



Carotenoids, which are isoprenoid compounds (C40) with polyene chains containing up to 15 conjugated double bonds, are found ubiquitously in all plants and microorganisms. They play essential roles in plant life, including photoprotective functions during photosynthesis as components of photosystems and the provision of substrates for biosynthesis of the plant growth regulator ABA. Carotenoids also play an important role in human nutrition and health, providing provitamins with anti-cancer activities [92] and cardiovascular protection effects [94]. In addition, carotenogenesis in plant tissues is predominantly regulated at the transcriptional level [101]. The successful isolation of different genes for carotenoid biosynthesis will allow for the identification of the key regulatory steps of carotenoid biosynthesis. Nevertheless, knowledge on the molecular aspects that regulate the pathway is still limited. Recently, the genes responsible for hp1 and hp2 (mutations conferring a high level of carotenoids) have been shown to encode the proteins UV-Damaged DNA-Binding Protein 1 (DDB1) and Deetiolated 1 (DET1), components that are widely involved in the light-signal transduction pathway [102].



Carotenoids confer yellow-to-red coloration to flowers and fruits, showing qualitative differences depending on the plant organs and species. Carotenoids such as zeaxanthin, violaxanthin, antheraxanthin, and lutein are invariably found in leaves and stems. In contrast, carotenoids in non-green tissues show distinctive compositions that depend on the plant species. The main carotenoids of the flower petals of most plants are yellowish xanthophylls that are pale-to-deep-yellow in color. The petals of some plants have a modified carotenoid biosynthesis capacity, accumulate unique carotenoids associated with their respective genus or even species, and are orange-to-red in color [58]. In apricot fruits, β-carotene participates in the fruit coloration together with anthocyanins. The orange color conferred by β-carotene is masked by anthocyanins in the case of red cultivars [59].



On the other hand, in plants, the entire pathway starting from a C5 isoprene, IPP, occurs in the plastids, and it is there that the product accumulates. Four IPPs are condensed to form C20 GGPP. A head-to-head coupling of two GGPP molecules, catalyzed by PSY, yields the first C40 carotenoid, phytoene. In tomatoes, two different types of PSYs (Psy-1 and Psy-2) are expressed in an organ-specific manner [99]. Psy-1 encodes a fruit- and flower-specific isoform and is responsible for carotenogenesis in chromoplasts. In green tissues, Psy-2, which is homologous to Psy-1 but highly divergent from it, is predominantly expressed and makes a major contribution to carotenogenesis in chloroplasts. Conjugated double bonds are subsequently added by two structurally similar enzymes, PDS and ZDS. These desaturation reactions yield the intermediates phytofluene, ζ-carotene, neurosporene, and lycopene that contain 5, 7, 9, and 11 conjugated double bonds, respectively. Increasing the number of conjugated double bonds shifts the absorption to longer wavelengths, resulting in colorless phytoene and phytofluene, pale-yellow ζ-carotene, orange–yellow neurosporene, and red lycopene. During the desaturation steps, several intermediate reactions with a cis-configuration to form all-trans-lycopene is carried out by carotenoid isomerase (CRTISO). The cyclization of lycopene is also a branch point in the pathway, catalyzed by lycopene β-cyclase (LCYB) and lycopene ε-cyclase (LCYE). Because LCYE adds only one ε-ring in most plants, the pathway typically proceeds only along branches, leading to carotenoids with one β-ring and one ε-ring (α-carotene and its derivatives) or two β-rings (β-carotene and its derivatives). β- and α-carotenes are further modified by hydroxylation or epoxidation, providing a variety of structural features. The hydroxylation of the β- and ε-rings is catalyzed by β-hydroxylase (CHYB) and ε-hydroxylase (CHYE), respectively [58]. In addition, epoxidation at positions C5,6 and C5′,6′ of the β-ring of zeaxanthin, catalyzed by ZEP, yields violaxanthin synthase (NSY). Both 9-cis-violaxanthin and 9-cis-neoxanthin are cleaved to xanthoxin (C15) by NCED and then converted to ABA via ABA aldehyde intermediate [100].



The amount of carotenoids in fruit tissues is not solely attributed to the ability to synthesize carotenoids. The mechanism that controls carotenoid accumulation is largely unknown. Recently, two different regulatory mechanisms were postulated: carotenoid degradation, and sink capacity [58] through a gene encoding carotenoids cleavage dioxygenase (CCD4). A transcriptomic analysis during the ripening process in peach cv. Fantasia by µPEACH1.0 showed an increase of a homolog of β-carotene hydroxylase that is responsible for the hydroxylation of β-carotene to β-cryptoxanthin [103].




4.4. Chlorophylls and Photosynthetic Apparatus


Though the fruit is not a photosynthetic organ, it contains chlorophyll (Chl), which is responsible for the characteristic green color of fruits when they are still immature, from the beginning of its development. Chl breakdown occurs in fruit tissues during the ripening process, causing a rapid degreasing and consequently unmasking the existence of pigments like carotenoids or anthocyanins [104].



The coordination of Chl breakdown is an integral process of maturation that is developmentally programmed. The pheophorbide A oxygenase (PAO)/phyllobilin pathway has been described to be the major Chl catabolic pathway that is highly conserved in different plant tissues and species. The pathway involves two distinct phases: the early phase deals with the degradation of phototoxic free Chl molecules in the chloroplast, and the late phase is responsible for modifications of colorless Chl catabolites and their translocation from the chloroplast to the vacuole. Chl catabolites are now termed phyllobilins, known as non-fluorescent catabolites of Chl (NCCs), and they have an effective natural antioxidant activity in ripening fruits that may suggest a further physiological role helping to inhibit the decline of vital functions in plants and possess beneficial properties for human health [105,106,107].



In a fruit, the chlorophyll degradation pathway initially involves the conversion of chlorophyll b (Chl b) to chlorophyll a (Chl a) by a hydroxymethyl chlorophyll b reductase (HCAR). Then, two different dephytylation enzymes catabolize Chl a, chlorophyllase (CLH), and pheophytin pheophorbide hydrolase or pheophytinase (PPH) to transform pheophytin to pheophorbide. Later, the Fe-dependent oxygenase PAO is responsible for transformed pheophorbide to red chlorophyll catabolites (RCCs). RCCs are then reduced to primary fluorescent chlorophyll catabolites (pFCC) by RCC reductase (RCCR) to NCCs, which are the final product [104].





5. Biochemical Pathways Related to Flavor


Most Prunus fruits have a unique flavor derived from the combination of taste and aroma; as such, flavor serves as an indicator of nutritional value and attractiveness for consumers, thus playing a central role in fruit quality and consumer’s acceptance. The taste of apricot primarily depends on an increase in sugars and organic acids and the degradation of bitter principles as flavonoids, tannins, and related compounds. Meanwhile, the aroma depends on a complex mixture of VOCs, which increase and accumulate during fruit ripening in the peel and contribute to the production of a complex mixture of compounds in the fully ripe stage. Flavor compound accumulation patterns and concentration differs between tissues, species, and even cultivars. The contents of aroma volatiles and organic acids are generally more abundant in the skin than in the flesh, controlled by a combination of regulatory networks triggered by hormone signaling, developmental factors, and stress responses [108].



5.1. Aroma


VOCs are generally released during the ripening process through the catabolism of high-molecular-weight compounds like proteins, carbohydrates, and fatty acids. VOC production is highly regulated under different conditions and developmental stages [109]. Mediated by ethylene, there are several VOC biosynthetic pathways such as fatty acid metabolism, amino acid metabolism, ester biosynthesis, and carbohydrate metabolism. The aroma of fruits is influenced by pre-harvest factors like the genotype, growing conditions, and maturity stage. Post-harvest factors, like storage temperature, atmosphere, ethylene control, and wax coatings, also affect aroma [110].



In Prunus, the fruity odor compounds significantly increase during fruit development, while the green odor compounds rapidly decrease. A total of 46 aroma compounds have been identified in Prunus fruits, including eight aldehydes, five alcohols, seven esters, five norisoprenoids, eight lactones, ten terpenes, and six acids [108,109,110]. Among them, 18 aroma compounds are present in an apricot fruit’s aroma and significantly change during fruit ripening, including three aldehydes (hexenal, (Z)-3 hexenal, and (E,Z)-2,6-nonadienal), three apocarotenoids (β-damascenone, β-ionone, and dihydro-β-ionone), five lactones (γ-octalactone, δ-octalactone, γ-decalactone, δ-decalactone, and γ-dodecalactone), five terpenes (β-myrcene, linalool, α-terpineol, geraniol, and limonene), and two esters (hexyl acetate and (Z)-3-hexenyl acetate) [14]. From these compounds, β-ionone and γ-decalactone are responsible for the characteristic apricot aroma. On the whole, VOC metabolism in the skin is significantly higher than in the flesh, where the contents of total aldehydes and terpenes decrease during fruit development and ripening, thus releasing aroma compounds [14]. Terpenes are the predominant group of VOCs that originate from carbohydrate metabolism. As primary metabolites, terpenes are derived from carotenoids and then form a group of volatiles terpenes: apocarotenoids or norisoprenoids. The most abundant aroma compound in apricots is the apocarotenoid, where β-ionone represents 90% of the total identified apocarotenoids [108]. Saturated and unsaturated fatty acids are the major secondary precursors for VOCs in apricot fruits, and they are responsible for the synthesis of lactones, the second most abundant aroma compounds. Lactones rapidly increase during ripening, where γ-decalactone is the predominant lactone compound in apricot [108,109,110].



In apricot fruits, odor compounds such as esters will increase significantly during late fruit development (Figure 2), while the green color compounds such as hexenal rapidly decrease in this late step. A total of 46 aroma compounds, including eight aldehydes, five alcohols, seven esters, five norisoprenoids, eight lactones, ten terpenes, and six acids, have been identified. Among them, 18 aroma compounds, including three aldehydes (hexenal, (Z)-3 hexenal, and (E,Z)-2,6-nonadienal), three apocarotenoids (β-damascenone, β-ionone, and dihydro-β-ionone), five lactones (γ-octalactone, δ-octalactone, γ-decalactone, δ-decalactone, and γ-dodecalactone), five terpenes (β-myrcene, linalool, α-terpineol, geraniol, and limonene) and two esters (hexyl acetate and (Z)-3-hexenyl acetate) are the major compounds in apricots. γ-decalactone is the major compound, followed by β-ionone and γ-dodecalactone The total aldehydes significantly decrease during the development of apricot fruits [14]. However, the most abundant aroma compounds are β-damascenone, β-ionone, and dihydro-β-ionone, which dramatically increase during fruit ripening, especially the major apocarotenoid β-ionone. On the other hand, lactones are the second most abundant aroma compounds that rapidly increase during the ripening process, and γ-decalactone is the predominant lactone. Additionally, two major esters, hexyl acetate and (Z)-3-hexenyl acetate, increase during the entire development and ripening period. The contents of total aldehydes and terpenes decrease rapidly during fruit development and ripening, while the contents of total lactones and apocarotenoids keep increasing during the same period. On the whole, peels present significantly more individual or total aroma volatiles than pulps [14].



In apricots, a significant increase of LOX, hydroperoxide lyase (HPL), alcohol dehydrogenase (ADH), alcohol acyl-transferases (AAT), acyl-CoA oxidase (ACX) activities have been observed during the different steps (Figure 2) of the development of apricot fruits. A rapid significant increase in CCD activity has been found, whereas terpene synthase (TPS) activity decreases significantly during this process. Regarding the fatty acid pathways, the unsaturated fatty acids linoleic acid (18:2) and linolenic acid (18:3) can be cleaved into hydroperoxides by LOX and then subsequently cleaved by HPL to form hexanal or nanonal compounds. Aldehydes can then be reduced to the corresponding alcohols by ADH. AAT catalyzes the final linkage of an acyl moiety and an alcohol to form esters [111]. In Prunus fruits, the β-oxidation of fatty acids is also considered another pathway for lactone formation because the first enzyme acyl-CoA oxidase of this process is involved in lactone formation [14]. The accumulation of lactones, especially for γ-decalactone, keeps consistent with ACX enzyme activity increases and provides further evidence for β-oxidation being involved in lactone formation. Carotenoids can be cleaved into volatile apocarotenoids in fruit by CCD. The increase in CCD enzyme activity correlates with the accumulation of apocarotenoids during fruit ripening. In addition, light-colored cultivars contain abundant β-ionone and dihydro-β-ionone because the carotenoid in these cultivars may be cleaved into volatile apocarotenoids, suggesting that CCD is important for the conformation of color and aroma quality. Furthermore, the contents of β-ionone, β-damascenone, and γ-decalactone suggest that white apricots present stronger flowery and peach-like aromas than other cultivars. TPS is considered the key enzyme for volatile monoterpenes, which is consistent with the decrease found throughout the development and ripening processes. Thus, TPS may also be involved in monoterpene biosynthesis. In general, the enzyme activities of aroma volatile metabolism in peels are significantly higher than those in pulps, suggesting a higher aroma volatile synthesis [14].




5.2. Taste


Taste development is due to an increase in sweetness, a decrease in acidity, and the accumulation of secondary metabolites like phenylpropanoids and tannins until achieving a well-balanced sugar/acid content and the degradation of astringent or bitter compounds. Taste evolved as a dynamic trait during fruit ripening due to increased gluconeogenesis, the hydrolysis of polysaccharides, decreased acidity, and the accumulation of sugars and organic acids [3]. In most fruits, fructose and glucose are the most important portions of soluble sugars, reaching the peak of maximum concentration at maturation or during ripening. For organic acids, malic acid and citric acid are quantitatively predominant, usually accumulate at the early stages of fruit development, and are used as respiratory substrates during fruit ripening, decreasing their concentration at the end [14]. In general, the composition of sugars and acids in fruits mainly depends on genetics; however, cultivation conditions and environmental factors may influence the final total contents. Desirable taste depends on the consumer’s preferences, trending to sweeter taste with a pinch of acid, a complete loss of astringent taste, and an intense aroma, reaching a well-balanced sweetness/acidity at physiological ripening [16].



5.2.1. Soluble Solids


In Prunus fruits, all sugars including fructose, glucose, sucrose, and total sugar increase rapidly throughout the entire development process. In all cases, from the turning of the pulp/peel color to the full-ripe stage, the sugar contents increase steeply. However, no significant differences of sugar content during the early development have been found. The difference of sugar content between the peel and the pulp may dependent on the cultivar [3]. Glucose is the predominant sugar during early development and its ratio significantly decreases in parallel to the total sugar content during ripening. The second major sugar during development is fructose, which follows the same concentration pattern as glucose. The ratio of sucrose increases during development, becoming the major sugar during ripening. Finally, at the late stage of fruit development, the content of sucrose exceeds that of glucose. Prunus fruits mainly accumulate glucose during early development, whereas sucrose is mainly accumulated during ripening. All these results suggest that sugar accumulation in fruits varies from glucose-predominant to sucrose-predominant during development and ripening [3,14].



For example, in apricot fruits, nine enzymes involved in sugar metabolism have been analyzed in fruits during the entire development process. Regarding the enzymes involved in sucrose accumulation, a significant increase of sucrose synthase (SS) activity responsible for synthesis direction (SSthy) and sucrose phosphate synthase (SPS) is found throughout development and is responsible for the rapid increase of sucrose in the late ripening stage. In addition, a significant increase of activity in SS responsible for degradation direction (SSca) is observed during the ripening process. Neutral invertase (NI) and acid invertase (AI), which cleave sucrose, do not significant change the expression during ripening. On the other hand, sorbitol can be inverted into fructose by sorbitol dehydrogenase (SDH), and a significant increase SDH enzyme activity has been observed during the entire development period. Fructose can be cleaved by fructokinase (FK), but no significant change has been found after this cleavage. In addition, sorbitol can be oxidized into glucose by sorbitol oxidase (SO), and a significant increase is observed during the fruit development period. In contrast, glucose can be cleaved by glucokinase (GK), but no significant change is observed in the enzyme activity. Therefore, it is possible that sorbitol is converted to glucose and fructose via SO and SDH, which suggests that the accumulation of these sugars mainly comes from sorbitol catalysis. Finally, we can conclude that SS, SO, and SDH might play an important role in sugar accumulation and are under tight developmental control in apricot fruits, although no significant differences in these enzymes have been observed between peels and pulps, thus indicating a coordinated ripening process in fruits, including mesocarps and exocarps [14].




5.2.2. Acidity Loss


During the development of a Prunus fruit, there is a continuous accumulation of organic acids, and their final concentration is determined by the balance between the biosynthesis of organic acid, its degradation, and its vacuolar storage [112,113]. Almost all organic acids, including oxalate, tartrate, quinate, malate, citrate, fumarate, and total organic acids, increase during early development and then decrease rapidly during apricot fruit ripening. Malate, citrate, and quinate occupy around of 95% of total organic acids in both the skin and flesh at the end of ripening [14], where malate represents 80% of total organic acids presents in apricot at the beginning of the ripening process and decreases with time [108]. At the early stages of fruit development, malate and quinate are the predominant compounds accumulated, and they are used as respiratory substrates during fruit ripening. Meanwhile, the ratio between organic acids changes with the rapid increase of citrate at the ripening stage, followed by a small decrease of quinate and malate. The significant decrease in citrate and the small reduction of malate contribute to the acidity loss of ripe fruit. Oxalate and tartrate are found at lower levels, while traces of fumarate are also detected during the development period [108,113].



The biosynthesis of malate requires the fixation of CO2 on a carbon skeleton derived from hexose catabolism, which is achieved by phosphoenolpyruvate (PEP), catalyzed by PEP carboxylase (PEPC). In plants, cytosolic PEPC is necessary for the synthesis of tricarboxylic acid (TCA) cycle acids from sugars. PEPC catalyzes the conversion of PEP to oxaloacetate (OAA). Then, OAA is converted to malate by cytosolic nicotinamide adenine dinucleotide (NAD)-dependent malate dehydrogenase (NAD-MDH), and malate is transported across the tonoplast into the vacuole, where is stored. MDH catalyzes a reversible reaction between OAA and malate, helping to balance the concentration of these two metabolites. The malic enzyme (ME) catalyzes the reversible conversion between malate and pyruvate. Recently, it has been suggested that the conversion of malate to pyruvate is under the control of fumarate. When fumarate accumulates, the conversion of malate to pyruvate is facilitated [114]. Once malate and OAA have been synthesized in the cytosol, they can be converted into tricarboxylates, mostly citrate, or other dicarboxylates through two metabolic pathways—the TCA cycle and the glyoxylate cycle. In turn, citrate can be converted into dicarboxylate via several pathways (TCA cycle, glyoxylate cycle, γ-aminobutyrate (GABA) shunt, and acetyl-CoA catabolism). All these conversion reactions modify the acidity of fruit cells [113]. In plants, the color of anthocyanins changes depending on the vacuolar pH, co-existing colorless compounds (co-pigments—typically flavones and flavonols), and metal ions. The regulation of the vacuolar pH, however, which greatly affects anthocyanin color, is only partly understood. The only known structural genes that regulate vacuolar pH with relevance to color is the Japanese morning glory (Ipomea nil) antiporter and the petunia PH4 gene, which activates vacuolar acidification in relation to the R2R3 Myb gene [58].



In peach fruits, the final organic acid concentration in the ripe fruit is determined by the balance of organic acid biosynthesis, degradation, and vacuolar storage. During fruit development, apricot undergoes a continuous accumulation of organic acids, which are used as respiratory substrates [112]. All organic acids including oxalate, tartrate, quinate, malate, citrate, fumarate, and total organic acids are mostly increased during the early stages of fruit development and decrease until fruits were full-ripe. Quinate, malate, and citrate are the predominant organic acids throughout fruit development and the ripening period. Additionally, oxalate and tartrate are found at lowers levels, while trace fumarate is also detected during the development period. Regarding the ratio of whole organic acids, malate is the first major organic acid in apricots, and the ratio of malate in fruit decreases during development. The ratio of quinate also decreases during development and ripening. However, the ratio of citrate significantly increases during development. Quinate and malate are the major organic acids at the early stage of development and ripening (Figure 2), whereas the ratio changes with the rapid increase of citrate at the maturation stage. Quinate, malate, and citrate occupy around of 95% of total organic acids in both peels and pulps at the end of ripening [14].



In apricot fruits, six enzymes involved in organic acid metabolism have been identified during fruit development and ripening. In this species, quinate dehydrogenase (QH) is responsible for converting 3-dehydroquinate into quinate, the last step for quinate synthesis, and a significant decrease is found in apricot during fruit development and the ripening process. The decrease of quinate and QH suggest that QH is the key enzyme for quinate accumulation. In addition, malate synthase (MS) is the key enzyme for synthesis, and a significant decrease in its activity is observed throughout the development process. Malate can also be metabolized by the nicotinamide adenine dinucleotide phosphate (NADP-malic enzyme (NADP-ME) and the NAD-malic enzyme (NAD-ME). The decrease in MS and increase in NADP-ME and NAD-ME are together responsible for the malate decrease throughout the development and ripening processes in this species, which further confirms the correlation between their enzymatic activity and malate accumulation. On the other hand, citrate synthase (CS) is mainly responsible for citrate biosynthesis, and its activity is significantly increased during fruit development and ripening. It has been reported that glutamate decarboxylase (GAD) activity participates in regulating cytosolic pH, while no significant change in GAD activity is found in apricots throughout the development process. Citrate also can be metabolized in the GABA shunt pathway by GAD, but the increase in CS without an increase of GAD indicates that the GABA shunt is not important for citrate accumulation in apricot fruits. No significant differences in the six enzymes for organic acid metabolism have been observed between peels and pulps, but significantly higher levels of citrate are found in pulps than in peels. Even though citrate is not the sourest of the organic acids, citrate gives a stronger taste than quinate and malate, which may strengthen the integration of sourness taste of apricot pulps [14].





5.3. Cell Wall Degradation and Texture


During fruit ripening, fleshy fruits undergo textural changes generally based on the premise that cell wall polysaccharide breakdown leads to a loss of tissue firmness and ripening-associated softening. Texture change is interdependently coordinated by a wide range of cell-wall enzymes acting on both the middle lamella and the primary cell wall that, together with alteration of the turgor pressure, cause the weakening of the cell wall structure and thus lead to seed dispersal and the final conversion of unripe hard fruit into edible soft and crispy fruit [115,116]. This softening is largely responsible for the post-harvest lifespan, an increase of susceptibility to pathogens, and a lower tolerance to mechanical damage that may quickly render the fruit unmarketable [3]. This implies a short-shelf-life, which is a great limitation to the transportation and storage of fresh apricots due to the rapid flesh softening. Softening is cultivar-dependent and highly influenced by maturity stage at harvest, storage conditions such as temperature and relative humidity, and storage duration [117].



In order to reduce fruit loss after harvest, Prunus fruits are usually harvested at early maturity; storing at low temperature, decreasing O2 and increasing CO2 in the atmosphere, and treatments with 1-MCP are efficient methods to avoid softening [118,119,120]. Physiological disorders, such as juiciness loss, mealiness formation (woolliness), or flesh browning, happen when apricots are removed from a long cold storage to room temperature [121]. Fruit texture can influence general consumer appreciation. Texture is defined as a result of the combination of complex factors at different scales. It involves cell turgor pressure, cuticle composition and structure, cells size, shape, and distribution in different tissues. Texture encompasses several different descriptors, such as firmness (defined as resistance to compression) and juiciness (perceived by consumers and evaluated by a trained jury); however, it is difficult to assess instrumentally [122]. Cell wall disruption joined to the internal turgor pressure generates an expanding sound pressure wave perceived by the human senses as crispness. This feature, related to the integrity and rigidity of the cell wall, is also associated with freshness as juice release from fruit [123].



Fruit texture is assessed by measuring the force required to compress or penetrate the fruit surface. The resistance of fruit to compression is affected by intercellular adhesion, shear forces between polymers, and cellular turgor pressure that forces the membranes of individual cells against the cell walls [116]. Fruit firmness deeply affects fruit quality. In addition to the fact that consumers prefer crunchy and juicy fruits, firmer flesh helps in the harvesting, handling, and shipping of fruits before their consumption [103].



Plant primary cell walls are composed of cellulose micro fibrils and matrix substances like pectin polysaccharides and hemicelluloses. It is assumed that the biochemical properties of cell walls change substantially during ripening, becoming weaker or thoroughly degraded and rebuilt. The modification of cellulose/hemicellulose and pectin polymer networks contribute to cell wall strength and tissue integrity, and they are believed to underline changes in firmness and texture, but the type and magnitude of the alterations carried out during ripening may vary considerably, thus leading different textures associated with ripe fruit, even within cultivars of the same species [3].



The only way to understand the importance of fruit cell wall metabolism is to consider the modification of the whole polymer network rather than individual polymers. The standard approach to elucidate fruit softening is based on the identification of wall components whose solubility increases and polymer size decreases in parallel with decreasing fruit firmness; this identification aids the characterization of proteins that are expressed during ripening correlated to the observed wall changes [116].



Within the context of fruit ripening, pectin solubilization, depolymerization, demethylesterification, hemicellulose depolymerization, and neutral sugar loss are some common ripening-related cell wall modifications [3]. From this point of view, wall restructuring is a synergistic process involving the simultaneous interaction of numerous families of cell wall modifying proteins, like expansin (EXP), endoglucanases (EG), xyloglucan endotransglycosylase-hydrolase (XTH), pectin methylesterases (PME), β-galactosidase (βGAL), pectin lyase (PL), and polygalacturonase (PG). The recycling of the sugars released as a consequence of cell wall turnover indicates that the primary cell wall is not only a sink for polysaccharide components but also a dynamic structure exhibiting the long-term reorganization and degradation of specific polymers during development [124,125,126,127,128,129].



Plant enzymes that hydrolyze cellulose and hemicellulose in polysaccharide networks are referred to as endoglucanases and are expressed at high levels during the ripening process. Expansins are cell wall proteins with a wall-loosening activity that contributes to cell expansion, wall disassembly, and fruit texture. Expansins are associated with numerous tissues and developmental stages undergoing changes in size and shape in ripening fruits [130]; they are accumulated abundantly from the immature green stage to the half-ripe stage of fruit development and decrease after that, displaying a positive correlation with fruit size. Additionally, a cinnamyl alcohol dehydrogenase (CAD) facilitates the conversion of p-hydroxycinnamaldehyde into the monomeric precursors of lignin and is considered to play a role in the strengthening of the cell wall structure [131].



As described previously, during the Prunus fruit ripening process, the middle lamella dissolves, cells collapse, and cell walls break down due to pectin and hemicelluloses depolymerization and solubilization, reducing polymer length, branch amounts, and aggregate sizes [132]. The increase in water-soluble pectin and the decrease in insoluble pectin methyl-esterification and cell wall galactose content lead to the loss of cohesion of pectin gel matrix, cell wall dissolution, and cell separation by the combined action of PG, PME, and β-GAL in the middle lamella. As a consequence, these changes affect the calcium-mediated cell–cell adhesion and contribute to softening. EXP induces plant cell enlargement by disrupting non-covalent linkages such as hydrogen bonds between cellulose and hemicellulose without any cell wall hydrolytic activity, and it seems to be down-regulated by ethylene in apricot fruits [120,132,133,134,135].



In apricot fruits, softening begins largely before the climacteric crisis [5] and it is really fast during development and ripening [14]. Fruit firmness, couple with the color change of the skin, is the parameter used to define the apricot maturity stage that is decreased during ripening.



In peaches, the expression of genes involved in softening stars before the appearance of the ethylene climacteric rise at the S3 stage, and the occurrence of the ethylene climacteric rise can be deduced by following the expression of PpACO-1 [136]. The modification of cell wall is believed to underline changes in firmness and texture, but the type and magnitude of the alterations carried out during ripening may vary considerably between fruit species, thus leading to different textures associated with ripe fruit, even within cultivars of the same specie (e.g., melting, non-melting, and stony hard peaches). Pectin solubilization, depolymerization, demethylesterification, hemicellulose depolymerization, and neutral sugar loss are some common ripening-related cell wall modifications [3].





6. Nutraceuticals and Antioxidant Compounds


There are several epidemiologic pieces of evidence on how daily fruit consumption has beneficial health effects [137]. In addition to the traditional quality traits related to aesthetic or flavor, fruit consumers also value other attributes like nutraceutical availability and phytochemical compounds with beneficial health effects. Fresh apricot fruits are an excellent source of precursors for vitamin A (carotenoids), antioxidant compounds (polyphenols, flavonoids, and anthocyanins), and fiber [138]. Numerous compounds (carotenoids, phenylpropanoids, and dietary fiber) present in fresh apricot have potentially anticarcinogenic effects [139,140]. Dried apricot is particularly rich in minerals like calcium and iron [138].



Fruit and vegetables are natural sources of carotenoids as animals are unable to synthesize carotenoids de novo and rely upon their diet. There is considerable interest in dietary carotenoids because they play an essential role in human nutrition and health due to their high antioxidant potential, provision of provitamin A, alleviation of age-related diseases [99], display of anti-cancer activity [92], cardiovascular protection effects [94], and anti-amyloidogenic activity against Alzheimer’s disease [141]. The major carotenoid compound found in apricot fruit is β-carotene [61], with antioxidant properties that may protect against free radical damage. β-carotene can be metabolized to vitamin A, inhibits cell proliferation, and helps in the differentiation of healthy epithelial cells [142]. In addition, the precursors for carotenoid terpene compounds induce the production of enzymes that deactivate carcinogens, prevent carcinogens from reacting with target sites, and possibly prevent hormones that promote tumor growth [139]. Other carotenoid compounds found in apricot ripe fruit (but in small amounts) are phytoene, phytofluene, γ-carotene, lycopene, β-cryptoxanthin, and lutein [143]. In our study, only β-carotene and β-cryptoxanthin were considered as carotenoids health promoters because provitamin A carotenoids include β-carotene, β-cryptoxanthin, and α-carotene [87]. β-cryptoxanthin is a chemo-preventive agent for lung cancer [144], can prevent osteoporosis [145], and reduces the risk of developing inflammatory disorders [146]. The carotenoids phytoene and phytofluene should be of no antioxidative significance, and the other compounds are found in such small concentrations that their effects on human health are not considered [147].



On the other hand, phenolic compounds are some of the main sources of antioxidant activity in apricot fruits [17,148,149,150]. The main phenolic compounds present in apricot are gallic acid, chlorogenic acid, neochlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid, (+)-catechin (−)-epicatechin, quercetin-3-galactoside, quercetin-3-glucoside, quercetin-3-rutinoside, and kaempferol-3-rutinoside [151]. In apricots, the contents of phenolic compounds differ between the skin and the flesh, always being higher in the skin [61]. In Prunus species, the main flavonol compound is routine (plus traces of quercetin 3-hexoside), whereas kaempferol rhamnosyl-hexoside (plus quercetin-acetyl-hexoside) is always present in smaller amounts. The main phenolic compounds are chlorogenic acid and neochlorogenic acid. Finally, anthocyanin pigments are only found in small amounts in apricot varieties with a red blush in the skin, and cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside are the major compounds [59,61]. Flavonoids, like quercetin and kaempferol, are polyphenolic compounds with potent antioxidant activity that may reduce cell proliferation, extend the action of vitamin C, inhibit clot formation, and have anti-inflammatory effects. Chlorogenic acid has been described in the in phenol compounds and can prevent cancer-causing nitrosamines; in addition, caffeic acid prevents the formation of carcinogens and blocks the reaction of carcinogens with cells, coumarin increases the activity of glutathione transferase (a detoxification enzyme), and catechin has potent antioxidant activity. Additionally, anthocyanins are powerful antioxidants and beneficial to human health against coronary diseases and cancer [149].



Finally, Prunus fruits are a good source of dietary fiber. Dried apricots contain less fiber than fresh apricots, and fruit peeling decreases the fiber content [152]. Dietary fiber has been described to be protective against colon cancer due to the capacity to bind carcinogens, increase fecal bulk, and decrease intestinal transit time, as well as its ability to be fermented by intestinal microflora in the colon, leading butyrate, which has been shown to be antineoplastic [153,154,155].




7. Application of New Molecular Tools to Prunus Breeding and Selection for Fruit Quality


The achievement of high fruit quality is one of the main objectives proposed in breeding programs. The ripening process is an essential step and the final stage during fruit development that gives rise to fruit with fruit quality traits due to physiological differentiation and biochemical compound accumulation. All these changes are the results of a coordinated modulation of a gene expression network regulated by complex and interrelated mechanisms affected by internal and external factors. Enhanced quality fruit are the main goal of plant breeding due the increasing interest in functional foods, new varieties, and, in particular, foods rich in antioxidants like anthocyanins and carotenoids, with a bigger size, with early or late ripening stages, with better flavor and texture, with attractive colors, and with other traits that positively influence a consumer’s buying decisions. At the molecular level, the identification of transcription factors, key genes of biosynthesis pathways, and triggering environmental effectors that control the traits are related. However, the application of new biotechnologies at the molecular level to the final integration of genomic, transcriptomic, metabolomic, and phenotypic analyses will provide a global view of the entire process focused on improved fruit quality in apricot breeding programs [103,156]. Future challenges will consist of unravelling the molecular mechanisms underlying plant development and fruit ripening. The identification of TFs, key genes of biosynthetic pathways, and triggering environmental effectors controlling the expression of fruit quality traits and their applications to develop specific molecular markers for using marker-assisted selection (MAS) in apricot breeding programs will improve the efficiency of releasing new, high-quality, fruit cultivars [23,157].



In this context, high-throughput sequencing (HTS) technologies have undergone significant progress in recent years due to the emergence of new and improved sequencing technologies and the development of bioinformatics tools that allow for great availability, low cost, efficiency, timeliness, comprehensive analyses, accurate results, and less data errors. The advance in HTS technology also generated computational challenges in the way the data are deposited, formatted, and remain accessible for use by the scientific community. As a future perspective, recent third-generation genomics technologies like long-read sequencing developed by PacBio and optical mapping bring the opportunity to improve the quality of sequencing experiments. Meanwhile, the application of machine learning algorithms in bioinformatics tools and higher computation capacities allows for the filling of gaps and the enabling of low-cost solutions for genomic and transcriptomic research. As a result of the drastic decrease in the cost of sequencing over the last few years, up to 450 plant genomes are now available (3 October 2019, http://www.ncbi.nlm.nih.gov). From these genomes, 93 are assembled and annotated with Kyoto Encyclopedia of Genes and Genomes (KEGG), KEGG orthology Genome (KOG), ENZYME, Pathway and InterPro (Phytozome v12.1.6, http://phytozome.jgi.doe.gov), including the most important commercial crops. The low cost of this technology has greatly accelerated the implementation of HTS in projects focused on omics science research, thus significantly expanding the scope of studied species.



Over the last 15 years, the Genome Data Base for Rosaceae (GDR) (https://www.rosaceae.org/) has been enhanced with new genomic, genetic, transcriptomic, and phenotypic data. High quality reference genomes of main species from the Prunus genus—including Prunus persica whole-genome assembly v1.0, v2.0, and annotation v2.1 (v2.0.a1) [158,159], considered as the reference Prunus genome; Prunus mume L. genome v1 [160]; Prunus avium whole-genome assembly v1.0 and annotation v1 (v1.0.a1) [161]; Cerasus × yedoensis ‘Somei-Yoshino’ genome v1.0 assembly and annotation [162]; Prunus domestica draft genome assembly v1.0 and annotation v1.0.a1 [163]; Prunus dulcis ‘Lauranne’ genome v1.0 [164]; Prunus dulcis ‘Texas’ Genome v2.0 [165]; Prunus armeniaca V1 [166]; and Prunus salicina v1.0 [167]—are publicly available. The development of these complete genomes will allow for a precise reference of the obtained molecular results and the development of high-throughput methods for genomic analysis involving the most abundant genetic variation (single nucleotide polymorphisms: SNPs) and transcriptomic analysis at the gene expression level (DEGs) [23,168].



7.1. Genomics


Since the introduction of DNA markers, linkage analysis has become an essential tool in genomics research. Quantitative traits, often called complex or polygenic traits in contrast to simple Mendelian traits or monogenic, are traits where the genotype–phenotype relationship cannot be directly observed. A quantitative trait locus (QTL) is a genomic region responsible for quantitative genetic variation of a trait where the allelic variation of a locus and the variation of the trait is associated. On the other hand, a Mendelian trait locus (MTL) is described as a genomic region linked to a unique gene responsible for a trait. Genetic mapping and QTL identification are usually the first approaches for the identification of candidate genes linked to characters of agronomic interest that could enable the development of molecular markers for early MAS applied to the optimization of Prunus breeding programs. For this purpose, segregating progenies are used for molecular characterization, the construction of genetic linkage maps, and the establishment of a relationship with agronomic traits by genetic linkage maps and trait loci analysis, including QTLs and MTLs [169].



Genetic linkage map construction and QTL identification require genotyping with numerous DNA markers distributed throughout an entire genome. Before HTS technology became available, genetic maps had a low density and were constructed using only a few markers and small populations due to the high cost of genotyping. This approach resulted in the detection of a large amount of QTLs containing a high number of putative candidate genes, making their identification and functional validation difficult. Recent advances in computational infrastructure and bioinformatics analysis have created many new possibilities to effectively deal with complex data. The increased amount of genomic resources, such as whole-genome sequencing and high-density genotyping platforms, has enabled QTL analysis to be more readily converted to markers that can be directly applied to MAS applied to fruit quality breeding [170].



In apricots, QTLs linked to fruit quality traits have been identified, mainly in LGs 3 and 4 in apricots [171,172,173,174,175]. These LGs have been also identified as key genome regions for fruit quality traits in other Prunus species including almonds [176], peaches [177,178,179,180,181], and Japanese plums [170,182]. The most significant QTLs are located in LG4 for soluble solid contents and ripening dates, as well as in LG3 for skin ground and flesh color in different analyzed Prunus species [183,184,185,186]. Flesh color around the stone, flower color, and other color have been mapped to LG 3, fruit skin color and leaf color have been mapped to LG6, blood flesh has been mapped to the top of LG4, and dominant blood flesh has been mapped to the top of LG5 [63,187,188]. Regarding ground color, Socquet-Juglard et al. [175] reported that when scored as a qualitative trait, the Sc locus for red or green color could be mapped in peaches to LG6 [187,189], and QTLs with a low repeatability over two years of observation were mapped on LG3, LG6, and LG7 by Eduardo et al. [178]. Meanwhile, Dirlewanger et al. [189] did not find any QTLs for skin color. In apricots, Salazar et al. [173] identified QTLs on LG2, LG3, and LG6 for ground color. Additionally, complementary studies along Prunus species will provide stable QTLs and will also be used to identify candidate genes within the QTLs. It has been described that some QTLs are stable between Prunus species, and they have similar trends in their QTL effects [187,190]. In addition, efforts are underway to use high-density molecular markers and to anchor loci to consolidate this information into a single genetic consensus or reference map for each species [191]. More recently, the first QTLs linked to phytochemical compounds were identified [192].




7.2. Transcriptomics


The initial transcriptome studies relied on hybridization-based microarray technologies that had a limited ability to identify and quantify a great diversity of molecules and a wide range of RNA expression levels. Later, due to the development of HTS technologies, RNA-Seq has become a powerful tool for transcriptomics analysis [193]. The µPEACH1.0 microarray has been used in comparative studies between apricots and peaches, showing a significant hybridization (≈43% of spotted probes). Following this, a transcriptome profile analysis during fruit development that was carried out separately showed that 71% of genes had the same expression pattern in both species [31,194,195]. The limitation of this technology is the restriction of only evaluating the probes that are printed in the microarray, the impossibility of discovering new transcripts not yet described, and the loss of information in samples with a low hybridization. However, more recently, the method of choice for the deep prospection of the transcriptome by the scientific community has become the RNA-Seq due to the combination of the discovery and quantification of gene expression in a single high-throughput sequencing assay [196]. Additionally, behind the significant advance, research in plant transcriptomics has shown numerous unresolved problems related to the alignment and assembly of sequences, gene annotation, the identification of alternative splicing sites, SNP discovery, and downstream analysis for the quantification of transcription such as DEGs, the identification of isoforms, the identification of fusion genes (chimeras), the identification of involved metabolic pathways, DEG clustering, and the construction of co-expression networks [197].



However, the development of HTS, the remarkable advances in computational theory and bioinformatic algorithms for data analysis, and the availability of public databases have facilitated the study of gene expression in transcriptome analysis. The correlation between genomic, transcriptomic, metabolomic, and phenotypic expression may allow us to elucidate the mechanism of genetic regulation expression and the key genes involved in the main metabolic pathways altered during the ripening process. The identification of those candidate genes differentially expressed in genotypes that differ in fruit quality traits could be useful for the prospection of their regulatory mechanisms and the presence of genomic variants (e.g., allelic variants, indels, duplications, inversions, mutations, and transposable elements). The identification of candidate genes or genomic variants linked to the expression of agronomical traits of interest will allow for the development of specific molecular markers that could be used in MAS to improve the efficiency of breeding programs. The ripening process has been greatly studied from a transcriptome perspective by using RNA-Seq in many other related species from the Prunus genus like apricots [198,199,200], peaches [111,201,202,203,204,205,206,207], Japanese plums [74,208,209], Japanese apricots (P. mume L.) [210,211], and cherries [75,212]. These transcriptomic findings should be very useful to develop RNA markers to monitor the ripening process. In addition, the validation of major genes localized in QTL through gene expression analysis using qPCR (expressed QTLs—eQTLs) has recently been assayed in different Prunus species including peaches [213] and apricots [171]. eQTLs are then derived from polymorphisms in the genome that result in differential measurable transcript levels, where a correlation between genotype and expression levels can be detected [169]. These associations can unravel the genetic basis of complexes traits with a composite of genes interacting, as in the case of fruit color and fruit sorbitol content [214,215,216].




7.3. Epigenetic Regulation


Epigenetic changes are chemical modifications affecting DNA or structural DNA proteins (called histones) within the chromatin. Two main types of epigenetic modifications have been described: DNA methylation (in plants, usually 5′-cytosine methylation) and posttranslational histone modifications including the acetylation and methylation of histones (H2A, H2B, H3, and H4) [217,218]. DNA methylation associated with cell status stability and regulation mainly occurs in three sequence contexts: CG and CHG, which are found in promoter and coding regions, and CHH (where H = A, C or T), which is found in non-coding regions and transposable elements (TEs) [219]. A genome-wide analysis of DNA methylation by bisulfite sequencing consisting of the high-throughput sequencing of bisulfite-treated DNA samples (epi-GBS) is the most extended methodology to evaluate DNA methylation marks. This epi-GBS technique has been developed as a cost-effective exploration and comparative analysis of DNA methylation. In addition, this methodology can be used in the DNA methylation analysis without a reference genome [220].



Recent studies have linked epigenetic evidence with the ripening and production of anthocyanins in Prunus. Cheng et al. [221] addressed the link between the genetic program of fruit ripening and DNA methylation state, ultimately obtaining the full peach methylome sequences of different stages of fruit development from immature to ripe. More recently, Lü et al. [8] showed additional evidence regarding the role of epigenetic regulations in fruit ripening. The authors analyzed DNA methylation and histone post-translational modifications PTMs landscape in the frame. The authors characterized the fruit epigenome of more than 12 fruit species including peaches. In this species, the authors showed that the histone mark H3K27me3 seemed to be conserved in marking genes involved in the ethylene biosynthesis. The authors hypothesized that the mechanisms involved in fruit flesh might arise from dry fruit species. All this evidence suggests that the epigenetic regulation of fruit characters happens within the Prunus species. Comparative DNA methylation studies will surely contribute to our knowledge of methylation variants and provide candidate epialleles linked to agronomic traits including fruit quality traits. Such polymorphisms can be screened in large populations using NGS (next generation sequencing) to confirm the locus methylation state associated with a given character of interest [219].




7.4. Marker-Assisted Selection for Superior Fruit Quality Genotypes


Prunus species are characterized by a juvenile period of at least three years and long generation cycles; hence, the ability to eliminate undesirable seedlings from progenies in breeding populations through MAS reduces cost and allows breeders to focus on populations comprised of individuals carrying desirable alleles of genes of interest [191]. When the genes involved in fruit quality traits are not known, the phenotype could be predicted based on the allelic variants of the molecular markers flanking the previously identified QTLs or MTLs [169]. If the trait is simply inherited, the expression of the gene of interest is recessive, or the evaluation of the character is otherwise tricky, MAS could be applied early in the developmental stage, is economical, and has a high probability of success in comparison with traditional methods [222]. Then, undesirable genotypes could be eliminated from progeny populations using MAS in early developmental stages when fruit quality traits have not yet been expressed. Therefore, the final goal of the identification these QTL regions is to identify expressed major genes insidethese QTL regions, to convert conventional QTL into expression QTL (eQTL) in order to biologically validate the QTLs responsible for the analyzed traits in segregating genotypes [223]. For QTL or MTL validation, the effectiveness association of the DNA marker–phenotype should be checked. DNA markers applied to MAS will provide a substantially improved probability of selecting superior genotypes compared with conventional breeding and evaluation practices, and so they can be used as a part of a reliable and robust technique in routine genotype selection. In apricots, most of the QTLs identified to date are inconsistent for use in MAS due to the influence of statistical tests, the low contribution to the genetic variation of the trait, and the differential gene expression of the trait depending on the year (year by year variability) [222].



On the other hand, regarding the identification of candidate genes to MAS development, in peaches, several major genes have been cloned or fine mapped and are postulated as strong candidate genes applied to MAS linked to fruit quality traits [224]: NAC TF for ripening date in peaches [225], cell number regulator (CNR) for fruit size in peaches and cherries [226,227], leucine-rich repeat receptor-like kinase for fruit shape [228], cleavage carotenoid dioxygenase (CCD) for flesh color (white/yellow) [95,229], MYB TFs for flesh and skin color in peaches [230,231], NAC TFs for blood flesh [207], auxin efflux carrier family for fruit acidity [232], endopolygalacturonase for melting flesh and clingstone in peaches [233,234], yucca (YUC) protein for stony hard texture [202], and R2R3 MYB transcription factor for glabrous skin in peaches [235]. Other key genes and regulators of slow ripening [236], volatile compounds [237], and anthocyanin accumulation in the skin [210] have also been identified in peaches.



In apricots, the genes expressed during the ripening process related to aroma [14,108,238], taste [14,108], ethylene [35,42], carotenoids [42,239], phenylpropanoids [240], flavonoids [241], and anthocyanins [14] are being monitored. The monitoring analysis of apricot firmness loss is mainly performed post-harvest [120,242,243]. The ripening process has been compared between different species including apricots and Japanese apricots [244], as well as apricots and peaches [103], by using the peach microarray μPEACH v1.0 [103]. The validation of these candidate genes in different progenies for which expression is linked to a phenotype of interest may be used as molecular markers applied to MAS in apricot breeding programs. In the case of epigenetic regulation, the development of epigenetic marks linked to the associated traits should be of great interest.





8. Conclusions: Challenges and New Opportunities


Classical plant breeding is a long and tedious process involving the generation of large populations through controlled crosses of previously selected progenitors and the final selection of top individuals—the future new varieties. In the case of Prunus species, this process can take around 15 years. In these programs, enhanced fruit quality is one of the main breeding goals due the increasing interest in functional foods, new varieties, and, in particular, foods rich in antioxidants like anthocyanins and carotenoids, with bigger sizes, earlier or later ripening stages, better flavor and texture, attractive colors, and other traits that positively influence a consumer’s buying decisions. The management, phenotyping, and selection process of progenitors and seedlings are the main factors limiting the generation of new cultivars. In addition, the introgression of a novel trait in commercial crops requires several generations of crosses and selection, and it is particularly time-consuming when the crop of interest has a generation time of some years from seed to seed. In order to improve the efficiency and viability of fruit quality breeding programs in relation to parent and seedling selection, the implementation of molecular tools is an essential requirement, including the development of new MAS strategies based on the molecular knowledge of the determination of the phenotypic traits. Molecular efforts should be focused on the analysis of the molecular basis of the target traits and the implementation of molecular tools to be incorporated together with the classical activity of the visual selection of good descendants. The identification and mapping of candidate genes and alleles responsible for each phenotype, as well as molecular markers associated with them, are necessary to facilitate the selection of progeny plants with interest in a breeding program. Additionally, molecular markers allow for the easy identification of homozygous and heterozygous progeny without the need to verify the phenotype of fruits. On the other hand, metabolic engineering could be an alternative method to obtain improved quality traits in Prunus fruits. A common approach, when available, is to overexpress heterologous regulatory genes in the species of interest or endogenous regulators. This situation does mean that MAS will replace conventional breeding because this MAS should be used as a complementary technique. The practical learning that conventional breeding gives in the selection of new Prunus varieties is a complement of the molecular support. In this context, though there has been a significant shift of conventional breeders to molecular breeding, the target must be well-defined in a complete integrated work plan including DNA markers for selection, RNA markers for the monitoring of ripening, and the development of epigenetic marks linked to the traits of interest. This integrated strategy will facilitate the development and optimization of molecular markers to be applied to the field exploitation of the new varieties, offering and integrating complete technological techniques.







Author Contributions


B.E.G.-G., D.R., and P.M.-G. participated in the design and coordination of the review. B.E.G.-G., J.A.S., and M.N.-A. carried out the review on genomic analysis. B.E.G.-G., J.A.S. and M.R. (Manuel Rubio) carried out review on transcriptomic analysis. B.E.G.-G., J.A.S. and M.R. (Mitra Razi) carried out review on metabolomic analysis. B.E.G.-G., M.R. (Manuel Rubio), M.N.-A., M.R. (Mitra Razi), D.R., J.A.S. and P.M.-G. participated in the manuscript elaboration and discussion. All authors have read and agreed to the published version of the manuscript.




Funding


This study has been supported by Grant N° 19879/GERM/15 of the Seneca Foundation of the Region of Murcia and the Apricot Breeding project of the Spanish Ministry of Economy and Competitiveness.




Acknowledgments


The authors thank the anonymous referees for their critical comments on this manuscript.




Conflicts of Interest


The authors declare that the research review was conducted in the absence of any commercial or economic associations that could be construed as a potential conflict of interest.




References


	



Watada, A.E.; Herner, R.C.; Kader, A.A.; Romani, R.J.; Staby, G.L. Terminology for the description of developmental stages of horticultural crops. HortScience 1984, 19, 20–21. [Google Scholar]

	



Brady, J.C. Fruit ripening. Ann. Rev. Plant Physiol. 1987, 38, 155–178. [Google Scholar] [CrossRef]

	



Bonghi, C.; Manganaris, G.A. Systems biology approaches reveal new insights into the molecular mechanisms regulating flesh fruit quality. In Omics Technologies: Tools for Food Science; CRC Press: New York, NY, USA, 2012; 25p. [Google Scholar]

	



Klee, H.J.; Giovannoni, J.J. Genetics and Control of Tomato Fruit Ripening and Quality Attributes. Ann. Rev. Genet. 2011, 45, 41–59. [Google Scholar] [CrossRef] [PubMed]

	



Grimplet, J.; Romieu, C.; Audergon, J.M.; Marty, I.; Albagnac, G.; Lambert, P.; Terrier, N. Transcriptomic study of apricot fruit (Prunus armeniaca) ripening among 13 006 expressed sequence tags. Physiol. Plant. 2005, 125, 281–292. [Google Scholar] [CrossRef]

	



Giovannoni, J.J. Genetic regulation of fruit development and ripening. Plant Cell 2004, 16, S170–S180. [Google Scholar] [CrossRef] [PubMed]

	



Farinati, S.; Rasori, A.; Varotto, S.; Bonghi, C. Rosaceae Fruit Development, Ripening and Post-harvest: An Epigenetic Perspective. Front. Plant Sci. 2017, 8, 1247. [Google Scholar] [CrossRef] [PubMed]

	



Lü, P.; Yu, S.; Zhu, N.; Chen, Y.-R.; Zhou, B.; Pan, Y.; Zhong, S. Genome encode analyses reveal the basis of convergent evolution of fleshy fruit ripening. Nat. Plants 2018, 4, 784–791. [Google Scholar] [CrossRef] [PubMed]

	



Osorio, S.; Scossa, F.; Fernie, A.R. Molecular regulation of fruit ripening. Front. Plant Sci. 2013, 4, 198. [Google Scholar] [CrossRef]

	



Chalmers, D.J.; van den Ende, B. A reappraisal of the growth and development of peach fruit. Aust. J. Plant Physiol. 1975, 2, 623–634. [Google Scholar] [CrossRef]

	



Biale, J.B. The postharvest biochemistry of tropical and subtropical fruits. Adv. Food Res. 1960, 10, 293–354. [Google Scholar]

	



Jimenez, A.; Creissen, G.; Kular, B.; Firmin, J.; Robinson, S.; Verhoeyen, M.; Mullineaux, P. Changes in oxidative processes and components of the antioxidant system during tomato fruit ripening. Planta 2002, 214, 751–758. [Google Scholar] [CrossRef] [PubMed]

	



Prinsi, B.; Negri, A.S.; Fedeli, C.; Morgutti, S.; Negrini, N.; Cocucci, M.; Espen, L. Peach fruit ripening: A proteomic comparative analysis of the mesocarp of two cultivars with different flesh firmness at two ripening stages. Phytochemistry 2011, 72, 1251–1262. [Google Scholar] [CrossRef] [PubMed]

	



Xi, W.; Zheng, H.; Zhang, Q.; Li, W. Profiling Taste and Aroma Compound Metabolism during Apricot Fruit Development and Ripening. Int. J. Mol. Sci. 2016, 17, 998. [Google Scholar] [CrossRef] [PubMed]

	



Alba, R.; Payton, P.; Fei, Z.; Mcquinn, R.; Debbie, P.; Martin, G.B.; Tanksley, S.D.; Giovannoni, J.J. Transcriptome and Selected Metabolite Analyses Reveal Multiple Points of Ethylene Control during Tomato Fruit Development. Plant Cell 2005, 17, 2954–2965. [Google Scholar] [CrossRef] [PubMed]

	



Infante, R.; Martínez-Gómez, P.; Predieri, S. Quality oriented fruit breeding: Peach [Prunus persica (L.) Batsch]. J. Food Agri. Environ. 2008, 6, 342–356. [Google Scholar]

	



Bazzano, L.A.; He, J.; Ogden, L.G.; Loria, C.M.; Vupputuri, S.; Myers, L.; Whelton, P.K. Fruit and vegetable intake and risk of cardiovascular disease in US adults: The first National Health and Nutrition Examination Survey Epidemiologic Follow-up Study. Am. J. Clin. Nutr. 2002, 76, 93–99. [Google Scholar] [CrossRef] [PubMed]

	



Hertog, M.G.L.; Hollman, P.C.H.; van de Putte, B. Content of potentially anticarcinogenic flavonoids of tea infusions, wines, and fruit juices. J. Agric. Food Chem. 1993, 41, 1242–1246. [Google Scholar] [CrossRef]

	



Machlin, L.J. Critical assessment of the epidemiological data concerning the impact of antioxidant nutrients on cancer and cardiovascular disease. Crit. Rev. Food Sci. Nutr. 1995, 35, 41–49. [Google Scholar] [CrossRef]

	



Ross, J.A.; Kasum, C.M. Bioavailability, Metabolic Effects, and Safety. Ann. Rev. Nutr. 2002, 22, 19–34. [Google Scholar] [CrossRef]

	



Van den Berg, H.; Faulks, R.; Granado, H.F.; Hirschberg, J.; Olmedilla, B.; Sandmann, G.; Stahl, W. The potential for the improvement of carotenoid levels in foods and the likely systemic effects. J. Sci. Food Agric. 2000, 80, 880–912. [Google Scholar] [CrossRef]

	



Matas, A.J.; Gapper, N.E.; Chung, M.Y.; Giovannoni, J.J.; Rose, J.K. Biology and genetic engineering of fruit maturation for enhanced quality and shelf-life. Curr. Opin. Biotechnol. 2009, 20, 197–203. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Gómez, P. Editorial for Special Issue “Plant Genetics and Molecular Breeding”. Int. J. Mol. Sci. 2019, 20, 2659. [Google Scholar] [CrossRef] [PubMed]

	



Bonghi, C.; Trainotti, L.; Botton, A.; Tadiello, A.; Rasori, A.; Ziliotto, F.; Ramina, A. A microarray approach to identify genes involved in seed-pericarp cross-talk and development in peach. BMC Plant Biol. 2011, 11, 107. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, R.; Khurana, A.; Sharma, A.K. Role of plant hormones and their interplay in development and ripening of fleshy fruits. J. Exp. Bot. 2014, 65, 4561–4575. [Google Scholar] [CrossRef]

	



McAtee, P.; Karim, S.; Schaffer, R.; David, K. A dynamic interplay between phytohormones is required for fruit development, maturation, and ripening. Front. Plant Sci. 2013, 4, 79. [Google Scholar] [CrossRef]

	



Wang, S.; Lin, H.; Saito, T.; Ohkawa, K.; Ohara, H.; Jia, H.; Kondo, S. Abscisic acid affects ethylene metabolism and carotenoid biosynthesis in Japanese apricot (Prunus mume Sieb. et Zucc.). Agri Gene 2019, 12, 100083. [Google Scholar] [CrossRef]

	



Burg, S.P.; Burg, E.A. Ethylene action and ripening of fruits—Ethylene influences growth and development of plants and is the hormone which initiates fruit ripening. Science 1965, 148, 1190–1198. [Google Scholar] [CrossRef]

	



Katz, E.; Lagunes, P.M.; Riov, J.; Weiss, D.; Goldschmidt, E.E. Molecular and physiological evidence suggests the existence of a system II-like pathway of ethylene production in non-climacteric Citrus fruit. Planta 2004, 219, 243–252. [Google Scholar] [CrossRef]

	



Liu, M.C.; Pirrello, J.; Chervin, C.; Roustan, J.P.; Bouzayen, M. Ethylene Control of Fruit Ripening: Revisiting the Complex Network of Transcriptional Regulation. Plant Physiol. 2015, 169, 2380–2390. [Google Scholar] [CrossRef]

	



Manganaris, G.A.; Rasori, A.; Bassi, D.; Geuna, F.; Ramina, A.; Tonutti, P.; Bonghi, C. Comparative transcript profiling of apricot (Prunus armeniaca L.) fruit development and on-tree ripening. Tree Genet. Gen. 2011, 7, 609–616. [Google Scholar] [CrossRef]

	



Alexander, L.; Grierson, D. Ethylene biosynthesis and action in tomato: A model for climacteric fruit ripening. J. Exp. Bot. 2002, 53, 2039–2055. [Google Scholar] [CrossRef] [PubMed]

	



Bakshi, A.; Shemansky, J.M.; Chang, C.R.; Binder, B.M. History of Research on the Plant Hormone Ethylene. J. Plant Growth Regul. 2015, 34, 809–827. [Google Scholar] [CrossRef]

	



Lin, Z.F.; Zhong, S.L.; Grierson, D. Recent advances in ethylene research. J. Exp. Bot. 2009, 60, 3311–3336. [Google Scholar] [CrossRef]

	



Muñoz-Robredo, P.; Rubio, P.; Infante, R.; Campos-Vargas, R.; Manríquez, D.; González-Agüero, M.; Defilippi, B.G.G. Ethylene biosynthesis in apricot: Identification of a ripening-related 1-aminocyclopropane-1-carboxylic acid synthase (ACS) gene. Postharvest Biol. Technol. 2012, 63, 85–90. [Google Scholar] [CrossRef]

	



Solano, R.; Ecker, J.R. Ethylene gas: Perception, signaling and response. Curr. Opin. Plant Biol. 1998, 1, 393–398. [Google Scholar] [CrossRef]

	



Cheng, Y.; Liu, L.; Yuan, C.; Guan, J. Molecular characterization of ethylene-regulated anthocyanin biosynthesis in plums during fruit ripening. Plant Mol. Biol. Rep. 2015, 34, 777–785. [Google Scholar] [CrossRef]

	



Rasori, A.; Ruperti, B.; Bonghi, C.; Tonutti, P.; Ramina, A. Characterization of two putative ethylene receptor genes expressed during peach fruit development and abscission. J. Exp. Bot. 2002, 53, 2333–2339. [Google Scholar] [CrossRef] [PubMed]

	



Trainotti, L.; Tadiello, A.; Casadoro, G. The involvement of auxin in the ripening of climacteric fruits comes of age: The hormone plays a role of its own and has an intense interplay with ethylene in ripening peaches. J. Exp. Bot. 2007, 58, 3299–3308. [Google Scholar] [CrossRef]

	



Chahine, H.; Gouble, B.; Audergon, J.M.; Souty, M.; Albagnac, G.; Jacquemin, G.; Hugues, M. Effect of ethylene on certain quality parameters of apricot fruit (Prunus armeniaca, L.) during maturation and postharvest evolution. Acta Hortic. 1999, 488, 577–584. [Google Scholar] [CrossRef]

	



Fan, X.; Argenta, L.; Mattheis, J.P. Inhibition of ethylene action by 1-methylcyclopropene prolongs storage life of apricots. Postharvest Biol. Technol. 2000, 20, 135–142. [Google Scholar] [CrossRef]

	



Marty, I.; Bureau, S.; Sarkissian, G.; Gouble, B.; Audergon, J.M.; Albagnac, G. Ethylene regulation of carotenoid accumulation and carotenogenic gene expression in colour-contrasted apricot varieties (Prunus armeniaca). J. Exp. Bot. 2005, 56, 1877–1886. [Google Scholar] [CrossRef] [PubMed]

	



Palou, L.; Crisosto, C.H. Postharvest Treatments to Reduce the Harmful Effects of Ethylene on Apricots. Acta Hortic. 2003, 599, 31–38. [Google Scholar] [CrossRef]

	



Brady, C.J. Stone fruit. In Biochemistry of Fruit Ripening; Springer: Dordrecht, The Netherlands, 1993; pp. 379–404. [Google Scholar]

	



Seo, M.; Koshiba, T. Complex regulation of ABA biosynthesis in plants. Trends Plant Sci. 2002, 7, 41–48. [Google Scholar] [CrossRef]

	



Martínez-Romero, D.; Serrano, M.; Carbonell, A.; Burgos, L.; Riquelme, F.; Valero, D. Effects of postharvest putrescine treatment on extending shelf life and reducing mechanical damage in apricot. J. Food Sci. 2002, 67, 1706–1712. [Google Scholar] [CrossRef]

	



Mei, Z.; Bing, Y.; Ping, L. The role of ABA in triggering ethylene biosynthesis and ripening of tomato fruit. J. Exp. Bot. 2009, 60, 1579–1588. [Google Scholar]

	



Jackson, D.I.; Coombe, B.G. Gibberellin-like substances in the developing apricot fruit. Science 1966, 154, 277–278. [Google Scholar] [CrossRef]

	



Webster, A.D.; Spencer, J.E. Fruit thinning plums and apricots. Plant Growth Reg. 2000, 31, 101–112. [Google Scholar] [CrossRef]

	



Ghosh, S.; Halder, S. Effect of different kinds of gibberellin on temperate fruit crops: A review. Pharma Innov. J. 2018, 7, 315–319. [Google Scholar]

	



Martínez-Romero, D.; Valero, D.; Serrano, M.; Burlo, F.; Carbonell, A.; Burgos, L.; Riquelme, F. Exogenous Polyamines and Gibberellic Acid Effects on Peach (Prunus persica L.) Storability Improvement. J. Food Sci. 2000, 65, 288–294. [Google Scholar]

	



Southwick, S.M.; Yeager, J.T.; Weis, K.G. Use of gibberellins on ‘Patterson’ apricot (Prunus armeniaca) to reduce hand thinning and improve fruit size and firmness: Effects over three seasons. J. Hortic. Sci. 1997, 72, 645–652. [Google Scholar] [CrossRef]

	



Looney, N.E. Improving fruit size, appearance, and other aspects of fruit crop quality with plant bioregulating. Acta Hortic. 1993, 329, 120–127. [Google Scholar] [CrossRef]

	



Sakakibara, H. Cytokinins: Activity, Biosynthesis, and Translocation. Ann. Rev. Plant Biol. 2006, 57, 431–449. [Google Scholar] [CrossRef] [PubMed]

	



Han, M.; Zhang, T.; Zhao, C.; Zhi, J. Regulation of the expression of lipoxygenase genes in Prunus persica fruit ripening. Acta Physiol. Plant. 2011, 33, 1345–1352. [Google Scholar] [CrossRef]

	



Ziosi, V.; Bonghi, C.; Bregoli, A.M.; Trainotti, L.; Biondi, L.; Sutthiwal, S.; Kondo, S.; Costa, G.; Torrigiani, P. Jasmonate-induced transcriptional changes suggest a negative interference with the ripening syndrome in peach fruit. J. Exp. Bot. 2008, 59, 563–573. [Google Scholar] [CrossRef]

	



Brown, G.S.; Walker, T.D. Indicators of maturity in apricots using biplot multivariate analysis. J. Sci. Food Agric. 1990, 53, 321–331. [Google Scholar] [CrossRef]

	



Tanaka, Y.; Sasaki, N.; Ohmiya, A. Biosynthesis of plant pigments: Anthocyanins, betalains and carotenoids. Plant J. 2008, 54, 733–749. [Google Scholar] [CrossRef]

	



Bureau, S.; Renard, C.M.G.C.; Reich, M.; Ginies, C.; Audergon, J.M. Change in anthocyanin concentrations in red apricot fruits during ripening. Food Sci. Technol. 2009, 42, 372–377. [Google Scholar] [CrossRef]

	



Tomas-Barberan, F.; Espin, J.C. Phenolic compounds and related enzymes as determinants of quality in fruits and vegetables. J. Sci. Food Agri. 2001, 81, 853–876. [Google Scholar] [CrossRef]

	



Ruiz, D.; Egea, J.; Gil, M.I.; Tomás-Barberán, F.A. Characterization and quantitation of phenolic compounds in new apricot (Prunus armeniaca L.) varieties. J. Agri. Food Chem. 2005, 53, 9544–9552. [Google Scholar] [CrossRef]

	



Petroni, K.; Tonelli, C. Recent advances on the regulation of anthocyanin synthesis in reproductive organs. Plant Sci. 2011, 181, 219–229. [Google Scholar] [CrossRef]

	



Rahim, M.A.; Busatto, N.; Trainotti, L. Regulation of anthocyanin biosynthesis in peach fruits. Planta 2014, 240, 913–929. [Google Scholar] [CrossRef] [PubMed]

	



Ravaglia, D.; Espley, R.V.; Henry-Kirk, R.A.; Andreotti, C.; Ziosi, V.; Hellens, R.P.; Allan, A.C. Transcriptional regulation of flavonoid biosynthesis in nectarine (Prunus persica) by a set of R2R3 MYB transcription factors. BMC Plant Biol. 2013, 13, 68. [Google Scholar] [CrossRef] [PubMed]

	



González, M.; Salazar, E.; Cabrera, S.; Olea, P.; Carrasco, B. Analysis of anthocyanin biosynthesis genes expression profiles in contrasting cultivars of Japanese plum (Prunus salicina L.) during fruit development. Gene Expr. Patterns 2016, 21, 54–62. [Google Scholar]

	



Andreotti, C.; Ravaglia, D.; Ragaini, A.; Costa, G. Phenolic compounds in peach (Prunus persica) cultivars at harvest and during fruit maturation. Ann. Appl. Biol. 2008, 153, 11–23. [Google Scholar] [CrossRef]

	



Mori, K.; Sugaya, S.; Gemma, H. Decreased anthocyanin biosynthesis in grape berries grown under elevated night temperature condition. Sci. Hortic. 2005, 105, 319–330. [Google Scholar] [CrossRef]

	



Leong, S.Y.; Oey, I. Effects of processing on anthocyanins, carotenoids and vitamin C in summer fruits and vegetables. Food Chem. 2012, 133, 1577–1587. [Google Scholar] [CrossRef]

	



Xi, W.; Feng, J.; Liu, Y.; Zhang, S.; Zhao, G. The R2R3-MYB transcription factor PaMYB10 is involved in anthocyanin biosynthesis in apricots and determines red blushed skin. BMC Plant Biol. 2019, 19, 287. [Google Scholar] [CrossRef]

	



Hu, B.; Zhao, J.; Lai, B.; Qin, Y.; Wang, H.; Hu, G. LcGST4 is an anthocyanin-related glutathione S-transferase gene in Litchi chinensis Sonn. Plant Cell Rep. 2016, 35, 831–843. [Google Scholar] [CrossRef]

	



Kitamura, S.; Matsuda, F.; Tohge, T.; Yonekura-Sakakibara, K.; Yamazaki, M.; Saito, K.; Narumi, I. Metabolic profiling and cytological analysis of proanthocyanidins in immature seeds of Arabidopsis thaliana flavonoid accumulation mutants. Plant J. 2010, 624, 549–559. [Google Scholar] [CrossRef]

	



Xu, W.; Dubos, C.; Lepiniec, L. Transcriptional control of flavonoid biosynthesis by MYB–bHLH–WDR complexes. Trends Plant Sci. 2015, 20, 176–185. [Google Scholar] [CrossRef]

	



Winkel-Shirley, B. Biosynthesis of flavonoids and effects of stress. Curr. Opin. Plant Biol. 2002, 5, 218–223. [Google Scholar] [CrossRef]

	



Fang, Z.Z.; Zhou, D.R.; Ye, X.F.; Jiang, C.C.; Pan, S.L. Identification of Candidate Anthocyanin-Related Genes by Transcriptomic Analysis of “Furongli” Plum (Prunus salicina Lindl.) during Fruit Ripening Using RNA-Seq. Front. Plant Sci. 2016, 7, 1338. [Google Scholar] [CrossRef] [PubMed]

	



Wei, H.; Chen, X.; Zong, X.; Shu, H.; Gao, D.; Liu, Q. Comparative transcriptome analysis of genes involved in anthocyanin biosynthesis in the red and yellow fruits of sweet cherry (Prunus avium L.). PLoS ONE 2015, 10, e0121164. [Google Scholar] [CrossRef] [PubMed]

	



Ayour, J.; Sagar, M.; Alfeddy, M.N.; Taourirte, M.; Benichou, M. Evolution of pigments and their relationship with skin color based on ripening in fruits of different Moroccan genotypes of apricots (Prunus armeniaca L.). Sci. Hortic. 2016, 207, 168–175. [Google Scholar] [CrossRef]

	



Ruiz, D.; Reich, M.; Bureau, S.; Renard, C.M.G.C.; Audergon, J.M. Application of reflectance colorimeter measurements and infrared spectroscopy methods to rapid and nondestructive evaluation of carotenoids content in apricot (Prunus armeniaca L.). J. Agric. Food Chem. 2008, 56, 4916–4922. [Google Scholar] [CrossRef]

	



Ruiz, D.; Egea, J. Phenotypic diversity and relationships of fruit quality traits in apricot (Prunus armeniaca L.) germplasm. Euphytica 2007, 163, 143–158. [Google Scholar] [CrossRef]

	



Walker, A.R.; Lee, E.; Bogs, J.; McDavid, D.J.; Thomas, M.R.; Robinson, S.P. White grapes arose through the mutation of two similar and adjacent regulatory genes. Plant J. 2007, 49, 772–885. [Google Scholar] [CrossRef]

	



Jaakola, L.; Poole, M.; Jones, M.O.; Kamarainen-Karppinen, T.; Koskimaki, J.J.; Hohtola, A.; Seymour, G.B. A SQUAMOSA MADS Box Gene Involved in the Regulation of Anthocyanin Accumulation in Bilberry Fruits. Plant Physiol. 2010, 153, 1619–1629. [Google Scholar] [CrossRef]

	



Takos, A.M.; Robinson, S.P.; Walker, A.R.L. Transcriptional regulation of the flavonoid pathway in the skin of dark-grown “Cripps” Red’ apples in response to sunlight. J. Hortic. Sci. Biotechnol. 2006, 81, 735–744. [Google Scholar] [CrossRef]

	



Ubi, B.E.; Honda, C.; Bessho, H.; Kondo, S.; Wada, M.; Kobayashi, S.; Moriguchi, T. Expression analysis of anthocyanin biosynthetic genes in apple skin: Effect of UV-B and temperature. Plant Sci. 2006, 170, 571–578. [Google Scholar] [CrossRef]

	



Povero, G.; Gonzali, S.; Bassolino, L.; Mazzucato, A.; Perata, P. Transcriptional analysis in high-anthocyanin tomatoes reveals synergistic effect of Aft and atv genes. J. Plant Physiol. 2011, 168, 270–279. [Google Scholar] [CrossRef] [PubMed]

	



Borovsky, Y.; Oren-Shamir, M.; Ovadia, R.; De Jong, W.; Paran, I. The A locus that controls anthocyanin accumulation in pepper encodes a MYB transcription factor homologous to Anthocyanin of Petunia. Appl. Genet. 2004, 109, 23–29. [Google Scholar] [CrossRef] [PubMed]

	



Niu, S.; Xu, J.; Zhang, S.; Zhang, B.; Li, X.; Lin-Wang, K.; Chen, K.S.S. Coordinated regulation of anthocyanin biosynthesis in Chinese bayberry (Myrica rubra) fruit by a R2R3 MYB transcription factor. Planta 2010, 231, 887–899. [Google Scholar] [CrossRef] [PubMed]

	



Lu, S.; Li, L. Carotenoid Metabolism: Biosynthesis, Regulation, and Beyond. J. Integr. Plant Biol. 2008, 50, 778–785. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz, D.; Egea, J.; Tomás-Barberán, F.A.; Gil, M.I. Carotenoids from new apricot (Prunus armeniaca L.) varieties and their relationship with flesh and skin color. J. Agric. Food Chem. 2005, 53, 6368–6374. [Google Scholar] [CrossRef] [PubMed]

	



Nishino, H.; Tokuda, H.; Satomi, Y.; Masuda, M.; Bu, P.; Onozuka, M.; Yano, M. Cancer prevention by carotenoids. Pure Appl. Chem. 1999, 71, 2273–2278. [Google Scholar] [CrossRef]

	



Olson, J. Carotenoids and human health. Arch. Lat. Nutr. 1999, 49, 7–11. [Google Scholar]

	



Stahl, W.; Ale-Agha, N.; Polidori, M. Non-antioxidant properties of carotenoids. J. Biol. Chem. 2002, 383, 553–558. [Google Scholar] [CrossRef]

	



Stahl, W.; Sies, H. Antioxidant activity of carotenoids. Mol. Asp. Med. 2003, 24, 345–351. [Google Scholar] [CrossRef]

	



Paolini, M.; Abdel-Rahman, S.Z.; Sapone, A.; Pedulli, G.F.; Perocco, P.; Cantelli-Forti, G.; Legator, M.S. β-Carotene: A cancer chemopreventive agent or a co-carcinogen? Mutat. Res. Rev. Mutat. Res. 2003, 543, 195–200. [Google Scholar] [CrossRef]

	



Voutilainen, S.; Nurmi, T.; Mursu, J.; Rissanen, T.H. Carotenoids and cardiovascular health. Am. J. Clin. Nutr. 2006, 83, 1265–1271. [Google Scholar] [CrossRef] [PubMed]

	



Sesso, H.D. Carotenoids and cardiovascular disease: What research gaps remain? Curr. Opin. Lipidol. 2006, 17, 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Brandi, F.; Bar, E.; Mourgues, F.; Horváth, G.; Turcsi, E.; Giuliano, G.; Rosati, C. Study of “Redhaven” peach and its white-fleshed mutant suggests a key role of CCD4 carotenoid dioxygenase in carotenoid and norisoprenoid volatile metabolism. BMC Plant Biol. 2011, 11, 24. [Google Scholar] [CrossRef] [PubMed]

	



Cazzonelli, C.I.; Pogson, B.J. Source to sink: Regulation of carotenoid biosynthesis in plants. Trends Plant Sci. 2010, 15, 266–274. [Google Scholar] [CrossRef]

	



Kita, M.; Ban, Y.; Honda, C.; Yaegaki, H.; Moriguchi, T.; Kato, M.; Ikoma, Y. Carotenoid accumulation in Japanese apricot (Prunus mume Siebold & Zucc.): Molecular analysis of carotenogenic gene expression and ethylene regulation. J. Agric. Food Chem. 2007, 55, 3414–3420. [Google Scholar]

	



Pichersky, E.; Noel, J.P.; Dudareva, N. Biosynthesis of Plant Volatiles: Nature’s Diversity and Ingenuity. Science 2006, 311, 808–811. [Google Scholar] [CrossRef]

	



Fraser, P.D.; Bramley, P.M. The biosynthesis and nutritional uses of carotenoids. Prog. Lipid Res. 2004, 43, 228–265. [Google Scholar] [CrossRef]

	



Nambara, E.; Marion-Poll, A. Abscisic acid biosynthesis and catabolism. Annu. Rev. Plant Biol. 2005, 56, 165–185. [Google Scholar] [CrossRef]

	



Sandmann, G.; Romer, S.; Fraser, P.D. Understanding carotenoid metabolism as a necessity for genetic engineering of crop plants. Metab. Eng. 2006, 8, 291–302. [Google Scholar] [CrossRef]

	



Liu, Y.; Roof, S.; Zhibiao, Y.; Barry, C.; van Tuinen, A.; Vrebalov, C.; Bowler, C.; Giovannoni, J. Manipulation of light signal transduction as a means of modifying fruit nutritional quality in tomato. Proc. Natl. Acad. Sci. USA 2004, 101, 9897–9902. [Google Scholar] [CrossRef]

	



Trainotti, L.; Bonghi, C.; Ziliotto, F.; Zanin, D.; Rasori, A.; Casadoro, G.; Tonutti, P. The use of microarray μPEACH1.0 to investigate transcriptome changes during transition from pre-climacteric to climacteric phase in peach fruit. Plant Sci. 2006, 170, 606–613. [Google Scholar] [CrossRef]

	



Kuai, B.; Chen, J.; Hörtensteiner, S. The biochemistry and molecular biology of chlorophyll breakdown. J. Exp. Bot. 2018, 69, 751–767. [Google Scholar] [CrossRef] [PubMed]

	



Eberhardt, M.V.; Lee, C.Y.; Liu, R.H. Antioxidant activity of fresh apples. Nature 2000, 405, 903–904. [Google Scholar] [CrossRef] [PubMed]

	



Guyer, L.; Hofstetter, S.S.; Christ, B.; Lira, B.S.; Rossi, M.; Hörtensteiner, S. Different mechanisms are responsible for chlorophyll dephytylation during fruit ripening and leaf senescence in tomato. Plant Physiol. 2014, 166, 44–56. [Google Scholar] [CrossRef] [PubMed]

	



Müller, T.; Ulrich, M.; Ongania, K.H.; Kräutler, B. Colorless Tetrapyrrolic Chlorophyll Catabolites Found in Ripening Fruit Are Effective Antioxidants. Angew. Chem. Int. Ed. 2007, 46, 8699–8702. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Feng, C.; Li, W.; Qu, Z.; Zeng, M.; Xi, W. Transcriptional regulatory networks controlling taste and aroma quality of apricot (Prunus armeniaca L.) fruit during ripening. BMC Genom. 2019, 20, 45. [Google Scholar] [CrossRef]

	



Sánchez, G.; Besada, C.; Badenes, M.L.; Monforte, A.J.; Granell, A. A Non-Targeted Approach Unravels the Volatile Network in Peach Fruit. PLoS ONE 2012, 7, e38992. [Google Scholar] [CrossRef]

	



Defilippi, B.G.; Manriquez, D.; Luengwilai, K.; Gonzalez-Aguero, M. Aroma Volatiles: Biosynthesis and Mechanisms of Modulation during Fruit Ripening. Adv. Bot. Res. 2009, 50, 1–37. [Google Scholar]

	



Zhang, B.; Shen, J.Y.; Wei, W.; Xi, W.; Xu, C.J.; Ferguson, I.; Chen, K.S. Expression of Genes Associated with Aroma Formation Derived from the Fatty Acid Pathway during Peach Fruit Ripening. J. Agric. Food Chem. 2010, 26, 6157–6165. [Google Scholar] [CrossRef]

	



Etienne, C.; Rothan, C.; Moing, A.; Plomion, C.; Bodénès, C.; Svanella-Dumas, L.; Dirlewanger, E. Candidate genes and QTLs for sugar and organic acid content in peach [ Prunus persica (L.) Batsch]. Appl. Genet. 2002, 105, 145–159. [Google Scholar] [CrossRef]

	



Etienne, A.; Genard, M.; Lobit, P.; Mbeguie-A-Mbeguie, D.; Bugaud, C. What controls fleshy fruit acidity? A review of malate and citrate accumulation in fruit cells. J. Exp. Bot. 2013, 64, 1451–1469. [Google Scholar] [CrossRef] [PubMed]

	



Tronconi, M.A.; Gerrard Wheeler, M.C.; Martinatto, A.; Zubimendi, J.P.; Andreo, C.S.; Drincovich, M.F. Allosteric substrate inhibition of Arabidopsis NAD-dependent malic enzyme 1 is released by fumarate. Phytochemistry 2015, 111, 37–47. [Google Scholar] [CrossRef] [PubMed]

	



Brummell, D.A.; Dal Cin, V.; Crisosto, C.H.; Labavitch, J.M. Cell wall metabolism during maturation, ripening and senescence of peach fruit. J. Exp. Bot. 2004, 55, 2029–2039. [Google Scholar] [CrossRef] [PubMed]

	



Vicente, A.R.; Saladie, M.; Rose, J.K.C.; Labavitch, J.M. The linkage between cell wall metabolism and fruit softening: Looking to the future. J. Sci. Food Agric. 2007, 87, 1435–1448. [Google Scholar] [CrossRef]

	



Hajnal, V.; Szalay, L.; Németh, S.; Ficzek, G.; Bujdosó, G.; Tóth, M. Changes in the fruit texture parameters and composition of apricot cultivars during ripening. Acta Aliment. 2012, 41, 73–82. [Google Scholar] [CrossRef]

	



Li, D.; Lurie, S.; Hong-Wei, Z. Effect of 1-methylcyclopropene on ripening of Canino apricots and Royal Zee plums. Postharvest Biol. Technol. 2002, 24, 135–145. [Google Scholar]

	



Mathooko, F.M.; Tsunashima, Y.; Owino, W.Z.O.; Kubo, Y.; Inaba, A. Regulation of genes encoding ethylene biosynthetic enzymes in peach (Prunus persica L.) fruit by carbon dioxide and 1-methylcyclopropene. Postharvest Biol. Technol. 2001, 21, 265–281. [Google Scholar] [CrossRef]

	



Fan, X.; Shu, C.; Zhao, K.; Wang, X.; Cao, J.; Jiang, W. Regulation of apricot ripening and softening process during shelf life by post-storage treatments of exogenous ethylene and 1-methylcyclopropene. Sci. Hortic. 2018, 232, 63–70. [Google Scholar] [CrossRef]

	



Pimentel, H.; Bray, N.L.; Puente, S.; Melsted, P.; Pachter, L. Differential analysis of RNA-seq incorporating quantification uncertainty. Nat. Methods 2017, 14, 687–699. [Google Scholar] [CrossRef]

	



Harker, F.R.; Redgwell, R.J.; Hallett, I.C.; Murray, S.H.; Carter, G. Texture of Fresh Fruit. Hortic. Rev. 2010, 20, 121–224. [Google Scholar]

	



Hampson, C.R.; Quamme, H.A.; Hall, J.W.; MacDonald, R.A.; King, M.C.; Cliff, M.A. Sensory evaluation as a selection tool in apple breeding. Euphytica 2000, 111, 79–90. [Google Scholar] [CrossRef]

	



Kovacs, E.; Meresz, P.; Kristof, Z.; Nemeth-Szerdahelyi, E. Ripening and microstructure of apricot (Prunus Armeniaca L.). Acta Aliment. 2008, 37, 23–39. [Google Scholar] [CrossRef]

	



Kovacs, E.; Nemeth-Szerdahelyi, E. β-Galactosidase activity and cell wall breakdown in apricots. J. Food Sci. 2002, 67, 2004–2008. [Google Scholar] [CrossRef]

	



Hayama, H.; Tatsuki, M.; Ito, A.; Kashimura, Y. Ethylene and fruit softening in the stony hard mutation in peach. Postharvest Biol. Technol. 2006, 41, 16–21. [Google Scholar] [CrossRef]

	



Luo, Z.; Xie, J.; Xu, T.; Zhang, L. Delay ripening of ‘Qingnai’ plum (Prunus salicina Lindl.) with 1-methylcyclopropene. Plant Sci. 2009, 177, 705–709. [Google Scholar] [CrossRef]

	



Rose, J.K.C.; Braam, J.; Fry, S.C.; Nishitani, K. The XTH family of enzymes involved in xyloglucan endotransglucosylation and endohydrolysis: Current perspectives and a new unifying nomenclature. Plant Cell Physiol. 2002, 43, 1421–1435. [Google Scholar] [CrossRef]

	



Williams, L.E.; Lemoine, R.; Sauer, N. Sugar transporters in higher plants—A diversity of roles and complex regulation. Trends Plant Sci. 2000, 5, 283–290. [Google Scholar] [CrossRef]

	



Giovannoni, J. Molecular Biology of fruit maturation and ripening. Ann. Rev. Plant Physiol. Plant Mol. Biol. 2001, 52, 725–749. [Google Scholar] [CrossRef]

	



Blanco-Portales, R.; Medina-Escobar, N.; Lopez-Raez, J.A.; Gonzalez-Reyes, J.A.; Villalba, J.M.; Moyano, E.; Caballero, J.L.; Muñoz-Blanco, J. Cloning, expression and immunolocalization pattern of a cinnamyl alcohol dehydrogenase gene from strawberry (Fragaria x ananassa cv. Chandler). J. Exp. Bot. 2002, 53, 1723–1734. [Google Scholar] [CrossRef]

	



Femenia, A.; Sanchez, E.S.; Simal, S.; Rossello, C. Developmental and ripening-related effects on the cell wall of apricot (Prunus armeniaca) fruit. J. Sci. Food Agric. 1998, 77, 487–493. [Google Scholar] [CrossRef]

	



Lahaye, M.; Falourd, X.; Quemener, B.; Devaux, M.F.; Audergon, J.M. Histological and cell wall polysaccharide chemical variability among apricot varieties. Food Sci. Technol. 2014, 58, 486–496. [Google Scholar] [CrossRef]

	



Mbeguie-A-Mbeguie, D.; Gouble, B.; Gomez, R.M.; Audergon, J.M.; Albagnac, G.; Fils-Lycaon, B. Two expansin cDNAs from Prunus armeniaca expressed during fruit ripening are differently regulated by ethylene. Plant Physiol. Biochem. 2002, 40, 445–452. [Google Scholar] [CrossRef]

	



Stanley, J.; Prakash, R.; Marshall, R.; Schröder, R. Effect of harvest maturity and cold storage on correlations between fruit properties during ripening of apricot (Prunus armeniaca). Postharvest Biol. Technol. 2013, 82, 39–50. [Google Scholar] [CrossRef]

	



Trainotti, L.; Zanin, D.; Casadoro, G. A cell wall-oriented genomic approach reveals a new and unexpected complexity of the softening in peaches. J. Exp. Bot. 2003, 54, 1821–1832. [Google Scholar] [CrossRef]

	



Slavin, J.L.; Lloyd, B. Health Benefits of Fruits and Vegetables. Adv. Nutr. 2012, 3, 506–516. [Google Scholar] [CrossRef]

	



Fratianni, F.; Ombra, M.N.; D’Acierno, A.; Cipriano, L.; Nazzaro, F. Apricots: Biochemistry and functional properties. Curr. Opin. Food Sci. 2018, 19, 23–29. [Google Scholar] [CrossRef]

	



Steinmetz, K.A.; Potter, J.D. Vegetables, Fruit, and Cancer Prevention: A Review. J. Am. Diet. Assoc. 1996, 96, 1027–1039. [Google Scholar] [CrossRef]

	



Van Duyn, M.A.S.; Pivonka, E. Overview of the Health Benefits of Fruit and Vegetable Consumption for the Dietetics Professional: Selected Literature. J. Am. Diet. Assoc. 2000, 100, 1511–1521. [Google Scholar] [CrossRef]

	



Katayama, S.; Ogawa, H.; Nakamura, S. Apricot Carotenoids Possess Potent Anti-amyloidogenic Activity in Vitro. J. Agri. Food Chem. 2011, 59, 12691–12696. [Google Scholar] [CrossRef]

	



Mangels, A.R.; Holden, J.M.; Beecher, G.R.; Forman, M.R.; Lanza, E. Carotenoid content of fruits and vegetables: An evaluation of analytic data. J. Am. Diet. Assoc. 1993, 93, 284–296. [Google Scholar] [CrossRef]

	



Curl, A.L. Carotenoids of apricots. Food Res. 1960, 25, 190–196. [Google Scholar] [CrossRef]

	



Yuan, J.M.; Stram, D.O.; Arakawa, K.; Lee, H.P.; Yu, M.C. Dietary cryptoxanthin and reduced risk of lung cancer: The Singapore Chinese Health Study. Cancer Epidemiol. Biomark. Prev. 2003, 12, 890–898. [Google Scholar]

	



Yamaguchi, M. Role of carotenoid β-cryptoxanthin in bone homeostasis. J. Biomed. Sci. 2012, 19, 36. [Google Scholar] [CrossRef] [PubMed]

	



Pattison, D.J.; Symmons, D.P.; Lunt, M.; Welch, A.; Bingham, S.A.; Day, N.E.; Silman, A.J. Dietary β-cryptoxanthin and inflammatory polyarthritis: Results from a population-based prospective study. Am. J. Clin. Nutr. 2005, 82, 451–455. [Google Scholar] [CrossRef]

	



Müller, H. Determination of the carotenoid content in selected vegetables and fruit by HPLC and photodiode array detection. Eur. Food Res. Technol. 1997, 204, 88–94. [Google Scholar] [CrossRef]

	



Crozier, A.; Jaganath, I.B.; Clifford, M.N.; Skrzypczak-Jankun, E.; Morgan, M.R.A.; Williamson, G. Dietary phenolics: Chemistry, bioavailability and effects on health. Nat. Prod. Rep. 2009, 26, 1001–1043. [Google Scholar] [CrossRef]

	



Song, W.; Derito, C.M.; Liu, M.K.; He, X.; Dong, M.; Liu, R.H. Cellular antioxidant activity of common vegetables. J. Agric. Food Chem. 2010, 58, 6621–6629. [Google Scholar] [CrossRef]

	



Sochor, J.; Zitka, O.; Skutkova, H.; Pavlik, D.; Babula, P.; Krska, B.; Kizek, R. Content of Phenolic Compounds and Antioxidant Capacity in Fruits of Apricot Genotypes. Molecules 2010, 15, 6285–6305. [Google Scholar] [CrossRef]

	



Dragovic-Uzelac, V.; Delonga, K.; Levaj, B.; Djakovic, S.; Pospisil, J. Phenolic profiles of raw apricots, pumpkins, and their purees in the evaluation of apricot nectar and jam authenticity. J. Agric. Food Chem. 2005, 53, 4836–4842. [Google Scholar] [CrossRef]

	



Marlett, J.A.; Vollendorf, N.W. Dietary fiber content and composition of different forms of fruits. Food Chem. 1994, 51, 39–44. [Google Scholar] [CrossRef]

	



Jacobs, L.R. Fiber and colon cancer. Gastroenterol. Clin. N. Am. 1988, 17, 747–760. [Google Scholar]

	



Potter, J.D. The Epidemiology of Fiber and Colorectal Cancer. Diet. Fiber 1990, 2, 431–445. [Google Scholar]

	



Trock, B.; Lanza, E.; Greenwald, P. Dietary Fiber, Vegetables, and Colon Cancer: Critical Review and Meta-analyses of the Epidemiologic Evidence. J. Natl. Cancer Inst. 1990, 82, 650–661. [Google Scholar] [CrossRef] [PubMed]

	



Génard, M.; Bertin, N.; Borel, C.; Bussières, P.; Gautier, H.; Habib, R.; Léchaudel, M.; LeComte, A.; Lescourret, F.; Lobit, P.; et al. Towards a virtual fruit focusing on quality: Modelling features and potential uses. J. Exp. Bot. 2007, 58, 917–928. [Google Scholar] [CrossRef] [PubMed]

	



Bianchi, V.; Rubio, M.; Trainotti, L.; Verde, I.; Bonghi, C.; Martínez-Gómez, P. Prunus transcription factors: Breeding perspectives. Front. Plant Sci. 2015, 6, 443. [Google Scholar] [CrossRef]

	



Verde, I.; The International Peach Genome Initiative; Abbott, A.G.; Scalabrin, S.; Jung, S.; Shu, S.; Marroni, F.; Zhebentyayeva, T.; Dettori, M.T.; Grimwood, J.; et al. The high-quality draft of peach (Prunus persica) identifies unique patterns of genetic diversity, domestication and genome evolution. Nat. Genet. 2013, 45, 487–494. [Google Scholar] [CrossRef]

	



Verde, I.; Jenkins, J.; Dondini, L.; Micali, S.; Pagliarani, G.; Vendramin, E.; Paris, R.; Aramini, V.; Gazza, L.; Rossini, L.; et al. The Peach v2.0 release: High-resolution linkage mapping and deep resequencing improve chromosome-scale assembly and contiguity. BMC Genom. 2017, 18, 225. [Google Scholar] [CrossRef]

	



Zhang, Q.; Chen, W.; Sun, L.; Zhao, F.; Huang, B.; Yang, W.; Tao, Y.; Wang, J.; Yuan, Z.; Fan, G.; et al. The genome of Prunus mume. Nat. Commum. 2012, 3, 1318. [Google Scholar] [CrossRef]

	



Shirasawa, K.; Isuzugawa, K.; Ikenaga, M.; Saito, Y.; Yamamoto, T.; Hirakawa, H.; Isobe, S. The genome sequence of sweet cherry (Prunus avium) for use in genomics-assisted breeding. DNA Res. 2017, 24, 499–508. [Google Scholar] [CrossRef]

	



Shirasawa, K.; Esumi, T.; Hirakawa, H.; Tanaka, H.; Itai, A.; Ghelfi, A.; Nagasaki, H.; Isobe, S. Phased genome sequence of an interspecific hybrid flowering cherry, ‘Somei-Yoshino’ (Cerasus × yedoensis). DNA Res. 2019, 26, 379–389. [Google Scholar] [CrossRef]

	



Zhebentyayeva, T.; Shankar, V.; Scorza, R.; Callahan, A.; Ravelonandro, M.; Castro, S.; DeJong, T.; Saski, C.A.; Dardick, C. Genetic characterization of worldwide Prunus domestica (plum) germplasm using sequence-based genotyping. Hortic. Res. 2019, 6, 12. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Pérez, R.; Pavan, S.; Mazzeo, R.; Moldovan, C.; Cigliano, R.A.; Del Cueto, J.; Ricciardi, F.; Lotti, C.; Dicenta, F.; López-Marqués, R.; et al. Mutation of a bHLH transcription factor allowed almond domestication. Science 2019, 364, 1095–1098. [Google Scholar] [CrossRef] [PubMed]

	



Alioto, T.; Alexiou, K.; Bardil, A.; Barteri, F.; Castanera, R.; Cruz, F.; Dhingra, A.; Duval, H.; Fernández i Martí, Á.; Frias, L. Transposons played a major role in the diversification between the closely related almond (Prunus dulcis) and peach (P. persica) genomes: Results from the almond genome sequence. Plant J. 2020, 101, 455–472. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, F.; Zhang, J.; Wang, S.; Yang, L.; Luo, Y.; Gao, S.; Zhang, M.; Wu, S.; Hu, S.; Wang, Y. The apricot (Prunus armeniaca L.) genome elucidates Rosaceae evolution and beta-carotenoid synthesis. Hortic. Res. 2019, 6, 128. [Google Scholar] [CrossRef]

	



Wei, X.; Zhang, Q.; Liu, N.; Zhang, Y.; Xu, M.; Zhang, Y.; Ma, X.; Liu, W. Genetic diversity of Chines plum (Prunus salicina) based on whole-genome resequencing. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Martínez-Gómez, P.; Sánchez-Pérez, R.; Rubio, M. Clarifying omics concepts, challenges and opportunities for Prunus breeding in the post-genomic era. Omics J. Integr. Biol. 2012, 16, 268–283. [Google Scholar] [CrossRef]

	



Salazar, J.A.; Ruiz, D.; Campoy, J.A.; Sánchez-Pérez, R.; Crisosto, C.H.; Martínez-García, P.J.; Blenda, A.; Jung, S.; Main, D.; Martínez-Gómez, P.; et al. Quantitative Trait Loci (QTL) and Mendelian Trait Loci (MTL) analysis in Prunus: A breeding perspective and beyond. Plant Mol. Biol. Rep. 2014, 32, 1–18. [Google Scholar] [CrossRef]

	



Salazar, J.A.; Pacheco, I.; Shinya, P.; Zapata, P.; Silva, C.; Ruiz, D.; Martínez-Gómez, P.; Infante, R. Genotyping by Sequencing for SNP-Based Linkage Analysis and Identification of QTLs Linked to Fruit Quality Traits in Japanese Plum (Prunus salicina Lindl.). Front. Plant Sci. 2017, 8, 476. [Google Scholar] [CrossRef]

	



García-Gómez, B.E.; Salazar, J.A.; Dondini, L.; Martínez-Gómez, P.; Ruiz, D. Identification of QTLs linked to fruit quality traits in apricot (Prunus armeniaca L.) and biological validation through gene expression analysis using qPCR. Mol. Breed. 2019, 39, 28. [Google Scholar] [CrossRef]

	



García-Gómez, B.; Razi, M.; Salazar, J.A.; Prudencio, A.S.; Ruiz, D.; Dondini, L.; Martínez-Gómez, P. Comparative Analysis of SSR Markers Developed in Exon, Intron, and Intergenic Regions and Distributed in Regions Controlling Fruit Quality Traits in Prunus Species: Genetic Diversity and Association Studies. Plant Mol. Biol. Rep. 2018, 36, 23–35. [Google Scholar] [CrossRef]

	



Salazar, J.A.; Ruiz, D.; Egea, J.; Martínez-Gómez, P. Transmission of fruit quality traits in apricot (Prunus armeniaca L.) and analysis of linked quantitative trait loci (QTLs) using simple sequence repeat (SSR) markers. Plant Mol. Biol. Rep. 2013, 31, 1506–1517. [Google Scholar] [CrossRef]

	



Salazar, J.A.; Ruiz, D.; Campoy, J.A.; Tartarini, S.; Dondini, L.; Martínez-Gómez, P. Inheritance of reproductive phenology traits and related QTL identification in apricot. Tree Genet. Genomes 2016, 12, 71. [Google Scholar] [CrossRef]

	



Socquet-Juglard, D.; Christen, D.; Devènes, G.; Gessler, C.; Duffy, B.; Patocchi, A. Mapping Architectural, Phenological, and Fruit Quality QTLs in Apricot. Plant Mol. Biol. Rep. 2013, 31, 387–397. [Google Scholar] [CrossRef]

	



Sánchez-Pérez, R.; Howad, W.; Dicenta, F.; Arús, P.; Martínez-Gómez, P. Mapping major genes and quantitative trait loci controlling agronomic traits in almond. Plant Breed. 2007, 126, 310–318. [Google Scholar] [CrossRef]

	



Dirlewanger, E.; Cosson, P.; Boudehri, K.; Renaud, C.; Capdeville, G.; Tauzin, Y.; Laigret, F.; Moing, A. Development of a second-generation genetic linkage map for peach [Prunus persica (L.) Batsch] and characterization of morphological traits affecting flower and fruit. Tree Genet. Genomes 2006, 3, 1–13. [Google Scholar] [CrossRef]

	



Eduardo, I.; Pacheco, I.; Chietera, G.; Bassi, D.; Pozzi, C.; Vecchietti, A.; Rossini, L. QTL analysis of fruit quality traits in two peach intraspecific populations and importance of maturity date pleiotropic effect. Tree Genet. Genomes 2011, 7, 323–335. [Google Scholar] [CrossRef]

	



Fan, S.; Bielenberg, D.G.; Zhebentyayeva, T.N.; Reighard, G.L.; Okie, W.R.; Holland, D.; Abbott, A.G. Mapping quantitative trait loci associated with chilling requirement, heat requirement and bloom date in peach (Prunus persica). New Phytol. 2010, 185, 917–930. [Google Scholar] [CrossRef]

	



Fresnedo-Ramírez, J.; Bink, M.C.A.M.; van de Weg, E.; Famula, T.R.; Crisosto, C.H.; Frett, T.J.; Gradziel, T.M. QTL mapping of pomological traits in peach and related species breeding germplasm. Mol. Breed. 2015, 35, 166. [Google Scholar] [CrossRef]

	



Sánchez, G.; Martínez, J.; Romeu, J.; García, J.; Monforte, A.J.; Badenes, M.L.; Granell, A. The peach volatilome modularity is reflected at the genetic and environmental response levels in a QTL mapping population. BMC Plant Biol. 2014, 14, 137. [Google Scholar] [CrossRef]

	



Salazar, J.A.; Pacheco, I.; Zapata, P.; Shinya, P.; Ruiz, D.; Martínez-Gómez, P.; Infante, R. Identification of loci controlling phenology, fruit quality and post-harvest quantitative parameters in Japanese plum (Prunus salicina Lindl.). Postharvest Biol. Technol. 2020, 169, 111292. [Google Scholar] [CrossRef]

	



Nunez-Lillo, G.; Balladares, C.; Pavez, C.; Urra, C.; Sanhueza, D.; Vendramin, E.; Dettori, M.T.; Arus, P.; Verde, I.; Blanco-Herrera, F. High-density genetic map and QTL analysis of soluble solid content, maturity date, and mealiness in peach using genotyping by sequencing. Sci. Hortic. 2019, 257, 108734. [Google Scholar] [CrossRef]

	



Calle, A.; Wunsch, A. Multiple-population QTL mapping of maturity and fruit-quality traits reveals LG4 region as a breeding target in sweet cherry (Prunus avium L.). Hortic. Res. 2020, 7, 127. [Google Scholar] [CrossRef]

	



Rawandoozi, Z.J.; Hartmann, T.P.; Carpenedo, S.; Gasic, K.; Linge, C.D.; Cai, L.C.; Van de Weg, E.; Byrne, D.H. Identification and characterization of QTLs for fruit quality traits in peach through a multi-family approach. BMC Genom. 2020, 21, 522. [Google Scholar] [CrossRef] [PubMed]

	



Shi, P.; Xu, Z.; Zhang, S.Y.; Wang, X.J.; Ma, X.F.; Zheng, J.C.; Xing, L.B.; Zhang, D.; Ma, J.J.; Han, M.Y. Construction of a high-density SNP-based genetic map and identification of fruit-related QTLs and candidate genes in peach [Prunus persica (L.) Batsch]. BMC Plant Biol. 2020, 20, 438. [Google Scholar] [CrossRef] [PubMed]

	



Dirlewanger, E.; Graziano, E.; Joobeur, T.; Garriga-Caldere, F.; Cosson, P.; Howad, W.; Arus, P. Comparative mapping and marker-assisted selection in Rosaceae fruit crops. Proc. Natl. Acad. Sci. USA 2004, 101, 9891–9896. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, T.; Yamaguchi, M.; Hayashi, T. An integrated genetic linkage map of peach by SSR, STS, AFLP and RAPD. J. Jpn. Soc. Hortic. Sci. 2005, 74, 204–213. [Google Scholar] [CrossRef]

	



Dirlewanger, E.; Moing, A.; Rothan, C.; Svanella, L.; Pronier, V.; Guye, A.; Monet, R. Mapping QTLs controlling fruit quality in peach (Prunus persica (L.) Batsch). Appl. Genet. 1999, 98, 18–31. [Google Scholar] [CrossRef]

	



Dirlewanger, E.; Quero-García, J.; Le Dantec, L.; Lambert, P.; Ruiz, D.; Dondini, L.; Arús, P. Comparison of the genetic determinism of two key phenological traits, flowering and maturity dates, in three Prunus species: Peach, apricot and sweet cherry. Heredity 2012, 109, 280–292. [Google Scholar] [CrossRef]

	



Shulaev, V.; Korban, S.; Sosinski, B.; Abbott, A.G.; Aldwinckle, H.; Folta, K.M.; Dandekar, A.M. Multiple models for Rosaceae genomics. Plant Physiol. 2008, 147, 985–1003. [Google Scholar] [CrossRef]

	



Abdelghafar, A.; Linge, C.D.; Okie, W.R.; Gasic, K. Mapping QTLs for phytochemical compounds and fruit quality in peach. Mol. Breed. 2020, 40, 32. [Google Scholar] [CrossRef]

	



Martínez-Gómez, P.; Crisosto, C.; Bonghi, C.; Rubio, M. New approaches to Prunus transcriptome analysis. Genetica 2011, 139, 755–769. [Google Scholar] [CrossRef]

	



Manganaris, G.A.; Ziliotto, F.; Rasori, A.; Bonghi, C.; Ramina, A.; Banfi, R.; Tonutti, P. Gene expression profile during apricot fruit growth, using a peach microarray. Acta Hortic. 2009, 817, 113–118. [Google Scholar] [CrossRef]

	



Manganaris, G.A.; Ziliotto, F.; Rasori, A.; Bonghi, C.K.; Ramina, A.; Tonutti, P. A Comparative Transcriptomic Approach to Elucidate Common and Divergent Mechanisms Involved in Apricot and Peach Fruit Development and Ripening. Acta Hortic. 2010, 862, 577–581. [Google Scholar] [CrossRef]

	



Conesa, A.; Madrigal, P.; Tarazona, S.; Gomez-Cabrero, D.; Cervera, A.; McPherson, A.; Mortazavi, A. A survey of best practices for RNA-seq data analysis. Genome Biol. 2016, 17, 13. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Richter, R.A.; Jung, Y.; Zhu, Q.; Li, R.W. Web-based bioinformatics workflows for end-to-end RNA-seq data computation and analysis in agricultural animal species. BMC Genom. 2016, 17, 761. [Google Scholar] [CrossRef]

	



Zhang, W.; Li, X.; Li, L.; Tang, Y.; Qi, W.; Liu, X.; Qiao, L.; Wang, W.; Jia, X. A label-free quantitative proteomic investigation reveals stage-responsive ripening genes in apricot fruits. J. Hortic. Sci. Biotechnol. 2017, 92, 261–269. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, L.; Zhang, Q.; Xu, J.; Liu, W.; Dong, W. Comparative transcriptome profiling and morphology provide insights into endocarp cleaving of apricot cultivar (Prunus armeniaca L.). BMC Plant Biol. 2017, 17, 72. [Google Scholar] [CrossRef]

	



García-Gómez, B.E.; Ruiz, D.; Salazar, J.A.; Rubio, M.; Martínez-García, P.J.; Martínez-Gómez, P. Analysis of Metabolites and Gene Expression Changes Relative to Apricot (Prunus armeniaca L.) Fruit Quality during Development and Ripening. Front. Plant Sci. 2020, 11, 1269. [Google Scholar]

	



Pan, H.F.; Sheng, Y.; Gao, Z.H.; Chen, H.L.; Qi, Y.J.; Yi, X.K.; Zhang, J.Y. Transcriptome analysis of peach (Prunus persica L. Batsch) during the late stage of fruit ripening. Genet. Mol. Res. 2016, 15, 15049335. [Google Scholar] [CrossRef]

	



Pan, L.; Zeng, W.; Niu, L.; Lu, Z.; Liu, H.; Cui, G.; Wang, Z. PpYUC11, a strong candidate gene for the stony hard phenotype in peach (Prunus persica L. Batsch), participates in IAA biosynthesis during fruit ripening. J. Exp. Bot. 2015, 66, 7031–7044. [Google Scholar] [CrossRef]

	



Sanhueza, D.; Vizoso, P.; Balic, I.; Campos-Vargas, R.; Meneses, C. Transcriptomic analysis of fruit stored under cold conditions using controlled atmosphere in Prunus persica cv. “Red Pearl”. Front. Plant Sci. 2015, 6, 788. [Google Scholar] [CrossRef]

	



Wang, L.; Zhao, S.; Gu, C.; Zhou, Y.; Zhou, H.; Ma, J.; Han, Y. Deep RNA-Seq uncovers the peach transcriptome landscape. Plant Mol. Biol. 2013, 83, 365–377. [Google Scholar] [CrossRef] [PubMed]

	



Wu, B.; Gao, L.; Gao, J.; Xu, Y.; Liu, H.; Cao, X.; Chen, K. Genome-wide identification, expression patterns, and functional analysis of UDP glycosyltransferase family in peach (Prunus persica L. Batsch). Front. Plant Sci. 2017, 8, 389. [Google Scholar] [CrossRef] [PubMed]

	



Ye, J.; Wang, G.; Tan, J.; Zheng, J.; Zhang, X.; Xu, F.; Liao, Y. Identification of candidate genes involved in anthocyanin accumulation using Illmuina-based RNA-seq in peach skin. Sci. Hortic. 2019, 250, 184–198. [Google Scholar] [CrossRef]

	



Zhou, Y.; Wu, X.X.; Zhang, Z.; Gao, Z.H. Identification of differentially expressed genes associated with flower color in peach using genome-wide transcriptional analysis. Genet. Mol. Res. 2015, 14, 4724–4739. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.Y.; Saha, P.; Farcuh, M.; Li, B.; Sadka, A.; Blumwald, E. RNA-Seq Analysis of Spatiotemporal Gene Expression Patterns During Fruit Development Revealed Reference Genes for Transcript Normalization in Plums. Plant Mol. Biol. Rep. 2015, 33, 1634–1649. [Google Scholar] [CrossRef]

	



González, M.; Maldonado, J.; Salazar, E.; Silva, H.; Carrasco, B. De novo transcriptome assembly of “Angeleno” and “Lamoon” Japanese plum cultivars (Prunus salicina). Genom. Data 2016, 9, 35–36. [Google Scholar] [CrossRef] [PubMed]

	



Du, D.; Hao, R.; Cheng, T.; Pan, H.; Yang, W.; Wang, J.; Zhang, Q. Genome-Wide Analysis of the AP2/ERF Gene Family in Prunus mume. Plant Mol. Biol. Rep. 2013, 31, 741–750. [Google Scholar] [CrossRef]

	



Xu, Z.; Zhang, Q.; Sun, L.; Du, D.; Cheng, T.; Pan, H.; Wang, J. Genome-wide identification, characterisation and expression analysis of the MADS-box gene family in Prunus mume. Mol. Genet. Genom. 2014, 289, 903–920. [Google Scholar] [CrossRef]

	



Alkio, M.; Jonas, U.; Declercq, M.; Van Nocker, S.; Knoche, M. Transcriptional dynamics of the developing sweet cherry (Prunus avium L.) fruit: Sequencing, annotation and expression profiling of exocarp-Associated genes. Hortic. Res. 2014, 1, 11. [Google Scholar] [CrossRef]

	



Carrasco-Valenzuela, T.; Munoz-Espinoza, C.; Riveros, A.; Pedreschi, R.; Arus, P.; Campos-Vargas, R.; Meneses, C. Expression QTL (eQTLs) Analyses Reveal Candidate Genes Associated With Fruit Flesh Softening Rate in Peach [Prunus persica (L.) Batsch]. Front. Plant Sci. 2019, 10, 1581. [Google Scholar] [CrossRef]

	



Huang, Y.F.; Vialet, S.; Guiraud, J.L.; Torregrosa, L.; Bertrand, Y.; Cheynier, V.; Terrier, N. A negative MYB regulator of proanthocyanidin accumulation, identified through expression quantitative locus mapping in the grape berry. New Phytol. 2014, 201, 795–809. [Google Scholar] [CrossRef] [PubMed]

	



Sugiyama, A.; Omura, M.; Shimada, T.; Fujii, H.; Endo, T.; Shimizu, T.; Ikoma, Y. Expression Quantitative Trait Loci Analysis of Carotenoid Metabolism-related Genes in Citrus. J. Jpn. Soc. Hortic. Sci. 2014, 83, 32–43. [Google Scholar] [CrossRef]

	



Shang, X.L.; Zhang, J.P.; Ma, Y.H.; Wang, L.R. Preliminary identification of candidate genes associated with the peach fruit sorbitol content based on comparative transcriptome analysis. Sci. Hortic. 2020, 263, 109151. [Google Scholar] [CrossRef]

	



Saze, H. Epigenetic memory transmission through mitosis and meiosis in plants. Semin. Cell Dev. Biol. 2008, 19, 527–536. [Google Scholar] [CrossRef]

	



Feng, S.; Jacobsen, S.E. Epigenetic modifications in plants: An evolutionary perspective. Curr. Opin. Plant Biol. 2011, 14, 179–186. [Google Scholar] [CrossRef]

	



Pascual, J.; Cañal, M.J.; Correia, B.; Escandon, M.; Hasbún, R.; Meijón, M.; Pinto, G.; Valledor, L. Can epigenetics help forest plants to adapt to climate change? In Epigenetics in Plants of Agronomic Importance: Fundamentals and Applications; Álvarez-Venegas, R., De la Peña, C., Casas-Mollano, J.A., Eds.; Springer: Cham, Switzerland, 2014; pp. 125–146. [Google Scholar]

	



Van Gurp, T.; Wagemaker, N.; Wouters, B.; Vergeer, P.; Ouborg, J.N.; Verhoeven, K.J. epiGBS: A reference-free reduced representation bisulfite sequencing technique. Nat. Methods 2014, 13, 322–328. [Google Scholar] [CrossRef]

	



Cheng, J.; Wei, G.; Zhou, H.; Gu, C.; Vimolmangkang, S.; Liao, L.; Han, Y. Unraveling the mechanism underlying the glycosylation and methylation of anthocyanins in peach. Plant Physiol. 2014, 166, 1044–1058. [Google Scholar] [CrossRef]

	



Luby, J.J.; Shaw, D.V. Does marker-assisted selection make dollars and sense in a fruit breeding program? HortScience 2001, 36, 872–879. [Google Scholar] [CrossRef]

	



Druka, A.; Potokina, E.; Luo, Z.; Jiang, N.; Chen, X.; Kearsey, M.; Waugh, R. Expression quantitative trait loci analysis in plants. Plant Biotechnol. J. 2010, 8, 10–27. [Google Scholar] [CrossRef]

	



Aranzana, M.J.; Decroocq, V.; Dirlewanger, E.; Eduardo, I.; Gao, Z.S.; Gasic, K.; Arús, P. Prunus genetics and applications after de novo genome sequencing: Achievements and prospects. Hortic. Res. 2019, 6, 58. [Google Scholar] [CrossRef]

	



Pirona, R.; Eduardo, I.; Pacheco, I.; Da Silva Linge, C.; Miculan, M.; Verde, I.; Rossini, L. Fine mapping and identification of a candidate gene for a major locus controlling maturity date in peach. BMC Plant Biol. 2013, 13, 166. [Google Scholar] [CrossRef] [PubMed]

	



Fresnedo-Ramírez, J.; Frett, T.J.; Sandefur, P.J.; Salgado-Rojas, A.; Clark, J.R.; Gasic, K.; Peace, C.P.; Anderson, N.; Hartmann, T.P.; Byrne, D.; et al. QTL mapping and breeding value estimation through pedigree-based analysis of fruit size and weight in four diverse peach breeding programs. Tree Genet. Genomes 2016, 12, 25. [Google Scholar] [CrossRef]

	



Calle, A.; Balas, F.; Cai, L.C.; Iezzoni, A.; Lopez-Corrales, M.; Serradilla, M.J.; Wunsch, A. Fruit size and firmness QTL alleles of breeding interest identified in a sweet cherry ‘Ambrunes’ x ‘Sweetheart’ population. Mol. Breed. 2020, 40, 86. [Google Scholar] [CrossRef]

	



López-Girona, E.; Zhang, Y.; Eduardo, I.; Mora, J.R.H.; Alexiou, K.G.; Arús, P.; Aranzana, M.J. A deletion affecting an LRR-RLK gene co-segregates with the fruit flat shape trait in peach. Sci. Rep. 2017, 7, 6714. [Google Scholar] [CrossRef]

	



Falchi, R.; Vendramin, E.; Zanon, L.; Scalabrin, S.; Cipriani, G.; Verde, I.; Morgante, M. Three distinct mutational mechanisms acting on a single gene underpin the origin of yellow flesh in peach. Plant J. 2013, 76, 175–187. [Google Scholar] [CrossRef]

	



Bretó, M.P.; Cantín, C.M.; Iglesias, I.; Arús, P.; Eduardo, I. Mapping a major gene for red skin color suppression (highlighter) in peach. Euphytica 2017, 213, 14. [Google Scholar] [CrossRef]

	



Frett, T.J.; Reighard, G.L.; Okie, W.R.; Gasic, K. Mapping quantitative trait loci associated with blush in peach [Prunus persica (L.) Batsch]. Tree Genet. Genomes 2014, 10, 367–381. [Google Scholar] [CrossRef]

	



Boudehri, K.; Bendahmane, A.; Cardinet, G.; Troadec, C.; Moing, A.; Dirlewanger, E. Phenotypic and fine genetic characterization of the D locus controlling fruit acidity in peach. BMC Plant Biol. 2009, 9, 59. [Google Scholar] [CrossRef]

	



Lester, D.R.; Sherman, W.B.; Atwell, B.J. Endopolygalacturonase and the Melting Flesh (M) Locus in Peach. J. Am. Soc. Hortic. Sci. 1996, 121, 231–235. [Google Scholar] [CrossRef]

	



Peace, C.P.; Crisosto, C.H.; Gradziel, T.M. Endopolygalacturonase: A candidate gene for Freestone and Melting Flesh in peach. Mol. Breed. 2005, 16, 21–31. [Google Scholar] [CrossRef]

	



Vendramin, E.; Pea, G.; Dondini, L.; Pacheco, I.; Dettori, M.T.; Gazza, L.; Rossini, L. A unique mutation in a MYB gene cosegregates with the nectarine phenotype in peach. PLoS ONE 2014, 9, e90574. [Google Scholar] [CrossRef] [PubMed]

	



Eduardo, I.; Picañol, R.; Rojas, E.; Batlle, I.; Howad, W.; Aranzana, M.J.; Arús, P. Mapping of a major gene for the slow ripening character in peach: Co-location with the maturity date gene and development of a candidate gene-based diagnostic marker for its selection. Euphytica 2015, 205, 627–636. [Google Scholar] [CrossRef]

	



Eduardo, I.; Chietera, G.; Pirona, R.; Pacheco, I.; Troggio, M.; Banchi, E.; Pozzi, C. Genetic dissection of aroma volatile compounds from the essential oil of peach fruit: QTL analysis and identification of candidate genes using dense SNP maps. Tree Genet. Genomes 2013, 9, 189–204. [Google Scholar] [CrossRef]

	



Gonzalez-Aguero, M.; Troncoso, S.; Gudenschwager, O.; Campos-Vargas, R.; Moya-Leon, M.A.; Defilippi, B.G. Differential expression levels of aroma-related genes during ripening of apricot (Prunus armeniaca L.). Plant Physiol. Biochem. 2009, 47, 435–440. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.N.; Zhang, Q.Y.; Li, W.H.; Zhang, S.K.; Xi, W.P. Identification of key genes and regulators associated with carotenoid metabolism in apricot (Prunus armeniaca) fruit using weighted gene coexpression network analysis. BMC Genom. 2019, 20, 876. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Zhang, Q.; Sun, X.; Du, X.; Liu, W.; Dong, W. Differential expression of genes encoding phenylpropanoid enzymes in an apricot cultivar (Prunus armeniaca L.) with cleavable endocarp. Trees 2019, 33, 1695–1710. [Google Scholar] [CrossRef]

	



Pfeiffer, P.; Pedryc, A.; Papp, N.; Abrankó, L.; Stefanovits-Bányai, É.; Hegedus, A. Molecular genetics of the flavonoid biosynthesis in two apricot genotypes. Acta Hortic. 2012, 966, 107–112. [Google Scholar] [CrossRef]

	



Hou, Y.; Wu, F.; Zhao, Y.; Shi, L.; Zhu, X. Cloning and expression analysis of polygalacturonase and pectin methylesterase genes during softening in apricot (Prunus armeniaca L.) fruit. Sci. Hortic. 2019, 256, 108607. [Google Scholar] [CrossRef]

	



Leida, C.; Ríos, G.; Soriano, J.M.; Pérez, B.; Llácer, G.; Crisosto, C.H.; Badenes, M.L. Identification and genetic characterization of an ethylene-dependent polygalacturonase from apricot fruit. Postharvest Biol. Technol. 2011, 62, 26–34. [Google Scholar] [CrossRef]

	



Li, X.Y.; Korir, N.K.; Liu, L.L.; Shangguan, L.F.; Wang, Y.Z.; Han, J.; Fang, J.G. Microarray analysis of differentially expressed genes engaged in fruit development between Prunus mume and Prunus armeniaca. J. Plant Physiol. 2012, 169, 1776–1788. [Google Scholar] [CrossRef]








[image: Ijms 22 00333 g001 550] 





Figure 1. Traditional and new Spanish apricot cultivars at consumer ripening state. 
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Figure 2. Stages of fruit development and ripening in apricot fruits. After flower bloom, pollination and fruit set, fruit growth begin with a fruit enlargement, stopping the size increase during stone hardening (S1). The reactivation of grown at green stage (S2) is followed by a color change in half-ripe fruit (S3). Maturation and ripening end at physiological ripening, when the fruit reaches the maximum sucrose accumulation and definitive color (S4). 
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Figure 3. Anthocyanin biosynthesis pathway. 
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Figure 4. Carotenoid biosynthesis pathway. 
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Table 1. Main altered processes during the ripening of apricot fruit.
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	Changes
	Character
	Events





	Biochemical
	Color
	Chlorophyll degradation



	
	
	Dismantling of photosynthetic apparatus



	
	
	Biosynthesis of anthocyanins

Accumulation of carotenoids



	
	Texture
	Solubilization of pectin and cellulose



	
	
	Starch hydrolysis



	
	
	Changes in protein content



	
	
	Hydration of cell walls



	
	
	Cell wall enzyme activity



	
	Flavor and aroma
	Biosynthesis, accumulation and degradation of organic acids



	
	
	Biosynthesis, accumulation and degradation of sugars



	
	
	Acidity loss



	
	
	Production of volatile organic compounds (VOCs)



	
	
	Alcohol ester synthesis



	Metabolic
	Control of pathways
	Increase in respiration ratio



	
	
	Ethylene biosynthesis



	
	
	Changes in the metabolism of starch and organic acids



	
	
	Altered regulation of existing metabolic pathways



	Molecular
	Gene expression
	Ripening-specific messanger RNA (mRNA) synthesis



	
	
	Small and interference RNA appearance



	
	
	Disappearance of mRNAs

DNA demethylation



	
	Protein expression
	Synthesis of de novo ripening-specific proteins



	
	
	Disappearance of proteins



	
	
	Biosynthesis of allergenic compounds



	
	
	Increase pathogen susceptibility
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