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Abstract 

Red flesh fruit is a character which interest is increasing in several commercial species, such 

as apple and peach. Some old landraces with this trait are known in pear and several breeding 

programs have already been started in order to obtain new élite varieties. In pear, the red colour 

is the result of the presence and accumulation of anthocyanin. This group of secondary 

metabolites are strong antioxidant molecules fundamental in human health. High anthocyanin 

content in the fruit flesh could increase the diet uptake of those compounds. The proposal of 

this work was to increase the understanding in this area and develop new tools to boost the 

ongoing pear breeding programs.  

Following a review of the research on the biosynthesis and accumulation of anthocyanin in 

pears (Chapter 1) the general aim of the project is reported in Chapter 2.  

Chapter 3 reports the results of a molecular analysis of 33 red-fleshed pear accessions, collected 

in different areas of the Emilia-Romagna region and genotyped with 18 simple sequence repeat 

(SSR) markers with the aim of improving germplasm conservation strategies for old, red-

fleshed pears and for supporting ongoing breeding programs. The molecular profiles revealed 

both cases of synonymy and homonymy and only 6 unique genotypes were identified. The S-

allele genotypes were also established in order to highlight the genetic relationships among 

these landraces. Four of the unique genotypes have been clustered based on pomological data. 

Then, in the Chapter 4, the focus of the work was directed to shade light on the putative 

genomic regions involved in the appearance of this unusual character in pear fruit. For this 

purpose, a crossing population (‘Carmen’ x ‘Cocomerina Precoce’) segregating for the trait 

was phenotyped for 2 consecutive years and used for quantitative trait loci (QTL) analysis. The 

outcome was the identification of a strong QTL in a small genomic region related to the red 

flesh fruit trait approximately at 27 Mb from the start of LG5. Two candidate genes were 
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detected in this genomic region: ‘PcMYB114’ and ‘PcABC transporter C2’. Furthermore, the 

SSR marker, SSR114, designed inside the candidate gene MYB114, was found able to detect 

the red flesh phenotype segregation in all the red-fleshed pear accessions and segregating 

progenies tested.  

The subsequent step, Chapter 5, of the identification of putative genes involved in red pear fruit 

flesh was to examine the trend of anthocyanin synthesis and accumulation during the fruit 

development, from fruit set to ripening time. In order to validate the candidate genes role in 

this process, three different trials were planned: qPCR and HPLC methods were carried out to 

correlate the genes expression with the anthocyanin accumulation in ‘Cocomerina Precoce’ 

and six progenies with different phenotypes of red flesh; and total transcriptome sequencing 

was used to compare the differential genes expression between red and white-fleshed fruit.  

Finally, Chapter 6 reviews and analyses all the earlier study findings while providing new 

potential future perspectives.  
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1. General Introduction  

Fruits and vegetables are known as sources of healthy compounds, such us polyphenols, 

flavonoids and anthocyanin. These latter compounds are responsible of the red and purple 

colour in most of the plant tissues. These molecules are naturally synthesised in different plant 

tissues and their role is mainly related to attract pollinating insects and seed dispersers, and to 

protect plants against irradiation damages and pathogens (Zhao et al., 2010; Zhang et al., 2014). 

Consumers frequently attribute superior organoleptic features to food items with red colour, 

which raises the value of goods with more intense red colouring.  

Interest in genetic control and breeding for higher anthocyanin content in fruits is increasing. 

In several fruit species, red flesh fruit are known, from kiwifruit, to pitaya (dragon fruit) 

through different Rosaceae species, such as, cherry, plum, apricot, peach, apple and pear. 

 

1.1. Genetic bases of red flesh fruit in apple 

An interest in developing commercial red-fleshed apples has grown in recent years. In the past 

few years, the poor taste of the wild red-flesh varieties (e.g., Malus pumila ‘Niedzwetzkyana’) 

has been improved through crossbreeding programs with good-flavoured white-fleshed apples 

to give a commercially viable red-fleshed eating variety (Deacon, 2016).  

One of the first steps of this process was the discovery of a wild red-fleshed apple (Malus 

pumila ‘Niedzwetzkyana’) in the centre of origins of apple (Tian Shan Mountain forests of 

Inner and Central Asia) by the Russian botanist Niedzwetzky. Then, Niels Hansen and Albert 

Etter, two English apple breeders from early 900s, developed two main red-fleshed apples 

genotypes. Those apples were slightly closer in taste to commercially grown but with an 

unusual flavour and flesh texture unusual of strawberry, raspberry, or red currant. 
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Concerning the genetic basis of red-fleshed genotypes, functional alleles of MdMYBA/1/10 

has been confirmed to generate red coloration only in fruit skin (Espley et al., 2007; Takos et 

al., 2006). However, two types of red flesh controls were found. The R6 allele (MdMYB10R6), 

which has a tandem minisatellite repeat in the promoter region, leads to red skin, red flesh/core, 

and red leaves through autoregulation (Espley et al., 2009; Würdig et al., 2014). The apples 

with R6 allele are classified as type 1 (Chagné et al., 2013). In type 2 red-fleshed apples, the 

coloration of skin is still controlled by MdMYBA/1/10; whereas, fruit flesh colour is regulated 

by another gene:  MdMYB110a (Chagné et al., 2013). MdMYB10R6 of type 1 apples is located 

on linkage group 9 (Espley et al., 2009). In contrast, MdMYB110a which controls the 

development of red coloration only in the type 2 fruit flesh mapped on linkage group 17 

(Chagné et al., 2013; Umemura et al., 2013). Moreover, the red-fleshed trait of type 2 apples 

was found to be linked to the S3-RNase allele (Sekido et al., 2010). Recently, in addition to 

skin colour, several kinds of red-fleshed apples, which are defined as type 2 apples (Chagné et 

al., 2013), have been released in many countries (Bars-Cortina et al., 2017; Silvestri et al., 

2016), i.e., ‘Baya Marisa’ (Germany), ‘Rosette’ (England), ‘Redlove’ (Switzerland), and 

‘Weirouge’ (Germany). 

 

1.2. Genetic bases of red-fleshed fruit in peach 

Numerous investigations on the genetics of the blood-flesh characteristic in peaches have been 

conducted. In seven F2 populations resulting from a ‘Harrow Blood’ x ‘Rutgers Red Leaf 2n’ 

cross, Werner et al., (1998) discovered a segregation ratio of 1:3 blood flesh to white flesh and 

postulated that the blood-flesh characteristic (bf) is controlled by a single recessive gene. Gillen 

and Bliss (2005) mapped the ‘bf’ locus on the top of LG 4. ‘Bf’’ trait is characterised by 

anthocyanin accumulation in the mesocarp after the onset of pit hardening and the leaves show 

a red midrib colour on the abaxial side (Chaparro et al., 1995). Shen et al., (2013) discovered 
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a new blood-flesh character in Chinese peach variety ‘Wu Yue Xian’. In this cultivar a single 

dominant locus on LG5 is putatively responsible for blood-flesh. This other phenotype is 

characterized by anthocyanin accumulation only in mesocarp during the late stages of fruit 

development (Shen et al., 2013). Blood-flesh in Chinese cultivars is identical to that described 

in ‘Indian Cling’ (Werner et al., 1998). As peach is native to China (Scorza and Okie, 1991), 

the blood-flesh trait in Chinese and India peach cultivars may share the same genetic basis, 

being introduced from China along the Silk Road. Additionally, utilizing an advanced 

backcross population resulting from a cross between Prunus davidiana and cv. 'Summergrand', 

two quantitative trait loci (QTLs) for the blood-flesh trait were discovered on LG1 and LG3 

(Quilot et al., 2004).  

According to these findings, the red-flesh phenotype in peaches is a complicated feature that is 

presumably regulated by several genes (Zhou et al., 2015). As things stand, peach, seems to 

have at least three distinct genetic regulation for the red flesh phenotypes.  

 

1.3. Red-fleshed fruit in European pear 

The red-flesh trait in European pear has known for centuries, nevertheless, the origin of this 

character is uncertain: red-fleshed pears were first mentioned at the end of XVII century in a 

manuscript of the Tuscan Academic Pier Antonio Micheli, which cited the ‘Pera Sanguignola’ 

(literally “bloody pear”). In the following centuries, red-fleshed pears were also reported in 

France, Belgium and Germany (Leroy, 1867-79; Downing, 1869; Mas, 1872-83; Hedrick, 

1921). Those heirloom cultivars exhibited many pomological differences in tree habit, ripening 

time and/or fruit shape, possibly suggesting multiple genotypes. Moving to our days, red-

fleshed pear varieties are reported in several genetic diversity studies in many countries. For 

instance, in France it is still reported the variety ‘Sanguinole’ (Lespinasse et al., 2010), 
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‘Rottkottig Frau Ostergotland’ in Sweden, literally red flesh, and ‘Blodpäron’ (Sehic et al., 

2012), in Estonia two accessions are conserved at the Garden Research Centre in Polli (EST): 

‘Pirnipuu 'Saaremaa Punane’ and ‘Suvisort’, while in Romania ‘Cu miezul roşu` is known 

(Braniste and Budan 2007). In Bosnia and Herzegovina are still cultivated a group of red-

fleshed pear cultivars named ‘Lubenicarka’, the name in Serbian meaning watermelon (Mićić 

et al., 2012). In Germany, ‘Girnghuber’, ‘Ingolstadt’ and ‘Vampira Pöschke’ are some of the 

red-fleshed pear reported. In Italy several red accessions are known: ‘Pera Sanguigna’, 

‘Briaco’, ‘Briaca’, ‘Ingurien’, ‘Vinata’, ‘Cocomera’ and more. Particularly, in Emilia-

Romagna the most known variety among the red-fleshed pears is ‘Pera Cocomerina’, whose 

cultivation area is located close to a small village named Verghereto (Forlì-Cesena, Italy). Two 

landraces with different ripening time are included in this group: ‘Cocomerina Precoce’ and 

‘Cocomerina Tardiva’. 

 

1.4. Anthocyanin structures 

Notable secondary metabolites that are a part of flavonoids are anthocyanin. Generally 

speaking, the most prevalent anthocyanin has a flavylium cation (2-phenylbenzopyrylium or 

2-phenylchromenylium) with 3,5,7-trihydroxylations. More than 650 distinct anthocyanin 

structures have been discovered in nature to date. Anthocyanin are formed by a carbon skeleton 

structure that consists of three aromatic rings (C6(A)-C3(C)-C6(B)). The six anthocyanin are 

created by various functional groups connected in positions 3′ and 5′ (Figure 1.1). The source 

of over 90% of these structures are only 35 monomeric anthocyanidins (Andersen and 

Jordheim, 2010). These monomeric anthocyanidins include cyanidin, delphinidin, 

pelargonidin, malvidin, peonidin, and petunidin. Cyanidin is the most frequent and it could be 

glycosylated, acylated, methylated, and containing various functional groups to form several 

different molecules (Shi and Xie, 2014). It is interesting to note that the profile of anthocyanin's 
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composition can shift in response to various stresses, albeit the biological causes of this 

phenomenon are still mostly unknown (Kovinich et al., 2014, 2015). 

Different colours of anthocyanin are produced as a result of methylation and hydroxylation 

changes carried out at various places on the ring. (Liu et al., 2021; Table 1.1). 

 

 

Figure 1.1. Basic chemical structures of anthocyanidin. A, C6; B, C6; C, C3, anthocyanin  

consisting of α-phenylbenzopyran cations are mainly composed of C6-C3-C6 carbon 

skeleton structures. R1 and R2, structural groups at various positions (3′ and 5′) on the 

B ring determine the different anthocyanin (F igure from Liu et al., 2021). 

 

In the molecular form of anthocyanin, pH is crucial. The molecular shape, and therefore colour, 

can vary when the pH of an aqueous solution is changed (Osawa, 1982). pH has also an effect 

on the anthocyanin degradation: anthocyanin degrades more quickly at higher pH levels under 

the same external conditions (Reyes et al., 2007). Moreover, the stability of the chemical 

structure of anthocyanin is also influenced by the presence of metal ions, oxidative decay, 

vitamin C, carbohydrates, temperature, and light (Irani et al., 2005; Liu et al., 2019). 
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Table 1.1. Structural group (R) substitutions in the most common anthocyanin (Table 

from Liu et al., 2021). 

 

 

 

 

 

 

 

 

 

1.5. Biosynthetic Pathway of Anthocyanin 

Anthocyanin are one of the most important flavonoid pigments. They are synthesized through 

the phenylpropanoid pathway starting from phenylalanine or tyrosine, two aromatic aminoacid 

constructed by the shikimate pathway. The first step of this pathway is played by phenylalanine 

ammonia lyase (PAL), or by tyrosine ammonia lyase (TAL) with tyrosine as a substrate, to 

produce trans-cinnamic acid inside cytoplasm, at the endoplasmic reticulum membrane level 

(Rasmussen and Dixon, 1999: Park et al., 2015). Going down to the pathway, the trans-

cinnamic acid is converted into p-coumaric acid (4-coumaric acid or trans-p-hydroxycinnamic 

acid, pHCA) by cinnamate 4-hydroxylase. Alternatively, in some plant species, tyrosine can 

be converted to p-coumaric acid or even be used as a minor substrate by PAL (Manela et al., 

2015; Yoo et al., 2013). The p-coumaric acid is usually the most limiting intermediate in this 

pathway (Nishiyama et al., 2010), is conjugated with coenzyme A to produce p-coumaroyl-

Name (Abbreviations) 

Substitution 

Colour 

R1 R2 

Pelargonidin (Pg) H H Red 

Cyanidin (Cy) OH H Magenta 

Delphinidin (Dp) OH OH Purple 

Peonidin (Pn) OCH3 H Magenta 

Petudinin (Pt) OCH3 OH Purple 

Malvidin (Mv) OCH3 OCH3 Purple 
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CoA by 4-coumarate-CoA ligase. The flavonoid pathway advances with the condensation of 

p-coumaroyl-CoA with three molecules of malonyl-CoA to produce chalcone by chalcone 

synthase (CHS; Ferreyra et al., 2012). Chalcone is converted by chalcone isomerase (CHI) to 

the flavanone naringenin, a central flavonoid intermediate. Thereon, flavanone3-hydroxylase 

(F3H) converts naringenin into the flavononol dihydrokaempferol, which can be used by 

flavonoid 3′-hydroxylase (F3′H) to produce dihydroquercetin, or alternatively by flavonoid 

3′,5′-hydroxylase (F3′5′H) to form dihydromyricetin. Next, a set of enzymes with broad 

substrate specificity accepts flavononols to move the pathway forward. Dihydroflavonol 4-

reductase (DFR) converts dihydrokaempferol (or the direct products of F3′H or F3′5′H 

enzymes) into leucoanthocyanidins, which are then converted into coloured anthocyanidins 

(e.g., cyanidin, pelargonidin, delphinidin) by anthocyanidin synthase (ANS, same as 

leucocyanidin oxygenase: LDOX). These anthocyanidins can be further modified by 

transferases, such as methyltransferases (OMT) and acetylases (Sasaki et al., 2014), and further 

processed by 3-O-glycosyltransferases (3GT, same as UDP-glucose: flavonoid-3-O-

glycosyltransferase: UFGT) to produce anthocyanidin-3-O-glucosides, which are chemically 

stable, water-soluble pigments.  

Finally, anthocyanin associate with glutathione S-transferase (GST) for efficient sequestration 

into the vacuole (Mueller et al., 2000) with the assistance of ABC and MATE transporters 

localized at the tonoplast (Zhao and Dixon, 2009). Anthocyanin can also be enclosed in 

membrane-bound bodies (anthocyanin-rich vesicles, often called anthocyanoplasts), which are 

prevacuolar compartments (Kallam et al., 2017). Furthermore, in some species, the 

accumulation at high levels of aromatically-acylated anthocyanins in the vacuole leads to the 

formation of aggregates called anthocyanin vacuolar inclusions (Markham et al., 2000). 

The synthesis of anthocyanin in plants is controlled by regulatory genes, typically transcription 

factor genes (TFs). At present, the identified genes involved in the regulation of the  
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Figure 1.2. The biosynthetic pathway of anthocyanins/proanthocyanidins. PAL, 

phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate CoA 

ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3 -

hydroxylase; F3′H, flavonoid 3′ hydroxylase; F3′5′H, flavonoid 3′5′hydroxylase; FLS, 

flavonol synthase; DFR, dihydroflavonol 4-reductase; LAR, leucoanthocyanidin 

reductase; ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; LDOX, 

leucoanthocyanidin dioxygenase; UFGT, UDP-galactose flavonoid 3-O-

galactosyltransferase; OMT, O-methyl transferase; MT, methyltransferase (Figure from 

Liu et al., 2021).  
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anthocyanin biosynthetic pathway consist of the myeloblastosis family (MYB) TFs, the basic 

helix-loop-helix (bHLH) TFs and the tryptophan-aspartic acid repeat (WDR) TFs (Payne et al., 

2000; Ramsay et al., 2005). Generally, the members of these three families of regulatory factors 

mainly depend on the MYB-bHLH-WD40 (MBW) complex to exert their effects (Hichri et al., 

2010; Goswami et al., 2018). 

 

1.6. The regulatory mechanism of anthocyanin biosynthesis 

Numerous factors influence the process of biosynthesis of anthocyanin, making their regulatory 

system in plants extremely complex. Since the knowledge had so far, environmental variables, 

plant hormones, transcription factors, and epigenetic change are the primary contributors to 

this complexity (Liu et al., 2021). 

 

1.6.1. The MYB/bHLH/WD complex 

In plants, the key TF genes that modulate anthocyanin production are the MYB TFs. To control 

the production of anthocyanin, MYBs proteins typically interact with WD-repeat proteins and 

bHLH factors (Yan et al., 2020). The transcriptional regulation of target genes and the 

production, accumulation, and transport of anthocyanin may both be significantly influenced 

by internal variables includes plant hormones and external factors such as light, temperature, 

soil fertility, carbohidrates, and drought (Winkel-Shirley, 2002; Xie et al., 2012). Anthocyanin 

metabolic pathways and related gene transcription in different plant species respond to changes 

under different conditions (Figure 1.3). 

The MYB-bHLH-WDR (MBW) complex directly controls the expression of structural genes 

during anthocyanin biosynthesis (Ramsay et al., 2005). This regulatory mechanism, which may 

directly affect the expression of related genes and result in tissue-specific anthocyanin 
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accumulation depends on R2R3-MYB transcription factors (Jin et al., 2016; Liu et al., 2015). 

By stabilising the MYB complex or increasing its transcription, the bHLH transcription factors 

are crucial for the function of R2R3-MYBs (Yan et al., 2020; Zhang et al., 2003). For instance, 

through interacting with bHLH3 and WD40, several MYB transcription factors, such as 

MdMYB1, MdMYB9, MdMYB10, and MdMYB114, can increase apple fruit coloration (Ban 

et al., 2007; Jiang et al., 2021).  

 

 

Figure 1.3. Simplified model of the regulatory mechanisms of anthocyanin biosynthesis. 

Developmental and environmental factors could induce MYB, which then activates WDR 

and bHLH to form the MBW complex. The MBW complex consists of MRE (MYB 

recognition elements) and BRE (bHLH recognition elements), which bind to the promoter 

of the target gene. The transcriptional activation of target genes pr omotes anthocyanin 

biosynthesis (Figure from Liu et al., 2021). 

 

According to multiple studies, anthocyanin accumulation, MdMYB1 transcript levels, and the 

expression of structural genes like MdDFR and MdUFGT are all positively correlated (Takos 

et al., 2006; Hartmann et al., 2005). The first WD40 protein to be discovered in an apple was 

MdTTG1, which, like AtTTG1 (Transparent Testa Glabra 1) in Arabidopsis, interacts with 

MdbHLH3 and MdMYB9 to regulate the expression of downstream structural genes. 

(Brueggemann et al., 2010). Similar to this, PpMYB10 and PpMYB114 in Asian pears can aid 
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red pears develop their colour by building a complex with PpbHLH3 (Yao et al., 2018). 

However, different TFs from the same family can have different functions in the regulation of 

anthocyanin biosynthesis. The production of anthocyanins is adversely regulated by certain 

MYB TFs, including Arabidopsis MYBL2, apple MYB16, peach MYB17-20, and strawberry 

MYB1 (Aharoni et al., 2001; Feng et al., 2010; Xu et al., 2017). A competitive interaction 

between bHLH subunits and MYBL2 blocks the formation of the MBW complex. The 

transcription of early biosynthetic genes is increased, and anthocyanin accumulation rises if 

MYBL2 expression decreases (Liu et al., 2021). 

 

1.6.2. WRKY transcription factor genes 

The WRKY TFs belong to one large gene family that regulates a series of physiological 

processes, including development, senescence and resistance to adverse environments (Peng et 

al., 2012). WRKY TFs were identified by one or two conserved WRKY domain(s) usually 

followed by a zinc-finger motif. The WRKY TF contains a specific nucleic acid sequence 

(C/T)TGAC(T/C) named the W-box, which regulates the defence response to various stresses 

by self-regulation, and it could recognize and bind to the W-box or other promoters of the 

WRKY TFs to generate biological effects by achieving crosstalk of different WRKY25. 

Compared with the MYB TFs, WRKY is an emerging player in the plant signalling regulation 

network. The interaction between the upstream regulator of the WRKY TF and the downstream 

target gene constitutes a complex regulatory network (Zentgraf et al., 2010; Chen et al., 2012). 

Recently, several reports have shown that WRKY proteins have an important role in the 

regulation of anthocyanin biosynthesis. For instance, GbWRKY1 in Gossypium barbadense 

was confirmed to have a positive correlation with anthocyanin accumulation when expressed 

in Arabidopsis thaliana (Xu et al., 2012). In a previous study, AtWRKY75 responded to low 
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phosphate stress by decreasing anthocyanin accumulation in A. thaliana seedlings (Devaiah et 

al., 2007). Moreover, the AtWRKY41 mutation resulted in increased anthocyanin content in 

A. thaliana rosette leaves (Duan et al., 2018). AtWRKY6 promotes PR1 promoter activity, 

which is related to senescence and pathogen defence, and the plant responds to abiotic and 

biotic stresses by decreasing anthocyanin accumlation. It was recently discovered that the 

WRKY TF PhPH3 in petunias has a downstream role of the MBW complex and corresponds 

with variations in the colour of the petals (Verweij et al., 2016). Furthermore, Amato et al., 

(2017) demonstrated that VvWRKY26 gene in Vitis vinifera causes flavonoid accumulation. 

MdWRKY40 is a crucial regulator of wounding-induced anthocyanin production in apples (An 

et al., 2019). According to Yang et al., (2015), the red-skinned pear's anthocyanin biosynthesis 

was connected to the WRKY family. A temporary expression system was used to confirm the 

impact of anthocyanin accumulations following the co-transformation of PyWRKY31 or 

PyWRKY26 with its partners PyMYB10, PyMYB114, and PybHLH3 in tobacco leaves and 

strawberry receptacles (Li et al., 2020).  

 

1.6.3. BBox/BZIP transcription factor genes 

Zinc finger transcription factors (TFs) constitute one of the most important and largest gene 

families in plants (approximately 15% of the total), which can be divided into multiple 

subfamilies based on their structures and functions (Ciftci-Yilmaz et al., 2008). B-box (BBX) 

genes constitute a subfamily of zinc-finger TF family, and they exist in all eukaryotic genomes 

(Khanna et al., 2009; Gangappa et al., 2014). BBX proteins usually possess one or two B-box 

domain(s) required for transcriptional regulation and protein-protein interaction in the N-

terminal region (Khanna et al., 2009; Gangappa et al., 2014; Talar et al., 2021). In red pears, 

PpBBX16, has found to be a positive regulator of light-induced anthocyanin accumulation (Tao 

et al., 2018). The PpBBX16-PpHY5 complex stimulates the promoter activity of PpMYB10 
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and subsequently strongly enhances light-induced anthocyanin accumulation, and the 

overexpression of PpBBX16 has also been found to promote anthocyanin accumulation in pear 

fruits skin (Liu et al., 2013). As a positive regulator, PpBBX18 directly interacts with PpHY5, 

and the heterodimer PpBBX18-PpHY5 regulates anthocyanin accumulation by inducing 

PpMYB10 transcription (Tao et al., 2020); conversely, as a negative regulator, PpBBX21 can 

physically interact with PpBBX18 and PpHY5, repressing anthocyanin biosynthesis by 

hindering the formation of the PpHY5-PpBBX18 complex (Tao et al., 2018; Bai et al., 2019).  

 

1.6.4. NAC transcription factors 

One of the biggest TF families consists of the plant-specific NAC (NAM, ATAF1/2, and 

CUC2) proteins, which are distinguished by a conserved NAC domain in the N-terminal region 

(Ooka et al., 2003, Olsen et al., 2005). Even though it has been amply proven that this family 

is involved in the regulation of many biological mechanisms, from plants growth to response 

to stresses, only a few members of the NAC family have been discovered as regulators of 

anthocyanin biosynthesis (Morishita et al., 2009, Zhou et al., 2015, Mahmood et al., 2016). 

Under high-light stress, it was shown that ANAC078 in Arabidopsis increased anthocyanin 

production, however JUB1/ANAC042 and ANAC032 suppressed anthocyanin biosynthesis 

(Morishita et al., 2009, Mahmood et al., 2016). A NAC was found to be highly overexpressed 

in blood-fleshed peaches as compared to non-red-fleshed peaches and PpeNAC1 helped in 

anthocyanin accumulation in tobacco by interacting with PpeMYB10 (Zhou et al., 2015). In 

the red-fleshed apple cultivar ‘Redlove’, overexpression of MdNAC42 in apple calli resulted 

in the up-regulation of flavonoid pathway genes, including MdCHS, MdCHI, MdF3H, 

MdDFR, MdANS and MdUFGT, thereby increasing the accumulation of anthocyanins (Zhang 

et al., 2020). In pear a total of 185 PpNAC genes were found, of which 148 were mapped on 

the 17 chromosomes, while 37 were located on unanchored scaffolds. Among them, PpNACs 
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61, 70 (2A), 172, 176 and 23 (4E) were associated with fruit pigmentations in blue light 

(Ahmad et al., 2018). 

 

1.6.5. Light, Temperature and other Regulatory Factors 

Light is one of the most important factors that affects plant growth. Additionally, it 

significantly affects the synthesis of anthocyanin. Numerous kinds of 

transduction signals including photoreactions and associated gene expression are activated by 

photostimulation in the photoreceptors (Zhang et al., 2018). Some key components of the light 

signal, including constitutive photomorphogenic 1 (COP1), suppressor of PyHA (SPA), and 

elongated hypocotyl 5 (HY5), are implicated in this process. Generally speaking, HY5 may 

target but not activate the promoters of genes involved in anthocyanin production (Hoecker et 

al., 2017; An et al., 2019). Furthermore, several BBX proteins have been shown to interact 

with HY5 and promote the synthesis of anthocyanins (Wei et al., 2016; Job et al., 2018). 

Studies have revealed that the DNA methylation antagonist 5-azacytidine has the ability of 

inducing red colour in apple and peach fruits. Demethylation and methylation of DNA 

additionally have significant roles in the regulation of anthocyanin accumulation (Telias et al., 

2011; Zhu et al., 2015). For instance, a particular DNA methylation of the RsMYB1 promoter 

in red-fleshed radish suppresses anthocyanin production (Wang et al., 2020). Furthermore, 

microRNAs are essential for the manufacture of anthocyanins. For instance, miR156 controls 

anthocyanin biosynthesis in poplar and Arabidopsis by targeting SQUAMOSA PROMOTER 

BINDING PROTEIN-LIKE (SPL) (Gou et al., 2011; He et al., 2019; Wang et al., 2020), and 

mdm-miR828 blocks accumulation of anthocyanin in response to elevated temperature in 

Malus (Zhang et al., 2020). 
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2. Thesis Overview and General Aim 

Red-fleshed fruit is a character which interest is increasing in several commercial species, such 

as apple and peach. Some old landraces with this trait are known in pear and several breeding 

programs have already been started in order to obtain new élite varieties. In pear, the red colour 

is the result of the presence of anthocyanin. This group of secondary metabolites are strong 

antioxidant molecules fundamental in human health. High anthocyanin content in the fruit flesh 

could increase the diet uptake of those compounds. The knowledge about this fascinating trait 

in pear was, until now, limited. As things stand, the proposal of this work was to increase the 

understanding in this area and develop new tools to boost the ongoing pear breeding programs. 

The first part of this thesis arises from the need to investigate the genetic relationships among 

the different red-fleshed pear landraces collected in Emilia-Romagna region. To achieve this, 

different approaches were used; a genetic-based method (fingerprinting analysis) to estimate 

the genetic distances among the selected genotypes and a pomological method to evaluate 

differences of the fruit characters.  

Then, the focus of the work was directed to shade light on the putative genomic regions 

involved in the appearance of this unusual character in pear fruit. For this purpose, a crossing 

population (‘Cocomerina Precoce’ x ‘Carmen’) segregating for the trait was phenotyped for 

two consecutive years and used for quantitative trait loci (QTL) analysis. By the identification 

of QTLs related to the anthocyanin accumulation, molecular markers able to help the selection 

for red flesh fruit in pear breeding, were developed and validated in different progenies having 

different source of red. 

The subsequent step of the identification of putative genes involved in red pear fruit flesh was 

to examine the trend of anthocyanin synthesis and accumulation during the fruit development 

stages, from fruit set to ripening time. In order to validate the candidate genes role in this 
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process, three different trials were planned: qPCR and HPLC methods were carried out to 

correlate the genes expression with the anthocyanin accumulation in ‘Cocomerina Precoce’ 

and six progeny offsprings with different phenotypes of red flesh; and total transcriptome 

sequencing was used to compare the differential genes expression between red and white-

fleshed fruit.  
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3. Characterization of Red-Fleshed Pear Accessions from Emilia-

Romagna Region 

(From Bergonzoni et al., 2023. Scientia Horticulturae, Volume 312, 111857. 

https://doi.org/10.1016/j.scienta.2023.111857) 

 

 

Abstract 

Germplasm collections represent a reservoir of traits and genes that might be used in breeding 

programs to cope with the evolving market demand. Some old pear accessions still cultivated 

in the Apennine Mountains in Italy possess a red flesh fruit. This paper reports the molecular 

analysis of 33 red-fleshed pear accessions, collected in different areas of the Emilia-Romagna 

region and genotyped with 18 simple sequence repeat (SSR) markers with the aim of improving 

germplasm conservation strategies for old, red-fleshed pears and for supporting ongoing 

breeding programs. The molecular profiles revealed both cases of synonymy and homonymy 

and only 6 unique genotypes were identified. S-genotypes were also established in order to 

highlight the genetic relationships among these landraces. Four of the unique genotypes have 

been clustered based on pomological data. 
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3.1. Introduction 

 

Pear cultivation has had a great importance in Italy since Roman times, as evidenced by the 

description of more than 40 varieties of pears by Pliny the Elder (Hendrick, 1921). In particular, 

in Emilia-Romagna (ER) pears have been cultivated for a very long time and the environmental 

variability of this region promoted the development of a rich local germplasm. The ancient 

landraces must be preserved not only because of their cultural value but also for their high 

genetic variability, mostly not yet exploited by breeders. Although often lacking in quality in 

respect to the modern varieties, ancient pear landraces could be used for introgressing valuable 

traits such as longer shelf-life, precocity of ripening, resilience to environmental or biotic 

stresses and to introduce peculiar fruit traits, including the red flesh (Sansavini, 2020). The 

most known variety among the red-fleshed pears in Emilia-Romagna is ‘Pera Cocomerina’, 

whose cultivation area is located close to a small village named Verghereto (Forlì-Cesena, 

Italy). In Italy, ‘Pera Cocomerina’ is recognised as ‘Slow Food’ presidium 

(https://www.slowfood.com/) (https://www.fondazioneslowfood.com/it/presidi-slow-

food/pera-cocomerina/) and every year the 'Pera Cocomerina Fair' takes place in the Verghereto 

village where this pear variety and its by-products (i.e. jam, liquors,..) are promoted 

(https://www.peracocomerina.it/beta/le-sagre/).   

The origin of these accessions is uncertain: red-fleshed pears were first mentioned   at the end 

of XVII century in a manuscript of the Tuscan Academic Pier Antonio Micheli which cited the 

‘Pera Sanguignola’ (literally “bloody pear”). In the following centuries, red-fleshed pears were 

also reported in France, Belgium and Germany (Leroy, 1867-79; Downing, 1869; Mas, 1872-

83; Hedrick, 1921). Those heirloom cultivars exhibited many pomological differences in tree 

habit, ripening time and/or fruit shape, possibly suggesting multiple genotypes. Red flesh is an 

interesting trait for pear breeding due to the well-known nutraceutical value of anthocyanin in 

https://www.slowfood.com/
https://www.fondazioneslowfood.com/it/presidi-slow-food/pera-cocomerina/
https://www.fondazioneslowfood.com/it/presidi-slow-food/pera-cocomerina/
https://www.peracocomerina.it/beta/le-sagre/
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the diet. Their beneficial effects on human health are now widely reported and range from 

reducing the risk of cardiovascular diseases and preventing the onset of cancer (Seeram et al., 

2004; Stevenson and Hurst, 2007; Butelli et al., 2008; Manach et al., 2009; Espley et al., 2014; 

Antognoni et al., 2020). In particular, the beneficial property of ‘Pera Cocomerina’ have been 

already reported in literature by Bucchini et al., (2016), who described the high level of 

antioxidant compounds contained in these fruits. 

There is an increase in the number of varieties with red skin colour on the market for several 

fruit crops including apricot (Bassi and Foschi, 2019), peaches (Chavez et al., 2019), pears 

(Brewer and Volz, 2019; Caracciolo et al., 2018) and apples (Chen et al., 2021). The red-flesh 

trait was introgressed into many apple cultivars such as ‘Red Moon ®’, ‘Red Love®’ and 

‘Kissabel Rouge®’ (Guerra 2018). The anthocyanin content in the fruit flesh could result in an 

increased intake of antioxidants in people's diet (Allan et al., 2019). 

Genetic diversity in pear could be efficiently estimated by SSR analysis as demonstrated by 

the huge number of published papers describing the characterisation of local germplasm in 

Asia (Ahmed et al., 2010; Erfani et al., 2012; Akçay et al., 2014; Song et al., 2014; Liu et al., 

2015; Rana et al., 2015), in Europe (Fernandez-Fernandez et al., 2006; Martinelli et al., 2008; 

Bassil et al., 2009; Sisko et al., 2009; Urbanovich et al., 2010; Miranda et al., 2010; 

Deliquegiovanni et al., 2012; Gasi et al., 2013; Queiroz et al., 2014; Ferradini et al., 2017; 

Reim et al., 2017; Bennici et al., 2018; Baccichet et al., 2019; Queiroz et al., 2019; Sau et al., 

2020; Bielsa et al., 2021; Velázquez-Barrera et al., 2022) and in Africa (Brini et al., 2008). 

The identification of S-allele genotypes and phenotypic characterization can complement SSR 

analysis and confirm the results obtained through molecular characterization (Martinelli et al., 

2008; Bennici et al., 2018 and 2020). S-allele diversity has been widely studied through S-

genotyping in Japanese (Takasaki et al., 2004; Gu et al., 2009; Saito et al., 2011) and European 
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pear (Zuccherelli et al., 2002; Sanzol 2009; Nikzad et al., 2014; Bennici et al., 2020) in order 

to improve the knowledge about self-incompatibility and giving tools for boosting breeding 

programs. 

In the current study, red-fleshed pear landraces of Emilia-Romagna were examined for their 

genetic diversity to provide insight on the genetic basis of the trait and promote breeding 

initiatives for its introduction into new pear varieties. 

 

3.2. Materials and Methods 

 

3.2.1. Plant material 

A total of 33 red-fleshed accessions have been collected and analysed in this study, including 

20 samples from private orchards and gardens in Verghereto (FC, Italy), 6 samples from 

CREA’s pear germplasm collection (Forlì, FC Italy), 6 samples from UNIBO’s pear 

germplasm collection (Cadriano, BO, Italy) and one from private nursery (Parma, PR, Italy). 

Three white-fleshed commercial cultivars, ‘Abate Fétel’ (‘Abbe Fétel’; AF), ‘Decana del 

Comizio’ (‘Doyenne du Comice’; DC) and ‘William Bon Chretien’ (W; also known as 

‘Bartlett’), obtained from the UNIBO collection were also included in this study as reference 

(Table S1). 

 

3.2.2. DNA extraction 

Young leaves were collected in springtime and stored at -80°C. DNA was extracted by using a 

CTAB protocol (Mercado et al., 1999). Genomic DNA was quantified by NanodropTM ND-
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1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and diluted to 50 ng/µL 

as a working solution. 

 

3.3.3. SSR genotyping, cluster analysis and S-allele genotyping 

A panel of 18 SSR markers was chosen among the most used in literature: 14 of them are 

included in a former list recommended by the ECPGR (European Cooperative Programme for 

Plant Genetic Resources) Malus/Pyrus working group (Evans et al., 2009) and four SSR 

markers were selected to be located in other chromosomes not covered.  

Forward primers were labelled with four different fluorescent dyes (6-FAM, PET, HEX or 

NED) in order to combine PCR products in a single electrophoretic run. The list of primer and 

their characteristics are reported in supplementary material Table S2.  

The PCR reactions were performed with the Thermal Cycler 2700 GeneAmp PCR System 

(ABI Prism) in 1 µL of DNA solution and 9 µL of master mix prepared according to Sau et al., 

(2020) but by using the AmpliTaq Gold (Thermo Scientific, Wilmington, USA) as DNA 

polymerase. The reaction cycling conditions were as follows: initial denaturation step of 10 

min at 95°C, followed by 6 cycles using a touchdown amplification program with an annealing 

temperature reduced by 1°C per cycle from 60°C to 55°C; then 32 cycles, each consisting of 

30 s denaturation at 95°C, 90 s annealing at 55°C and 60 s elongation at 72°C and the last cycle 

ends with a final 10 min extension at 72°C. 

Nine pooling groups of 2 SSRs labelled with different fluorescent dyes (Table S2) and 

characterised by different fragment lengths were designed for SSR genotyping by ABI PRISM 

3730 DNA analyser. PCR products were pooled in a ratio of 1:1. One µl of each PCR product 

was added to 8 µl of formamide containing 0.2 µl of GeneScan 500 LIZ size standard (Applied 
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Biosystem). Fragments were analysed and visually scored using Peak Scanner v.1.0 (Applied 

Biosystem). 

The SSR data were organised as a square matrix to be analysed by NTsys 2.0 (Rohlf, 1992). 

The cluster analysis was carried out by using the DICE coefficient (Dice, 1945) and the relative 

dendrogram was calculated by using the Unweighted Pair-Group Method (UPGMA). The 

results were used to identify synonyms and homonyms and unique genotypes. The number of 

alleles per locus (k), the expected and observed heterozygosity (HExp and HObs) and the 

polymorphism information content (PIC) of unique genotypes were estimated using CERVUS 

Software v3.0.3 (Kalinowski et al., 2007). The frequency of null alleles, was calculated by 

using the maximum likelihood (ML) estimator of Kalinowski (2007) 

S-allele combinations on the unique genotypes has been determined as reported by Nikzad et 

al., (2014). The PCR products obtained with the S-allele consensus primers (PycomC1F1 and 

PycomC5R1) were separated by 1% agarose gels. Based on the amplicon lengths, allele-

specific primers were used to confirm the S-genotypes (Table S3; Nikzad et al., 2014).  

 

3.3.4. Fruit quality analysis 

At the ripening time, fruit length (FL), fruit diameter (FD), fruit weight (FW), flesh firmness 

(FFi), soluble solid content (SSC), juice pH and titratable acidity (TA) have been determined 

both on the four unique genotypes and on the three commercial cultivars (AF, W, DC) used as 

a reference. FF was determined using a digital penetrometer (Güss Fruit Texture Analyzer 

equipped with an 8-mm tip, Strand, South Africa) taking two measurements per fruit. SSC was 

measured in single fruits using a digital refractometer (Atago Pocket Refractometer PAL-1, 

Tokyo, Japan). TA was measured by titration of the juice obtained from a pool of 10 fruits with 

a NaOH 0.5 M solution (Crison Titromatic 1S, Barcelona, Spain). The flesh red colour intensity 
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was visually evaluated by using a 0 to 5 scale (0 corresponding to the absence of colour and 5 

to its highest intensity). This evaluation was performed at four different positions within the 

fruit sections: seed locule (SL), fruit core (FC), fruit flesh (FF) and under-skin region (US). All 

analysis has been performed at ripening time on samples of 10 fruits from three plants per 

accession from the UNIBO’s pear germplasm collection (Cadriano, BO, Italy). ‘Cocomerina 

Selvatica LaCasa’ and ‘Incrocio Sant’Alessio’ were excluded from this analysis because these 

accessions were single trees grown in other locations and the different pedoclimatic conditions 

could impact the amount of anthocyanin in the fruit flesh.  

A cluster analysis was carried out by analysing the phenotypic data with the dissimilarity index 

of Canberra available on the software package NTSYSpc 2.0 (Rohlf, 1988). 

 

3.3. Results 

 

3.3.1. Genetic and cluster analysis 

The 18 selected SSR markers amplified 133 alleles with an average of 7.389 alleles per locus. 

The number of alleles ranged from 4 in CH04e03 to 11 in CH03g07. The frequencies of the 

allele in each locus were reported in supplementary material (Table S4). The expected 

heterozygosity (HExp) ranged from 0.471 (CH04e03) to 0.915 (CH01d09 and CH04c07) with 

an average value of 0.795. The observed heterozygosity (HObs) ranged from 0.333 (CH01a02 

and GD147) to 1.000 (CH01f07 and CH01d08) with an average of 0.729. The Polymorphism 

Information Content (PIC) value indicated that the most informative loci were CH04c07 and 

CH01d09, both with the value of 0.850; the lowest value was observed in CH04e03, with 0.409 

(Table 3.1). The frequency of null alleles, as calculated by Cervus using the maximum 

likelihood (ML) estimator of Kalinowski (2007), is negligible (data not shown). This 



45 

 

observation is supported by the fact that almost all the analysed samples were in heterozygosis. 

for most of the loci while just a few were in putative homozygosis. 

 

     Table 3.1.      The number of alleles (k), the observed (HObs) and expected 

(HExp) heterozygosity, the polymorphic information content (PIC) were reported 

for each SSR locus evaluated in the 9 analysed unique genotypes of P. communis . 

Locus K HObs HExp PIC 

CH01D09 10 0.889 0.915 0.850 

CH05C06 7 0.889 0.771 0.696 

CH01F07 8 1.000 0.889 0.820 

CH02B10 8 0.778 0.869 0.798 

CH01Vf 8 0.556 0.876 0.806 

CH02C09 7 0.556 0.745 0.679 

EMPC11 7 0.778 0.739 0.670 

CH03D12 7 0.778 0.824 0.747 

EMPC117 7 0.889 0.824 0.753 

CH04E03 4 0.556 0.471 0.409 

GD147 5 0.333 0.549 0.485 

GD96 6 0.444 0.739 0.669 

CH01D08 6 1.000 0.797 0.718 

CH03G07 11 0.778 0.882 0.819 

CH04C07 10 0.778 0.915 0.850 

CH01A09 7 0.889 0.791 0.712 

CH01H10 6 0.333 0.797 0.718 

CH01H02 9 0.889 0.908 0.842 

Average 7,39 0,729 0,795 0,725 

 

 

Cluster analysis elucidated genetic relationships among varieties and four groups of synonyms 

were identified (Figure 3.1). 



46 

 

Figure 3.1. Dendrogram carried out by NTSYS using the Dice similarity index among 

the 33 pear landraces analysed. Three commercial cultivars were included as reference.  

 

Group 1 includes 6 accessions with 6 different names: ‘Pera Sanguigna’, ‘Pera Cocomera’, 

‘Pera Vinata’ from the CREA germplasm collection, ‘Salama’ and ‘Pera Polpa Rossa’ from 

UNIBO germplasm collection and ‘Ingurien’ from a private nursery in Parma. ‘Pera 

Sanguigna’ (PS) was selected as the reference for this group. 
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Group 2 clusters together all trees attributable to the landrace ‘Cocomerina Tardiva’ (CT; 

known also with the name ‘Cocomerina Invernale’). Most of the samples were collected in the 

Verghereto area. ‘Cocomerina Tardiva’ samples from UNIBO and CREA were used as 

reference. 

Group 3 includes the samples of ‘Cocomerina Precoce’ (CP; with references from both UNIBO 

and CREA germplasm collections). All the samples denominated with this name from the 

Verghereto area are included in this cluster. An accession of ‘Briaca’ maintained in the UNIBO 

collection (‘Briaca Ghetti’) was unexpectedly included in this group.  

The last group is composed of two ‘Briaca’ (B) accessions present in the UNIBO and CREA 

collections (group 4). Despite their common name, the three analysed ‘Briaca’ accessions 

showed two different molecular profiles. 

The other two red-fleshed accessions, ‘Cocomerina Selvatica La Casa’ (CS) and ‘Incrocio S. 

Alessio’ (IA) resulted as unique genotypes and very diverse in respect to all the other 

genotypes. 

 

3.3.2. Unique genotype S-allele determination  

All the unique genotypes identified with the cluster analysis were analysed at first by using the 

consensus primer approach and based on the estimated fragment lengths; subsequently, a panel 

of allele-specific primers were used for confirming all S-allele attributions (Table S3).  

Results evidenced the presence of 6 different S alleles in the 6 analysed accessions (S101, S104, 

S105, S108, S120 and S125) with the allele S104 that is the most frequent one being present in 

three accessions (CP, CT and IA). The allele S120 was detected in CT and CS and S125 in CP 

and PS. The remaining alleles S101, S105 and S108 were present only once in the analysed 
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samples. For the samples PS only one allele was clearly identified (S125) and more research 

will be needed for identifying the second one (Table 3.2). 

 

 

Table 3.2. S-Allele combinations of each unique genotype determined by using consensus 

and allele-specific primers. The fragment size indicates the band size identified by using 

consensus primers.  

Genotype 
fragment size 

(bp) 
S-alleles  

Cocomerina Tardiva 750/800 S104/S120 
Cocomerina Precoce          750/1700 S104/S125 
Briaca           650/1300 S105/S101 
Pera Sanguigna 1700 S125 
Cocomerina Sel LaCasa          800/1300 S120/S101 
Incrocio S. Alessio           680/750 S108/S104 

 

 

3.3.3. Fruit quality analyses 

Four of the 6 unique genotypes and the 3 reference cultivars were also analysed for their fruit 

quality features and for the intensity and distribution of the red colour in the fruits (Table 3.3). 

The red-fleshed genotypes IA and CS were not analysed because they are single trees located 

in a not comparable environment. 

Based on the variance analysis among cultivars, statistical differences of significant level were 

observed in most of the considered parameters such as fruit diameter, fruit length, fruit weight, 

fruit firmness and sugar. In fact, only pH did not show significant differences among samples. 

As expected, all the fruit size-related traits were higher in reference cultivars than in the red-

fleshed genotypes.  
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Table 3.3. Fruit quality data determined at the ripening time: fruit weight (FW), flesh 

firmness (FFi), Soluble Solid Content (SSC), seed locules red intensity (SL), fruit core 

red intensity (FC), fruit flesh red intensity (FF), under fruit skin red intensity (US), 

titratable acidity (TA), pH of the juice, fruit length (FL), fruit diameter (FD), fruit length 

and fruit diameter ratio (FL/FD).  
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CT reached the highest firmness values 8.12 kg/cm2, when compared to the other cultivar. 

When it comes to sugar content in the fruit (SSC), AF cultivar reached the lowest value (15.7), 

while CT cultivar had the highest ones (19.7). About the flesh colour trait, the reddest one was 

CT within the highest values for each parameter. No significant differences could be identified 

among the other three accessions.  

Regarding different intensity and position of red colour CP and B looks quite similar, with the 

highest concentration of anthocyanin in the fruit core and some reddish spots all over the flesh. 

PS has a characteristic strong red colour ring around the fruit core. The flesh has very strong 

pigmentation in CT, as well as the fruit core. Also, in these fruits the red was not uniformly 

spread but it appeared in patches (Figure 3.2).  

 

Figure 3.2. Different intensity and position of red colour in fruits of red -fleshed 

accessions fruits. ‘Cocomerina Precoce’ (top left); ‘Cocomerina Tardiva’ (top right); 

‘Briaca’ (bottom left) and ‘Pera Sanguigna’ (bottom right). Fruit equatorial section (left) 

and lateral shape (right) are represented.  
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A new cluster analysis was carried out by using a dissimilarity index (Canberra) with these 

analytical data (Figure 3.3 B). In both graphs CP, CT and PS were clustered together. Reference 

varieties are grouped along with each other in both the analyses. Nevertheless, they showed a 

more marked similarity in the fruit quality related graph.  

In contrast to the genetic data-related dendrogram, ‘Briaca’ was included in the red fleshed 

cluster within the phenotype analysis. 

 

Figure 3.3. Dendrograms calculated based on genotypic (A; SSR with the DICE similarity 

index) and phenotypic data (B; with Canberra dissimilarity index) among 4 re d-fleshed 

pear landraces and the 3 commercial cultivars used as a reference.  
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3.4. Discussion 

 

In this study the molecular characterization of a panel of 33 accessions collected in a very 

narrow area of the Emilia-Romagna Apennines and from two germplasm collections resulted 

in the identification of six unique genotypes. Four of these genotypes were also characterised 

for their fruit quality features and for the red colour distribution and intensity in order to 

estimate how much the genetic diversity determined by SSRs reflects the phenotypic 

variability. The importance of characterising pear germplasm collections with molecular 

markers, particularly by SSRs, was widely reported in literature as a tool for assessing pear 

genetic diversity (Fernandez-Fernandez et al., 2006; Evans et al., 2009; Sehic et al., 2012; 

Dequigiovanni et al., 2012; Urrestarazu et al., 2015).  

The panel of 18 specific SSR markers allowed to identify four clusters of unique genotypes. 

Regarding the effectiveness of each marker, as already reported in literature, CH01D09 and 

CH01F07a were found to have a high discrimination power. Moreover, CH04E03 had shown 

low levels of PIC as previously reported (Gasi et al., 2013; Baccichet et al., 2019; Queiroz et 

al., 2019; Sau et al., 2020; Bielsa et al., 2021). 

CP and CT genotypes were confirmed as well-known varietiesand only a misnomer was found. 

At the opposite, PS had shown several different accession names all related to the same 

genotype. 

The large genetic distance observed for CS and IA might have originated by hybridisation with 

other Pyrus species, such as Pyrus pyraster, that are widespread in the upper Apennine 

Mountains as already reported by Bennici et al 2018. The genetic diversity analysis of Pyrus 

collection performed by Montanari et al., (2019) provides further hint that red fleshed may be 

connected to the wild species, particularly with Pyrus pyraster since three red-fleshed 
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genotypes (‘Sanguignole’, ‘Rottkottig’ and ‘Summer Blood Birne’) were included in the 

admixture group between Pyrus communis and Pyrus pyraster. Further investigations should 

be conducted to determine whether the red-fleshed trait is present in the local wild pear 

populations and to figure out in which direction the gene flow occurred.  

The identification of synonyms and homonyms highlighted the importance of determining the 

true-to-types plants to be used as reference for the correct conservation of these genotypes and 

for preserving them against a possible genetic erosion. The availability of well-genotyped 

plants, as references, is also important for supporting the correct nursery propagation of 

‘Cocomerina Precoce’ and ‘Cocomerina Tardiva’ for which there is an interest among pear 

growers of the Verghereto district. It should be remembered that all the names given to red-

fleshed landraces referred to their peculiar trait, which could be the reason why there were so 

many cases of homonyms and synonyms. For example, ‘Briaca’ is the most used term in 

Tuscany for red-fleshed pears and, probably, in the past, with the names ‘Briaca’ or ‘Briaco’ 

were also used for trees that were clearly ascribable to the accessions ‘Cocomerina Tardiva’ 

and ‘Cocomerina Precoce’ as reported in previous works (Camangi et al., 2006; Martinelli et 

al., 2008; Ferradini et al., 2017; Pastore et al., 2020).  

The use of the consensus (Sanzol and Robbins, 2008) and allele-specific primers (Sanzol, 2009; 

Nikzad et al., 2014) demonstrated to be a very efficient method for the determination of the S 

allele combinations of pear modern varieties and old landraces (Sanzol, 2009; Nikzad et al., 

2014; Shi 2018; Bagheri et al.,2020; Bennici et al., 2020; Gasi et al., 2020). Nevertheless, a 

‘Pera Sanguigna’ S-allele has not been identified. The S-genotypes obtained from the analysis 

allowed to establish that all the accessions are inter-fertile. The presence of an allele in common 

in most of the red-fleshed varieties present in a very narrow environment also support the 

possible presence of genetic relationships among these genotypes.  
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For a better estimation of this aspect the results of the genetic diversity determined by SSRs 

have been compared with those obtained by using a dissimilarity index for analysing the 

variability present in analytical data. 

The two dendrograms obtained using these two approaches evidenced a clear separation 

between the red-fleshed landraces and the references ‘Abate Fétel’, ‘William’ and ‘Decana’. 

Considering the red-fleshed landraces, both approaches possibly indicated a relationship 

between ‘Cocomerina Tardiva’ and ‘Cocomerina Precoce’, as expected considering that they 

originated in the same area. The evidence that these two varieties share at least one common 

allele for each examined locus, including S-locus S104 allele, suggest that they may be very 

closely related: indeed, this segregation pattern could be compatible with a direct kinship such 

as mother-daughter. On the other hand, their kinship with ‘Pera Sanguigna’ seems to be less 

strong, but still consistent due to the sharing of several alleles all over the characterised loci, 

among which the most significant was the partaken S-locus S125 allele within CP. 

Interestingly, this allele resulted to be infrequent within the varieties of the Italian germplasm 

(Bennici et al., 2020). 
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3.5. Conclusions 

 

The identification of unique references for the main four red-fleshed accessions will pave the 

way to their propagation since the emerging interest in these old landraces. In particular, a 

‘Cocomerina’ pear consortium was established to promote the cultivation of these accessions 

in the upper Savio valley (FC, Italy). The organisation harvests the fruit each year and either 

sells the pears unprocessed or transformed into jams and liquors. The ‘Slow Food Presidium’ 

has counted all the surviving trees, assisted farmers with harvesting, and it has the purpose to 

establish an educational and experimental orchard where the plants may be propagated. 

The knowledge of the S-allele combinations in the six unique red-fleshed genotypes is very 

important to properly design the new orchards since the increasing interest and demand of this 

type of fruit. The right choice of cultivar combination, with compatible S-genotype, could 

significantly improve the fruit set and therefore the field productivity.  

Concerning this fascinating trait in pear, it should be advisable to analyse more samples 

collected in different areas, for example, testing other European red-fleshed landraces could 

further shed light about the origin of the trait. Nevertheless, finding more genotypes that 

possess this trait may be the key to develop a molecular marker that might be very helpful for 

the ongoing pear breeding programs. 
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3.7. Supplementary materials 

Table S1. List of the 33 collected accessions and their location 

Accession name Short name Collecting area 

Abate Fétel (Abbè Fétel) Abate Collection UNIBO, Cadriano, BO 

Decana del Comizio (Doyenne du Comice) Decana Collection UNIBO, Cadriano, BO 

William Bon Chretien (Bartlett) William Collection UNIBO, Cadriano, BO 

Briaca UNIBO Briaca_UNIBO Collection UNIBO, Cadriano, BO 

Cocomerina Precoce UNIBO CocoPrec_UNIBO Collection UNIBO, Cadriano, BO 

Cocomerina Tardiva UNIBO CocoTard_UNIBO Collection UNIBO, Cadriano, BO 

Ingurien PR Ingurien_PR Castelpiombino, PR 

Incrocio Sant’Alessio Incrocio_S.A Sant’Alessio, Verghereto, FC 

Cocomerina Tardiva CREA CocoTard_CREA Collection CREA, Forlì, FC 

Cocomerina Precoce CREA CocoPrec_CREA Collection CREA, Forlì, FC 

Briaca CREA Briaca_CREA Collection CREA, Forlì, FC 

Pera Sanguigna CREA Sanguigna_CREA Collection CREA, Forlì, FC 

Cocomerina Selvatica LaCasa C_Sel_LaCasa Pianello, Verghereto, FC 

Villa Sant’Alessio Villa_S.A Sant’Alessio, Verghereto, FC 

Cocomerina Precoce LaCasa 2 CP_LaCasa_p2 Pianello, Verghereto, FC 

Sant’Alessio pianta Secolare S.Alessio_Sec Sant’Alessio, Verghereto, FC 

Briaca Ghetti Briaca_Ghetti Collection UNIBO, Cadriano, BO 

Pera Vinata CREA Vinata_CREA Collection CREA, Forlì, FC 

Pera Cocomera CREA Cocomera_CREA Collection CREA, Forlì, FC 

Cocomerina Tardiva Hotel Verghereto CT_Hotel_Verg Verghereto, FC 

Cocomerina Precoce LaCasa Fosso CP_LaCasaFosso Pianello, Verghereto, FC 

Cocomerina Precoce LaCasa 3 CP_LaCasa_P Pianello, Verghereto, FC 

Cocomerina Tardiva Pianello 1 CT_Pianello_p2 Pianello, Verghereto, FC 

Cocomerina Tardiva Pollia CT_Pollia Pianello, Verghereto, FC 

Cocomerina invernale Chiappasonno C_inv_Chiappas Sant’Alessio, Verghereto, FC 

Cocomerina Tardiva Ville di Montecoronaro 1 CT_VilledM_p1 Ville di Montecoronaro, Verghereto, FC 

Cocomerina Tardiva Ville di Montecoronaro 2 CT_VilledM_p2 Ville di Montecoronaro, Verghereto, FC 

Cocomerina Precoce Ville di Montecoronaro 3 CP_VilledM_p3  Ville di Montecoronaro, Verghereto, FC 

Cocomerina Precoce Ville di Montecoronaro 4 VilledM_p4  Ville di Montecoronaro, Verghereto, FC 

Cocomerina Precoce Ville di Montecoronaro 5 VilledM_p5 Ville di Montecoronaro, Verghereto, FC 

Cocomerina Precoce Ville di Montecoronaro 6 CP_VilledM_pp Ville di Montecoronaro, Verghereto, FC 

LaCasa pianta morente LaCasa_P_Mor Pianello, Verghereto, FC 

Cocomerina Precoce LaCasa 1 CP_LaCasa_p1 Pianello, Verghereto, FC 

Cocomerina Precoce Chiappasonno CP_Chiappas Sant’Alessio, Verghereto, FC 

Pera polpa rossa Ghetti UNIBO PR_Ghetti_UNI Collection UNIBO, Cadriano, BO 

Salama UNIBO Salama_UNIBO Collection UNIBO, Cadriano, BO 
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Table S3. Pool of specific primer assessed in each genotype. `+` positive, `-` negative, `nt` 

non tested 

 Consensus fragment size (bp) 

 Cocomerina 
Tardiva 

Cocomerina 
Precoce 

Briaca 
Pera 

Sanguigna 

Cocomerina 
selvatica 
LaCasa 

Incrocio 
S.Alessio 

Allele 
specific 
primers 750/800 750 650/1300 1700 800/1200 650/750 

PcS101 nt - + - + nt 

PcS102 nt - - - - nt 

PcS103 nt - - - - nt 

PcS104 + + - - - + 

PcS105 - - + - - - 

PcS106 - - - - - - 

PcS107 - - - - - - 

PcS108 - - - - - + 

PcS109 - - - - - - 

PcS110 nt - - - - nt 

PcS111 - - - - - - 

PcS112 nt - - - - nt 

PcS113 nt - - - - nt 

PcS114 - - - - - - 

PcS115 - - - - - - 

PcS116 - - - - - - 

PcS117 nt - - - - nt 

PcS120 + - - - + - 

PcS121 - - - - - - 

PcS122 - - - - - - 

PcS123 - - - - - - 

PcS124 - - - - - - 

PcS125 nt + - + - nt 

S-genotype S104/S120 S104/S125 S101/S105 S125/- S101/S120 S104/S108 
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Table S4. Allele frequencies estimated by Cervus 3.0.7 for each Locus analysed. 

CH01D9 126 128 132 134 138 147 149 151 153 155 

  0,06 0,22 0,06 0,06 0,06 0,06 0,17 0,17 0,06 0,11 

CH5C06 87 91 92 95 103 105 107       

  0,44 0,22 0,06 0,11 0,06 0,06 0,06       

CH1F7a 175 180 181 183 188 193 198 206     

  0,17 0,22 0,06 0,22 0,06 0,11 0,11 0,06     

CH2B10 120 122 124 126 128 132 134 136     

  0,11 0,06 0,06 0,22 0,06 0,17 0,28 0,06     

CHVf1 -1 124 128 132 134 139 148 150     

  0,11 0,11 0,22 0,11 0,06 0,06 0,28 0,06     

CH02C09 -1 226 238 240 242 244 248       

  0,11 0,06 0,11 0,11 0,06 0,50 0,06       

EMPC11 138 140 142 149 151 153 157       

  0,17 0,06 0,06 0,50 0,06 0,06 0,11       

CH3D12 108 112 120 123 125 132 157       

  0,28 0,33 0,06 0,06 0,11 0,11 0,06       

EMPC117 82 88 95 111 113 116 123       

  0,11 0,11 0,06 0,17 0,39 0,11 0,06       

CH4E03 178 182 196 203             

  0,72 0,06 0,17 0,06             

GD147 121 127 131 141 155           

  0,67 0,17 0,06 0,06 0,06           

GD96 141 150 157 159 163 173         

  0,11 0,50 0,06 0,11 0,11 0,11         

CH1D08 239 276 280 282 286 294         

  0,06 0,39 0,06 0,17 0,22 0,11         

CH03G7 220 224 226 230 234 242 245 246 256 261 

  0,06 0,06 0,06 0,06 0,06 0,17 0,06 0,33 0,06 0,06 

CH04C7 95 97 110 112 116 120 124 130 134 148 

  0,06 0,06 0,11 0,06 0,06 0,06 0,17 0,06 0,17 0,22 

CH01A9 168 170 172 174 176 182 184       

  0,39 0,11 0,28 0,06 0,06 0,06 0,06       

CH01H10 98 100 102 104 110 124         

  0,06 0,11 0,39 0,22 0,06 0,17         

CH01H2 222 226 228 230 234 236 238 240 252   

  0,06 0,17 0,06 0,17 0,11 0,11 0,06 0,22 0,06   
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4. Development and Validation of Markers Linked to Red-Fleshed 

Fruit Trait in European Pear Crossing Populations 

 

 

Abstract 

Red-fleshed fruits are becoming more and more popular among consumers worldwide due to 

their high concentration of bioactive compounds, primarily anthocyanin. The red-fleshed fruit 

trait genetic regulation has been studied in several different fruit species such as apple, peach, 

plum, sweet cherry and so on. Very few studies have been performed on red-fleshed pear, even 

if this trait has been known for centuries. In this study, the identification by quantitative trait 

loci (QTL) analysis were carried out using a crossing population segregating for the trait 

(‘Cocomerina Precoce’ x ‘Carmen’). The outcome was the identification of a small genomic 

region related to the red flesh fruit trait approximately at 27 Mb from the start of LG5. Two 

candidate genes were detected in this genomic region: ‘PcMYB114’ and ‘PcABC transporter 

C2’. Furthermore, the SSR marker SSR114 was found able to detect the red flesh phenotype 

segregation in all the red-fleshed pear accessions and crossing populations tested. 
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4.1. Introduction  

 

Red-fleshed fruits are becoming more and more popular among consumers worldwide due to 

the beneficial effects of anthocyanin in human health, from reducing the risk of cardiovascular 

diseases to preventing the onset of cancer (Hou et al., 2004; Seeram et al., 2004; Stevenson 

and Hurst 2007; Butelli et al., 2008; Manach et al., 2009; Espley et al., 2014; Antognoni et al., 

2020). Increased dietary intake of these secondary metabolites might certainly be promoted by 

the consumption of red fleshed fruits (Allan et al., 2019). This trait has been studied in several 

fruit species such as apple (Chagné et al., 2013; Espley et al., 2007; Lin-Wang et a. 2010), 

peach (Zhou et al., 2015), plum (Fang et al., 2016; Liu et al., 2020), sweet cherry (Starkevič et 

al., 2015; Sabir et al., 2022) orange (Buttelli et al., 2012; 2017), bilberry (Lafferty et al., 2022; 

Plunkett et al., 2018: Montanari et al., 2022) and strawberry (Wang et al., 2020).  

Very few studies have been carried out until now on red-fleshed pear, even if this trait have 

been known for centuries: the Tuscan Academic Pier Antonio Micheli, described the fruits of 

‘Pera Sanguignola’, literally “bloody pear”, first mentioned at the end of 1600. In the following 

centuries, red-fleshed pears were also reported in France, Belgium and Germany (Leroy, 1867-

79; Downing, 1869; Mas, 1872-83; Hedrick, 1921). Many red-fleshed landraces have been 

included in the last years in some genetic diversity studies in European pear (Braniste and 

Budan 2007; Lespinasse et al., 2010; Baccichet et al., 2019, Sau et al., 2020, Sehic et al., 2012, 

Ferradini et al., 2017). Nevertheless, the origin of this trait is still unknown. Recently, some 

Italian red-fleshed pear landraces were analysed by SSR markers and 4 different genotypes 

with a short genetic distance were identified suggesting a possible common ancestor for that 

peculiar trait (see chapter 3). Red colour is a very relevant trait in fruit breeding; however, the 

attention has played particularly on peel colour. The rising number of red variants in all species 

of the Rosaceae family makes it easy to see this tendency, from apricots (Bassi and Foschi 
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2019) to peaches (Chavez et al., 2019), to pears (Brewer and Volz 2019; Caracciolo et al., 

2018) and apples (Chen et al., 2021). The red flesh trait has been already introgressed in other 

fruit tree species, such as apple, and several commercial cultivars have just been released, i.e., 

‘Red Moon ®’, ‘Red Love®’ and ‘Kissabel Rouge®’ (Guerra 2018).  

Anthocyanins are one of the most important flavonoid pigments. They were synthesized 

through the phenylpropanoid pathway starting from phenylalanine or tyrosine, two aromatic 

aminoacid derived from the shikimate pathway. The transcription of the structural genes of 

anthocyanin pathway is regulated by the activity of several transcription factors (TFs). The 

most important TFs involved are MYBs, bHLHs e WD-repeat proteins. This three TFs form a 

complex (MBW complex) that have the potential to activate the transcription of anthocyanin 

pathway structural genes (Ramsay et al., 2005).  

Many studies were performed to understand the genetic regulation of anthocyanin production. 

Anthocyanin accumulation is primarily controlled at the transcriptional level in the Rosaceae, 

as it is in the majority of other plant species, and MYB transcription factors family genes are 

playing a critical role (Lin-Wang et al., 2010). According to Pierantoni et al., (2010), the 

European pear (P. communis) PcMYB10 transcription factor, is expressed at much higher 

levels in ‘Max Red Bartlett’ than in ‘Bartlett’ and is positively correlated with anthocyanin 

accumulation during fruit development. In line with the segregation observed in seven 

progenies using ‘Max Red Bartlett’, ‘Cascade’ or ‘California’ as red-skinned fruit parental line, 

red fruit colour in European pears was found to be a monogenic dominant trait (Dondini et al., 

2008). Additionally, the spontaneous red skin mutant of 'Bartlett' ('Max Red Bartlett') was 

mapped onto LG 4 (Dondini et al., 2008) which correspond to the genomic region found by 

Ou et al., (2020) including the PpBBX24 gene belonging to the B-box a subfamily of zinc-

finger TF. In particular, 14 nucleotide deletion mutation in the coding region of the PpBBX24 

gene was associated with the red skin of the “Zaosu Red” pear (Ou et al., 2020). In a progeny 
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derived from the red-skinned pear hybrid variety "Bayuehong", three distinct QTLs were found 

for red fruit skin colour (Wu et al., 2014). One of these QTLs is mapped on LG 4; nevertheless, 

the location appears to be different from the one discovered in ‘Max Red Bartlett’ (Dondini et 

al., 2008). The other two QTLs have been located on LGs 13 and 16. Additionally, a recent re-

examination of the data from the same population had led to the discovery of a novel QTL 

situated at the base of LG 5 and a new candidate gene has been identified: PyMYB114 (Yao et 

al., 2017). The expression level of this gene was confirmed as positively correlated with red 

skin, and studies made by transient transformation has revealed that PyMYB114 is able to 

induce anthocyanin biosynthesis (Yao et al., 2017).  The same QTL was identified by Xue et 

al., (2017) in P. pyrifolia with the identification of PyMYB114 as a candidate gene. Further 

investigations about this gene were made by Ni et al., (2019) that reported that PpMYB114 

could be able to increase the expression of PpUFGT in complex with PpbHLH3, as well as 

PcMYB10. Furthermore, in P. communis a QTL for fruit skin blush has been found in the same 

position at the bottom of LG 5, in a progeny of ‘Flamingo’ × ‘Abbé Fétel’ (Ntladi et al., 2018). 

These results support the theory that anthocyanin production and accumulation could be 

controlled by similar genes in Asian and European pears. However, the red phenotype could 

be derived by several mutations in different genetic backgrounds and the diverse genomic 

regions linked to this trait suggest a complex genetic regulation, with several loci playing a role 

(De Franceschi and Dondini 2019). 

In this chapter, the identification of quantitative trait loci (QTL) linked to the red fleshe trait is 

reported as well as the discover of putative candidate genes within the genomic regions 

involved in anthocyanin accumulation in fruit flesh. Then, a tightly linked marker was designed 

on a candidate gene and tested in other cross populations to demonstrate its efficiency in discern 

for red-fleshed seedlings. 
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4.2. Materials and methods 

 

4.2.1. Plant material and DNA extraction 

A total of 12 populations segregating for red-fleshed fruit obtained from controlled crosses 

were used in this study (Table 4.1). The ̀ Cocomerina Precoce` (CP) x ̀ Carmen` (C) population, 

hold by CREA (Consiglio per La Ricerca e La Sperimentazione in Agricoltura, Forlì-Cesena, 

Italy), consisting of 127 seedlings was used to perform the QTL analysis. All the other 

populations were used for the validation of the closest molecular marker linked to the trait.  

 

Table 4.1. Number of seedlings, genealogy and locations of the segregating populations 

tested with the marker SSR114. In pink highlighted the sources of red -flesh fruit trait. 

Population 
n° 

Seedlings 
Parent 1 Parent 2 Location 

N° Seedlings 

tested 

CP x C 127 Cocomerina Precoce Carmen CREA Forlì, FC, Italy 127 

CT x AF 83 Cocomerina Tardiva Abate Fetel UNIBO Cadriano, BO, Italy 83 

CP x AF 50 Cocomerina Precoce Abate Fetel UNIBO Cadriano, BO, Italy 50 

CP x Cs 71 Cocomerina Precoce Cascade UNIBO Cadriano, BO, Italy 71 

CT x Cf 66 Cocomerina Tardiva Conference UNIBO Cadriano, BO, Italy 66 

CP x SRB 52 Cocomerina Precoce Sensation Red Bartlett UNIBO Cadriano, BO, Italy 52 

CP x W 19 Cocomerina Precoce William UNIBO Cadriano, BO, Italy 19 

P13.018 154 R234 (Sanguinole*) R 256 (Sanguinole*) 
PFR Motueka, Tasman, 

New Zealand 
80 

P13.019 35 R234 (Sanguinole*) R546 
PFR Motueka, Tasman, 

New Zealand 
20 

P13.020 67 R234 (Sanguinole*) R375 
PFR Motueka, Tasman, 

New Zealand 
20 

P13.021 60 R234 (Sanguinole*) R276 
PFR Motueka, Tasman, 

New Zealand 
20 

P16.005 154 R143 (Samsoe*) R823 
PFR Motueka, Tasman, 

New Zealand 
20 

Total 940    628 

* In bold the red-fleshed parent; in brackets the ancestral donor of the red-fleshed trait  

 



74 

 

DNA was extracted from around 50 mg of young leaves powder using DNeasy Plant Mini 

extraction kit (Qiagen, Hilden, Germany). DNA quality and quantity were verified by 

NanodropTM ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). All 

DNA solutions were diluted to 50 ng/µL as a working solution. 

 

 
Figure 4.1. Schematic representation of the pear equatorial fruit section zones scored for 

colour phenotyping. 

 

4.2.2. Fruit flesh colour phenotyping 

In the CP x C progeny, the phenotyping was performed on about 5-10 mature fruits from each 

seedling and parental plant in 2 consecutive years (2020 and 2021). Red colour presence and 

intensity were visually scored and dissected in four different traits to take into account the 

distribution of the red colour within the different fruit tissues visible on equatorial section 

(Figure 1): False Fruit (pome, flesh or pseudocarp; FF), True Fruit (core or mesocarp; TF), 

Seed Locule (endocarp; SL) and Under-Skin (the first layer of flesh near the fruit skin; US). A 

0 to 5 scale was assigned for FF and TF (0 means complete absence of red and 5 very intense 
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red colour). For SL and US a binary code (0/1) for presence/absence of red was used. In 

addition, an absolute red/white flesh score (R/W) was assigned to each seedling based on the 

previous values.  

 

4.2.3. Statistical analysis 

To confirm the bimodal distribution of the red-flesh trait, and the Mendelian segregation of the 

red-fleshed (R) or white-fleshed (W) seedlings, the Ꭓ2 was calculated. For each year, Shapiro–

Wilk test was also performed to test for normal data distribution. Moreover, the correlation 

between the means of the different trait were tested, using either the Pearson or the Spearman 

test according to the normal/not normal distribution of each trait. Red-flesh intensity parameter, 

TF and FF, data were analysed by ANalysis Of VAriance (ANOVA) followed by Tukey’s test 

under R environment using ‘‘agricolae’’ R package (https://www.r-project.org). In addition, 

histograms related to the red intensity distribution and also a Principal Component Analysis 

(PCA) of yearly data of SL, TF, FF and US was performed by R as well.  

 

4.2.4. Generation of SPET markers, map construction and QTL analysis 

Sequencing and library preparation of parental DNAs was carried out by IGA Technology 

Services (IGATech Udine, Italy), using a NextSeq. 500 sequencing platform (Illumina, San 

Diego, CA, USA) in single-end mode (150 bp). The obtained reads were aligned to the 

reference sequence of Pyrus communis (Linsmith et al., 2019) to obtain the genomic sequence 

of the parental cultivar `Cocomerina Precoce` (CP) and `Carmen` (C). By comparing the two 

parental genome sequencing and the reference sequence (Linsmith et al., 2019) a 10k panel of 

intragenic SNPs was designed in order to fully covering the seventeen chromosomes of Pyrus 

communis, with the aim to build a high-density linkage map. This panel was used to design the 
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probes for the Single Primer Enrichment Technology analysis (SPET; NuGen. San Carlos CA, 

United States). Parents and progeny genotypes alleles were mined from this panel using the 

Allegro Targeted Genotyping V2 procedure (IGATech Udine, Italy). 

SNPs markers showing more than 10% of missing data and not bi-allelic segregation were 

excluded from the analysis. Only markers segregating in either one of the two parents were 

employed for building CP and C linkage map; SNPs heterozygous in both parents were not 

used. Only the first SNP per probe was selected in order to reduce information redundancy 

during the mapping. Seedling with no fructification, more than 10% of missing data or with an 

outcross-type of segregation were excluded from the analysis, as well. 

Molecular maps of CP and C were constructed using JoinMAp 4.1 software (Van Ooijen, 

2006). A Grouping tree was made using a minimum LOD score of 8 and the map distances was 

calculated using regression mapping by Kosabi`s function. After the first mapping all the 

genotype probability identified by the software were excluded and the maps recalculated to 

obtain the final maps that were drawn using MapChart 2.3 (Voorrips, 2002). 

QTL mapping was performed with the MapQTL 6.0 software (Van Ooijen 2004), using interval 

mapping (IM) (Lander and Botstein 1989). QTLs were also detected using the non-parametric 

Kruskal–Wallis (KW) test for traits with not-normal distribution in the progeny (Alonso-

Blanco et al., 2006). The significant logarithm of odds (LOD) threshold (ρ = 0.05) for each trait 

was determined after genome-wide permutation tests (Churchill and Doerge 1994) using 1000 

permutations. 

The traits considered for QTL mapping were: Seed Locules (SL), False Fruit (FF), True Fruit 

(TF), Under Skin (US) and, additionally, the output data obtained from the Principal 

Component Analysis (PC1, PC2, PC3 and PC4) as suggest by Gilbert & Le Roy (2003). 
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The broad-sense heritability (H2) of genotypic means for all these traits was estimated using 

the formula:  

H2= σg
2÷( σg

2
 +σe

2/n) 

where ‘n’ is the mean number of replicates per genotype, ‘σg
2’ is the genetic variance (i.e., 

inter-genotype variance), and ‘σe
2’ is the residual error variance (Calenge et al., 2005; Durel et 

al., 2009; Montanari et al., 2015). The percentage of the phenotypic variation explained by all 

the significant (ρ < 0.05) QTLs (R2 or coefficient of multiple determination) was estimated 

using the global formula: 

R2=1−(SSres/SStot) 

where SSres is the residual sum of squares and SSate is the total sum of squares. 

 

4.2.5. Candidate genes marker design and validation 

Putative candidate genes for the red-flesh trait were searched at genome level by screening the 

predicted gene database of the Pyrus communis ‘Bartlett’ Double Haploid v.2.0 genome 

(Linsmith et al., 2019) available on the GDR website (https://www.rosaceae.org). 

After major candidate genes identification two additional markers were designed to define the 

QTL region. Putative heterozygous molecular markers were found at genome level examining 

the resequencing data of the CP parent. Two pair of primers were designed inside the candidate 

genes sequences in order to determine their segregation (Table 4.1). 

The first marker, SSR114, was designed to detect a putative polymorphic microsatellite. 

Forward primer was labelled with 6-FAM. The PCR reactions were performed with the 

Thermal Cycler 2700 GeneAmp PCR System (ABI Prism) in 50 ng of DNA solution and 9 µL 

of master mix prepared according to Sau et al., (2020). The reaction cycling conditions were 

https://www.rosaceae.org/
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as follows: initial denaturation step of 5 min at 94°C, followed by 35 cycles each consisting of 

30 s denaturation at 94°C, 45 s annealing at 60°C and 45 s elongation at 72°C and the last cycle 

ends with a final 7 min extension at 72°. The amplicon fragment length was genotyped by ABI 

PRISM 3730 DNA analyser. One µl of each PCR product was added to 9 µl of formamide 

containing 0.2 µl of GeneScan 500 LIZ size standard (Applied Biosystem, Waltham, 

Massachusetts, US). Fragments were analysed and visually scored using Peak Scanner v.1.0 

(Applied Biosystem, Waltham, Massachusetts, US). 

 

Table 4.1. Primers designed to enrich the QTL region.  

Marker Type Sequence Tm Fragment size 
Position in Mb 

from beginning of 
Chr5 

SSR114 Forward AGGTATTTTATTTTGTATGTATCAATGA 54 225 b 27.1 
 Reverse GTAGGTAAATTATTTCACACACACAT 56   
CAPS2 Forward GGGCCCAATCACCAAAATCA 58 607 b 27.0 
 Reverse TGAACTCTAGTCTTGGCGGA 59   

 

 

The second marker, CAPS2, was designed to detect a putative polymorphic restriction site. The 

PCR reactions were performed with the Thermal Cycler 2700 GeneAmp PCR System (ABI 

Prism) in 50 ng of DNA solution and 9 µL of master mix prepared according to  

Sau et al., (2020). The reaction cycling conditions were as follows: initial denaturation step of 

5 min at 94°C, followed by 35 cycles each consisting of 30 s denaturation at 94°C, 45 s 

annealing at 61°C, 60 s elongation at 72°C and the last cycle ends with a final 10 min extension 

at 72°. PCR products were digested using the restriction enzyme Bsp143I (CTAG; Thermo 

Fisher Scientific, Waltham, Massachusetts, US). Digestion reactions were performed, as 

manufacture instructions, in a dry bath at 37°C for 2 h using 5 µL of PCR reaction, 5 µL of 
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digestion buffer and 1 µL of Bsp143I enzyme. Digested PCR products were analysed by 

electrophoresis in 1% agarose gel.  

The SSR114 marker was selected to analyse other 11 red-fleshed fruit segregating populations 

obtained from different donors of the red flesh trait. A total of six populations located in 

Cadriano (BO, Italy) in UNIBO’s experimental field and five in Motueka, (Tasman, New 

Zealand) in Plant and Food Research’s field (Table 4.2). SSR114 PCR was carried out as 

reported previously for the crossing population CP x C. Phenotyping of the additional 11 

populations were performed in 2020 and 2021. The phenotyping of these progeny was focused 

only on presence or absence of the red colour in the fruit flesh using a red/white binary index 

in order to validate the efficiency of this marker in selecting red-fleshed genotypes. 
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4.3. Results and Discussion 

 

4.3.1. Flesh Colour Phenotyping  

In the CP x C progeny, a total of 903 fruits from 107 seedlings and 789 fruits from 106 seedlings 

were evaluated for red colour distribution and intensity in the fruit flesh in 2020 and 2021, 

respectively. 

A 1:1 Mendelian segregation ratio was found, confirmed by the Ꭓ2 test, for all the analysed 

traits within the CP x C crossing population, i.e., for the R/W index 55 red-fleshed seedlings 

and 66 white-fleshed were detected (Table 4.3). A 1:1 Segregation ration of the red-fleshed 

trait was already reported in literature by Lespinasse et al., (2010) in a cross population 

obtained from `Red Comice` and `Sanguigne d`Italie` and by Braniste and Budan (2007) in a 

cross population ̀ Napoca` X ̀ Cu miezul roşu`. The monogenic inheritance of the trait has been 

already theorized by Brown back in 1966 (Brown 1966). 

The distribution of the adjusted means for all the traits showed a not-normal distribution after 

the Shapiro-Wilks test (data not shown) according to their Mendelian segregations. The red 

colour intensity was varying among the seedlings ranging from very little red spots in just one 

of the fruit areas (SL, TF, FF or US) to an almost complete coverage with high intensity within 

the whole fruit section. By excluding the white genotypes, the FF and TF trait showed a normal 

distribution and this is supporting the hypothesis that, a main gene is able to switch on the red 

colour development in the fruit flesh but, other genes could be involved in the modulation of 

the colour intensity (Figure 4.2.). 
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Table 4.3. Two years cumulated data of the number of Red fleshed (R) and White fleshed 

(W) seedlings referred to the different scored trait. R/W = Red/White colour in the fruit 

flesh independently from the distribution; SL = inside the Seed Locules; TF = at True 

Fruit level; FF = at False Fruit level; US = Under the fruit Skin.  

P value ≥ 0.05 confirm the expected segregation of the trait.  

 Flesh phenotype   

Trait Red White 
Expected 

Segregation 

Ꭓ2  

p value 

R/W 55 66 1:1 0.317 

SL 54 67 1:1 0.237 

TF 51 70 1:1 0.084 

FF 54 67 1:1 0.237 

US 50 71 1:1 0.056 

  

 

Figure 4.2. Red intensity distribution histograms related to the crossing population CP x 

C in True Fruit (up) and False Fruit (down). Average data of 2 years.  
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The average phenotypic data were very stable throughout the two years. In particular, the 

parental genotypes, CP and C showed not significant differences between the two years of 

analysis for all the traits. Regarding the crossing population CP x C, the averages of SL, US 

and TF showed not significant variation comparing 2020 and 2021, instead, the FF was 

significantly different, reaching a higher average value in 2020 in respect to 2021 (2.08 vs 1.78; 

Table 4.4). The different environmental conditions between the two years of observations, 

being 2021 warmer than 2020, could explain this variation. It was plausible that the 

anthocyanin accumulation was more affected by the light and external temperature at fruit flesh 

level rather than in the fruit core. 

 

Table 4.4. Comparison of the average red intensity in the two years of phenotyping of 

the F1 seedlings and the CP parent.  

Red colour 

distribution 
Year 

F1 

(CP X C) 
CP 

SL 
2020 1.00 a 1.00 a 

2021 1.00 a 1.00 a 

TF 
2020 1.92 a 1.63 a 

2021 1.97 a 1.67 a 

FF 
2020 2.08 a 1.00 a 

2021 1.78 b 1.00 a 

US 
2020 0.88 a 0.38 a 

2021 0.82 a 0.21 a 

*the value reported are referred to the scale 0 to 5. Significance was tested by ANOVA and Tukey test. 

 

Significant correlations were found between the scored traits in the two years of observation 

(Figure 4.3). In particular, the correlation for FF and TF showed a correlation index (rs) of 0.91 
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and 0.88, respectively. Moreover, they were highly correlated with rs = 0.88 in 2020 and rs = 

0.90 in 2021.  

 

Figure 4.3. Correlation matrix representing the Spearman correlation value among the 

phenotyping data (SL, US, TF and FF) in 2020 and 2021. 

 

In order to have an overview about the variability observed in the red-flesh phenotype within 

the population, a PCA was carried out for each year of observation. In both the analysis, the 

explained variability (Figure 4.4) by the first two Principal Component (PC) were very high: 

95.30% in 2020 and 95.35% in 2021. In both years’ analysis, white genotypes cluster all 

together in the same position on the left side of the graphs. On the other hand, the red-fleshed 

ones showed a distribution on the right side according to their phenotype. Generally, the 

gradient of red intensity moves left right, with the redder genotypes located to the bottom right 

part of the graph. Positions of seedlings throughout the two years were quite constant, 

suggesting a strong genetic control of the phenotypical variability of the trait. The total 

variability was explained by four PC in both years. The first PC (PC1) for red-fleshed fruit  
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Figure 4.4. Plots of the Principal Component Analysis (PCA) conducted using the 

phenotypical data collected in 2020 (A) and 2021 (B). Numbers represent seedlings and 

lines the vectors of the 4 scored variables (SL, US, FF and TF).  

 

accounted for 84.54% of the total variation in 2020 and 83.59% in 2021. The PC2 explained 

10.76% of total variation with loadings for SL and US being positive-substantial and those for 

A 

B 
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TF and FF negative-substantial. The PC3 and PC4 explained only a very small part of the total 

variability in both years (Table 4.5). 

 

Table 4.5. Results of the PCA analysis performed with phenotypic data in the two years 

of observations. 

 2020 2021 

 
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 

Eighenvalue 1,839 0,656 0,343 0,265 1,829 0,686 0,357 0,242 

Proportion of variance 0,8454 0,1076 0,0295 0,0175 0,8359 0,1176 0,0318 0,0147 

Cumulative variance 0,8454 0,953 0,982 1 0,8359 0,9535 0,9853 1 

 

4.3.2. High-Density Linkage Map Construction 

A total of 39,451 SNPs were detected in the `Cocomerina precoce` x `Carmen` progeny by 

SPET analysis. Among them, 5,976 showed a segregation “lm x ll” in ‘Cocomerina Precoce’ 

and 4,257 a segregation “nn x np” in ‘Carmen’. Other 3,615 SNPs with segregation “hk x hk” 

were identified but these markers were not used for maps construction because of their low 

informativeness for mapping. After filtering a SNP probe and removing the SNPs with 

unexpected segregation ratio or more than 10% of missing data, a total of 1,697 and 1,377 

SNPs, segregating “lm x ll” and “nn x np”, were used to build the parental genetic linkage maps 

of ‘Carmen’ and ‘Cocomerina Precoce’. Markers were grouped in 17 linkage groups (LGs), 

using a LOD threshold of 8. All the markers developed on a specific chromosome mapped on 

the corresponding LG. CP map covers a total genetic distance of 1,211 cM, with an average 

length of 71.2 cM per LG. The number of loci per LG was ranging from 48 (LG16) to 172 

(LG15) with an average of 99.8 locus per LG. Marker density was also very high with an 

average genetic distance between two flanking markers of 0.76 cM, with the highest value in 

LG16 and the lowest in LG9 (1.35 and 0.51 cM per marker). Chromosome coverage was in 

general very high (more than 94%) except for LG16 (65.9%; Table 4.6). The lower value 
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observed in LG16 of CP was because of the lack of heterozygous markers in the top part of the 

chromosome. 

 

Table 4.6. Number of SNP markers, genetic distance, marker density and Chromosome 

coverage of CP Genetic Linkage Map 

LG No. SNP 

markers 

Genetic 

distance (cM) 

Marker density 

(cM/locus) 

Chromosome 

coverage 

1 69 48.2 0.70 97.3% 

2 123 67.3 0.55 97.8% 

3 80 104.1 1.30 99.2% 

4 79 55.6 0.70 96.4% 

5 139 76.7 0.55 96.6% 

6 95 65.0 0.68 98.6% 

7 112 66.4 0.59 98.9% 

8 69 65.2 0.94 98.2% 

9 121 62.0 0.51 97.3% 

10 106 73.6 0.69 98.4% 

11 84 103.4 1.23 96.2% 

12 78 51.8 0.66 99.1% 

13 97 69.0 0.71 97.8% 

14 95 58.6 0.62 98.2% 

15 172 110.0 0.64 95.9% 

16 48 64.6 1.35 65.9% 

17 130 69.7 0.54 94.1% 

Average 99.8 71.2   

Total 1697 1211.2 0.76 95.4% 

*The chromosome coverage was estimated as a percentage of the length between first and last markers 

compared to the total length of the chromosome in the pear reference genome. 
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The C linkage map had a total genetic distance of 1029.7 cM with an average of 60.6 cM per 

LG. The average of chromosomes coverage was similar to that of the CP map (95.4 %) 

swinging from 85.2% in LG4 to 98.7% in LG17. The marker density was very similar with an 

average of 0.75 cM per locus, ranging from 0.53 in LG17 to 1.06 in LG13 (Table 4.7). 

 

Table 4.7. Number of SNP markers, genetic distance, marker density and Chromosome 

coverage of C Genetic Linkage Map 

LG 

No. SNP 

markers 

Genetic 

distance (cM) 

Marker density 

(cM/locus) 

Chromosome 

coverage 

1 58 59,2 1,02 98,3% 

2 66 57,5 0,87 94,3% 

3 63 61,6 0,98 97,6% 

4 78 58,1 0,74 85,2% 

5 110 64,8 0,59 98,3% 

6 84 48,7 0,58 86,6% 

7 90 56,0 0,62 96,0% 

8 69 51,1 0,74 93,5% 

9 61 53,7 0,88 95,0% 

10 119 67,2 0,56 96,7% 

11 77 58,9 0,76 94,9% 

12 77 46,8 0,61 96,1% 

13 71 75,2 1,06 98,3% 

14 77 54,7 0,71 98,6% 

15 117 99,2 0,85 98,5% 

16 65 67,1 1,03 92,7% 

17 95 49,9 0,53 98,7% 

Average 81,0 60,6 
  

Total 1377 1029,7 0,75 95,4% 

*The chromosome coverage was estimated as a percentage of the length between first and last markers 

compared to the total length of the chromosome in the pear reference genome. 
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Some of the LG0 scaffolds from the reference sequence (Linsmith et al., 2019) were mapped 

to specific LGs: e.g., `Super Scaffold 111` markers were assembled, according to its 

segregation in both, C and CP maps, to the top of LG9, as well as ̀ Super Scaffold 420` markers 

that were clustered to the bottom of LG13. The complete list and position of scaffolds and 

contigs that could be mapped in this study was indicate in Table 4.8. 

 

Table 4.8. Number of markers within unplaced scaffold that were mapped in C and CP 

linkage group maps. 

  C map CP map 

Scaffold name 
No. of SNP 

markers Position 
No. of SNP 

markers Position  

SuperScaffold 420 4 bottom LG13 5 bottom LG13 

tig00001755 1 middle LG2 1 middle LG2 

tig00012652 1 middle LG2 1 middle LG2 

tig00001310 - - 1 middle LG2 

SuperScaffold 290 - - 1 top LG2 

tig00012527 1 middle LG3 - - 

tig00000133 3 middle LG4 4 middle LG4 

tig00000976 1 middle LG4 1 middle LG4 

tig00000215 1 top LG5 1 top LG5 

tig00001128 1 middle LG5 1 middle LG5 

tig00001315 - - 1 top LG7 

tig00000348 1 middle LG8 - - 

SuperScaffold 111 13 top LG9 18 top LG9 

tig00000808 - - 1 middle LG9 

tig00000629 1 middle LG12 1 middle LG12 

tig00012494 2 bottom LG13 1 bottom LG13 

tig00000395 1 
middle/bottom 

LG15 2 
middle/bottom 

LG15 

tig00000110 - - 1 
middle/top 

LG15 

Superscaffold 581 1 bottom LG16 - - 

tig00012419 1 middle LG17 3 middle LG17 
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4.3.3. Quantitative Trait Loci detection 

Significant QTLs for all measured traits were identified only in the CP map both by Interval 

Mapping (IM) and Kruskal-Wallis (KW) methods, with the significance of genome-wide LOD 

thresholds ranging between 2.7 and 3.2 after permutation test (Table 4.9). The detected QTLs 

were the same when the data of the two years were considered separately or the average data 

were used. Interestingly, a major QTL was found in the same region, in both years and for 5 

different traits: SL, TF, FF, US and PC1. The peak of this QTL is located approximately at 

27Mb from the beginning of chromosome 5 (Figure 4.5); markers with the highest LOD were 

SNP_Chr5_26846468 and SNP_Chr5_27064350 with values ranging between 15.5 and 72.2 

in the year 2020 for the traits TF and SL, respectively. Xue et al., (2017) mapped the red/green 

(R/G) locus in a similar position to the bottom of LG5, using a red and green-skinned pear 

population derived from a cross between red-skinned Asian pear cultivars. Furthermore, in P. 

communis a QTL for fruit skin blush was found in the same position, the bottom of LG 5, in a 

progeny of ‘Flamingo’ × ‘Abbé Fétel’ by Ntladi et al., (2018). Other 2 minor QTLs for red 

flesh intensity were identified using PC2 and PC3 on LG5 and LG4 respectively. The QTL 

identified on LG5 by the second principal component was located in a region at about 20-22 

Mb from the beginning of Chr 5, with the highest LOD in 2020 (LOD=5.4) and the lowest in 

2021 (LOD=3.6). The PC3 variable permitted to identify a third QTL with a significant LOD 

for the year 2020 and for the analysis carried out with the average data (LOD equal to 3.2 and 

3.7, respectively). This QTL was present in 2021 too; however, the maximum LOD was below 

the threshold calculated by permutation test. All these minor QTLs were not reported before, 

however a QTL in LG4, in a different position, was mapped by Dondini et al., (2008) and Wu 

et al., (2014) in European and Asian pear, respectively. No significant QTLs were detected for 

PC4 (Table 4.9). The phenotypical variation explained by QTLs (R2) were generally very high 

for the phenotypical trait data, the lowest value was obtained in TF 2020 (R2 =0.5), the highest 
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in SL 2020 (R2 =0.96) as evidence of the high level of phenotypical variability explained by 

this major QTL. Similar value was obtained for PC1 in all the years of observation, R2  from 

0.85 to 0.86 (Table 4.9). 

 

Table 4.9. QTLs mapped for all the traits observed in the years of analysis.  

  Interval Mapping   Kruskal-Wallis 

  LG 

Peak’s closest 

marker   LOD 

LOD 

threshold R2 LG 

Peak’s closest 

marker   K-W 

2020         
SL 5 Chr5_27163802 72,16 3,2 0,96 5 Chr5_27064350 97,29 

TF 5 Chr5_27163802 15,05 3,1 0,50 5 Chr5_27064350 65,97 

FF 5 Chr5_27163802 20,51 3 0,61 5 Chr5_27163802 82,5 

US 5 Chr5_27163802 44,22 3,2 0,87 5 Chr5_27064350 88,99 

PC1 5 Chr5_27163802 43,04 3,1 0,85 5 Chr5_27064350 90,36 

PC2 5 Chr5_21380960 5,44 3 0,21 5 Chr5_22726793 25,6 

PC3 4 Chr4_17457444 3,24 2,7 0,13 4 Chr4_16185729 12,92 

PC4 No QTLs detected  2,7  No QTLs detected  
2021         

SL 5 Chr5_27163802 50,91 3,1 0,92 5 Chr5_27163802 91,61 

TF 5 Chr5_27163802 16,09 3,1 0,52 5 Chr5_27163802 79,29 

FF 5 Chr5_27163802 19,65 3 0,59 5 Chr5_27163802 81,98 

US 5 Chr5_27163802 41,07 3,2 0,86 5 Chr5_27163802 84,71 

PC1 5 Chr5_27163802 22,8 3,2 0,85 5 Chr5_27064350 67,07 

PC2 5 Chr5_20999224 3,61 2,9 0,13 5 Chr5_22136132 11,05 

PC3 No QTLs detected  2,8  4 Chr4_14971775 12,57 

PC4 No QTLs detected  2,7  4 Chr4_16185729 12 

Average         
SL 5 Chr5_27163802 70,19 3,2 0,95 5 Chr5_27064350 107,23 

TF 5 Chr5_27163802 19,53 3,1 0,53 5 Chr5_27064350 92,3 

FF 5 Chr5_27163802 26,52 3,1 0,64 5 Chr5_27064350 97,9 

US 5 Chr5_27163802 49,2 3,2 0,85 5 Chr5_27064350 101,02 

PC1 5 Chr5_27163802 50,3 3,1 0,86 5 Chr5_27064350 100,77 

PC2 5 Chr5_21380960 4,35 3,1 0,15 5 Chr5_22726793 23,95 

PC3 4 Chr4_17457444 3,68 2,9 0,13 4 Chr4_14971775 24,34 

PC4 No QTLs detected   2,6   No QTLs detected   

*The marker’s name corresponds to its physical position in the reference genome. 
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Figure 4.5. Result chart of the QTLs detected by IM analysis for the data FF (a), PC2 (b) 

and PC3 (c) data. The dotted line represents the significance LOD threshold of the QTLs .  
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No QTLs were discovered in ‘Carmen’ (C).  

The estimated broad-sense heritability (H2) was generally extremely high for each trait in both 

years (Table 4.10), with the highest value observed for SL (1 in 2020 and 0.996 in 2021). The 

lowest level of estimated heritability was obtained for TF in 2021 however, with a high value: 

0.98. 

 

Table 4.10. Broad-sense heritability (H2) estimation and phenotypic variation explained 

by the significant QTLs (R2) for red-fleshed fruit traits in CP x C segregating population.  

 2020 2021 Average 

Trait H2 R2 H2 R2 H2 R2 

SL 1,000 0,962 0,996 0,924 0,998 0,948 

TF 0,995 0,498 0,980 0,517 0,990 0,531 

FF 0,990 0,608 0,981 0,585 0,989 0,639 

US 0,991 0,865 0,980 0,856 0,990 0,853 

 

 

However, the R2 explained by the QTLs were always lower than the H2, which indicates that 

we were not able to detect all the loci linked to red-fleshed trait. The reasons were imputable 

to the type and size of the mapping population that we used. Being an intraspecific F1 

population, all individuals were supposedly highly heterozygous; hence, the progeny was 

highly variable with possible complex genetic architecture of the studied traits involving gene 

interactions, which are more difficult to map. Moreover, our population consisted of 116 

genotypes and with this size only the largest effect can be detected. 
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4.3.4. Candidate Genes Identification 

A total of 30 putatively candidate genes involved in anthocyanin accumulation in the fruit flesh 

were found within the regions of three significant QTLs (Table 4.11). Specifically, for the 

major QTL, detected in LG5 of ‘CP’ around 27Mb from the beginning of the chromosome, 2 

out of 77 annotated genes within the region between 26’623’085 b and 27’356’731 b were 

identified as putative candidate genes: `PcABC transporter C family member 2-like` 

(pycom05g25670) and `PcMYB114` (pycom05g25770). Moreover, 18 putative candidate 

genes were identified across the region of a second minor QTL on LG5; the genomic position 

of interest spanned from 20’290’000 b to 22’750’000 b from the top of chromosome 5. Most 

of the 18 candidate genes detected in this QTL were transcription factor genes (TFs) belonging 

the families of WRKY (one gene), MYB (one gene), NAC (one genes), ERF (one gene), WD 

(two genes) and bHLH (four genes). A total of seven ‘ABC transporter genes’ were also found 

in this region. Additionally, inside the area of the third minor QTL, detected in LG4, further 

10 candidate genes for red flesh fruit were revealed. The physical location of this QTL was 

between 14’800’000 b and 18’400’000 b on the chromosome 4. As for the previous QTL the 

majority of candidate gene identified were TFs; two bHLH genes, two MYB genes and four 

WRKY genes. Also, two UDPGT (glucosyl-transferase gene) were also located in that region 

(Table 4.11).  
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Table 4.11. Summary of the candidate genes found in the genomic regions of the 

quantitative trait loci (QTLs) of fruit red-fleshed fruit detected by interval mapping (IM) 

and the Kruskal–Wallis (KW) test. 

 Gene ID Chromosome Gene Start Gene End 
Gene 

Length 
Gene Family 

major QTL LG5 CP      

 pycom05g25670 Chr5 27000730 27010566 3393 ABC_tran 
 pycom05g25770 Chr5 27101018 27103432 714 Myb_DNA-binding 

minor QTL LG4 CP      

 pycom04g11930 Chr4 14915111 14916565 615 WRKY 
 pycom04g12270 Chr4 15237547 15241814 2136 bHLH 
 pycom04g12860 Chr4 15858714 15862608 1467 UDPGT 
 pycom04g12870 Chr4 15872925 15873296 372 UDPGT 
 pycom04g13920 Chr4 16791772 16793400 756 Myb_DNA-binding 
 pycom04g14360 Chr4 17261741 17264601 2166 bHLH 
 pycom04g14550 Chr4 17428297 17429855 876 Myb_DNA-binding 
 pycom04g14890 Chr4 17663438 17665420 1563 WRKY 
 pycom04g15480 Chr4 18358920 18360504 786 WRKY 
 pycom04g15490 Chr4 18368841 18370660 1056 WRKY 

minor QTL LG5 CP      

 pycom05g17030 Chr5 20292509 20295023 1542 WD repeat 
 pycom05g17160 Chr5 20395789 20397246 1047 WD repeat 
 pycom05g17170 Chr5 20402876 20407557 2967 ABC_tran 
 pycom05g17180 Chr5 20407666 20408704 723 ABC_tran 
 pycom05g17200 Chr5 20415308 20416447 423 ABC_tran 
 pycom05g17210 Chr5 20417334 20420353 1383 ABC_tran 
 pycom05g17230 Chr5 20451549 20452277 729 ABC_tran 
 pycom05g17240 Chr5 20452351 20458335 3807 ABC_tran 
 pycom05g17670 Chr5 20813164 20813421 258 - 
 pycom05g18180 Chr5 21172697 21174504 864 ABC_tran 
 pycom05g18260 Chr5 21240400 21244009 741 NAC 
 pycom05g18450 Chr5 21367193 21369061 804 Myb_DNA-binding 
 pycom05g18900 Chr5 21818289 21819706 726 bHLH 
 pycom05g18910 Chr5 21824937 21825278 342 bHLH 
 pycom05g18950 Chr5 21888207 21889715 1509 bHLH 
 pycom05g19060 Chr5 21974291 21975004 714 ERF 
 pycom05g19070 Chr5 21978228 21980136 1071 WRKY 
 pycom05g19830 Chr5 22701588 22703209 636 NAC 
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4.3.5. Marker validation  

 

Three different alleles were found by the marker SSR114 testing the parental genotypes C and 

CP. The two parentals shared the 226 allele; however, the alleles 194 and 202 were specific for 

C and CP, respectively. According to the Mendelian segregation, four different allelic 

combinations were found in the progeny: 194-202, 194-226, 202-226 and 226 (Table 4.12). 

Comparing the allelic profiles and the phenotypes a perfect match between the allele 202 and 

the red flesh phenotypes was found. 

 

Table 4.12. Allele combination and respective flesh phenotype of the progeny CP x C of 

the two additional markers designed inside the candidate genes.  

N° of seedling 
tested 

Allele 
combinations 

Red flesh White flesh 

 SSR114   

22 194-202 22 0 

35 202-226 35 0 

36 194-226 0 36 

25 226 0 25 
 CAPS2   

61 AA 0 61 

57 Aa 57 0 

 

Note: SSR114 parent’s allelic profile: CP = 202-226, C = 194-226; CAPS2 parent’s allelic profile: CP 

= Aa, C = AA. 

 

Regarding the CAPS2 marker, only two allelic profiles were found in the progeny according 

to the parental segregation. Among the progeny, 61 ‘AA’ genotypes were found and all of them 

had the white flesh phenotype, while the seedlings presenting the ‘Aa’ genotype showed the 

red flesh phenotype. 
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Both markers showed the same segregation as the best SNP marker ‘Chr5_27064350’ and the 

red/white flesh phenotype. Unfortunately, no recombination between the two candidate genes 

was found, making it impossible to establish which has the most important role in the 

anthocyanin accumulation within the fruit flesh. By testing the SSR114 molecular marker in 

the parental lines of 12 segregating populations (Table 4.2) and the red-fleshed genotypes 

obtained from the cluster analysis in chapter 3, 8 different alleles were identified (Table 4.13). 

The allele length ranged from 192 to 226 bp. The allele 202 was found only in red-fleshed 

genotypes, confirming the specificity of this allele to detect the flesh colour phenotype. 

 

Table 4.13. Allelic profile of the SSR114 marker of the parental genotypes and their 

corresponding flesh colour phenotype.  

Cultivar/Parent 
SSR114 

allelic profile 
Flesh phenotype 

Incrocio S.Alessio 192-202 Red 

Cocomerina S. Lacasa 192-202 Red 

Pera Sanguigna 198-202 Red 

Cocomerina Tardiva 196-202 Red 

Cocomerina Precoce 202-226 Red 

Cascade 194-226 White 

Sensation Red Bartlett 226 White 

Abate Fétel  194-224 White 

William 226 White 

Carmen 194-226 White 

Conference 226 White 

R234 (Sanguinole) 202-216 Red 

R256 (Sanguinole) 202-216 Red 

R143 (Samsoe) 202-226 Red 

R546 226 White 

R375 194-226 White 

R276 194-226 White 

R823 216-226 White 
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Testing the progenies, no unexpected segregations were detected; in fact, only the alleles 

owned by the parents were found in the respective progeny. Furthermore, the presence of the 

202 allele was verified in agreement to the red flesh phenotype (Table 4.14). These results 

suggest a possible common ancestor for the red flesh trait in the tested populations. 

 

Table 4.14. Allele combination and respective flesh phenotype of the progenies evaluated 

with the SSR114 molecular marker.  

Population Total n° tested seedlings SSR114 Allele combination Red flesh White flesh 

CT x AF     

83 seedlings 22 194-196 0 22 
 21 194-202 21 0 
 21 202-224 21 0 
 19 196-224 0 19 

CP x AF     

50 seedlings 16 194-202 16 0 
 6 194-226 0 6 
 20 202-224 20 0 
 8 224-226 0 8 

CP x Cs     

71 seedlings 37 202-226 37 0 
 34 226 0 34 

CT x Cf     

66 seedlings 31 196-226 0 31 
 35 202-226 35 0 

CP x SRB     

52 seedlings 22 202-226 22 0 
 30 226 0 30 

CP x W     

19 seedlings 11 202-226 11 0 
 8 226 0 8 

P13.018     

80 seedlings 27 202 26 0 
 36 202-216 31 0 
 17 216 0 16 

P13.019     

20 seedlings 12 202-226 12 0 
 8 216-226 0 8 

P13.020     

20 seedlings 6 194-202 6 0 
 5 194-216 0 5 
 4 202-226 4 0 
 5 216-226 0 5 

P13.021     

20 seedlings 4 194-202 4 0 
 6 194-216 0 6 
 4 202-226 4 0 
 6 216-226 0 6 

P16.005     

 20 seedlings 5 216-202 5 0 
 5 202-226 5 0 
 5 216-226 0 5 
 5 226 0 5 
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4.4. Conclusions 

 

A better understanding of the genetic control of the accumulation of anthocyanin in the pear 

fruit flesh has been achieved with this work. A small genomic region related to the red flesh 

fruit trait was found by the QTL analysis performed on the CP x C pear cross population. Two 

candidate genes were detected within the QTL region at the bottom of LG5: ‘PcMYB114’ and 

‘PcABC transporter C2’. MYB114 has been already found able to promote the expression of 

the structural genes of the anthocyanin pathway in Asian pear (Yao et al., 2017); supporting 

the hypothesis of its involvement in the appearance of this phenotype in European pear. 

Nevertheless, this QTL does not explain all the variability showed among the progenies 

examined. In particular, it seems that this genomic region could explain only the 

presence/absence of the anthocyanin accumulation and not the observed variability in its 

content level. The low number of offsprings in the mapping population, just a few more than 

100, certainly affected the capability to identify additional QTLs for the trait as the anthocyanin 

accumulation level. 

Four out of the tested markers had shown an identical segregation to red flesh trait. In particular, 

for SSR114 marker, the allele 202 was found to be associated to the red flesh phenotype in all 

the red-fleshed pear accessions and the 12 tested cross populations. The discovery of this 

molecular marker might be a fundamental tool for boosting the ongoing red-fleshed pear 

breeding programs.  

To confirm the role of the identified candidate genes in the anthocyanin synthesis and 

accumulation further investigations are needed. For instance, studying their expression in the 

fruit flesh tissues might improve the understanding of the whole process.  
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5. Red-Fleshed Fruit Development and Major Candidate Genes 

Expression 

 

 

 

Abstract 

Anthocyanin are the main secondary compounds that contribute to fruits coloration. Three 

independent trails have been carried out for clarifying the modification of the global gene 

expression due to the presence of the red flesh trait. Several classes of genes have been, as 

expected, modulated with the class of phenylpropanoid related genes that grouped the largest 

number of differentially expressed genes (DEG). The plant hormones seem playing crucial 

roles in anthocyanin biosynthesis regulatory systems in agreement with the abundant literature.  
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5.1. Introduction 

 

Anthocyanin are important secondary metabolites, and their multiple functions in plants 

include enhancing the resistance to biotic and abiotic stresses as well as aiding pollination and 

seed dispersal (He and Giusti, 2010). They are the mail secondary compounds that contribute 

to fruits coloration.  Anthocyanin are the terminal metabolite of the flavonoid pathway and are 

synthesised by a series of enzymes encoded by structural genes. The plant hormones play 

crucial roles in anthocyanin biosynthesis regulatory systems.  

The plant growth regulator abscisic acid (ABA) has been reported to play an important role in 

promoting anthocyanin production and fruit ripening (Yin et al., 2001; Luo et al., 2013; Wang 

et al., 2018). Many plants accumulate considerable amounts of anthocyanin as they mature. 

The most important hormone stimulating fruit ripening in climacteric fruits including apple, 

plum, and fig is ethylene. Contrarily, the ABA concentration rises as the fruit ripens in non-

climacteric fruits like sweet cherries (Ren et al., 2011). Through its own signalling system, 

ABA can control the formation of anthocyanins (Ni et al., 2020). Exogenous ABA treatment 

modifies the MBW complex's transcriptional activity to further control the expression of 

structural genes. For instance, ABA directly activates the expression of PacMYBA, which can 

promote the expression of PacDFR and PacANS, to regulate the coloration of red-colored 

sweet cherries (Shen et al., 2014). Similar to this, ABA controls anthocyanin production in 

strawberries by activating FaMYB10 (Kadomura-Ishikawa et al., 2015). All these results 

indicate that MYB1/A/10 is the main transcription factor in anthocyanin formation in response 

to the ABA signal. MdABI5, an important ABA signal regulator in apples, functioned as a 

positive regulator to improve the connection between MdMYB1 and MdbHLH3 (An et al., 

2021). Aside from controlling MBW complex transcription, ABA also affects the biosynthesis 

of anthocyanins that are influenced by environmental factors (e.g., light, temperature, drought 
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and sugar). In bilberry, all the major anthocyanin structural genes, the key transcription factor 

MYBA1 and ABA biosynthetic genes are upregulated in both red and blue light treatments, 

whose expression levels are relatively higher in red light treatment (Samkumar et al., 2021).  

Anthocyanin accumulation is one of the manifestations of fruit ripening and ethylene is known 

as “maturity hormone”, so ethylene is usually considered as colour enhancer for climacteric 

fruits. Fruit colouring and ethylene release go hand in hand throughout the ripening phase of 

these fruits (Ni et al., 2020). In several species, the signalling system and ethylene production 

have been extensively explored. It has been suggested that ethylene-induced anthocyanin 

accumulation involves ethylene signalling pathway components. MdEIL1 increased the 

expression of MdMYB1, which interacted with the promoter of MdERF3 to generate positive 

feedback for ethylene biosynthesis control (An et al., (2018). It is notable that the ERF TF 

members potentially affect the production of anthocyanins both favourably and unfavourably 

(Ni et al., 2020). Evidence on promotion of anthocyanin synthesis regulated by ERF TFs has 

been mainly demonstrated in apple (An et al., 2018c; Zhang et al., 2018, 2020; Ma et al., 2021). 

These identified ERFs interact with MYBs to primarily control anthocyanin accumulation. For 

example, MdERF1B interacts to the MdMYB9 and MdMYB11 promoters, boosting the 

expression of these genes. ERFs contribute to pigmentation in pear using a slightly different 

method. The ERFs-regulated biosynthesis of anthocyanins also needs bHLHs and MYBs in 

addition (Yao et al., 2017). For instance, Pp4ERF24 and Pp12ERF96 interact with PpMYB114 

and boost its interaction with PpbHLH3, which promotes the up-regulation of PpUFGT 

expression in blue light-induced anthocyanin biosynthesis (Ni et al., 2019). However, Ni et al., 

(2021) discovered that ethylene-induced PpERF105 transcriptionally stimulated the production 

of PpMYB140, which competes with PpMYB114 for the binding to PpbHLH3 and suppresses 

the expression of structural genes associated to anthocyanins, resulting in a reduction in 

anthocyanin content. 
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Jasmonate (JA) is an endogenous hormone in higher plants. It mainly includes jasmonic acid, 

methyl jasmonate (MeJA), jasmonate isoleucine and other cyclopentanone derivatives. JA is 

involved in many plants developmental processes including stomatal closure, leaf senescence, 

synthesis of secondary metabolites and sugar transport and so on (Browse, 2009). JAZ 

generally inhibits the MBW complex from forming by interacting with bHLH and MYB, which 

prevents the expression of genes involved in anthocyanin biosynthesis (Ni et al 2020). A 

dynamic modulator of JA-mediated anthocyanin accumulation in apples is JAZ1-TRB1-

MYB9. MdJAZ1 interacts with MdTRB1 to interrupt the interaction between MdTRB1 and 

MdMYB9, adversely affecting the synthesis of anthocyanins (An et al., 2021). Studies on 

strawberries showed that the molecular targets of FaJAZ repressors were FabHLH3, 

FabHLH33, and FaMYB10 (Garrido-Bigotes et al., 2020). Additionally, Ni et al., (2020b) 

discovered that during the colouring of red pears, ethylene reduced anthocyanin production 

whereas jasmonate increased anthocyanin and flavone synthesis. In the absence of ethylene, 

jasmonate promotes the synthesis of anthocyanin, but jasmonate also induces ethylene 

biosynthesis, which reduces anthocyanin synthesis and leads to more precursors transfer to the 

flavonoid biosynthesis pathway, ultimately causing fruit yellowing (Ni et al., 2020b). 

The anthocyanin composition of red pears was shown to be mainly cyanidin-3-O-galactoside 

(Francis 1970; Dussi et al., 1995; Fischer et al., 2007; Lin and Harnly 2008; Ngo et al., 2009; 

Zhang et al., 2012; Pierantoni et al., 2010). Using TLC (Thin Layer Chromatography) and 

HPLC methods other anthocyanin were detected in minor quantity in several different cultivars. 

Sensation Red Bartlett, Red D’Anjou, D’Anjou and Seckel were identified as containing 

peonidin-3-O-galactoside (Dussi et al., 1995; Lin, Harnly 2008). Cyanidin-3-O-arabinoside 

was analysed in Pyrus communis by Fischer et al., (2007) and in ‘Max Red Bartlett’ fruit skin 

by Pierantoni et al (2010). The ‘Red D’Anjou’ fruit skin contains major cyanidin-3-O-

galactoside, minor peonidin-3-O-galactoside and traces of cyanidin-3-O-arabinoside, cyanidin-
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3-O-glucoside and peonidin-3-O-glucoside (Ngo et al., 2009). Therefore, the anthocyanin 

component varies among different varieties of red pears (Zhang et al., 2012). 

In this chapter, three independent experiments made in consecutive vegetative seasons are 

reported. The level of anthocyanin accumulation during the development of the fruit were 

compared to the expression of the candidate genes detected by the QTL analysis (Chapter 4). 

  



113 

 

5.2. Materials and Methods 

 

5.2.1. First trial: Anthocyanin accumulation during the development of the ‘Cocomerina 

Precoce’ fruit 

Fruits of ‘Cocomerina Precoce’ (CP) were collected in 2021 at eleven time points during the 

fruit development season, starting from 2 to 17 weeks after full blooming (WAFB). Three 

biological replicas were made pooling 3 to 5 fruits harvested in three different trees located at 

the UNIBO experimental farm (Cadriano, Bologna, Italy). The harvested fruits were roughly 

chopped, immediately frozen in liquid nitrogen and stored at -80 °C. Part of the frozen samples 

was used for RNA extraction, another part, of the same sample, was freeze-dried and used for 

anthocyanin extraction and quantification by HPLC performed by CREA in Acireale, Catania, 

Italy.  

5.2.2. Second trial: whole transcriptome sequencing (RNA seq) analysis of fruit flesh from 

red and white-fleshed genotypes in three early developmental stages 

A comparison between CP and a white-fleshed offspring (genotype n°57 from the CP x C 

progeny) were performed in 2022. Fruits of the two genotypes were collected at three time 

points: 4, 6 and 8 WAFB. The trees of the two genotypes were hold by CREA (Forlì-Cesena, 

Italy). Three biological replicas were made pooling 2 to 5 pealed fruits from different trees, 

that were roughly chopped and immediately frozen in liquid nitrogen and then stored at -80 °C. 

A total of 18 RNA were isolated and, after the quality check, sent to an external company 

(Novogene Co, China) to perform the transcriptome sequencing (Table 5.1).  
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Table 5.1. Samples ID used for RNAseq analysis. 

Sample ID Sample description 

N1 fruit flesh of CP at 4 weeks after full blooming 

N2 fruit flesh of CP at 6 weeks after full blooming 

N3 fruit flesh of CP at 8 weeks after full blooming 

D1 fruit flesh of offspring 57 at 4 weeks after full blooming 

D2 fruit flesh of offspring 57 at 6 weeks after full blooming 

D3 fruit flesh of offspring 57 at 8 weeks after full blooming 

 

Total RNA sequencing was carried out on Illumina platforms, based on the mechanism of SBS 

(sequencing by synthesis). Gene expression level was estimated by the abundance of transcripts 

(count of sequencing) that mapped to genome or exon. For alignment the Pyrus communis 

reference genome of ‘Bartlett double haploid’ was used (Linsmith et al., 2019). Read counts is 

proportional to gene expression level, gene length and sequencing depth. FPKM (short for the 

expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs 

sequenced) method was used to estimating gene expression levels, which takes the effects into 

consideration of both sequencing depth and gene length on counting of fragments (Mortazavi 

et al., 2008). In order to analyse the differential gene expression nine different pairs comparison 

were set: N1vsN2, N1vsN3, N2vsN3, D1vsD2, D1vsD3, D2vsD3, D1vsN1, D2vsN2 and 

D3vsN3. 

A Principal Component Analysis (PCA) was performed with the gene expression value 

(FPKM) of all samples to evaluate inter-group and intra-group differences. The adjusted p-

value ≤ 0.05 and a Fold Change ≥ 1.0 were used to determine the differential genes (including 

up-regulation and down-regulation) for each compared group. Using the differential genes 

dataset, a Venn diagram was carried out to visualise the number of differentially expressed 

genes shared among the compared groups. The same dataset was used to obtain a heatmap 
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graph. A KEGG (Kyoto Encyclopaedia of Genes and Genomes) enrichment analysis were 

carried out in order to identified significantly enriched metabolic pathways or signal 

transduction pathways associated with differentially expressed genes, comparing the whole 

genome background. The adjusted p value < 0.05 were used as a threshold for significance 

(Kanehisa, 2008). 

To date, the gene specific differential expression was analysed only for a few genes with the 

aim to investigate changing between white and red-fleshed genotypes. The attention was 

focused on the QTLs region (see chapter 4) and in plant hormones-related genes. For both of 

them the thresholds used to identify the candidate gene were: adjusted p value < 0.05 and Log 

Fold higher than 1.5 at least in one time point. 

Additionally, the level of expression was analysed for the anthocyanin pathway genes (Table 

5.2). 

 

Table5.2. List of genes for which expression has been analysed.  

Gene 

family 
Gene ID Chromosome gene start gene end 

gene 

length 
Reference 

CHS pycom04g00310 Chr4 309593 311421 1170 Pierantoni et al., 2010 

DFR pycom15g02070 Chr15 1227711 1229380 510 Pierantoni et al., 2010 

ANS pycom06g06810 Chr6 10931545 10933211 1473 Pierantoni et al., 2010 

UFGT pycom07g27990 Chr7 27505226 27506892 1440 Pierantoni et al., 2010 

F3H pycom02g10320 Chr2 7187743 7189830 1038 Pierantoni et al., 2010 

CHI pycom01g14550 Chr1 14673969 14678327 1401 Pierantoni et al., 2010 

ABCC 2 pycom05g25670 Chr5 27000730 27010566 3393 This study 

MYB114 pycom05g25770 Chr5 27101018 27103432 714 This study 
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5.2.3. Third trial: Anthocyanin-related genes expression in several red-fleshed genotypes in 

three early development stages 

Six plants of the progeny obtained from the controlled cross ‘R234 x R546’, with very different 

red flesh phenotypes, were selected. The chosen phenotypes ranged from white flesh (Figure 

5.1 C) to the most intense red in all the fruit tissues (Figure 5.1 B). The intermedia phenotypes 

were: anthocyanin only in the seed locules (Figure 5.1 A), in the seed locules and under the 

skin (Figure 5.1 F), mostly in the pulp without the red under the skin (Figure 5.1 E) and red  

 

Figure 5.1. Pictures of the equatorial section of the fruits of the six different offsprings 

belonging the progeny P013.19 showing distinct colour distribution and intensity.  

 

concentrated mostly in the fruit core (Figure 5.1 D). The progeny was hold by The New Zealand 

Institute for Plant and Food Research (PFR) in Motueka (Nelson, New Zealand). Three 

biological replicas were made pooling the flesh of 2-3 fruit collected from different parts of the 

D 

C B 

F 

A 

E 
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tree canopy. The selected fruits were peeled, chopped and immediately frozen in liquid nitrogen 

and stored at -80 °C. Part of the frozen samples was used for RNA extraction while, a second 

fraction, from the same pooled sample, was freeze-dried and used for anthocyanin extraction 

and quantification. 

 

5.2.4. RNA extractions and qPCR DNA amplifications 

RNA was isolated from approximately 0.1 g of fruit flesh tissue using the Spectrum™ Plant 

Total RNA Kit (Sigma-Aldrich, St. Louis, Missouri, US) following the manufacturer’s 

instructions. The quality of the extracted RNA was tested by NanodropTM ND-1000 

Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). First-strand cDNA synthesis 

was carried out starting from 1 ug of RNA using oligo dT reaction by SuperScript III Kit 

(Invitrogen, Carlsbad, CA, USA) performed according to the manufacturer's instructions. 

Real-time qPCR DNA amplification and analysis were carried out using the LightCycler 480 

Real-Time PCR System (Roche Diagnostics, Mannheim, Germany), with LightCycler 480 

software version 1.5. The LightCycler 480 SYBR Green I Master Mix (Roche Diagnostics, 

Mannheim, Germany) was used in 10 µL of total reaction volume was applied in all the 

reactions following the manufacturer's method. The qPCR conditions were 5 min at 95 °C, 

followed by 40 cycles of 5 s at 95 °C, 5 s at 60 °C and 10 s at 72 °C, followed by 65–95 °C 

melting curve detection.  

Conserved regions of the various pear anthocyanin biosynthetic genes: chalcone synthase 

(CHS), dihydroflavonol-4-reductase (DFR), UDP-glucose:flavonoid-3-O-glycosyl transferase 

(UFGT) and transcription factor genes: MYB10 and MYB110a were identified using the NCBI 

‘Blast’ program (https://www.ncbi.nlm.nih.gov). These sequences were used to generate qPCR 

primers (Table 5.1) using Primer 3 software (Rozen and Skaletsky, 2020). The same method 
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was used to design the primers for the two major candidate genes MYB114 and ABCC2 

identified by QTL analysis. The expression levels of all of the analysed genes were normalized 

to the expression of the pear actin gene (accession no. AF386514). The specificity of each 

reaction was verified by melting curve analysis.  

 

Table 5.1. List of the primers used for qPCR DNA amplifications. 

Gene Forward Reverse 

ACTIN TGAGACATTCAACACCCCGGCTAT GATGGCATGTGGGAGGGCATA 

MYB114 CCACGGAGAGCTAGAGTTGC AGCGTTTTCTGTAGGTGGTGA 

ABCC2 CCATTCAGTGCTTCACCAAA GCAGCCTATCTCTATTATCAGAGCA 

UFGT CCACCAAAATCGAGCCACAA GCATGAGTGGCAAAAGGGAA 

DFR TGGTATCATCAAGCAGGGCCAGTAT CGTGTGACGAACAAATGTAGCGG 

CHS TCAAGCCTTGTTTGGTGACG CGCCGAGACCAATTCAAACA 

MYB10 ACAAACGTCGTCGTCAACAAAGAAC TCAATGCTGGGACATGCAGCC 

MYB110a GTGATCAGACCTCAACCCCGAAGT CACCAATCATTTCCATCGTTTGTCA 

 

5.2.5. Anthocyanin extraction and HPLC analysis 

Freeze-dried fruit flesh samples were powdered and around 100 mg of tissues was added of 

700 µL of 0.1% HCl in methanol (v/v) solvent solution. The samples were vortexed every 30 

minutes while being kept at room temperature in the dark for three hours. Then the micro-tubes 

were centrifuged for ten minutes at maximum speed (15’000 rpm). The supernatants were 

transferred in new tubes keeping the volume consistent between samples. After that, the 

extracted anthocyanin were dried using a Speed vac for about two hours. These dried samples 

were re-suspended in 500 µL 20% methanol and syringe filtered using 1 ml syringes on a 

regenerated cellulose membrane with pore size of 0.45 µm, (15 mm syringe filter, Phenomenex 

®, Torrance, California, US). Undiluted samples were run as an HPLC (High Performance 

Liquid Chromatography) method without the mass spectrophotometric (MS; Acquity QDa 
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Detector, Waters, Milford, Massachusetts, US); however, for few samples, QDa MS analysis 

were performed to verify the identity of cyanidin 3-galactoside as a unique anthocyanin present 

in the pear fruit flesh. 

  



120 

 

5.3. Results and Discussion 

 

5.3.1. First trial: Anthocyanin accumulation during the development of the ‘Cocomerina 

Precoce’ fruit 

HPLC analysis was performed to identify and quantify the content of anthocyanin in 

‘Cocomerina Precoce’ fruit flesh during its development. Only cyanidin-3-O-galactoside (Cyn-

3-Gal) was detected by the MS analysis in all the tested samples. The accumulation of 

anthocyanin in the flesh increases from the fruit-set reaching the peak between 7 and 9 weeks 

after full blooming (WAFB) with a concentration of more than 40 µg/g of dry weight of Cyn-

3-Gal (Table 5.2). Then the amount of anthocyanin starts to decrease rapidly possibly due to 

the stop of synthesis, the effect of dilution resulting from the cell distention and presumably 

also to their degradation. The content of Cyn-3-Gal at ripening time (17 WAFB) was very low 

(3.3 µg/g) and concentrated mostly in the fruit core, as showed in Figure 5.2 (bottom line). 

The level of gene relative expression was examined during the ‘Cocomerina Precoce’ fruit 

development. Striking differences were observed in the analysed time frame. The anthocyanin 

pathway related genes, CHS (chalcone synthase), DFR (dihydroflavonol 4-reductase) and 

UFGT (uridine diphosphate (UDP)-glucose:flavonoid 3-O-glycosyltransferase), showed a 

similar expression trend during the fruit growth (Figure 5.2). All three of them had a peak of 

expression at 6 WAFB decreasing to almost zero at maturity stage (17 WAFB). These data are 

compatible with the data of anthocyanin accumulation (HPLC) that reached the maximum 

concentration at 7 WAFB. Regarding the relative expression level of the candidate genes, 

MYB114 and ABCC2, they registered different curve during the time. MYB114, similarly to 

the anthocyanin pathway genes, achieved the highest value at 6 WAFB, ABCC2, instead, 

showed a delay for the maximum expression, that was reached at 9 WAFB.  
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Table 5.2. Concentration of Cyanidin-3-O-Galactoside in µg/g of dry weight in fruit flesh 

of Cocomerina Precoce from the fruit -set to the ripening time. Time points expressed in 

weeks after full blooming (WAFB). Different letters mean statistically significant 

differences. 

Time point Cyn-3-Gal ug/g of dry weight 

2 WAFB 3,2 f 

3 WAFB 6,0 de 

4 WAFB 6,8 d 

5 WAFB 7,1 d 

6 WAFB 15,6 c 

7 WAFB 43,5 a 

9 WAFB 42,9 a 

11 WAFB 20,1 b 

13 WAFB 4,9 e 

15 WAFB 4,6 ef 

17 WAFB 3,3 f 

 

 

These results did not allowed excluding neither of the two candidate genes as a key gene for 

the explained phenotype. MYB114 is supposed to play a role in promoting the expression of 

the structural anthocyanin pathway genes (Yao et al., 2017); actually, its peak of expression 

occurred immediately before the maximum accumulation of Cyn-3-Gal in the fruit flesh. In the 

same way, ABCC2 should be involved in the storage of anthocyanin in the vacuole (Behrens 

et al., 2019); in fact, the peak of gene expression occurred at the maximum of anthocyanin 

accumulation at 9 WAFB. The anthocyanin accumulation pattern is completely different from 

that seen in red fleshed apples. In the early stages of fruit growth, almost simultaneously with 

the cessation of cell division, there is a maximum of synthesis and accumulation of Cyn-3-Gal 

in pear fruits, particularly in ‘Cocomerina Precoce’. The content of anthocyanins subsequently 

starts to decline until fruit is fully ripe. On the other hand, in apples, both types of red flesh 

(type 1 and 2) exhibit an increase in anthocyanin accumulation throughout the fruit's last stages 

of ripening (Espley et al., 2007; Sato et al., 2017). 
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Figure 5.2. Expression profiling of pear anthocyanin genes and candidate genes 

identified by QTL analysis. Data from qPCR analysis of the CP fruit flesh in different 

development stages. CHS, DFR, UFGT. In the bottom-line fruit development series of 

CP fruits in the corresponding development stage.  
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The correlation between all the observations were generally high (Figure 5.3). The highest gene 

expression correlation was detected between ABCC2 and HPLC (0.90). On the other hand, 

ABCC2 expression showed the lowest correlations with the other genes. 

 Furthermore, MYB114 showed high correlation with DFR (0.75), CHS (0.84) and UFGT 

(0.73), in accordance with the results obtained by Yao et al., (2017) that demonstrated that 

PyMYB114 is able, associated with PybHLH3, to promote the expression of PyDFR and 

PyUFGT.  

Anthocyanin accumulation was highly correlated with the UFGT expression only, with a 

coefficient of 0.57, according to its function as last gene in the anthocyanin biosynthesis 

(Gerats et al., 1983). 

 

 

Figure 5.3. Correlation matrix of the gene expression levels and anthocyanin fruit 

concentration measured by HPLC. 
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5.3.2. Second trial: Entire transcriptome sequencing (RNA seq) analysis of fruit flesh from 

red and white-fleshed genotypes in three early developmental stages 

 

5.3.2.1. General results of RNAseq analysis 

RNAseq data obtained had generally high quality. The number of total reads per sample ranged 

between 40.8 to 46.9 million with more than 98% of clean reads for all the analysed samples 

(data non shown). 

 

Figure 5.4. Inter-sample correlation matrix represents the R2 of Pearson correlation 

coefficient according to gene expression levels (FPKM) 
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As expected, the highest level of gene expression correlation was found between the biological 

replicas of the same sample. Speaking of correlation between different samples, the 

combinations N1 / N2, N2 / N3 and D2 / D3 showed the highest correlation coefficients. 

Generally, the correlation between different genotype samples showed lower values, i.e., N1 / 

D3 and N3 / D1 (Figure 5.4).  

The principal component analysis (PCA) carried out on the gene expression value (FPKM) of 

all samples showed the ideal conditions: biological replicates of a genotype collected at a 

specific time point cluster together while the two samples of the two genotypes are well 

separated (Figure 5.5). In particular, the white-fleshed (D) in the upper part and the red-fleshed 

(N) in the lower part. 

 

Figure 5.5. Principal component analysis (PCA) performed using the gene expression 

value (FPKM) of all samples. 
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Furthermore, the different time points were arranged in the same way for both the genotypes 

from left to right. The variability explained by the first two principal component was higher 

than 55%. The first Principal component was accounting for the 32% of the variability and was 

correlated with the development stage. The second principal component was accounting for the 

24 % of the total variability and was related to the two genotypes. 

 

Figure 5.6. Histograms represents the number of total, down -regulated and up-regulated 

for each compare group. 

 



127 

 

From the analysis of the differential expressed genes for the compare groups, an enormous 

number of genes were identified (Figures 5.6 and 5.7). Focusing the attention on the red vs 

white compare groups, a total of 3351, 4149 and 3847 genes were identified having differential 

expression levels in N1vsD1, N2vsD2 and N3vsD3, respectively (Figure 5.6). Generally, the 

number of down-regulated genes was higher than the up-regulated ones. The high number of 

differential genes found was a demonstration of the complexity of the analysed system. In fact, 

most of the differences showed could be referenced to the two genotypes, i.e., not only those 

due to the difference in colour. 

 

Figure 5.7. Differential Expression Venn diagram illustrates the number of differential 

genes of the compared treatment groups Red vs White in the three time points . The sum 

of all the numbers in the circle represents the total number in the compared groups, and 

the overlapping area indicates the number of differential genes shared between the 

groups. 
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A total of 1077 genes were found to have differential expression lever within the comparisons 

between N and D in all the three time points (Figure 5.7). The majority of the genes included 

were TF genes: NAC, BBOX, MYB, bHLH, JAZ were the most represented.  

 

Figure 5.8. Heatmap representing the overall results of FPKM cluster analysis, clustered 

using the log2(FPKM+1) value. Red colour indicates genes with high expression levels, 

and green colour indicates genes with low expression levels. The colour ranging from 

red to green indicates that log2(FPKM+1) values where from large to small.  

The heat map in Figure 5.8 showed a huge complexity level of the analysed system. The 

number of differential expressed genes was, as previously reported, over 5000. The KEGG 

pathways most represented and with the biggest significant differential expression were in the 
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three compare groups red vs white were reported (Figure 5.9). The Phenypropanoid and 

Flavonoid biosynthesis was the principal modified pathway in all the comparisons; moreover, 

Plant hormone signal transduction were always in the first 5 position. This confirm that 

pleiotropic interactions of plant hormones can play a crucial role in modulation of anthocyanin 

accumulation. 

 

Figure 5.9. Histograms represent the 20 most significant differential expression KEGG 

pathways in comparison Red vs White: N1vsD1 (A), N2vsD2 (B) and N3vsD3 (C).  

 

 

N1vsD1 A 
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5.3.2.2. Phytohormones related gene differential expression 

A total of 712 phytohormones related genes were found expressed in the analysed samples. 13 

out of all showed a significant differential expression level in the three Red vs White compared 

groups (Table 5.4). In particular, two ABA hydroxylase genes, a SQUAMOSA Binding Protein 

gene (SBP), 6 jasmonate related genes (JAZ), three NAC TF genes and an ethylene responsing 

factor (ERF) were found having differential expression levels in the compared groups red vs 

white. 

The SBP, located in chromosome (Chr) 16, was significantly down-regulated in red flesh fruit. 

In Camelia synensis, CsSBP8 had a positive effect on the anthocyanin accumulation during 

high temperature exposures and CsSBP12 showed a high correlation with anthocyanin 

accumulation during both high and low temperature (Zhang et al., 2020). A role in anthocyanin 

accumulation were demonstrated for the gene MsSPL9 in Medicago sativa (Hanly et al., 2020). 

Since the reported evidence affirms a positive regulation of the accumulation of anthocyanins, 

a direct involvement of this gene might be excluded. Moreover, 5 JAZ genes up-regulated in 

white-fleshed fruit were detected in several Chrs (9, 13, 14 and 15). JAZ genes generally inhibit 

the MBW complex from forming by interacting with bHLH and MYB, which prevents the 

expression of genes involved in anthocyanin biosynthesis (Ni et al 2020). In particular, in pear 

Premathilake et al., (2020) demonstrated that PcMYB10 and PcMYC2 can directly interact 

with each other and bind to PcJAZ1 and PcJAZ2 repressors. In the same way in apple, a study 

concluded that MdJAZ2 inhibits the binding of MdbHLH3 to the MdMYB9 and MdMYB1 

promoters. After jasmonate signals are perceived, MdbHLH3 is released to form the MBW 

complex involved in activating the downstream genes related to flavonoid biosynthesis (An et 

al., 2015). As things stand, the lower expression level of these repressor genes could, 

hypothetically, boost the anthocyanin accumulation in red flesh fruit. In addition, in Chr5 a 

TPL binding protein gene showed up-regulation in white flesh fruit.  Zheng et al., (2019) found 
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in A. thaliana that HAT1 and TPL gene act as corepressor restrained anthocyanin accumulation 

by inhibiting the activities of MBW protein complex through blocking the formation of MBW 

protein complex. Similarly, to the JAZ repressor genes, low expression level of TPLs gene 

could enhance anthocyanin accumulation in red fruit.  

 

Table 5.4. Phytohormones related genes with significant differential expression level in 

all the three Red vs White compare groups. 

Gene ID Chr 
Gene 

description 

N1vsD1 
log2Fold 
Change 

N1vsD1 
padj 

N2vsD2 
log2Fold 
Change 

N2vsD2 
padj 

N3vsD3 
log2Fold 
Change 

N3vsD3 
padj 

pycom16g10430 Chr16 SBP -1,577 0,0050 -1,115 0,0340 -1,517 0,0002 

pycom13g01830 Chr13 ZIM (JAZ) -2,233 9,99E-20 -2,346 3,59E-16 -1,303 2,70E-05 

pycom13g11020 Chr13 ZIM (JAZ) -2,936 2,75E-13 -3,815 0,0003 -1,574 0,0002 

pycom14g19920 Chr14 ZIM (JAZ) -2,101 5,26E-12 -2,257 1,87E-09 -2,240 5,33E-09 

pycom15g19540 Chr15 ZIM (JAZ) -2,780 1,89E-05 -3,157 5,78E-15 -1,536 0,0016 

pycom09g09690 Chr9 ZIM (JAZ) -2,588 4,01E-11 -3,898 5,41E-13 -1,581 1,45E-08 

pycom05g15750 Chr5 
TPL binding 

protein 
-3,290 3,52E-21 -3,417 1,93E-26 -1,207 1,63E-05 

pycom15g12330 Chr15 NAC -2,376 1,38E-10 -2,168 2,43E-16 -1,267 6,56E-07 

pycom16g10690 Chr16 NAC 1,054 1,27E-06 1,215 3,46E-10 1,860 2,21E-46 

pycom03g17130 Chr3 NAC 2,081 3,82E-13 1,072 3,72E-08 1,548 1,15E-51 

pycom06g04520 Chr6 AP2 (ERF) -1,463 1,20E-06 -1,040 1,29E-05 -1,440 1,88E-10 

pycom02g13830 Chr2 ABA hydrox -2,353 1,47E-26 -2,435 9,15E-28 -2,279 6,41E-08 

pycom05g07510 Chr5 ABA hydrox -1,862 1,69E-08 -1,903 6,58E-06 -1,103 0,0023 

         

• SBP: SQUAMOSA Binding Protein; NAC: NAM, ATAF1/2, and CUC2; JAZ: Jasmonate 

related genes; ERF: Ethylene Responsing Factor; TPL: plant corepressor TOPLESS. 

 

Additionally, three NAC TF genes were identified having differential expression level between 

red and white flesh fruit; the first one, located in Chr15 was down-regulated in red fruit, the 

other two, contrary, were up-regulate. NAC TFs are known actors in regulatory system of 

anthocyanin accumulation. For instance, in Arabidopsis the transcript levels of some genes 

related to flavonoid biosynthesis and the levels of anthocyanins were significantly increased in 

over expressed ANAC078 plants and reduced in knockout ANAC078 plants compared with 

wild-type plants under high-light stress (Morishita et al., 2009) however ANAC032 suppressed 
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anthocyanin biosynthesis (Mahmood et al., 2016). In red-fleshed apple, Zhang et al., (2020) 

demonstrated than overexpression of MdNAC42 resulted in the up-regulation of flavonoid 

pathway genes thereby increasing the accumulation of anthocyanins. A NAC was found to be 

highly overexpressed in blood-fleshed peaches as compared to non-red-fleshed peaches and 

PpeNAC1 helped in anthocyanin accumulation by interacting with PpeMYB10 (Zhou et al., 

2015). 

 

5.3.2.3. Expression level of the candidate genes detected by QTL analysis 

The study of expression level of the 30 candidate genes detected by QTL mapping (see chapter 

4), showed that three genes (MYB4, MYB114 and bHLH) were significantly differential 

expressed in red and white flesh. The MYB4 like gene (pycom05g18450), belonging the minor 

QTL in linkage group (LG), showed constantly a lower expression level in red flesh fruit (Table 

5.3). MYB4 have been suggested to repress flavonoid biosynthesis (Jin et al., 2000; Fornale et 

al., 2014). MYB4 was also reported as a regulator of flavonoid biosynthesis in Camellia 

sinensis not only by repressing flavonoid biosynthetic genes but also by shikimate biosynthetic 

genes (Li et al., 2017). In Arabidopsis thaliana MYB4 interact with the bHLH transcription 

factors TT8 (Transparent Testa), GL3 (Glabra) and EGL3 (Enhancer of Glabra) and thereby 

interfere with the transcriptional activity of the MBW complexes (Wang et al 2020). In 

addition, MYB4 was found also able to inhibit flavonoid accumulation by repressing 

expression of the gene encoding Arogenate Dehydratase 6 (ADT6), which catalyzes the final 

step in the biosynthesis of the precursor for flavonoid biosynthesis: phenylalanine (Wang et 

al., 2020). Belonging the same QTL, a bHLH3 like gene was identified being up-regulated in 

red fleshed fruit (Fold Change 4,7 in N1vsD1 with adjusted p value = 0.01; Table 5.3). bHLH 

genes are widely known to interact with MYB and WD40 to promote anthocyanin 

accumulation (Espley et al.,2007; An et al., 2012; Xie et al., 2012). So far, two bHLH genes, 
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bHLH3 and bHLH33, have been identified as the regulators of anthocyanin synthesis in apples 

(Espley et al., 2007; Peng and Moriguchi, 2013) and pear (Yao et al., 2017). 

 

Table 5.3. Candidate Genes identified by QTL analysis (see chapter 4) with significant 

differential expression level in at least two of the three Red vs White compare groups.  

Gene ID Chr 
Gene 

description 

N1vsD1 
log2Fold 
Change 

N1vsD1 
padj 

N2vsD2 
log2Fold 
Change 

N2vsD2 
padj 

N3vsD3 
log2Fold 
Change 

N3vsD3 
padj 

pycom05g18450 Chr5 MYB4 like -2,69939 0,00423 -2,00924 0,01060 -0,78478 0,84358 

pycom05g18900 Chr5 bHLH3 like 4,69137 0,01049 0,96443 0,49779 3,97925 0,00003 

pycom04g14890 Chr4 WRKY 33 like -3,25842 2,06E-06 -4,12398 1,53E-24 -1,39002 0,03329 

 

 

Additionally, a WRKY33 like gene were found significantly down-regulate in red flesh 

samples in all the compare groups. Several WRKY genes are reported having an important role 

in the regulation of anthocyanin biosynthesis (Xu et al., 2012; Duan et al., 2018; An et al., 

2019). PyWRKY31 and PyWRKY26 interact with PyMYB10, PyMYB114 and PybHLH3 

Asian pear (Li et al., 2020), suggesting that it may have a role in upstream regulation of 

anthocyanin biosynthesis.  

 

5.3.2.4. Differential expression level of structural genes of the anthocyanin pathway 

The anthocyanin pathway related genes, CHS (chalcone synthase), CHI (Chalcone Isomerase), 

F3H (Flavanone 3-Hydroxylase), DFR (dihydroflavonol 4-reductase), and ANS 

(anthocyanidin synthase), showed a similar expression trend through the 3 time point analysed, 

4, 6 and 8 weeks after full blooming (WAFB). All five of them had a peak of expression at 6 

WAFB (Figure 5.4). Those genes are not only involved in anthocyanin pathway, but they are 
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known to act in other phenolic compounds pathways; actually, no significant differences were 

detected in the expression of these genes between the two genotypes with different flesh colour. 

On the other hand, the UFGT (uridine diphosphate (UDP)-glucose:flavonoid 3-O-

glycosyltransferase) gene had a higher expression in CP compared to the white genotype and 

this could be related to its terminal role in anthocyanin biosynthesis. Shifting to the expression 

of the candidate genes, ABCC2 gene showed a similar expression level within the time points 

and between the two genotypes. MYB114 gene, instead, it was expressed in the red-fleshed 

fruits while resulted completely not expressed in the white flesh (Figure 5.4). From these 

results, the critical role of MYB114 gene in the anthocyanin accumulation in fruit flesh seems 

confirmed, while ABCC2 gene could be excluded as a key gene in determining red flesh 

phenotype.  
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Figure 5.4. Comparison of expression levels of the antho cyanin related genes (from 

RNAseq) between the white and red-fleshed fruit pulp (seedling57 in yellow and 

Cocomerina Precoce in red).  
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5.3.6. Third trial: Anthocyanin-related genes expression in different red-fleshed fruit during 

the early developmental stage 

 

5.3.6.1. Anthocyanin content detection in fruit flesh 

HPLC analysis was performed to identify and quantify the different content of anthocyanin 

among 6 genotypes, belonging to the same progeny (P013.019, hold in Motueka, Nelson, NZ), 

chosen because they have different distributions of red in the fruit. Three different development 

stages 6, 8 and 10 weeks after full blooming (WAFB) were examined. Only cyanidin-3-O-

galactoside (C-3-G) was detected by the MS analysis in all the tested samples. The 

concentration ranged from around 200 µg/g in the genotype F to 0 µg/g detected in genotype 

A (Table 5.3). An increasing of anthocyanin accumulation through the time points was found 

in genotypes B, C and E. 

Table 5.3. Content of Cyanidin-3-O-galactoside (µg/g of dry weight) detected in 6 

different genotypes and three time points.  

Genotype Time point µg/g Cyn-3-Gal 

A 4 WAFB 0,00 

White 6 WAFB 0,00 

 8 WAFB 0,00 

B 4 WAFB 0,00 

Only SL 6 WAFB 0,00 

 8 WAFB 11,79 

C 4 WAFB 11,23 

SL and US 6 WAFB 11,30 

 8 WAFB 15,73 

D 4 WAFB 49,59 

Mostly TF 6 WAFB 23,28 

 8 WAFB 39,91 

E 4 WAFB 48,82 

Mostly FF 6 WAFB 32,15 

 8 WAFB 70,71 

F 4 WAFB 197,27 

Reddest 6 WAFB 169,44 

 8 WAFB 188,17 

*SL: Seed Locules; TF: True Fruit; FF: False Fruit; US: Under the fruit skin; WAFB: week after full 

bloom. 
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5.3.6.2. Relative gene expression analysis 

The relative expression level tested in early stage development pear fruit flesh samples showed 

significant differences in most of the tested genes. No amplifications were detected for UFGT, 

MYB10 and MYB110a (data not showed). 

The CHS gene showed differential level of expressions among the six genotypes (Figure 5.5 a 

and b). In C, D and E the level of relative expression was constantly very low throughout the 

three time points; in contrast, in B, C and F the expression was higher, especially in A, with a 

decreasing at 10 WAFB. In a similar way, the relative expression level of DFR in A, C and D 

was low and tendentially decreasing during time. On the other hand, B and E had a higher value 

in the first two time points falling down in the third one. Dissimilarly, the genotype F, had a 

peak of expression at 8 WAFB followed by a noticeable drop in the last time point. 

Moving to the candidate genes relative expression levels, the ABCC2 gene had no expression 

in all the tested genotypes in the first two sampling time followed by a comparable increment 

of expression at 10 WAFB. Moreover, MYB114 showed a differential expression level among 

the genotypes. The highest expression level was registered in the reddest genotype F and no 

expression was detected in the white-fleshed genotype A. The level of expression, even if 

variable among genotypes, were tendentially constant during the examined time. 

By comparing the expression levels and anthocyanin content data of the six analysed genotypes 

(Figure 5.6), the highest correlation was detected between MYB114 expression and HPLC data 

(0.75), consolidating the previous results that connect the activity of the MYB114 with the 

anthocyanin accumulation in fruit flesh. Nevertheless, a good level of correlation was also 

observed for DFR and CHS (0.44), MYB114 and DFR (0.49) and HPLC/DFR data (0.39). On 

the other hand, ABCC2 expression showed a negative correlation with the DFR genes (-0.60).  
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Figure 5.6. Correlation matrix of the gene expression levels and anthocyanin fruit 

concentration measured by HPLC.  
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5.4. Conclusions 

 

These three different trials led to a better comprehension of the genetic control of the 

anthocyanin accumulation in pear fruit flesh. A complete growing season of ‘Cocomerina 

Precoce’ fruit were examined finding the pattern of synthesis and accumulation of anthocyanin 

during the fruit development, finding crucial differences from red-fleshed apple, even if their 

close botanical relationship. A peak of expression of the anthocyanin pathway genes CHS, 

DFR, and UFGT was found just before the maximum accumulation of cyaniding-3-O-

galactoside in the fruit flesh. The same peak of expression was found around 6 WAFB in two 

different seasons in ‘Cocomerina Precoce’ using qPCR and RNAseq data. In all the 

experiments conducted in different growing season and with different source of red 

(‘Cocomerina Precoce’ in the first two, and ‘Sanguinole’ for the third one) the expression level 

of the candidate gene MYB114 was highly correlated with the red flesh phenotype, proving its 

key role for the appearance of the trait.  

Regarding the modulatory system of anthocyanin accumulation, several TF genes were found 

having differential expression between red and white flesh fruits. An upstream regulation of 

the pathway seems to be acted by plant hormone-related genes. Further investigation is needed 

to clarify the putative specific genes interaction. The transcriptomic data obtained in this work 

could give more evidence with additional analysis. 
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6. General Conclusions and Future Prospective 

 

The results obtained from these studies provided a better understanding of the anthocyanin 

accumulation in pear fruit flesh. A small genomic region in LG5 related to the red flesh fruit 

trait was found by QTL analysis performed on the CP x C pear cross population. The candidate 

gene MYB114 was found in this region supporting the hypothesis of its involvement in the 

appearance of this phenotype in European pear. Nevertheless, from the best knowledge 

achieved in this study, this QTL does not explain all the variability showed among the 

progenies examined. MYB114 could explain only the presence/absence of the anthocyanin 

accumulation in fruit flesh but not its content level. The transcriptomic analysis provides the 

identification of secondary candidate genes putatively involved in the regulatory system. 

Several TFs were found having differential expression levels between red and white-fleshed 

fruits. JAZ, bHLH, MYB, WRKY and NAC are the most represented TF families. This 

knowledge can be the basis for new studies that can lead to a better understanding of the genetic 

mechanisms behind this process. For example, data of RNAseq provide clear evidence that 

MYB114 is a key factor in activating anthocyanin synthesis in pear fruit pulp however, further 

investigations and analysis on these data, for instance a gene network analysis, could provide 

possible interactions between MYB114 and other TF genes or structural genes in the 

anthocyanin pathway. 

The finding of the relationship between the allele 202 of the molecular marker SSR114 and the 

red flesh phenotype might be a fundamental tool for boosting the ongoing breeding programs 

of red-fleshed pear. It plausible that a particular allelic variant of the MYB114 could be present 

in ‘Cocomerina Precoce’, and in other red-fleshed accessions, associated to the allele 202 

detected with the marker SSR114.  
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Concerning the origin of this fascinating trait in pear, it should be advisable to analyse more 

samples collected in different areas, for example, made a genetic diversity analysis with more 

European red-fleshed landraces could further shed light about the origin of the trait. As well as 

test more red-fleshed genotypes with the SSR114 marker to determine the presence of the 202 

allele and eventually discover new genetic sources of the trait.  

The allelic sequences of the ‘Cocomerina Precoce’ MYB114 gene and its promoter region are 

under investigations to explain the differential functionality of the gene. The two alleles were 

cloned in recent days, and functional assays involving transient changes in tobacco, callus of 

apple and pear are now being conducted. The final findings are not yet obtained; however, the 

first sequencing showed some differences in the coding sequence that could affect the 

functionality of the protein. 

 

 

  



150 

 

Appendix 1.  

1.1. Linkage groups of Carmen 
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1.2. Linkage groups of Cocomerina Precoce 
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