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Abstract

Flowering dogwood (Cornus florida L.) and Asian dogwood (C. kousa F. Buerger ex Hance) are popular understory and deciduous ornamental trees that are mostly found throughout the temperate regions of North America, Europe, and Asia. They are valued for their showy snow-white, pink, and red bracts, red fall foliage, and colorful fruit. Ornamental dogwoods are essential horticultural crops for the economy of Tennessee, Oregon, North Carolina, and Ohio. Tennessee-based growers led the trade and accounted for 24% of US sales of flowering dogwood in 2019, whereas total dogwood sales exceeded USD31 million annually. Although more than 150 cultivars are commercially available for both species, consumer demands for specific traits of interest, such as dark red bract or foliage display, resistance to pathogens, variegated foliage, and dwarf or weeping habit, have not been satisfied. However, time-demanding dogwood cultivar development typically depends on repeated selection for desirable traits. Hence, the following challenges must be overcome: long juvenile period (3 to 5 years), self-incompatibility, inbreeding depression, and high susceptibility of flowering dogwood to two fungal foliar pathogens, dogwood anthracnose and powdery mildew. Therefore, this work was initiated to study the molecular mechanisms underlying anthocyanin and proanthocyanidin pigment biosynthesis; to enhance bract and foliage's desirable red and pink colors by using the RNA-Seq approach to enable the development of functional markers or the application of marker-assisted selection. Fully developed bracts of three cultivars of C. florida and two cultivars of C. kousa were sampled when color was maximally visible and subjected to RNA sequencing. Candidate genes CfMYB2, CfMYB3, and CkMYB2, were found to repress anthocyanin and proanthocyanidin synthesis in flowering and Asian dogwood, whereas CfMYB1 80 and CkMYB1 increased it. Two quantitative trait loci, QTLPM-7 and QTLPM-8, associated with powdery mildew resistance were identified for two consecutive years in C. florida pseudo-F2 population. Finally, recessively inherited Mildew resistance locus o (Mlo) genes, which prevent effective host cell penetration by powdery mildew, were investigated in a time-tuned transcriptome study including four C. florida cultivars of varying resistance to powdery mildew. 
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The genus Cornus L. includes about 60 species of trees and shrubs scattered throughout the temperate regions of North America, Europe, and Asia, (Xiang et al., 2006). Cornus species are grouped into the following four subgroups: big-bracted dogwoods (BB), blue or white-fruited dogwoods (BW), cornelian cherries (CC), and dwarf dogwoods (DW) (Fan et al., 2003; Xiang et al. 2006). Exceptional for their showy petaloid bracts, flowering dogwood (Cornus florida L.) belongs to the BB subgroup, subgenus Cynoxylon Raf., which is characterized by four modified leaves (bracts) and red clustered berries (Fan et al., 2003; Xiang et al., 2006). In comparison, Asian dogwood (C. kousa F. Buerger ex Hance F) also belongs to the BB subgroup, subgenus Syncarpea (Nakai) Xiang, distinguished by four modified, petaloid bracts and fused red multi-stoned berries (Fan et al., 2003; Xiang et al., 2006).

Flowering and Asian dogwoods are two of the most popular and economically compelling species among nursery growers and horticulturists. Nurseries in Tennessee account for 24% of the flowering dogwoods sold in the United States ornamental plant market. All dogwood species accounted for more than USD31 million in annual revenue from retail and wholesale sales in the United States (US) (USDA-NASS, 2019). The ornamental value of trees continues to drive consumer demand and, so far, has resulted in the commercial release of more than 150 cultivars (Cappiello and Shadow, 2005; Wadl et al., 2014; Nowicki et al., 2020). However, the ornamental market constantly seeks new traits of interest, such as dark red bracts or foliage display, resistance to pathogens, variegated foliage, and dwarf or weeping habits. 

Flowering dogwoods are endemic to the eastern US and distributed from Canada and southern Michigan in the north to northern Florida in the south and east Texas in the west (Mitchell, 1988; Mantooth et al., 2017). Showy snow white, pink or red bracts and red fall foliage display make flowering dogwoods desirable ornamental trees all year round. C. florida blooms appear in the early spring (April- May), forming clustered fruits – drupes, which ripen in the fall. Drupes contain a high level of fat, protein, and available calcium (Thomas, 1969), representing an important source of nutrients for wildlife.

 Cornus kousa, Asian dogwoods, also are valued for their spring display of pink, red, or white bracts in May and June, brilliant-red fall foliage, and exfoliating bark, and were introduced from Eastern Asia to the US because of their general high resistance to insects and pathogens, and overall better stress tolerance compared to flowering dogwood (Ranney et al., 1995; Li et al., 2009; Wadl et al., 2014). 
Time-demanding dogwood cultivar development typically depends on repeated selection for desirable traits. Hence, it needs to overcome several challenges, such as a long juvenile period (3 to 5 years), self-incompatibility, inbreeding depression, and high susceptibility of flowering dogwood to powdery mildew (PM) and anthracnose (Gunatilleke and Gunatilleke, 1984; Ament et al., 2000; Reed, 2004; Wang et al., 2009; Hadziabdic et al., 2010; Hagan et al., 2011; Wadl et al., 2011; Mantooth et al., 2017). For instance, white-bracted cultivars 'Kay's Appalachian Mist, 'Jean's Appalachian Snow,' and 'Karen's Appalachian Blush' are resistant to dogwood PM (Windham et al., 2003). However, they lack desirable dark red or pink bracts of cultivars belonging to the Cherokee series, such as 'Cherokee Brave,' 'Cherokee Chief,' 'Cherokee Sunset,' and ‘Appalachian Sunrise,’ which are generally considered either moderately or susceptible to dogwood PM (Thurn et al., 2019). Most Asian dogwoods typically lack variation in bracts colors and usually do not display a range of bract colors from white to dark red as flowering dogwoods do (Cappiello and Shadow, 2005; Molnar et al., 2017). However, there are a few cultivars exhibiting dark to bright red or pink bracts, such as 'Rosy Teacups,' 'Miss Satomi,' and 'Rutpink' (Trigiano et al., 2004; Molnar et al., 2017).

Desirable pink or dark red colors in flowering dogwoods bracts are enhanced by anthocyanin biosynthesis (Wadl et al., 2011). Anthocyanins are water-soluble flavonoids in various plant organs, including leaves, bracts, flowers, fruits, stems, and roots (Zhang et al., 2014). More than 600 naturally occurring anthocyanins have been identified in planta (Smeriglio et al., 2016). They differ in their function, such as color, or bioavailability, based on anthocyanidin post-synthesis, which depends on the methylation of core anthocyanidins.  C. florida and C. kousa have similar anthocyanin profiles (Vareed et al., 2005). Anthocyanin biosynthesis is highly conserved in both angiosperms and gymnosperms. Two classes of genes control the biosynthesis of anthocyanins and other phenylpropanoid-derived compounds: the structural genes encoding the enzymes participating in the formation of anthocyanins and the regulatory genes network consisting of the following three types of transcription factors (TFs): MYB (v-myb avian myeloblastosis viral oncogene homolog) protein, bHLH (basic helix-loop-helix) protein, and WD repeat protein (WDR) (Allan et al., 2008; Dubos et al., 2010; Zhang et al. 2014). The MYB TF family is one of the largest in plants and regulates various metabolic pathways gene superfamily. It is divided into the following four families: 1R-MYB, 2RMYB (R2R3), 3R- MYB, and 4R-MYB, based on the number of domain repeats. (Lipsick, 1996; Rosinski and Atchley, 1998; Kranz et al., 2000; Dubos et al., 2010; Jiang et al., 2020). R2R3-MYB gene family has been classified into 23 to 90 subgroups (Du et al., 2015; Jiang et al., 2020; Li et al., 2020). Accordingly, each R2R3-MYB subgroup regulates a specific metabolism pathway (Wu et al., 2022). Anthocyanin and proanthocyanidin activators of subgroup 5 require specific bHLH TFs to trigger the transcription of structural genes. However, MYB repressors, which act to reduce anthocyanin biosynthesis, belong exclusively to subgroup 4.  Candidate genes controlling anthocyanin synthesis, an essential pigment for bract, flower, and leaf color, have not been identified yet in most ornamental woody plants. In dogwoods, research on flavonoid biosynthesis has been limited and includes studies on quantitative trait loci (QTL) associated with red foliage color and the mode of inheritance. Accordingly, four putative QTL associated with red foliage color were detected in segregating pseudo-F2 population of 94 individuals of flowering dogwood using 255 simple sequence repeat markers (SSRs) (Wadl et al., 2011). Moreover, the segregation of phenotypes of the same population indicated that a complementary gene interaction, a form of epistasis, controls foliage color with a 9:7 two-gene ratio (Wadl et al., 2010). 

Although flavonoid pigment biosynthesis is one of the best-studied biological processes in nature and R2R3-MYBs are widely distributed in the plant kingdom, key players involved in phenylpropanoid pathway and anthocyanin, and proanthocyanidin regulation in flowering and Asian dogwood have not been identified. This delays the development of functional markers or the application of marker-assisted selection (MAS) for color in leaves and bracts in dogwood breeding. 

Dogwoods are susceptible to a myriad of fungal diseases of different etiologies that produce spots and blights on flowers and leaves, cankers and dieback on twigs and branches, root rots, and result in tree loss (Windham et al., 1997; Windham et al., 2005; Li et al., 2009; Hadziabdic et al., 2010; Mantooth et al., 2017). Most fungal diseases lower esthetic value and fruit production. However, PM, caused by Erysiphe pulchra Cooke & Peck, and dogwood anthracnose, caused by Discula destructiva Redlin are challenging commercial production and cause devastating damage to single trees and entire populations (Mantooth et al., 2017; Wyman et al., 2019). E.  pulchra is an obligate biotrophic ascomycete and, in 1994, severely affected nurseries that specialized in dogwood production (Hagan et al. 1998). Resistant cultivars are seen as the best management strategy, and their use eliminates the need for routine fungicide applications that raise biological, economic, and environmental concerns (Windham, 2003; Li et al., 2009; Riaz et al., 2011). Disease signs manifest as circular or irregular white patches of mycelia and conidia on the adaxial leaf surface. Symptoms display light and brown discolorations on leaves, leaf and flower malformation, and decreased plant size, rendering the dogwoods aesthetically undesirable.  Consequently, due to the emergence of D. destructiva and E. pulchra pathogens, the management of flowering dogwood diseases and control costs increased from approximately $120/ha/year to $1,975/ha/year (Li et al., 2009). However, the biotrophic nature of this fungus, difficulty in obtaining inoculum, and lack of information on host-pathogen interactions bring additional obstacles to investigating this pathosystem. 

Construction of genetic linkage maps and mapping of QTL are effective approaches to studying important traits, such as resistance against PM pathogens, and has been widely applied in cereals, vegetables, fruits, grapevine, and ornamental plants (Young, 1996; Calenge et Durel, 2006; Linde et al., 2006; Ribaut et al., 2009; Yuste-Lisbona et al., 2011; Parikh et al., 2017; Yang et al., 2021; Pfarr Moreau et al., 2022). Four genetic linkage maps have been reported for flowering dogwoods (Wang et al., 2009; Parikh et al., 2017; Pfarr et al., 2022). The first linkage map was generated with 225 SSRs and was constructed using a pseudo-F2 population of 94 individuals derived from honeybee mediated cross between ⧬ 'Appalachian Spring' (putative PM resistant) and ♂ 'Cherokee Brave' (PM moderately resistant). It was a fundamental tool for identifying QTL associated with foliage color in flowering dogwood (Wadl et al., 2011) and QTL related to PM resistance (Parikh et al., 2017). However, constructing a new genetic linkage map for the same population using a genome-by-sequencing (GBS) approach could allow the discovery of thousands of single nucleotide polymorphisms (SNPs) and better marker coverage.  Recently, a mapping population of 196 seedlings was developed by crossing two breeding selections, H4AR15P25 (PM resistant) x H4AR15P28 (PM susceptible), using double digest restriction-site-associated DNA sequencing and was phenotyped for PM resistance trait (Pfarr et al., 2022). However, Pfarr et al. (2022) considered F1 progenies as "pseudo-F2" due to allele segregation from mapping populations of highly heterozygous parents, which complicated linkage map construction because of initially unknown linkage phases. Therefore, high-density linkage mapping and identification of QTL associated with PM resistance in C. florida pseudo-F2 population have not yet been constructed and identified. 

Recessively inherited loss-of-function Mildew resistance locus o (Mlo) genes alleles confer broad-spectrum PM resistance and become the focal point of Mlo research (Jacott et al., 2021). Mlo inactivation, either as a consequence of natural mlo mutations (transposon insertions, single nucleotide polymorphisms, and small indels) or as a result of gene knock-out or knock-down, leads to early termination of PM pathogenesis based on prepenetration resistance (Jørgensen, 1992; Lyngkjær et al., 2000; Kusch and Panstruga, 2017). Prepenetration resistance includes local cell-wall appositions containing callose, accumulation of the phenol conjugate p-coumaroyl-hydroxyagmatine, and reactive oxygen species, including hydrogen peroxide. The exact biological functions of MLO proteins are still puzzling to scientists. However, for some family members, PM penetration resistance was suggested to be regulated via vesicle fusion events (Collins et al., 2003; Bhat et al., 2005). Mlo and its homologs have been studied in all major land plant lineages. The most important economically agricultural and horticultural crops include apples (Malus domestica Borkh.) (Pessina et al., 2014), barley (Hordeum vulgare L.) (Jorgensen, 1992), grapevine (Vitis vinifera L.) (Feechan et al., 2008), pea (Pisum sativum L.) (Pavan et al., 2011), pepper (Capsicum annum L.) (Zheng et al., 2013), petunia (Petunia hybrida D. Don ex W. H. Baxter) (Jiang et al., 2016), poplar (Populus trichocarpa Torr. & Gray) (Filiz and Vatansever, 2018), rose (Rosa hybrida L.) (Kaufmann et al., 2012), strawberries (Fragaria x ananassa Duchesne) (Jiwan et al., 2013), sweet orange (Citrus sinensis L.) (Liu et al., 2017), tomato (Solanum lycopersicum L.) (Bai et al., 2008), wheat (Triticum aestivum L.) (Wang et al., 2014) and others. Mlos have not been identified in C. florida.

The development of new and advanced molecular tools and genetic maps for plants enabled MAS application to plant breeders to select traits of interest, either controlled by markers of causative mutations, or more often, linked to unknown causative mutations (Ribaut and Hoisington, 1998). Thus, identifying MYBs, Mlos, and QTLs associated with PM will allow functional and DNA marker modeling to screen and select material to develop resistant cultivars more efficiently. 
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[bookmark: _Int_8lJalP4t]Flowering dogwood (Cornus florida L.) and Asian dogwood (C. kousa Buerger ex Hance) are popular deciduous ornamental trees. C. florida is native to a wide range of eastern and southeastern United States, whereas C. kousa originated in Eastern Asia. Both species excel for their showy white, red, or pink bracts, red fall foliage, and colorful fruit. Flavonoid pigment biosynthesis is one of the best-studied biological processes in nature, and it is controlled by two classes of genes: structural genes and transcription factors that function as either positive or negative regulators of flavonoid compounds. For instance, anthocyanin pigments enhance desirable pink or dark red colored bracts in dogwoods, whereas proanthocyanidins protect plants from pathogens and pests. Molecular regulation of anthocyanins and proanthocyanidins is largely unknown in dogwoods, and genes controlling this complex pathway have not been identified yet in both flowering and Asian dogwood. RNA sequencing was employed to investigate this pathway in these two species, and mature bracts of three cultivars of C. florida (white bracts: 'Cloud Nine'; red bracts: 'Cherokee Brave' and 'Cherokee Chief') and two cultivars of C. kousa (light green bracts: 'Greensleeves' and medium pink 'Rosy Teacups') were sampled when color was maximally visible. Differential gene expression analysis identified 1156 differentially expressed genes in C. florida and 1396 in C. kousa. Phylogenetic analysis grouped candidate R2R3-MYB identified in this study in two subgroups, 4 and 5. CfMYB2, CfMYB3, and CkMYB2 belonged to subgroup 4, whereas CfMYB1 and CkMYB1 clustered in subgroup 5. CfMYB2, CfMYB3, and CkMYB2 likely repress anthocyanin and proanthocyanidin synthesis in flowering and Asian dogwood, whereas CfMYB1 80 and CkMYB1 increase it. 
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Flowering dogwood (Cornus florida L.) and Asian dogwood (C. kousa F. Buerger ex Hance) are popular understory and deciduous ornamental trees of the Cornus genus, which include about 60 species of trees and shrubs that are mostly found throughout the temperate regions of North America, Europe, and Asia (Eyde, 1987; Cappiello and Shadow, 2005; Wadl et al., 2014). Native to a wide range of eastern and southeastern United States (US) flowering dogwoods owe their exceptional appeal to showy snow-white, pink, and red bracts, red fall foliage, and drupes (Witte et al., 2000; Cappiello and Shadow, 2005). Asian dogwoods also are valued for their spring display of pink, red, or white bracts, brilliant-red fall foliage, colorful fruits, and exfoliating bark, and were introduced from Eastern Asia to the US because in the mid-1800 of their general high resistance to insects and pathogens and overall better stress tolerance. compared to flowering dogwood in (Ranney et al., 1995; Li et al., 2009, Wadl et al., 2014). Beyond providing nourishment for wildlife due to the high level of fat, protein, and available calcium in fruit (Thomas, 1969), flowering and Asian dogwoods are essential ornamental crops for the economy of Tennessee, Oregon, North Carolina, and Ohio among other states.
 Although more than 150 cultivars are commercially available for both species, consumer demands for specific traits of interest, such as dark red bract or foliage display, resistance to pathogens, variegated foliage, and dwarf or weeping habit, have not been satisfied (Cappiello and Shadow, 2005; Witte et al., 2000; Wadl et al., 2014; Nowicki et al., 2020). For instance, white bracted cultivars 'Kay's Appalachian Mist, "Jean's Appalachian Snow,' and 'Karen's Appalachian Blush' are resistant to dogwood powdery mildew (Erysiphe pulchra Cooke & Peck) (Windham et al., 2003). However, they lack desirable dark red or pink bracts of cultivars belonging to the Cherokee series, such as 'Cherokee Brave,' 'Cherokee Chief,' 'Cherokee Sunset', and 'Cherokee Daybreak', which are generally considered either moderately or susceptible to dogwood powdery mildew (Thurn et al., 2019) and ‘Appalachian Sunrise (personal comm. R. N. Trigiano). In contrast, kousa dogwoods typically lack variation in bracts colors and do not display a range of bract colors from white to dark red as flowering dogwoods do (Cappiello and Shadow, 2005; Molnar et al., 2017). 'Rosy Teacups,' 'Miss Satomi,' and 'Rutpink' are among the few cultivars exhibiting dark to bright red or pink bracts (Trigiano et al., 2004; Molnar et al., 2017). Moreover, a hybrid breeding program between C. florida and C. kousa was initiated almost a half-century ago, aiming to enhance ornamental traits and develop attractive landscape trees that do not require extensive maintenance (Molnar et al., 2017).

However, time-demanding dogwood cultivar development typically depends on repeated selection for desirable traits. Hence, several challenges need to be overcome, such as a long juvenile period (3 to 5 years), self-incompatibility, inbreeding depression, and high susceptibility of flowering dogwood to two fungal foliar pathogens, dogwood anthracnose (Discula destructiva Redlin) and powdery mildew (Gunatilleke and Gunatilleke, 1984; Ament et al., 2000; Reed, 2004; Wang et al., 2009; Hadziabdic et al., 2010; Hagan et al., 2011; Wadl et al., 2011; Mantooth et al., 2017). 

Most plant pigments belong to flavonoids, which are ubiquitous across the plant kingdom, and typically associated with insect pollination and seed dispersal, hormone signaling, and abiotic and biotic defense (Liu et al., 2015; Cao et al., 2020; Wu et al., 2022). Likewise, desirable pink or dark red colors in flowering and Asian dogwoods bracts are created by anthocyanin pigment biosynthesis. Their anthocyanin profiles are similar, with major anthocyanins as cyanidin 3-O-galactoside and cyanidin 3-O-glucoside, respectively (Vareed et al., 2006). Anthocyanins are specialized flavonoid metabolites found in plants and have a substantial role in conferring defense against plant pathogens and abiotic factors such as UV radiation, drought, or cold (Jin et al., 2000; Yadun and Gould, 2008; Zhang et al., 2019; Gong et al., 2020). Moreover, their impact on plant quality contributes to various plant products' horticultural, industrial, and nutritional value, such as apple (Malus domestica Borkh.) (Lin-Wang et al., 2010; Meng et al., 2016), chrysanthemum (Chrysanthemum morifolium (Ramat.) Hemst.) (Liu et al., 2015), eggplant (Solanum melongena L.) (Zhang et al., 2014), grape (Vitis vinifera L.) (Czemmel et al., 2012), morning glory (Ipomea purporea L.) (Park et al., 2007), petunia (Petunia hybrida D. Don ex W. H. Baxte) (Albert et al., 2009; Albert et al., 2011), royal lily (Lilium regale E. H. Wilson) (Yamagishi et al., 2010), snapdragon (Antirrhinum majus L.) (Naing et al., 2018), strawberry (Fragaria vesca L.) (Aharoni et al., 2001), and others. Their antioxidant activity has recently evoked significant attention in protecting against cancer, strokes, and other chronic human disorders (Zhang et al., 2014; Kodama et al., 2018). Anthocyanins produced by kousa's leaves were found to have anti-obesity effects (Khan et al., 2018). 

Proanthocyanidins or condensed tannins activators fulfill various physiological requirements, whereas their astringency properties protect plants from pathogens, insects, and herbivores (Dixon et al., 2004; Rauf et al., 2019). They are structurally correlated to anthocyanins (Zhao et al., 2010) and found in the endothelial layer of the seed coat, flowers, fruits, and leaves of many plants, including berries (black elderberry, blueberry, cranberry) (Krenn et al., 2007), plum, apricot, walnut (Qin et al., 2009), grapes (Souquet et al., 1996), forage legumes (Albert, 2015), coffee (de Colmenares et al., 1998), tea plant (Ahmad et al., 2000). Like anthocyanins, proanthocyanidins have a wide range of beneficial health characteristics, such as antioxidant potency, antibacterial, antiviral and anti-allergenic, among others (Rauf et al., 2019). 

The following two classes of genes control the biosynthesis of anthocyanins and other phenylpropanoid-derived compounds: the structural genes encoding the enzymes participating in the formation of anthocyanins and the regulatory genes networks consisting of three types of transcription factors (TFs): MYB (v-myb avian myeloblastosis viral oncogene homolog) proteins, bHLH (basic helix-loop-helix) proteins, and WD repeat protein (WDR) (Allan et al., 2008; Dubos et al., 2010; Zhang et al., 2014). MYB TF family is one of the largest in plants and regulates various metabolic pathways, including responses to abiotic stimuli, regulation of benzenoid, glucosinolate, phenylpropanoid, and terpenoid pathways, and control of developmental and cell differentiation process, e.g., organ formation, cuticle development, and trichome initiation and branching (Shin et al. 2002; Liu et al. 2015; Zhao et al. 2018; Tan et al. 2019 Fichman et al. 2020; Gong et al. 2020). MYB TFs characterize a highly conserved N- terminal DNA-binding domain repeat (R) plus a variable C-terminal regulatory region (C). Each MYB repeat contains approximately 50 amino acids including unique DNA motifs and MYB binding sites. Based on sequence similarities, MYB domain repeats are named R1, R2, and R3 depending on the number of repeats, including 1-4 repeats. Accordingly, the MYB gene superfamily is divided into the following four families: 1R-MYB, 2RMYB (R2R3), 3R- MYB, and 4R-MYB. (Lipsick, 1996; Rosinski and Atchley, 1998; Kranz et al., 2000; Dubos et al., 2010; Jiang et al., 2020). The first plant R2R3-MYB gene, COLOREDI, was identified in Zea mays four decades ago and was essential for enhancing anthocyanin biosynthesis in aleurone tissue (Klempnauer et al., 1982). The constant development of fast and cost-effective next-generation sequencing technologies has enabled the identification of many R2R3-MYB (more than 500) genes across 130 plant species (Morozova and Marra, 2008; Wu et al., 2022). 

Although consensus regarding the classification schemes and nomenclature uniformity of R2R3-MYB TFs is still lacking, mainly because of lineage-specific gene loss or expansion, differences in sample coverage, and type of phylogenetic analysis applied, R2R3-MYB TFs have been classified into 23 to 90 subgroups (Du et al., 2015; Jiang et al., 2020; Li et al., 2020). Accordingly, each R2R3-MYB subgroup regulates a specific metabolism pathway (Wu et al., 2022). For instance, anthocyanin and proanthocyanidins activators of subgroup 5 require specific bHLH TFs to activate the transcription of structural genes (Chen et al., 2019; Ma and Constable, 2019, Wu et al., 2022). In contrast, MYB repressors, which act to reduce anthocyanin and proanthocyanidins biosynthesis, belong exclusively to subgroup 4 and contain the N-terminal regions with a DNA-binding domain as well. The N-terminal region of MYBs is highly conserved, and its function usually depends on the C-terminal region's distinct motifs. The C1 LlsrGIDPxT/sHRxI/L region and C2 region pdLNLD/ELxiG/S are referred to as GIDP and EAR motif (Ethylene-responsive element-binding factor associated Amphiphilic Repression motif), respectively. EAR is the most common transcriptional repression motif found in plants. The C3 and C4 motifs are also present in a small segment of the R2R3-MYB structural domain (Ohta et al., 2001, Kagale et al., 2011; Chen et al., 2019; Ma and Constabel, 2020). Most of the identified and functionally characterized MYBs involved in anthocyanin biosynthesis, such as MdMYB1, MdMYBA, and MdMYB3 in apples, ROSEA1, and ROSEA2 in snapdragon, AN2, DPL, and PHZ in petunia positively regulate the transcriptional expression of structural genes involved in this pathway (Moyano et al., 1996; Schwinn et al., 2006; Albert et al., 2011, 2014). Upstream genes (early biosynthetic genes) such as CHI (chalcone isomerase), CHS (chalcone synthase), and F3H (flavanone 3-hydroxylase), are the key enzymes to mediate and regulate anthocyanin biosynthesis, which is branched from the phenylpropanoid pathway. In comparison, DFR (dihydrofavonol 4-reductase), ANS (anthocyanidin synthase), and UFGT (flavonoid 3-O-glucosyltransferase) are downstream genes (late biosynthetic genes) (Pelletier et al., 1999; Takos et al., 2006; Cominelli et al., 2007; Vimolmangkang et al., 2013; Sun et al., 2019).

Although flavonoid pigment biosynthesis is one of the best-studied biological processes in nature and R2R3-MYBs are widely distributed in the plant kingdom, key players involved in phenylpropanoid pathway of anthocyanin and proanthocyanidin regulation in flowering and Asian dogwood have not been identified yet. This delays the development of functional markers or the application of marker-assisted selection in dogwood breeding. Therefore, this work aimed to investigate the global transcription profiles of MYB TFs and structural genes using the RNA sequencing (RNA-Seq) approach within various cultivars to identify candidates that are either positive or negative regulators of the anthocyanin pathway and other flavonoid compounds. 

[bookmark: _Toc117166834][bookmark: _Toc121821920]Material and Methods

[bookmark: _Toc117166835][bookmark: _Toc121821921]Plant Materials

Maximally grown bracts (~ four weeks old) were collected from three cultivars of C. florida (white bracts: 'Cloud Nine'; red bracts: 'Cherokee Brave' and 'Cherokee Chief' and two cultivars of C. kousa (light green bracts: 'Greensleeves,' and light to medium pink 'Rosy Teacups') (May 2017). Trees were grown at the University of Tennessee Knoxville, USA greenhouse and were 4-5 years old and disease-free.

[bookmark: _Toc117166836][bookmark: _Toc121821922]RNA Extraction and Sequencing 

RNA was extracted using 500 mg of frozen tissue per sample with the GeneAll ® Ribospin™ Plant Total RNA Kit (GeneAll Biotechnology, Seoul, Korea), following the manufacturer's instructions. Bract samples were homogenized using zirconia beads at 6 m/s for 30 sec in a Bead mill 24 (Fisher Scientific). Subsequently, total RNA integrity was assessed with Agilent 2100 Bioanalyzer system using the RNA 6000 Nano LabChip® kit (Agilent Technologies, Palo Alto, CA, USA). Four of the 20 biological replicates collected were below the quality threshold (RIN >=6.0). The 16 RNA samples from three flowering dogwood and two Asian dogwood genotypes were submitted to GeneWiz (South Plainfield, NJ, USA) for library preparation and sequencing by an Illumina HiSeq 2500, which generated 150 bp paired-end reads. All genotypes had at least two biological replicates. 

[bookmark: _Toc117166837][bookmark: _Toc121821923]Quality Control

RNA-seq yielded approximately 20–37 million reads per library, which were subjected to error correction using Rcorrector (RNA-Seq error CORRECTOR) (Song and Florea, 2015). Read quality control was performed using FastQC v0.11.4 (Andrews, 2010). Adaptors, short (<30 bases), and low-quality reads were trimmed by skewer version v0.2.2 (Jiang et al., 2014). Subsequently, read quality control was reassessed using FastQC v0.11.4 (Andrews, 2010) (Supplementary Table 1.1.).

[bookmark: _Toc117166838][bookmark: _Toc121821924]Read Alignment and Gene Quantification

The reference genome for flowering and Asian dogwood is not yet available. Therefore, trimmed reads were mapped to C. florida or C. kousa transcriptome (Yu et al., 2017) using Genomic short-read Nucleotide Alignment Program (GSNAP version 2018-01-31) (Wu et al., 2016). Aligned reads were used to generate a gene-specific count matrix across samples using a standalone script provided by HTSeq (Anders et al., 2015), which counts the number of reads mapped to each gene.

[bookmark: _Toc117166839][bookmark: _Toc121821925]Differential Expression Analysis and Functional Enrichment 

To identify R2R3-MYB TFs and structural genes involved in anthocyanin biosynthesis, gene counts were analyzed for gene-level differential expression using DESeq2 (Love et al., 2014). This package provides an option to test differential expression by shrinking estimators of the negative binomial distribution. Count results from HTSeq were imported, specifying an experimental design that modeled the bract color as the effect of treatment while adjusting for cultivar or species differences. Genes with zero count across samples were removed. The regularized log transformation function was used to calculate sample distances using t-SNE plots generated using the R package tsne. The wald test was employed to identify differentially expressed genes (DEGs) between two sample classes, red-bracted and non-pigmented. Significantly DEGs were identified with adjusted p-value < 0.05 after multiple testing using the Benjamini-Hochberg method. Heatmaps with the expression profiles of DEGs after mapping to each of the two Cornus species transcriptomes were generated using the R package pheatmap with correlation distances. 
TransDecoder v3.0.0 was used to predict encoded peptides based on C. florida and C. kousa transcriptomes. TransDecoder identified all open reading frames (ORFs) that were at least 50 amino acids long in the transcripts. These ORFs were then scanned for homology to known proteins using blastp (Altschul et al. 1990) against the UniProtKB/TrEMBL database (Boutet et al. 2016) for plants and searched against Pfam (Finn et al., 2016) for conserved protein domains with HMMER v3.1b2 (Potter et al., 2018). TransDecoder was rerun with the outputs generated from blastp and HMMER to improve the prediction of coding regions. All predicted peptides were used on InterProScan 5.21-60.0 software to assign gene ontology (GO) terms. Additionally, DEG transcripts were uploaded to the KAAS server for KEGG (Kyoto Encyclopedia of Genes and Genomes) ortholog assignments (Kanehisa and Goto, 2001). Finally, a custom database for the actin, elongation factor 1-alpha, GAPDH, and Cytochrome c oxidase I housekeeping genes in eudicots was used to pull out putative sequences in C. florida and C. kousa transcriptomes. 

[bookmark: _Toc117166840][bookmark: _Toc121821926]Gene Ontology enrichment analysis

To gain insights into the functions of the DEGs, genes were annotated and analyzed through GO by AgriGO v2.0 (Tian et al., 2017) using C. florida or C. kousa transcriptome (Yu et al. 2017). BiNGO v3.0.3 (Maere et al., 2005) and Cytoscape v3.3.0. (Shannon et al., 2003) were used to calculate overrepresented GO terms in lists of up- and downregulated DEGs. Significant terms were selected at adjusted p-value < 0.05 (corrected p-values using the Benjamini-Hochberg method). The transcriptome GO term annotations from InterProScan were used as organism annotations. The hypergeometric test and p-values were adjusted by Benjamini and Hochberg method, and the GO terms with false discovery rate (FDR) < 0.05 were regarded as significantly enriched. AgriGO v1.2 (Du et al., 2010) was used to perform a singular enrichment analysis of GO terms in the lists of DEGs. The transcriptome GO term annotations from InterProScan were used as customized annotations of background reference. The calculation used the hypergeometric statistical test method, the Yekutieli multi-test adjustment method for FDR correction under dependency, and a significance level of 0.05. Complete GO was selected as the Gene Ontology type. REVIGO (Supek et al., 2011) was used to summarize and visualize the results of AgriGO. 

[bookmark: _Toc117166841][bookmark: _Toc121821927]Phylogenetic analysis and conserved motif identification

Phylogenic relationships of selected R2R3-MYB protein sequences associated with phenylpropanoid pathways from different plant species were inferred using the maximum likelihood method with PhyML v3.0 (Guindon et al., 2010). The evolutionary distances were computed using parsimony method (Steel et al., 2000) and are in the units of the number of amino acid differences per site. This analysis involved 104 translated amino acid sequences and had 768 positions in the final dataset. All ambiguous positions were removed for each sequence pair (pairwise deletion option). Bootstrap values are shown as percentages (1000 replicates). The species and accession numbers of labeled MYB proteins are provided in Table 1.2. Multiple expectation maximization for Motif Elicitation (MEME), an online bioinformatic tool (http://memesuite.org/), has been used to search for characterized distinctive motifs in MYB repressors, such as EAR with conserved sequence LxLxL and SID interacting motif containing GY/FDFLGL conserved sequence. The species and accession numbers of R2R3-MYB repressor proteins are given in Table 1.3.

[bookmark: _Toc117166842][bookmark: _Toc121821928]Reverse Transcription Quantitative PCR (RT-qPCR)

Bracts were collected from three cultivars of C. florida and two cultivars of C. kousa one week after emergence, followed by bract collection two and four weeks after emergence. Samples were collected during the flowering period for three consecutive years (April 2019 – May 2021). Three biological replicates were used for each time point collection. cDNA was prepared from the total RNA extracted from all samples, as previously described (GeneAll Biotechnology), using qScript ™ cDNA SuperMix (Quantabio, Beverly, MA, USA) according to the manufacturer's instructions. Primers for the five consistently up-or downregulated candidate regulatory and five consistently up-or downregulated candidate structural genes were designed based on C. florida and C. kousa sequences, respectively (Table 1.1). Primers were designed using Primer-BLAST NCBI Genbank with amplification lengths between 70 and 200 bp (Table 1.1). Samples were subjected to PerfeCTa SYBR Green Fast Mix (Quantabio, Beverly, MA, USA). A reaction volume of 20 μl contained 1μl of previously diluted cDNA (1:10), 2 μl of gene-specific primers (1 μM each), and 12 μl of SYBR Green Fast Mix. RT-qPCR experiments were performed on QuantStudio™ 6 Flex (Applied Biosystems, Waltham, MA, USA), and the program was run for 40 cycles, each consisting of 15 s at 95 °C and 1 min at 60 °C. Expression levels of mRNAs of interest were normalized for the Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA levels. All samples were run in three technical replicates, and no-template controls were included in all plates. 
[bookmark: _Toc117166843][bookmark: _Toc121821929]Results 
[bookmark: _Toc117166844][bookmark: _Toc121821930]Plant Materials Bract Color Variation
 
The variation in anthocyanins content and color intensity in flowering and Asian dogwood cultivars depended on the season, climate, and stage of plant development. Among C. florida red-bracted cultivars used in this study, 'Cherokee Chief' mature bracts exhibited the deepest rose-red blooms with beige to pale green edges and highlights in the center (Figure 1.1. B). 'Cherokee Brave' displayed reddish-pink bracts with a pale green center, which was prevalent in the early stages of development (Figure 1.1. C). 'Cloud Nine' was the only pure white-bracted cultivar, which occasionally had dark purple notches (Figure 1.1. A). Asian dogwood cultivar 'Rosy Teacups' (Figure 1.1. E) manifested light to medium pink bracts, whereas 'Greensleeves' (Figure 1.1. D) produced white bracts with green to creamy highlights. 

[bookmark: _Toc117166845][bookmark: _Toc121821931]RNA sequencing and alignment 

RNA-Seq was performed with individual libraries for each set of bracts collected from each tree, yielding ﻿∼28 million to ﻿∼ 39.2 million raw reads per library. After the adaptor and low-quality sequences trimming, more than 71% and 74% of total clean reads were successfully mapped to flowering and Asian dogwood transcriptomes, respectively (Supplementary Table 1.1.).  

[bookmark: _Toc117166846][bookmark: _Toc121821932]DEGs Involved in Anthocyanin Biosynthesis Pathway

Analysis of differential gene expression between cultivars identified 1156 DEGs in C. florida, of which 615 were upregulated, and 541 were downregulated. (Supplementary Table 1.2.). In C. kousa, 1396 DEGs were identified as DEGs, with 753 upregulated, and 643 downregulated (Supplementary Table 1.3.) based on a log2 fold change direction (log2FC) ≥ 1 and FDR ≤ 0.05. The sample distances were represented using t-SNE plots and heatmaps to evaluate the overall transcriptomes of three flowering dogwoods (Figure 1.2. A-B) and two Asian dogwood genotypes (Figure 1.2. C-D). The 13 transcriptome profiles were separated into five groups correlated with bract color and cultivar when reads were mapped to either C. florida or C. kousa transcriptome. Therefore, the following clusters were formed: 'Cherokee Chief' (red bracted), 'Cherokee Brave' (red bracted), 'Cloud Nine' (white bracted), 'Greensleeves' (light to medium green), and 'Rosy Teacups' (light to medium pink). GO enrichment analysis was applied to identify the functions and biological pathways involved in the DEGs. Moreover, DEGs for both species were employed for the KEGG pathway enrichment AgriGO v2.0 analysis (Tian et al., 2017), yielding significant GO terms (FDR < 0.05) involved in pathways such as plant hormone signal transduction, metabolic pathways, and membrane transporters belonging to MATE (Multidrug and Toxic Compound Extrusion). This paper's focus was to understand better phenylpropanoid metabolism regulation, mainly anthocyanin, and proanthocyanidin regulation; hence MYB TF as key regulators were further studied. The seven candidates R2R3-MYB genes were identified as differentially expressed at an adjusted p-value or FDR < 0.05 when comparing C. florida red and white-bracted cultivars and C. kousa pink and light green-bracted cultivars. Candidate genes designated as CfMYB1 80, CfMYB2, CfMYB3, CfMYB5 78, CkMYB1, and CkMYB2 were identified as downregulated in C. florida and C. kousa using RNA-Seq. Additionally, structural genes CHI, CHS, and F3'H were downregulated in C. florida and C. kousa, respectively. 

[bookmark: _Toc121821933]Protein function prediction and phylogenetic analysis

InterPro database (Jones et al., 2014) was used for protein and domain sequence classification. Myb-like DNA binding domains were detected in CfMYB1, CfMYB2, CfMYB3, CfMYB5, CkMYB1, and CkMYB2 protein sequences (Figure 1.3). All six sequences belonged to Pfam clan CLO123, which contains a diverse range of DNA-binding domains with a bHLH motif (Finn et al., 2016). Interestingly, the myb-like DNA binding domain was not detected in CfMYB6; therefore, this sequence was not included in further studies.  

Phylogenetic analysis of R2R3-MYB TF involved in regulating phenylpropanoid-derived compounds, such as monolignols, anthocyanins, proanthocyanidins, flavanols, and isoflavonoids, was conducted to infer candidate roles of identified C. florida and C. kousa R2R3-MYB genes (Figure 1.4). CfMYB1 and CkMYB1 protein sequences belonged to subgroup 5, to which activators of anthocyanin and proanthocyanidin synthesis are classified. All of these activators harbor R3 repeat [D/E]Lx2[R/K]x3Lx6Lx3R, which is an interacting bHLH motif (Grotewold et al., 2000; Zimmerman et al., 2004). CfMYB2, CfMYB3, and CkMYB2 protein sequences clustered in subgroup 4 (Figure 1.4). Most MYB protein repressors negatively regulate phenylpropanoid metabolism and belong to subgroup 4. In contrast to R2R3-MYB TFs of subgroup 5, the C-terminal of these proteins contains either C1 GDIP or C2 EAR conserved motifs (Jin et al., 2000). MEME, an online tool, was used to search for GDIP and EAR motifs (Figure 1.5. A). CfMYB2, CfMYB3 in C. florida, and CkMYB2 in C. kousa contained EAR pdLNLD/ELxiG/S motif located at C-terminal behind MYB R repeat (Figure 1.4. B). CfMYB5 clustered with AtMYB85 and PtMYB1protein sequences, and both protein sequences are involved in monolignol synthesis (Figure 1.4).

[bookmark: _Toc117166848][bookmark: _Toc121821934]Validation of RNA-Seq by RT-qPCR 

Bracts were collected throughout development for more detailed analyses of candidate genes in the phenylpropanoid metabolism. Five R2R3-MYB TFs belonging to subgroups 4 and 5, and five structural genes involved in the flavonoid pathway, were selected for RT-qPCR based 
on differential gene expression analysis. RT-qPCR showed a similar relative expression pattern to the RNA-seq data with few exceptions (Figure 1.6; Figure 1.7). Relative expression levels of CfMYB1 80 were increased in bracts of 'Cherokee Chief' when two and four weeks old but were decreased in bracts of 'Cherokee Brave' at the same ages. CfMYB2 relative gene expression levels were increased in bracts of 'Cloud Nine' when two weeks old, whereas expression levels of CfMYB3 were significantly up when four weeks old. Therefore, this suggested that their role in anthocyanin synthesis suppression. CkMYB1 was upregulated in bracts of 'Rosy Teacups' when two and four weeks old. However, relative gene expression levels of CkMYB2 were increased in 'Greensleeves' and 'Rosy Teacups' when two weeks old. 

[bookmark: _Toc117166849][bookmark: _Toc121821935]Discussion 

Ornamental plants are an economically vital component of agriculture and horticulture. Aesthetically important traits such as leaf morphology, flower color, size and scent, bark color, and plant habitat improve the living ambiance and enhance cultivating sentiment (Linde et al., 2007; Wadl et al., 2011; Zheng et al., 2021). The whole-genome sequences and draft genome sequences of 69 ornamental plants were published since 2012 until the end of 2020 (Zheng et al., 2021). However, less than 20 are ornamental trees, and among them, and only a few produced red, pink, or violet blooms, such as Prunus mume Siebold & Zucc. (Zhang et al., 2012), P. serrulate Franch. (Yi et al., 2020), P. yedoensis Matsumura (Baek et al., 2018), Cercis canadensis L. (Stai et al., 2019), Osmanthus fragrans Lour. (Yang et al., 2018), Handroanthus impetiginosus Mart. Ex DC (Silva-Junoir et al., 2018) and Bombax ceiba L.  (Gao et al., 2018). Moreover, candidate genes controlling anthocyanin synthesis, an essential pigment for flower and leaf color, have not been identified in most ornamental woody plants. Recently, the anthocyanin profile has been determined in C. canadensis but not the gene machinery orchestrating its production (Veazie et al., 2017). R2R3-MYB TFs fine-tune flavonoid production and their biological functions, such as involvement in developmental and cell differentiation processes, response to environmental stress, and metabolite biosynthesis, and they have been functionally characterized in cereals, vegetables, fruit, and ornamental crops (Du et al., 2009; Dubos et al., 2010; Liu et al., 2015; Wang et al., 2019; Zhang et al., 2019; Ding et al., 2020; Gong et al., 2020; Yan et al., 2020; Yan Yan et al., 2020). Numerous R2R3-MYB TF (61) have been identified in herbaceous ornamental plants such as Petunia sp. (Quattrocchio et al., 1999; Albert et al., 2009; Albert et al., 2011), Rosa sp. (Lin-Wang et al., 2010), Lilium sp. (Nakatsuka et al., 2009; Yamagishi et al., 2010, 2011, 2012, 2016), Antirrhinum sp. (Martin et al., 1991; Moyano and Martinez-Garcia, 1996; Schwinn et al., 2006; Shang et al., 2011), Gerbera sp. (Elomaa et al., 2003) and only one in a woody plant, P. meme (Zhang et al., 2017). Cornus florida and C. kousa are culturally and economically crucial ornamental trees for a few states in the US. However, to our knowledge, structural and regulatory genes controlling the anthocyanins and other phenylpropanoid-derived compounds biosynthesis in flowering and Asian dogwood have not been reported yet. 

Our transcriptome study aimed to identify important genes involved in phenylpropanoid metabolite biosynthesis, particularly anthocyanin and proanthocyanidins production, using RNA-Seq and RT-qPCR for validation. Five R2R3-MYB TFs were detected as downregulated in C. florida and only two in C. kousa. Genome-wide studies identified a different number of R2R3-MYB genes in other plant species, such as 126 genes in A. thaliana (Stracke et al., 2001), 192 in Populus (Wilkins et al., 2009), 244 in soybean (Du et al., 2012), and 406 in Gossypium hirsutum L. (Wong et al., 2019). Thus, genome unavailability and mapping to a C. florida and C. kousa leaf transcriptome probably hindered the ability to mine more R2R3-MYB TFs. Downregulation of R2R3-MYB TFs and upstream structural genes CHS, CHI, and F3H might result from sequencing fully physiologically developed bracts (four weeks old). In apples, MdMYB10 orchestrates the synthesis of anthocyanins in the peel, flesh, and color of foliage in the early stage (Espley et al., 2007); whereas MdMYB10b regulates the color of the fruit cortex in later phases (Chagné et al., 2012). Moreover, expression levels of CHS and F3H, key enzymes involved in flavonoid and anthocyanin synthesis, were increased in two weeks old 'Cloud Nine,' 'Cherokee Chief,' and 'Rosy Teacups’. Consistently, late biosynthetic genes were not detected as significantly up- or downregulated. Hence, this confirms previous findings that the anthocyanins content varies greatly depending on the species' genetic background, environmental conditions, and stage of plant development (Wadl et al., 2011; Jaakola, 2013; Mattiolli et al., 2020). On the contrary, Salvatierra et al. (2013) showed that expression levels of early biosynthetic genes are not crucial in the flavonoid pathway for pigment manifestation. Finally, phenylpropanoid biosynthesis is a complex metabolic grid with many branches and alternative metabolic routes (Yan et al., 2020).

[bookmark: _Toc117166850]Functions and characteristics of R2R3-MYB proteins have been studied extensively, and their comparative phylogenetic analysis brought to light the diversity and conservation in this gene family (Stracke et al., 2001; Wilkins et al., 2009; Du et al., 2012; Wang et al., 2019). Also, studies in soybean and petunia indicated that anthocyanin activators and repressors could be identified by phylogenetic analysis (Elomaa et al., 2003; Albert et al., 2011).
Accordingly, phylogenetic analysis grouped candidate R2R3-MYB proteins identified in this study in two major subgroups, 4 and 5. CfMYB2, CfMYB3, and CkMYB2 clustered in subgroup 4. R2R3-MYB TFs belonging to subgroup 4 negatively regulate phenylpropanoid metabolism. Consistently,  repressors of this group were identified in different plant species, including strawberry FaMYB1 (Fragaria x ananassa Duchesne) (Aharoni et al., 2001) and FcMYB1 (Fragaria chiloensis) (Salvatierra et al., 2013), petunia PhMYB27 (Albert et al., 2014), grapevine VvMYBC2-L1/ and VvMYB4-like (Cavallini et al., 2015; Pérez-Díaz et al., 2016), poplar PtrMYB182 and PtrMYB57 (Yoshida et al., 2015; Wan et al., 2017), crabapple MdMYB3 (Tian et al., 2017), peach PpMYB17-20 (Zhou et al., 2016), Chinese narcissus NtMYB2 (Anwar et al., 2018). PhMYB27 is part of the R2R3-MYB, bHLH, and WDR complex and functions as an anthocyanin repressor in petunia petals (Albert et al., 2014). NtMYB2 suppresses red pigmentation in the petals and corona of Chinese narcissus by repressing the transcript levels of structural genes involved in the anthocyanin biosynthesis pathway (Anwar et al., 2018). Likewise, expression levels of CfMYB2 significantly increased in 'Cloud Nine,' the only white-bracted cultivar, when two weeks old, whereas CfMYB3 levels slightly increased in the same cultivar when three weeks old. CfMYB2 showed protein sequence similarity with PhMYB27 from petunia (Aharoni et al., 2001; Albert et al., 2011), which appear to be R2R3-MYB suppressors of structural genes involved in the anthocyanin pathway. Phylogenetically CfMYB3 and CkMYB2 were closest to grapes repressors VVMYBC2- L1 and VVC2rm, which are involved in suppressing anthocyanin and proanthocyanidins production (Cavallini et al., 2015). Surprisingly, CkMYB2 transcript levels increased in both C. kousa cultivars used in this study, which may explain the color variation pink intensity of 'Rosy Teacup' bracts. Finally, in grapes and petunia, R2R3-MYB repressors affect both anthocyanins and proanthocyanidins, thus, suggesting that their role is less specific compared to R2R3-MYB activators (Cavallini et al., 2015; Ma and Constabel, 2019). 

CfMYB1 and CkMYB1 belonged to subgroup 5 with other anthocyanin and proanthocyanidins R2R3-MYB activators. In 'Cherokee Chief,' which bracts displayed the darkest red bracts, expression levels of CfMYB1 80 were significantly increased when bracts were two and four weeks old. Also, the expression levels of CkMYB1 were greater in pink bracted cultivar 'Rosy Teacup.' Anthocyanin-encoding genes belonging to subgroup 5 were reported in maize aleurone 1 (C1) (Carey et al., 2004) and purple leaf (PL) (Cone et al., 1993) and in orchid OgMYB1 (Chiou and Yeh, 2008). OgMYB1 is actively expressed during floral development in red sepal and petal tissues, regulating color patterns in Oncidium Gower Ramsey (Chiou and Yeh, 2008). Another R2R3 MYB TFs of the subgroup, proanthocyanidins, are R2R3-MYB TFs regulating proanthocyanidins activation, and were identified in strawberry FaMYB11 (Schaart et al., 2013), lotus LjTT2a, LjTT2b, and LjTT2c (Yoshida et al., 2008), kiwi fruit DkMYB2 and DkMYB4 (Akagi et al., 2009) among others. Proanthocyanidins have not been reported in C. florida and C. kousa. However, CfMYB1 and CkMYB1 showed the highest sequence similarity with LjTT2a, LjTT2b, and LjTT2c. LjTT2c was found to be expressed in various organs, whereas LjTT2b expression was found to be limited to the roots. LjTT2a was expressed in response to environmental stresses (Yoshida et al., 2008). 

[bookmark: _Toc121821936]Conclusions

Our results provided an essential foundation for further analysis of R2R3-MYB TF that may be responsible for anthocyanin and proanthocyanidins suppression or synthesis in mature bracts of C. florida and C. kousa. Thus, future efforts could be directed toward elucidating how these and other candidate genes regulate complex phenylpropanoid metabolism in these species. Moreover, functional characterization of these genes through CRISPR-Cas9, ectopic tobacco expressions, or genetic engineering will enable the development of functional markers or the application of marker-assisted selection in complicated dogwood breeding and allow early selection of red-bracted dogwood cultivars. 
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[bookmark: _Toc121475347][bookmark: _Toc121476619][bookmark: _Toc121478549][bookmark: _Toc121479470][bookmark: _Toc121479900]Table 1.1. Primers for the five consistently up-or downregulated candidate regulatory and structural genes were designed based on Cornus florida and C. kousa sequences.
	Target transcript
	Primer sequence (5' to 3')

	CF_F_F3H
	GGGAGGTTCAAGAATGCCGA

	CF_R_F3H
	GACCTTCAGTGGGTACACCG

	CF_F_CfMYB1 80
	GTGGGAAGAGTTGTCGCCTT

	CF_R_CfMYB1 80
	TCCCAAGAGGTTGTGAAGCC

	CF_F_CfMYB2
	CGAACCGACAACGAGGTGAA

	CF_R_CfMYB2
	CGCGGTTGCACATGATTTGT

	CF_F_CfMYB3
	TGGCAATCGGTGGTCACTTA

	CF_R_CfMYB3
	TTTTGAGGCCGAGGACGATT

	CF_F_CHS
	AGCATCCAATGAGCGTTCCA

	CF_R_CHS
	TTGATCAGAGCACGTACCCG

	CF_F_CHI
	CGGAAGCATTGTTGGAGTCG

	CF_R_CHI
	CCGACCACCTGATCATCACA

	F_GAPDH
	GACCACTGTTCACTCCAT

	R_GAPDH
	CAGCCTTGGCAGCTCCAG

	CK_F_CHS
	CGTCTTGAGCGAGTATGGCA

	CK_R_CHS
	TGGTCTTGAGCCCTTCCTCT

	CK_F_CHI
	AAAGGGGTGCCCACCTAAAC

	CK_R_CHI
	CCACTGGCCGAGGATTTGTA

	CK_F_CkMYB1
	GAGTCCGGAGAAGTCCGAAT

	CK_R_CkMYB1
	ATCGAATTCGTGTGTGGGGG

	CK_F_CkMYB2
	GCAAGCCGTTAGGGTTTTCC

	CK_R_CkMYB2
	CCATGCATGTCAACCCGAGA
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Table 1.2. Species and accession numbers of MYB proteins used to construct the phylogenetic
tree of Cornus florida and C. kousa.
	Species
	Labeled MYB

	Apple (Malus domestica Borkh.)
	MdMYB1 (ADQ27443), MdMYB3 (AEX08668), MdMYB6 (AAZ20429), MdMYB10, MdMYB10
(ACQ45201), MdMYB110a (AFC88038), MdMYBA (BAF80582)


	Arabidopsis (Arabidopsis thaliana L.) 
	AtMYB4 (NP_195574), AtMYB11 (NP_191820), AtMYB12 (NP_182268), AtMYB14 (NP_180676), AtMYB15 (NP_188966), AtMYB46 (NP_196791),
AtMYB58 (NP_173098), AtMYB60 (NP_172358), AtMYB61 (NP_172425), AtMYB63 (NP_178039), AtMYB75 (NP_176057), AtMYB83 (NP_187463), AtMYB85 (NP_567664), AtMYB90 (NP_176813), AtMYB111 (NP_199744), AtMYB113 (NP_176811), AtMYB114
(NP_176812), AtMYB123 (NP_198405)


	Asian dogwood (Cornus kousa F. Buerger ex Hance)
	CkMYB1 (OP382883), CkMYB2 (OP382884)

	Cauliflower (Brassica oleracea L.)
	PR (ADP76651)


	Chinese bayberry (Myrica rubra Sieb. et Zucc.)
	MrMYB1 (ADG21957)


	Cider gum (Eucalyptus gunnii Hook)
	EgMYB1 (CAE09058), EgMYB2 (CAE09057)


	Flowering dogwood (Cornus florida L.)
	CfMYB1 (OP382880), CfMYB2 (OP382881), CfMYB3 (OP382882)

	Garden chrysanthemum (Chrysanthemum
morifolium (Ramat.) Hemst.)
	CmMYB1 (AEO27497)


	Gerbera (Gerbera hybrida L.)
	GMYB10 (CAD87010)


	Grapevine (Vitis spp.)
	VlMYBA1-1 (BAC07537), VlMYBA1-2 (BAC07539), VlMYBA1-3 (BAG55463), VlMYBA2 (BAC07540), VvMYBC2-L1
(AFX64995), VvMYBPA1 (CAJ90831), VvMYBPA2 (ACK56131), VvMYBA2 (BAD18978), VvMYBF1 (ACV81697), VvMYB5a (AAS68190), VvMYB5b (AAX51291), VvC2rm (NP_001268133)


	Herba epimedii (Epimedium sagittatum Sieb. Et Zucc.)
	EsMYBA1 (AGT39059)



Table 1.2. continued
	
Japanese gentian (Gentiana triflora Pall.)
	
GtMYBP3 (BAM71801)


	Japanese morning glory (Ipomoea nil Roth)
	InMYB1 (BAE94388)


	Kale (Brassica oleracea L.)
	BoPAP1 (ADP76649)


	Kiwifruit (Actinidia spp.)
	DkMYB2 (BAI49719), DkMYB4 (BAI49721)


	Legume (Medicago truncatula Gaertin.)
	LAP1 (ACN79541)


	Leucaena (Leucaena luciocephalia (Lam.) de Wit)

	LlMYB1 (ADY38393)


	Lily (Lilium spp.)
	LhMYB6 (BAJ05399), LhMYB12 (BAJ05398), LhMYB12-Lat (BAO04194)


	Lotus (Lotus japonicus L.)
	LjTT2a (BAG12893), LjTT2b (BAG12894), LjTT2c (BAG12895)


	Maize (Zea mays L.)
	PL (AAA19820), PL-BH (AAA33492), P1 (ABM21535), ZmMYB31
(NP_001105949), ZmMYB42 (ADX60106), ZmMYB-IF35 (AAO48737)


	Mangosteen (Garcinia mangostana L.)

	GmMYB10 (ACM62751)


	Nectarine (Prunus persica (L.) Batsch) 
	PpMYB10 (ABX79945)


	Orange (Citrus sinensis L.)

	CsRUBY (AFB73913)


	Orchid (Oncidium spp.)

	OgMYB1 (ABS58501)


	Pear (Pyrus spp.)
	PcMYB10 (ABX71487)


	Petunia (Petunia hybrida D. Don ex W. H. Baxter)
	AN2 (AAF66727), DPL (ADW94950), PHZ (ADW94951), PhMYB27 (AHX24372)


	Pine (Pinus taeda L.)
	PtMYB1 (AAQ62541), PtMYB4 (AAQ62540)


	Poplar (Populus tremula L.)
	PtrMYB3 (AGT02395), PttMYB21a (CAD98761), PtMYB134








Table 1.2. continued
	Rabbit-foot clover (Trifolium arvense L.)

	TaMYB14 (AEG64799)

	
Red sage (Salvia miltiorrhiza Bunge)

	
SmMYB39 (AGS55356)


	Snapdragon (Antirrhinum majus L.)
	AmMYB308 (P81393), AmMYB330 (P81395), ROSEA1 (ABB83826), ROSEA2
(ABB83827), VENOSA (ABB83828)


	

Sorghum (Sorghum bicolor Moench)

	

Y1 (AAX44239)


	Soybean (Glycine max Merr.)
	GmMYB12B2 (AEC13303), GmMYB-G20-1 (BAK24100)


	Strawberry (Fragaria x ananassa Duchesne)
	FaMYB1 (AAK84064), FaMYB9 (AFL02460), FaMYB10 (ABX79947), FaMYB11


	Switchgrass (Panicum virgatum L.)
	PvMYB4a (AEM17348)


	Tobacco (Nıcotiana tabacum L.)
	NtAN2 (ACO52470)


	Tomato (Solanum lycopersicum L.)
	LeANT1 (AAQ55181)
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Table 1.3. The species and accession numbers of R2R3-MYB repressor proteins used to search for characterized distinctive motifs in MYB repressors, such as EAR with conserved sequence LxLxL.
	Name
	Species
	Function
	Accessions
	References

	AmMYB308
	Antirrhinum majus L.
	monolignol
	P81393
	Wang et al., 2013

	AmMYB330
	A. majus
	monolignol
	P81395
	Wang et al., 2013

	AtMYB4
	Arabidopsis thaliana L.
	phenylpropanoid
	AT4G38620
	Jin et al., 2000

	AtMYB7
	A. thaliana
	flavanol
	AT2G16720
	Fornale et al., 2014

	AtMYB60
	A. thaliana
	anthocyanin
	AT1G08810
	Park et al., 2008

	CmMYB1
	Chrysanthemum x morifolium (Ramat.) Hemst.
	monolignol
	AEO27497
	Zhu et al., 2013

	CfMYB2
	Cornus florida L.
	proanthocyanidin
	OP382881
	Pavlovic et al. (under preparation)

	CfMYB2
	C. florida
	proanthocyanidin
	OP382882
	Pavlovic et al. (under preparation)

	CkMYB2
	C. kousa F. Buerger ex Hance F
	anthocyanin, proanthocyanidin
	OP382884
	Pavlovic et al. (under preparation)

	EgMYB1
	Eucalyptus gunni Hook
	monolignol
	CAE09058
	Paux et al., 2004

	FaMYB1
	Fragaria x ananassa Duchesne
	anthocyanin, flavanol
	AF401220
	Aharoni et al., 2001

	FcMYB1
	F. chiloensis Mill.
	anthocyanin
	ADK56163.1
	Salvatierra et al., 2013

	GmMYB100
	Glycine max Merr. 
	isoflavanol, flavanol
	ABH02893.1
	Yan et al., 2015

	LlMYB1
	Leucaena leucocephala (Lam.) de Wit
	monolignol
	ADY3839
	Omer et al., 2013

	MdMYB3
	Malus domestica Borkh.
	anthocyanin, flavanol
	AEX08668
	Tian et al., 2017

	MtMYB2
	Medicago truncatula Gaertn.
	anthocyanin
	XM_003616340
	Jun et al., 2015

	PhMYB27
	Petunia hybrida 
D. Don ex W. H. Baxter
	anthocyanin
	KF985023
	Albert et al., 2014



Table 1.3. continued 

	PhMYBx
	P. hybrida
	anthocyanin
	AHX24371.1
	Albert et al., 2014

	PpMYB18
	Prunus persica (L.) Batsch
	anthocyanin
	ALO81021.1
	Zhou et al., 2016

	PvMYB4a
	Panicum vulgare L.
	monolignol
	AEM17348
	Shen et al., 2012

	SmMYB39
	Salvia miltiorrhiza Bunge
	phenolic acid
	AGS55356
	Lu et al., 2014

	TaMYB14
	Triticum aestivum L.
	proanthocyanidin
	AEG64799
	Ma et al., 2011

	VvMYBC2-L1
	Vitis vinifera L.
	proanthocyanidin
	AFX64995
	Huang et al., 2014

	VvC2rm
	V. vinifera
	proanthocyanidin
	NP_001268133
	Da Silva et al., 2013

	ZmMYB31
	Zea mays L.
	monolignol
	NP_001105949
	Carey et al., 2004

	ZmMYB42
	Z. mays
	monolignol
	ADX60106
	Carey et al., 2004
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[bookmark: _Toc121481294][bookmark: _Toc121514010]Figure 1.1. Phenotypes of Cornus florida and C. kousa bracts were used in this study after bract emergence when one (1WK), two (2WK), and four-week-old (4WK) from (A) 'Cloud Nine' (B) 'Cherokee Chief' (C) 'Cherokee Brave' (D) 'Greensleeves' (E) 'Rosy Teacups'. 
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[bookmark: _Toc121477965][bookmark: _Toc121479056][bookmark: _Toc121479805][bookmark: _Toc121479977][bookmark: _Toc121480900][bookmark: _Toc121481009][bookmark: _Toc121481295][bookmark: _Toc121514011]Figure 1.2. Sample clustering of reads from both cultivars mapped to either the transcriptomes of Cornus florida (A, B) or C. kousa (C, D). The 13 transcriptome profiles were separated into five groups of high similarity by bract color and cultivar when mapping reads to either C. florida (A) or C. kousa (C) transcriptome. The samples clustered into five groups 'Cherokee Chief' (red bracts), 'Cherokee Brave' (red bracts), 'Cloud Nine' (white bracts), 'Greensleeves' (light- to- medium green bracts), and 'Rosy Teacups' (light- to- medium pink bracts). The heatmaps of normalized count values across bract color-related differentially expressed genes across the 13 samples suggested higher similarity by species when mapping to C. florida (B) and by color on C. kousa (D). 
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Figure 1.2. continued 
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Figure 1.2. continued 
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Figure 1.2. continued
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Figure 1.3. Classification of protein families of Cornus florida and C. kousa MYB translated protein sequences (A) CfMYB1 (B) CfMYB2 (C) CfMYB3 (D) CfMYB5 (E) CkMYB1 (F) CkMYB2. 




[image: Graphical user interface, text, application

Description automatically generated]D



[image: A picture containing timeline

Description automatically generated]E



Figure 1.3. continued
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Figure 1.3. continued
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Figure 1.4. Phylogeny of Cornus florida and C. kousa MYB Transcription Factors Associated with the Phenylpropanoid Pathway. The tree was constructed using the maximum likelihood method with putative translated amino acid full-length MYB sequences with PhyML (Guindon et al., 2009). Bootstrap values are shown as a percentages (1000 replicates). Candidate R2R3-MYB protein sequences regulating anthocyanin and proanthocyanidin synthesis identified in the study are labeled in red and belong to subgroup 4 (CfMYB2, CfMYB3, and CkMYB2) and 5 (CfMYB1 and CkMYB1), respectively (Stracke et al., 2001; Dubios et al., 2010; Shelton et al., 2012). 
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Figure 1.5. Positional enrichment of Ethylene-responsive element binding factor-associated Amphiphilic Repression (EAR) motif in R2R3-MYB transcription factors of Cornus florida and C. kousa (A) EAR motif in 26 R2R3-MYB sequences. (B) The protein sequence alignment of 26 R2R3-MYB sequences was aligned in Mega11 with the default setting integrated with Muscle program (Stecher et al., 2020; Tamura et al., 2021). Positional enrichment showed EAR motif located at the C-terminal behind MYB R repeat in CfMYB2, CfMYB3, and CkMYB2 protein sequences.
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Figure 1.6. Validation of differentially expressed genes and expression levels of candidate R2R3-MYB genes designated as CfMYB1 80, CfMYB2, CfMYB3, CkMYB1 and CkMYB2 in the phenylpropanoid metabolism with RT-qPCR in Cornus florida and C. kousa.
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Figure 1.7. Validation of differentially expressed genes and expression levels of structural genes CHI, CHS, and F3H in Cornus florida (top) and CHI and CHS in C. kousa (bottom) with RT-qPCR.
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[bookmark: _Toc121821939]Abstract

[bookmark: _Toc117166855]Flowering dogwood (Cornus florida L.) has been one the most popular understory and deciduous ornamental tree native to a wide range of eastern and southeastern United States. The ornamental value of the tree continues to drive consumer demand and, so far, has resulted in the commercial release of more than 150 cultivars. However, the flowering dogwood is generally susceptible to Erysiphe pulchra, the causal agent of dogwood powdery mildew. A practical approach to studying traits such as disease resistance is mapping quantitative trait loci (QTL). In this study, we identified two QTL, QTLPM-7 (R2 = 19%, LOD = 3.6) and QTLPM-8 (R2 = 25.19%, LOD = 4.3), using 255 small sequence repeat markers developed for pseudo-F2 population originating from crossing two C. florida F1 trees created from a cross of ‘Appalachian Spring,’ a putatively powdery mildew resistant cultivar, and ‘Cherokee Brave’ PM moderately resistant cultivar. We collected powdery mildew phenotypic data for the F2 population over six years to determine the mode of inheritance. Our results suggested that the duplicate mode of action, a form of epistasis, controls resistance to powdery mildew. 

[bookmark: _Toc121821940]Introduction

Flowering dogwood (Cornus florida L.) is a popular understory ornamental tree grown in the eastern and southeastern US. It excels for its pink, red, and white petaloid bracts, red fall foliage display, and protein and calcium-rich drupes (Kaveriappa et al., 1997; Cappiello and Shadow, 2005; Wadl et al., 2011). However, the flowering dogwood is susceptible to the fungal disease of different etiologies, such as powdery mildew (PM) caused by Erysiphe pulchra Cooke & Peck and anthracnose caused by Discula destructiva Redlin. Although, for the first time reported in 1884 by Burrill and Earle in Illinois, dogwood PM did not become a widespread disease in the United States of America (US) before the mid-1990. However, ever since, E. pulchra has become a predominant disease of flowering dogwood in landscapes, nurseries, and forests (Daughtrey and Hagan, 2001). Consequently, the emergence of D. destructiva and E. pulchra pathogens altered the management of flowering dogwood, and control costs increased from approximately $120/h/year to $1,975/ha/year (Li et al., 2009). 

Genomic and genetic resources to understand or control the damage caused by PMs are still largely lacking; this delays the development of functional markers (FM), or the application of marker-assisted selection (MAS) in cumbersome dogwood cultivar development. The construction of genetic linkage maps and the mapping of quantitative trait loci (QTL) have been used as an effective approach in cereals, vegetables, fruits, grapevine, and ornamental plants for the studies of important traits such as resistance against PM pathogens (Young, 1996; Yuling et al., 2002; Calenge et Durel, 2006; Linde et al., 2006; Buerstmayr et al., 2009; Yuste-Lisbona et al., 2011; Riaz et al., 2011; Parikh et al., 2016; Chen et al., 2021). Microsatellites or simple sequence repeats (SSRs), amplified fragment length polymorphisms (AFLPs), and restriction fragment length polymorphisms (RFLPs) have been widely used as DNA markers in plant genotyping to generate information for gene mapping and tagging, segregation analyses, QTLs, genome-wide association studies (GWAS), and other biological applications (Kalia et al., 2011; Grover and Sharma, 2014; Colasuonno et al., 2021). SSRs are non-coding repetitive DNA sequences containing a 1-6 base pair sequence motif. Although variable, SSRs sequences are characterized by flanking regions, which are conserved within the same species or often within closely related species. Conserved flanking regions, high reproducibility, co-dominance, and high diversity of SSRs sequences make them preferable markers for linkage map construction and MAS (Yang et al., 2019). Inversely, recent advances in next-generation sequencing lowered the cost of DNA sequencing, thus allowing new genotyping-by-sequencing (GBS) methods to proliferate and have opened new opportunities for developing high-throughput identification of markers associated with important agricultural traits. GBS is a simplified reduced-representation sequencing (ddRadseq) approach that includes DNA digestion followed by restriction enzymes to cost-effectively generate large numbers of single nucleotide polymorphisms (SNPs) (Deschamps et al., 2012; Kim et al., 2016; Chung et al., 2017). Advantages such as reduced sample handling, fewer PCRs, no reference genome limits, and multiplexing made the GBS method a unique tool for determining genetic variants in crop research and plant breeding programs (He et al., 2014, Kim et al., 2016, Dwivedi et al., 2017, Chung et al., 2017). SNPs are abundant throughout the genome, heritable, and have a low mutation rate. Thus, they have emerged as the most widely used genotyping markers for genetic studies (Mammadov et al., 2012, He et al., 2014, Kim et al., 2015). Different studies compared SSR over SNP performances. For example, Yang et al. (2017) found that SSR markers with moderate density are more informative for assessing genetic relatedness in maize. Moreover, a comparative analysis of SSRs and SNPs in assessing genetic variation in Juniperus phoenicea ssp. turbinate, showed SSRs to provide higher per-locus information for parentage and assignment studies (Garcia et al., 2018). 

[bookmark: bbib0205]	Four genetic linkage maps are established for flowering dogwoods. The first linkage map is based on 225 SSRs and was constructed using a "pseudo F2" population of 94 individuals derived from honeybee mediated cross between C. florida ⧬ 'Appalachian Spring' (PM resistant) and ♂ 'Cherokee Brave' (PM moderately resistant). It was a fundamental tool for identifying QTLs associated with foliage color in flowering dogwood (Wadl et al., 2011) and QTLs associated with PM resistance (Parikh et al., 2017).  Recently, a mapping population of 196 seedlings was developed by crossing two breeding selections, H4AR15P25 (PM resistant) x H4AR15P28 (PM susceptible), using double digest restriction-site-associated DNA sequencing, consisting of 2625 marker and 11 linkage groups (LG) (Pfarr et al., 2022). Moreover, Pfarr et al. (2022) constructed a map for selections H4AR15R25 (PM resistant) x Rutgers H4AR15P35 (PM moderately resistant), which included 1788 markers and 11 LG. The maps shared 604 markers and showed good collinearity. The maps were further used for the detection of QTLs associated with PM. H4AR15P25 x H4AR15P35 population had a major QTL (LOD= 11.36 and R2=58.9%) identified on LG 3. Consistently, a minor QTL (LOD = 3.30 and R2 = 7.8%) in H4AR15R25 x H4AR15P35 population was also detected on LG 3 (Pfarr et al. 2022). Previously, Parikh et al. (2017) identified QTL on LG4 (LOD = 3.8 and R2 = 9.51%), LG8 (LOD = 4.1 and R2 = 10.35%), and LG9 (LOD = 5.3 and R2 = 13.21%; LOD = 4.5 and R2 = 13.48%). 

Powdery mildew resistance is a quantitative trait in C. florida, which expression varies among individuals and depends on the cumulative actions of many genes with minor effects as well as is influenced by environmental conditions (Dugo et al., 2005; Perchepied et al., 2005; Linde et al., 2006; Aghnoum et al., 2010; Faino et al., 2012; Parikh et al., 2017). We hypothesized that flowering dogwood resistance to PM is not inherited in a simple Mendelian manner by a single gene because of continuous phenotypic variation observed in a natural population. Thus, this study aimed to uncover the mode of inheritance of PM resistance by phenotyping 141 pseudo-F2 individuals derived from 'Appalachian Spring' and 'Cherokee Brave' (Wang et al., 2009), and to detect major stable and transient QTLs conferring the trait in this population. A better understanding of the genetics of PM resistance in flowering dogwood will provide the basis for the location of candidate genes controlling this important ornamental trait and offer resources to both MAS programs, and functional genomics approaches in dogwoods.
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[bookmark: _Toc121821941][bookmark: _Toc117166857]Material and Methods 

[bookmark: _Toc121821942]Population development and assessment of PM resistance to determine the mode of inheritance and QTL associated with PM

Pseudo-F2 population originating from crossing two C. florida F1 trees, breeding lines 96-6 and 96-7, derived initially from honeybee mediated cross between ⧬ ‘Appalachian Spring,’ PM putative resistant cultivar, and ♂ ‘Cherokee Brave’ PM moderately resistant cultivar (Wang et al. 2009) was assessed for PM disease severity. Although the population of 250 trees (5-year-old) was initially transferred from the Agricultural Experimental Station of the University of Tennessee, Crossville, to UT Arboretum, Oak Ridge, Tennessee, USA due to harsh environmental conditions such as frost and drought, shallow soil, deer grazing, inbreeding depression, and disease susceptibility to both PM and spot anthracnose, only 141 trees were successfully established in 2017. Therefore, the population of 141 individuals was phenotyped for PM presence over the six years, from 2017 to 2022. Among 141 trees assessed for PM, 71 trees were still viable out of 94 trees initially genotyped (Wang et al., 2009). When the phenotyping started in 2017, the trees were 15 years old. Disease scores were recorded annually on fully expanded leaves in the field after natural infection in mid-August when PM symptom manifestation was at its peak. Disease severity was visually scored using a modified scale adapted from Horsfall and Barratt (1945) and Kloos et al. (2005), where 0 represented trees with no apparent disease symptoms and no colonies of PM detected on any leaves (R), “1” represented plants displaying up to 30 % symptomatic leaf area as light sporulation present on some leaves (MR), “2” represented  30 to 60 % of colonies with moderate sporulation coalescing into large regions (MS), and “3” represented 60 to100 % of abundant sporulation merged into large areas or entire adaxial surface covered with PM of plant foliage exhibiting disease signs and symptoms (S), respectively.

Inheritance of PM Resistance

[bookmark: _Toc117166858]The inheritance of PM resistance in 141 flowering dogwood pseudo-F2 trees was analyzed using the chi-square test (χ2 test) in Microsoft Excel (Microsoft Office, 2021) to test the goodness-of-fit between observed and expected segregation ratios. The resistant (R) and susceptible (S) categories were defined as R = very resistant, MR= moderately resistant, MS= moderately susceptible, and S= susceptible.  

[bookmark: _Toc121821943]Genetic map improvement and QTL analysis 

Mapping population development using reciprocal honeybee-mediated crosses was detailed by Wang et al. (2009). Briefly, SSR markers were defined as follows:  72 markers (maternal marker labeled as ‘B’) dominant in ‘Cherokee Brave’ and null in ‘Appalachian Spring’ (1:1 segregation), and 41 markers (paternal marker labeled as ‘A’) dominant in ‘Appalachian Spring’ and null in ‘Cherokee Brave’ (1:1 segregation), whereas 142 co-dominant markers (labeled as ‘C’) segregated within both parents (1:2:1). Approximately 23 markers were evenly spaced on each of C. florida 11 chromosomes except for slight marker clustering on LGs 5, 7, and 11. Pairwise recombination fractions estimation, genetic map re-estimation using the hidden Markov technology, identification of markers with potentially switched alleles, and investigation of marker orders for a given chromosome while comparing all possible permutations of a sliding window of markers were applied before performing QTL mapping in R/qtl version 1.52 (Broman et al., 2003). 

The composite interval mapping (CIM) method was employed for the QTL detection at a walking speed of 1 cM in R/qtl version 1.52 (Broman et al., 2003), as implemented in R version 4.2.1 (R Core Team, 2022).  Pseudo-F2 population originating from crossing two C. florida F1 breeding lines 96-6 and 96-7 was treated as lines created by repeated selfing Ft. Thus, the cross-type was bcsft, whereas 0 was indicated as the number of backcrosses. Data CIM scans were performed for single QTLs using the Haley-Knott regression (HK) and multiple imputation (imp) methods allowing for up to 4 covariate markers within a 10-marker window. The mapping of statistically sound QTLs was determined by the likelihood of odds (LOD) thresholds set by 1000 permutations (α = 0.05) (Churchill and Doerge, 1994). The percent of phenotypic variance explained by each QTL was estimated by using the coefficient of determination (R2) based on Haley-Knott regression (Haley and Knott, 1992). 
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Starting in 2017, disease scores were visually collected when PM symptom manifestation was at its peak over six years. Infections levels were lower in 2017, 2020, and 2022 compared to 2018, 2019, and 2021 (Figure 2.2. A-F). In 2017 only 19 trees exhibited moderate PM symptoms (2), and 121 trees did not show any symptoms (0), whereas, in 2018, 
only two progenies were scored with the highest disease incidence (3). Infection severity was highest in 2021, with only 22 PM-free genotypes (0) (Fig. 1), compared to 2020, with 130 PM-free trees. In 2022, we experienced significant tree loss (>10), despite lower PM disease incidence. 

Dogwood PM resistance was reported to be inherited quantitatively and controlled by loci with additive gene effects (Parikh et al., 2016a; b). However, segregation for PM resistance in the pseudo-F2 population originating from reciprocal crosses between breeding lines 96-6 and 96-7 fit the two-gene model in five of six PM disease-scoring events (2017-2022). The segregation data fit a ratio of 15 resistant (R):1 susceptible (S), indicating that duplicate gene action, a form of dominant epistasis, most likely controls resistance to PM. However, data from 2021 did not provide conclusive evidence for duplicate gene action P > 0.05. Duplicate gene action occurs when the dominant allele at either of two loci can mask the expression of recessive alleles at the two loci. Segregation data and proposed gene action are summarized in Table 2.1.
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Among 11 LG present in C. florida genome (Wang et al., 2009; Pfarr et al., 2022) QTL with the largest effect was detected in LG 8 and 9 in two consecutive years, 2017 and 2018, respectively (Table 3.2). In 2017, QTL analysis showed one significant QTL on LG 8 associated with marker CF696C (further designated as QTLPM-7) (Figure 3.3. A), whereas the LOD threshold was 3.6, and explained 19% of phenotypic variation. The additive effect of QTLPM-7 was -61.2. Furthermore, QTL analysis of 2018 phenotypic data returned significant QTL on LG 9, with LOD score of 4.3 and 25 % of phenotypic variation explained (Figure 3.3. B). Marker CF290C corresponding to QTL on LG 9, was designated as QTLPM-8 and had an additive effect of -1.04. LOD thresholds above 3.0 were not detected in 2019, 2020, 2021, and 2022.
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Powdery mildew, a paradigm for obligate biotrophic parasites, represents a constant and ubiquitous threat for many monocotyledonous and dicotyledonous plants, including cereals and grapevine vegetables, and ornamental plants (Agrios, 2005; Glawe, 2008). In temperate climates, PM outbreaks of ornamental plants such as sweet cherry (Prunus avium L.) (Olmstead et al., 2001), gerbera daisy (Gerbera hybrida L.) (Kloos et al., 2005), rose (Rosa hybrida L.) (Linde et al., 2006), petunia (Petunia hybrida D. Don ex W. H. Baxter) (Kiss et al., 2008), and flowering dogwood (C. florida) (Li et al., 2009) result in severe economic losses. The simultaneous spread of dogwood PM in a forest, landscape, and nursery planting statewide in Alabama and Tennessee left many nursery fields abandoned, whereas a lack of formal management strategies resulted in the loss of tens of millions of dollars of dogwood (Hagan and Mullen, 1999; Li et al., 2009). Subsequently, E. pulchra emerged as a nationwide disease of flowering dogwood (Daughtrey and Hagan, 2001), and studies conducted by Wyman et al. (2019) showed that dogwood PM was an exotic pathogen recently introduced to North America. 

The most economically important traits, such as resistance to PM, for which continuous phenotypic variation in natural populations is observed, are quantitatively inherited. Quantitative inheritance (cumulative, polygenic) is determined by two or more genes present on different loci, which generally have an additive or cumulative effect. Thus, being controlled by many genes and QTL genetic regions, whose gene expression is sensitive to the environment and depends on genetic background and sex (Aust and Hoyningen-Huene, 1986; Windham and Witte, 1998; Kloos et al., 2005; Windham et al., 2005; Sakata et al., 2006; Parikh et al., 2016a; 2016b).  The broad sense heritability study in the F1 population derived from four parental crosses (susceptible: ‘Cherokee Princess’ and moderate or resistant: ‘Cherokee Brave, ‘R14 ‘and ‘MI9 ‘) showed that PM phenotypic variance can be attributed to genetic cause (0.9) and not to the environment (Parikh et al., 2016a). Moreover, narrow sense heritability estimates of the same F1 population indicated high narrow sense heritability for PM disease, ranging from 0.74 to 0.89 in three consecutive years attributing variance to additive gene effects (Parikh et al., 2016b). Latter, it suggested that PM phenotypic variance is due to variation in the additive genes effects, indicating the absence of epistatic gene interaction (Parikh et al., 2016a; 2016b). However, our study finds duplicate gene action, a form of dominant epistasis to control resistance to PM in the pseudo-F2 population. 

Conversely, the importance of epistasis for quantitative traits has been debated since the nineteen-thirties, when fundamentals of quantitative genetics were established, and it is continued until today (Wright, 1931; Fisher, 1958; Carlborg et al., 2004; Mackay, 2014). Quantitative genetics defines epistasis as the gene interaction between genotypes at two or more loci (Cheverud and Routman, 1994; Falconer, 1996; Lynch and Walsh, 1998), but epistasis also refers to the moderation of the additive or dominant effects of the interacting loci, whereas it either enhances or suppresses a phenotype or changes the direction of the effect (Mackay, 2014). Genetic variance components such as additive, dominance, and epistatic variance depend on allele frequency. Recent years brought genetic technological advancements, which allowed for a better understanding of recombination frequency at a more refined genomic level in different species. Therefore, it has been found that recombination events do not occur randomly on the chromosome, and two patterns follow these events. The first is the presence of crossing-over interference, and the second is the existence of hotspots, representing narrow localizations of higher recombination magnitude (Hillers, 2004). Although different taxa have different mechanisms to control recombination frequency events, hotspots have been observed in plants (Choi and Henderson, 2015), fungal pathogens (Croll et al., 2015), yeasts (Gerton et al., 2000), mammals (Latrille et al., 2017) and birds (Singhal, et al., 2015). For instance, determining genetic variance is not crucial if the study aims to estimate heritability, predict phenotype among genetically correlated individuals, or estimate short-term population response to artificial or natural selection because these are mainly altered by additive variance. However, underlying gene interactions become essential if the goal is to explore gene interaction effects on genetic drift or inbreeding to quantitative traits (Mackay, 2014). Finally, comprehensive studies of model organisms demonstrated that quantitative genetic variation may be undetected and cannot be inferred from analyses of main effects, such as broad or narrow sense heritability (Gerton et al., 2000; Choi and Henderson, 2015, Croll et al., 2015, Singhai, et al., 2015; Latrille et al., 2017)

Complexity of dogwood cultivar development is impairing advanced genetic studies, linkage map construction, and genome-wide association studies due to the highly heterozygous and self-incompatibly outbreeding nature of flowering dogwoods. Furthermore, obtaining a classical dogwood F2 population is impossible and impractical (Reed, 2004). Therefore, few breeding strategies are applied in dogwood population development, such as pseudo-testcross, pseudo-F2, and even F1 population (considered as F2 due to high heterozygosity) (van der Voort et al., 1999; Verde et al., 2005; Lanteri et al., 2006; Lowe and Walker, 2006; Okogbenin et al., 2008; Wang et al., 2008; Honig et al., 2019; Wu et al., 2021). Pseudo-testcross is defined as a single full-sib population created by crossing two outbred parents in which one parent is heterozygous at one locus, and the other parent is homozygous at other loci (Grattapaglia and Sederof, 1994). This strategy is commonly used for QTL mapping; however, it employs markers only segregating in one parent (Cervera et al., 2001; Yin et al., 2004; Wu et al., 2010). The pseudo-F2 strategy was proposed by van der Voort et al. (1999) and allowed the construction of a linkage map for the yellow potato cyst nematode (Globodera rostochiensis) in combination with AFLP markers. Applying this strategy escapes the impracticality of creating F2 population in self-incompatible species or in species in which, homozygous lines are unavailable (Wang et al., 2009). In general, F1 progenies derived from a single progeny of a full-sib population are either selfed like in cassava (Manihot esculenta Crantz) (Okogbenin et al., 2008) or crossed to F1 breeding lines like in flowering dogwood (Wang et al., 2009) and switchgrass (Panicum virgatum L.) (Tornqvist et al., 2018). 

 Allele recombination is critical for the progress in genomic selection programs, whereas the resolution of genetic mapping and QTL analysis depends on recombination frequency. For instance, decreased recombination in a population will have a slower accumulation of advantageous mutations in evolving filial generations (Muller, 1964; Felsenstein, 1974). Parikh et al. (2016a; b) and Pfarr et al. (2022) considered their F1 population pseudo-F2 because of allele segregation from highly heterozygous parents; whereas Wang et al. (2008) created pseudo-F2 by crossing two F1 trees to, which showed genetic identity at a given locus.  

Inheritance of PM resistance in several other horticultural crops including apples (Malus domestica) (Sestras et al., 2011), gerbera (Gerbera hybrida) (Kloos et al., 2005), melons (Cucumis melo L.) (Angelov and Krasteva, 2000; Tetteh et al., 2013), sweet cherry (Prunus avium) (Olmstead and Lang, 2001), was reported to be monogenic. Powdery mildew resistance in mung bean (Vigna radiata Wilczek) is controlled by two dominant genes (Reddy et al., 1994). In contrast, Tiwari et al. (1997) described two single recessive genes to control PM resistance in Canadian pea (Pisum sativum L.) cultivars. Plant disease resistance is classified into two categories, qualitative and quantitative resistance. Qualitative resistance is controlled by a single resistance gene (R), including receptor genes. On the contrary, broad-spectrum resistance (BSR) and durable resistance (DR) is conferred by multiple genes or quantitative trait loci (QTL), and both are advantageous for crop improvement through breeding. BSR is defined as resistance against two or more pathogen species (including sometimes even the majority of races), whereas DR persists during prolonged times shaped by different environmental conditions (Johnson, 1981; Randall et al., 2005; Kou and Wang, 2010). 

 Multiple QTL associated with PM in C. florida have been identified in two published studies so far and had a variant effect on PM resistance (Parikh et al., 2017; Pfarr et al., 2022). Parikh et al. (2017) detected four QTL in three linkage groups (4, 8, and 9) with either minor or intermediate/major effects. QTL explaining less than 10% of phenotypic variance is considered minor, whereas QTL explaining more 10% phenotypic variance is considered major (Kou and Wang, 2010). Major QTLPM-3 (R2 = 12.48%, LOD = 4.5) and QTLPM-4 (R2 = 13.21%, LOD = 5.3) were either the same or co-linked due to their proximity (LOD peaks were 7 cM apart) (Parikh et al., 2017). Thus, QTL detected in their study explained only a small proportion of the total phenotypic variance, and additional genetic loci were identified in a study conducted by Pfarr et al. (2022). However, the two QTL detected on LG 3, QTLPM-5 (R2 =7.8%, LOD = 3.3) and QTLPM-6 (R2 =58.9%, LOD = 11.36), respectively, also might be at the same locus or co-linked due their similar locations. Interestingly, two QTL found in this study, QTLPM-7 (R2 = 19%, LOD = 3.6) and QTLPM-8 (R2 = 25.19%, LOD = 4.3), coincided with QTL on linkage group 8 and 9 previously published by Parikh et al. (2017). Negative additive effects of both QTL implied that heterozygotes (markers designated with the letter “C”) in the pseudo-F2 population had higher ratings than homozygotes (Wang et al., 2009), and similar results were found by Pfarr et al. (2022). Interestingly, although phenotypic data on PM resistance was collected over the six years (2017-2022), no significant QTL were detected in the following years: 2019, 2020, 2021, and 2022, which may be due to varying disease pressure followed by different environmental conditions such as the amount of rainfall and frost intensity. Latter, confirmed difficulties of working with the obligate parasitic nature of PM pathogens. Likewise, Pfarr et al. (2022) did not detect significant QTL in 2020 due to low disease pressure, whereas Parikh et al. (2017) had only one year of data collection. QTL detection is affected by numerous factors, such as population size, absence of genotypic replication due to difficulty in C. florida propagation, and the quantitative nature of PM disease resistance. For instance, Parikh et al. (2017) found only 41% of 105 tested SSR markers previously developed by Wang et al. (2009) to be polymorphic in their F1 populations containing 147 individuals. On the contrary, Pfarr et al. (2022) constructed the first two high-density C. florida linkage maps using double digest restriction-site associated DNA sequencing-derived (ddRadseq) single nucleotide polymorphisms (SNP), which yielded 2265 markers. However, the F1 H4AR15P25 x H4AR15P35 population had only 84 individuals compared to 196 of the F1 H4AR15P25 x H4AR15P28, whereas a major QTLPM-6 was found in H4AR15P25 x H4AR15P35 population. This study was the only one to employ a pseudo-F2 map population for QTL detection. However, due to harsh environmental conditions, shallow soil, deer grazing, and disease susceptibility to both PM and spot anthracnose, only 71 trees out of 94 genotyped were included in the study, which could have impacted the ability to detect additional QTL. Hence, to complement obtained results, we conducted additional studies, which included ddRadseq, and PM phenotyping of 140 individuals (data unshown). Still, we did not obtain the map that we anticipated, which could have been due to the following factors: the sample’s age, ddRadseq library preparation protocol, and sequence quality (data not shown).  

New emerging genotyping technologies such as Target SNP-seq combine multiplex PCR amplification and high throughput sequencing is leading to increased accuracy in SNP genome genotyping with high polymorphism and conserved flanking sequences (Zhang et al., 2020). Target SSR-seq is another advanced methodology involving X Ten platform to capture genome-wide SSRs with stable motifs and flanking regions (Yang et al., 2019). Implementing these and other methods, such as Ion Torrent (Zhang et al., 2017; Onda et al., 2018) and AmpSeq (Yang et al., 2016), lead the way to overcome some of the difficulties related to marker data generation indicated above.

To date, applied dogwood breeding relied on repetitive selection to improve quantitative traits of horticultural importance (Windham and Witte, 1998; Windham et al., 2003; Wadl et al., 2013; Molnar et al., 2017). Although, during the last decade, efforts were made to incorporate MAS into challenging dogwood breeding (Wang et al., 2008; Wang et al., 2009; Wadl et al., 2011; Wadl et al., 2014; Parkih et al., 2017; Yu et al., 2017; Pfarr et al., 2022). MAS employs a DNA marker strategy to detect the presence of new allelic combinations in the genes controlling traits of interest, such as BSR, DR, and tolerance to abiotic stress (Ribaut and Hoisington, 1988; Collard and Mackill, 2008; Xu and Crouch, 2008). Using DNA markers to detect QTL controlling important traits brought one of the most significant advances in the characterization of quantitative traits. However, confirming and validating QTL positions is crucial besides solely identifying QTL. QTL validation involves the application of markers within a 10 cM window spanning and flanking a QTL (Collard and Mackill, 2008; Yang et al., 2019; Zhang et al., 2020). Therefore, the next step towards applying MAS in dogwood breeding based on identified QTL (QTLPM-7 and QTLPM-8) associated with PM requires more studies with various breeding populations over several years to further verify identified QTL. 
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[bookmark: _Toc121475350][bookmark: _Toc121476622][bookmark: _Toc121478552][bookmark: _Toc121479473][bookmark: _Toc121479903]Table 2.1. Segregation data and proposed gene action for powdery mildew resistance in pseudo-F2 Cornus florida population over five years.


	Dates
	Total number (no.) of trees
	
Powdery mildew resistance
	
(1:1)
	P
value
	Proposed gene action

	
	
	
No. resistant
	
No. moderately resistant
	
No. moderately susceptible
	
No.
susceptible
	
	
	

	
2017
	
141
	
122
	
0
	
19
	
0
	9.4
	0.05
	Duplicate gene action (15:1)

	
	
	
	
	
	
	13.4
	0.01-0.05
	Dominant epistasis (12:3:1)

	
2018
	
141
	
126
	
6
	
7
	
2
	5.62
	0.05
	Duplicate gene action (15:1)

	
2019
	
141
	
87
	
34
	
17
	
3
	4.09
	0.05
	Duplicate gene action (15:1)

	
	
	
	
	
	
	4.1
	
	Dominant suppression epistasis (13:3)

	
2020
	
141
	
131
	
9
	
1
	
0
	
9.4
	
0.01-   0.05
	
Duplicate gene action (15:1)

	
2022
	
133
	
93
	
30
	
9
	
1
	
6.86
	
0.01-0.05
	
Duplicate gene action (15:1)
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Table 2.2. QTL statistics for two QTL detected in two consecutive years in Cornus florida, pseudo-F2 population mapping populations segregating for powdery mildew resistance.
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	Year
	LG
	Position (cM)
	LOD
	R2
	Marker
	Additive Effect

	QTLPM-7
	2017
	8
	43.6
	3.6
	19%
	CF696C
	-61.2

	QTLPM-8
	2018
	9
	49.7
	4.3
	25%
	CF290C
	-1.04
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[bookmark: _Toc121477972][bookmark: _Toc121479063][bookmark: _Toc121479811][bookmark: _Toc121479983][bookmark: _Toc121480907][bookmark: _Toc121481016][bookmark: _Toc121481302][bookmark: _Toc121514017]Figure 2.1. Symptoms of powdery mildew on Cornus florida pseudo-F2 individual tree originating from reciprocal crosses between breeding lines 96-6 and 96-7 (A) Merged white patches of mycelia and conidia on the adaxial leaf surface (B) Curled young and mature leaves in late summer.
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Figure 2.2. Charts for powdery mildew (PM) incidence over six years (2017-2022) in the Cornus florida pseudo-F2 population. 0 represented trees with no apparent disease symptoms and no colonies of PM detected on any leaves, 1 designated plants displaying up to 30 % symptomatic leaf area as light sporulation present on some leaves, 2 represented 30 to 60 % of colonies with moderate sporulation coalescing into large regions, and 3 represented 60 to100 % of abundant sporulation merged into large areas. 
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Figure 2.3. Cornus florida QTL with the largest effect were detected in LG 8 and 9 in two consecutive years, 2017 and 2018 (A) QTL on LG 8 associated with marker CF696C and further designated as QTLPM-7 (B) QTL on LG 9 associated with marker CF290C and further designated as QTLPM-8.
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Abstract

Powdery mildews (PMs) are highly specialized plant pathogens of many monocotyledonous and dicotyledonous plants including important crops such as cereals, grapevines, vegetables, and ornamental plants. Erysiphe pulchra Cooke & Peck is a prevalent powdery mildew pathogen of the most popular and economically important dogwood species, Cornus florida. Symptoms on flowering dogwood manifest as circular or irregular white patches consisting of mycelia and conidia on the adaxial leaf surface. Recessively inherited loss-of-function mutation in the gene Mildew resistance locus o (Mlo), initially discovered in barley, confers broad-spectrum powdery mildew resistance. Therefore, the early stages of PM infection are associated with increased transcript abundance of Mlo susceptibility genes, showing a peak six hours after inoculation. Thus, the youngest and fully developed green leaves of disease-free C.  florida cultivars Appalachian Blush (resistant), Cherokee Chief (resistance unknown), Cherokee Brave (moderate resistance), and Cloud 9 (very susceptible) were inoculated, and were collected 2-, 6-, 12- and 24-hours post-inoculation. Subsequently, RNA was extracted and prepared for RNA sequencing (RNA-Seq) according to quality requirements. Further downstream analysis for the RNA-Seq experiment for this study was impeded because of erroneous protein genome annotation containing stop codon sequences in the middle of protein sequences. Therefore, data will be reanalyzed upon the availability of a new reference genome for C. florida. Data analysis will include the following RNA-Seq pipeline framework: STAR for read alignment, HTSeq for the gene-specific count, DESeq2 for normalization, visualization, and differential analysis of count data, and Gene Ontology enrichment analysis to identify the functions and biological pathways involved in the differentially expressed genes. 
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Powdery mildew (PM) is a common disease of many monocotyledonous and dicotyledonous plants. Important crops, including cereals, grapevine, vegetables, and ornamental plants, are harmed by this disease (Agrios, 2005). These highly specialized plant pathogens are obligate biotrophic Ascomycetes in the order Erysiphales, which include eighteen genera and approximately 900 described species (Braun and Cook, 2012; Takamatsu,2013; Marmolejo et al., 2018). 

Erysiphe pulchra Cooke & Peck is an obligate biotrophic ascomycete, and although its life cycle consists of asexual and sexual stages, the asexual stage is crucial for successful disease development (Martinez-Cruz et al., 2014). Disease presence is easily identified by the formation of typical fungal structures such as circular or irregular white patches of mycelia and conidia on the adaxial leaf surface. The asexual stage comprises the following three developmental phases: (i) conidia germination and primary appressorium formation followed by cuticle and cell wall penetration, (ii) primary haustoria formation and cell accommodation, and (iii) conidia and conidiophores differentiation (Romero et al., 2008; Weβling et al., 2012). Conidia of E. pulchra (28.1 × 14.1μm) are single-celled, non-motile, ovoid to hyaline, and borne on conidiophores singly or in pseudochains (Li et al., 2005). However, only the initial phases of tissue colonization of E. pulchra were investigated in dogwoods. Conidia formed one to four primary tubes by 2 h after inoculation of the host plant, and primary appressorium developed only from one or two of the primary germ tubes. A penetration peg, established under the appressorium, breaks through plant cuticle and cell wall to form haustorium, a specialized feeding structure (Li et al., 2005). 

[bookmark: _Hlk12545212]Plants employ two cell defense mechanisms to impede pathogen attacks through both pathogen-induced and constitutive components. Pathogen-associated molecular patterns (PAMP), conserved molecular microbe features, are recognized by cell pattern recognition receptors (PRRs) and result in the activation of plant defense immunity, so-called PRR-triggered immunity (PTI) (Jones and Dangl, 2006). PAMPs trigger mitogen-activate of protein kinases (MAPKS), callose deposition, reactive oxygen species (ROS), and hydrogen peroxide generation (Jones and Dangl, 2006). ROS have direct microbial activity and restrict the pathogen invasion by moderating host cells' redox balance, thereby affecting cell signaling and regulatory functions. The recognition of pathogen effectors by plant resistance proteins, belonging to the polymorphic family of intracellular nucleotide-binding/leucine-rich-repeat (NB-NLR) receptors (Cui et al., 2015) activates the second mechanism of defense, the Effector-Triggered Immunity (ETI). ETI robustness is stronger compared with PTI, and it is correlated with a hypersensitive response (HR), a form of programmed cell death (PCD) (Cui et al., 2015). Plant response to PM pathogen penetration is followed by papilla formation, which is formed directly beneath the attempted fungal penetration site. These papillae are primarily composed of callose agglomerates (a β-1,3- glucan polymer) and other plant-derived components, such as cellulose, hemicellulose, pectin, hydroxyproline rich glycoproteins, hyperglycosylated arabinogalactan-proteins, and lignin (highly complex phenolic polymer) (Zeyen et al., 2002; Celio et al., 2004). However, infection and tissue colonization processes, such as fungal haustorial complex, have not yet been explored in flowering dogwoods. Moreover, PM pathogens penetrate the host cell wall either through enzymatic or mechanical power or both mechanisms to invaginate plant cell membranes and accommodate fungal infection structures (Green et al., 2002). In contrast, these mechanisms have not been elucidated in E. pulchra penetration of dogwood leaves. 

The best management strategy to tackle PM infections is the use of resistant cultivars (Windham et al., 2003; Li et al., 2009; Riaz et al., 2011), but dogwood cultivar development is dependent upon repeated selection for desirable traits, such as disease resistance, bract or foliage color, weeping habitat. Discovery of barley plant mutants displaying complete resistance to Blumeria gramins f.sp. hordei (Bgh) opened new opportunities to confer broad-spectrum resistance to PM pathogens eight decades ago (Freisleben and Lein, 1942). Further studies reported that recessively inherited loss-of-function mutation in the gene Mildew resistance locus o (Mlo) conferred resistance to barley plant mutants to essentially all Bgh isolates (Jorgensen, 1992; Büschges et al., 1997). The Mlo gene family codes for a plant-specific type of integral membrane protein harboring a C-terminal cytoplasmic calmodulin-binding domain conferring calcium-dependent calmodulin (Hückelhoven and Panstruga, 2011) with a consensus topology of seven transmembranes domains (Acevedo-Garcia et al., 2014). In planta, Fluorescence Resonance Energy Transfer experiments revealed that calmodulin binding to barley MLO increased ephemerally and locally at pathogen penetration sites between 14 and 24 h post-inoculation (Bhat et al., 2005), enhancing callose deposition, hydrogen peroxide bursts, and mesophyll cell death (Skou, 1984; Piffaneli et al., 2002).  

Forward genetic approaches and candidate gene testing, mainly applied in barley and Arabidopsis, allowed a better understanding of molecular components required for PM Mlo-resistance (Acevedo-Garcia et al., 2014; Collins et al., 2003). For instance, barley Ror2 and Arabidopsis PEN1 encode a t-SNARE (Soluble N-ethylmalemide-sensitive factor Attachment protein REceptor) protein member, which was suggested to form a SNARE protein complex, active in the secretion of antimicrobial compounds at fungal penetration sites (Collins et al., 2003; Meyer et al., 2009; Kwaaitaal et al., 2010).

 Other two PENETRATION genes, PEN2 and PEN3, encode atypical myrosinase and ATP-binding cassette multidrug transporter, respectively (Lipka et al., 2005; Stein et al., 2006). PEN2 and PEN3 were found to cofunction in the same pathway, whereas it was
[bookmark: _Hlk14094845]proposed that antimicrobial compounds such as indole glucosinolate, synthesized by PEN2 and transported by PEN3, kill the fungus at attempted penetration sites (Bednarek et al., 2009; Acevedo-Garcia et al., 2014). In contrast, the ectopic transient gene expression in single barley leaf epidermal cells indicated that calcium-dependent calmodulin binding to the calmodulin-binding domain residing in the carboxy-terminal region of the Mlo protein enhanced the susceptibility-moderating activity of the Mlo protein (Panstruga, 2004). Other biological functions attributed to Mlos are thigmomorphogenesis, fertilization, and the recognition of the mycorrhizal fungus Rhizophagus irregularis (Ruiz-Lozano et al., 1999; Jacott et al., 2020) and the endophytic fungus Serendipita indica (Hilbert et al., 2019). 

Mlo and its homologs have been studied in all major land plant lineages, and the most important agricultural and horticultural crops are apples (Malus domestica Borkh.) (Pessina et al., 2014), barley (Hordeum vulgare L.) (Jorgensen, 1992), grapevine (Vitis vinifera L.) (Feechan et al., 2008), pea (Pisum sativum L.) (Pavan et al., 2011), pepper (Capsicum annum L.) (Zheng et al., 2013), petunia (Petunia hybrida D. Don ex W. H. Baxter) (Jiang et al., 2016), poplar (Populus trichocarpa Torr. & Gray) (Filiz and Vatansever, 2018), rose (Rosa hybrida L.) (Kaufmann et al., 2012), strawberries (Fragaria x ananassa Duchesne) (Jiwan et al., 2013), sweet orange (Citrus sinensis L.) (Liu et al., 2017), tomato (Solanum lycopersicum L.) (Bai et al., 2008), wheat (Triticum aestivum L.) (Wang et al., 2014) and others. Moreover, transcript abundance of Mlo susceptibility genes in apple (Pessina et al. 2014), barley (Piffanelli et al., 2002; Piffanelli et al., 2004), grape (Feechan et al., 2008), pepper (Winterhagen et al., 2008), and tomato (Bai et al., 2008) is associated with early stages of PM infection with a peak about six hours post-inoculation.  

Until recently, phylogenetic analyses of MLO medium-sized plant-specific gene family have been restricted to some eudicots and monocots. Moreover, Kusch et al. (2016) defined seven MLO phylogenetic clades, encompassing nearly all major land plant lineages except ferns, whose genomes have not been published (Sessa et al., 2014). Clade I was the most ancient embryophyte MLO clade (Jiwan et al., 2013), whereas its role might be focused on root thigmomorphogenesis and other not elucidated functions in moss and non-seeded plants (Kusch et al., 2016). Furthermore, clades II and IV evolved next in plant evolution with a hypothesized role in seed evolution (Kusch et al., 2016). Clades III, V, and VI are thought to have evolved early in the angiosperm lineage and have been associated with flowering plants. However, Kusch et al. (2016) did not detect any monocot MLO protein belonging to clades V and VI, suggesting secondary loss of these clades in monocots (although grasses (Poaceae) were the only monocot representatives). Additionally, the function of clade IV MLOs appears to coincide with that of clade V MLOs. Hence, barley Mlo (HvMlo) and wheat (Tamlo1A, Tamlo1B, and Tamlo1D) mutant plants belonging to clade IV and Arabidopsis (AtMLO2) mutant plants from clade V share similar phenotypes. HvMlo, Tamlo1A, Tamlo1B, Tamlo1D, and AtMLO2 all display broad-spectrum PM resistance.

Mlo-based resistance is a durable defense mechanism against PM infections in monocotyledonous and dicotyledonous plants and widely employed by plant breeders (Kusch and Panstruga, 2017). Furthermore, identifying Mlo genes and developing DNA markers in flowering dogwood will facilitate cultivar selection for PM resistance, reducing the number of lines that need to be tested. Therefore, the main goal of this study was to identify and monitor Mlo and other candidate genes controlling early disease response to PM in flowering dogwood following E. pulchra inoculation in four cultivars, 'Appalachian Spring,' 'Cherokee Brave,' 'Cherokee Chief,' and 'Cloud 9' using RNA sequencing. 
[bookmark: _Toc117166867][bookmark: _Toc121821953]Material and Methods 
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The youngest and fully green leaves infected with powdery mildew were collected 2, 6, 12, and 24 hours from four C. florida, 'Appalachian Spring' (resistant to PM), 'Cherokee Brave' (moderately resistant), 'Cherokee Chief' (moderately susceptible) and 'Cloud 9' (susceptible). Leaves with adaxial surface up were inoculated by pressing leaf disks infected by sporulating PM onto the surface of the healthy leaf. All infected leaves were covered with plastic bags without touching the leaf surface. Before inoculation, disease-free trees were transferred to an isolated greenhouse during the experiment, spaced out, and were not moved until symptom manifestation. Symptomatic PM leaves that were used for inoculation were collected from trees, which were shaken to remove old conidia from colonies two days before using symptomatic leaves as a source of inoculum. The inoculum of E. pulchra was maintained in a greenhouse at the University of Tennessee, Knoxville. All trees were grown at the University of Tennessee Knoxville, USA greenhouses, and were 7-8 years old and disease-free at the onset of the study. 
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[bookmark: _Toc121821955]RNA Extraction and Sequencing 

RNA was extracted from 500 mg of frozen leaf tissue per sample, 2% cetyltrimethyl ammonium bromide (CTAB) solution, precipitated in 2 M LiCl following the instructions found in Zeing and Yang (2002). Leaf samples were homogenized using zirconia beads at 6 m/s, 30 sec in a Bead mill 24 (Fisher Scientific). Subsequently, total RNA integrity was assessed with Agilent 2100 Bioanalyzer system using the RNA 6000 Nano LabChip® kit (Agilent Technologies, Palo Alto, CA, USA). The 48 RNA samples from four flowering dogwood genotypes were submitted to Novogene (Sacramento, CA, USA) for library preparation and sequencing by an Illumina NovaSeq PE150, generating 150 bp paired-end reads. All genotypes had three biological replicates. 

[bookmark: _Toc117166870][bookmark: _Toc121821956]Quality Control

[bookmark: _Toc117166871]RNA-seq yielded approximately 20–37 million reads per library, which were subjected to error correction using Rcorrector (RNA-Seq error CORRECTOR) (Song and Florea, 2015). Read quality control was performed using FastQC v0.11.4 (Andrews, 2010). Adaptors, short (<30 bases), and low-quality reads were trimmed by skewer version v0.2.2 (Jiang et al. 2014). Subsequently, read quality control was reassessed using FastQC v0.11.4 (Andrews, 2010). 

[bookmark: _Toc121821957]Read Alignment and Gene Quantification

The annotated reference genome publication for flowering dogwood is not available; however, Bewick et al. (2020) made available C. florida genome, GFF, and other feature files, including gene, mRNA, and CDS sequences. Trimmed reads were mapped to C. florida fasta file using the read alignment tool STAR (Dobin et al., 2013). Aligned reads were used to generate a gene-specific count matrix across samples using a standalone script provided by HTSeq (Anders et al., 2015), which counts for the aligned reads mapped to the exons.

[bookmark: _Toc117166872][bookmark: _Toc121821958]Differential Expression Analysis and Functional Enrichment 

To identify Mlos, R genes and the nucleotide-binding site (NBS) and leucine-rich repeat (LRR) (NBS-LRR) genes involved in PM resistance, gene counts were analyzed for gene-level differential expression using DESeq2 (Love et al., 2014). This package provides an option to test differential expression by shrinking estimators of the negative binomial distribution. Count results from HTSeq were imported, specifying an experimental design that modeled the cultivar disease resistance/susceptibility as the effect of treatment while adjusting for cultivar and time point differences. The principal component analysis (PCA) used the first and second largest sample distances as the first PC and second PC. The Wald test was employed to identify differentially expressed genes (DEGs) between two sample classes, susceptible and resistant. Significantly DEGs were identified with fold change > 2 and adjusted p-value < 0.05 (log2FC 0) after multiple testing using the Benjamini-Hochberg method. Due to poor annotation of available genome and GFF files (Bewick et al., 2020), it was not possible to annotate DEGs. The software package Gene Filtering, Analysis, and Conversion (gFACs) v1.1.1 (Caballero and Wegrzyn, 2019), was used for annotation refining to improve the quality of final models and obtain nucleotide and amino acid fasta files. Subsequently, Eukaryotic Non-Model Transcriptome Annotation Pipeline (EnTAP) v0.10.8-Beta (Hart et al., 2018) was employed to strengthen functional gene annotation accuracy for de novo assembled transcriptomes in non-model eukaryote C. florida.  lead

[bookmark: _Toc117166873][bookmark: _Toc121821959]Reverse Transcription Quantitative PCR (RT-qPCR)

RNA from 48 samples used or RNA-Seq will be subjected to real-time qPCR analysis using QuantStudio™ 6 Flex (Applied Biosystems, Waltham, MA, USA). Primers consistently up-or downregulated candidate Mlos and R genes containing the nucleotide-binding site (NBS) and leucine-rich repeat (LRR) (NBS-LRR) genes involved in PM resistance will be designed based on C. florida. Primers will be designed using Primer-BLAST NCBI Genbank with amplification lengths between 70 and 200 bp. Samples will be subjected to PerfeCTa SYBR Green Fast Mix (Quantabio, Beverly, MA, USA). A total reaction volume of 20 μl will contain 1μl of previously diluted cDNA (1:10), 2 μl of gene-specific primers (1 μM each), and 12 μl of SYBR Green Fast Mix. Expression levels of mRNAs of interest will be normalized for the Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA levels. All samples will be run in three technical replicates, and no-template controls will be included in all plates. 
[bookmark: _Toc117166874]
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[bookmark: _Toc117166875][bookmark: _Toc121821961]Plant Materials and their resistance to PM   

[bookmark: _Toc117166876]Flowering dogwood's resistance levels to PM have been mainly evaluated in nurseries or greenhouses and were dependent on the season, climate, and stage of plant development (Hagan et al., 1998; Windham and Witte, 1998; Johnson et al., 2001; Mmbaga et al., 2004; Windham et al., 2005; Li et al. 2007). Histological studies of dogwood PM resistance showed initial unsuccessful fungal penetration and haustorium formation, thus, reducing pathogen infection potential and hindering conidia asexual reproduction (Li et al., 2007). 'Appalachian Spring' is a white-bracted cultivar considered highly resistant to dogwood anthracnose. Although it was found to be susceptible to dogwood PM (Hagan et al., 2011), this cultivar did not exhibit PM symptoms in the greenhouse under strong disease pressure; thus, we considered it resistant. 'Cherokee Brave' is the red-bracted cultivar with higher resistance to PM than other red-blooming C. florida cultivars. However, its resistance in the field is variable and varies from year to year on single trees (Windham et al., 1997; Windham et al., 2003; Windham et al., 2005). 'Cherokee Brave' trees occasionally manifested PM symptoms in the greenhouse. 'Cherokee Chief' is one of the most popular red-bracted dogwood cultivars and is moderately susceptible to PM (Hagan et al., 1998; Mmbaga et al., 2004). Similarly to 'Cherokee Brave' trees, 'Cherokee Chief' trees occasionally displayed PM symptoms in the greenhouse. 'Cloud Nine,' known for its profusion of overlapping white bracts is highly susceptible to PM (Mmbaga et al., 2004; Windham et al., 2005), and all individual trees in the greenhouse exhibited PM symptoms.  

[bookmark: _Toc121821962]RNA-Seq data analysis 

The Dogwood Genome Project was initiated in April 2015 (Leebens-Mack, 2021). However, to date, an accurately annotated genome has not been made publicly available (Bewick et al., 2020), thus, limiting genetic and genomic resources for flowering dogwood to the transcriptome (Yan et al., 2017). RNA is the key intermediate between the genome and the proteome, and the RNA-Seq approach became an integral approach to studying the identity and abundance of RNA. RNA-Seq is positioned as a widely used detection technique mainly for transcript quantification, although other uses emerged over time, such as targeted sequencing, single-cell analysis, and detection of isoforms and gene fusion (Hrdlickova et al., 2017; Srivastava et al., 2020). Simultaneously, accurate transcript quantification depends on a few computational aspects including the choice of alignment against transcriptome or genome and mapping methods. Reference genome availability sometimes significantly impacts results compared to read alignment to the transcriptome and allows for discovering new, unannotated transcripts. Recently, Srivastava et al. (2020) studied the accuracy of transcript quantification and the impact of mapping and found that performing spliced alignment to the genome and subsequently to the transcriptome produces divergent results than direct alignment against the transcriptome. 

Additional downstream analysis for the RNA-Seq experiment for this study was impeded due to erroneous protein annotation containing stop codon sequences in the middle of protein sequences (Bewick et al., 2020). Therefore, a research group from the University of Tennessee Knoxville initiated a new dogwood sequencing project, encompassing the sequencing of two flowering dogwood cultivars, 'Appalachian Spring' and 'Cherokee Brave,' respectively, using PacBio long-read sequencing technology. Hence, the following analysis segments will be repeated: read alignment and gene quantification, differential expression analysis, and functional enrichment once the genome annotation becomes available. The RNA-Seq pipeline will include bioinformatic tools, such as STAR, for accurate alignment of high-throughput RNA-seq to the genome (Dobin et al., 2013), HTSeq (Anders et al., 2015) to generate a gene-specific count matrix across samples using a standalone script provided, counting reads only mapped to the exons, and DESeq2 for normalization, visualization, and differential analysis of count data (Love et al., 2014), Gene Ontology enrichment analysis to identify the functions and biological pathways involved in the DEGs, Weighted Gene Correlation Network Analysis (WGCNA) used to identify modules of highly correlated genes based on the DESeq2 normalized gene expression (Zhang and Horvath, 2005; Langfelder and Horvath, 2008). 

[bookmark: _Toc121821963][bookmark: _Toc117166877]Validation of RNAseq by RT-qPCR 

To validate the expression of Mlos and R genes, candidate DEGs will be selected for RT-qPCR. R genes confer resistance to bacterial, fungal, and viral plant pathogens, nematodes, and aphids (Meyers et al., 1999; Ellis et al., 2000). They are characterized by the nucleotide-binding site (NBS) and leucine-rich repeat (LRR) (NBS-LRR) domains. For instance, Pm and Mla NBS-LRR encoding genes conferring resistance to PM were identified in barley (Halterman et al., 2001) and Run and Ren in grapevine (Goyal et al., 2020). Similarly, NBS-LRR genes are functionally involved in the defense response to fungi binding ADP, ATP, and adenylate cyclase activity (Marone et al., 2013). Solanum bulbocastanum Dunal, NBS-LRR RGA2, confers broad resistance to blight caused by Phytophthora infestans (Mont.) de Bary (Song et al., 2003), while RLM1A confers resistance to Leptosphaeria maculans (Sowerby) P. Karst causing black leg in rapeseed (Persson et al., 2009). Finally, further analysis will depend on DEGs obtained by this study. 
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Flowering (Cornus florida L.) and Asian dogwood (C. kousa F. Buerger ex Hance F) are two of the most attractive and economically compelling species among nursery growers and horticulturists. Their popularity resulted in the commercial release of more than 150 cultivars (Cappiello and Shadow, 2005; Wadl et al., 2014; Nowicki et al., 2020). Dark red bract or foliage display, resistance to pathogens, variegated foliage, and dwarf or weeping habit are among the most popular traits; however, most currently available cultivars do not possess a combination of desirable characteristics (Cappiello and Shadow, 2005; Wadl et al., 2014; Nowicki et al., 2020). Therefore, phytopathologists and plant breeders dedicate themselves to developing new cultivars to satisfy market demands and novel horticultural trends, which rely on repetitive laborious selection (Windham and Witte, 1998; Windham et al., 2003; Wadl et al., 2013; Molnar et al., 2017). However, dogwood cultivar development is a time-demanding undertaking mainly due to the following reasons: long juvenile period (3 to 5 years), self-incompatibility, inbreeding depression, and high susceptibility of flowering dogwood to powdery mildew (PM) and anthracnose (Gunatilleke and Gunatilleke, 1984; Ament et al., 2000; Reed, 2004; Wang et al., 2009; Hadziabdic et al., 2010; Hagan et al., 2011; Wadl et al., 2011; Mantooth et al., 2017). Applying genetics and genomics approaches can significantly facilitate and accelerate dogwood complex breeding; for instance, marker-assisted selection (MAS) uses a DNA marker strategy to target traits of interest. However, MAS application associated with bract color selection and PM resistance has been delayed because of the unavailability of resources and studies on molecular mechanisms underlying these processes in dogwoods. 

Hence, our RNA-Seq study on R2R3-MYB transcription factors (TF) controlling flavonoid pigment biosynthesis provides the first insights into genes orchestrating one of the best-studied biological processes in nature in C. florida and C. kousa. Candidate genes, CfMYB1 80 and CkMYB1, were found to be most likely involved in proanthocyanidin synthesis in flowering and Asian dogwood, respectively. Conversely, candidate genes CfMYB2, CfMYB3, and CkMYB2 repress anthocyanin and proanthocyanidin synthesis in flowering and Asian dogwood, respectively. Our results provided an essential foundation for further analysis of R2R3-MYB TF that may be responsible for anthocyanin and proanthocyanidins suppression or synthesis in mature bracts of C. florida and C. kousa. 

Erysiphe pulchra Cooke & Peck is a prevalent pathogen of flowering dogwood, which has challenged commercial production and caused devastating damage to single trees and entire populations since its introduction in the mid-1990 (Windham et al., 1997; Daughtrey and Hagan, 2001; Windham et al., 2003). The use of resistant cultivars (Li et al., 2009; Riaz et al., 2011) is the best disease management strategy, but molecular mechanisms involved in PM dogwood penetration and fungal cell accommodation have not been elucidated yet. Recessively inherited loss-of-function mutation in the gene Mildew resistance locus o (Mlo) granted resistance to the most important agricultural and horticultural crops in I was not able to do this with a new tree. PhyML has a few features. I will try to do it for the paper publication using Adobe software. all major land plant lineages (Kusch et al., 2016). Still, their role has, for the first time, been investigated in our RNA-Seq time-sensitive study, which aimed to identify and monitor Mlo and other candidate genes controlling early disease response to PM in flowering dogwood. Mlo-based resistance is a durable defense mechanism against PM infection, and completion of this study upon C. florida genome availability will allow DNA marker development and, subsequently, MAS or functional marker application in selection for PM-resistant dogwood cultivars. 

Lastly, we confirmed that PM is not inherited in a simple Mendelian manner by a single gene but by duplicate gene action, a form of dominant epistasis in the pseudo-F2 population developed by Wang et al., 2009. Moreover, we confirmed the presence of two quantitative trait loci (QTL) on chromosomes 8 and 9, designated as QTLPM-7 and QTLPM-8, which explained 19% and 25% of phenotypic variance. This study was the only one to employ a pseudo-F2 map population for QTL detection. Further QTL confirmation and validation will enable the application of the MAS strategy to select PM-resistant breeding lines more efficiently. 
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