
ABSTRACT 

REDPATH, LAUREN ELIZABETH. Genome-Wide Association Mapping of Fruit Quality-

Related Traits in a Diversity Panel of Blueberries. (Under the direction of Dr. Hamid Ashrafi and 

Dr. Thomas Ranney). 

Hidden in ornamental and non-cultivated species of blueberry are commercially 

important characteristics such as increased anthocyanin content in fruit, improved fruit firmness, 

and uniformity in flowering and fruiting. Recognizing these novel fruit and agronomic 

characteristics, the blueberry breeding program at North Carolina State University (NCSU) 

established an inter- and intraspecific hybrid population. My research leveraged this population 

to develop molecular breeding tools for implementation into the blueberry breeding program and 

acceleration of new commercial blueberry cultivar releases. Using flow cytometry, we selected a 

population of diverse tetraploid individuals, determining the genome size estimates of 

investigated genotypes. In a comprehensive analysis, my research evaluated over fifteen 

phenotypic traits for metrics including anthocyanins, color, firmness, flavor, flowering, and 

volume, for the ultimate goal of single nucleotide polymorphism (SNP) marker development for 

unique traits conferred by the hybridized native species in a genome wide association study 

(GWAS). In our analyses we reported on the different effects of environment, year, and harvest 

on the phenotypic measures. My research into these hybrids provides new information in 

blueberry genetics for desirable traits and provides a foundation for marker assisted selection. 

Through identification of these genomic regions, we can screen young blueberry plants for 

identical regions conferring these traits for selection purposes. Developing genomic tools for 

marker assisted selection of progeny, we can focus our research efforts on selected individuals, 

saving money, as well as considerable time and resources required for successful varietal release.
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BIOGRAPHY  

Since high school, my ambitions revolved around making an impact in the scientific 

community. While I was dedicated to biology, plant sciences were not the forefront of my 

studies as I graduated high school and moved into undergraduate levels of university. Attending 

the College of Charleston, my studies revolved around chemistry, molecular biology, and 

French. I participated in different research assistantships including organic chemistry 

emphasizing aldol and Claisen condensations, as well as micro-marine biology. I assisted in 

research for tetracycline resistance in intestinal bacteria in local marine worms, as well as the 

bacterial biosurfactantcy of different bacteria strains in various media. In between scientific 

studies, I explored language and cultural diversity through French language and Chinese 

language courses.  

In 2010, I received my undergraduate baccalaureate degrees in biology and French. Post-

graduation, I yearned for further cultural diversification; I moved to South Korea to teach 

English as a second language at Bongae Chodeunghaggyo, a rural elementary school. This 

experience is a pronounced one in my life, as it expanded my cultural horizon. I felt like an 

adventurer in an unknown world. This expansion came with a unique set of difficulties, 

compacted by the preclusion of the former comfort and utility of digital handheld devices. 

Patience, adaptation, and understanding were soft skills that were elevated to a whole new level. 

I developed both mentally and emotionally in this year. Following my tenure in South Korea, I 

continued my adventure teaching English as a foreign language in the Osaka suburbs of Japan at 

Shinonome Junior High School.  

During the following years in Japan, my yearning for mental stimulation and education 

began a slow crescendo. I first began by studying Japanese until I felt confident to take the N3 
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examination. Subsequent volunteer experience with local farmers and farmland rehabilitation 

following a typhoon, piqued my interest in investigating plant sciences. I then enrolled in 

distance education courses at North Carolina State University, attending recorded lectures, 

performing self-driven field trips, and reporting on viticulture and plant pathology projects. This 

avenue of science became a passion. It was an arduous task from foreign shores and being a self-

starter was a critical skill. I navigated a pathway to take the GRE, explore graduate school 

offerings, and apply in a country where this process was an anomaly.  

Attending the University of Georgia under Dr. Erick Smith, I investigated the cold 

hardiness of southern highbush blueberry floral buds. My research using thermal analysis and 

microscopic imaging established the lethal temperature of floral buds and floral organs from cold 

acclimation to budbreak in select cultivars. These research projects had significance to the 

blueberry grower community; earlier warmer temperatures signal deacclimation in blueberry 

floral buds, which lose hardiness and develop towards budbreak, leaving them susceptible to 

damage incurred from late spring freezes. Overall, this research informed growers on frost 

protection and resource management recommendations for blueberry crop production throughout 

dormancy. As I finalized my masterôs thesis, I realized that my ambition to contribute to the 

scientific community sought greater heights; I wanted to contribute on a larger scale with broader 

research impacts. 

Following my masterôs program, I leveraged my unique knowledge in blueberry, 

securing a position as a doctoral student under Dr. Hamid Ashrafi at North Carolina State 

University, wherein I had the opportunity to design my own project of study for my doctoral 

degree. I developed a project researching unique hybrid germplasm genetics that would have 

ramifications in commercial blueberry cultivation across multiple environments, as well as 
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breeding programs. The novel genetics and uncharacterized phenotypic traits of the hybrid 

germplasm, coupled with the lack of advanced molecular techniques, piqued my interest as an 

opportunity for greater scientific impact and a new adventure. Here my ambition was to be the 

foundation for the evolution and advancement of using molecular techniques to expedite 

selection and varietal development in blueberry breeding. My research sets the stage for 

advancement, though there are many steppingstones still in this path.  

As I conclude my doctoral program, the direction of my career goals is defined in terms 

of research focus and impact. Influenced by my doctoral research, I am interested in pursuing 

research in flowering crops and perennials with uncharacterized nutritional value and 

undiscovered traits. I see native species as a resource for discovering novel phenotypes that will 

have a greater impact on crop advancements, in addition to the incorporation of new traits with 

potential to open new or expand niche economic markets. In continuing my career as a plant 

breeder, I am aiming to not only improve quality and production of plants for human health, but 

also the industry.  
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CHAPTER 1: 

Nuclear DNA Contents and Ploidy Levels of North American Vaccinium Species and 

Interspecific Hybrids 

 

ABSTRACT 

Breeding strategies for improving blueberry (Vaccinium corymbosum and V. virgatum) 

cultivars often include introgressing regionally adapted species into the cultivated gene pools 

through interspecific hybridization. However, these approaches are complicated by variation in 

ploidy, triploid blocks and infertility, production of unreduced gametes, and aneuploidy. Having 

knowledge of ploidy and reproductive pathways in germplasm collections and breeding 

programs is foundational for developing breeding strategies, genome-wide association studies 

(GWAS), and genomic selection studies. The objective of this study was to use flow cytometry, 

k-mer distribution analysis, and known pedigree information to evaluate genome sizes (2C 

nuclear and 1Cx monoploid), and ploidy of diverse accessions from Vaccinium sections and 

species that comprise an inter- and intra-specific diversity panel (DP). Plants were sampled from 

the North Carolina State University blueberry breeding program and the National Clonal 

Germplasm Repository collections and included a DP of 251 accessions that are simultaneously 

being used for related genomic studies, in addition to 118 non-hybrid Vaccinium species across 

multiple sections. The nuclear DNA content was analyzed via flow cytometry. The mean (range) 

DNA content of diploid, tetraploid, and hexaploid reference species was 1.20 pg (0.99 pg in V. 
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crassifolium óWellôs Delightô to 1.41 pg in V. caesariense NC79-24), 2.37 pg (2.11 pg in V. 

corymbosum óConcordô to 3.01 pg in V. corymbosum DE599), and 3.64 pg (3.24 in V. 

constablaei NC83-21-2 to 3.80 in V. virgatum óPremierô and NC4790), respectively. Of the 358 

unique accessions analyzed for ploidy, 225 were tetraploid, 28 were diploid, 2 were triploid, 77 

were pentaploid or aneuploid with 2C values between tetraploid and hexaploid values, and 26 

were hexaploid. Pedigree analysis of hybridization in the tetraploid accessions primarily 

consisted of interspecific crosses within tetraploid species or between diploid and tetraploid 

species producing tetraploid offspring. Diploid species that readily hybridized with tetraploids, 

producing tetraploids, included V. caesariense, V. darrowii, V. elliottii, V. ovatum, V. pallidum, 

and V. tenellum, indicating that they produce unreduced gametes. Tetraploid hybrid pedigrees, 

which involved hexaploid crosses within three prior generations, had a 2C value range between 

2.22 pg and 2.59 pg. Anticipated pentaploid 2C DNA content is ~3 pg; however, the interspecific 

pentaploid and aneuploid progeny 2C DNA content ranged from 2.61 pg to 3.15 pg. We 

speculate some of these progeny to be near tetraploids with extra chromosomes from hexaploid 

progenitors. Further karyotyping of these individuals is necessary to ascertain aneuploidy 

anomalies. This research provides an expanded knowledge base of genome sizes, ploidy, and 

reproductive pathways for diverse species and hybrids to enhance future breeding, improvement, 

and the genomic study of blueberry. 

 

INTRODUCTION  

The tetraploid Vaccinium corymbosum (L.) has been the primary species contributor to many 

blueberry cultivars (2n = 4x = 48). In the early days of blueberry breeding, (1910s) Dr. Frederick 

Coville utilized elite, wild selections of V. corymbosum to create the foundational breeding lines 
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and introduced cultivars, including óBrooksô, óSooyô, and óRubelô (Ehlenfeldt, 1994). These V. 

corymbosum ï derived cultivars, which have about 1,000 hours of chilling required prior to 

spring budbreak and became known as northern highbush blueberries (NHB). To better enhance 

southern adaptability, NHB were hybridized with native southern Vaccinium species, including 

V. darrowii Camp (2n = 2x = 24), V. elliottii Chapman (2n = 2x = 24), V. pallidum Aiton (2n = 

4x = 48), V. simulatum Small (2n = 4x = 48), V. tenellum Aiton (2n = 2x = 24), and V. virgatum 

Aiton (2n = 6x = 72), which have native geographic ranges in Louisiana, Florida, Georgia, and 

South Carolina, in addition toV. myrtilloides Micheaux (2n = 2x = 24), a native low bush species 

found in the northern latitudes, giving rise to southern highbush blueberries (SHB) (Ballington, 

2009; Draper, 1997; Lyrene, 2006; Sharpe, 1953). Interspecific hybridization has created novel 

phenotypic traits in SHB, including evergreen foliage and improved adaptability to southern 

climates resulting in an expanded range of blueberry production in the south (Ballington, 2009).  

Interploidal crossing has long been feasible with initial efforts and documentation predating the 

mid-twentieth century (Darrow and Camp, 1945). Though interploidal hybridization is feasible, 

the most productive crosses are between diploid × hexaploid and tetraploid × hexaploid species. 

Comparatively, both triploids and tetraploids can be produced from diploid × tetraploid crosses; 

however, triploids produced from diploid × tetraploid are infrequent due to a triploid block in the 

majority of Vaccinium species (Darrow et al., 1944; K. Ehlenfeldt and Ballington, 2017). 

Furthermore, triploid genotypes typically suffer from low fertility rates in subsequent crosses 

(Dweikat and Lyrene, 1988; Norden et al., 2020). Tetraploids are more frequently produced from 

diploid × tetraploid crosses than are triploids. The tetraploids are usually the result of unreduced 

gametes from the diploid parent (Megalos and Ballington, 1988). Interploidal hybridization of 

NHB with diploid species is facilitated by chromosomal doubling through either native 
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production of unreduced gametes or chemical treatment of colchicine or oryzalin. Normal 

meiotic events in a diploid Vaccinium plant produce four haploid pollen grains (n = x = 12), 

forming a pollen tetrad; unreduced pollen grains form a dyad wherein both pollen grains have 

two complete chromosomal sets (2n = 2x = 24) (Ortiz et al., 1992a; Qu and Vorsa, 1999). While 

native production of unreduced gametes occurs at a low frequency in many native diploid 

Vaccinium species, the production of unreduced gametes enables hybridization with receptive 

tetraploid species. Among studied diploid Vaccinium species V. boreale (Hall and Aalders), V. 

darrowii, V. elliottii, V. myrtilloides, V. pallidum, and V. tenellum, average unreduced pollen 

gametic frequency ranges between 9.9% (V. myrtilloides) and 16.35% (V. darrowii) (Ortiz et al., 

1992b). Low frequency of unreduced gamete production necessitates an increased number of 

crosses to produce hybrid tetraploid progeny; moreover, not all native diploid species or 

genotypes within a species produce unreduced gametes. Therefore, an alternative method is to 

induce polyploidy, using mitotic inhibitors, in Vaccinium species that do not natively produce 

unreduced gametes. Induced tetraploids can be crossed with V. corymbosum and other tetraploid 

Vaccinium species to make interspecific or intersectional hybridizations possible (Perry and 

Lyrene, 1984; Tsuda et al., 2012).  

 

The ploidy of select Vaccinium species and interspecific hybrids has been primarily determined 

through cytology and chromosome counting in microspore-mother-cells of inflorescence bud 

tissue (Longley, 1927). Additionally, a few studies in select Vaccinium genotypes utilized the 

root tips of seedlings and shoot apices from mature plants to determine chromosome number 

(Atkinson et al., 1995; Suda and Lysák, 2001). Cytological methods are arduous because 

Vaccinium chromosomes are 1.5-2.0 µm in size, which present challenges in chromosome 
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counting at higher ploidy levels and hybrid aneuploid chromosomal determination (Hall and 

Galletta, 1971). Flow cytometry is an alternative method for nuclear DNA content determination 

and ploidy level estimation and produces rapid and reliable results. Furthermore, flow cytometry 

is not reliant upon the plant developmental stage and is effective with either young leaf tissues or 

dormant inflorescence bud tissues (Costich et al., 1992; Miyashita et al., 2012).  

With the advent of next-generation sequencing (NGS) technologies, the size of genomes can be 

estimated by computational biology tools such as BBNorm (Bushnell, 2018), GenomeScope 

(Ranallo-Benavidez et al., 2020a), and FindGSE (Sun et al., 2018) which provide estimates of 

genome size and Jellyfish (Marçais and Kingsford, 2011) or KAT (Mapleson et al., 2017) that 

calculate K-mer frequencies. Although computationally, sequencing data of any organism with 

any ploidy level can be analyzed by GenomeScope v2.0, using this tool for polyploid Vaccinium 

species genomes was inconsistent with the results obtained from diploid Vaccinium species.  

K-mer distribution is a set of possible subsequences of length k that are contained within a given 

sequencing read. Analysis of k-mer distribution provides a robust and straightforward method for 

estimating the genome size by utilizing whole-genome raw sequencing reads (Liu et al., 2013). 

Once the k-mer frequency distribution is generated from the raw sequencing reads, the genome 

size can then be approximated by the total number of k-mers divided by sequencing coverage.  

The objective of this research was to use flow cytometry in conjunction with known pedigree 

information to assess the nuclear DNA contents and ploidy levels of various accessions from 

Vaccinium sections, species, and an inter- and intraspecific diversity panel (DP) of blueberry 

used at NC State blueberry breeding program and USDA-ARS National Clonal Germplasm 

Repository (NCGR, Corvallis, OR).  
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MATERIALS AND METHODS  

Plant Materials  

Dormant inflorescence bud tissues were collected from two locations, North Carolina State 

University (NCSU) Sandhills Research Station (Jackson Springs, NC) and USDA-ARS (NCGR 

Corvallis, OR). The DP is composed of 369 unique genotypes (199 from Jackson Springs, and 71 

from Corvallis). Of these, 125 were released cultivars (24 planted in Jackson Springs, 101 

planted in Corvallis). A total of 118 genotypes were selected to describe 27 different Vaccinium 

species across 9 sections. The remaining genotypes in the DP included interspecific accessions 

and complex crosses that are being used in the NCSU blueberry breeding program.  

Dormant inflorescence buds were excised, wrapped in moistened Kimwipe, and placed in a 2 mL 

tube for transport and subsequent processing. Tissue from the USDA-ARS NCGR was shipped 

overnight to the NCSU Mountain Horticultural Crops Research and Extension Center (Mills 

River, NC) for next-day flow cytometry analysis.  

 

Flow Cytometry  

Individual inflorescence bud tissue was analyzed in triplicate for each plant genotype. Pisum 

sativum (L.) óCtiradô [8.76 pg/2C; (Greilhuber et al., 2007)] served as an internal reference for 

genome size estimation. Approximately 50 mg of fresh tissue from each Vaccinium genotype and 

P. sativum were chopped together with a razor blade in 500 µL of nuclei extraction buffer 

(Partec CyStain PI Absolute P Nuclei Extraction Buffer, Sysmex Partec, Görlitz, Germany) 

before the addition of nuclei staining buffer (CyStain PI Absolute P, Sysmex Partec) solution. 

The staining buffer was comprised of 2 mL staining buffer, 12 µL propidium iodide, and 6 µL 
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RNase, extrapolated to the number of samples. The solution was filtered through a 50 µm nylon-

mesh filter into 3.5 mL plastic tubes and incubated for a minimum of 1 hr.  

The DNA content of the stained nuclei was measured after incubation using a Partec PA-II flow 

cytometer (Partec GmbH, Germany). Nuclear counts exceeded 10,000 cells per sample. The 

genome size of each genotype was calculated as: 2C sample DNA content = 8.76 pg × (mean 

fluorescence value of Vaccinium genotype/ mean fluorescence value of P. sativum óCtiradô). 

Species and cultivars of known ploidy were used as external standards for genome size 

reference. Average monoploid genome size (1Cx value) was calculated as the sample 2C DNA 

content divided by the sample ploidy. Data were analyzed through Proc GLM, and Tukeyôs HSD 

means separation (SAS Foundation 9.4, Cary, NC)  

 

K-mer analysis  

Nineteen selected accessions comprising twelve species from the DP were sequenced to 10-50X 

monoploid depth coverage using Illumina paired-end short-read sequencing technology (Young, 

2019). The Illumina raw reads were further curated to remove low-quality reads and 3ô adapter 

contamination using CLC Genomic Workbench Ver 20.0 (https://digitalinsights.qiagen.com). 

Clean reads from each sample were used for k-mer counting using Jellyfish 2.2.7 (Marçais and 

Kingsford, 2011). The k-mer size of 21 on both strands with the ójellyfish count -m 21 and ïCô 

command. The Jellyfish count output was then exported to k-mer histogram using the ójellyfish 

histoô command.  

The k-mer histogram file was used as an input file for the GenomeScope v2.0 web interface to 

calculate the genome size (Ranallo-Benavidez et al 2020). Histograms produced by 
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GenomeScope v2.0 were analyzed using parameters including, k-mer length of 21, and default 

settings of no maximum k-mer coverage (maximum k-mer coverage = -1) and no average k-mer 

coverage of polyploid genome (average k-mer coverage of polyploid genome = -1). For species 

with high heterozygosity and low sequencing depth, the GenomeScope was unable to discern the 

heterozygous peak from the single copy peak. In such cases, we manually calculated the genome 

size from the Jellyfish histo file using R software package as suggested by Liu et al 2013.  

 

RESULTS 

Sectional and species-specific variation  

A total of 27 Vaccinium species from 9 sections and 251 inter and intra-specific hybrid 

genotypes were included in this study. The relationship between genome size and ploidy level 

was established and calibrated for accessions with documented chromosomes determined with 

cytology. Furthermore, V. fuscatum, V. ovalifolium, and V. pallidum natively exist at multiple 

ploidy levels (Kloet and Lyrene, 1987; Sakhanokho et al., 2018). The different ploidy levels 

within these species were used as a genome size reference value and ploidy level ratio for ploidy 

estimation for interspecific hybrid genotypes in this study; wherein the genome size of 

tetraploids V. fuscatum and V. pallidum is twice the genome size of their diploid counterparts. 

We additionally identified multiple ploidy levels of V. simulatum. Genome sizes (2C) for 

Vaccinium species ranged from 0.99 pg (V. crassifolium, óWellôs Delightô) to 1.41 pg (V. 

caesariense, NC79-24) within diploid species, 2.11 pg (V. corymbosum, óConcordô) to 3.01 pg 

(V. corymbosum, DE599) within tetraploid species, and 3.24 (V. constablaei, NC83-21-2) to 3.80 

pg (V. virgatum, óPremierô and NC4790) within hexaploid species (Table 1.1).  
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V. fuscatum included cytotypes at the diploid (1.16 ± 0.03 pg) and tetraploid (2.36 ± 0.03 pg) 

levels (Table 1.1, Table 1.2). Similarly, both V. pallidum and V. simulatum contained cytotypes 

at the diploid and tetraploid levels. The 2C-values for diploid genotypes of V. pallidum and V. 

simulatum were 1.27 ± 0.06 pg and 1.20 ± 0.01 pg, respectively, while tetraploid 2C-values for 

accessions from these two species averaged 2.49 ± 0.05 pg and 2.52 ± 0.07 pg, respectively. 

While increasing the ploidy level from diploid to tetraploid doubled the 2C value, the monoploid 

1Cx value exhibited minimal variation across the different ploidy levels of V. fuscatum, V. 

pallidum, and V. simulatum (Table 1.1, Table 1.2). V. ovalifolium genotypes were found at both 

diploid (1.02 ± 0.08 pg) and hexaploid (3.58 ± 0.08 pg) levels. V. ovalifolium genotypes used in 

this study were collected in the northwest United States (PI 413665) and the Russian Federation, 

in Sakhalin (PI 638403), and are maintained at the NCGR.  

Monoploid genome sizes (1Cx value) were significantly different between sections. Section 

Vaccinium, containing the species V. uliginosum, had the largest monoploid genome size at 0.67 

± 0.02 pg, which was significantly larger than that in all other sections except for Cyanococcus 

and Hemimyrtillus (Table 1.2). Section Herpothamnus, consisting of V. crassifolium, had the 

smallest monoploid genome size at 0.52 ± 0.01 pg.  

Within section Cyanococcus, V. boreale genotypes had the lowest 1Cx values (< 0.55 pg), 

whereas V. angustifolium and V. caesariense had higher average 1Cx values (Ó 0.65 pg) (Table 

1.2). Overall, species including V. boreale (section Cyanococcus), V. crassifolium (section 

Herpothamnus), and V. stamineum (section Polycodium) had 1Cx values less than 0.55 pg and 

the smallest monoploid genome size averages. V. angustifolium (section Cyanococcus), V. 

caesariense (section Cyanococcus), and V. uliginosum (section Vaccinium) had the highest 

species 1Cx value averages (Ó 0.65 pg), significantly higher than ten other species in this study 
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(Table 1.2). Genotypes including V. angustifolium, PI 666760 (Campobella Island, NB) and V. 

caesariense, PI 554881 (NC79-24) had monoploid genome sizes > 0.70 (Table 1.1).  

 

Interspecific diversity panel  

Of the 251 studied interspecific hybrids (composed of <80% V. corymbosum), 4 of the hybrids 

were diploid, 1 was triploid, 191 were tetraploid, 18 were pentaploid, 3 were hexploid, and 34 

were plausible aneuploids. There were significant differences between estimated genome sizes of 

the studied genotypes, both between ploidy levels and within ploidy levels (P < 0.0001). Overall, 

the 2C value ranged from 1.12 Ñ 0.07 pg in diploid óNC3091ô, to 4.12 Ñ 0.07 pg in óNC5074ô, a 

proposed aneuploid (Table 1.3). Within tetraploids, the 2C value ranged from 2.04 ± 0.07 pg in 

óNC4511ô to 2.82 Ñ 0.07 pg for óSunshine Blueô. Hexaploid genotype genome sizes ranged from 

3.56 Ñ 0.07 pg (óNC5083ô) to 3.70 Ñ 0.05 pg (óNC2105ô) (Table 1.3). Individual pedigrees were 

referenced to determine the probable pentaploid blueberry genotypes containing 50% hexaploid 

and 50% tetraploid parentage. Known pentaploids, including óRobesonô and óHeintoogaô, were 

used as an external reference for genome size comparison (J R Ballington Pers. Comm.) 

(Ballington, 2005, 2016). Genotypes developed from tetraploid-hexaploid crosses, denoted by 2n 

= 5x = 60 and 2n = 5x* = ND (not defined; ND) ranged from 2.75 Ñ 0.07 pg (óNC4169ô) to 4.12 

Ñ 0.07 pg (óNC5074ô) in genome size. óNC5074ô, along with óNC5076ô, and óNC5077ô were 

developed from óNC3325ô (2n = 4x = 48) and óNC2140ô (2n = 6x = 72); however only óNC5074ô 

exceeds pentaploid genome size expectations. Pedigree evaluation of mixed ploidy level and 

fertile pentaploid crosses and backcrosses to tetraploid or hexaploid parents were used as a basis 

for establishing plausible aneuploids. Aneuploid genotypes composed of >50% hexaploid 

species ancestry are denoted as 2n = 5x+ = ND, with a corresponding nuclear DNA content that 
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ranged from 3.02 Ñ 0.06 pg (óNC4736ô) to 3.79 Ñ 0.06 pg (SHF1C2-3:24). Genome sizes of 

individuals composed of >50% tetraploid species ancestry, denoted as 2n = 4x+ = ND, ranged 

from 2.36 Ñ 0.07 pg (óNC4738ô) to 2.78 Ñ 0.05 pg (óNC2672ô).  

The increasing percentage of hexaploid species introgression had a moderate correlation (R = 

0.60) with increased genome size among aneuploids (Figure 1.1). Of the 51 evaluated pentaploid 

and plausible aneuploid genotypes, 26 genotypes had known hexaploid V. virgatum or V. 

constablaei species in their pedigree, constituting Ò 25% of their pedigree species composition. 

These genotypes ranged from óNC4738ô with a genome size of 2.36 Ñ 0.07 pg and 14% 

hexaploid species introgression to óSHF1C2-3:24ô with a genome size of 3.79 Ñ 0.06 pg and 

12.5% hexaploid species introgression. Only probable pentaploids, óNC4612ô and óNC5101ô, had 

no hexaploid species introgression with the predominant background species consisting of V. 

darrowii and V. corymbosum (Table 1.2). Ten aneuploid genotypes containing pedigrees with > 

50% V. virgatum or V. constablaei had genome sizes ranging from óNC4824ô (75% hexaploid 

introgression) with a genome size of 3.25Ñ 0.05 pg to óNC4954ô (75% hexaploid species 

introgression) with a genome size of 3.63 ± 0.07 pg.  

Sections represented in the DP included Herpothamnus, Vaccinium, and Pyxothamnus. Section 

Herpothamnus included a single diploid hybrid with V. crassifolium (óNC3091ô), which had a 

genome size of 1.12 ± 0.07 pg. Similarly, two genotypes involving V. uliginosum (PI 554865, cv. 

óAronô and PI 618067, an F2 hybrid between V. corymbosum and V. uliginosum, R1P10) from 

section Vaccinium was included in the panel. The genome size of the Cyanococcus-Vaccinium 

intersectional hybrids were 2.49 ± 0.07 pg and 2.65 ± 0.07 pg for PI 554865 and PI 618067, 

respectively. Section Pyxothamnus included hybrids with V. consanguineum and V. ovatum. The 

average nuclear genome size had a wide range from 2.35 ± 0.07 pg (SHF2B3-14:38) to 2.94 ± 
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0.07 pg (SHF1A1-5:65) within V. consanguineum hybrid genotypes; óNC3048ô, the single V. 

ovatum hybrid genotype, had a nuclear genome size of 2.33 ± 0.07 pg. While hybrid genotypes 

involving the parents óNC4301ô [V. consanguineum × NC1872 (V. corymbosum)] and óNC5141ô 

[V. consanguineum Ĭ óSunshine Blueô (V. corymbosum)] had no history of hexaploid ancestry, 

the subsequent generations had nuclear genome sizes larger than tetraploid nuclear genome size 

expectations. In comparison to evaluated pentaploid hybrids, genotypes containing V. 

consanguineum had a smaller nuclear genome size.  

There were significant differences in monoploid genome size across all interspecific hybrids (P < 

0.0001). Between ploidy levels, only interspecific pentaploid genotypes had a significantly 

higher monoploid genome size compared with diploid interspecific hybrids. Across genotypes, 

óNC4511ô and óNC5077ô had the smallest and largest monoploid genome sizes (1Cx value) at 

0.51 ± 0.01 pg and 0.73 ± 0.01 pg, respectively (Table 1.3). óNC4511ô was derived from 

tetraploid progenitorsô óSunshine Blueô and óLegacyô, while óNC5077ô is a pentaploid derived 

from tetraploid, V. corymbosum syn. V. formosum (óNC3325ô) crossed with hexaploid V. 

virgatum (óNC2140ô).  

Of the studied species, V. uliginosum (section Vaccinium) was among the largest reported 

monoploid genome size, > 0.67. The nuclear and monoploid genome sizes of V. uliginosum 

hybrid genotypes were higher than that of average tetraploid species, and intermediate between 

the two parental genotypes. The V. consanguineum species had a monoploid genome size of 0.57 

± 0.01 pg, slightly lower than that of V. corymbosum (0.57 ± 0.01 pg). This was consistent in 

SHF2B3-14:38, derived from V. consanguineum parent, óNC5141ô, which had a monoploid 

genome size between V. corymbosum and V. consanguineum of 0.58 ± 0.01 pg. Other derivatives 

of V. consanguineum, óNC4301ô, had non-estimable monoploid genome sizes due to their larger 
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than expected estimated genome size, as a possible result of unreduced gametes. However, the 

intersectional hybrids of Cyanococcus-Pyxothamnus involving V. ovatum had a monoploid 

genome size of <0.60 pg. Accession óNC3048ô is an amphidiploid [(complex V. darrowii, V. 

caesariense, and V. corymbosum) × V. ovatum] with a monoploid genome size of 0.58 ± 0.01 pg 

(Table 1.3). Thus, its genome size is larger than that of the V. ovatum parent and lower than the 

genome size of the complex V. corymbosum parent average while being intermediate between 

the two parental sections and species. Sections Cyanococcus and Herpothamus have significantly 

different monoploid genome sizes; Cyanococcus-Herpothamnus intersectional hybrid óNC3091ô 

containing V. crassifolium ancestry had a monoploid genome size of 0.56 ± 0.01 pg, a size that is 

intermediate between that of the Cyanococcus and Herpothamus sectional averages.  

 

K-mer analysis  

In GenomeScope v2.0 analysis, two k-mer coverage peaks are observed in diploid Vaccinium 

species; however, in select diploid Vaccinium species, including V. ovatum and V. stamineum, 

separation of these peaks was not discernable. While GenomeScope v2.0 is designed for use in 

both diploid and polyploid species, in our experience, it did not accurately report haploid genome 

size in Vaccinium. The investigated diploid Vaccinium species estimated haploid genome size 

reported by GenomeScope v2.0 was significantly correlated with the haploid genome size 

estimated through flow cytometry (r = 0.74; P < 0.005) (Figure 1.2).  
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DISCUSSION 

These results show small but significant variations in monoploid genome size among different 

sections and species of Vaccinium sp., as well as nuclear DNA content between different 

genotypes within a ploidy level. Section Vaccinium had the highest monoploid genome size, 

22% higher than section Herpothamnus, suggesting an intermediate monoploid genome size of 

intersectional hybrids. Species within a section did not have significantly different monoploid 

genome sizes, with the exception of section Cyanococcus, which contained both V. caesariense 

and V. boreale which corresponded to the highest and lowest studied monoploid genome sizes, 

respectively. Within a ploidy level, there were significant differences between genotypes; at the 

diploid level V. uliginosum (section Vaccinium) had a nuclear genome size that was 23% greater 

than that of V. ovalifolium; at the tetraploid level, only V. angustifolium (section Cyanococcus) 

had a genome size that was 12% greater than that present in V. consanguineum (section 

Pyxothamnus); at the hexaploid level, V. virgatum (section Cyanococcus) showed a genome size 

content that was 9.5% greater than that of V. constablaei (section Cyanococcus).  

Within a species, the reported monoploid genome size (1 Cx value) was consistent across ploidy 

levels for V. fuscatum, V. pallidum, and V. simulatum, whereas V. ovalifolium monoploid 

genome size was significantly different between ploidy levels. Nuclear DNA content and ploidy 

levels were highly correlated within each species (R2 > 0.90; p <0.0001). Evaluation of nuclear 

DNA content multiplication in multiple genotypes of V. fuscatum, V. ovalifolium, V. pallidum, 

and V. simulatum established diploid-tetraploid and diploid-hexaploid genome size relationships, 

wherein the genomic content was doubled between diploid and tetraploid ploidy levels. 

Supporting these findings, select Vaccinium species in section Cyanococcus produce natural 

unreduced gametes at a higher frequency, including V. angustifolium, V. corymbosum, V. 
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darrowii, and V. pallidum, resulting in autotetraploidization through sexual polyploidization 

(Ortiz et al., 1992a; Ortiz et al., 1992b). The observed 2-fold increase in nuclear DNA content is 

consistent with the observed cytometric doubling of the relative fluorescence intensity between 

non-treated and colchicine-treated diploid V. arboreum (Haring and Lyrene, 2009). Our findings 

of nuclear DNA content are consistent with previous reports of cytometric doubling between 

ploidy levels of diploid and tetraploid V. pallidum and V. arboretum (Sakhanokho et al., 2018). It 

is important to note that there are no known diploid V. simulatum genotypes. The V. simulatum, 

PI 657224, evaluated in this study was wild-collected and maintained by the NCGR; while 

sampling and species misidentification errors are plausible, species and genotype sequencing are 

necessary to further clarify the relationship of PI 657224 to other V. simulatum genotypes at 

NCGR. Previous studies have ascertained diploid, tetraploid, and hexaploid ploidy levels of V. 

ovalifolium collected from Alaska, Canada, and Russia (Hummer K.E. et al., 2015). The 

disparity in monoploid genome size that we observed between diploid and hexaploid levels of V. 

ovalifolium may be attributed to differences in geographic separation and evolutionary 

divergence caused by the duration of separation between the cytotypes. Hexaploid V. ovalifolium 

genotype, PI 638403, was collected in in Sakhalin, in the Russian Federation, whereas the 

diploid V. ovalifolium genotype, PI 613665, was collected in the northwest United States. Further 

cytometric evidence of additional V. ovalifolium genotypes collected in a diverse location is 

necessary to further understand the genome size relationships of this species across multiple 

ploidy levels and geographic regions. Additionally, sequencing may identify regions of similarity 

and whether the disparity in the expected tripled genome size and actual nuclear genome size of 

PI 638403 can be attributed to an increased number of transposable elements.  
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There were significant differences in nuclear DNA content between species within section and 

ploidy level. Section Cyanococcus presented the most extensive range of taxa, ploidy levels, 

variation in nuclear DNA content, and accordingly the most remarkable variation between 

genotypes with diploid (24.8%), tetraploid (29.9%), and hexaploid (14.7%) ploidy levels. The 

nuclear DNA content of the diploid taxa had 29.8% variation between species across sections, 

ranging from 0.99 ± 0.04 pg in V. crassifolium cv. óWellôs Delightô of section Herpothamnus to 

1.41 ± 0.07 pg in V. caesariense in section Cyanococcus. Contrary to previous studies, we 

observed a reduction in variation in the monoploid genome size and nuclear DNA content with 

increasing ploidy levels within Vaccinium species from diploid (29.6%) to tetraploid (29.3%) 

and hexaploid (14.3%) levels (Sakhanokho et al., 2018). Variation in cytometric results among 

studies can be attributed to variations in tissue type, growing environment, fluorochrome, and 

internal standard. In this study, we used Pisum sativum óCtiradô as an internal standard, whereas 

previous studies have utilized trout red blood cells, Glycine max, and Zea mays. While multiple 

genotypes were averaged, Costich et al. (1993) and Sakhanokho et al. (2018) examined 

overlapping ranges of genome sizes for diploid species including V. elliottii and V. darrowii, 

wherein Costich et al. (1993) reported higher mean DNA content (1.26 ± 0.03 pg and 1.31 ± 0.03 

pg, for V. elliottii  and V. darrowii, respectively) compared to Sakhanokho et al. (2018) (1.05 ± 

0.03 pg and 1.09 ± 0.02 pg for V. elliottii and V. darrowii, respectively). While both studies 

examined leaf tissue, the instrumentation and internal standards were dissimilar (Costich et al., 

1993; Sakhanokho et al., 2018). The primary difference between these two studies was the 

internal standard, which is the basis for genome size calculation; Costich et al. (1993) used trout 

red blood cells, and Sakhanokho et al. (2018) used both Glycine max and Zea mays for diploid 

and higher Vaccinium ploidy levels, respectively. Additionally, the nuclear and monoploid 



   

17 

 

genome size variation between ploidy levels is a factor of population size; thus, an increase in 

the number of evaluated hexaploid genotypes will increase variation observed at that ploidy 

level.  

Recent findings in Vaccinium species nuclear DNA content support a wide range in nuclear 

DNA content. The data presented in our study showed consistency with the genome sizes of 

diploid species reported by Costich et al. (1993), as well as the reported nuclear DNA content of 

V. darrowii, V. corymbosum, and V. arctostaphylos (Costich et al., 1992; Ehlenfeldt and 

Polashock, 2014). Contrary to previous reports, cytometric holoploid and monoploid genome 

size data of identical genotypes reported in other publications was 8-20% lower than the data 

presented in this paper (Sakhanokho et al., 2018; Sultana et al., 2019). Genotypic inconsistencies 

for holoploid and monoploid genome sizes occurred between óDukeô, óOrnablueô, óSierraô, 

óSunshine Blueô and diploid Vaccinium pallidum all of which had >20% greater nuclear DNA 

content in the current presented data (Sakhanokho et al., 2018). The sources of variation between 

reports may be attributed to differences in internal standards and sample tissue used in the 

analysis. Additionally, internal standard variation within a study may impact ploidy level 

analysis within a species (Sakhanokho et al., 2018; Sultana et al., 2019).  

One of the major contributors in nuclear DNA content and monoploid genome size variation is 

transposable elements. Research in polyploid interspecific hybrid genotypes of Nicotiana found a 

positive correlation between new loci and non-shared loci in progenitor species, indicating 

insertion of parent transposable elements in subsequent generations (Mhiri et al., 2019). 

Transposable elements can constitute a significant portion of genomic size variation; half of the 

difference in genome size between wild (Oryza brachyantha) and cultivated rice was attributed 

to transposable elements (Chen et al., 2013). Thus, high variation of nuclear DNA content within 
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diploid and tetraploid Vaccinium species, coupled with unreduced gamete production and 

interspecific hybridization with other diploids and higher ploidy levels, illustrate the complex 

relationships between nuclear genome variation of interspecific hybrids. Nevertheless, we would 

expect to see intermediate nuclear genome sizes in interspecific hybrids. Supporting these 

expectations, we observed nuclear DNA content variation of 27.7% within tetraploid 

interspecific hybrid genotypes and 3.8% between hexaploid interspecific hybrid genotypes.  

Fluctuation of nuclear DNA content was observed between a genotype and its subsequent 

progeny. In óCroatanô, we observed an increase of genome size in the progeny, óBluechipô (2.57 

Ñ 0.03 pg) as well as óHarrisonô (2.61 Ñ 0.11 pg) relative to that of óCroatanô (2.55 Ñ 0.07 pg). 

These increased values may be a result of variation in experimental error and the inherent 

variations in any flow cytometry procedure. However, in derivatives of óWeymouthô, an old 

cultivar with known ancestry, which included óWolcottô (2.26 Ñ 0.09 pg), óMurphyô (2.51 Ñ 0.07 

pg), óCollinsô (2.54 Ñ 0.07 pg), óCroatanô (2.55 Ñ 0.07 pg), and óEarliblueô (2.71 Ñ 0.07 pg), we 

found a disparity in genome sizes. Maximum likelihood phylogenetic analysis of genomic 

alignments established a cluster which included óWeymouthô, óMurphyô, óWolcottô, óCroatanô, as 

well as óBluechipô, a progeny of óCroatanô inferring closely related genetic and evolutionary 

history (see Chapter 4; Figure 4.23). Molecular clustering suggests that the genome size disparity 

between cultivars óCroatanô, óMurphyô, óBluechipô and óWolcottô is not a function of pollen 

contamination (Ashrafi, et al. Not Pub.) but maybe due to other reasons such as unequal 

crossing-over during meiosis (Takahashi et al., 1982). This warrants future study through 

resequencing of the genomes of parents and progeny in the future.  

Similarly, derivatives of óAvonblueô including óSunshine Blueô (Avonblue Ĭ O.P.) and óMistyô 

have nuclear genome sizes of 2.82 ± 0.08 pg and 2.41 ± 0.07 pg, respectively. One potential 
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explanation for the genome size differences between óSunshine Blueô and óMistyô involves 

uncertainty in the source of open pollination in the preceding generation of óAvonblueô. Without 

further support of óAvonblueô cytometry data or karyotypic analysis of óAvonblueô and 

óSunshine Blueô, the cytometric evidence suggests increased genome size of óAvonblueô or the 

pollen parent of óSunshine Blueô and possible aneuploidy perhaps resulting from this source of 

these open pollination events. óSunshine Blueô progeny showed a wide range of genome sizes: 

óNC4511ô (2.05 Ñ 0.13 pg), óNC5216ô (2.33 Ñ 0.08 pg), óNC4339ô (2.39 Ñ 0 pg), óNC4499ô (2.42 

Ñ 0.04 pg), and a cross between óSunshine Blueô x óNC4858ô (2.72 Ñ 0.1 pg), all of which have a 

reduced nuclear genome size from óSunshine Blueô, supporting reduced genome size of the 

alternate parent (unknown parent of óSunshine Blueô). Our maximum likelihood analysis of 

single nucleotide polymorphism (SNPs) in genomic data further supports óNC5216ô, óNC4499ô, 

and óNC4511ô as closely related (data not shown, Ashrafi et al. Unpub.), inferring similar genetic 

history and molecular evolution, while óNC4339ô is more distantly related to the other three 

genotypes. Further evaluation of óSunshine Blueô and óAvonblueô genomic data is warranted to 

establish molecular similarity and nuclear genome size differences between parent and progeny 

(see Chapter 4; Figure 4.23).  

Pentaploid hybrids can be derived from tetraploid and hexaploid crosses or diploid (unreduced 

gametes) by hexaploid crosses between or within Vaccinium species (Goldy and Lyrene, 1984; 

Laverty and Vorsa, 1991; Vorsa et al., 1986). Pentaploid Vaccinium species chromosomal 

estimation is 2n = 5x = 60, with a nuclear DNA content of 2.75 pg to 3.14 pg as presented in this 

study and 2.8 ± 0.73 pg based on previous studies (Sakhanokho et al., 2018). There have not 

been any reports of pentaploid progeny development from crosses between diploid and tetraploid 

(unreduced gametes) parents; nevertheless, óNC4612ô in the studied population has a nuclear 
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genome size of 3.07 ± 0.05 pg, which corresponds to expected pentaploid values, yet was 

derived from óNC84-6-5ô a diploid V. darrowii and the tetraploid óNC1467ô. An additional 

anomaly was observed in V. consanguineum hybrids. When crossing óNC4301ô [V. 

consanguineum Ĭ highbush blueberry (óNC1872ô)] with tetraploid pollen parents, the nuclear 

genome sizes of the resulting progeny were in the expected pentaploid range (NC5101, 2.92 ± 

0.13 pg; SHF2A1-5:24, 2.90 ± 0.07pg; SHF2A1-5:65, 2.94 ± 0.07 pg; SHF2B1-17:21, 2.89 ± 

0.07 pg; and SHF2B1-17:22 2.83 ± 0.07 pg). However, the progeny of óNC5141ô (V. 

consanguineum Ĭ óSunshine Blueô), SHF2B3-14:38, did not exhibit a similar change in genome 

size, even though óNC5141ô and óNC4301ô were developed from the same type of cross. We 

hypothesize that óNC4301ô is a hexaploid and the product of unreduced gametes from one of the 

tetraploid parents. Similarly, we expect the large genome size from interspecific V. pallidum 

hybrid, óNC5164ô (3.76 Ñ 0.05 pg), which is derived from a complex cross of tetraploid parents, 

also to be the product of the fusion of an unreduced gamete with a normally reduced gamete 

(Table 1.3). Further observation regarding the occurrence of unreduced pollen in V. pallidum, V. 

consanguineum, and V. corymbosum forma australe, in addition to óNC1467ô may uncover the 

frequency of unreduced pollen in tetraploid Vaccinium species. Additionally, fluorescence in situ 

hybridization (FISH) may be beneficial in both enumerating the chromosomes of óNC4612ô, 

óNC4301ô, óNC5164ô and further identifying the parent source of the hybridsô chromosomes.  

Pentaploid progeny can be fertile and can produce viable aneuploid progeny with either tetraploid 

or hexaploidVaccinium species (Vorsa, Jelenkovic et al. 1986, Laverty and Vorsa 1991, Lyrene, 

Vorsa et al. 2003). Studies of aneuploid genotypes containing extra chromosome(s) reported no 

correlation between chromosome number and phenotype (Vorsa et al., 1986). Complex 

aneuploid hybrids with predominantly tetraploid ancestry had a nuclear DNA content range 
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between 2.35 pg and 3.02 pg. In comparison, aneuploid hybrids with predominantly hexaploid 

ancestry had a nuclear DNA content range between 3.07 pg and 3.80 pg. These data suggest that 

chromosome counts for aneuploidic progeny arising from 5x × 4x and 5x × 6x individuals are 

lower or greater than the known pentaploid chromosome counts, respectively. It is important to 

note that select genotypes denoted as aneuploids appear to be near tetraploid or hexaploid 

nuclear genome sizes; however, without karyotypic evidence to ascertain the number of 

chromosomes, given crosses between multiple ploidy levels in their pedigree, it is possible that 

these genotypes may still be aneuploid. Further, genome sizes of 2n = 4x+ =ND aneuploid 

hybrids presented in this study show similarity to karyotypic analysis of aneuploid Vaccinium 

progeny derived from an interspecific pentaploid hybrid [V. corymbosum forma australe (2n = 4x 

=48) × V. virgatum (syn ashei) (2n = 4x =60)] backcrossed with tetraploid V. corymbosum forma 

australe. Karyotypic analysis of tetraploid-backcrossed aneuploid progeny reported seedling 

chromosome counts ranging between 48 and 58 chromosomes (Vorsa et al., 1986). These 

chromosome counts establish tetraploid-backcrossed aneuploids to be greater than the average 

nuclear genome size of tetraploid genotypes at 2.41 pg and below-average pentaploid genome 

size at 3.10 pg. Future research direction pairing cytometric genome size data with karyotypic 

analysis and fluorescence in situ hybridization would aid in understanding chromosome count 

and size estimation, as well as in identification of genic regions for polyploid and aneuploid 

Vaccinium genotypes.  

Recent advanced in sequencing and SNP identification among >30 Vaccinium species revealed 

that V. uliginosum is an outgroup genotype (Ashrafi et al. Unpub.). At the species level, V. 

uliginosum (which exhibited a high monoploid 1Cx value) did not cluster with the majority of 

Vaccinium species, suggesting a relationship between geographic separation and molecular 
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evolution (Ashrafi et al., Unpub). V. uliginosum clustered separately from the majority of 

Vaccinium species along with V. vitis-idaea and V. ovalifolium. Increasing the sample size of 

Vaccinium-Cyanococcus intersectional hybrids in a future study may better inform us on genome 

size and molecular disparity between V. uliginosum and other Vaccinium species. V. 

angustifolium similarly had a larger monoploid genome size relative to other Vaccinium species; 

however, the molecular disparity, represented by uniquely clustering, was not observed in 

relation to increased monoploid genome size. Specifically, V. angustifolium genotypes 

óPI666760ô, óPI618230ô, and óNC3352ô clustered with V. boreale accessions óPI666759ô and 

óPI554727ô, both of which were closely related to V. pallidum genotypes óPI666725ô and 

óPI657235ô (Ashrafi et al., Unpub).  

There was a high correlation between estimates of haploid genome size produced by K-mer 

analysis and flow cytometry. These data suggest that genotypic data of most diploid Vaccinium 

species can be analyzed by GenomeScope v2.0 to determine haploid genome length in diploid 

species in laboratories where a flow cytometer is not available. GenomeScope v2.0 has been 

used to estimate genome size in many plants including potato, pear, cotton, coastal redwood, and 

wheat (Ranallo-Benavidez et al., 2020b). GenomeScope v1.0 was engineered for diploid species 

and performed as well as findGSE at higher coverages (Sun et al., 2018); however, 

GenomeScope v1.0 had a lower correlation with flow cytometry data compared with findGSE or 

ALLPATH-LG (Mgwatyu et al., 2020). However, GenomeScope v2.0 utilizes a different 

algorithm (LevenbergïMarquardt) from GenomeScope v1.0 (GaussïNewton algorithm) which 

resulted in increased accuracy in genome size estimation in low-coverage diploid species 

(Ranallo-Benavidez et al., 2020b). Although GenomeScope v2.0 is designed to include polyploid 

genomes, we could not use it for the polyploid species in our panel as the k-mer peaks for 
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different ploidy levels and heterozygosity was not distinguishable from each other. This may be 

due to the autopolyploid or highly mosaic ploidy structure in blueberry. While the GenomeScope 

v2.0 estimated genome size for diploid species highly correlated with the genome size estimated 

by flow cytometry, the results for higher ploidy levels were not consistent with the expected 

genome size and flow cytometry results. For this reason, we decided to include only the diploid 

species for the k-mer analysis of genome size.  

 

CONCLUSIONS 

This study determined the nuclear and monoploid genome size of a diversity panel of 369 unique 

genotypes, of which 118 non-hybrid Vaccinium genotypes, including 27 species from 9 sections, 

enabled genome size comparison for interspecific blueberry hybrids. This research expands the 

use of cytometric data for nuclear genome size estimation of Vaccinium genotypes. It 

investigates the relationship between intersectional and interspecific hybridization and nuclear 

and monoploid genome size. These cytometric findings paired with future karyotypic research in 

Vaccinium will help elucidate exact chromosome size and count in Vaccinium aneuploids. In 

addition, the data presented here can assist us in selecting genotypes to sequence in the future 

without the need for flow cytometry analysis.  

The k-mer method of genome size estimation uses actual sequence data to calculate the genome 

size and therefore is less affected by instrumental and human bias. On the other hand, the k-mer 

approach is influenced by several factors such as sequencing depth, repeat content, ploidy, and 

heterozygosity. In our experiment, the positive correlation observed between these two methods 

suggests that we can use either method to estimate the genome size of diploid blueberry. Overall, 
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our expansion of cytometric findings in diverse Vaccinium sections and species, examination of 

pentaploid and aneuploid genotypes, and investigation of genomic tools for genome size 

estimation enhance future breeding, improvement, and genomic study of blueberry. 
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Table 1.1. Nuclear DNA content and ploidy of Vaccinium species accessions determined by flow cytometry.  

Section Species  
Source

  
Accession Ploidy 

2C value  

(pg ± SE) 

1Cx value  

(pg ± SE)  

Batodendron V. arboreum NCGR PI 618120, NC3524 2n = 2x = 24  1.13 ± 0.05 0.57 ± 0.01 

  NCGR 

PI 657237, HD-2007-

068 2n = 2x = 24  1.11 ± 0.05 0.56 ± 0.01 

Cyanococcus V. angustifolium NCSU NC3352 2n = 4x = 48 2.32 ± 0.04 0.58 ± 0.01 

  NCGR 

PI 618230, V. 

angustifolium  2n = 4x = 48 2.58 ± 0.04 0.65 ± 0.01 

  NCGR 

PI 666760, Campobella 

Island, NB 2n = 4x = 48 2.86 ± 0.04 0.71 ± 0.01 

 V. boreale NCGR 

PI 554727, NJ 88-29 # 

33 2n = 2x = 24  1.08 ± 0.04 0.54 ± 0.01 

  NCGR PI 666759, V. boreale 2n = 2x = 24  1.06 ± 0.04 0.53 ± 0.01 

 V. caesariense NCGR PI 554868, NC81-4-2 2n = 2x = 24  1.39 ± 0.04 0.69 ± 0.01 

  NCGR PI 554881, NC79-24 2n = 2x = 24  1.41 ± 0.04 0.71 ± 0.01 

  NCSU W85-20 2n = 2x = 24  1.17 ± 0.04 0.59 ± 0.01 

 V. constablaei NCGR 

PI 554738, V. 

constablaei No. 2 2n = 6x = 72 3.55 ± 0.04 0.59 ± 0.01 

  NCGR 

PI 554741, V. 

constablaei No. 5 2n = 6x = 72 3.58 ± 0.04 0.60 ± 0.01 

  NCGR PI 554761, NC83-21-2 2n = 6x = 72 3.24 ± 0.04 0.54 ± 0.01 

  NCGR PI 554764, NC86-27-7 2n = 6x = 72 3.46 ± 0.04 0.58 ± 0.01 

  NCGR PI 554782, NC86-28-03 2n = 6x = 72 3.46 ± 0.03 0.58 ± 0.01 

  NCGR PI 618116, NC3001 2n = 6x = 72 3.34 ± 0.04 0.56 ± 0.01 

 V. corymbosum NCGR PI 267847, DE599 2n = 4x = 48 3.01 ± 0.04 0.75 ± 0.01 

  NCGR PI 296399, DE635 2n = 4x = 48 2.29 ± 0.04 0.57 ± 0.01 

  NCGR PI 296403, DE639 2n = 4x = 48 2.91 ± 0.04 0.73 ± 0.01 

  NCGR PI 554793, DE644-2 2n = 4x = 48 2.44 ± 0.04 0.61 ± 0.01 

  NCGR PI 554798, óAtlanticô 2n = 4x = 48 2.44 ± 0.04 0.61 ± 0.01 
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Table 1.1 (continued). 

  NCGR PI 554800, óBurlingtonô 2n = 4x = 48 2.28 ± 0.04 0.57 ± 0.01 

  NCGR PI 554801, óConcordô 2n = 4x = 48 2.11 ± 0.04 0.53 ± 0.01 

  NCGR PI 554802, óDixiô 2n = 4x = 48 2.16 ± 0.04 0.54 ± 0.01 

  NCGR PI 554804, óGroverô 2n = 4x = 48 2.39 ± 0.04 0.60 ± 0.01 

  NCGR PI 554805, óHerbertô 2n = 4x = 48 2.26 ± 0.04 0.57 ± 0.01 

  NCGR PI 554807, óIvanhoeô 2n = 4x = 48 2.38 ± 0.04 0.59 ± 0.01 

  NCGR PI 554808, óJerseyô 2n = 4x = 48 2.33 ± 0.04 0.58 ± 0.01 

  NCGR PI 554810, óJuneô 2n = 4x = 48 2.50 ± 0.04 0.63 ± 0.01 

  NCGR PI 554812, óOlympiaô 2n = 4x = 48 2.45 ± 0.04 0.61 ± 0.01 

  NCGR PI 554814, óPembertonô 2n = 4x = 48 2.33 ± 0.04 0.58 ± 0.01 

  NCGR PI 554815, óPioneerô 2n = 4x = 48 2.39 ± 0.05 0.60 ± 0.01 

  NCGR PI 554816, óRancocasô 2n = 4x = 48 2.40 ± 0.04 0.60 ± 0.01 

  NCGR PI 554817, óRubelô 2n = 4x = 48 2.22 ± 0.04 0.55 ± 0.01 

  NCGR PI 554820, óStanleyô 2n = 4x = 48 2.23 ± 0.04 0.56 ± 0.01 

  NCGR PI 554821, óWarehamô 2n = 4x = 48 2.28 ± 0.04 0.57 ± 0.01 

  NCGR PI 554823, óWeymouthô 2n = 4x = 48 2.26 ± 0.03 0.56 ± 0.01 

  NCGR PI 554825, F-72 2n = 4x = 48 2.69 ± 0.04 0.67 ± 0.01 

  NCGR PI 554826, óCabotô 2n = 4x = 48 2.41 ± 0.04 0.60 ± 0.01 

  NCGR PI 554827, óBluecropô 2n = 4x = 48 2.31 ± 0.04 0.58 ± 0.01 

  NCGR PI 554829, óCovilleô 2n = 4x = 48 2.40 ± 0.04 0.60 ± 0.01 

  NCGR PI 554831, óHardingô 2n = 4x = 48 2.29 ± 0.04 0.57 ± 0.01 

  NCGR PI 554833, óHardyblueô 2n = 4x = 48 2.31 ± 0.04 0.58 ± 0.01 

  NCGR PI 554840, óLateblueô 2n = 4x = 48 2.14 ± 0.04 0.54 ± 0.01 

  NCGR PI 554842, óCollinsô 2n = 4x = 48 2.55 ± 0.04 0.64 ± 0.01 

  NCGR PI 554846, óBluejayô 2n = 4x = 48 2.54 ± 0.04 0.64 ± 0.01 

  NCGR PI 554851, óMurphyô 2n = 4x = 48 2.51 ± 0.04 0.63 ± 0.01 

  NCGR PI 554852, óCroatanô 2n = 4x = 48 2.56 ± 0.04 0.64 ± 0.01 

  NCGR PI 554871, óElliottô 2n = 4x = 48 2.47 ± 0.04 0.62 ± 0.01 
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Table 1.1 (continued). 

  NCGR PI 554883, óBerkeleyô 2n = 4x = 48 2.45 ± 0.04 0.61 ± 0.01 

  NCGR PI 554893, óEarliblueô 2n = 4x = 48 2.71 ± 0.04 0.68 ± 0.01 

  NCGR PI 614082, óWolcottô 2n = 4x = 48 2.27 ± 0.05 0.57 ± 0.01 

  NCGR PI 618035, óDarrowô 2n = 4x = 48 2.23 ± 0.04 0.56 ± 0.01 

  NCGR PI 618260, óAscorbaô 2n = 4x = 48 2.39 ± 0.04 0.60 ± 0.01 

  NCGR PI 657220, óDuplinô 2n = 4x = 48 2.40 ± 0.04 0.60 ± 0.01 

 

V. corymbosum  

(syn V. formosum) NCSU Ballington 1 2n = 4x = 48 2.40 ± 0.04 0.60 ± 0.01 

  NCSU NC3494 2n = 4x = 48 2.41 ± 0.04 0.60 ± 0.01 

  NCSU NC4582 2n = 4x = 48 2.44 ± 0.03 0.61 ± 0.01 

  NCGR PI 346554, 1968 2n = 4x = 48 2.47 ± 0.05 0.62 ± 0.01 

  NCGR PI 687357, DBS 18-3 2n = 4x = 48 2.50 ± 0.05 0.63 ± 0.01 

  NCGR PI 687368, DBS 18-14 2n = 4x = 48 2.42 ± 0.05 0.60 ± 0.01 

 V. darrowii NCSU NC2282 2n = 2x = 24  1.14 ± 0.04 0.57 ± 0.01 

  NCGR PI 554904, Florida 4B 2n = 2x = 24  1.18 ± 0.03 0.59 ± 0.01 

  NCGR PI 638325, óJohnblueô 2n = 2x = 24  1.22 ± 0.05 0.61 ± 0.01 

 V. elliottii NCSU NC95-1-6 2n = 2x = 24  1.18 ± 0.03 0.59 ± 0.01 

  NCSU PI 346621 (NC67-16) 2n = 2x = 24  1.18 ± 0.04 0.59 ± 0.01 

  NCGR PI 346621, PI346621 2n = 2x = 24  1.16 ± 0.05 0.58 ± 0.01 

  NCGR PI 346623, PI346623 2n = 2x = 24  1.17 ± 0.05 0.59 ± 0.01 

  NCSU NC99-3-1 2n = 2x = 24  1.14 ± 0.03 0.57 ± 0.01 

  NCSU 

NCSHF2B1:18:33, V. 

fuscatum 2n = 2x = 24  1.14 ± 0.03 0.57 ± 0.01 

  NCGR PI 554880, NC79-8-2 2n = 2x = 24  1.21 ± 0.04 0.60 ± 0.01 

  NCGR PI 613658, NC95-23-2 2n = 2x = 24  1.09 ± 0.04 0.54 ± 0.01 

  NCSU NC4961 2n = 4x = 48 2.36 ± 0.04 0.59 ± 0.01 

 V. myrsinites NCSU NC80-2-14 2n = 4x = 48 2.41 ± 0.04 0.60 ± 0.01 

 V. myrtilloides NCGR 

PI 638385, Ralo, 

Michigan 2n = 2x = 24  1.21 ± 0.04 0.61 ± 0.01 
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Table 1.1 (continued). 

 V. pallidum NCGR 

PI 666752, High Park 

Toronto 2n = 2x = 24  1.36 ± 0.04 0.68 ± 0.01 

  NCGR 

PI 666776, Turkey Pt. 

Ont 2n = 2x = 24  1.18 ± 0.04 0.59 ± 0.01 

  NCSU NC2207 2n = 4x = 48 2.37 ± 0.03 0.59 ± 0.01 

  NCGR 

PI 657235, Scenic HWY 

HD 2007-59 2n = 4x = 48 2.74 ± 0.04 0.68 ± 0.01 

 V. simulatum NCGR 

PI 657224, Glassy Mt. 

HD-2007-021 2n = 2x = 24  1.20 ± 0.05 0.60 ± 0.01 

  NCGR 

PI 657242, Mentone 

HDF 2007-62B 2n = 4x = 48 2.52 ± 0.05 0.63 ± 0.01 

  NCGR 

PI 688401, VA-2018-

058 Rhododendron trail 2n = 4x = 48 2.51 ± 0.05 0.63 ± 0.01 

 V. tenellum NCGR PI 618184, NC96-2-2 2n = 2x = 24  1.13 ± 0.04 0.56 ± 0.01 

  NCGR PI 638386, NJ 88-31-55 2n = 2x = 24  1.13 ± 0.04 0.57 ± 0.01 

 V. virgatum NCSU NC4790 2n = 6x = 72 3.80 ± 0.03 0.63 ± 0.01 

  NCGR PI 554717, óPremierô 2n = 6x = 72 3.80 ± 0.03 0.63 ± 0.01 

Hemimyrtillus V. arctostaphylos NCSU 

PI 638775, V. 

arctostaphylos GE-

2004-096 2n = 4x = 48 2.44 ± 0.04 0.61 ± 0.01 

 V. cylindraceum NCGR PI 554901, óRomanoô 2n = 4x = 48 2.42 ± 0.03 0.61 ± 0.01 

  NCGR PI 618121, NC3730 2n = 4x = 48 2.34 ± 0.05 0.59 ± 0.01 

  NCGR PI 618215, 6251097 2n = 4x = 48 2.36 ± 0.05 0.59 ± 0.01 

  NCGR PI 666868, 234 2n = 4x = 48 2.44 ± 0.05 0.61 ± 0.01 

  NCGR PI 666870, 4271097 2n = 4x = 48 2.34 ± 0.05 0.59 ± 0.01 

Herpothamnus 

V. crassifolium  

(syn. sempervirens) NCGR PI 555267, óBloodstoneô 2n = 2x = 24  1.05 ± 0.05 0.52 ± 0.01 

  NCGR PI 618186, NC96-2-5 2n = 2x = 24  1.06 ± 0.05 0.53 ± 0.01 

  NCGR PI 687360, DBS 18-6 2n = 2x = 24  1.07 ± 0.05 0.54 ± 0.01 
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Table 1.1 (continued). 

  NCGR 

PI 554900, óWell's 

Delightô 2n = 2x = 24  0.99 ± 0.04 0.50 ± 0.01 

Myrtillus V. membranaceum NCGR PI 555062, Oregon 2n = 4x = 48 2.30 ± 0.04 0.58 ± 0.01 

  NCGR PI 613646, VAME 002 2n = 4x = 48 2.48 ± 0.04 0.62 ± 0.01 

  NCGR PI 618240, Washington 2n = 4x = 48 2.34 ± 0.04 0.58 ± 0.01 

 V. ovalifolium NCGR 

PI 613665, V. 

ovalifolium  2n = 2x = 24  1.02 ± 0.04 0.51 ± 0.01 

  NCGR PI 638403, AS-03-070 2n = 6x = 72 3.58 ± 0.04 0.60 ± 0.01 

Polycodium V. stamineum NCSU NC5155 2n = 2x = 24  1.11 ± 0.05 0.55 ± 0.01 

  NCSU NC78-8-21 2n = 2x = 24  1.07 ± 0.04 0.53 ± 0.01 

  NCSU NC84-1-2 2n = 2x = 24  1.09 ± 0.05 0.55 ± 0.01 

  NCGR 

PI 657227, HD-2007-

026 2n = 2x = 24  1.07 ± 0.05 0.54 ± 0.01 

  NCGR 

PI 657238, HD-2007-

069 2n = 2x = 24  1.07 ± 0.05 0.54 ± 0.01 

Pyxothamnus V. consanguineum NCGR 

PI 554736, RBG 

Scotland 772948 2n = 4x = 48 2.30 ± 0.04 0.57 ± 0.01 

  NCGR PI 666869, 413686 2n = 4x = 48 2.22 ± 0.03 0.55 ± 0.01 

  NCGR 

PI 666926, Costa Rica, 

Hootman 2n = 4x = 48 2.32 ± 0.04 0.58 ± 0.01 

 

V. meridonale  

(syn V. corymbodendron) NCGR 

PI 618122, NC3735 

Colombia 2n = 4x = 48 2.42 ± 0.05 0.60 ± 0.01 

 V. ovatum NCGR PI 555160, Oregon 2n = 2x = 24  1.08 ± 0.04 0.54 ± 0.01 

  NCGR 

PI 555177, Rogue River 

BL-13-6 2n = 2x = 24  1.16 ± 0.04 0.58 ± 0.01 

  NCGR PI 618200, Morris-1 2n = 2x = 24  1.12 ± 0.05 0.56 ± 0.01 

  NCGR 

PI 618202, PI618202 

(Morris-3) 2n = 2x = 24  1.08 ± 0.03 0.54 ± 0.01 

Vaccinium V. uliginosum NCGR 

PI 638387, Oregon 

DC2002-2 2n = 2x = 24  1.35 ± 0.04 0.67 ± 0.01 
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Table 1.1 (continued). 

Vitis-idaea V. vitis-idaea NCGR PI 555369, óKoralleô 2n = 2x = 24  1.10 ± 0.04 0.55 ± 0.01 

  NCGR PI 618228, ssp. minus 2n = 2x = 24  1.10 ± 0.04 0.55 ± 0.01 

NCGR denotes National Clonal Germplasm Repository, Corvallis, OR 

NCSU denotes the blueberry breeding program at NC State University, Raleigh, NC 

USDA-ARS denotes USDA-ARS Beltsville, Maryland 
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Table 1.2. Summary of ploidy and nuclear DNA contents grouped by section, species, and ploidy. 

Section 
Sectional 1Cx 

value (pg) 
 Species 

1Cx value 

(pg) 
 Ploidy 2C DNA (pg) 

 Mean ± SE   Mean ± SE   Mean ± SE 

Batodendron 0.56 ± 0.02 bcd V. arboreum 

0.56 ± 0.02 

bcd 2n = 2x = 24 1.12 ± 0.07 

Cyanococcus 0.60 ± 0.0003 ab V. angustifolium 0.65 ± 0.01 a 2n = 4x = 48 2.59 ± 0.05 

   V. boreale 0.53 ± 0.01 d 2n = 2x = 24 1.07 ± 0.06 

   V. caesariense 0.66 ± 0.01 a 2n = 2x = 24 1.32 ± 0.05 

   V. constablaei 0.57 ± 0.01 bcd 2n = 6x = 72 3.44 ± 0.03 

   V. corymbosum 0.60 ± 0.003 abcd 2n = 4x = 48 2.40 ± 0.01 

   V. corymbosum (syn. V. formosum) 0.61 ± 0.01 abcd 2n = 4x = 48 2.43 ± 0.04 

   V. darrowii 0.59 ± 0.01 abcd 2n = 2x = 24 1.18 ± 0.04 

   V. elliottii  0.59 ± 0.01 abcd 2n = 2x = 24 1.17 ± 0.04 

   V. fuscatum 0.58 ± 0.01 bcd 2n = 2x = 24 1.16 ± 0.03 

    0.59 ± 0.02  2n = 4x = 48 2.36 ± 0.08 

   V. myrsinites 0.60 ± 0.02 abcd 2n = 4x = 48 2.41 ± 0.08 

   V. myrtilloides 0.61 ± 0.02 abcd 2n = 2x = 24 1.21 ± 0.08 

   V. pallidum 0.63 ± 0.01 ab 2n = 2x = 24 1.27 ± 0.06 

    0.62 ± 0.01  2n = 4x = 48 2.49 ± 0.05 

   V. simulatum 0.60 ± 0.03 abc 2n = 2x = 24 1.20 ± 0.10 

   V. tenellum 0.57 ± 0.01 bcd 2n = 2x = 24 1.13 ± 0.06 

   V. virgatum 0.63 ± 0.01 ab 2n = 6x = 72 3.80 ± 0.05 

Hemimyrtillus 0.60 ± 0.01 ab V. arctostaphylos 0.61 ± 0.02 abcd 2n = 4x = 48 2.44 ± 0.08 

   V. cylindraceum 0.60 ± 0.01 abcd 2n = 4x = 48 2.39 ± 0.04 

Herpothamnus 0.52 ± 0.01 d V. crassifolium 0.52 ± 0.01 d 2n = 2x = 24 1.04 ± 0.05 

Myrtillus 0.58 ± 0.01 bc V. membranaceum 0.59 ± 0.01 abcd 2n = 4x = 48 2.37 ± 0.05 

   V. ovalifolium 0.51 ± 0.02 dc 2n = 2x = 24 1.02 ± 0.08 

    0.60 ± 0.02  2n = 6x = 72 3.58 ± 0.08 

Polycodium 0.54 ± 0.01 cd V. stamineum 0.54 ± 0.01 d 2n = 2x = 24 1.08 ± 0.04 
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Table 1.2 (continued). 

Pyxothamnus 0.56 ± 0.01 bcd V. consanguineum 0.57 ± 0.01 bcd 2n = 4x = 48 2.27 ± 0.04 

   

V. meridonale  

(syn. V. corymbodendron) 0.60 ± 0.03 abcd 2n = 4x = 48 2.42 ± 0.10 

   V. ovatum 0.55 ± 0.01 dc 2n = 2x = 24 1.11 ± 0.04 

Vaccinium 0.67 ± 0.02 a V. uliginosum 0.67 ± 0.02 a 2n = 2x = 24 1.35 ± 0.08 

Vitis-idaea 0.55 ± 0.02 bcd V. vitis-idaea 0.55 ± 0.01 dc 2n = 2x = 24 1.10 ± 0.06 
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Table 1.3. Nuclear DNA content and ploidy of interspecific Vaccinium hybrids. 

Source Accession Name Pedigree and NCGR accession label Ploidy 
2C value 

(pg) 

1Cx value 

(pg) 

NCSU NC3091 
NC78-9-4 (V. fuscatum) × NC81-15-14 (V. 

crassifolium) 
2n = 2x = 24 1.12 ± 0.07 0.56 ± 0.01 

NCSU NC78-14-11 V. tenellum × V. elliottii, SC 2n = 2x = 24 1.13 ± 0.07 0.56 ± 0.01 

NCSU PI346621 V. elliottii, S. GA 2n = 2x = 24 1.15 ± 0.06 0.57 ± 0.01 

NCGR NC95-24-1 
PI 613660, V. elliottii × V. fuscatum, Montgomery Co., 

MS 
2n = 2x = 24 1.19 ± 0.07 0.59 ± 0.01 

NCSU 
NC4839 x 

NC4404 
NC4839 [V. myrtilloides × V. elliottii] × NC4404 2n = 3x = 36 1.74 ± 0.07 0.58 ± 0.01 

NCSU óArlenô G144 × FL64-76 2n = 4x = 48 2.45 ± 0.07 0.61 ± 0.01 

NCGR óAronô PI 554865, óRancocasô Ĭ [V. uliginosum × óRancocasô] 2n = 4x = 48 2.49 ± 0.07 0.62 ± 0.01 

NCGR óAtlanticô PI 554798, óJerseyô Ĭ óPioneerô 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCSU óBeaufortô NC1406 × 'Pender' 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCGR óBerkeleyô PI 554883, óStanleyô Ĭ GS149 2n = 4x = 48 2.45 ± 0.07 0.61 ± 0.01 

NCSU óBiloxiô óSharpblueô Ĭ US329 2n = 4x = 48 2.49 ± 0.07 0.62 ± 0.01 

NCGR óBluechipô PI 554860, óCroatanô Ĭ US11-93 2n = 4x = 48 2.57 ± 0.07 0.64 ± 0.01 

NCGR óBluecropô PI 554827, GM37 × CU5 2n = 4x = 48 2.31 ± 0.07 0.57 ± 0.01 

NCGR óBluehavenô PI 554847, óBerkeleyô Ĭ 19H 2n = 4x = 48 2.53 ± 0.07 0.63 ± 0.01 

NCGR óBluejayô PI 554846, óBerkeleyô Ĭ MI241 2n = 4x = 48 2.54 ± 0.07 0.63 ± 0.01 

NCSU óBlueridgeô óPatriotô Ĭ US74 [FL 4B (V. darrowii) × 'Bluecrop'] 2n = 4x = 48 2.37 ± 0.07 0.59 ± 0.01 

NCGR óBountyô PI 554859, óMurphyô Ĭ G125 2n = 4x = 48 2.51 ± 0.07 0.62 ± 0.01 

NCGR óBrigitta Blueô óLateblueô Ĭ OP 2n = 4x = 48 2.35 ± 0.07 0.58 ± 0.01 

NCSU óBrigitta Blueô óLateblueô Ĭ OP 2n = 4x = 48 2.35 ± 0.07 0.58 ± 0.01 

NCGR óBurlingtonô 
PI 554800, óRubelô (V. corymbosum syn. V. formosum, 

NJ) Ĭ óPioneerô 
2n = 4x = 48 2.28 ± 0.07 0.57 ± 0.01 

NCGR óCaroline Blueô PI 618262, óLateblueô Ĭ OP 2n = 4x = 48 2.51 ± 0.07 0.62 ± 0.01 

NCSU óCarteretô óBountyô Ĭ NC2426 ['Croatan' Ĭ V. elliottii, NC] 2n = 4x = 48 2.42 ± 0.07 0.60 ± 0.01 

NCGR óCollinsô PI 554842, óStanleyô Ĭ óWeymouthô 2n = 4x = 48 2.54 ± 0.07 0.63 ± 0.01 
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Table 1.3 (continued). 

NCGR óCovilleô PI 554829, GM37 Ĭ óStanleyô 2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCGR óCroatanô 
PI 554852, óWeymouthô Ĭ F6 ['Stanley' Ĭ 'Crabbe-4' 

(V. corymbosum syn. V. formosum, NC)] 
2n = 4x = 48 2.55 ± 0.07 0.63 ± 0.01 

NCGR óDarrowô PI 618035, F-72 Ĭ óBluecropô 2n = 4x = 48 2.22 ± 0.07 0.55 ± 0.01 

NCGR óDixiô PI 554802, [óJerseyô Ĭ óPioneerô] Ĭ [óStanleyô Ĭ óJuneô] 2n = 4x = 48 2.15 ± 0.07 0.53 ± 0.01 

NCGR óDukeô PI 554872, [óIvanhoeô Ĭ óEarliblue'] Ĭ 192-8 2n = 4x = 48 2.70 ± 0.07 0.67 ± 0.01 

NCSU óDuplinô US290-1 × G156 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCGR óEarliblueô PI 554893, óStanleyô Ĭ óWeymouthô 2n = 4x = 48 2.71 ± 0.07 0.67 ± 0.01 

NCGR óEchotaô E-66 × NC683 2n = 4x = 48 2.40 ± 0.06 0.60 ± 0.01 

NCSU óEchotaô E-66 × NC683 2n = 4x = 48 2.40 ± 0.06 0.60 ± 0.01 

NCGR óElizabethô PI 554866, [óKatharineô Ĭ óJerseyô] Ĭ óScammelô 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCGR óElliottô PI 554871, óBurlingtonô Ĭ US1 2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 

NCSU óEmeraldô FL91-69 × NC1528 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCGR óFloridablueô PI 554957, Fla63-20 × Fla63-12 2n = 4x = 48 2.31 ± 0.07 0.57 ± 0.01 

NCGR óGeorgia Gemô 
PI 554873, G132 × US75 [FL 4B (V. darrowii) × 

'Bluecrop'] 
2n = 4x = 48 2.12 ± 0.06 0.53 ± 0.01 

NCGR óGoldtraube 74ô PI 618259, OP × OP 2n = 4x = 48 2.25 ± 0.05 0.56 ± 0.01 

NCGR óGulfcoastô 
PI 618233, G180 × US75 [FL 4B (V. darrowii) × 

'Bluecrop'] 
2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCSU óGuptonô MS122 × M-6 2n = 4x = 48 2.47 ± 0.07 0.61 ± 0.01 

NCSU 
óHannahôs 

Choiceô 
G136 × G358 2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCGR óHardyblueô 
PI 554833, óPioneerô Ĭ óRubelô (V. corymbosum syn. V. 

formosum, NJ) 
2n = 4x = 48 2.31 ± 0.07 0.57 ± 0.01 

NCGR óHarrisonô PI 554849, óCroatanô Ĭ US11-93 2n = 4x = 48 2.60 ± 0.07 0.65 ± 0.01 

NCGR óHerbertô PI 554805, óStanleyô Ĭ GS149 2n = 4x = 48 2.26 ± 0.07 0.56 ± 0.01 

NCGR óIvanhoeô PI 554807, Z13 Ĭ óStanleyô 2n = 4x = 48 2.37 ± 0.07 0.59 ± 0.01 

NCGR óJubileeô PI 618195, óSharpblueô Ĭ MS60 2n = 4x = 48 2.31 ± 0.07 0.57 ± 0.01 

NCGR óLanieraô PI 554835, OP × OP 2n = 4x = 48 2.53 ± 0.07 0.63 ± 0.01 
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Table 1.3 (continued). 

NCGR óLateblueô PI 554840, óHerbertô Ĭ óCovilleô 2n = 4x = 48 2.14 ± 0.07 0.53 ± 0.01 

NCGR óLegacyô 
PI 618164, óElisabethô Ĭ US75 [FL 4B (V. darrowii) × 

'Bluecrop'] 
2n = 4x = 48 2.33 ± 0.07 0.58 ± 0.01 

NCSU óLenoirô NC1406 Ĭ óPenderô 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCGR óMagnoliaô PI 618194, (óHarrisonô Ĭ óAvonblueô) Ĭ Fla2-5 2n = 4x = 48 2.29 ± 0.05 0.57 ± 0.01 

NCGR óMarimbaô PI 618167, OP × OP 2n = 4x = 48 2.33 ± 0.07 0.58 ± 0.01 

NCGR óMeaderô PI 638764, óEarliblueô Ĭ óBluecropô 2n = 4x = 48 2.32 ± 0.07 0.58 ± 0.01 

NCSU óMistyô FL67-1 Ĭ óAvonblueô 2n = 4x = 48 2.41 ± 0.07 0.60 ± 0.01 

NCGR óMorrowô 
PI 554863, óAngolaô Ĭ óAdamsô (V. corymbosum syn. 

V. formosum, NJ) 
2n = 4x = 48 2.74 ± 0.07 0.68 ± 0.01 

NCGR óMurphyô 
PI 554851, óWeymouthô Ĭ F6 [ 'Stanley' Ĭ 'Crabbe-4' 

(V. corymbosum syn. V. formosum, NC)] 
2n = 4x = 48 2.51 ± 0.07 0.62 ± 0.01 

NCSU óNew Hanoverô NC1522 Ĭ óO'Nealô 2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCGR óNorthblueô PI 554942, B10 × US3 2n = 4x = 48 2.57 ± 0.07 0.64 ± 0.01 

NCGR óNorthcountryô PI 554953, B6 × R2P4 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCGR óNorthlandô PI 554952, óBerkeleyô Ĭ 19H 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCGR óOlympiaô PI 554812, óPioneerô Ĭ óHardingô 2n = 4x = 48 2.45 ± 0.07 0.61 ± 0.01 

NCGR óO'Nealô óWolcottô Ĭ FL64-15 2n = 4x = 48 2.40 ± 0.04 0.60 ± 0.00 

NCSU óO'Nealô óWolcottô Ĭ FL64-15 2n = 4x = 48 2.40 ± 0.04 0.60 ± 0.00 

NCGR óOrnablueô PI 554954, óConcordô Ĭ HC1401 2n = 4x = 48 2.77 ± 0.07 0.69 ± 0.01 

NCGR óOzarkblueô PI 666656, G144 × Fla4-76 2n = 4x = 48 2.23 ± 0.07 0.55 ± 0.01 

NCGR óPacific Blueô PI 554878, óBluerayô Ĭ OP 2n = 4x = 48 2.14 ± 0.07 0.53 ± 0.01 

NCSU óPamlicoô NC1406 Ĭ óPenderô 2n = 4x = 48 2.31 ± 0.07 0.57 ± 0.01 

NCGR óPatriot PI 554843, [óDixiô Ĭ MILB-1] Ĭ óEarliblueô 2n = 4x = 48 2.36 ± 0.07 0.59 ± 0.01 

NCGR óPembertonô 
PI 554814, óKatharineô Ĭ óRubelô (V. corymbosum syn. 

V. formosum, NJ) 
2n = 4x = 48 2.33 ± 0.07 0.58 ± 0.01 

NCGR óPioneerô 
PI 554815, óBrooksô Ĭ óSooyô (V. corymbosum syn. V. 

formosum, NJ) 
2n = 4x = 48 2.39 ± 0.09 0.59 ± 0.01 

NCGR óPolarisô PI 618163, B15 Ĭ óBluettaô 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 
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Table 1.3 (continued). 

NCGR óRekaô PI 618168, E118 Ĭ óBluecropô 2n = 4x = 48 2.12 ± 0.13 0.53 ± 0.02 

NCGR óReveilleô PI 554879, NC1171 × NCSF-12-L 2n = 4x = 48 2.25 ± 0.07 0.56 ± 0.01 

NCSU óSampsonô 'Bluechip' × NC1524 [US75 × 'Patriot'] 2n = 4x = 48 2.35 ± 0.07 0.58 ± 0.01 

NCGR óScammellô 
PI 554818, [óBrooksô Ĭ óChatsworthô] Ĭ óRubelô (V. 

corymbosum syn. V. formosum, NJ) 
2n = 4x = 48 2.32 ± 0.07 0.58 ± 0.01 

NCGR óSierraô PI 618099, US169 × G156 2n = 4x = 48 2.63 ± 0.07 0.65 ± 0.01 

NCSU óSnowchaserô FL95-57 × FL89-119 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCGR óSpartanô PI 554845, óEarliblueô Ĭ US11-93 2n = 4x = 48 2.45 ± 0.07 0.61 ± 0.01 

NCSU óSpringhighô FL91-226 × óSouthmoonô 2n = 4x = 48 2.41 ± 0.07 0.60 ± 0.01 

NCGR óStanleyô 
PI 554820, óKatharineô Ĭ óRubelô (V. corymbosum syn. 

V. formosum, NJ) 
2n = 4x = 48 2.22 ± 0.07 0.55 ± 0.01 

NCGR óSummitô PI 618181, G144 × FL64-76 2n = 4x = 48 2.38 ± 0.07 0.59 ± 0.01 

NCSU óSummitô PI 618181, G144 × FL64-76 2n = 4x = 48 2.38 ± 0.07 0.59 ± 0.01 

NCGR óSunriseô PI 618024, G180 × MU6620 2n = 4x = 48 2.06 ± 0.07 0.51 ± 0.01 

NCSU óSunriseô PI 618024, G180 × MU6620 2n = 4x = 48 2.06 ± 0.07 0.51 ± 0.01 

NCGR óSunshine Blueô PI 555316, óAvonblueô Ĭ OP 2n = 4x = 48 2.82 ± 0.07 0.70 ± 0.01 

NCSU 
óSunshine Blueô 

x NC4858 
óSunshine Blueô Ĭ NC4858 2n = 4x = 48 2.72 ± 0.13 0.68 ± 0.02 

NCGR óToroô PI 618023, óEarliblueô Ĭ óIvanhoeô 2n = 4x = 48 2.22 ± 0.07 0.55 ± 0.01 

NCGR óWolcottô 
PI 614082, óWeymouthô xF6 [óStanleyô Ĭ óCrabbe-4ô 

(V. corymbosum syn. V. formosum, NC)] 
2n = 4x = 48 2.26 ± 0.09 0.56 ± 0.01 

NCSU B-66-5 x B-66-4 
(intercross of V. corymbosum selections, Berkeley Co., 

SC) 
2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU CHID1-24:1 
NC3334 (V. corymbosum syn. V. formosum, SE VA) × 

NC3033 
2n = 4x = 48 2.41 ± 0.07 0.60 ± 0.01 

NCSU CHID1-4:58 SHF3a-4-15 Ĭ óReveilleô 2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCSU CHID2-4:74 
US340 [FL 4B (V. darrowii) × 'Bluecrop'] × 

óOzarkblueô 
2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCGR DE6318 PI 296412, OP × OP 2n = 4x = 48 2.53 ± 0.05 0.63 ± 0.00 
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Table 1.3 (continued). 

NCGR 

F2 (V. 

corymbosum) x 

V. uliginosum, 

R1P10 

PI 618067, F2(V. corymbosum) × V. uliginosum, 

R1P10 
2n = 4x = 48 2.65 ± 0.07 0.66 ± 0.01 

NCSU NC1146 óMurphyô Ĭ G125 2n = 4x = 48 2.37 ± 0.06 0.59 ± 0.01 

NCSU SHF2B3-13:31  

NC2558 [NC 1146 × NC 1906 [F2(V. darrowii × V. 

stamineum)]] × NC4074 [NC 81-4-2 [V. caesariense, 

NC) × NC 78-8-1(V. stamineum, SC)]  

2n = 4x = 48 2.48 ± 0.06 0.62 ± 0.01 

NCSU NC2860 NC78-14B-1-2 (V. elliottii, SC) Ĭ óBluechipô 2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCSU NC2898 óBountyô Ĭ NC2426 ('Croatan' Ĭ V. elliottii, NC) 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCSU NC2930 NC2186 (V. pallidum) (4x) × 'Echota' 2n = 4x = 48 2.37 ± 0.07 0.59 ± 0.01 

NCSU NC3048  
NC2267 (2x) [[V. caesariense × V. darrowii] × V. 

darrowii] × BLJ-13-6 (2x) (V. ovatum, OR)  
2n = 4x = 48 2.33 ± 0.07 0.58 ± 0.01 

NCSU NC3104 NC1522 × óO'Nealô 2n = 4x = 48 2.38 ± 0.06 0.59 ± 0.01 

NCSU NC3114 óBountyô Ĭ US141 [US41 Ĭ FL4-76] 2n = 4x = 48 2.44 ± 0.06 0.61 ± 0.01 

NCSU NC3211 óBountyô Ĭ óBlueridgeô 2n = 4x = 48 2.36 ± 0.07 0.59 ± 0.01 

NCSU NC3257 US253 × G526 2n = 4x = 48 2.37 ± 0.07 0.59 ± 0.01 

NCSU NC3311 
NC7-41-2 (V. corymbosum syn. V. formosum, NJ) × 

OP 
2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC3319 
NC83-13-8 (V. corymbosum syn. V. formosum, S GA) 

× OP 
2n = 4x = 48 2.31 ± 0.07 0.57 ± 0.01 

NCSU NC3458  NC2858 [óBluechipô Ĭ V. elliottii, NC] × NC967  2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCSU NC3472 NC79-19-2 (V. pallidum, SC) (4x) × NC1871 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCSU NC3530 NC80-8-1 (V. myrsinites, SC) × 'Echota' 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCSU NC3577 NCSF-12-L × 'Echota' 2n = 4x = 48 2.32 ± 0.07 0.58 ± 0.01 

NCSU NC3603 G650 × G298 2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC3781 NC3034 (V. elliottii, SC) Ĭ óSierraô 2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC3785 NC3034 (V. elliottii, SC) Ĭ óSierraô 2n = 4x = 48 2.35 ± 0.07 0.58 ± 0.01 

NCSU NC3883 intercross of V. myrsinites selections from SE SC 2n = 4x = 48 2.36 ± 0.07 0.59 ± 0.01 
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Table 1.3 (continued). 

NCSU NC3920 'Echota' × NC80-2-14 (V. myrsinites, SC) 2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC3954 

NC3019 [B-1 (V. corymbosum syn. V. formosum, SC) 

× NC80-2-14 (V. myrsinites, SC)] × NC82-16-6 (V. 

corymbosum syn. V. formosum, SC)  

2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 

NCSU NC4002 NC2104 ['Echota' × V. elliottii, NC] × 'Chanticleer' 2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCSU NC4004 
'Chanticleer' × NC2874 [(V. elliottii, S GA) × 

'Bluechip'] 
2n = 4x = 48 2.40 ± 0.06 0.60 ± 0.01 

NCSU NC4011 
'Chanticleer' × NC2874 [(V. elliottii, S GA) × 

'Bluechip'] 
2n = 4x = 48 2.36 ± 0.07 0.59 ± 0.01 

NCSU NC4034 US799 (V. darrowii segregate) Ĭ óSierraô 2n = 4x = 48 2.33 ± 0.07 0.58 ± 0.01 

NCSU NC4064 óReveilleô Ĭ NC1146 2n = 4x = 48 2.47 ± 0.07 0.61 ± 0.01 

NCSU NC4121 US137 [US41 × FL4-76] × óEchotaô 2n = 4x = 48 2.43 ± 0.05 0.60 ± 0.01 

NCSU NC4122 US137 [US41 × FL4-76] × 'Echota' 2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 

NCSU NC4124 'Carteret' × 'Summit' 2n = 4x = 48 2.32 ± 0.07 0.58 ± 0.01 

NCSU NC4131 óReveilleô Ĭ NC2678 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCSU NC4278  SF-12-L × NC2916 [V. corymbosum × V. elliottii]  2n = 4x = 48 2.38 ± 0.07 0.59 ± 0.01 

NCSU NC4279 NC1639 × NC2916 [V. corymbosum × V. elliottii]  2n = 4x = 48 2.38 ± 0.06 0.59 ± 0.01 

NCSU NC4300 NC3352 (V. angustifolium, WV) × NC1872 2n = 4x = 48 2.28 ± 0.07 0.57 ± 0.01 

NCSU NC4303 NC2845 (V. elliottii, NC) Ĭ óToroô 2n = 4x = 48 2.26 ± 0.13 0.56 ± 0.02 

NCSU NC4307 
NC2845 (V. elliottii, NC) × NC2860 [V. elliottii, SC × 

'Bluechip'] 
2n = 4x = 48 2.44 ± 0.07 0.61 ± 0.01 

NCSU NC4339 óSunshine Blueô Ĭ NC3048 2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC4351 óDukeô Ĭ NC2426 ['Croatan' Ĭ V. elliottii, NC] 2n = 4x = 48 2.42 ± 0.07 0.60 ± 0.01 

NCSU NC4361 óBeaufortô Ĭ óArlenô 2n = 4x = 48 2.37 ± 0.07 0.59 ± 0.01 

NCSU NC4385 óArlenô Ĭ óCarteretô 2n = 4x = 48 2.50 ± 0.06 0.62 ± 0.01 

NCSU NC4392 G214 × NC2874 [V. elliottii, S. GA × 'Bluechip'] 2n = 4x = 48 2.50 ± 0.06 0.62 ± 0.01 

NCSU NC4394 NC3170 [V. simulatum, NC × 'Bounty'] × NC3033 2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 
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Table 1.3 (continued). 

NCSU NC4398 NC2856 × NC2863 2n = 4x = 48 2.45 ± 0.06 0.61 ± 0.01 

NCSU NC4404 óPinnacleô Ĭ óDukeô 2n = 4x = 48 2.41 ± 0.07 0.60 ± 0.01 

NCSU NC4411 G214 Ĭ óChanticleerô 2n = 4x = 48 2.35 ± 0.06 0.58 ± 0.01 

NCSU NC4421 
NC3323 (V. corymbosum syn. V. formosum, SC) × 

óSampsonô 
2n = 4x = 48 2.31 ± 0.07 0.57 ± 0.01 

NCSU NC4426 
NC3314 (V. corymbosum syn. V. formosum, MI) × 

óSampsonô 
2n = 4x = 48 2.44 ± 0.07 0.61 ± 0.01 

NCSU NC4434 
NC3311 (V. corymbosum syn. V. formosum, NJ) × 

óSampsonô 
2n = 4x = 48 2.32 ± 0.07 0.58 ± 0.01 

NCSU NC4499 óSunshine Blueô Ĭ NC3048 2n = 4x = 48 2.41 ± 0.07 0.60 ± 0.01 

NCSU NC4509 US74 [FL 4B (V. darrowii) × 'Bluecrop'] × NC3048 2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 

NCSU NC4511 óSunshine Blueô Ĭ óLegacyô 2n = 4x = 48 2.04 ± 0.07 0.51 ± 0.01 

NCSU NC4564 
NC3311 (V. corymbosum syn. V. formosum, NJ) × 

óSampsonô 
2n = 4x = 48 2.33 ± 0.07 0.58 ± 0.01 

NCSU NC4574 
NC3325 (V. corymbosum syn. V. formosum, SC) × 

NC3033 
2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC4593 
NC3314 (V. corymbosum, MI) × NC3494 (V. 

corymbosum syn. V. formosum, NC) 
2n = 4x = 48 2.35 ± 0.07 0.58 ± 0.01 

NCSU NC4597 NC80-6-2 (V. fuscatum, SC (4x)) Ĭ óSampsonô 2n = 4x = 48 2.36 ± 0.06 0.59 ± 0.01 

NCSU NC4600 
NC1066 × NC83-13-6 [V. myrsinites × V. corymbosum 

syn. V. formosum segregate, S. GA] 
2n = 4x = 48 2.41 ± 0.07 0.60 ± 0.01 

NCSU NC4606 
NC80-8-3 [V. corymbosum syn. V. formosum × V. 

myrsinites segregate, SC] Ĭ óSierraô 
2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC4608 NC2595 [V. pallidum × V. fuscatum (4x)] × NC1640  2n = 4x = 48 2.38 ± 0.07 0.59 ± 0.01 

NCSU NC4618 
NC2466 [NC2267 (2x) [[V. caesariense × V. darrowii] 

× V. darrowii] × óBountyô] Ĭ NC1639  
2n = 4x = 48 2.52 ± 0.07 0.63 ± 0.01 

NCSU NC4625 NC1768 × NC1639  2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCSU NC4627 NC2856 Ĭ óSummitô  2n = 4x = 48 2.53 ± 0.07 0.63 ± 0.01 

NCSU NC4630 NC3025 × NC3048  2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCSU NC4638 óBeaufortô Ĭ NC2916  2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 
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Table 1.3 (continued). 

NCSU NC4643 
NC2980 [V. simulatum, NC × NC1871] × 

NC2927 [óBountyô Ĭ [óCroatanô Ĭ V. elliottii, NC]  
2n = 4x = 48 2.39 ± 0.06 0.59 ± 0.01 

NCSU NC4654 
NC3173 [V. pallidum × V. elliottii, SC × 'Bounty'] × 

NC3175 [V. pallidum × 'Echota']  
2n = 4x = 48 2.47 ± 0.07 0.61 ± 0.01 

NCSU NC4661 
NC3173 [V. pallidum × V. elliottii, SC × 'Bounty'] × 

óSummitô  
2n = 4x = 48 2.38 ± 0.06 0.59 ± 0.01 

NCSU NC4664 
NC3173 [V. pallidum × V. elliottii, SC × 'Bounty'] × 

óSummitô  
2n = 4x = 48 2.47 ± 0.07 0.61 ± 0.01 

NCSU NC4671 NC1171 × NCSF-12-L  2n = 4x = 48 2.56 ± 0.07 0.64 ± 0.01 

NCSU NC4676 NC1171 × NCSF-12-L  2n = 4x = 48 2.38 ± 0.06 0.59 ± 0.01 

NCSU NC4681 óBluechipô Ĭ NC1376  2n = 4x = 48 2.51 ± 0.07 0.62 ± 0.01 

NCSU NC4710 
NC3463 [V. virgatum (6x) × V. simulatum (4x)] × 

óChandlerô (4x)  
2n = 4x = 48 2.45 ± 0.09 0.61 ± 0.01 

NCSU NC4712 
NC3463 [V. virgatum (6x) × V. simulatum (4x)] × 

óChandlerô (4x)  
2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 

NCSU NC4859 F2(NC3865 × NC3048) × OP  2n = 4x = 48 2.42 ± 0.07 0.60 ± 0.01 

NCSU NC4885 NC4331 (2x) [V. darrowii × V. arboreum] × NC4360  2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 

NCSU NC4886 NC4336 (2x) [V. darrowii × V. arboreum] Ĭ óSummitô  2n = 4x = 48 2.38 ± 0.07 0.59 ± 0.01 

NCSU NC4900 NC2852 [V. pallidum (4x) × NC1871] × NC2856  2n = 4x = 48 2.36 ± 0.07 0.59 ± 0.01 

NCSU NC4958 
NC3773 [(V. elliottii × V. tenellum, SC) × 'Chandler'] × 

NC2859 [V. elliottii, NC × 'Bluechip']  
2n = 4x = 48 2.37 ± 0.06 0.59 ± 0.01 

NCSU NC4976 

NC4562 (4x+) [NC3142 (5x) [NC1982 (4x) × NC1944 

(6x)] × NC2856 (4x+) [NC1935 (4x+) [US42 (5x) × B-6 

(4x)] × US75 (4x)]] × NC3476 (4x+) [NC1146 (4x) × 

NC2673 (4x+) [NC1204 (5x) × NC1376 (4x)]] × 

NC4361  

2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 
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Table 1.3 (continued). 

NCSU NC4979 

NC4562 (4x+) [NC3142 (5x) [NC1982 (4x) × NC1944 

(6x)] × NC2856 (4x+) [NC1935 (4x+) [US42 (5x) × B-6 

(4x)] × US75 (4x)]] × NC3476 (4x+) [NC1146 (4x) × 

NC2673 (4x+) [NC1204 (5x) × NC1376 (4x)]] × 

NC4361  

2n = 4x = 48 2.36 ± 0.06 0.59 ± 0.01 

NCSU NC4991 óReveilleô Ĭ NC3476 2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC4996 óArlenô Ĭ óGeorgia Gemô 2n = 4x = 48 2.52 ± 0.07 0.63 ± 0.01 

NCSU NC5001 
óReveilleô Ĭ NC3920 ['Echota' Ĭ NC80-2-14 (V. 

myrsinites, SC)] 
2n = 4x = 48 2.46 ± 0.07 0.61 ± 0.01 

NCSU NC5006 
óReveilleô Ĭ NC3920 ['Echota' Ĭ NC80-2-14 (V. 

myrsinites, SC)] 
2n = 4x = 48 2.47 ± 0.07 0.61 ± 0.01 

NCSU NC5015 
óRubelô Ĭ NC2898 [óBountyô Ĭ (óCroatanô Ĭ V. elliottii, 

NC)]  
2n = 4x = 48 2.45 ± 0.07 0.61 ± 0.01 

NCSU NC5019 
NC2922 [V. corymbosum syn. V. formosum hybrid × 

NC1871] × NC2856 
2n = 4x = 48 2.39 ± 0.07 0.59 ± 0.01 

NCSU NC5022 
NC2922 [V. corymbosum syn. V. formosum hybrid × 

NC1871] × NC2856 
2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCSU NC5066 
NC3773 [(V. elliottii × V. tenellum, SC) × 'Chandler'] × 

NC2859 
2n = 4x = 48 2.35 ± 0.07 0.58 ± 0.01 

NCSU NC5068 
NC3773 [(V. elliottii × V. tenellum, SC) × 'Chandler'] × 

NC2859 
2n = 4x = 48 2.37 ± 0.07 0.59 ± 0.01 

NCSU NC5072 NC2927 × G615 2n = 4x = 48 2.38 ± 0.07 0.59 ± 0.01 

NCSU NC5197 óArlenô Ĭ óGeorgia Gemô 2n = 4x = 48 2.43 ± 0.07 0.60 ± 0.01 

NCSU NC5211 NC2898 × G615 2n = 4x = 48 2.39 ± 0.06 0.59 ± 0.01 

NCSU NC5214 NC2873 [V. elliottii, SC × 'Bluechip'] × OP 2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCSU NC5216 NC4302 Ĭ óSunshine Blueô 2n = 4x = 48 2.33 ± 0.07 0.58 ± 0.01 

NCSU NC5236 NC84-6-5 (V. darrowii, FL) × US75 2n = 4x = 48 2.37 ± 0.07 0.59 ± 0.01 

NCSU NC5266 NC4886 Ĭ óLegacyô 2n = 4x = 48 2.34 ± 0.07 0.58 ± 0.01 
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Table 1.3 (continued). 

NCSU SHF2B3-14:38 
NC5141 (4x) [V. consanguineum (4x) Ĭ óSunshine 

Blueô (4x)] × NC3104 (4x) 
2n = 4x = 48 2.35 ± 0.07 0.58 ± 0.01 

NCGR US612 PI 618270, G362 × JU64 2n = 4x = 48 2.24 ± 0.07 0.56 ± 0.01 

NCGR US693 PI 638328, US226 × US226 2n = 4x = 48 2.16 ± 0.07 0.54 ± 0.01 

NCGR US845 
PI 638330, US388 [FL 4B (V. darrowii) × Knight (V. 

elliottii)] Ĭ óCara's Choiceô 
2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCSU US845 
PI 638330, US388 [FL 4B (V. darrowii) × Knight (V. 

elliottii)] Ĭ óCara's Choiceô 
2n = 4x = 48 2.40 ± 0.07 0.60 ± 0.01 

NCGR US848 
PI 638332, US388 [FL 4B (V. darrowii) × Knight (V. 

elliottii )] × G526 
2n = 4x = 48 2.22 ± 0.06 0.55 ± 0.01 

NCGR US851 PI 638337, óKnightô (V. elliottii) × G526 2n = 4x = 48 2.53 ± 0.07 0.63 ± 0.01 

NCGR USDA F-72 PI 554825, óWarehamô Ĭ óPioneerô 2n = 4x = 48 2.68 ± 0.07 0.67 ± 0.01 

NCSU NC2672 
NC1204 (5x) ['Angola' (4x) × 'Tifblue' (6x)] × NC1376 

(4x) 
2n = 4x+ = ND 2.78 ± 0.05 ND 

NCSU NC3419 
'Sampson' (4x) × NC3060 (5x) [NC2125 (6x) × 

'Murphy' (4x)] 
2n = 4x+ = ND 2.71 ± 0.07 ND 

NCSU NC3476 
NC1146 (4x) × NC2673 (4x+) [NC1204 (5x) × NC1376 

(4x)] 
2n = 4x+ = ND 2.59 ± 0.07 ND 

NCSU NC4329 
NC2859 (4x) × NC3412 (4x+) [NC3025 (4x) × NC3060 

(5x) [NC2125 (6x) × 'Murphy' (4x)]]  
2n = 4x+ = ND 2.64 ± 0.07 ND 

NCSU NC4519 
NC3760 (5x) [NC79-19-2 (V. pallidum) (4x) × NC3086 

(6x)]x NC80-8-1 (V. myrsinites) (4x) 
2n = 4x+ = ND 2.65 ± 0.07 ND 

NCSU NC4696 
óReveilleô (4x) × NC3478 (4x+) [NC1146 (4x) × 

NC2673 (4x+) [NC1204 (5x) × NC1376 (4x)]]  
2n = 4x+ = ND 2.40 ± 0.06 ND 

NCSU NC4701 

NC2856 (4x+) [NC1935 (4x+) [US42 (5x) × B-6 (4x)] × 

US75 (4x)] × US75 (4x)] × NC3478 (4x+) [NC1146 

(4x) × NC2673 (4x+) [NC1204 (5x) × NC1376 (4x)]]  

2n = 4x+ = ND 2.52 ± 0.07 ND 

NCSU NC4721 
NC3219 (5x) ['Bounty' (4x) × 'Premier' (6x)] × NC1376 

(4x) 
2n = 4x+ = ND 2.39 ± 0.07 ND 
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Table 1.3 (continued). 

NCSU NC4728 
NC3219 (5x) ['Bounty' (4x) × 'Premier' (6x)] × 

óSpartanô (4x) 
2n = 4x+ = ND 2.69 ± 0.07 ND 

NCSU NC4732 
NC3218 (5x) ['Bounty' (4x) × 'Premier' (6x)] × 

óSpartanô (4x) 
2n = 4x+ = ND 2.67 ± 0.07 ND 

NCSU NC4738 
óReveilleô (4x) × NC3098 (4x+) ['Bounty' (4x) × 

'Heintooga' (5x)] 
2n = 4x+ = ND 2.36 ± 0.07 ND 

NCSU NC4739 
óReveilleô (4x) × NC3098 (4x+) ['Bounty' (4x) × 

'Heintooga' (5x)] 
2n = 4x+ = ND 2.65 ± 0.09 ND 

NCSU NC4953 
óCarteretô (4x) × NC2747 (4x+) [NC449 (5x) × NC1066 

(4x)]  
2n = 4x+ = ND 2.49 ± 0.06 ND 

NCSU NC5071 
NC2874 (4x) × NC3412 (4x+) [NC3025 (4x) × NC3060 

(5x) [NC2125 (6x) × 'Murphy' (4x)]]  
2n = 4x+ = ND 2.44 ± 0.07 ND 

NCSU NC5199 
óReveilleô (4x) × NC3476 (4x+) [NC1146 (4x) × 

NC2673 (4x+) [NC1204 (5x) × NC1376 (4x)]]  
2n = 4x+ = ND 2.49 ± 0.07 ND 

NCSU NC5204 

NC4562 (4x+) [NC3142 (5x) [NC1982 (4x) × NC1944 

(6x)] × NC2856 (4x+) [NC1935 (4x+) [US42 (5x) × B-6 

(4x)] × US75 (4x)]] × NC4179 (4x) 

2n = 4x+ = ND 2.41 ± 0.07 ND 

NCSU NC5207 

NC4562 (4x+) [NC3142 (5x) [NC1982 (4x) × NC1944 

(6x)] × NC2856 (4x+) [NC1935 (4x+) [US42 (5x) × B-6 

(4x)] × US75 (4x)]] × NC3476 (4x+) [NC1146 (4x) × 

NC2673 (4x+) [NC1204 (5x) × NC1376 (4x)]]  

2n = 4x+ = ND 2.52 ± 0.07 ND 

NCSU óHeintoogaô óBluechipô (4x) × NC1827 (6x) 2n = 5x = 60 3.00 ± 0.07 0.60 ± 0.01 

NCSU óRobesonô US226 (4x) Ĭ óPremierô (6x) 2n = 5x = 60 3.03 ± 0.06 0.60 ± 0.01 

NCSU NC2864 NC79-60-8 (4x) (V. simulatum) × 'Montgomery' (6x) 2n = 5x = 60 3.14 ± 0.07 0.62 ± 0.01 

NCSU NC3147 
US109 (4x) (MI Lowbush#1, V. angustifolium) × 

NC2105 (6x) (V. virgatum) 
2n = 5x = 60 3.03 ± 0.07 0.60 ± 0.01 

NCSU NC3219 óBountyô (4x) Ĭ óPremierô (6x) 2n = 5x = 60 3.08 ± 0.07 0.61 ± 0.01 

NCSU NC3465 NC1475 (4x) × NC2144 (6x) (V. constablaei, NC) 2n = 5x = 60 3.06 ± 0.06 0.61 ± 0.01 

NCSU NC3515 NC3044 (4x) × NC3084 (6x)  2n = 5x = 60 3.12 ± 0.07 0.62 ± 0.01 

NCSU NC3957 JU8 (6x) × Sierra (4X) 2n = 5x = 60 2.96 ± 0.07 0.59 ± 0.01 
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Table 1.3 (continued). 

NCSU NC4073 NC3040 (4x) (V. angustifolium, MI) × 'Ira' (6x) 2n = 5x = 60 3.04 ± 0.06 0.60 ± 0.01 

NCSU NC4169 NC3044 (4x) × T141 (6x) 2n = 5x = 60 2.75 ± 0.07 0.55 ± 0.01 

NCSU NC4810 óIraô (6x) × NC3458 (4x) 2n = 5x = 60 3.02 ± 0.07 0.60 ± 0.01 

NCSU NC4959 NC81-10-2 (6x) (V. virgatum, SC) × NC1467 (4x) 2n = 5x = 60 3.05 ± 0.07 0.61 ± 0.01 

NCSU NC5076 
NC3325 (4x) (V. corymbosum syn. V. formosum, SC) × 

NC2140 (6x) (V. virgatum, FL) 
2n = 5x = 60 3.61 ± 0.07 0.72 ± 0.01 

NCSU NC5077 
NC3325 (4x) (V. corymbosum syn. V. formosum, SC) × 

NC2140 (6x) (V. virgatum, FL) 
2n = 5x = 60 3.67 ± 0.07 0.73 ± 0.01 

NCSU NC5089 NC81-10-2 (6x) (V. virgatum, SC) × NC1467 (4x) 2n = 5x = 60 2.94 ± 0.07 0.58 ± 0.01 

NCSU NC5237 NC3878 (4x) (V. pallidum) × NC3632 (6x) 2n = 5x = 60 3.02 ± 0.07 0.60 ± 0.01 

NCGR US676 PI 638335, G362 (4x) × JU11 (6x)  2n = 5x = 60 3.03 ± 0.07 0.60 ± 0.01 

NCSU NC5074 
NC3325 (4x) (V. corymbosum syn. V. formosum, SC) × 

NC2140 (6x) (V. virgatum, FL) 
2n = 5x* = 60 4.12 ± 0.07 0.82 ± 0.01 

NCSU NC5101 
NC4301 (6x*) [V. consanguineum (4x) × NC1872 (4x)] 

Ĭ óLegacyô (4x) 
2n = 5x* = ND 2.92 ± 0.13 ND 

NCSU 
SHF2A1-5:24 

NC4301 (6x*) [V. consanguineum (4x) × NC1872 (4x)] 

Ĭ óLegacyô (4x) 

2n = 5x* = ND 
2.90 ± 0.07 ND 

NCSU 
SHF2A1-5:65 

NC4301 (6x*) [V. consanguineum (4x) × NC1872 (4x)] 

Ĭ óLegacyô (4x) 

2n = 5x* = ND 
2.94 ± 0.07 ND 

NCSU 
SHF2B1-17:21 

NC4301 (6x*) [V. consanguineum (4x) × NC1872 (4x)] 

× NC3899 (4x) 

2n = 5x* = ND 
2.89 ± 0.07 ND 

NCSU 
SHF2B1-17:22 

NC4301 (6x*) [V. consanguineum (4x) × NC1872 (4x)] 

× NC3899 (4x) 

2n = 5x* = ND 
2.83 ± 0.07 ND 

NCSU NC4612 NC84-6-5 (2x) (V. darrowii, FL) × NC1467 (4x) 2n = 5x* = ND 3.07 ± 0.04 ND 

NCSU NC3855 
US124 (6x) (V. constablaei) × NC2487 (5x) [V. 

pallidum (4x) × 'Premier' (6x)] 
2n = 5x+ = ND 3.36 ± 0.07 ND 

NCSU NC3857 US124 (6x) × NC2767 (5x) [US41 (4x) × NC2016 (6x)] 2n = 5x+ = ND 3.36 ± 0.07 ND 

NCSU NC4211 NC2768 (5x) [US41 (4x) × NC2016 (6x)] × T286 (6x) 2n = 5x+ = ND 3.31 ± 0.06 ND 
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Table 1.3 (continued). 

NCSU NC4371 

NC3514 (5x) [NC3024 (4x) × NC3086 (6x)] × NC3408 

(4x+) [NC3033 (4x) × NC3060 (5x) [NC2125 (6x) × 

'Murphy' (4x)]]]  

2n = 5x+ = ND 3.76 ± 0.07 ND 

NCSU NC4736 

NC3886 (4x+) [NC79-19-2 (V. pallidum) (4x) × 

NC1916 (5x) [NC1681 (V. pallidum (4x)) × 'Tifblue' 

(6x)]] × NC1467 (4x) 

2n = 5x+ = ND 3.02 ± 0.06 ND 

NCSU NC4824 NC3493 (5x) ['Jersey' (4x) × NC1402 (6x)] Ĭ óIraô (6x) 2n = 5x+ = ND 3.25 ± 0.05 ND 

NCSU NC4954 

[NC3799 (5x) [NC82-16-6 (V. myrsinites) (4x) × 

NC81-10-2 (V. virgatum) (6x)] × CloneC (V. virgatum) 

(6x)] × [NC3799 (5x) [NC82-16-6 (V. myrsinites) (4x) 

× NC81-10-2 (V. virgatum) (6x)] × NC80-11-3 (V. 

virgatum) (6x)] 

2n = 5x+ = ND 3.63 ± 0.07 ND 

NCSU NC4986 
NC3147 (5x) [US109 (4x) × NC2105 (6x)] Ĭ óLegacyô 

(4x) 
2n = 5x+ = ND 3.16 ± 0.07 ND 

NCSU SHF1C2-3:24 

óEchotaô (4x) × NC3552 (5x+) [NC2747 (4x+) [NC449 

(5x) × NC1066 (4x)] × NC2695 (5x+) [TH268 (4x) × 

NJ/US11 (5x+) [US41 (4x) × 'Tifblue' (6x)]]]  

2n = 5x+ = ND 3.79 ± 0.06 ND 

NCSU NC2105 óTifblueô Ĭ O.P. 2n = 6x = 72 3.70 ± 0.05 0.61 ± 0.00 

NCSU NC5083 NJ89-158-11 × NC3959 (V. virgatum, SC) 2n = 6x = 72 3.57 ± 0.07 0.59 ± 0.01 

NCSU NC5094 NJ89-158-24 × NC1223 (V. virgatum, AR) 2n = 6x = 72 3.56 ± 0.07 0.59 ± 0.01 

NCSU NC5164 

NC2852 (4x) [V. pallidum, SC (4x) × NC1871 (4x)] × 

NC2856 (4x+) [NC1935 (4x*) [US42 (5x) × B-6 (4x)] × 

US75 (4x)] × US75 (4x)] 

2n = 6x+ = ND 3.76 ± 0.07 ND 

+ denotes complex ploidy or aneuploidy wherein the individual pedigree is referenced for predominant hexaploid or tetraploid 

ancestry. 

* Denotes uncertain ploidy due to possible fusion of one or more unreduced gametes 

ND denotes the chromosomal counts are not defined 

NCGR denotes National Clonal Germplasm Repository, Corvallis, OR 

NCSU denotes NC State University, Raleigh, NC  
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Figure 1.1. Pentaploid and aneuploid genotype correlation between genome size and percentage of hexaploid species 

introgression. óPioneerô and óJerseyô (V. corymbosum) were used as tetraploid control genotypes while óPremierô (V. 

virgatum) and NC86-28-03 (V. constablaei) were used as hexaploid control genotypes for comparative purposes. 
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Figure 1.2. Diploid Vaccinium genome size correlation between GenomeScope and flow cytometry. Genome size estimated by flow 

cytometry was measured using an internal reference, Pisum sativum cv. óCtiradô to determine 2C DNA content and converted into 

megabase pairs (Mbp), where 1 pg = 978 Mbp/ploidy to calculate the haploid genome size. GenomeScope v.2.0 was used to determine 

the haploid genome length (k-mer length = 25) of diploid Vaccinium species.  
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CHAPTER 2: 

Genotype, Environment, Year, and Harvest effects on Fruit Quality Traits of Five 

Blueberry (Vaccinium corymbosum L.) Cultivars  

 

ABSTRACT 

Blueberries (Vaccinium spp.) comprise a broad range of perennial woody species, in which 

native Vaccinium species are found across North America, ranging from Canada through 

Mexico. Introgression of native species into cultivated germplasm has adapted Vaccinium 

germplasm to a range of climates and growing conditions for cultivated blueberry. Genetic 

differences signify phenotypic variance that is observed among blueberry accessions. In addition, 

variability in geographic and climatic growing conditions between or among environments may 

further affect fruit and plant phenotypic expression. As a result, a phenotype is a function of 

genetic background (G), environment (E), and their interaction (G × E). In addition, other 

temporally regulated factors such as year (Y) and harvest time (H) impact plant and fruit quality 

phenotypic variation. Our research aimed to assess the genotypic performance of five blueberry 

cultivars, including óEchotaô, óOôNealô, óReveilleô, óSummitô, and óSunriseô. The selected 

cultivars were phenotyped for various fruit quality-related traits over two sequential harvests in 

two years and two locations. Our results indicated that genotype is a major source of variation 

for most phenotypic traits. Further, the effect of Y × H as well as G × Y × H, significantly 

affected the majority of studied phenotypic traits. Within the studied genotypes, óReveilleô and 
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óOôNealô phenotypic stability were consistent across locations and years, with óSummitô 

characteristics stable across years, locations, and harvests. Clonal plant replicates within 

genotype, harvest, and environment, as well as individual fruit measures were the most 

significant source of variability.  

 

INTRODUCTION  

Blueberries (Vaccinium spp.) encompass a broad range of perennial woody species, wherein 

native Vaccinium species are found across North America, ranging from Canada through 

Mexico. In the southeastern United States, select native Vaccinium species including V. 

angustifolium (Aiton), V. arboreum (Marsh), V. constablaei (Gray), V. corymbosum (L.), V. 

darrowii (Camp), V. elliottii (Chapm.), V. myrtilloides (Michx.), V. pallidum (Aiton), V. tenellum 

(Aiton), V. simulatum (Small), V. stamineum (L.) and V. virgatum (Aiton) have been utilized in 

breeding populations for specific adaptations and trait introgression. Introgression of native 

species into cultivated germplasm has adapted Vaccinium germplasm to a range of climates and 

growing conditions for cultivated blueberry, resulting in both low-chill and high-chill adapted 

cultivars (Cabezas, de Bem Oliveira et al. 2021, Nishiyama, Fujikawa et al. 2021). Differential 

low chill and high-chill cultivation has enabled production expansion through the expanded 

geographic range, ultimately enabling fresh market availability year-round due to longer 

production windows across regions. Furthermore, blueberry production has gained traction due 

to increased consumer and commercial attention to recent reports regarding the health benefits of 

blueberry anthocyanin content and composition (Kalt, Cassidy et al. 2019).  
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Genetic differences signify phenotypic variance and are observed as differences in fruit flavor or 

size between different blueberry accessions. Variability in geographic and climatic growing 

conditions between environments may further affect fruit and plant phenotypic expression. In a 

comparison of geographically diverse locations, blueberry cv. Brightwell (Vaccinium virgatum) 

grown in higher altitude environments reported increased total soluble solids (TSS), flavonoids, 

phenols, proanthocyanidins, and anthocyanins in China (Zeng, Dong et al. 2020). In addition to 

altitude, environmental differences encompass climatic factors, including temperature and 

precipitation. Increased TSS can be attributed to decreased fruit volume and moisture loss, and 

can result from reduced rainfall events (Bryla, Yorgey et al. 2009). Additionally, decreased 

precipitation during blueberry fruit ripening resulted in small firm fruit, which correlated with 

increased soluble solids and acidity (Almutairi, Bryla et al. 2017). Water deficit treatments also 

led to a decrease in fruit antioxidant levels in blueberry (Lobos, Retamales et al. 2016). 

Alternatively, increased TSS and decreased fruit weight was an effect of warmer temperatures in 

tomato (Rodriguez-Ortega, Martinez et al. 2017). In addition, temperature also plays a role in 

anthocyanin concentration. Genetic control of apple anthocyanin biosynthesis was found to be 

regulated by temperature (Lin-wang, Micheletti et al. 2011). Hot climates decreased the 

expression of anthocyanin biosynthesis genes, which resulted in the failure to accumulate red 

fruit pigmentation in apples grown in hot climates compared to those grown under temperate 

climate conditions (Lin-wang, Micheletti et al. 2011). 

Phenotypic expression and observed variation of plant growth and development are functions of 

both genetic background (G) and environment (E), and their interaction (G × E). Other impacting 

factors in plant and fruit quality phenotypic variation can be temporally regulated, including 

effects of the year (Y) and harvest time (H), wherein biotic and abiotic events between years or 
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maturation time between harvests are involved in fruit production and quality differences. 

Seasonal temperature differences over the years can significantly affect the fruit production of 

blueberries. Winter temperatures control dormancy release. Thus, the earlier onset of warmer 

temperatures exemplified by the three-week earlier snowmelt in Vaccinium myrtillus in Norway 

in 2011 resulted in two-week earlier blooming when compared with the 2010 production season 

(Selås, Sønsteby et al. 2015). Furthermore, severe weather events such as spring cold spells can 

cause significant cold injury to low-chill and precocious blueberry cultivars, impacting yield 

(Patten, Neuendorff et al. 1991). In addition to cold-related events, yearly differences in 

temperature fluctuations and precipitation events, including heatwaves, drought, and flooding 

affect the quality of developing fruits (Lobos, Bravo et al. 2018, Yang, Bryla et al. 2019). Within 

a harvest season, weekly climate changes and increased growing degree days (GDD) can impact 

blueberry fruit maturation rates between sequential harvests within the same plant and cause 

variation in phenolic, acid, and total soluble solid composition between harvests (Zorenc, 

Veberic et al. 2016). By studying the impact of these interactions on phenotypic traits, we can 

evaluate factors affecting consistency in genotype performance.  

In studying the effects of environment, years, harvests, and genotype on phenotypic traits, our 

research aimed to assess genotypic performance in select environments and evaluate phenotypic 

consistency. The cultivars used in this study are highbush blueberry óEchotaô, óOôNealô, 

óReveilleô, óSummitô and óSunriseô. The southern highbush (SHB) cultivars óOôNealô and 

óSummitô have V. darrowii in their pedigrees; óSummitô and óReveilleô also have low-chill V. 

virgatum introgression; and óReveilleô has V. tenellum in its pedigree history. óEchotaô is a high-

chill northern highbush (NHB) derived from a native low-chill North Carolina V. corymbosum 

accession (NC102). The cultivar óSunriseô is a modern northern highbush cultivar developed 
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from high-chill V. corymbosum parents which have some V. angustifolium in their pedigree; as 

such, óSunriseô does not have low-chill species in its pedigree history. Using these selected 

cultivars in both North Carolina and Oregon environments, our research informs on the stability 

of a multitude of phenotypic traits. The phenotypic stability of a trait across environments, years, 

and harvests indicates a greater emphasis on the genetic control of the trait, which is essential for 

blueberry genotype uniformity for commercial production. The objectives of this study were to 

evaluate the genetic consistency of five blueberry cultivars and assess them for phenotypic 

variation between two environments, two years of research, two sequential harvests per year, and 

their interactions. Further, we aim to evaluate the correlation between phenotypic traits. The 

results of this study may impact blueberry breeding program decision-making for target 

environments and further identify blueberry production benchmarks for specified traits. 

 

MATERIALS AND METHODS  

Plant Material 

Fresh fruits were collected from selected cultivars from two field locations, NC State University 

(NCSU) Sandhills Research Station located in Jackson Springs, NC (35ę11ô N, 79ę40ô W and 

176 m above sea level) and USDA-ARS National Clonal Germplasm Repository (NCGR) in 

Corvallis, OR (44ę33ô N, 123ę13ô W and 74 m above sea level) on a weekly basis in 2019 and 

2020. The Jackson Springs soil is Fuquay Sand and is amended by pine bark for acidification. 

The Jackson Springs location was irrigated with Valley Linear Precision Irrigation system every 

7-10 days. The Corvallis site soil is predominantly Malabon silty clay loam with a pH of 4.5 ï 
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5.5 that is regularly amended with organic sawdust mulching. The Corvallis NCGR farm was 

irrigated via an underground sprinkler system that is run twice a week.  

The studied genotypes consisted of Vaccinium corymbosum SHB, óOôNealô, óReveilleô, and 

óSummitô, as well as the NHB óEchotaô and óSunriseô. Using the neighbor-joining method in 

RAxML and Vaccinium uliginosum (L.) as an outgroup, genotypic sequence data (Ashrafi et al., 

Unpub.) was analyzed to ensure that the studied genotypes were identical in both locations and a 

phylogenetic tree was produced (see Chapter 4; Figure 4.23). Each cultivar had two clonal 

replicate plants planted 1 m apart in the field at each fixed location. The frui 

t ripening window was based on fruit maturity on a per genotype and location basis. Ripe fruit 

from each plant were harvested for two sequential weeks once the plant achieved a ripeness 

status of >30% blue fruit. A minimum of ten individual fruit were hand-harvested per clonal 

replicate of each genotype for each harvest. Fruit collected from Jackson Springs were stored at 4 

°C for next-day analysis; fruit collected at the Corvallis location were harvested and shipped 

overnight on ice and in refrigerated shipping conditions (4 °C) to the NC State University, 

Raleigh Campus, Blueberry Genetics and Genomics Laboratory for next-day analysis.  

Ten fruit from each clonal replicate were randomly sampled per harvest at each location. The 

same random sampling of fruit was used for firmness, weight, diameter, and puncture 

measurements; these fruit were later puréed for pooled measurement of TSS and TA. 
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Phenotypic Trait Measurements 

Colorimeter 

Color indices were quantified for 40 mL volumetric samples of each genotype, replicate, and 

harvest, which were encased in a light-impermeable Zero Calibration Box (CM-A124 Konica 

Minolta). CIELAB values, L*, a*, and b*, were quantified using a Konica Minolta CR-5 Chroma 

Meter (Konica Minolta, Inc., Tokyo, Japan). Three automatic readings were taken per sample 

and the average of the three readings was reported by the instrument. Quantified values indicated 

spectrum position for color identification. Specifically, higher L* values indicate increased 

sample luminescence represented by light blue fruit, a* values are a red-green color spectrum 

where positive values are red and negative values are green, and b* values are a blue-yellow 

color spectrum where positive values are yellow and negative values are blue. Luminescence 

(L*) depreciates with fruit handling and bloom removal, resulting in darker fruit skin and 

elevated a* and b* values. Therefore, CIELAB values are measured first in the phenotypic 

workflow prior to excessive fruit handling. The a* and b* values were converted to chroma 

(CRM) and hue (HUE) values according to the following equations (McGuire 1992). 

ὅὬὶέάὥ ὥz ὦz  

—
ÔÁÎ

ὦᶻ

ὥz
 

φȢςψσς
σzφπ 

ὬόὩ ὥὲὫὰὩ — ὭὪ ὥᶻ π ὥὲὨ ὦᶻ π  

ὬόὩ ὥὲὫὰὩ — ρψπ ὭὪ ὥᶻ π 

ὬόὩ ὥὲὫὰὩ — σφπ ὭὪ ὥᶻ π ὥὲὨ ὦᶻ π 
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Firmtech 

Fresh fruit firmness (FRM) was quantified via a Firmtech II (BioWorks, KS, USA). The 

instrument load cell depression speed was set at 12 mm·sec-1 with a table speed of  

0.79 mm·sec-1. Ten fruit were selected and measured per clonal genotype replicate and harvest. 

Individual fruits were positioned for equilateral compression. Deflection force was quantified as 

grams necessary to compress the fruit 1 mm (gĀmm-1). Deflection force and compression arm 

height were calibrated with pure gum rubber balls, 15.4 mm in diameter, and the tensile strength 

of 2700 psi (MCMasterCarr part 96385K61) (E. Prussia, K. Tetteh et al. 2006).  

 

Fruit weight and size 

Fruit weight (FW) was taken from these randomly selected individual fresh fruit (n =10) using a 

standard laboratory scale (Mettler Toledo, Columbus, OH). The square root of FW was taken 

and used in statistical analysis to stabilize the variance. 

The diameter of the ten randomly selected fruit used in weight measurements were gauged for 

equatorial diameter (ED) and polar diameter (PD) from calyx to stem scar using a caliper. The 

roundness index (RI) was determined as the ratio of polar diameter to the equatorial diameter for 

each fruit (Matiacevich, Celis Cofré et al. 2013). 

ὙὍ
ὖὈ

ὉὈ
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Texture analyzer 

The mechanical force required to puncture the fruit skin of the same ten individual fruit used in 

diameter and weight measurements was determined using a TAXTplus texture analyzer (Stable 

MicroSystem Ltd., Godalimng, UK) fitted with a 4 mm flathead probe as previously described 

(Giongo, Poncetta et al. 2013). The speed of decompression of the instrument was set to a speed 

of 2.5 mm·sec-1 with a retraction speed of 5 mm·sec-1. The flathead probe applied a maximum 

force of 5 g, indicating completion of fruit puncture and platform contact, after which probe 

retraction was initiated. Consistent with firmness measurements, individual fruit were positioned 

equatorially for puncture. Exponent Connect software (Stable MicroSystem Ltd., Godalimng, 

UK) was used to produce graphical profiles for each fruit calculating absolute positive force (N) 

(APF), force at target (N) (FT), and distance at absolute positive force (mm) (DPF). Absolute 

positive force is the pressure exerted upon the fruit at the time of puncture. Likewise, the force at 

target is the innate resistance to depression of the fruit upon initial contact with the flathead 

probe. The distance at absolute positive force indicates the fruitôs elasticity, measuring the 

distance from initial target contact to absolute positive force and fruit puncture. Using DPF 

divided by the ED of the blueberry, we established a ratio of fruit elasticity (FE).  

ὊὉ
ὈὖὊ

ὉὈ
 

 

Total Soluble Solids 

Soluble solids content (TSS) was measured from the supernatant of the fruit purée. The 

supernatant was extracted from homogenized (Fisher Scientific Homogenizer 150, Fisher 

Scientific, Pittsburg, PA) and centrifuged (10 min 4200 RPM) (Sorvall Legend X1R Centrifuge, 
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Fisher Scientific, Pittsburg, PA) fruit pulp of fresh fruit purée at room temperature (n =10) using 

a handheld ATAGO PAL-BX|ACID F5 refractometer (ATAGO, USA, Inc., Bellevue, WA). 

During homogenization, the fruit was contained in a 50 mL centrifuge tube held in ice to prevent 

purée heating and soluble solid decomposition (Zorenc, Veberic et al. 2017). Two-hundred 

microliters of liquid supernatant was extracted and placed on the refractometer sensor, and the 

values were recorded.  

 

Titratable acidity 

Titratable acidity (TA) was measured using a Mettler Toledo G20S Compact Titrator (Mettler 

Toledo, Columbus, OH). The fruit was homogenized and vortexed, creating a blueberry fruit 

purée. Following, 2 ± 0.01 g of the purée was mixed with 60 mL of water and subsequently 

titrated with 0.1 N NaOH to an endpoint of pH 8.2. Titratable acidity was converted to citric acid 

percentage using the following equation. 

ὝὭὸὶὥὸὥὦὰὩ ὃὧὭὨὭὸώ Ϸ
άὒ ὔὥὕὌ ὼ πȢρ ὔ ὔὥὕὌ ὼ άὭὰὰὭὩήόὭὺὥὰὩὲὸ Ὢὥὧὸέὶ ὼ ρππ

ίὥάὴὰὩ Ὣ
 

 

Climatic Data 

Monthly averages were extrapolated from maximum and minimum daily air and soil 

temperatures, as well as precipitation and evapotranspiration. These data were obtained during 

blueberry flower and fruit development, from March to August, using Stat Climate Office of 

North Carolina, Sandhill Research Station weather data and the Hyslop weather station data 

maintained by Oregon State University (Corvallis, OR).  
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Statistical analysis  

Statistical analyses for phenotypic data were performed using the REML method of Proc 

GLIMMIX in SAS v9.4 (SAS, Cary, NC). All phenotypic traits were checked for variance 

stability and heteroskedasticity. Subsequently, stabilizing transformation was performed only on 

FW data, which was transformed by taking the square root of each data point. Environment (E) 

was analyzed as a blocking factor for five identical genotypes (G) between the Corvallis, OR, 

and Jackson Springs, NC locations to evaluate statistical significance between sites for each 

phenotypic variable. Model 1 includes location (L), year (Y), genotype (G), harvest (H), random 

effects of replication (R), and their interactions. Replication refers to duplicate plants of each 

genotype and measures the variability among plants of the same genotype grown 1 meter apart. 

Individual fruit replication within each clonal replicate plant for each measured phenotypic trait 

was used to estimate within-plant variability for these analyses: 

Model 1. 

ώ А Ὁ ὣ ‐ Ὃ ὉὋ ὣὋ ὙὋὉ ὉὣὋ ὙὋὉὣ

Ὄ ὉὌ ὣὌ ὌὋ ὣὋὌ ὙὋὌὉ ὙὋὌὣ ὉὋὌ ὉὣὌ

ὉὣὋὌ ὙὋὉὌὣ ‐   

 where ώ  is the measured phenotypic trait of the ith environment in the jth year and lth 

sequential harvest for the kth genotype and the mth clonal plant replicate per genotype and the nth 

individual fruit. In this model, µ is the grand mean and ὉȟὣȟὋȟÁÎÄ Ὄ are the main effects of 

environment, year, genotype, and harvest, respectively, where i=1, 2 environments; j=1, 2 years; 

k=1, 2, 3, 4, 5 genotypes; l=1, 2 harvests and m=1, 2 clonal genotype replicates. Two-factor 

interactions include ὉὋȟὣὋȟὉὌȟὣὌȟÁÎÄ ὌὋ representing the interactions between 
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environment and genotype, year and genotype, environment and harvest, year and harvest, and 

harvest and genotype, respectively. Three-factor interactions include 

ὉὣὋȟὉὋὌȟÁÎÄ ὉὣὌ for environment-by-year-by-genotype, environment-by-genotype-

by-harvest, and environment-by-year-by-harvest. The four-factor interactions include only 

ὉὣὋὌ representing the interaction for environment-by-year-by-genotype-by-harvest. Clonal 

genotype replicates are present in both environments and were treated as a random effect. The 

random-effects include whole plot error, ‐ , of the E × Y interaction, random between-plant 

effects of the clonal replicate plants (all terms involving R_m), and the error between replicate 

measures of individual fruit for the phenotypic trait.  

A second model (model 2) was developed for statistical analysis of pooled fruit, wherein the 

phenotypic measurements were conducted on fruit purée comprised of the ten-individual fruit per 

genotype, replicate, harvest, location, and year. This model includes location (L), year (Y), 

genotype (G), harvest (H), and their interactions while using random effects of replication (R) to 

account for variability between plants:  

Model 2. 

ώ А Ὁ ὣ ‐ Ὃ ὒὋ ὣὋ ὙὋὉ ὋὉὣ ὙὋὉὣ Ὄ

ὉὌ ὣὌ ὌὋ ὋὣὌ ὙὋὉὌ ὙὋὌὣ ὋὉὌ

ὉὣὌ ὋὉὣὌ ‐  

where ώ  is the measured phenotypic trait of the ith environment in the jth year and lth 

sequential harvest for the kth genotype and the mth clonal plant replicate per genotype. In this 

model, µ is the grand mean and ὉȟὣȟὋȟÁÎÄ Ὄ are the main effects of environment, year, 

genotype, and harvest, respectively, where i=1, 2 environments; j=1, 2 years; k=1, 2, 3, 4, 5 
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genotypes; l=1, 2 harvests and m=1, 2 clonal genotype replicates. Two-factor interactions 

include ὉὋȟὣὋȟὉὌȟὣὌȟÁÎÄ ὌὋ representing the interactions between environment and 

genotype, year and genotype, environment and harvest, year and harvest, and harvest and 

genotype, respectively. Three-factor interactions include ὉὣὋȟὉὋὌȟÁÎÄ ὉὣὌ for 

environment-by-year-by-genotype, environment-by-genotype-by-harvest, and environment-by-

year-by-harvest. The four-factor interaction includes only ὉὣὋὌ representing the interaction 

for environment-by-year-by-genotype-by-harvest. Clonal genotype replicates are present in both 

of the environments and are treated as a random effect. Similar to Model 1, the random effects 

include whole plot error, ‐ , of the E × Y interaction and the error attributed to the interaction 

of the clonal genotypic replicate within genotype and environment with year and harvest.  

Correlation analyses was performed for genotypes within each location using R ñpsychò package 

(Revelle 2021) and were analyzed by the Pearson method and were considered significant at a 

threshold of P <0.05. 

 

RESULTS 

Analysis of variance across environments, years, and harvests 

Analysis of variance for individual fruit-measured phenotypic traits indicated that genotype (G), 

environment (E), year (Y), harvest (H), and their interactions significantly influenced (P < 0.05) 

the majority of the evaluated traits. Model 1 was used for nine phenotypic traits that used 

individual fruit measurements, including FW, PD, ED, RI, FRM, APF, DPF, FT, and FE. Model 

2 was used for five phenotypic traits that were taken from a fruit purée, pooling fruit, including 

L*, CRM, HUE, TSS, and TA. Within model 1, environment (E) significantly impacted 
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phenotypic traits, including RI and DPF (Table 2.1), where values were 4.9% greater and 4.8% 

lower, respectively, in the Corvallis environment (Table 2.5). In model 2, E was a significant 

source of variance for phenotypic traits including L*, CRM, TSS, and TA (Table 2.3). The fruit 

had significantly higher L*, CRM, and TA values at the Jackson Springs site, while the fruit 

from Corvallis had a higher TSS percentage (Table 2.5).  

Only FRM in model 1 and L*, HUE, TSS, and TA in model 2 were impacted by the effect of 

year (Y) (Table 2.1, Table 2.3). Overall, in the first year, L* and TSS measurements were > 8% 

higher than those of the second year. In the second year the measured FRM and TA were more 

than 13% of those of the first year. Compared to year 1, the HUE angle increased from 264.7 to 

266.8 in year 2 (Table 2.5) (Figure 2.3). 

The difference between genotypes (G) was significant for all measured traits except for DPF and 

HUE (Table 2.1, Table 2.3). For example, óReveilleô had the lowest FW, PD, and ED, but the 

highest RI, FRM, APF, FT, FE, and TSS (Table 2.5, Figure 2.2, Figure 2.3). Conversely, 

óSummitô had the highest measured FW, PD, and ED and the lowest measured RI, FRM, and FT. 

Correspondingly, FW and ED have a moderate negative correlation with RI, FRM, APF, and FT 

(R2 > |0.40|) (Figure 2.1). On the other hand, óOôNealô had the lowest L* and CRM values, while 

óEchotaô had the highest L* and CRM values of the evaluated cultivars (Table 2.5). As expected, 

the L* and CRM had a strong positive correlation (R = 0.69) (Figure 2.1).  

Compared with the G × E (location) interaction, the interaction of G × Y (time) affected more 

phenotypic traits, including PD, ED, RI, and DPF in model 1 and L* in model 2, whereas the G 

× E interaction was only significant for FRM, DPF, FT, and TSS. Combining the sources of 

variation in the three-factor interaction of G × E × Y, FW, RI, and DPF were significant in model 

1, and TSS and TA in model 2 (Table 2.1, Table 2.3). 
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More so than either E or Y, Harvest (H) was a significant source of variation for both models 1 

and 2. In total, H was significant for nine phenotypic traits, including FW, PD, ED, and RI in 

model 1, and L*, HUE, CRM, TSS, and TA in model 2 (Table 2.1, Table 2.3). In the first harvest 

FW, PD, ED, L*, CRM, TA, as well as HUE, denoting fruit coloration closer to 270ę and darker 

blue, were higher compared with the second harvest. In contrast, the second harvest showed an 

increase in RI and TSS (Table 2.6, Table 2.7). 

The effect of E on H was less significant as a source of variation in the model compared to the 

impact of Y on H. The interaction of E × H was only a significant source of variation in HUE in 

model 2 (Table 2.3). Overall, HUE decreased between harvests in Jackson Springs while 

increasing at Corvallis between harvests (Table 2.7). Y × H had a more significant impact on 

phenotypic traits used in both models compared with E × H, wherein Y × H was significant for 

phenotypic traits including FW, PD, and RI in model 1 and L*, HUE CRM, TSS, and TA in 

model 2 (Table 2.1, Table 2.3). Phenotypic traits including FW, PD, and CRM all decreased 

between sequential harvests in both years of study; conversely, RI and TSS increased between 

sequential harvests in both years of study (Table 2.6, Table 2.7). Both L* and HUE increased 

between harvests in year 1 and decreased between harvests in year 2, whereas TA decreased 

between harvests in year 1, while increasing in year 2. The effect of G on H (G × H) was not a 

significant source of variance to any of the studied phenotypic traits (Table 2.1, Table 2.3).  

Complex three-way interactions included E × Y × H, G × E × H, G × Y × H, and G × E × Y × H. 

Among these, E × Y × H was significant for phenotypic traits including FW, PD, ED, L*, HUE, 

CRM, TSS, and TA; G × E × H was significant for L*; G × E × Y × H was significant for 

phenotypic traits including FW, L*, HUE, CRM, TSS, and TA. Though G × H was not 

significant in the models for any phenotypic trait, G × Y × H was a significant three-way 
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interaction for twelve of the fourteen measured traits, including PD, ED, RI, FE, L*, HUE, 

CRM, TSS, and TA (Table 2.1, Table 2.3). 

More scrutiny of the variance components contributing to the total variance in the two models 

revealed that the most significant variation in model 1 was the within-plant error corresponding 

to individual fruit variation, which accounted for >42% for all phenotypic traits (Table 2.2). 

Subsequent dominant variance components were dependent upon the phenotypic trait of study, 

often with greater emphasis on G × E × replicate (R) and G × E × Y × H × R (Table 2.2). In 

model 2, G × E × H × R accounted for most of the variation, with >45% in all phenotypic traits 

(Table 2.4). Comparatively, the variance component G × E × Y × R accounted for 25 - 40% of 

model 2 variation.  

 

Genotypic means within environment and year 

Among the genotypes, óReveilleô had the most significant variability for nine measured traits 

across environmental locations (Table 2.6, Table 2.7). Across genotypes, óReveilleô of the 

highest RI, FRM, APF, FT, FE, and TSS (Table 2.5); however, within genotype analysis 

between environments, our research indicated that óReveilleô had the most significant variability 

in FRM, APF, and FE (Table 2.6). Specifically, the Corvallis environment had increased 

measures in all fruit firmness-related traits compared with Jackson Springs (Figure 2.2 D & E). 

However, within a respective environment, óReveilleô fruit firmness-related traits were greater 

than those observed in other genotypes. In Corvallis, óReveilleô had significantly greater values 

than other genotypes in eight of the measured traits (RI, FRM, APF, DPF, FT, FE HUE, and 

TSS), whereas in Jackson Springs, óReveilleô had significantly greater values than other 
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genotypes in all of the above traits with the exception of DPF and HUE. At the Jackson Springs 

site, óOôNealô had significantly lower values in nine of the fourteen traits (FRM, APF, DPF. FT, 

FE, L*, HUE, CRM, and TA); among these traits, only L*, CRM, and TA were statistically 

significant in comparison to other genotypes in either environment (Figure 2.2 F, H, & N). 

Compared to other genotypes in Corvallis, óSummitô had significantly lower values for FRM, 

APF, DPF, FE, and TSS and had a higher FW, PD, and ED, of which FW, PD, ED, FRM, APF, 

and FE were consistent with statistical comparisons between genotypes at the Jackson Springs 

location (Table 2.6, Table 2.7). 

Overall, FW, PD, ED, and TA increased from year 1 to year 2 in óOôNealô and óReveilleô while 

FRM and HUE increased across years for all genotypes (Figure 2.3). óSummitô lacked a second 

harvest in the second year of study in Corvallis; however, averages of FW, PD, ED, and TA 

increased between years of study (Table 2.6). All genotypes showed decreased measures of TSS 

across years (Figure 2.3 H). óEchotaô and óOôNealô had the most significant variability among 

genotypes across years; óEchotaô decreased in FW, RI, and TSS and óOôNealô decreased in RI, 

FRM, APF, DPF, FE, and HUE from year 1 to year 2 (Figure 2.3). Statistical analysis between 

genotypes showed that óReveilleô and óSunriseô were more consistent across the years and further 

showed consistency for phenotypic trait values within a genotype across environments (Table 

2.6, Table 2.7).  

 

Correlation between agronomic traits 

Individual fruit measures were averaged within each clonal replicate (per genotype, location, 

harvest, year) for each studied trait that utilized individual fruit (FW, PD, ED, RI, FRM, APF, 
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DPF, FT, and FE). Pairwise Pearson correlation between each of the fourteen studied agronomic 

traits was performed using phenotypic measures of L*, HUE, CRM, TSS, and TA and averages 

per clonal replicates for FW, PD, ED, RI, FRM, APF, DPF, FT, and FE (Figure 2.1). We 

identified five strongly correlated (> 0.70) pairwise comparisons, all of which were positively 

correlated. Strongly correlated traits included FW-PD (r = 0.87), FW-ED (r = 0.94), PD-ED (r = 

0.83), APF-FT (r = 0.76), and APF-FE (r = 0.92). Traits including FW, ED, PD, FE, and RI are 

measures involving fruit volume, which we would expect to have a high correlation. Measures of 

deflection (FRM), initial resistance to puncture (FT), and force required for fruit puncture (APF) 

are all fruit measures relating to the firmness and innate resistance to bruising. Additionally, FE 

is calculated by DPF, the depression of the probe on the fruit between FT and APF, and ED; 

therefore, DPF is related to both fruit volume and fruit firmness measures. 

Further, we identified twenty-six moderately correlated phenotypic traits (|0.70|> |r| >|0.40|). Of 

the identified moderately correlated traits, ten were positively correlated, including RI-APF (r = 

0.43), FRM-APF (r = 0.63), FRM-FT (r = 0.48), RI-FE (r = 0.40), FRM-FE (r = 0.53), FT-FE (r 

= 0.69), L*-CRM (r = 0.69), APF-TSS (r = 0.45), FE-TSS (r = 0.51), and CRM-TA (r = 0.46). 

The sixteen traits with a moderate negative moderate correlation included FW-RI (r = -0.47), 

ED-RI (r = -0.62), FW-FRM (r = -0.43), ED-FRM (r = -0.44), FW-APF (r = -0.50), PD-APF (r = 

-0.45), ED-APF (r = -0.58), ED-FT (r = -0.41), FW-FE (r = -0.63), PD-FE (r = -0.60), ED-FE (r 

= -0.67), FW-TSS (r = -0.48), PD-TSS (r = -0.42), ED-TSS (r = -0.50), RI-TA (r = -0.47), and 

TSS-TA (r = -0.43) (Figure 2.1). 
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DISCUSSION 

As blueberry production expands, it encompasses increased geographic and climatic diversity. 

Regions with compatible climates for both northern and southern highbush genotypes 

accommodate extended harvest windows. However, genotype response to diverse environments 

is largely uncharacterized. The main objective of the present study was to determine the extent of 

variation on fruit quality traits of five blueberry genotypes resulting from different sources of 

variation, including environment, year, harvest, and their interactions. Understanding the sources 

attributed to phenotypic plasticity informs the genetic control and stability of that trait. 

Previously uncharacterized for this range of phenotypic analysis over multiple environments, 

years, and harvests, this research evaluates sources of variation significant to phenotypic stability 

as well as genotypic performance in select environments.  

The selected environments saw differences in precipitation as well as in air and soil 

temperatures, wherein the Corvallis environment had decreased net precipitation, air, and soil 

temperature, and increasing evapotranspiration compared to the Jackson Springs environment in 

both years of study (Table 2.8). However, our results indicated that E, G × E, G × E × Y, and G 

× E × H were not significant sources of variation for the majority of the phenotypic traits in 

either model. Yearly climatic differences in rainfall and temperature events suggested a greater 

influence on phenotypic expression. Precipitation and evapotranspiration are transitory effects 

that fluctuate year to year while environmental differences are more evident in soil and air 

temperature and their effect on fruit maturation times, wherein air and soil temperatures warmed 

more gradually, and fruit matured later at the Corvallis location compared with Jackson Springs. 

While similar to Corvallis regarding maximum air and soil temperatures in March, the Jackson 

Springs environment experiences temperature increases in April that are not observed until May 
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at the Corvallis location. The warmer air and soil temperatures at the Jackson Springs site agree 

with previous studies which found that increased daytime soil and air temperatures advanced 

reproductive and vegetative growth of blueberry plants grown in high tunnels. This ultimately 

advanced the fruit ripening by five weeks compared to blueberries under field conditions (Ogden 

and Iersel 2009). Further, higher temperatures have been reported to induce pigment 

accumulation and accelerate ripening in blueberries (Spinardi, Cola et al. 2019).  

Yearly phenotypic variation is likely resultant from the differential precipitation and 

temperatures between years of analysis as observed within each environmentðincreased 

precipitation results in larger fruit in blueberry (Almutairi, Bryla et al. 2017). Across 

environments, fruit size metrics were not significantly different; however, fruit size metrics 

varied in accordance with annual precipitation events within a location. Within the Corvallis 

environment, increased precipitation in 2019 from rainfall events resulted in larger fruit, as 

exemplified by the 14% increase in FW in 2019 compared to 2020. Whereas precipitation in the 

Jackson Springs environment decreased by 13% between 2019 and 2020, FW was affected by a 

26% decrease. The soil type in Jackson Springs is sandy, and it is amended by pine bark to 

acidify the soil and increase organic matter. The plants were irrigated by a linear movement 

irrigation system every 7-10 days. However, the soil does not have much capacity to retain 

moisture even after incorporating pine bark. Further PD, ED, RI, and DPF decreased in the 

Jackson Springs environment while increasing in the Corvallis environment between years of 

study. While fruit volume metrics are likely to increase due to precipitation events within a 

location, high-temperature differences may negatively affect fruit volume metrics due to 

increased transpiration. Fruit volume metrics increased at the Jackson Springs and decreased at 

the Corvallis locations between the years of the study, which correspond to increased 
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temperatures during harvest. While high-chill northern blueberry cultivars are impacted at 

temperatures Ó30 ÁC wherein their photosynthetic rate is reduced (Hancock, Haghighi et al. 

1992), low-chill adapted blueberry cultivars have a higher estimated photosynthetic heat 

tolerance than northern high-chill adapted cultivars with no significant electrolytic leakage or 

superoxide radical accumulation observed as a result of heat stress until temperatures Ó40 ÁC 

(Chen, Cen et al. 2012). In our findings, the maximum temperatures during harvest (May - June 

at the Jackson Springs location, and July - August at the Corvallis location) at both locations 

exceeded 40 °C in both years of study; however, fruit volume metrics were higher in years with a 

lower mean temperature during harvest. The decreased fruit volume metrics in the NHB cultivars 

óEchotaô and óSunriseô was related to increased annual temperatures between years for both 

environments, which may indicate decreased photosynthetic rates as a result of heat stress. 

óSunriseô and óEchotaô had increased fruit volume metrics in Corvallis in the first year and 

Jackson Springs in the second year of study, respectively, coinciding with years of lower 

maximum air temperatures; however, it is important to note that the increase in fruit volume 

metrics at the Jackson Springs location was also significantly influenced by the three-fold 

increase in precipitation in the second year of study. Further research examining the effects 

between NHB, and optimal fruit production temperature would establish a baseline for 

comparisons for fruit volume metrics.  

Additionally, FW and ED had a moderate negative correlation with fruit firmness metrics, 

including FRM, APF, and FE (r >0.40). FRM, APF, and FE reported a 17%, 6%, and 15% 

decrease, respectively, and fruit volume metrics of FW, PD, ED, and DPF observed increases of 

14%, 9%, 10%, and 10%, respectively, from 2019 to 2020 in Corvallis. Previous reports indicate 

that decreased precipitation corresponds to firmer fruit (Almutairi, Bryla et al. 2017). While 
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Corvallis plants are consistently irrigated twice a week, climate data reported minimal rainfall in 

July and August in both years of study and increased net evapotranspiration. Corresponding to 

increased evapotranspiration during harvest, FW, PD, and ED all decreased while FRM, APF, 

and FE all increased at Corvallis in 2020. At the Jackson Springs location, only APF and FE 

reported increased measurements coinciding with increased evapotranspiration in 2019 

compared with 2020. Contrasting with the expectation from the increased precipitation and 

reduced evapotranspiration in May and June of 2020, FRM measurements were significantly 

higher in Jackson Springs. At the same time, FW also increased likely as a result of the three-

fold increase in precipitation between the years of study. Thus, both FW and FRM 

simultaneously increased in Jackson Springs between 2019 and 2020. FRM increased in 

óEchotaô, óOôNealô, and óSummitô, all of which had an increase in FW. In contrast, óReveilleô 

showed an increase in FW but a decrease in FRM. Only óSunriseô had a lower FW and higher 

FRM between years of study in Jackson Springs. Contrary to environmental influences between 

the first and second years of study, óEchotaô, óOôNealô and óSummitô exhibited higher fruit 

volume-related metrics and lower FRM, APF, FT, and FE values. óReveilleô reflected 

expectations of increased fruit volume metrics and decreased fruit firmness measurements at 

Jackson Springs from 2019 to 2020. The overall moderate negative correlation between both 

FW-FRM and ED-FRM indicates that denser fruit with higher weight values and fruit with a 

larger equatorial diameter had lower fruit firmness. These correlations and an inverse 

relationship with precipitation and evapotranspiration suggest minimal temporal influence over 

these phenotypic traits.  

While increased water uptake due to increased irrigation or precipitation in blueberry fruit has a 

positive correlation with fruit volume metrics, it has a negative relationship with TSS (Bryla, 
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Yorgey et al. 2009). The Jackson Springs location faced lower precipitation in May in 2019 and 

higher rainfall in June compared with 2020. More importantly, evapotranspiration was nearly 

40% and 6% greater in May and June 2019, respectively, compared with 2020 at Jackson 

Springs. Blueberry plant water loss through evaporation reduces fruit volume metrics, including 

FW, PD, and ED, correlated with increased TSS values (r > 0.40). Corvallis experienced 

increased evaporation in 2020, which has decreased FW, PD, and ED and increased TSS. 

Additionally, the increased air temperatures during harvest at each location may positively affect 

fruit TSS values. For example, at Jackson Springs, TSS values averaged across cultivars in 2019 

were 21% greater than 2020, when May and June maximum air temperatures were 12.8% and 

2.5% greater in 2019 compared with 2020. Comparatively, there was only a slight increase in 

both maximum air and soil temperature (<3% in July and August) and TSS (<2%) values in fruit 

collected from Corvallis in 2020. Corvallis blueberry harvest in July and August was hotter with 

cooler nighttime temperatures in 2020 compared with 2019; however, TSS showed a minimal 

increase. Contrary to our results, previous studies in blueberry report a negative correlation 

between decreasing light level or photosynthetic active radiation and canopy temperature with 

decreased fruit water content and fruit weight, while TSS increased (Lobos, Retamales et al. 

2013). 

In contrast, another study found that higher air and soil temperatures as a result of growing 

blueberry plants in high tunnels had no reported effect on TSS compared with control blueberry 

plants in the field (Ogden and Iersel 2009). These studies did not separate the light level and 

temperature treatment effects. Thus, conclusions may differ as there have not been studies that 

isolate the direct effect of air temperature and GDD without impacting light level and air 

movement on pre-harvest phenotypic characteristics in blueberry fruit. Similar to blueberry, red 
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grapes are non-climacteric fruit that accumulates pigment during ripening. In grape it has been 

found that high temperatures inhibit pigmentation and anthocyanin accumulation in select 

cultivars (Kliewer and Torres 1972); furthermore, in contrast to Jackson Springs blueberry 

observations, cooler temperatures with a mean temperature of 20.3 °C reflected increased TSS 

values in grape compared to 37 °C /32 °C day/night temperature regime (Kliewer 1977). In a 

similar study, TSS was highest in interspecific wine grape hybrid held at a constant 25 °C for 15 

to 37 days and lower at 20 °C and 30 °C, and TA was highest in fruit harvested from plants kept 

at 20 °C (Poudel, Mochioka et al. 2009). A study in tomatoes also found that increasing 

temperature from 26° C to 32° C corresponded with increased TSS values (Rodriguez-Ortega, 

Martinez et al. 2017).  

Our results found a moderate negative correlation between TSS and TA. The relationship 

between decreased precipitation and fruit volume is positively correlated with TSS. However, we 

did not find any correlation between fruit volume metrics and TA. Interestingly while it has been 

shown that plants under decreased precipitation and increased water stress had higher TA and 

TSS (Bryla, Yorgey et al. 2009, Almutairi, Bryla et al. 2017), our results found that there was a 

negative correlation between TSS and TA.  

The HUE angle of blueberry defines the gradient of the blue color of the fruit on a color 

spectrum; values closer to 270° are considered darker blue, and values approaching 220° are 

lighter blue. CRM, on the other hand, indicates the level of color intensity or saturation. CRM 

decreased and increased between the two locations Jackson Springs and Corvallis, respectively, 

between the years of study, coinciding with warmer harvest temperatures at each location. 

Chromaticity values have been related to pigment accumulation in fruit (Singha, Baugher et al. 

1991). Our results of increasing CRM values and increasing temperature are contrary to findings 
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in apple (Lin-wang, Micheletti et al. 2011); however, it is important to note the big difference in 

developmental and climatic requirements between blueberry and apple, which indicates that 

CRM and L* have a moderately positive correlation. Overall, L* and HUE decreased and 

increased respectively between years in our study and do not correspond to temperature or 

rainfall events in either environment. This observation was consistent across all G × Y with the 

exception of óEchotaô for which L* values slightly increased between years of study in Corvallis. 

Fruit color is a factor of fruit ripeness and maturation, which can be altered by harvest time and 

anthocyanin accumulation. As blueberry fruit ripen, they increase in anthocyanin concentration 

turning from green to blue with intermediate red or blush hues. Further, the fruits of most 

blueberry cultivars produce a wax coating or bloom, which can preclude color determination. 

Fruit bloom affects L* in the light-dark color perception of the fruit and is impacted by fruit 

handling and weather, diminishing the bloom coating. As such, we would expect L* values to 

have increased variability.  

As a whole, blueberry fruit ripening is indicated by fruit pigment accumulation for one month. 

Plant fruit ripening and the blueberry reproductive cycle are based upon genotype and 

environmental factors controlling budbreak. Fruit derived from the same plant but collected at a 

later harvest as a result of a later fruit maturation window will have accumulated more GDD, as 

well as have increased opportunities for rainfall events and temperature increases. As such, we 

would expect to see differences between harvests. Our results identified significant differences in 

both óOôNealô and óReveilleô regarding fruit volume metrics between harvests, as well as 

differences in L*, HUE, CRM, and TSS in óEchotaô, óReveilleô, and óSunriseô between harvests.  

It was intriguing that we did not find any consistent effect between harvests within a genotype 

across environments or years for any phenotypic trait. However, we did observe that TSS 
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increased between harvests for most genotypes on an environment and yearly basis. While 

previous findings reported blueberry fruit decreasing in CRM values and L* during ripening, our 

results did not find any consistent trend in either CRM or L* (Spinardi, Cola et al. 2019). 

However, a major difference between the previous study (Spinardi, Cola et al. 2019) and ours is 

the evaluation of blueberry fruit ripening stages covering pigmentation. Our study looks at 

similarly ripe fruit with harvest variation indicative of differences in GDD and temperature 

events between harvest timepoints. Further, as fruit matured and accumulated anthocyanins, the 

same study found that fruit shifted in hue angle from 290° (violet) to 210° (blue) during ripening 

(Spinardi, Cola et al. 2019), whereas our findings do not see a shift in HUE between harvests 

further supporting uniform ripeness of fruit between harvests.  

Intriguingly, we did not find any differences in fruit firmness metrics associated with either 

harvest timepoint. A previous study that examined metrics between blueberry fruit ripeness and 

canopy position reported fruit that were six days post optimal ripeness, as determined by blue 

pigment accumulation, were significantly less firm than optimally ripe fruit (Lobos, Bravo et al. 

2018). While our study only evaluated ripe fruit, it is important to note that increased GDD did 

not impact fruit firmness metrics. While average harvest values of FRM and FT decreased 

between harvests, the difference was not significant. Further, fruit firmness metrics of APF and 

FE increased. Additional interactions with genotype, environment or year were not a significant 

source of variation with harvest effects for any of the measured fruit firmness metrics. 

Genotype is an expected significant source of variation. Accordingly, all studied phenotypic 

traits displayed significant differences between genotypes apart from DPF, and HUE. Overall, 

óReveilleô performed highest in fruit firmness metrics (FRM, APF, FT, FE) across genotypes 

within either environment or year of study. óSummitô was consistently higher in fruit volume 
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metric (FW, PD, ED) averages across genotypes in either environment or year of study. 

Similarly, óEchotaô had the second-highest values for fruit volume metrics, and like óSummitô, 

lower fruit firmness metrics were observed, including FRM, APF, PF, FT, and FE. óEchotaô, 

followed by óSummitô, had the highest L* and CRM values rating across genotypes. Higher L* 

values signify lighter fruit skin coloration as a result of pigmentation or genotypic bloom 

production. The current market preference in blueberry visual appeal coincides with higher L* 

values and light blue blueberry fruit in addition to larger fruit size characteristics (Gilbert, 

Olmstead et al. 2014) displayed by both óEchotaô and óSummitô. óOôNealô was the least acidic 

genotype in this study and had a rounder fruit similar to óReveilleô yet had the lowest L* and 

CRM values. óOôNealô was average among the majority of studied traits, representing both 

medium volume and firmness. Similarly, óSunriseô represented the median value for nearly every 

phenotypic trait; this observation was consistent in both environments for all phenotypic traits 

with the exception of DPF, wherein óSunriseô had the highest DPF value across genotypes in 

Corvallis.  

 

CONCLUSION 

The results of this study indicated the presence of significant interactions among genotypes, 

years, environments, and harvests for all measured fruit quality parameters. Genotype is a major 

source of variation for the majority of phenotypic traits. Further, óReveilleô and óOôNealô 

phenotypic stability were consistent across environments and years; moreover, óSummitô 

phenotypic data across years, locations, and harvests suggested similar stability. Clonal plant 

replicates within genotype and environment, and individual fruit measures were the most 

significant source of variability. This research established thirty-one moderate-to-strong 
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correlations between multiple phenotypic traits, including fruit volume, firmness, color, soluble 

solids, and acidity. Weather events, including air and soil temperature, precipitation, and 

evaporation, were variable between years and suggested influence on phenotypic measures. 

Overall, these data provide a valuable foundation for breeding blueberries for different target 

locations and elucidating climatic effects on fruit characteristics. 
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Table 2.1. Analysis of variance (ANOVA) p-value summary of nine phenotypic traits evaluated using Model 1 in PROC GLIMMIX 

(SAS v 9.4, Cary) with five blueberry cultivars from two environments harvested over sequential harvests in 2019 and 2020.  

Factor FWÀ PD ED RI FRM APF DPF FT FE 

Environment (E)  0.214 0.722 0.077 0.030ÿ 0.222 0.104 0.025 0.368 0.069 

Year (Y) 0.161 0.542 0.684 0.651 0.001 0.976 0.107 0.679 0.471 

Genotype (G) 0.0008 0.016 0.002 0.003 0.0002 0.006 0.468 0.010 0.005 

G × E 0.360 0.083 0.673 0.543 0.031 0.083 0.005 0.039 0.209 

G × Y 0.143 0.015 0.003 0.070 0.366 0.434 0.023 0.767 0.688 

G × E × Y 0.038 0.526 0.029 0.070 0.761 0.684 0.074 0.416 0.616 

Harvest (H) 0.002 0.005 0.0004 0.001 0.929 0.299 0.881 0.849 0.061 

E × H 0.318 0.085 0.229 0.378 0.879 0.388 0.137 0.690 0.172 

Y × H 0.007 0.023 0.471 0.046 0.175 0.556 0.343 0.491 0.108 

G × H 0.092 0.088 0.185 0.521 0.845 0.827 0.601 0.754 0.741 

E × Y × H 0.0001 0.010 0.043 0.406 0.105 0.322 0.158 0.267 0.197 

G × E × H 0.167 0.415 0.273 0.295 0.859 0.353 0.685 0.611 0.403 

G × Y × H 0.094 0.0002 <.0001 0.011 0.790 0.120 0.990 0.493 0.007 

G × E × Y × H 0.042 0.054 0.057 0.122 0.108 0.458 0.570 0.146 0.464 

ÀFW = fruit weight; PD = polar diameter; ED = equatorial diameter; RI = roundness index; FRM = firmness; APF = absolute positive 

force; DPF = distance at absolute positive force; FT = force at target; FE = fruit elasticity. 

ÿTreatment effects in bold are significant at P Ò0.05. 
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Table 2.2. Variance component percentage of total variance of nine phenotypic traits evaluated on fresh fruits using Model 1 in PROC 

GLIMMIX (SAS v 9.4, Cary) with five blueberry cultivars from two environments harvested over sequential harvests in 2019 and 

2020.  

Covariance Factor FWÀ PD ED RI FRM APF DPF FT FE 

Whole Plot Error:  

Environment (E) × Year (Y) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Genotype (G) × E × Replicate (R) 6.93 7.89 19.25 20.72 0.00 16.81 0.00 9.47 14.29 

G × E × Y × R 8.95 12.61 0.00 7.51 11.32 0.00 2.31 9.78 0.00 

Harvest (H) × G × E × R 15.18 16.12 10.69 1.94 6.23 19.56 0.00 4.70 20.45 

G × E × Y × H × R 22.91 15.64 26.37 10.81 10.98 12.16 3.79 6.37 23.05 

Error among individual fruit 46.03 47.74 43.69 59.02 71.47 51.47 93.89 69.68 42.21 

ÀFW = fruit weight; PD = polar diameter; ED = equatorial diameter; RI = roundness index; FRM = firmness; APF = absolute positive 

force; DPF = distance at absolute positive force; FT = force at target; FE = fruit elasticity. 
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Table 2.3. Analysis of variance (ANOVA) p-value summary of five phenotypic traits evaluated on fruit purée using Model 2 in PROC 

GLIMMIX (SAS v 9.4, Cary) with five blueberry cultivars from two environments harvested over sequential harvests in 2019 and 

2020.  

Factor L* À HUE CRM TSS TA 

Environment (E)  0.0002ÿ 0.117 0.007 0.001 <.0001 

Year (Y) <.0001 <.0001 0.745 <.0001 0.006 

Genotype (G) 0.0001 0.133 0.002 <.0001 0.003 

G × E 0.391 0.061 0.678 0.012 0.137 

G × Y 0.001 0.013 0.146 0.069 0.005 

G × E × Y 0.003 0.495 0.305 0.087 0.001 

Harvest (H) 0.049 0.940 0.146 0.001 0.777 

E × H 0.649 0.002 0.135 0.402 0.410 

Y × H <.0001 <.0001 <.0001 <.0001 <.0001 

G × H 0.945 0.576 0.202 0.513 0.710 

E × Y × H <.0001 <.0001 <.0001 <.0001 <.0001 

G × E × H 0.039 0.110 0.389 0.619 0.198 

G × Y × H <.0001 <.0001 <.0001 0.003 <.0001 

G × E × Y × H <.0001 <.0001 <.0001 <.0001 <.0001 

À L* = luminescence; HUE = hue angle; CRM = chroma; TSS = total soluble solids; TA = titratable acidity. 

ÿTreatment effects in bold are significant at P Ò0.05. 
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Table 2.4. Variance component percentage of total variance of five phenotypic traits evaluated on fruit purée using Model 2 in PROC 

GLIMMIX (SAS v 9.4, Cary) with five blueberry cultivars from two environments harvested over sequential harvests in 2019 and 

2020.  

Covariance Factor L* À HUE CRM TSS TA 

Whole Plot Error:  

Environment (E) × Year (Y) 1.69 0.00 3.70 0.00 3.13 

Genotype (G) × E × Replicate (R) 0.00 0.00 0.00 0.00 11.86 

G × E × Y × R 33.09 27.12 39.38 27.21 25.61 

Harvest (H) × G × E × R 54.33 51.80 46.45 67.03 46.23 

G × E × Y × H × R 10.88 21.08 10.48 5.77 13.17 

À L* = luminescence; HUE = hue angle; CRM = chroma; TSS = total soluble solids; TA = titratable acidity. 
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Table 2.5. Means of fourteen phenotypic traits across environments, years, harvests, and genotypes. 

 FWÀ PD ED RI FRM APF DPF FT FE L*  HUE CRM TSS TA 

  Environment 

Jackson 

Springs 1.19 a 10.49 a 13.98 a 0.76 bÿ 180.90 a 321.33 a 5.65 a 265.04 a 28.36 a 29.55 a 265.40 a 4.80 a 13.02 b 0.96 a 

Corvallis 1.16 a 10.54 a 13.33 a 0.80 a 192.27 a 371.66 a 5.38 b 292.74 a 36.28 a 27.79 b 266.16 a 4.15 b 14.30 a 0.60 b 

               

  Year 

Year 1 1.17 a 10.47 a 13.56 a 0.78 a 174.73 b 348.31 a 5.63 a 283.89 a 32.27 a 29.92 a 264.72 b 4.43 a 14.23 a 0.73 b 

Year 2 1.18 a 10.56 a 13.81 a 0.77 a 198.04 a 340.82 a 5.42 a 271.60 a 31.76 a 27.51 b 266.82 a 4.57 a 12.97 b 0.87 a 

               

  Harvest 

Harvest 1 1.21 a 10.76 a 14.21 a 0.76 b 186.74 a 336.82 a 5.51 a 280.03 a 29.48 a 28.90 a 265.87 a 4.59 a 13.17 b 0.80 a 

Harvest 2 1.13 b 10.25 b 13.11 b 0.79 a 185.57 a 353.23 a 5.54 a 275.65 a 34.82 a 28.55 b 265.62 a 4.41 a 14.09 a 0.79 a 

               
  Genotype 

'Echota' 1.27  10.55  14.39  0.73  167.42  293.38  5.63  233.16  20.75  30.49  265.28  5.19  12.34  1.05  

'O'Neal' 1.20  11.03  13.60  0.82  189.13  337.53  5.29  269.96  28.20  26.21  265.58  3.83 13.87  0.54  

'Reveille' 0.95  9.49  11.54  0.83  224.26  469.91  5.42  374.81  52.18  28.61  266.95  4.49  15.50  0.73  

'Summit' 1.40  11.40  15.62  0.73  166.92  288.91  5.74  231.03  25.51  29.84  266.13  4.79  12.88  0.88  

'Sunrise' 1.13  10.33  13.72  0.76  178.84  320.2  5.58  268.76  31.86  28.66  264.91  4.22  13.31  0.80  

ÀFW = fruit weight (g); PD = polar diameter (mm); ED = equatorial diameter (mm); RI = roundness index; FRM = firmness (g·mm-1); 

APF = absolute positive force (g); DPF = distance at absolute positive force (mm); FT = force at target (g); FE = fruit elasticity; L* = 

luminescence; HUE = hue angle; CRM = chroma; TSS = total soluble solids (%); TA = titratable acidity (%). 

ÿMeans followed by the same letter(s) within a column under subheading of environment, year, harvest, and genotype are not 

significantly different using the least squares means (LSMEANS) Tukey HSD multiple comparisons procedure (P < 0.05). 
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Table 2.6. Harvest means for each of the five cultivars within a year, environment, and genotype for fourteen phenotypic traits using 

Models 1 in PROC GLIMMIX (SAS v 9.4, Cary). 

Year Harvest FWÀ PD ED RI FRM APF DPF FT FE 

    'Echota' 

  Corvallis, Oregon 

2019 Harvest 1 1.34 a 11.58 a 15.53 a 0.75 a 142.97 a 270.30 a 5.97 a 206.75 a 17.48 a 

 Harvest 2 1.52 a 12.00 a 15.22 a 0.79 a 131.06 a 227.83 a 5.26 a 163.86 a 14.98 a 

2020 Harvest 1 1.19 a 10.79 a 13.99 a 0.77 a 166.60 a 281.07 a 5.40 a 235.67 a 20.64 a 

 Harvest 2 1.14 a 10.50 a 13.33 a 0.79 a 182.62 a 291.97 a 5.08 a 220.62 a 22.14 a 

  Jackson Springs, NC 

2019 Harvest 1 1.23 a 9.44 a 14.65 a 0.65 a 168.53 a 330.29 a 6.14 a 264.91 a 22.78 a 

 Harvest 2 1.15 a 9.62 a 14.14 a 0.68 a 157.65 a 323.79 a 6.39 a 231.95 a 23.57 a 

2020 Harvest 1 1.20 a 9.66 a 13.68 a 0.71 a 205.20 a 303.02 a 5.36 a 262.55 a 22.25 a 

  Harvest 2 1.27 a 10.79 a 14.54 a 0.74 a 184.74 a 318.74 a 5.43 a 324.79 a 22.19 a 

  'OôNeal' 

  Corvallis, Oregon 

2019 Harvest 1 1.28 a 11.96 a 14.32 a 0.84 a 181.65 a 389.54 a 5.78 a 315.97 a 32.86 a 

 Harvest 2 1.35 a 12.06 a 14.42 a 0.83 a 190.79 a 359.96 a 5.14 a 285.25 a 31.64 a 

2020 Harvest 1 1.23 a 10.93 a 13.10 a 0.84 a 226.74 a 374.00 a 5.25 a 303.14 a 28.89 a 

 Harvest 2 0.79 a 8.64 a 10.44 b 0.83 a 204.19 a 350.23 a 5.70 a 285.49 a 41.82 a 

  Jackson Springs, NC 

2019 Harvest 1 1.20 a 10.77 a 13.94 a 0.78 b 154.16 a 272.86 a 5.20 a 220.53 a 19.83 a 

 Harvest 2 0.75 b 8.43 a 9.70 b 0.87 a 186.32 a 367.22 a 4.99 a 273.83 a 39.64 a 

2020 Harvest 1 1.47 a 12.68 a 16.32 a 0.78 a 195.61 a 316.28 a 5.16 a 275.67 a 19.49 a 

  Harvest 2 1.37 a 11.80 a 15.29 a 0.77 a 179.64 a 276.51 a 5.30 a 207.55 a 18.24 a 
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Table 2.6 (continued). 

  'Reveille'  

  Corvallis, Oregon 

2019 Harvest 1 0.89 b 8.63 a 10.46 a 0.82 a 226.29 a 491.59 a 5.61 a 453.87 a 57.43 a 

 Harvest 2 1.05 a 9.67 a 11.51 a 0.84 a 239.00 a 600.44 a 5.34 a 464.11 a 63.38 a 

2020 Harvest 1 1.11 a 10.79 a 13.06 a 0.83 a 273.17 a 528.53 a 5.63 a 482.06 a 49.23 a 

 Harvest 2 0.59 b 7.54 b 8.64 b 0.87 a 255.82 a 654.81 a 4.71 a 433.02 a 96.83 a 

  Jackson Springs, NC 

2019 Harvest 1 0.98 a 9.80 a 12.10 a 0.82 b 218.29 a 437.75 a 4.96 a 318.57 a 44.86 a 

 Harvest 2 0.79 a 9.32 a 10.47 a 0.90 a 193.19 a 376.66 a 5.14 a 271.20 a 40.96 a 

2020 Harvest 1 1.05 a 9.99 a 12.53 a 0.80 a 184.30 a 344.19 a 5.90 a 301.33 a 34.85 a 

  Harvest 2 1.09 a 10.01 a 13.25 a 0.76 a 207.19 a 343.81 a 6.04 a 288.90 a 34.36 a 

  'Summit'  

  Corvallis, Oregon 

2019 Harvest 1 1.52 a 11.36 a 16.58 a 0.69 a 144.93 a 227.42 a 4.96 a 173.15 a 20.06 a 

 Harvest 2 1.36 a 11.00 a 14.68 a 0.75 a 170.80 a 286.73 a 4.83 a 219.61 a 26.20 a 

2020 Harvest 1 1.31 11.23 15.54 0.72 178.34 278.19 4.43 166.12 24.97 

 Harvest 2§          

  Jackson Springs, NC 

2019 Harvest 1 1.35 a 11.19 a 15.47 a 0.73 a 148.54 a 302.83 a 6.56 a 274.01 a 27.24 a 

 Harvest 2 1.34 a 11.39 a 14.59 a 0.78 a 163.04 a 304.46 a 6.16 a 281.30 a 26.92 a 

2020 Harvest 1 1.57 a 12.02 a 17.06 a 0.71 a 200.45 a 304.16 a 5.76 a 232.78 a 25.64 a 

  Harvest 2 1.37 a 11.38 a 15.45 a 0.74 a 153.27 a 286.77 a 6.66 a 235.62 a 25.14 a 
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Table 2.6 (continued). 

  'Sunrise' 

  Corvallis, Oregon 

2019 Harvest 1 1.27 a 11.67 a 15.06 a 0.78 a 152.75 a 328.55 a 6.19 a 285.58 a 28.21 a 

 Harvest 2 1.21 a 10.28 a 13.50 a 0.76 a 146.72 a 315.38 a 6.61 a 262.09 a 30.89 a 

2020 Harvest 1 1.07 a 9.93 a 12.78 a 0.78 a 198.41 a 315.17 a 5.07 a 220.69 a 31.87 a 

 Harvest 2 0.84 a 9.01 a 11.59 a 0.79 a 221.32 a 396.62 a 4.74 a 324.88 a 47.02 a 

  Jackson Springs, NC 

2019 Harvest 1 1.04 a 10.39 a 14.58 a 0.71 a 171.01 a 310.55 a 5.10 a 320.05 a 30.02 a 

 Harvest 2 1.03 a 9.50 a 12.36 a 0.77 a 190.07 a 350.86 a 5.52 a 303.74 a 37.36 a 

2020 Harvest 1 1.26 a 10.59 a 14.58 a 0.73 a 175.99 a 275.45 a 5.48 a 233.75 a 26.26 a 

  Harvest 2 1.25 a 11.06 a 14.96 a 0.74 a 180.86 a 280.46 a 5.81 a 207.68 a 25.52 a 

 

ÀFW = fruit weight (g); PD = polar diameter (mm); ED = equatorial diameter (mm); RI = roundness index; FRM = firmness (g·mm-1); 

APF = absolute positive force (g); DPF = distance at absolute positive force (mm); FT = force at target (g); FE = fruit elasticity. 

ÿMeans followed by the same letter(s) within a year under subheading of environment, and genotype are not significantly different 

using the least squares means (LSMEANS) Tukey HSD multiple comparisons procedure (P < 0.05) between harvests. 

Ä óSummitô did not have a second harvest in Corvallis, 2020. 
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Table 2.7. Harvest means for each of the five cultivars within a year, environment, and genotype for fourteen phenotypic traits using 

Models 2 in PROC GLIMMIX (SAS v 9.4, Cary). 

Year Harvest L* À HUE CRM TSS TA 

    'Echota' 

  Corvallis, Oregon 

2019 Harvest 1 27.48 bÿ 264.06 a 3.87 b 11.75 a 0.87 a 

 Harvest 2 29.24 a 263.94 a 4.54 a 12.80 a 0.57 a 

2020 Harvest 1 31.32 a 264.43 b 5.58 a 12.20 a 0.88 a 

 Harvest 2 28.64 b 267.13 a 4.86 b 13.35 a 0.99 a 

  Jackson Springs, NC 

2019 Harvest 1 32.15 a 264.54 a 5.78 a 12.80 b 1.24 a 

 Harvest 2 33.06 a 263.30 a 5.71 a 15.15 a 1.34 a 

2020 Harvest 1 32.93 a 268.89 a 5.93 a 10.95 a 1.08 a 

  Harvest 2 29.12 b 265.90 b 5.29 b  9.75 a 1.39 a 

  'OôNeal' 

  Corvallis, Oregon 

2019 Harvest 1 24.03 a 262.80 b 2.92 a 13.45 a 0.43 a 

 Harvest 2 27.47 a 266.43 a 3.73 a 13.95 a 0.32 a 

2020 Harvest 1 26.61 a 269.84 a 3.97 a 13.70 a 0.64 a 

 Harvest 2 23.54 a 268.47 a 3.33 a 13.39 a 0.68 a 

  Jackson Springs, NC 

2019 Harvest 1 32.28 a 264.18 a 4.73 a 15.3 a 0.28 a 

 Harvest 2 27.11 a 265.15 a 4.09 a 16.1 a 0.42 a 

2020 Harvest 1 22.77 a 263.43 a 2.83 a 11.1 a 1.04 a 

  Harvest 2 24.83 a 265.48 a 4.87 a 13.8 a 0.56 b 
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Table 2.7 (continued) 

  'Echota' 

  Corvallis, Oregon 

2019 Harvest 1 30.37 a 268.04 a 4.27 a 16.10 a 0.58 a 

 Harvest 2 31.05 a 268.10 a 3.71 b 16.55 a 0.40 b 

2020 Harvest 1 26.64 a 266.8 b 4.62 a 15.35 b 0.49 b 

 Harvest 2 23.69 b 271.95 a 3.42 b 17.89 a 0.76 a 

  Jackson Springs, NC 

2019 Harvest 1 31.06 a 262.18 a 4.77 a 16.30 a 0.64 a 

 Harvest 2 28.42 b 264.05 a 4.36 a 15.05 a 0.69 a 

2020 Harvest 1 27.69 a 271.64 a 4.84 b 11.55 b 1.17 a 

  Harvest 2 29.48 a 263.31 b 5.84 a 15.45 a 1.13 a 

  'Echota' 

  Corvallis, Oregon 

2019 Harvest 1 29.12 a 264.98 a 5.03 a 14.6 a 0.22 a 

 Harvest 2 28.39 a 265.32 a 4.78 a 14.0 a 0.39 a 

2020 Harvest 1 27.87 264.74 5.19 16.5 0.46 

 Harvest 2§      

  Jackson Springs, NC 

2019 Harvest 1 31.61 a 267.43 a 4.46 a 12.05 a 0.84 a 

 Harvest 2 34.41 a 263.06 a 4.86 a 13.15 a 0.57 a 

2020 Harvest 1 29.01 a 269.73 a 4.75 a 10.50 a 0.65 a 

  Harvest 2 27.41 a 266.69 a 4.58 a 10.80 a 0.35 a 
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Table 2.7 (continued). 

  'Sunrise' 

  Corvallis, Oregon 

2019 Harvest 1 28.27 b 263.07 a 4.19 a 14.25 a 0.42 a 

 Harvest 2 30.69 a 264.68 a 3.75 a 14.70 a 0.50 a 

2020 Harvest 1 27.26 a 265.72 a 4.25 a 12.35 b 0.51 a 

 Harvest 2 24.80 b 267.06 a 3.14 b 14.84 a 0.58 a 

  Jackson Springs, NC 

2019 Harvest 1 30.34 a 264.98 a 4.97 a 12.70 a 1.34 a 

 Harvest 2 30.69 a 264.57 a 4.55 a 14.00 a 1.18 a 

2020 Harvest 1 29.30 a 265.47 a 5.00 a 10.65 a 0.93 a 

  Harvest 2 27.40 b 264.08 a 3.79 b 13.20 a 0.80 a 

À L* = luminescence; HUE = hue angle; CRM = chroma; TSS = total soluble solids (%); TA = titratable acidity (%). 

ÿMeans followed by the same letter(s) within a year under subheading of environment, and genotype are not significantly different 

using the least squares means (LSMEANS) Tukey HSD multiple comparisons procedure (P < 0.05) between harvests. 

Ä óSummitô did not have a second harvest in Corvallis, 2020. 
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Table 2.8. Climatic conditions including air and soil temperature, precipitation, and evapotranspiration during blueberry fruit 

maturation and harvest season in Corvallis, OR and Jackson Springs, NC in 2019 and 2020. 

 Environment, Year Air Temperature (° C) 

 March April  May June July August Total 

 Max Min Max Min Max Min Max Min Max Min Max Min Max Min 

Corvallis, 2019 34.16 23.56 34.16 23.56 39.37 24.54 43.17 26.43 44.91 29.01 46.74 29.48 41.67 26.60 

Corvallis, 2020 35.25 21.63 35.25 21.63 38.32 25.39 40.85 28.06 46.02 28.92 47.46 28.69 41.58 26.54 

Jackson Springs, 2019 33.41 22.58 40.77 29.30 46.78 35.26 47.68 37.10 50.49 38.85 48.93 37.97 46.93 35.70 

Jackson Springs, 2020 36.04 26.40 40.06 27.74 41.44 30.52 46.51 36.36 50.53 39.07 48.47 39.03 45.40 34.54 

 Evaporation (EVP) (cm) and Precipitation (PRCP) (cm)  

 March April  May June July August Total 

 EVP PRCP EVP PRCP EVP PRCP EVP PRCP EVP PRCP EVP PRCP EVP PRCP 

Corvallis, 2019 0.00 6.25 6.90 15.80 15.07 4.67 22.36 1.85 23.67 1.68 23.64 0.29 18.32 4.86 

Corvallis, 2020 0.00 6.71 14.58 4.50 14.63 7.68 19.08 4.67 27.05 0.00 23.11 0.32 19.68 3.43 

Jackson Springs, 2019 8.36 10.79 11.52 20.24 15.80 6.17 15.21 10.33 16.23 9.55 13.71 9.36 14.48 11.13 

Jackson Springs, 2020 6.88 6.08 11.37 8.92 11.30 18.23 14.34 9.16 15.80 9.77 12.34 8.65 13.02 10.94 

 Soil Temperature (° C) 

 March April  May June July August Total 

 Max Min Max Min Max Min Max Min Max Min Max Min Max Min 

Corvallis, 2019 28.19 23.05 33.79 28.89 39.72 32.37 44.59 36.41 45.93 37.99 47.35 39.91 42.28 35.11 

Corvallis, 2020 29.85 25.09 34.41 28.93 38.19 33.12 40.83 35.50 45.27 38.08 46.67 39.13 41.07 34.95 

Jackson Springs, 2019 29.23 34.50 42.24 31.72 50.74 39.07 51.59 40.86 54.43 42.74 52.42 41.56 50.28 39.19 

Jackson Springs, 2020 36.44 28.35 42.70 31.31 45.27 34.34 51.58 39.91 55.44 42.87 52.56 42.26 49.51 38.14 
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Figure 2.1. Pearsonôs correlation coefficients for fourteen phenotypic traits. Traits were evaluated in five blueberry cultivars with two 

clonal replicates grown in two environments harvested over two sequential harvests per replicate over a two-year period. Phenotypic 

traits include fruit weight (FW), polar diameter (PD), equatorial diameter (ED), roundness index (RI), firmness (FRM), absolute 

positive force (APF), the distance at absolute positive force (DPF), force at target (FT), fruit elasticity (FE) luminescence (L*), hue 

angle (HUE), chroma (CRM), total soluble solids (TSS), and titratable acidity (TA).
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Figure 2.2. Genotypic means of phenotypic traits within environments Corvallis and Jackson 

Springs. Traits include fruit weight (FW) (a), equatorial diameter (ED) (b), roundness index (RI) 

(c), firmness (FRM) (d), absolute positive force (APF) (e), luminescence (L*) (f), total soluble 

solids (TSS) (g), and titratable acidity (TA) (h) evaluated using Models 1 and 2 in PROC 

GLIMMIX (SAS v9.4, Cary). Means between genotypes followed by the same letter within an 

environment are not significantly different using the least squares means (LSMEANS) Tukey 

HSD multiple comparisons procedure (P < 0.05). óSummitô was excluded in Corvallis statistical 

analysis due to the unbalanced harvests in Year 2. 
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Figure 2.3. Genotypic means of phenotypic traits within years, 2019 and 2020. Traits include 

fruit weight (FW) (a), equatorial diameter (ED) (b), roundness index (RI) (c), firmness (FRM) 

(d), absolute positive force (APF) (e), luminescence (L*) (f), total soluble solids (TSS) (g), and 

titratable acidity (TA) (h) evaluated using Models 1 and 2 in PROC GLIMMIX (SAS v9.4, 

Cary). Means between genotypes followed by the same letter within a year are not significantly 

different using the least squares means (LSMEANS) Tukey HSD multiple comparisons 

procedure (P < 0.05). óSummitô was excluded in Year 2 statistical analysis due to the unbalanced 

harvests in Corvallis. 
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CHAPTER 3: 

Anthocyanin Composition of Inter-and Intraspecific Cultivars and Accessions of Blueberry 

(Vaccinium corymbosum L.) Fruit  

 

ABSTRACT 

Recent health studies have elevated the importance of blueberry fruit and production as a rich 

source of anthocyanins. This objective of our research was to characterize and quantify the 

anthocyanin composition, sugar moiety, and acylation of a diversity panel of inter- and intra-

specific blueberry hybrids across three sequential harvests. Additionally, this study evaluated 

five genotypes across two locations, Oregon and North Carolina and thirty-eight genotypes 

across two years of study. Anthocyanins were extracted in methanol from lyophilized blueberry 

skin tissue and characterized by HPLC-DAD analyses. Delphinidin was the most prominent 

anthocyanidin within the panel. The majority of examined genotypes had increased percentage of 

galactoside sugar moiety compared with glucoside or arabinoside. Total acylated anthocyanin 

concentration ranged from NC4043 having >30% acylated anthocyanins while other genotypes 

had no characterized acylated anthocyanins with a population average of 7.90% acylated 

anthocyanins to total anthocyanin content. Our results showed significant variability between 

genotypes, years, and environments. Later harvests were found to have significantly increased 

total anthocyanin content compared with earlier harvests. Results from our study enhance 

nutritional characterization of blueberry. Further, these data can be utilized in marker 



   

103 

 

development for marker assisted breeding techniques targeting enhanced anthocyanin content 

and composition in blueberry breeding programs.  

 

INTRODUCTION  

Violet, blue, red, and orange pigments accumulate in fruit through the flavonoid biosynthesis 

pathway. This pathway produces anthocyanidins, or aglycones, including cyanidin, pelargonidin, 

delphinidin, and their anthocyanidin derivatives of peonidin from cyanidin, as well as petunidin 

and malvidin from delphinidin. Anthocyanidins are the sugar-free precursors to anthocyanins, 

which have been glycosylated with a sugar moiety such as glucose, galactose, arabinose, 

rutinoside, etc. Additionally, these sugar moieties may be acylated or malonylated. 

Fruits such as blueberries, blackberries, raspberries, and grapes are a natural source of 

anthocyanins and antioxidants (Lee, Vance et al. 2015). Such fruits have gained consumer 

interest in recent years as a strong source of anthocyanins and antioxidants and their purposed 

health benefits. Health studies have illustrated that blueberry anthocyanins reduced the risk of 

type 2 diabetes mellitus (T2DM) by 23% (Wedick, Pan et al. 2012). Additionally, increased 

anthocyanin intake was associated with a >20% reduced risk of coronary artery disease, 

including both fatal and nonfatal myocardial infarction (Cassidy, Bertoia et al. 2016), as well as 

suppression of age-related macular degeneration (Huang, Wu et al. 2018).  

Studies comparing anthocyanin-producing fruits found that blueberry species have high 

anthocyanin concentrations across multiple genera. Among wild blueberry, Saskatoon berry, 

raspberry, chokecherry, strawberry, and sea buckthorn, saskatoon berry and wild blueberry had 

significantly greater total anthocyanin content compared to the other studied species (Hosseinian 
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and Beta 2007). Additionally, in comparative studies including blackberry (Rubus fruticosus), 

black currant (Ribes nigrum), and lowbush blueberry (Vaccinium angustifolium), lowbush 

blueberry was higher than blackberry and second to black currant in total anthocyanin content 

(Lee, Vance et al. 2015). Further, lowbush blueberries exhibited greater anthocyanin diversity 

which consisted of cyanidin, delphinidin, petunidin, peonidin, and malvidin. Comparatively, 

blackberry and black currant had limited anthocyanidin identification; blackberry constituted 

singularly of cyanidin, and black currant constituted both cyanidin and delphinidin (Lee, Vance 

et al. 2015). Similarly, another study consisting of blackcurrant (Ribes nigrum), black raspberry 

(Rubus occidentalis), red raspberry (Rubus idaeus), and blackberry (Rubus fruticosus), and 

Vaccinium species were congruous that the Ribes species average had a more significant total 

anthocyanin content than the Vaccinium species average, and both genera were greater than the 

Rubus species average (Scalzo, Currie et al. 2008). Further, predominant blackcurrant (Ribes 

nigrum) anthocyanidin composition was in agreement in both studies of Lee et al. (2015) and 

Scalzo et al. (2008). Scalzo et al. (2008) found that the anthocyanin composition between 

Vaccinium genotypes was variable and that ornamental blueberry genotypes had the most 

outstanding anthocyanin content among Vaccinium species, followed by southern highbush 

genotypes. Southern highbush blueberry genotypes are the result of hybridization of cultivated V. 

corymbosum (L.) with species native to the southeastern United States. This hybridization has 

further populated the cultivated gene pool with native species traits, including low-chill 

adaptations (Lyrene 2005, Lyrene 2006, Lyrene 2008). Foreseeably, genes conferring increased 

anthocyanin content in low-chill adapted blueberry genotypes may be derived from southeastern 

native Vaccinium species introgression. 
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Vaccinium species provoke further intrigue in being the only studied fruit-bearing genera to have 

acylated anthocyanins across multiple genera and multiple studies (Scalzo, Currie et al. 2008, 

Veberic, Slatnar et al. 2015). Anthocyanins are unstable and have low absorption efficiency rates 

of approximately 1 ï 5% after 2 hours of incubation (Yi, Akoh et al. 2006, Liu, Zhang et al. 

2014); however, both anthocyanidin, sugar moiety, and acylation influence anthocyanin 

absorption. In regards to the anthocyanidin component, studies report delphinidin had the lowest 

absorption efficiency, and malvidin has the highest absorption efficiency in blueberry (Yi, Akoh 

et al. 2006). Sugar moiety also influences bioavailability; glucosylated cyanidin and peonidin 

had higher absorption efficiency than their galactosylated counterparts (Yi, Akoh et al. 2006). 

Acylated anthocyanins have increased stability compared to their nonacylated counterparts, thus 

increasing anthocyanin bioavailability (McDougall, Dobson et al. 2005, Wu, Pittman et al. 

2005). Increased acylated anthocyanins impacts digestive retention rates; wherein non-acylated 

anthocyanin recovery was significantly higher than that of acylated anthocyanins in the urinary 

analysis of purple carrot (Kurilich, Clevidence et al. 2005). Additionally, acylated anthocyanins 

have increased hydrophobicity which increases retention capacity during digestion (Gonçalves, 

Rocha et al. 2012). Therefore hydrophobic anthocyanins, including acylated anthocyanins, have 

better absorption efficiency than hydrophilic anthocyanins in blueberry (Liu, Zhang et al. 2014).  

This study aims to characterize and quantify the anthocyanin composition, sugar moiety, and 

acylation of a diversity panel of inter- and intra-specific blueberry hybrids, including commercial 

cultivars and breeding accessions, being used in NC State blueberry breeding program and 

accessions maintained at USDA-ARS National Clonal Germplasm Repository (NCGR) in 

Corvallis, OR USA. Results from our study benefit nutritional characterization of a diverse 
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population of low-chill adapted blueberries and can be utilized for targeted improvement of 

anthocyanin composition in breeding future generations.  

 

MATERIALS AND METHODS  

Plant material 

Fresh fruits were collected from selected genotypes from two field locations, NC State 

University Sandhills Research Station located in Jackson Springs, NC (35ę11ô N, 79ę40ô W and 

176 m above sea level) and USDA-ARS NCGR at Corvallis, OR (44ę33ô N, 123ę13ô W and 74 

m above sea level) in 2019. Two sequential harvests were performed in Corvallis, OR, and three 

sequential harvests were collected in Jackson Springs, NC, once the fruit were mature. The fruit 

ripening window was based on fruit maturity on a per genotype and location basis; as such, fruit 

were harvested between May and June at the Jackson Springs location and between July and 

August at the Corvallis location. The studied genotypes consisted of 212 inter- and intraspecific 

Vaccinium corymbosum genotypes; 147 genotypes were evaluated in Jackson Springs and 71 in 

Corvallis, OR, with six genotypes common across the two locations. Each genotype had two 

clonal replicate plants grouped together in the field at each location. Fruit collected from the 

Sandhills location were stored at 4 °C for next-day processing, while fruit collected at the 

Corvallis location were harvested and shipped overnight in refrigerated conditions to the NC 

State University, Raleigh Campus, Blueberry Genetics and Genomics Laboratory. 

The skin was removed from ten to twenty fruit, removing all pulp and seeds. Fruit skins were 

stored in glass vials in darkness at -20° C (Burdulis, Sarkinas et al. 2009, Ribera, Reyes-Diaz et 
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al. 2010, Lin, Wang et al. 2018). Fruit skins were lyophilized for 48 h in a Virtis lyophilizer 

(Virtis, Gardiner, NY), and stored at -20° C. 

In 2020, a subset of thirty-eight genotypes consistent with 2019 analysis were collected to 

evaluate the variation in different types of anthocyanins between years of study. A total of 

twenty-seven genotypes were collected and processed for anthocyanins from Jackson Springs, 

NC, and eleven from Corvallis, OR.  

 

Extraction 

Lyophilized skins were ground, and samples of 0.1 ± 0.005 g were weighed for each genotype, 

replicate and harvest. Samples were homogenized and extracted with 70/30 (v/v) mixture of 

HPLC grade methanol and Milli-Q® water (Millipore, Bedford, MA). The final solution volume 

was 50 mL. Following, 1.5 mL of each sample was transferred through a 15 mm Minisart RC 

(0.20-ɛm pore size, Sartorius) membrane filter into an amber-glass HPLC vials. 

 

HPLC analysis 

HPLC analyses were conducted using a system (Hitachi LaChrom Elite model L-2300, Japan 

with a Hitachi LaChrom Elite model L-2200 autosampler, Japan) with a diode array detector 

(Hitachi L-2455) and pump (Hitachi LaChrom Elite model L-2130, Japan), equipped with a 

SupelcosilTM LC-18 5 µm 4.6 x 250 mm column (Supelco ® Catalog #58298, Bellefonte, PA). 

The mobile phase used was 100% methanol and 5% filtered formic acid in Milli-Q® water (95/5 

v/v) at a flow rate of 1 mL min-1 for 5 minutes, followed by a flow rate of 80/20 (v/v) for 15 min, 

75/25 (v/v) for 20 min, 67/33 (v/v) for 15 min, 64/36 (v/v) for 5 min, 55/45 (v/v) for 5 min, 

47/53 (v/v) for 1 min, 30/70 (v/v) for 4 min, and 95/5 (v/v) for 5 min for a total run time of 75 
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min. The column temperature was 30° C, and the injection volume was 15 µL.  

Cyanadin-3-glucoside was used as a standard to determine the height, peak area, and retention 

time of phenolic compounds. Five standard dilutions (see below) were run at each batch 

(sequence) of samples to check the integrity of the instrument and the drift of peaks. After 

running 10 samples, the column was washed with 50 µL injection of 100% methanol using an 

isocratic wash method for 30 minutes, and a flow rate of 1 mL/min and a column temperature of 

50 ° C. Before running each batch of standards and samples a wash and pre-run method was run 

to recondition the column. The pre-run method was similar to the actual sample run method 

described above, except 100% methanol was injected into the column instead of the sample. 

Therefore, each sequence started with the wash and pre-run methods followed by the standards 

and samples using the sample method.  

 

Color analysis 

Color indices for each genotype, replicate, and harvest were taken using 40 mL volumetric fruit 

samples which were encased in a light-impermeable Zero Calibration Box (CM-A124 Konica 

Minolta). CIELAB parameters including L*, a*, and b*, were quantified using a Konica Minolta 

CR-5 Chroma Meter (Konica Minolta, Inc., Tokyo, Japan), with the instrument reporting the 

average of three readings. Therefore, CIELAB values vary depending upon fruit handling, and 

climatic field conditions; thus, fruit are handled minimally before these measurements. Chroma 

(CRM) and hue (HUE) values were determined according to the following equations (McGuire 

1992). 

ὅὬὶέάὥ ὥz ὦz  
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Fruit weight and size 

The average fruit weight (FW) of ten individual fruit was taken following color analysis for each 

genotype, harvest, and genotype replicate using a standard laboratory scale (Mettler Toledo, 

Columbus, OH). FW was transformed, taking the square root of FW to stabilize variance in 

statistical analyses. 

 

Total Soluble Solids 

Blueberry fruits were pureed in a 50 mL conical tube in ice water (Fisher Scientific 

Homogenizer 150, Fisher Scientific, Pittsburg, PA) and centrifuged (Sorvall Legend X1R 

Centrifuge, Fisher Scientific, Pittsburg, PA) at 4,200 RPM for 10 minutes at 4 °C. Soluble solid 

content (TSS) was measured from the supernatant of the fruit puree using a handheld ATAGO 

PAL-BX|ACID F5 refractometer according to the manufacturer's protocol (ATAGO, USA, Inc., 

Bellevue, WA).  
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Titratable acidity 

Fruit puree was evaluated for titratable acidity (TA) using a Mettler Toledo G20S Compact 

Titrator (Mettler Toledo, Columbus, OH). A total of 2 ± 0.01 g of the puree was mixed with 60 

mL of water and titrated with 0.1 N NaOH to an endpoint of pH 8.2. Titratable acidity was 

converted to citric acid percentage using the following equation. 

ὝὭὸὶὥὸὥὦὰὩ ὃὧὭὨὭὸώ Ϸ
άὒ ὔὥὕὌ ὼ πȢρ ὔ ὔὥὕὌ ὼ άὭὰὰὭὩήόὭὺὥὰὩὲὸ Ὢὥὧὸέὶ ὼ ρππ

ίὥάὴὰὩ Ὣ
 

 

Data analysis 

All data are presented in this study are expressed as mean values as described below. Statistical 

analyses were performed using PROC GLM in SAS v9.4 (SAS, Cary). Differences among means 

were determined by Tukeyôs HSD tests at P < 0.05. Means and standard errors were calculated 

per genotype from four in Corvallis, OR (two clonal replicates over two harvests), and five 

replicates in Jackson Springs, NC (two clonal replicates over three harvests). Analyses were also 

performed to evaluate the effect of harvest on anthocyanin content and composition within each 

environment.  

Anthocyanin area was based on the standard curve of 0.001, 0.005, 0.025, 0.125, and 0.25 

dilutions of cyanidin-3-glucoside. The standard curve was y = 2*108x ï 110697 (R² = 0.9997). 
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Statistical analyses comparing genotypes across locations (G × E) and genotypes across years (G 

× Y) were performed with PROC GLM (SAS v9.4, SAS, Cary) with factors including genotypes, 

locations, years, and harvests as fixed effects. G × Y analysis included twenty-seven genotypes 
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in Jackson Springs, NC, and eleven genotypes in Corvallis, OR across 2019 and 2020 with the 

first harvest being evaluated across both years. G × E analyses evaluated six genotypes in both 

Corvallis, OR and Jackson Springs, NC, and included two harvests of each óEchotaô, óOôNealô, 

óReveilleô, óSummitô, óSunriseô, and US845. 

Correlation analyses was performed between total anthocyanin content (AYC) and total 

anthocyanidin composition of cyanidin (Cy), delphinidin (Dp), malvidin (Mal), peonidin (Peo), 

and petunidin (Pet), and phenotypic characteristics including, TSS, TA, L*, a*, b*, CRM, HUE, 

TSS, and TA. Correlation analyses were performed for genotypes within each location using R 

ñpsychò package (Revelle 2021). The data were analyzed by Pearson method and at P <0.05 

significant threshold of. 

 

RESULTS 

Identification and quantification of blueberry anthocyanins  

The anthocyanin composition of interspecific V. corymbosum genotypes skin extracts was 

determined through HPLC analysis (Figure 3.1). Identified anthocyanins were composed of 

aglycones, including cyanidin, delphinidin, malvidin, peonidin, and petunidin with various sugar 

moieties, including glucose, galactose, and arabinose. Further, studied select genotypes included 

anthocyanins which consisted of acylated or malonylated sugar moieties (Table 3.1). Hereafter, 

we report the blueberry anthocyanin content based on 100 g of dried skin. The total anthocyanin 

content averaged over harvest, and clonal replicate plants ranged from 2,848.7 mg/ 100g skin 

tissue (NC3352, Jackson Springs) to 13,294.85 mg/ 100g skin tissue (NC4953, Jackson Springs) 

(Table 3.2, Table 3.3). Overall, the average anthocyanin content across all genotypes was 

6,923.94 mg/ 100g skin tissue. The total average anthocyanin content from genotypes evaluated 
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from the Corvallis location was 8,109.31 mg/100 g skin tissue; the genotypes which produce the 

lowest and greatest anthocyanin content as óReveilleô (4,469.7 mg/ 100 g skin tissue) and 

óElliottô (12,769.3 mg/ 100 g skin tissue), respectively. The average total anthocyanin content 

was lower in Jackson Springs compared with Corvallis, with an average of 6,335.29 mg/ 100 g 

skin tissue (Table 3.2, and Table 3.3). 

Across all evaluated anthocyanins and genotypes, Dp3Glu, Mal3Gal, Del3Ara, and Pet3Gal 

(Table 3.1) had the highest anthocyanin concentration (Table 3.2, Table 3.4). These results were 

consistent between locations. Anthocyanidin averages reflected anthocyanin prevalence, wherein 

delphinidin had the greatest average area, followed by malvidin and petunidin, all of which were 

significantly greater than peonidin and cyanidin (Table 3.5). Galactoside had the most significant 

prevalence among the sugar moieties in all anthocyanins across genotypes, replicates, and 

harvests with an average concentration of 630.83 mg/100 g skin in Corvallis and 575.69 mg/ 100 

g skin in Jackson Springs (Table 3.5). Total galactoside concentration was significantly greater 

than arabinoside and glucoside, which was the least prevalent across all sugar moieties in both 

locations. While all sugar moiety concentrations were greater in Corvallis as a result of increased 

total anthocyanin concentrations, galactoside was more prevalent at the Jackson Springs location, 

comprising 49.44% of all sugar moieties, whereas galactoside comprised only 44.39% of sugar 

moieties in Corvallis (Table 3.2, Table 3.3, Table 3.5). Arabinose and glucose were more 

prevalent in the fruit collected from Corvallis compared to Jackson Springs. 

Acylated anthocyanins included in this study consisted of Dp3GluAcl, Cy3GalAcl, Peo3GalAcl, 

Cy3GluAcl, Mal3GalAcl, Pet3GluAcl, Peo3GluAcl, and Mal3GluAcl (Table 3.1). Cumulatively, 

total anthocyanin concentration averaged across genotypes was composed of 7.90% acylated 

anthocyanins (Table 3.3). The average concentration of acylated anthocyanins was greater in the 
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plants evaluated at the Corvallis location consisting of 67,028.28 mg/100g skin compared to 

Jackson Springs, which consisted of 54,485.52 mg/100 g skin. Within the studied acylated 

anthocyanins, Mal3GalAcl, Mal3GluAcl, Cy3GluAcl and Pet3GluAcl (Table 3.1) were most 

prevalent (Table 3.5). Across all genotypes, NC4034 in Jackson Springs had the highest mean 

acylated anthocyanin concentration (277,355.2 mg/ 100 g skin), followed by óGoldtraube 74ô in 

Corvallis (230,554.1 mg/100 g skin) (Table 3.3). Genotypes including US851, óBurlingtonô, 

óLegacyô, óLateblueô and óFloridablueô in Corvallis and NC3104, NC4958, and NC4712 in 

Jackson Springs found no acylated anthocyanins across replicates and harvests. 

 

Anthocyanins across environments, years, and harvests 

There were six overlapping genotypes planted at both locations, including óEchotaô, óOôNealô, 

óReveilleô, óSummitô, óSunriseô, and US845. Five of the six genotypes had higher anthocyanin 

content in plants evaluated at the Corvallis location; óEchotaô, óOôNealô, óSummitô óSunriseô, and 

US845 had 14.77%, 72.03%, 43.91%, 67.87%, and 70.86% greater anthocyanin content 

evaluated at the Corvallis location (Table 3.2, Table 3.3). This observation is further supported 

by the significant environmental difference between the total anthocyanin content at each 

location (Table 3.6). Only óReveilleô had a greater evaluated anthocyanin content in Jackson 

Springs, which was 37.26% greater than the Corvallis-planted óReveilleô. Increased total 

anthocyanin content is largely reflected by increased Dp3Gal, which is seen in all cultivars with 

the exception of óSummitô, but there was also increased Pet3Gal, Dp3GluMyl, and Mal3GluMyl 

(Table 3.1) concentrations (Table 3.2, Table 3.3). Between the Corvallis and Jackson Springs 

locations, anthocyanins Pet3Ara and Cy3GluAcl had greater concentrations in all genotypes 

planted in the Jackson Springs location. Conversely, Dp3GluMyl, and Mal3GluMyl (Table 3.1) 
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concentrations were higher in all genotypes evaluated from the Corvallis location; additionally, 

Pet3GluAcl was had increased concentrations in plants harvested from the Corvallis location 

with the exception of óSunriseô (Table 3.3). It was intriguing that across all replicates and 

harvests, we did not find evidence of Cy3Glu, Cy3GluMyl, Cy3GalAcl, and Peo3GluAcl (Table 

3.1) in the óOôNealô genotype at either location. 

We evaluated twenty-seven genotypes in Jackson Springs, NC, and eleven genotypes in 

Corvallis, OR across 2019 and 2020. In both environments, we found genotype, year, and 

genotype × year to have a significant effect on total anthocyanin content (Table 3.7). 

Analysis of the harvests, genotype × harvest, and genotype × environment × harvest of the six 

overlapping genotypes across the two locations did not find these sources to significantly affect 

the total anthocyanin concentration (Table 3.6). However, total anthocyanins averaged over 

genotypes, and clonal plant replicates across the three harvests increased significantly in the 

Jackson Springs location. Further, increases are observed in all of the studied anthocyanins 

between the three harvest intervals. Anthocyanins, including Dp3Gal, Dp3Glu, Cy3Gal, Dp3Ara, 

Cy3Glu, Pet3Gal, Cy3Ara, Pet3Glu, Peo3Gal, Pet3Ara, Mal3Gal, Mal3Ara, and Cy3GluAcl 

(Table 3.1) increased significantly in average concentration between the two weeks from harvest 

1 to harvest 3 (Table 3.4). Between harvests 2 and 3, Dp3Gal, Cy3Gal, Pet3Gal, Cy3Ara, 

Pet3Ara, Mal3Gal, and Mal3GalAcl (Table 3.1) significantly increased in average concentration. 

Across the harvests, galactoside sugar moiety prevalence increased from 54.12% in harvests 1 to 

56.85%, while glucoside and arabinoside decreased in between harvests in Jackson Springs. The 

percentage of acylated and malonylated anthocyanins decreased from 21.65% to 16.89% and 

4.77% to 3.76%, respectively, between harvests 1 and 3 in Jackson Springs (Table 3.4). 
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In Corvallis, total averaged anthocyanins increased significantly across the two harvests (Table 

3.4). Malvidin was prominent among the anthocyanidins, which observed increases between the 

two harvests; significant increases were observed in Mal3Gal, Mal3Glu, Mal3Ara, as well as 

Pet3Gal (Table 3.1). In contrast, both Cy3Glu and Peo3Gal saw substantial decreases between 

the two harvests (Table 3.4). In Corvallis, the percentage of the sugar moiety to the total 

anthocyanin concentration varied <1% between the two harvests. Percentage of acylated and 

malonylated anthocyanins increased and decreased <1%, respectively (Table 3.4).  

 

Anthocyanin and fruit phenotype correlation 

There was no correlation between total anthocyanin concentration and fruit color characteristics, 

including luminescence, a* values, b* values, hue, and chroma values. Further, we found no 

correlation between either total anthocyanin concentration and TSS, TA, or FW. Isolating 

individual aglycones composition further yielded no correlation with the studied fresh fruit 

phenotypes. Among aglycones, cyanidin showed the highest correlation with luminescence (L) 

and chroma (r = -.23 and r = -0.27, respectively) in Corvallis (Figure 3.2). In Jackson Springs, 

the highest correlation coefficients were between hue and total anthocyanin content, as well as 

the aglycones delphinidin, petunidin, and malvidin (r = -.23, r = -0.24, r = -0.21, and r = -0.20, 

respectively) (Figure 3.3). 
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DISCUSSION 

Identification and quantification of blueberry anthocyanins  

Across anthocyanin-producing genera, while many species are highly concentrated in cyanidin, 

the genus Vaccinium comprises the most diverse anthocyanins (Veberic, Slatnar et al. 2015). 

Further, anthocyanins have been found to be three-fold higher in wild Vaccinium species 

(Giovanelli and Buratti 2009). Additionally, differences between the anthocyanin content of 

Vaccinium species found that the anthocyanin content of V. myrtilloides was significantly higher 

than either V. angustifolium or V. angustifolium var. nigrum (Mallik and Hamilton 2017). 

Regarding anthocyanidin composition, bilberry, V. myrtillus, had proportionally more cyanidin 

to total anthocyanin content (49%) compared with studied V. corymbosum genotypes, whereas V. 

corymbosum genotypes had increased proportion of malvidin (Ó30%) (Burdulis, Sarkinas et al. 

2009). These findings were supported by Veberic et al. (2015) which found that V. myrtillus had 

over seven-fold more Cy3Gal, Cy3Glu, and Cy3Ara than V. corymbosum. Further, V. myrtillus 

had nearly over two-fold more Dp3Gal, Dp3Glu, and Dp3Ara (Table 3.1), than V. corymbosum 

(Veberic, Slatnar et al. 2015). A similar study comparing two Vaccinium species, V. virgatum 

and V. corymbosum, showed that V. virgatum genotypes contained increased percentages of 

cyanidin glycosides to total anthocyanin content compared to V. corymbosum; conversely, V. 

corymbosum genotypes had increased levels of delphinidin glycosides (Timmers, Grace et al. 

2017). Both of these studies are limited by the selection of genotypes (<5 per species) which 

restricts the scope of the results. While our study did not include V. myrtillus or V. myrtillus 

hybrid genotypes, our study included fourteen genotypes (NC4728, NC4701, NC4979, NC3419, 

NC4398, NC5207, NC3464, NC3476, NC4982, NC4976, NC4953, NC4721, NC2672, and 

óFloridablueô) with pedigrees composed of > 10% V. virgatum. While these are hybrid 
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genotypes, we did not find notable differences between cyanidin glycosides and delphinidin 

glycosides between these genotypes and other studied genotypes. Across the consistent 

genotypes studied at the same location in the present study and in a study by Yousef et al. 

(2014), the percentage of anthocyanidin contribution to the total anthocyanin concentration on a 

genotype basis agreed with our findings.  

It was intriguing that, in an intergeneric evaluation of anthocyanins, which included Vaccinium 

(blueberry, bilberry, cranberry, and lingonberry), Rubus (raspberry and blackberry), Ribes 

(redcurrant, blackcurrant, jostaberry, and gooseberry), Fragaria (strawberry), Morus (mulberry), 

Crategus (hawthorn), Sorbu (rowan), Amelanchier (eastern shadbush), Sambucus (elderberry), 

and Aronia (chokeberry), only highbush blueberry denoted the presence of acylated anthocyanins 

(Veberic, Slatnar et al. 2015). Supporting the lack of acylated anthocyanins in bilberry, two other 

studies which characterized anthocyanins in bilberry detected no acylated anthocyanins (Kalt, 

McDonald et al. 1999, Lätti, Riihinen et al. 2008). In addition to V. myrtillus, Kalt et al. (1999) 

characterized multiple Vaccinium species, including V. corymbosum, V. angustifolium, V. 

myrtilloides, wherein anthocyanin acylation was identified. Additionally, acylated anthocyanins 

have also been identified in V. uliginosum (Li, Wang et al. 2011). Similar to the V. corymbosum 

genotypes studied by Kalt et al. (1999) and Yousef et al (2014), our study, which involves a large 

diversity of cultivars and interspecific accessions shows the proportion of acylated anthocyanins 

is variable across genotypes. Our study largely agreed with the acylation within a genotype 

presented by Yousef et al. (2014). Specifically, among the eight consistent genotypes within the 

North Carolina environment, we found óArlenô, óLenoirô to have the highest acylated percentage 

of anthocyanins; Yousef et al. (2014) similarly found óArlen, NC4900, and óLenoirô to have the 

highest percentage of acylated anthocyanins. Both studies found óLegacyô to have no acylated or 
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negligible anthocyanins (Yousef, Lila et al. 2014). Intriguingly, select acylated anthocyanins, 

including Dp3GluAcl, Cy3GalAcl, Cy3GluAcl, Mal3GalAcl, and Mal3GluAcl (Table 3.4) are 

proportionally higher to the total anthocyanin concentration in the Jackson Springs environment. 

However, there was no consistency of increased or decreased acylated anthocyanins percentages 

within an environment in the six overlapping genotypes.  

In an analysis of anthocyanin composition in regard to the sugar moiety, Veberic et al. (2015) 

found that within V. corymbosum, galactoside sugar moieties were more prevalent in cyanidin, 

delphinidin, and malvidin. Additionally, peonidin and petunidin had higher proportions of both 

galactoside and glucoside compared with arabinoside (Veberic, Slatnar et al. 2015). Veberic et 

al. (2015) did not find sugar moieties of xyloside nor rutinoside associated with Vaccinium 

anthocyanins. In a study of BHB, V. virgatum, and various hybrid SHB breeding selections, 

Yousef et al. (2014) found that hybrid SHB breeding selections had greatly increased glucose 

sugar moieties compared to their SHB counter parts. Comparatively, our study did not find the 

same results, both hybrid breeding selection and released SHB cultivars had similar sugar moiety 

percentages. Overall, this study found that V. virgatum had the highest percentage of glucose 

sugar moieties to total anthocyanin concentration in the studied V. virgatum cultivars (Yousef, 

Lila et al. 2014). Comparing anthocyanidins with their glycosylated counterparts, previous 

studies report that glucosylated forms of cyanidin (Cy3Glu) have stronger antioxidant radical 

scavenging capacities than their non-glucosylated counterparts, whereas the opposite was found 

for malvidin (Wang, Cao et al. 1997). Furthermore, a study on the glycosylated forms of 

anthocyanidins examined their various radical scavenging capacities, and found that cyanidin, 

peonidin, and malvidin galactosides (Cy3Gal, Peo3Gal, and Mal3Gal) were 15-23% weaker 

scavengers compared to their glucoside counterparts (Cy3Glu, Peo3Glu, and Mal3Glu) 
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(Kähkönen and Heinonen 2003). In our study, we analyzed eight anthocyanin containing a 

galactoside sugar moieties and ten anthocyanins containing a glucoside sugar moiety. Our results 

showed that across all genotypes, clonal replicates, and harvests, galactosides were the most 

prevalent sugar moiety, followed by glucosides. Previous research suggested increased 

bioavailability of glucosylated anthocyanins to galactosylated anthocyanins in human digestive 

systems (Milbury, Vita et al. 2010). Overall, we identified eighteen genotypes that had increased 

proportions of glucosylated anthocyanins compared with galactosylated anthocyanins, including 

óBluehavenô, óDixiô, óGroverô, óMurphyô, óNorthcountryô, óPatriotô, óReveilleô, US693, V. 

corymbosum DE635 Farmington, from Corvallis and óBlueridgeô, NC3352, NC3458, NC4034, 

NC4131, NC4300, NC4618, NC5019, NC5022 from Jackson Springs. It is intriguing that among 

these, óReveilleô was highly glucosylated in Corvallis; however, in Jackson Springs, galactose to 

glucose sugar moieties were 2:1. It is important to note that the same plants were genotyped in a 

separate study wherein SNP genotyping of both óReveilleô plants were genetically 

indistinguishable and clustered together (Redpath et al., Unpub.).  

Many of the genotypes located in Jackson Springs are interspecific hybrids, and as such, we 

would expect the anthocyanin content to be partly influenced by the introgressed species. 

Included in our study, the genotype óAronô is composed of 25% V. uliginosum. Prominent 

anthocyanins in V. uliginosum were noted to have higher anthocyanins with glucoside sugar 

moieties and included Dp3Glu, Pt3Glu, Peo3Glu, and Mal3Glu (Table 3.1) (Li, Wang et al. 

2011). Comparatively, we found that óAronô had more prevalent galactoside anthocyanin 

counterparts compared to glucoside.  

Interestingly previous reports found the mean anthocyanin content of V. virgatum cultivars was 

greater than the mean of V. corymbosum SHB genotypes grown in Georgia (Yousef, Lila et al. 
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2014, Gündüz, Serçe et al. 2015). Similarly, we found the average of genotypes which included 

more than 10% V. virgatum (NC4728, NC4701, NC4979, NC3419, NC4398, NC5207, NC3464, 

NC3476, NC4982, NC4976, NC4953, NC4721, and NC2672 in Jackson Springs and 

óFloridablueô in Corvallis) had higher anthocyanin content than the majority of the studied 

genotypes, except for óFloridablueô. G¿nd¿z et al. (2015) also found that in a separate 

experiment comparing NHB, SHB, and V. virgatum genotypes in Oregon, NHB V. corymbosum 

genotypes, primarily óDuke,ô, óElliottô, and óLibertyô, had higher anthocyanin content than three 

of five SHB V. corymbosum genotypes (except óEmeraldô and óJewelô) genotypes as well as V. 

virgatum cultivars, óOchlockoneeô and óPowderblueô (Gündüz, Serçe et al. 2015). In our study, 

óFloridablueô was the only Oregon-grown genotype with >10% V. virgatum, similarly across the 

genotypes with >10% V. virgatum, óFloridablueô had the lowest anthocyanin content.  

In agreement with previous studies which found V. myrtilloides to have greater anthocyanin 

content than V. angustifolium, our study found US693, which is 25% V. myrtilloides, had a 

greater average anthocyanin content then the studied anthocyanin content of V. angustifolium, as 

well as genotypes NC3352, NC4300, US612, óNorthcountryô, óNorthblueô, óBluehavenô, 

óPatriotô, and óNorthlandô, which had over 25% V. angustifolium (Mallik and Hamilton 2017).  

Similar to previous studies, we also found óElliottô and óRubelô to have a high anthocyanin 

content (Ehlenfeldt and Prior 2001, Kim, Kim et al. 2013, Gündüz, Serçe et al. 2015). 

Additionally, we found óPioneerô, óRancocasô, óNorthlandô, and óSunriseô had higher anthocyanin 

content in Corvallis, with óSunriseô having a moderately high anthocyanin content in Jackson 

Springs, in further agreement with previous studies (Kim, Kim et al. 2013). Interestingly Kim et 

al. (2013) found óBrigitta Blueô to be low in anthocyanins, whereas Ehlenfeldt and Prior (2001) 

reported high anthocyanin content values for óBrigitta Blueô and the reverse was true to 
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óElizabethô. For these genotypes, our results indicated óBrigitta Blueô had a high anthocyanin 

content which was in congruity with Ehlenfeldt and Prior (2001), and óElizabethô had an above 

average anthocyanin content, consistent with Kim et al. (2013). óElizabethô and óLegacyô were 

previously reported to have high and low anthocyanin concentrations, respectively (Ehlenfeldt 

and Prior 2001, Gündüz, Serçe et al. 2015). In our study, we found both genotypes ranked 

similarly to these studies, among the Corvallis genotypes; wherein óElizabethô was among the 

top five genotypes with the highest anthocyanin content, and óLegacyô was mid-ranged among 

the studied genotypes, with an anthocyanin concentration slightly above the Corvallis population 

average. In agreement with Kim et al. (2013), we found the anthocyanin content of óToroô was 

low compared with other genotypes in Corvallis; however, óPatriotô óHerbertô and óBluehavenô 

which were previously reported to have comparatively low anthocyanin content, were all found 

to have moderate amounts of total anthocyanin content compared to the other genotypes 

evaluated from Corvallis in the present study. 

 

Anthocyanins across environments, years, and harvests 

In an environmental comparison of V. corymbosum cv. óJerseyô evaluated in three locations 

including Michigan, Oregon, and New Jersey, neither the antioxidant capacity, analyzed as 

oxygen radical absorbance capacity, nor total anthocyanin concentration significantly differed 

across locations (P Ò 0.05) (Prior, Cao et al. 1998). In contrast to these findings, a study 

examining seven cultivars in Michigan and Oregon in 2010 found that the effects of genotype, 

environment, and genotype × environment were significant in the analysis of total anthocyanin 

content (Gündüz, Serçe et al. 2015). Additionally, in a similar study of nine blueberry cultivars, 

genotype × environment was significant for anthocyanin content between Oregon and Michigan, 
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as well as Oregon and Minnesota (P Ò 0.05), however genotype Ĭ environment was not 

significant between Minnesota and Michigan (Connor, Luby et al. 2002). North Carolina and 

Oregon are geographically distant; further across genotypic averages, albeit a majority of them 

were different, for total anthocyanins we observed increased anthocyanin content at the Corvallis 

location. Therefore, the environment was expected to be the source of variation, assuming the 

composition of allelic frequencies of the genotypes were in Hardy-Weinberg equilibrium. In our 

own analysis, we did not observe genotype × environment as a source of variation for the six 

overlapping genotypes. Given these results in addition to the plethora of non-overlapping 

genotypes across locations, we separated environments in our subsequent analyses.  

The effect of genotype × year within an environment has been significant on total anthocyanin 

content in multiple studies (Connor, Luby et al. 2002, Howard, Clark et al. 2003, Yousef, Lila et 

al. 2014). Yousef et al. (2014) found differences between SHB genotypes across two years of 

study in which the genotype rank order of highest anthocyanin content was significantly altered. 

In contrast, a three-year study in blueberry anthocyanin and fruit size found that while genotype 

× year was a significant the F-value statistic of genotype × year was lower than that of genotype, 

indicating that the variance attributed to genotype alone was greater than that of genotypic 

variance between years (Scalzo, Stevenson et al. 2013). Furthermore, the same study found that 

the average anthocyanin content from a single year of study was highly correlated with the three-

year average (r >0.88).  

One of the major factors influencing the genotype × year effects on fruit phenotypes is the 

climatic variation between years, which includes temperature, solar radiation intensity, and 

precipitation. Given severe water stress conditions, the total amount of anthocyanins in grape 

skin was significantly lower than the total amount of anthocyanins in the skin of grapes subjected 
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to moderate water stress conditions (Brillante, Martínez-Luscher et al. 2017). Our results agreed 

with Connor et al. (2002) and Howard et al. (2003); we evaluated twenty-seven genotypes in 

Jackson Springs, NC, and eleven genotypes in Corvallis, OR in two years and we found the 

effect of year and genotype × year to have a significant impact on total anthocyanin content. 

Further studies should evaluate the effect of climatic conditions, including light and growing 

degree days, on anthocyanin accumulation in addition to years, harvest interval, and analysis of 

antioxidant activity. 

Our results indicated a significant increase of total anthocyanin content between harvests in both 

locations. Agreeing with our findings, Castrejón et al. (2008) found increases in anthocyanin 

content between subsequent weekly harvest intervals in mature blue fruit across four cultivars. 

Furthermore, the same study noted an overall increase in TA while TSS initially decreased 

between harvests 1 and 2, and subsequently increased between harvests 2 and 3, across four V. 

corymbosum cultivars; however, correlations were not made between anthocyanin content a TSS 

or TA (Castrejón, Eichholz et al. 2008). Additionally, research involving V. angustifolium, V. 

angustifolium var. nigrum, and V. myrtilloides, which examined anthocyanin content between 

early and late harvests, found that anthocyanin content increased between sequential harvests in 

each genotype; however, the difference between harvests was only significant in V. 

angustifolium and V. myrtilloides (Mallik and Hamilton 2017). A similar study which looked at 

anthocyanin content across and composition of six genotypes from two Vaccinium species (V. 

virgatum and V. corymbosum), found that V. corymbosum genotypes increased in anthocyanin 

content between harvests which was consistent in both years of study (Timmers, Grace et al. 

2017). However, Timmers et al. (2017) found that V. virgatum genotypes fluctuated in 

anthocyanin content across sequential harvests and did not find consistency between years of 
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study in V. virgatum genotypes. Contrary to Timmers et al. (2017) findings of anthocyanin 

content fluctuation in V. virgatum, we discovered that all genotypes that are composed of >10% 

V. virgatum increased in anthocyanin content from the first to final harvest, with the exception of 

NC3419 and NC4728, in the Jackson Springs location (data not shown). 

Anthocyanin, TSS, and TA correlation 

Anthocyanins are a vacuolar-stored pigment that are produced in flavonoid pathway. In the 

flavonoid pathway anthocyanins primarily accumulate during fruit maturation and pigmentation 

in blueberry (Ribera, Reyes-Diaz et al. 2010, Spinardi, Cola et al. 2019). As such, they are 

primarily concentrated in the skin of blueberry fruit (Ribera, Reyes-Diaz et al. 2010). In a study 

that looked at the correlation between CIELAB color parameters, hue angle, and chroma, as well 

as the major anthocyanidins in V. corymbosum óBluecropô, significant differences were found 

between hue angle and all studied anthocyanidins as well as chroma and all anthocyanidins with 

the exception of cyanidin (Chung, Yu et al. 2016). Moreover Chung et al. (2016) found that total 

anthocyanin content was correlated with luminescence (L*), hue angle, and chroma. In our 

analysis, we did not find any correlation between color-related metrics of fresh blueberry with 

the bloom wax on the fruit and anthocyanin content. However, the presence of fruit bloom 

reflects and refracts light and, therefore may be a confounding factor that precludes accurate 

measurements (Saftner, Polashock et al. 2008). A more accurate correlation would involve fruit 

bloom removal and anthocyanin content.  

During maturation, anthocyanins accumulate in blueberriesô fruit skin (Spinardi, Cola et al. 

2019). Smaller blueberries have a higher fruit skin surface area to fruit ratio, as such, they have 

proportionally more anthocyanins than larger fruit counterparts (Prior, Cao et al. 1998). Multiple 

studies examine the correlation of fruit weight to total anthocyanin content, which all find a 
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significant negative correlation (P <0.05) (Connor, Luby et al. 2002, Howard, Clark et al. 2003, 

Castrejón, Eichholz et al. 2008, Gündüz, Serçe et al. 2015). Demonstrating this concept, a 

previous study which examined óArlenô, óLenoirô, NC4385, NC4398, NC4900, óPamlicoô, and 

óSampsonô found their anthocyanin concentrations inconsistent to our findings (Yousef, Lila et 

al. 2014). Yousef et al. (2014) reported NC4398, NC4385, and óPamlicoô to have the highest 

anthocyanin concentration among the seven genotypes across two years of study, while our study 

found óPamlicoô, óArlenô and óSampsonô to have the highest anthocyanin concentrations. While 

these differences may be influenced by the effect of year on phenotypic variance (Table 3.7), one 

of the major differences between the studies was the use of whole fruit compared to blueberry 

skin analysis. The fruit surface area and percentage of skin and anthocyanins are largely 

dependent upon the fruit size. Therefore, using fresh fruit weight as a basis for anthocyanin 

determination will identify fruit with low mass to skin ratio as having a greater anthocyanin 

concentration. Exemplifying this, previous studies identified fresh weight analysis of small 

fruited Vaccinium hybrid, óFriendshipô (V. corymbosum × V. angustifolium), to contain a greater 

concentration of anthocyanins compared with larger fruited genotypes (Kim, Kim et al. 2013). In 

studies, where investigators use fresh weight to determine anthocyanin content are less 

informative for developing breeding strategies for the targeted increase anthocyanin content in 

new releases. Moreover, anthocyanins are previously reported to be highly correlated with 

antioxidant activity in blueberry skin (r = 0.90); however whole fruit anthocyanin to antioxidant 

activity was much less correlated (r = 0.5) (Ribera, Reyes-Diaz et al. 2010). Supporting this 

study, Prior et al. (1998) found the relationship between antioxidants in Vaccinium species 

including V. corymbosum, V. virgatum, V. angustifolium, and V. myrtillus to have a moderately 

significant correlation with anthocyanins (r = 0.77).  
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Total anthocyanin content has had previous conflicting reports regarding correlation with TSS 

and TA. While Gündüz et al (2015) reported a significant positive correlation between 

anthocyanin content with both TSS (r = 0.38) and TA (r = 0.41), Mallik et al. (2017) found that 

total anthocyanin content was negatively correlated with the ratio of total soluble solids to 

titratable acidity; wherein increased TSS or decreased TA, increased the ratio of TSS:TA and 

corresponded to decreased total anthocyanin content. Another report found that anthocyanin 

content was significantly positively correlated with the ratio of TSS:TA in a study involving 

óWolcottô (Ballinger and Kushman 1970). It is intriguing that previous studies reported both 

positive and negative correlations between TSS and TA in blueberry (Castrejón, Eichholz et al. 

2008, Gündüz, Serçe et al. 2015). Comparatively, the breadth of the genotypes and harvests 

involve in our study was greater than the aforementioned studies. While we did not find a strong 

correlation between anthocyanin content and TSS or TA at either location, our results showed 

that TSS and TA had significant positive (P < 0.05), and negative correlations (P < 0.0001) with 

the total anthocyanins, respectively.  

 

CONCLUSION 

Delphinidin followed by malvidin was the most prevalent anthocyanidin in the studied blueberry 

genotypes, and galactose was the most prevalent sugar moiety across the 212 studied genotypes. 

We did not find any strong correlations between total anthocyanin content or any anthocyanidin 

with evaluated phenotypic traits, all correlations were significant (P < 0.05). 
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There was a significant difference between environment and total anthocyanin content, which 

may indicate climatical influence. Further, we found that the effect of years was significant, 

which may support climatically influence over anthocyanin content.  

Finally, we found that later harvests have increased total anthocyanin content. For instance, 

increased levels of Mal3Gal, Pet3Gal, and Cy3GluAcl between first and final harvests in both 

environments was observed. 

These data will provide a foundation for species-specific interspecific hybrid evaluation of 

anthocyanin content. Further, we identified genotypes amenable for usage in targeted breeding 

for total anthocyanin and acylated anthocyanin increases in future blueberry genotypes. 
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 Table 3.1. Table of anthocyanin abbreviations. 

Anthocyanin Abbreviation  

Delphinidin 3-galactoside Dp3Gal 

Delphinidin 3-glucoside Dp3Glu 

Cyanidin 3-galactoside Cy3Gal 

Delphinidin 3-arabinoside Dp3Ara 

Cyanidin 3-glucoside Cy3Glu 

Petunidin 3-galactoside Pet3Gal 

Cyanidin 3-arabinoside Cy3Ara 

Petunidin 3-glucoside Pet3Glu 

Peonidin 3-galactoside Peo3Gal 

Petunidin 3-arabinoside Pet3Ara 

Malvidin 3-galactoside Mal3Gal 

Malvidin 3-glucoside Mal3Glu 

Malvidin 3-arabinoside Mal3Ara 

Delphinidin 3-(acylglucoside) Dp3GluAcl 

cyanidin 3-(6"-malonylglucoside) & cyanidin 3-(acylgalactoside) 
Cy3GluMyl & 

Cy3GalAcl 

Malvidin hexose pentose Mal5-6ose 

Delphinidin 3-(6"-malonylglucoside) & malvidin 3-(6"-

malonylglucoside) 

Dp3GluMyl & 

Mal3GluMyl 

Peonidin 3-(acylgalactoside) Peo3GalAcl 

Cyanidin 3-(acylglucoside) Cy3GluAcl 

Malvidin 3-(acylgalactoside) Mal3GalAcl 

Petunidin 3-(acylglucoside) Pet3GluAcl 

Peonidin 3-(acylglucoside) Peo3GluAcl 

Malvidin 3-(acylglucoside ) Mal3GluAcl 
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Table 3.2. Percentage nonacylated anthocyanins and total anthocyanin content per genotype averaged across genotypic replicates and 

harvests within both Corvallis, OR, and Jackson Springs, NC. 

Genotype 

Total 

Average 

Anthocyanin 
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Corvallis, OR               

Aron 8870.25 11.77 4.03 6.82 8.79 2.37 7.63 4.41 4.11 3 4.44 16.85 10.73 8.63 

Ascorba 8288.41 14.38 6.55 2.31 10.8 1.28 7.75 1.74 5.01 1.19 5.32 10.58 7.71 6.58 

Atlantic 8097.31 18.45 5.99 2.98 11.29 3.29 9.65 1.82 4.27 0.97 4.9 13.89 7 6.87 

Berkeley 8221.13 20.7 1.07 4.55 12.78 0 12.21 1.63 2.46 5.79 5.71 14.94 0.86 9.02 

Bluechip 5984.56 16.53 0.97 3.01 10.24 5.91 8.58 1.29 2.56 10.32 4.62 24.14 1.59 9.14 

Bluecrop 6575.33 10.05 6.72 1.79 10.97 3.73 5.62 1.09 5.23 5.53 7.64 11.18 5.99 7.21 

Bluehaven 7923.58 12.07 9.01 2.3 10.01 2.32 5.92 1.89 6.09 0.8 4.26 9.44 10.3 6.74 

Bluejay 7823.41 19.59 0.77 2.68 12.56 0 12.98 1.51 0.71 1.49 7.22 25.09 1.52 13.05 

Bounty 6517.51 15.96 5.4 3.51 11.19 7.73 6.1 1.59 5.13 7.85 6.62 8.22 2.87 3.88 

Brigitta Blue 7987.45 21.12 1.09 4.03 12.62 0 11.16 1.55 1.4 3.52 5.82 19.02 1.59 11.18 

Burlington 7324.25 27.99 1.21 3.6 14.29 0.74 13.46 2.41 0.86 1.05 6.12 18.55 1.25 7.6 

Cabot 8364.07 16.61 1.35 5.22 11.37 0.94 10.25 3.14 1.08 1.84 5.95 16.13 4.4 9.61 

Caroline Blue 10922.93 12.16 8.08 2.46 10.12 3.93 6.31 1.2 5.18 6.43 5.7 8.5 4.97 5.78 

Collins 6126.59 14.21 6.48 2.87 10.54 1.7 8.05 1.91 5.61 1.12 5.64 13.14 9.27 8.01 

Concord 8505.87 25.12 4.24 10.85 14.66 0 5.63 2.56 3.98 12.32 2.77 12.2 1.19 3.21 

Coville 6555.89 13.45 1.48 2.43 6.88 9.41 8.12 1.97 2.42 5.05 6.04 21.53 1.48 10.04 

Croatan 7253.15 17.41 0.65 3.46 10 0 12.47 1.61 4.38 16.55 3.33 12.89 1.21 3.83 

Darrow 8864.5 19.05 0.81 1.93 9.28 2.79 12.21 1.46 0.73 1.05 5.72 24.89 1.99 12.71 

Dixi  5641 6.09 6.27 3.76 5.47 5.49 5.92 1.41 5.4 6.28 8.92 7.53 3.88 5.88 

Echota 6785.71 13.81 7.89 7.18 9.84 6.45 8.48 1.88 6.16 5.73 7.17 8.59 5.4 3.86 

Elizabeth 12082.25 19.97 1.09 9.31 14.15 0 5.49 0.81 4.75 15.53 2.94 14.46 1.41 3.8 
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Table 3.2 (continued). 

Elliott 12769.3 23.21 0.99 3.57 12.89 0.75 12.81 1.66 1.05 2.35 5.74 23.05 1.56 8.93 

Floridablue 9940.23 16.9 0.54 1.52 10.44 0 12.26 1 4.46 19.66 3.15 22.19 1.06 6.45 

Georgiagem 5933.88 18.88 0.87 4.07 13.63 0 11.67 2.66 0.76 1.87 7.04 21.63 1.8 12.76 

Goldtraube 74 12224.5 13.98 4.32 3.72 7.52 1.31 6.9 1.66 3.49 2.72 4.62 10.93 7.74 6.68 

Grover 6927.15 12.78 10.12 3.25 11.54 2.37 6.14 2.4 6.72 0.99 5.05 6.83 7.88 5.16 

Gulfcoast 7486.86 14.34 1.18 4.93 8.8 0.74 9 2.46 1.34 6.33 4.64 28.57 1.95 12.64 

Harding 7696.25 18.78 0.8 6.05 12.21 0 11.74 3.16 1.54 4.06 5.57 14.04 3.55 7.61 

Herbert 9649.3 18.58 8.23 2.2 12.36 1.42 8.2 1.39 5.92 0.67 4.94 9.77 8.58 5.66 

Ivanhoe 7016.53 19.47 0.82 5.32 11.9 0 12.21 2.76 2.04 5.34 5.39 15.82 2.56 7.89 

Jersey 8090.7 14.59 9.39 1.88 11.52 3.27 7.64 2.72 6.75 5.42 7.65 8.08 10.01 5.1 

Jubilee 6170.42 19.54 1 5.63 10.99 0 11.29 3.14 0.82 2.67 5.81 16.03 3.95 8.37 

June 10906.79 10.87 7.33 4.14 10.2 6.91 7.76 0.87 5.96 9.9 13.92 8.92 4.12 2.79 

Laniera 9079.28 15.83 9.89 2.5 12.95 1.55 7.29 1.81 7.29 0.71 5.51 9.94 9.86 6.35 

Lateblue 8494.64 23.61 1.36 3.65 9.71 0.81 14.33 1.95 0.89 1.34 5.06 26.57 1.72 8.49 

Legacy 8203.03 18.88 1.32 4.32 9.52 0 9.76 1.74 1.49 4.59 4.08 30.11 2.12 11.6 

Magnolia 4924.52 16.98 6.84 3.21 10.59 2.71 9.05 1.75 5.74 3.23 6.18 13.34 7.33 6.78 

Marimba 8040.23 18.69 1.37 5.65 11.86 0.39 10.52 2.95 1.28 3.58 5.69 21.28 2.06 10.7 

Meader 8170.68 14.69 6.8 4.38 10.24 1.36 7.31 2.17 4.46 1.25 4.51 9.46 8.57 6.44 

Murphy 7907.69 8.29 7.39 3.25 8.25 4.72 5.69 1.52 5.66 4.55 7.88 7.31 5.27 5.21 

Northblue 7872.02 11.53 5.26 4.23 9.97 2.25 6.87 3.17 4.48 1.32 6.08 10.43 9.19 7.72 

Northcountry 6086.77 10.01 9.71 3.86 6.62 3.9 5.65 2.8 8.11 1.96 3.38 11.06 16.59 7.4 

Northland 8189.17 10.7 5.66 4.78 6.52 1.61 6.7 1.22 5.46 3.94 6.29 8.18 6.94 4.2 

Olympia 6857.98 19.01 3.32 7.4 9.9 10.8 7.43 2.5 2.65 5.28 4.14 9.82 2.48 4.4 

O'Neal 8428.91 20.28 0.85 5.06 12.84 0 11.46 2.43 1.63 5.41 4.84 13.4 3.55 7.51 

Ozarkblue 10283.99 23.96 1 6.07 13.67 6.36 9.12 2.28 1.09 3.51 9.48 9.97 1.2 9.58 

Pacificblue 8310.37 17.58 5.68 4.59 11.76 0.93 7.85 1.32 3.66 2.49 6.24 10.82 5.68 6.21 
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Table 3.2 (continued). 

Patriot 8506.11 7.66 8.33 3.32 5.98 4.36 4.96 2.71 6.61 1.52 3.97 7.93 11.26 5.21 

Pemberton 7128.7 15.04 7.81 3.21 10.02 3.38 7.83 2.88 5.17 1.58 4.7 10.05 6.13 5.47 

Pioneer 8674.49 20.27 0.75 6.47 11.52 0.54 12.73 3.87 0.71 1.85 6.26 20.81 1.7 9.94 

Rancocas 8967.85 16.45 5.23 4.23 10.01 4.11 6.85 1.6 5.33 7.63 5.94 13.69 7.68 4.9 

Reka 6702.51 18.2 6.82 3.85 13.11 3.76 7.47 2.31 4.89 3.08 5.74 8.92 5.11 5.07 

Reveille 4469.7 9.33 4.94 3.41 9.76 1.94 5.32 3.02 4.1 1.57 5.91 9.04 8.79 9.39 

Rubel 9460.34 21.76 7.22 3.03 13.45 3.56 9.45 1.64 5.82 3.77 6.32 11.9 6.31 4.94 

Spartan 7512.31 15.41 9.98 2.19 11.99 2.11 7.16 4.48 5.85 4.85 6.9 7.12 4.61 4.24 

Stanley 8536.1 14.89 5.33 2.06 11.12 0.87 8.44 1.3 4.34 0.78 5.27 13.21 8.45 8.26 

Summit 8764.02 11.19 3.89 2.18 6.3 2.8 6.7 1.07 4 1.97 5.67 16.3 8.28 14.59 

Sunrise 12119.54 23.67 1.62 6.46 11.5 0 12.19 1.85 2.87 11.3 3.09 13.67 0.87 3.84 

Toro 6222.17 19.47 0.76 3.67 12.91 0 8.64 1.72 4.35 13.57 3.77 15.76 1.85 5.24 

US612 7282.27 15.23 6.22 7.49 10.25 2.19 8.01 4.1 4.61 4.95 5.05 10.93 10.65 5.65 

US693 7860.75 10.96 10.79 3.32 7.47 3.96 5.73 2.51 7.67 1.09 3.14 10 12.7 4.85 

US845 9242.58 16.56 2.78 12.09 9.58 1.71 7.28 4.67 2.64 9.05 5.28 13.9 2.23 4.85 

US848 10442.01 14.38 4.59 5.97 9.67 2.7 6.57 3.79 3.17 1.21 4.14 7.72 5.53 5.33 

US851 5962.46 25.71 7.76 14.37 16.17 0 6.42 5.44 2.49 5.06 3.2 7.24 1.08 5.06 

V. angustifolium 4877.21 16.06 2.89 4.25 9.37 5.31 9.62 2.53 2.43 1.76 5.16 11.93 3.38 5.9 

V. caesariense 

NC1967 8465.34 14.08 2.25 3.99 11.18 0.83 8.38 2.82 1.7 1.68 5.94 16.38 5.03 11.03 

V. corymbosum 

DE635 Farmington 5775.81 10.15 6.85 4.49 8.55 2.2 5.58 2.26 5.21 1.69 5.57 7.79 7.83 6.27 

V. corymbosum 

DE644 9007.76 12.38 6.7 7.38 7.23 3.92 9.98 3.33 1.13 2.49 4.88 6.37 7.5 5.45 

V. corymbosum 

NC1452 9880.25 17.18 0.66 3.15 8 2.82 11.34 1.25 6.55 3.44 4.7 20.41 4.28 8.61 

Wareham 9144.65 15.31 6.56 3.81 9.53 2.51 7.68 2.14 5.11 2.16 5.22 12.64 7.76 6.5 

Weymouth 7196.41 11.55 9.66 2.72 9.6 2.19 8.25 8.59 1.19 5.72 12.97 15.89 7.72 0.76 
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Table 3.2 (continued). 

Jackson Springs, NC 

Arlen 8773.47 22.43 1.48 5.78 11.15 0 8.23 1.26 2.31 6.39 5.59 12.56 2.69 6.3 

B-66-5 x B-66-4 4295.01 22 2.67 7.53 12.86 0.77 9.82 2.87 2.75 7.98 4.7 14.17 1.43 8.17 

Ballington #1 7499.05 21.6 1.37 6.73 10.98 0.49 11.13 2.82 1.15 1.94 5.85 13.38 4.16 6.97 

Beaufort 11006.54 23.63 2.28 6.34 10.7 1.74 8.23 1.72 5.2 10.39 3.43 11.92 2.68 4.01 

Biloxi  6549.07 13.98 5.33 4.98 9.34 2.48 7.72 1.58 6.21 7.39 8.4 10.76 10.42 5.84 

Blueridge 6991.6 10.98 8.99 3.61 6.76 3.06 6.02 2.21 7.6 1.25 5.04 9.63 12.78 6.04 

Carteret 6849.81 19.65 1.66 6.08 10.39 0.67 10.42 2.41 2.4 10.49 4.4 16.56 1.28 6.59 

CHID1-24:1 8759.03 12.38 6.7 6.37 8.66 2.64 6.76 1.23 5.84 7.89 7.91 7.06 10.4 4.87 

CHID1-4:58 8304.04 18.18 2.72 5.68 10 1.13 7.14 1.94 3.01 9.56 3.53 16.6 3.85 6.83 

CHID2-4:74 6001.82 11.26 4.32 3.51 9.03 2.71 7.72 2.11 4.83 4.05 7.16 15.36 13.56 8.1 

Duplin 5607.93 14.61 7.47 6.41 9.56 2.45 7.14 2.26 6.28 6.56 7.51 7.4 8.63 5.3 

Echota 5912.7 12.38 5.73 6.62 8.29 2.72 6.34 1.62 5.89 8.62 8.57 11.47 8.69 3.78 

Emerald 6784.88 17.56 5.82 4.66 10.16 0.79 8.72 0.97 5.32 8.11 6.5 13.05 7.78 4.71 

Gupton 6363.16 15.05 10.18 2.17 9.67 1.6 8.18 1.47 8.5 0.93 5.33 11.73 12.11 7.36 

Hannah's Choice 4976.09 18.33 1.06 5.25 11.24 0 7.63 2.25 2.37 9.83 4.33 16.26 2.16 7.97 

Lenoir 4798.79 14.15 2.65 4.98 8.99 1.06 8.01 1.33 2.71 4.86 8.96 15.73 4.01 7.98 

Misty 4300.09 18.55 4.76 4.53 11 1.2 9.57 1.95 4.2 3.04 5.82 13.1 5.64 7.32 

NC1146 6212.55 11.98 5.19 4.15 8.38 2.08 6.87 2.48 4.49 3.1 5.4 11.52 7.83 8.25 

NC2207 5200.69 16.14 3.93 7.01 8.51 1.11 6.56 3.12 2.3 7.71 2.24 10.17 4.2 7.19 

NC2672 9477.39 13.47 7.7 4.66 6.93 2.54 7.23 1.63 6.47 5.32 7.33 12.21 16.61 4.47 

NC2860 3342.7 15.96 1.3 8.04 8.78 0.99 11.08 3.95 1.38 2.88 5.28 19.24 5.38 10.41 

NC2898 7530.45 17.67 1.58 5.77 6.09 5.08 8.82 2.26 2.12 9.33 4 17.94 1.66 6.95 

NC2930 8263.87 18.14 0.89 3.64 8.5 0.61 13.5 1.58 0.92 1.79 5.87 26.99 2.02 11.9 

NC3048 8366.24 12.66 11.11 7.18 9.3 1.36 8.88 4.25 3.58 8.92 2.43 10.41 3.06 5.18 

NC3104 2960.15 15.61 2.91 6.28 10.68 0 6.52 2.5 3.81 15.56 3.79 21.47 2.69 7.05 

NC3114 6144.43 19.14 1.03 10.19 8.78 0.71 12.1 4.84 1.02 3.37 5.03 17.59 1.59 7.72 
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Table 3.2 (continued). 

NC3211 8172.05 12.89 6.86 1.8 9.34 1.27 8.08 2.14 5.99 3.67 6.95 12.76 8.88 7.47 

NC3257 5094.12 13.28 6.05 4.11 8.06 4.42 6.15 1.58 4.44 4.74 4.92 9.42 5.37 5.62 

NC3311 7162.76 20.88 1.2 7.93 9.55 0.59 10.43 3.4 0.8 2.63 4.96 12.75 5.17 6.68 

NC3319 5329.02 17.06 3.11 8.55 12.7 0 5.45 2.45 4.42 9.99 4.43 11.12 2.86 5.2 

NC3352 2848.7 2.47 4.91 5.29 2.06 13.18 2.06 5.34 5.93 2.93 10.61 4.84 13.99 3.28 

NC3419 6305.79 10.25 8.89 7.24 7.7 5.89 7.46 2.52 7.09 7 10.48 6.41 4.25 2.38 

NC3458 7073.27 6.91 10.55 1.92 7.3 2.31 5.7 1.92 8.69 2.15 7.24 8.78 17.59 5.99 

NC3464 6599.36 20.54 1.14 3.99 9.5 0.43 11.9 1.64 1.39 3.6 4.57 15.77 5.96 6.44 

NC3472 6841.64 15.72 4.29 5.78 8.48 1.55 9.08 2.81 4.15 3.76 5.62 18.95 8.67 7.33 

NC3476 7988.59 24.87 1.47 5.58 10.96 0 11.36 1.91 1.32 3.65 4.62 17.8 1.56 6.99 

NC3494 7030.07 19.18 2.28 7.29 10.06 0.68 11.11 2.93 2.21 8.78 4.18 19.56 2.52 7.31 

NC3530 6125.22 15.56 1.58 4.09 7.8 6.93 8.85 2.11 2.26 7.85 4.34 20.72 1.97 9.06 

NC3577 6177.6 11.62 0.82 5.94 6.81 0.84 9.51 3.44 1.22 6.08 4.67 20.22 2.98 9.72 

NC3603 5021.43 13.56 4.38 4.35 8.26 1.77 8.63 2.3 4.49 3.46 5.85 17.08 9.68 8.09 

NC3781 2959.66 20.36 2.61 9.07 10.6 1.2 10.74 3.68 2.24 5.76 4.71 14.76 2.83 9.1 

NC3785 5530.52 16.41 6.86 6.13 8.57 2.17 9.89 2.21 6 3.35 6.16 12.6 8.5 5.98 

NC3883 3310.79 24.22 4.04 8.37 11.68 1.22 9.79 3.08 2.61 6.82 3.32 10.52 1.77 6.56 

NC3920 5432.19 18.15 3.45 6.6 10.61 2.98 12.76 3.42 1.08 2.64 6.2 16.86 1.78 11.57 

NC3954 7279.24 16.44 1.45 5.18 9.73 0.42 9.74 1.98 1.56 3.5 5.68 17.91 2.5 10.17 

NC4002 7370.58 16.86 5.29 4.87 9.87 1.07 8.42 1.96 4.54 2.79 5.59 12.52 6.64 6.97 

NC4004 5306.31 22.88 1.24 3.99 13.39 0.64 13.41 2.04 1.18 1.62 6.49 18.99 1.45 10.33 

NC4011 6135.81 20.82 2.81 5.09 11.76 0 9.48 1.34 3.36 8.13 4.28 18.16 4 8.08 

NC4034 8602.83 6.17 4.52 2.51 4.99 2.24 3.66 2.04 4.23 1.89 4.23 6.25 6.98 10.05 

NC4064 4174.89 11.58 6.45 3.13 7.9 3.58 6.97 2.01 5.65 3.96 6.42 11.87 10.17 6.38 

NC4121 5623.1 17.18 2.14 6.62 9.43 0.89 9.52 2.92 2.06 8.41 4.05 21.17 2.36 7.3 

NC4122 6098.71 13.84 7.03 5.61 9.07 2.24 7.42 2.72 6.37 3.85 5.82 11.74 10.8 5.22 

NC4124 7778.28 12.95 4.5 4.07 8.48 3.23 6.86 1.61 4.19 7.01 6.93 13.13 5 6.4 
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Table 3.2 (continued). 

NC4131 6126.08 4.9 11.56 1.13 5.79 1.89 3.02 1.2 8.18 0.98 3.74 4.61 11.95 6.57 

NC4278 9155.95 16.82 2.38 9.69 9.07 5.29 5.9 3.96 3 13.2 2.91 15.92 1.62 4.37 

NC4279 6819.05 15.84 0.87 10.65 7.59 0.71 10.55 4.94 0.87 4.76 4.65 20.39 1.57 7.79 

NC4300 5902.21 8.86 9.85 5.7 7.65 5.4 4.84 3.95 7.72 1.92 4.98 6.08 9.88 6.59 

NC4307 5089.2 22.82 3.37 7 11.33 0.7 9.75 1.87 3.16 9.12 3.46 14.88 2.36 7.27 

NC4329 5888.37 21.39 3.82 9.12 12.77 0.53 6.03 2.96 3.06 9.92 3.37 12.4 1.18 4.37 

NC4339 5547.52 17.59 5.9 5.44 9.46 2.41 8.28 2.1 4.17 4.43 6.18 10 6.87 4.72 

NC4351 8002.88 16.74 1.42 5.01 9.2 0.63 10.6 2.09 1.56 5.56 4.96 24.51 3.31 9.78 

NC4361 6367.15 26.32 2.36 7.38 12.23 0 7.83 1.78 2.68 6.96 4.13 11.23 1.91 4.79 

NC4385 6158.5 20.37 1.25 4.89 10.44 0.51 10.6 1.92 1.37 4.64 4.76 18.33 2.28 8.54 

NC4392 6362.15 18.5 1.1 4.77 8.57 0.72 12.83 2.13 1.18 2.69 7.43 21.49 3.24 9.5 

NC4394 5426.06 18.9 3.65 8.5 12.14 0 6.73 3.91 3.9 11.22 7.22 14.19 3.12 5.25 

NC4398 6766.6 12.62 8.12 5.98 8.42 2.75 8.06 2.06 6.87 6.61 9.51 9.45 8.67 4.13 

NC4404 6476.65 18.39 0.85 7.49 9 0.69 12.65 3.03 0.87 3.23 5.75 20.05 1.81 10.44 

NC4411 5002.26 11.59 5.45 5.39 9.97 2.02 6.85 3.25 5.44 3.24 6.55 13.5 10.62 7.98 

NC4421 6447.57 17.08 0.91 2.81 10.06 13.38 9.83 1.22 2.61 4.64 5.3 16.88 1.21 9.08 

NC4426 6812.46 13.04 6.09 5.09 9.19 0.97 8.03 1.39 5.35 6.69 3.73 15.38 5.92 7.92 

NC4434 9420.03 21.69 0.81 5.31 10.87 0.39 13.67 2.27 0.81 2.25 5.71 23.34 1.3 9.81 

NC4499 6607.6 21.06 1.79 6.77 9.28 1.27 11.58 2.44 1.45 3.62 4.64 15.25 2.53 7.4 

NC4509 6770.49 19.13 1.12 6.53 7.56 0.89 12.16 2.59 1.04 2.73 4.63 21.79 2.44 9.11 

NC4511 6750.63 17.43 7.42 2.59 9.02 1.32 9.45 1.43 6.43 1.08 5.16 16.06 10.88 7.64 

NC4519 5637.7 20.25 1.1 9.84 6.69 1.48 12.3 3.51 1.1 4.89 4.22 21.33 2.9 8.66 

NC4564 9532.47 19.15 0.77 8.75 9.19 2.88 11.87 3.7 1.22 4.63 5.22 15.06 1.99 7.23 

NC4574 7865.12 17.97 2.38 7.14 9.39 0.52 9.24 1.72 3.64 15.08 3.63 15.81 1.25 5.11 

NC4582 7060.96 21.94 1.31 4.89 11.15 0 10.05 1.52 2.2 6.51 4.5 16.43 3.05 6.74 

NC4593 8407.77 19.47 0.92 11.3 8.2 0.77 12.97 4.41 0.92 3.73 5.07 16.88 2.05 5.08 

NC4597 5027.1 17.55 1.04 6.76 10.13 0.68 11.97 3.41 1.07 2.71 6.06 20.76 2.11 11.15 
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Table 3.2 (continued). 

NC4600 7082.74 14.52 3.68 3.83 8.28 2.56 6.66 1.35 4.63 7.7 3.56 16.27 6.42 7.78 

NC4606 5792.46 23.11 1.15 3.63 9.02 0 15.52 1.46 1.08 1.8 5.65 24.79 1.92 9.66 

NC4608 6154.13 12.26 0.72 10.23 5.51 2.67 8.5 4.61 1.21 8.29 3.61 19.77 1.86 7.11 

NC4612 7187.5 20.9 1.59 7.78 8.38 1.02 13.07 2.74 1.48 2.53 5.15 19.91 2.49 8.41 

NC4618 5937.71 10.44 5.87 4.49 9.83 3.1 5.9 3.03 4.61 2.3 5.98 7.42 7.51 6.07 

NC4625 6389.32 15.28 0.79 3 12.1 0.48 9.68 1.9 0.73 1.55 6.93 15.61 5.54 12.1 

NC4627 4729.14 15.3 1.06 3.88 8.43 0.82 11.04 2.09 1.46 3.98 5.2 23.28 2 11.87 

NC4630 5892.64 20.46 1.37 5.04 8.37 0.73 12.35 2.04 1.25 2.44 4.21 25.35 1.69 11.18 

NC4638 9106.63 20.11 1.16 3.64 7.72 0.75 14.35 1.25 1.03 2 7.26 21.57 3.37 6.91 

NC4643 7514.98 22.07 1.05 5.78 12.01 0.57 14.06 2.64 0.9 1.74 5.88 17.02 1.89 7.66 

NC4654 2959.99 14.96 2.31 6.14 10.24 9.15 4.08 1.98 4.15 9.97 3.01 7.34 7.28 4.48 

NC4661 5736.06 19.98 4.73 4.52 8.67 1.36 9.57 1.46 3.95 5.16 4.82 13.76 4.87 4.68 

NC4664 4955.93 17.15 1.12 3.46 10.96 0 8.91 1.51 1.78 4.77 6.42 14.93 3.99 11.64 

NC4671 7847.95 14.56 3.25 6.34 9.78 12.61 2.22 2.15 3.87 14.19 4.22 11.49 1.3 3.28 

NC4676 5017.94 9.7 3.82 4.27 6.64 1.77 6.53 2.93 4.09 3.35 5.49 13.44 6.85 9.2 

NC4681 6527.81 17.86 1.1 4.43 10.92 0.71 11.39 2.09 1.42 3.62 5.63 17.7 2.24 10.5 

NC4696 3026.25 8.94 3.63 3.56 7 1.75 6.74 2.59 3.85 1.95 5.73 12.53 7.96 11.22 

NC4701 4582.66 15.86 1.02 3.07 7.29 0 12.25 1.7 0.96 3.52 4.88 18.66 3.5 10.26 

NC4710 4030.98 19.93 2.02 4.16 10.46 1.17 10.12 3.86 1.49 2.68 5.55 13.98 2.14 8.27 

NC4712 6131.31 20.54 1.84 7.81 11.34 1.28 10.87 3.77 1.59 4.91 5.63 17.68 3.22 9.01 

NC4721 9066.83 21.86 1.5 4.42 8.02 0.67 13.56 1.69 1.32 1.82 4.61 23.26 2.82 6.98 

NC4728 3575.82 14.67 5.03 4.81 8.47 2.2 8.87 2.68 4.34 1.98 5.34 13.73 7.52 7.79 

NC4738 7593.7 12.93 2.97 4.7 8.01 2.73 9.86 1.99 2.86 5.5 4.8 21.63 4.79 8.25 

NC4859 3769.1 16.05 4.07 6.91 11.91 0 7.79 3.44 4.61 9.09 7.49 10.55 1.67 7.36 

NC4885 5715.73 13.54 1.83 16.18 7.72 1.01 8.8 7.32 1.84 4.5 4.38 10.96 2.53 5.54 

NC4886 3973.49 12.56 5.25 2.79 13.23 1.75 6.29 2.05 4.2 1.67 6.7 7.99 6.12 9.32 

NC4900 4392.43 14.29 6.57 5.45 6.88 3.25 8.66 2.74 6.17 1.93 4.42 13.89 9.63 6.34 
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Table 3.2 (continued). 

NC4900 4392.43 14.29 6.57 5.45 6.88 3.25 8.66 2.74 6.17 1.93 4.42 13.89 9.63 6.34 

NC4953 13294.85 21.31 1.34 6.26 8.37 0.91 11.84 1.95 1.06 2.6 3.97 18.66 3.52 6.39 

NC4958 4695.29 23.49 1.27 4.32 11.01 0 14.54 1.81 1.25 1.67 5.96 21.59 1.67 10.04 

NC4961 6029.12 19.2 1.88 8.45 10.47 0.8 11.48 4.11 1.32 5.81 5.01 18.3 2.09 6.91 

NC4976 7815.4 22.29 0.98 3.67 9.62 0.5 12.96 1.44 0.88 1.5 5.12 20.92 2.49 8.57 

NC4979 5589.39 16.03 1.17 4.82 7.66 0.83 10.39 2.25 1.12 2.63 4.75 20.39 2.33 9.67 

NC4982 7482 21.52 1.24 5.29 9.57 0 10.71 1.73 1.3 3.68 4.57 16.27 3.49 7.01 

NC4991 5520.43 20.11 1.14 3.32 11.12 0 11.39 1.52 1.23 2.62 5.96 18.32 2.09 11.47 

NC4994 4202.47 15.67 1.08 6.03 9.07 0.75 11.71 3.17 1.08 3.12 6.13 19.57 1.55 10.08 

NC4996 5816.71 15.42 2.55 8.58 9.3 0 7.08 2.91 3.36 8.4 5.46 11.73 2.21 6.2 

NC5001 4678.03 8.78 3.09 4.77 7.14 1.85 6.32 1.83 5.23 8.85 9.58 11.46 4.61 5.87 

NC5006 5775.92 18.04 3.39 7.52 11.01 1.61 8.39 2.75 3.5 9.79 4.26 16.27 2.23 5.63 

NC5015 7469.12 15.6 5.67 5.33 9.23 2.28 7.71 1.41 5.37 8.32 7.1 11.75 4.72 4.16 

NC5019 6453.86 10.47 8.44 3.62 6.18 2.31 6.57 1.95 7.09 2.2 3.92 10.59 11.4 5.6 

NC5022 4627.7 10.43 8.35 3.81 9.09 3.12 5.67 2.97 7 1.37 5.69 7.49 10.5 5.98 

NC5053 7041.16 20.89 1.18 4.76 8.7 0.57 14.08 1.49 1.15 2.14 4.86 24.68 1.95 8.73 

NC5066 5023.54 19.05 1.17 2.92 8.81 0.65 15.16 1.22 1.25 1.67 6.25 26.98 1.98 10.82 

NC5068 5930.2 22.12 1.5 4.6 8.79 0.9 12.92 1.84 1.34 1.91 4.89 18.82 3.14 7.32 

NC5071 5357.99 16 6.2 5.03 9.92 2.11 9.17 2.94 5.47 1.66 5.77 12.46 7.73 7.35 

NC5072 6947.72 22.83 1.42 7.24 10.29 0.59 11.02 2.7 1.3 3.8 4.75 15.28 2.9 6.58 

NC5140 5651.62 22.4 2.41 6.61 12.1 0.88 7.43 1.68 2.8 3.91 5.27 10.25 4.99 5.85 

NC5197 7634.39 19.95 1.66 3.19 8.45 0.99 13.4 1.23 1.77 3.05 5.1 24.73 2.83 9.48 

NC5199 6287.59 17.44 2.04 5.56 10.46 2.76 9.67 2.26 2.16 5.48 5.08 19.15 2.17 9 

NC5204 7917.74 21.27 2.75 8.13 10.51 1.03 9.97 3.01 1.98 5.28 4.45 18.03 3.95 7.11 

NC5207 6582.07 17.93 1.34 5.6 8.01 0.89 11.2 3.61 1.7 4.24 5.67 20.65 3.2 8.58 

NC5211 7653.92 19.48 0.9 3.91 10.12 0.58 13.59 1.78 0.9 2.18 6.47 23.68 1.76 11.61 

NC5214 7722.78 12.89 5.89 3.66 8.52 1.68 8.02 2.06 5.56 1.43 5.83 13.46 9.69 8.67 
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Table 3.2 (continued). 

NC5216 8492.28 15.41 7.46 3.87 9.93 1.98 8.32 2.27 6.44 1.28 5.19 13.98 11.62 6.49 

NC5236 5476.45 19.42 1.3 3.09 9.62 0 11.13 1.45 1.74 5.72 4.83 23.63 1.89 10.28 

NC5266 8558.73 26 1.12 3.64 10.28 0.42 14.66 1.04 1.07 2.61 4.76 23.46 1.73 7.11 

NC80-2-14 6291.64 21.18 3.72 9.1 10.38 1.68 7.98 3.22 2.3 6.96 3.45 10.68 2.21 4.22 

New Hanover 6693.99 18.05 0.95 4.03 8.48 0 13.29 1.72 0.96 2.09 5.56 23.61 1.54 10.44 

O'Neal 4899.78 18.16 1.48 5.8 10.32 0 9.86 2.03 2.04 5.41 6.24 16.66 2.9 8.65 

Pamlico 9299.44 20.69 1.11 5 9.46 0.33 12.22 1.75 1.01 2.74 5.04 20.16 2.54 8.7 

Reveille 6135.21 16.57 3.21 4.32 9.57 1.34 10.24 1.71 3.14 2.94 6.3 15.56 4.61 7.86 

Sampson 7160.4 17.31 0.98 3.51 9.69 0 11.32 1.78 0.98 2.34 5.89 22.15 2.34 11.89 

Snowchaser 4859.2 21.15 1.04 6.25 10.96 0.64 11.91 2.78 0.97 2.07 5.48 14.94 2.21 8.71 

Springhigh 4734.25 21.86 1.89 4.64 12.43 1.59 12.62 2.63 1.91 1.75 6.32 17.23 2.57 9.34 

Summit 6090.05 13.96 4.76 3.96 8.79 3.68 6.53 1.13 4.3 4.98 5.85 14.15 6 7.94 

Sunrise 7219.48 21.4 1.41 6.51 9.16 0.57 12.21 2.35 1.21 4.01 4.53 20.14 1.41 7.44 

US845 5409.57 15.37 4.83 5.35 10.89 1.68 7.33 1.89 5.04 8.54 6.76 13.1 7.46 6.01 
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Table 3.3. Percentage acylated anthocyanins and total anthocyanin content per genotype averaged across genotypic replicates and 

harvests within Corvallis, OR, and Jackson Springs, NC. 
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Corvallis, OR            

Aron 8870.25 0 0.35 0.54 0.79 0.38 0.75 0.96 0.78 0.74 1.11 

Ascorba 8288.41 0.47 0.55 1.64 3.10 0.61 1.60 3.32 2.8 0.73 3.98 

Atlantic 8097.31 0.44 0 0.65 1.8 0.39 0.70 1.25 1.23 0.77 1.42 

Berkeley 8221.13 0 0.41 1.40 0.91 1.55 0.77 0 3.24 0 0 

Bluechip 5984.56 0 0.52 0 0.60 0 0 0 0 0 0 

Bluecrop 6575.33 0.49 0.51 0.96 2.84 1.40 1.70 1.68 3.87 0.59 3.19 

Bluehaven 7923.58 0.57 0.47 0.41 3.42 0.43 1.06 3.56 2.49 0.79 5.64 

Bluejay 7823.41 0 0.39 0 0.43 0 0 0 0 0 0 

Bounty 6517.51 0.54 0.48 0.70 2.52 1.11 1.17 2.39 2.07 0.68 2.28 

Brigitta Blue 7987.45 0.55 0 0.47 0.49 0.75 0.50 1.77 0.43 0.44 0.51 

Burlington 7324.25 0 0 0.44 0.43 0 0 0 0 0 0 

Cabot 8364.07 0.83 0.38 0.43 1.98 0.59 0.63 4.91 0.76 0.64 0.94 

Caroline Blue 10922.93 0.35 1.00 3.18 1.24 0.94 3.13 1.61 2.8 0.63 4.34 

Collins 6126.59 0.50 0.66 1.13 1.22 0.63 1.87 1.14 1.19 0.66 2.44 

Concord 8505.87 0 0 0.39 0.47 0 0 0.41 0 0 0 

Coville 6555.89 0.48 0.74 0.81 1.90 1.14 0.94 0.75 2.41 0 0.53 

Croatan 7253.15 0 0.49 0.61 3.97 0.50 0.87 4.31 0.59 0 0.85 
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Table 3.3 (continued). 

Darrow 8864.50 0 0 0.36 0.81 0.39 0.44 2.45 0.49 0 0.46 

Dixi  5641.00 0.64 0.71 1.87 4.69 3.15 2.55 2.12 6.25 1.59 4.1 

Echota 6785.71 0.46 0 0.93 1.27 0.97 1.03 0 0.98 0.62 1.28 

Elizabeth 12082.25 0 0.31 0.34 1.99 0.31 0.38 2.21 0.39 0 0.36 

Elliott 12769.30 0 0 0.24 0.38 0.24 0.32 0.28 0 0 0 

Floridablue 9940.23 0 0 0 0.37 0 0 0 0 0 0 

Georgiagem 5933.88 0 0 0 0.95 0.52 0 0.89 0 0 0 

Goldtraube 74 12224.50 0.98 0.39 0.71 4.83 1.10 3.09 5.48 2.61 0.86 4.35 

Grover 6927.15 0.63 0.46 1.25 4.30 0.66 1.63 2.91 2.92 0.69 3.32 

Gulfcoast 7486.86 0.55 0.43 0.43 0.52 0 0 0.55 0.6 0 0 

Harding 7696.25 0.83 0.47 0.51 2.29 0.70 0.61 4.28 0.61 0 0.58 

Herbert 9649.30 0.34 0.41 0.40 2.68 0.33 0.58 2.2 1.95 0.43 2.76 

Ivanhoe 7016.53 0 0.57 0.52 1.81 0.50 0.54 3.39 0.54 0 0.62 

Jersey 8090.70 0.42 0 0.37 1.12 0.39 1.46 1.31 0.46 0 0.45 

Jubilee 6170.42 0.85 0 0.54 1.88 0.87 0.70 4.07 0.61 0.57 0.69 

June 10906.79 0 0.30 0.65 0.64 0.86 0.34 0.66 1.82 0.36 0.68 

Laniera 9079.28 0 0.36 1.08 1.96 0.46 0.76 1.19 1.24 0.41 1.04 

Lateblue 8494.64 0 0 0 0.51 0 0 0 0 0 0 

Legacy 8203.03 0 0 0 0.47 0 0 0 0 0 0 

Magnolia 4924.52 0 1.33 1.08 0.80 1.45 0 0.79 0 0 0.83 

Marimba 8040.23 0.44 0.40 0.53 0.58 0.40 0.52 0.66 0 0 0.45 

Meader 8170.68 0.69 0.52 0.47 4.64 0.47 1.05 2.97 2.66 0.79 4.11 

Murphy 7907.69 0 0.46 0.97 3.40 1.79 1.13 3.7 4.83 1.12 7.6 

Northblue 7872.02 1.04 0.40 0.74 3.56 0.62 1.09 4.79 2.11 0.67 2.47 

Northcountry 6086.77 0 0.56 1.05 0.93 0.57 1.21 1.14 1.06 1.04 1.39 

Northland 8189.17 0.50 0.52 0.87 4.14 1.55 1.86 4.39 4.11 0.89 8.96 

Olympia 6857.98 1.10 0.60 1.29 1.78 0.60 2.65 1.67 0.55 0 0.63 
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Table 3.3 (continued). 

O'Neal 8428.91 0.69 0 0.43 1.73 0.44 1.20 5.13 0.56 0 0.56 

Ozarkblue 10283.99 0 0.51 0.29 0.48 0.30 0.36 0.41 0 0 0.35 

Pacificblue 8310.37 0.40 0.38 0.87 2.91 1.36 0.68 2.55 2.57 0.48 3.03 

Patriot 8506.11 0.61 0.50 0.89 4.83 0.93 3.42 2.31 4.45 2.07 6.16 

Pemberton 7128.70 0.60 0.46 0.94 2.94 0.82 1.37 2.52 2.78 0.85 3.46 

Pioneer 8674.49 0 0 0.35 0.47 0.37 0.46 0.5 0 0 0.43 

Rancocas 8967.85 0.40 0.42 0.41 1.14 0.60 0.51 0.5 0.79 0.61 0.94 

Reka 6702.51 0 0 0.66 2.18 0.67 1.00 2.64 1.5 0.64 2.39 

Reveille 4469.70 1.02 0.75 0.73 4.12 0.88 1.72 4.53 3.03 1.38 5.32 

Rubel 9460.34 0 0 0 0.46 0 0 0 0 0 0.39 

Spartan 7512.31 0.53 0.45 0.74 2.39 1.64 0.64 1.25 2.09 1.27 2.11 

Stanley 8536.10 0 0.41 0.43 3.28 0.68 2.63 2.37 2.06 0.51 3.29 

Summit 8764.02 0 0.43 0.85 2.48 0.37 0.73 3.85 1.82 0.58 3.95 

Sunrise 12119.54 0 0.55 0.60 2.64 0.27 0.31 1.36 1.01 0 0.34 

Sunrise 12119.54 0 0.55 0.60 2.64 0.27 0.31 1.36 1.01 0 0.34 

Toro 6222.17 0 0.85 0.53 1.5 0.54 2.66 0 1.63 0 0.58 

US612 7282.27 0.56 0.44 0.86 1.06 0.48 0.47 0.78 0 0 0 

US612 7282.27 0.56 0.44 0.86 1.06 0.48 0.47 0.78 0 0 0 

US693 7860.75 0.55 0.44 0.75 3.44 0.44 2.12 1.33 2.57 1.17 3 

US845 9242.58 0.69 0.42 0.42 0.92 0.53 0.55 2.09 0.53 0.51 0.72 

US848 10442.01 0.86 0.37 0.36 5.13 0.74 2.10 5.02 3.57 1.34 5.74 

US851 5962.46 0 0 0 0 0 0 0 0 0 0 

V. angustifolium 4877.21 0.66 0.79 1.07 1.46 0.65 1.21 3.05 2.61 1.42 6.49 

V. caesariense 

NC1967 8465.34 0.92 0.55 0.59 2.73 0.80 4.04 1.52 0.43 0.69 2.44 

V. corymbosum 

DE635 Farmington 5775.81 0.77 0.60 0.97 4.36 2.02 1.44 3.01 3.95 1.99 6.45 
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Table 3.3 (continued). 

V. corymbosum 

DE644 9007.76 2.54 1.01 0.51 4.97 1.15 0.85 7.68 1 0.5 1.04 

V. corymbosum 

NC1452 9880.25 0.41 0.31 0.50 1.03 0.47 1.01 2.14 0.86 0.36 0.51 

Wareham 9144.65 0.43 0.37 0.88 2.42 0.47 0.72 2.23 1.9 0.58 3.05 

Weymouth 7196.41 0 0 0.56 0.60 0.67 0.49 0 0.85 0 0 

Jackson Springs, NC 

Arlen 8773.47 0.53 0.44 0.60 2.35 0.54 3.07 0.99 0.71 3.9 0.7 

B-66-5 x B-66-4 4295.01 0 0 0.70 0.73 0 0 0 0 0 0.84 

Ballington #1 7499.05 0.92 0.94 0.53 1.63 0.95 1.58 3.09 0.7 0.47 0.64 

Beaufort 11006.54 0.41 0.39 0.48 2.05 0.36 0.63 2.19 0.5 0.32 0.39 

Biloxi  6549.07 2.38 0.48 0.53 0.55 0.54 0 0.56 0 0 0.54 

Blueridge 6991.60 0.51 0.49 0.93 2.69 1.24 2.51 2.66 0 1.01 3.98 

Carteret 6849.81 0.48 0.45 0.50 0.88 0.52 1.53 1.35 0.73 0 0.56 

CHID1-24:1 8759.03 5.30 0.60 0.38 1.69 0.54 0.35 1.19 1.27 0 0 

CHID1-4:58 8304.04 0.37 0.43 0.53 0.64 0.39 0.56 2.82 0.99 0.78 2.31 

CHID2-4:74 6001.82 0.52 0.74 0.56 0.85 1.78 1.24 0 0 0 0.59 

Duplin 5607.93 0.56 0.64 0.83 0.96 0.96 0.78 0.97 0.93 0.73 1.07 

Echota 5912.70 0.70 0.59 0.88 1.23 0.78 1.39 0.89 0.94 0.72 1.16 

Emerald 6784.88 0.51 0.45 0.74 0.85 0.65 0.79 0.65 0.55 0 0.66 

Gupton 6363.16 0 0 0.49 1.04 0.58 0.54 0.91 0.74 0.56 0.86 

Hannah's Choice 4976.09 0.73 0.73 0.81 2.48 0.73 1.57 2.58 0.86 0 0.83 

Lenoir 4798.79 0.91 0.66 0.86 1.87 1.32 2.34 1.22 3.39 0.88 1.12 

Misty 4300.09 0.82 0 1.02 1.33 0.83 1.08 2.17 1.02 0 1.07 

NC1146 6212.55 0.89 2.25 0.57 3.01 0.91 1.75 2.26 2.42 1.14 3.08 

NC2207 5200.69 1.72 0 0.79 4.59 1.05 1.06 8.01 1.04 0.72 0.82 
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Table 3.3 (continued). 

NC2672 9477.39 0.47 0 0.35 0.44 0.42 0.43 0.43 0 0.41 0.48 

NC2860 3342.70 0 0 3.46 0.95 0.92 0 0 0 0 0 

NC2898 7530.45 1.47 0.44 0.49 1.52 0.52 4.67 0.51 0.54 0 0.59 

NC2930 8263.87 0 0 0.59 0.48 0.37 0.79 0.44 0 0.49 0.49 

NC3048 8366.24 0.39 0.44 0.73 1.08 0.40 0.63 3.43 1.96 0.52 2.09 

NC3104 2960.15 0 0 0 1.13 0 0 0 0 0 0 

NC3114 6144.43 0.62 0 0 1.03 0.54 1.72 1.79 0 0.59 0.61 

NC3211 8172.05 0 0.48 0.48 1.86 0.44 0.98 2.4 1.82 0.52 2.9 

NC3257 5094.12 0.67 0.66 1.20 3.00 1.56 1.72 2.56 3.74 1.4 5.33 

NC3311 7162.76 1.16 0 0.55 2.59 0.74 2.22 4.55 0.57 0 0.64 

NC3319 5329.02 0.95 0.72 0.69 2.68 0.69 2.68 2.72 0.76 0 0.77 

NC3352 2848.70 1.15 1.42 1.35 1.49 2.20 1.47 1.62 5.12 3.11 4.17 

NC3419 6305.79 0 0.54 1.02 1.25 1.37 0.99 0.98 2.47 0.96 2.86 

NC3458 7073.27 0 0.50 0.46 1.53 0.87 1.16 1.54 1.63 1.36 3.9 

NC3464 6599.36 2.63 0.48 1.50 1.14 0.70 1.00 2.73 0.5 1.85 0.59 

NC3472 6841.64 0 0.46 0.75 0.83 0.75 0 1.03 0 0 0 

NC3476 7988.59 0.45 0.40 0.54 0.80 0.55 1.63 1.24 0 1.78 0.5 

NC3494 7030.07 0.45 0 0.47 0.45 0 0 0 0 0 0.54 

NC3530 6125.22 0.56 0 0.67 0.67 0.54 0.73 0.84 1.2 0.68 0.99 

NC3577 6177.60 1.54 0.66 0.72 2.13 1.03 1.19 3.44 3.95 0.67 0.82 

NC3603 5021.43 0.69 0 0.77 1.05 0.85 0.91 0.98 0.89 0.82 1.14 

NC3781 2959.66 0 0 0 1.16 0 0 0 0 0 1.19 

NC3785 5530.52 0.55 0 0.88 0.79 0.75 0.66 0.87 0 0 0.66 

NC3883 3310.79 0.92 0 0.96 1.46 1.58 0 0 0 0 1.09 

NC3920 5432.19 0 0 0 0.61 0.60 0 0 0 0 0.68 

NC3954 7279.24 0.74 0.54 0.57 2.38 0.73 1.99 5.03 0.56 0.5 0.69 

NC4002 7370.58 0.42 0.47 0.83 1.75 0.73 2.86 1.19 1.51 0.61 2.25 
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Table 3.3 (continued). 

NC4004 5306.31 0.57 0.63 0.57 0.59 0 0 0 0 0 0 

NC4011 6135.81 0 0 0 0.62 0.80 0 0.61 0 0 0.66 

NC4034 8602.83 0.46 0.39 0.39 7.62 1.56 3.79 4 15.02 2.28 4.74 

NC4064 4174.89 0 0.85 0.81 2.00 1.00 1.34 1.59 2 1.05 3.3 

NC4121 5623.10 0.63 0.58 0.58 0.73 0.63 0.68 0 0.78 0.67 0.66 

NC4122 6098.71 0.51 0.86 0.80 1.02 1.08 1.22 0.6 0.9 0.63 0.65 

NC4124 7778.28 0.46 0.52 0.84 2.21 0.95 2.34 1.78 3.04 0.74 2.72 

NC4131 6126.08 0.54 0.78 0.69 5.62 0.98 1.78 3.56 5.58 1.4 13.51 

NC4278 9155.95 0.54 0.34 0.45 0.62 0.43 1.67 0.48 0.48 0.43 0.43 

NC4279 6819.05 0.75 0.44 0.46 1.02 0.69 1.25 2.16 0.59 0.69 0.78 

NC4300 5902.21 0.65 0.72 0.95 2.35 0.84 1.59 1.74 2.25 1.18 4.32 

NC4307 5089.20 0 0 0.68 0.65 0 0.86 0 0 0 0.72 

NC4329 5888.37 0.59 0.54 0.58 1.26 0.52 1.47 1.92 1.61 0 0.6 

NC4339 5547.52 0 8.09 0 0.98 0.75 0.80 1.19 0 0 0.65 

NC4351 8002.88 0.46 0.38 0.41 0.57 0.38 0.47 0.55 0.48 0.47 0.45 

NC4361 6367.15 0.64 0.56 0.56 2.18 0.60 1.61 2.95 0.65 0 0.65 

NC4385 6158.50 0.64 0.59 0.59 1.85 0.96 1.80 2.29 0.66 0 0.72 

NC4392 6362.15 0.60 0.50 0.55 0.63 0.51 0.64 0.68 0.55 0.58 0.61 

NC4394 5426.06 0 0 0 0.69 0.58 0 0 0 0 0 

NC4398 6766.60 0.47 0.53 0.74 0.63 0.67 0.92 1.37 0 0.62 0.82 

NC4404 6476.65 0.52 0.48 0.50 0.84 0.63 1.08 1.12 0 0 0.59 

NC4411 5002.26 0.63 0.90 0.62 1.06 1.28 1.29 0 1.58 0 0.78 

NC4421 6447.57 0 0.55 0.63 2.07 0.49 0 0.65 0.59 0 0 

NC4426 6812.46 0.59 0.47 0.57 1.76 0.70 1.63 2.8 0.58 0.62 1.47 

NC4434 9420.03 0 0.33 0.36 0.40 0.35 0.35 0 0 0 0 

NC4499 6607.60 1.05 0.48 0.54 0.97 0.61 0.67 5.33 0.61 0 0.66 

NC4509 6770.49 0.57 0 0.52 1.16 0.55 0.56 3.06 0.58 0.57 0.72 
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Table 3.3 (continued). 

NC4511 6750.63 0 0 0 1.10 1.32 1.08 0 0 0 0.57 

NC4519 5637.70 0 0 0.56 0.60 0.55 0 0 0 0 0 

NC4564 9532.47 0.53 0.43 0.57 1.12 0.45 1.25 1.49 0.95 1.14 0.42 

NC4574 7865.12 0.45 0.51 0.52 1.90 0.43 0.42 1.63 0.79 0 0.49 

NC4582 7060.96 0.52 0.46 0.51 1.53 0.51 2.52 2.35 0.69 0 0.62 

NC4593 8407.77 5.47 0 0.38 0.42 0.37 1.17 0 0 0 0.42 

NC4597 5027.10 0.61 0.64 0.72 0.70 0.60 0.61 0 0 0 0.71 

NC4600 7082.74 0.43 0.48 1.17 1.23 0.80 2.76 2.24 0 0.78 2.86 

NC4606 5792.46 0 0 0 0.59 0 0 0 0 0 0.61 

NC4608 6154.13 0.94 0.78 0.58 1.75 0.71 3.02 2.68 1.93 0.6 0.66 

NC4612 7187.50 0.49 0.46 0.55 0.56 0.45 1.03 0.51 0 0 0.52 

NC4618 5937.71 1.16 0.61 0.73 4.89 1.27 2.60 3.96 2.96 1.06 4.19 

NC4625 6389.32 0.68 1.33 1.10 2.57 0.83 5.95 1.12 0 0 0.75 

NC4627 4729.14 0.64 0 0.72 1.18 0.72 2.28 2.29 0.87 0 0.91 

NC4630 5892.64 0.52 0.55 0.60 0.69 0.54 0.59 0 0 0 0 

NC4638 9106.63 0.50 0.43 0.40 1.21 0.82 1.69 2.19 0.53 0.48 0.64 

NC4643 7514.98 0.55 0.40 0.44 0.88 0.47 1.43 1.57 0 0.46 0.52 

NC4654 2959.99 1.06 1.03 1.07 2.22 2.32 2.32 3.68 0 0 1.21 

NC4661 5736.06 0.58 0.55 0.84 1.81 0.70 2.00 1.94 1.43 0.69 1.93 

NC4664 4955.93 0.70 0.67 0.75 2.11 0.73 2.80 3.56 1.15 0 0.9 

NC4671 7847.95 1.08 0.72 0.72 3.67 0.55 1.65 0.57 0.61 0.48 0.67 

NC4676 5017.94 0.86 0.81 1.29 2.50 1.34 3.91 2.54 2.5 1.67 4.49 

NC4681 6527.81 0.57 0.54 0.55 1.54 0.65 1.31 2.38 1.69 0.54 0.61 

NC4696 3026.25 1.16 1.18 1.04 2.84 1.27 3.09 3.25 2.54 1.5 4.65 

NC4701 4582.66 0.80 1.64 0.91 2.83 0.96 0.89 4.88 2.33 0.84 0.94 

NC4710 4030.98 0.83 0.75 0.89 2.33 1.24 2.02 4.23 0.91 0 0.95 

NC4712 6131.31 0 0 0 0.52 0 0 0 0 0 0 
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Table 3.3 (continued). 

NC4721 9066.83 0.38 0.37 0.46 1.01 0.38 0.56 2.16 1.17 0.4 0.56 

NC4728 3575.82 1.02 0 0 2.08 1.26 1.48 1.79 1.54 1.06 2.36 

NC4738 7593.70 0.56 0.63 0.53 1.48 0.47 1.11 2.89 0.73 0 0.58 

NC4859 3769.10 1.39 0 0.91 1.32 0.91 3.54 0 0 0 0.99 

NC4885 5715.73 1.45 0.84 0.62 2.03 1.04 1.89 2.91 1.71 0.66 0.7 

NC4886 3973.49 0.81 0.77 1.31 3.81 1.07 2.94 3 2.27 0.9 3.21 

NC4900 4392.43 0.70 0 1.05 1.18 0.95 1.09 1.27 1.36 0.89 1.29 

NC4953 13294.85 0.63 0.24 0.37 1.80 0.55 4.87 0.58 1.34 0.38 1.07 

NC4958 4695.29 0 0 0.73 0.65 0 0 0 0 0 0 

NC4961 6029.12 1.40 0.50 0.58 0.54 0.52 0 0 0.62 0 0 

NC4976 7815.40 0.45 0.40 0.46 1.34 0.49 2.37 1.81 0.55 0.56 0.62 

NC4979 5589.39 0.55 0.58 0.58 1.76 0.70 1.15 2.27 6.89 0.73 0.77 

NC4982 7482.00 0.58 0.47 0.84 2.52 1.63 2.04 3.57 0.58 0.49 0.91 

NC4991 5520.43 0.59 0.58 0.73 1.11 1.24 1.81 2.26 0 0.64 0.75 

NC4994 4202.47 0.77 0 0.99 1.12 1.07 1.77 2.68 0.82 0.92 0.88 

NC4996 5816.71 0.85 2.58 0.94 4.22 1.14 1.91 2.12 1.66 0.63 0.76 

NC5001 4678.03 0.70 0.79 1.15 2.55 1.63 2.23 1.65 5.78 1.05 3.1 

NC5006 5775.92 0.83 0.61 0.72 1.08 0.57 0.56 0 0.65 0 0.6 

NC5015 7469.12 0.64 0.47 0.70 1.44 0.77 0.68 1.06 1.65 1.45 2.47 

NC5019 6453.86 0.56 0.60 1.15 2.61 1.10 1.62 2.47 2.78 0.95 5.83 

NC5022 4627.70 0.75 0.70 1.18 2.86 1.05 2.19 2.3 2.8 1.56 3.16 

NC5053 7041.16 0.45 0.50 0 0.62 0.49 2.18 0 0 0 0.58 

NC5066 5023.54 0 0 0 0.70 0.62 0 0 0 0 0.73 

NC5068 5930.20 0.63 0 0.58 1.80 0.69 1.75 2.18 0.64 0.65 1.01 

NC5071 5357.99 0.62 0.57 1.20 1.09 0.64 0.78 1.07 0.72 0.65 0.84 

NC5072 6947.72 0.70 0 0.51 1.58 0.60 2.38 1.81 0.54 0.52 0.66 

NC5140 5651.62 0.83 0.61 0.60 2.58 0.62 2.86 2.07 0.83 1.07 1.33 
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Table 3.3 (continued). 

NC5197 7634.39 0.40 0 0.51 0.45 0.42 0.94 0 0.51 0.48 0.48 

NC5199 6287.59 0 0.50 0.68 0.80 0.95 1.13 1.51 0 0.59 0.62 

NC5204 7917.74 0.40 0.40 0.39 0.46 0.42 0 0 0 0 0.44 

NC5207 6582.07 0.55 0.46 0.56 0.85 0.60 1.40 0.91 0.59 0.67 0.78 

NC5211 7653.92 0.40 0.42 0.40 0.49 0.41 0.46 0 0 0 0.47 

NC5214 7722.78 0.58 0.45 1.02 1.45 0.58 1.52 1.75 2.34 0.58 2.39 

NC5216 8492.28 0 0.37 1.14 0.87 0.50 1.00 1.43 0 0 0.45 

NC5236 5476.45 0.61 0.56 0 0.64 2.23 0.68 1.18 0 0 0 

NC5266 8558.73 0.40 0.42 0 0.48 0.36 0 0 0 0 0.43 

NC80-2-14 6291.64 0.77 0.49 0.61 1.78 0.69 7.14 0.74 0 0 0.71 

New Hanover 6693.99 0.52 0 0.47 1.02 1.45 1.34 3.31 0 0.57 0.6 

O'Neal 4899.78 0.72 0 0.66 1.61 1.11 1.64 3.9 0 0 0.83 

Pamlico 9299.44 0.53 0.33 0.41 1.51 0.47 1.57 3.13 0.4 0.38 0.52 

Reveille 6135.21 0.64 0.52 0.65 1.64 0.77 2.02 1.94 1.94 0.74 1.76 

Sampson 7160.40 0.48 0.44 0.51 1.14 0.48 0.88 3.11 1.66 0.54 0.58 

Snowchaser 4859.20 0.83 0 0.64 1.61 0.97 3.28 0 2.78 0 0.78 

Springhigh 4734.25 0 0 0 0.83 0.64 1.01 0.74 0 0 0 

Summit 6090.05 0.51 0.54 0.76 1.76 1.55 1.71 1.81 1.79 0.63 2.88 

Sunrise 7219.48 0.49 0.46 0.43 0.86 0.44 1.74 1.68 1.05 0 0.5 

US845 5409.57 0.62 0 0.75 0.86 0.69 1.17 0.86 0 0 0.81 
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Table 3.4. Anthocyanin composition and total anthocyanin averaged across genotypes between harvests in each environment. 

 Jackson Springs, NC Corvallis, OR 

Anthocyanin Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 

Dp3Gal 947.91 c 1118.66 b 1277.88 a 1286.81 a 1354.03 a 

Dp3Glu 170.99 b 213.50 a 214.88 a 332.15 a 384.46 a 

Cy3Gal 311.66 c 360.03 b 410.05 a 387.53 a 313.84 a 

Dp3Ara 522.45 b 613.42 a 655.80 a 865.42 a 833.80 a 

Cy3Glu 90.74 b 124.03 ab 139.32 a 282.50 a 195.82 b 

Pet3Gal 544.64 b 595.63 b 730.13 a 608.27 b 768.46 a 

Cy3Ara 141.65 b 142.94 b 164.01 a 170.21 a 179.69 a 

Pet3Glu 156.45 b 196.62 a 210.46 a 311.97 a 310.53 a 

Peo3Gal 200.35 b 362.57 a 367.42 a 473.61 a 220.51 b 

Pet3Ara 300.97 b 332.65 b 389.22 a 458.53 a 421.85 a 

Mal3Gal 871.55 c 1039.58 b 1192.75 a 971.72 b 1244.10 a 

Mal3Glu 263.87 a 272.38 a 305.88 a 338.12 b 516.47 a 

Mal3Ara 453.43 b 477.28 ab 518.46 a 475.87 b 645.77 a 

Dp3GluAcl 48.39 a 54.44 a 59.23 a 39.70 a 39.55 a 

Cy3GluMyl & Cy3GalAcl 36.99 a 45.95 a 46.51 a 61.17 a 61.30 a 

Mal5-6ose 41.67 a 43.37 a 47.17 a 164.04 a 164.65 a 

Dp3GluMyl & 

Mal3GluMyl 88.22 a 98.59 a 103.69 a 49.52 a 57.31 a 

Peo3GalAcl 48.73 a 49.06 a 50.91 a 70.79 a 55.41 b 

Cy3GluAcl 100.61 b 106.85 ab 135.10 a 90.01 a 112.64 a 

Mal3GalAcl 128.76 ab 123.15 b 156.74 a 178.04 a 207.77 a 

Pet3GluAcl 98.77 a 107.95 a 109.45 a 156.49 a 175.87 a 

Peo3GluAcl 55.22 a 63.04 a 57.47 a 66.87 a 69.33 a 

Mal3GluAcl 86.37 a 81.76 a 101.67 a 189.07 a 222.68 a 

Total AnthocyaninsÀ 5356.05 c 6239.45 b 7112.82 a 7734.36 b 8909.27 a 

À Total anthocyanins within a harvest were analyzed based upon total anthocyanin content using PROC GLM  
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Table 3.5. Average anthocyanidin, sugar moiety, and attached group prevalence in genotypes from Corvallis, OR, and Jackson 

Springs, NC. 

Anthocyanidin Corvallis, OR Jackson Springs, NC 

Delphinidin 763.08 A 566.77 A 

Malvidin 488.47 B 421.11 B 

Petunidin 430.60 B 361.76 C 

Peonidin 201.97 C 188.40 D 

Cyanidin 200.66 C 193.86 D 

Delphinidin and Malvidin 164.47 C 96.85 E 

Sugar Moiety   

Galactose 630.83 A 575.69 A 

Arabinose 507.90 B 391.96 B 

Glucose 242.91 C 153.19 C 

Glucose and Galactose 39.55 D 43.49 D 

CoA group   

No Group 542.11 A 446.14 A 

Acyl 162.78 B 96.86 B 

Malonyl 128.74 B 86.52 B 

Acyl and Malonyl 39.55 B 43.05 B 
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Table 3.6. Total anthocyanin content analyses of variance (ANOVA) for the six cultivars common to two locations, Jackson Springs, 

NC, and Corvallis, OR with two harvests at each location. Significant sources of variation are bolded. 

Source df Mean square F P 

Genotype 5 9708388.47 2.19 0.0791 

Environment 1 44024058.81 9.93 0.0035 

Harvest 1 6318144.31 1.42 0.2411 

Genotype × Environment 5 7859129.54 1.77 0.1459 

Genotype × Harvest 5 6881999.69 1.55 0.2009 

Environment × Harvest 1 6323018.91 1.43 0.2409 

Genotype × Environment × Harvest 5 6063434.51 1.37 0.2617 
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Table 3.7. Analyses of variance (ANOVA) of total anthocyanin content across two years of study, 2019 and 2020, for the twenty-

seven genotypes in Jackson Springs, NC, and eleven genotypes in Corvallis, OR. Significant sources of variation are bolded. 

Source DF Mean Square F Value Pr > F 

Jackson Springs, NC 

Genotype 26 31256717 9.31 <.0001 

Year 1 4197571993 1250.89 <.0001 

Genotype x Year 26 22585374 6.73 <.0001 

Corvallis, OR 

Genotype 1 1806714775 166.58 <.0001 

Year 11 76623889 7.06 0.0051 

Genotype x Year 11 74725016 6.89 0.0055 
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Figure 3.1. Anthocyanin HPLC profile of V. corymbosum interspecific hybrid fruit skin detected at 520 nm. 
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Figure 3.2. Correlation plot between total anthocyanin concentration (ACY) and total anthocyanidin constituents and fresh fruit 

characteristics in Corvallis, OR. Correlated traits include ACY, cyanidin (Cy), delphinidin (Dp), malvidin (Mal), peonidin (Peo), and 

petunidin (Pet) as well as fresh fruit characteristics including CIELAB color measurements of L* (L), a* (A), and b* (B), hue angle 

(HUE), chroma (CHROMA), fresh fruit weight (FW), total soluble solids (TSS) and titratable acidity (TA) values. 
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Figure 3.3. Correlation plot between total anthocyanin concentration (ACY) and total anthocyanidin constituents and fresh fruit 

characteristics in Jackson Springs, NC. Correlated traits include ACY, cyanidin (Cy), delphinidin (Dp), malvidin (Mal), peonidin 

(Peo), and petunidin (Pet) as well as fresh fruit characteristics including CIELAB color measurements of L* (L), a* (A), and b* (B), 

hue angle (HUE), chroma (CHROMA), fresh fruit weight (FW), total soluble solids (TSS) and titratable acidity (TA) values. 
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CHAPTER 4: 

Genome-Wide Association Mapping of Fruit Quality -Related Traits in a Diversity Panel of 

Blueberries 

 

ABSTRACT 

Commercial blueberry is a perennial polyploid species that necessitates long generation times 

and lack of advanced molecular breeding techniques. Southern breeding programs have 

prioritized interspecific hybridization and novel trait introgression. This study presents a 

comprehensive evaluation of eighteen fruit and agronomic traits paired with target capture 

genotyping utilizing 59,302 custom probes to identify trait-associated markers in a genome wide 

association study (GWAS). Evaluated phenotypic traits included fruit size, weight, color, 

firmness, puncture-ability, soluble solids content, and titratable acidity, as well as agronomic 

traits of days to budbreak, full bloom, initial fruit maturity and full fruit maturity. A total of 

33,701 high-quality, high-confidence SNPs were identified, of which 9,855 SNPs aligned to 

twelve developed scaffolds, among which 21 significant SNPs were identified to have trait-

associations. These SNPs identified candidate genes with functions in anthocyanin acylation, 

firmness, fruit density, acidity, and flower development. The SNPs identified in this panel can be 

useful in further identification of other unquantified novel phenotypic characteristics. These 

findings support progress toward marker assisted selection and development of advanced 

molecular breeding programs in blueberry.  
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INTRODUCTION  

Blueberry (Vaccinium corymbosum L.) is a young crop in the grand scheme of global 

agricultural production, with only approximately a century of breeding and commercial 

cultivation (Coville 1910). More recently, blueberry fruit has gained popularity and has been 

prominent in health-related discussions due to recent findings in anthocyanin-related health 

benefits. Nevertheless, progress and development of improved blueberry characteristics is 

stymied by the woody nature and long maturation time of cultivated blueberry plants. Breeding 

for blueberry cultivar development through conventional breeding is currently slow, often 

requiring 10-20 years for cultivar release (Draper 2007). The long timeframe for cultivar release 

is primarily due to the multi-year maturation period of woody perennial plants. Furthermore, 

additional subsequent crosses and backcrosses for inclusion or improvement of targeted traits 

would further extend the timeframe for product release (Hancock, Erb et al. 1996, Ballington 

2009). Moreover, like many woody perennial plants, blueberry plants require a lot of land and 

inputs with larger populations, and multi-generational breeding projects which further consume 

these resources.  

Early breeding efforts in blueberry proved that cultivated blueberries are primarily an out-

crossing species wherein self-hybridization results in inbreeding depression (Kloet and Lyrene 

1987, Krebs and Hancock 1990). The subsequent out-crossing with other V. corymbosum 

genotypes has increased the inbreeding coefficient with continued cycles, exhausting phenotypic 

expansion and improvement (Coville 1937, Brevis, Bassil et al. 2008). More recent breeding 

efforts hybridized the cultivated germplasm with native Vaccinium species, invigorating the 

population with novel phenotypic traits, and mitigating inbreeding depression (Lyrene and 

Ballington 1986, Ballington 2009). In addition, as a result of interspecific hybridization of 
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blueberries with select native southern species, the geographic range of blueberry production has 

expanded, and new southern-adapted cultivars have reduced chill requirements compared to 

northern highbush blueberries (NHB) (Sharpe and Sherman 1971, Lyrene 2002).  

Furthermore, in addition to reduced chill requirement and heat tolerance, native Vaccinium 

species have a diversity of novel phenotypic characteristics including, anthocyanin composition, 

fruit firmness, mineral soil adaptations, single trunk architecture, and disease resistance (Song 

and Hancock 2011). While native speciesô introgression can enrich the resulting progenies with 

novel traits, it can also extend the timeline for new cultivar release due to genetic linkage drag, 

wherein desirable traits may be linked to undesirable traits. For example, native blueberry 

species often have smaller, darker fruit with a higher seed count, which would be less desirable 

to consumers and growers (Gilbert, Olmstead et al. 2014). 

Additionally, the polyploid nature of blueberry produces a quantitative range for phenotypic 

traits. V. corymbosum is found natively at the diploid and tetraploid levels. Native tetraploid V. 

corymbosum is an autopolyploid, theorized to have undergone whole-genome duplication 

through unreduced gamete fertilization between two diploid species (Lyrene, Vorsa et al. 2003). 

Polyploidization was a random event wherein trait zygosity is uncertain. Further crossing events 

have established a quantitative scale for many traits, including firmness (Cappai, Amadeu et al. 

2020); however, the number of copies of trait-related alleles remains uncertain without molecular 

screening. Breeding efforts between cultivated V. corymbosum and other Vaccinium species 

wherein tetraploid progeny are produced rely on crosses between tetraploids or crosses between 

unreduced gametes of a diploid species with normal gametes of tetraploid V. corymbosum plants 

(Megalos and Ballington 1988, Ortiz, Vorsa et al. 1992, Lyrene, Vorsa et al. 2003). These 

hybridizations have further obscured genetic quantification since native species haplotype 
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inclusion and cross-over events have produced allo-autopolyploids with uncharacterized genetic 

variation from the cultivated blueberry.  

New molecular breeding strategies have the potential to accelerate the cultivar development 

process and capitalize on traits in native Vaccinium species. Developing a high throughput 

genotyping platform for early generation selection in blueberry reduces labor, space, and input 

costs of conventional breeding. Moreover, developing advanced breeding methods can 

quantitatively determine the number of genetic copies of a specified trait, or allele dosage. This 

study explores the utility of the target sequence capture method of Tecan Allegro Targeted 

Genotyping for blueberry genotyping. Using a diversity panel of 225 cultivated and interspecific 

blueberry hybrids in a genome-wide association study (GWAS), our objective was to identify 

markers associated with key phenotypic traits for population improvement, including fruit size, 

weight, color, firmness, soluble solids content, titratable acidity, and anthocyanin composition. 

Through developing these advanced breeding methods, we aim to improve plant breeding by 

enabling early generation testing for these target traits, thereby reducing resource and labor 

expenditures in cultivating undesired progeny. 

 

MATERIAL AND METHODS  

Plant material 

An inter-and intra-specific diversity panel of 225 tetraploids Vaccinium hybrids in two locations, 

Jackson Springs, NC, and Corvallis, OR was used for phenotyping and genotyping. Specifically, 

we evaluated 149 accessions located at the Sandhills Research Station, Jackson Springs, NC, and 

76 cultivars and accessions grown at the USDA-ARS National Clonal Germplasm Repository 
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(NCGR) in Corvallis, OR. Two to three clonal replicates of each accession were grown together 

in a plot 1 m apart in fields at each location.  

The plants were selected to be as diverse as possible and have minimum relatedness. Accessions 

selected for inclusion in the diversity panel were based upon genetic diversity contributed to by 

historically introgressed species, including V. angustifolium, V. arboreum, V. caesariense, V. 

constablaei, V. corymbodendron, V. cylindraceum, V. darrowii, V. elliottii, V. formosum, V. 

fuscatum, V. myrsinites, V. myrtilloides, V. ovatum, V. pallidum, V. simulatum, V. stamineum, V. 

tenellum, V. uliginosum, V. virgatum, and V. vitis-ideae. 

Ploidy determination was performed through flowcytometry (see Chapter 2) and only confirmed 

tetraploid accessions were included in the GWAS analysis.  

 

Phenotypic analysis 

Phenotypic data collection occurred over 2019 and 2020. It included two sequential harvests at 

one-week intervals at the Corvallis, OR and three sequential harvests at the Jackson Springs, NC 

location wherein 10 mature fruit were randomly collected on a per plant basis. The fruit quality 

traits evaluated included fruit weight (g) (FW), equatorial fruit diameter (mm) (ED), polar 

diameter (mm) (PD), roundness index (RI), firmness (gĀmm-1) (FRM), absolute positive force 

(N) (APF), force at target (N) (FT), and distance at absolute positive force (mm) (DPF), fruit 

elasticity (FE), total soluble solids (TSS), and titratable acidity (g malic acid/100 g FW) (TA), as 

well as fruit color values including luminescence (L), hue (HUE), and chroma (CRM). Fruit 

phenotyping protocol and calculations are previously described. Phenotypic values were 

averaged across replicates within an environment and accession for GWAS analysis within an 
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accession, harvest, and year. Additionally, harvests were averaged together within an 

environment and accession for accession-only GWAS analysis. 

In addition to fruit phenotypic analysis, our study included agronomic characteristics such as 

budbreak, which was quantified as day from January 1st until budbreak (BB), days from 

budbreak to bloom (FB), days from bloom to fruit maturity (1STBL), days from first blue to last 

blue (LSTBL), days from budbreak to last blue (TBB), and total days from January 1st to last 

blue (TD). For these analyses, each plant was observed weekly during early spring through 

summer in 2019 and 2020, and developmental stages were recorded.  

 

Statistical analysis 

Residuals of fruit measures of accession, year, and harvest were plotted for heteroskedasticity, 

and appropriate transformations were implemented for data normalization, including square 

transformations of PD and ED, and log base 10 transformations of APF. CRM was not 

transformed; the skew attributed to CRM is the result of 3 outlier accession, the remainder of the 

accessions are normally distributed. Fruit phenotypic data was analyzed for differences attributed 

to accessions, years, and harvests through one-way ANOVA in PROC GLM (SAS v9.4, Cary). 

 

Genotypic data 

The healthiest plant was selected among the clonal replicates for genotyping. DNA was extracted 

from a single plant per each accession using a E-Z 96® Plant DNA Kit (Omega Bio-tek, 

Norcross, GA). A custom designed Tecan capture library containing 59,302 SNPs with their 100 
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bp flanking sequence were used as probes. SNPs included in the capture library were selected to 

have a minimum of 51 bp to >1.5 M bp distance (average distance of 10,108 bp ± 42,220 bp) 

from adjacent SNPs. SNPs established for the target capture library were selected in exonic 

regions. The SNPs and their flanking sequences were selected from exonic regions of blueberry 

gene space that were uniformly distributed along the óOôNealô reference genome. Single primer 

enrichment technology (SPET) was used to specifically target SNPs of interest in a diversity 

panel of 225 individuals with added twenty-seven parental accessions for a total of 251 

genotyped individuals. The libraries were prepared at UNC-Chapel Hill High-Throughput 

Sequencing Facility (HTSF), using a programable Tecan liquid handler according to 

manufacturerôs recommendation (Tecan Genomics Inc., Z¿rich, Switzerland). Two pooled DNA-

Seq libraries were paired-end (2x 150bp) sequenced using two lanes of Illumina HiSeq 4000 

with a custom R1 primer (P# S02373).  

 

Post Sequencing Processes 

Read trimming was carried out using CLC Genomic Workbench v. 20.0.2 (CLC-WB) using the 

first 24 bases of read-through adapter sequences as trimming adapter list for forward and reverse 

reads. After trimming reads based on quality in CLC-WB, with a quality limit of 0.05, trimming 

of homopolymers from the 3ô end, and removal of 13- 5ô terminal nucleotides, removal of reads 

less than 45 nucleotides in length, and removal of adapter contamination, reads of each accession 

were individually mapped to an in-house óOôNealô genome. Reads were mapped uniquely in the 

best possible single location on the genome using the following mapping parameters in the CLC-

WB ñmap reads to genome algorithmò in CLC-WB: no masking of the genome, match score = 1, 

mismatch cost = 2, Insertion cost = 3, deletion cost =3, length fraction of read = 70% and 
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similarity fraction = 90%, auto detect paired distances and ignore non-specific matches (unique 

mapping). The mapping CLC-WB files were exported as bam files onto a Linux cluster server at 

the NC State High-Performance Computational (HPC) Center.  

 

Variant Discovery 

Variant calling was done using Freebayes v1.2.040 with the following SNP calling parameters: -

use-best-n-alleles 4, --min-alternate-count 2, --min-alternate-fraction 0.1, --ploidy 4, -min-

alternate-qsum 60, and --min-coverage 500 (across the diversity panel, hereafter referred to as 

DP). The above criteria were set to low stringency to produce as many variant positions as 

possible. The VCF output of Freebayes was split to separate diploid (2x), tetraploid (4x) and 

hexaploid (6x) varieties using BCFtools, to eliminate possibility of a mixoploid population (Li, 

Handsaker et al. 2009, Danecek and McCarthy 2017).  

The flanking sequences of SNPs were extracted from the genome using an in-house Python 

script and blasted against the óOôNealô genome. A total of 38,097 variable sites were captured 

using the Allegro probes which included SNPs, multi nucleotide polymorphisms (MNPs), indels, 

and complex variable sites. The vcf file for tetraploid accessions was further processed by vcflib 

and vcfalleleprimitives (Garrison, Kronenberg et al. 2021) option to convert the MNPs to SNPs. 

36,097 of the blasted SNPs and converted MNPs had 99% identity match with the óOôNealô 

genome and were retained and counted as the number of high-quality loci that were captured by 

59,302 probes. The VCF file was filtered for a minimum allele frequency (MAF) of 5% and 

missing data cut-off of 20% using VCFtools software (Danecek, Auton et al. 2011). This high-

quality loci VCF file was used to make a FASTA file using vcf2phylip for phylogenetic analysis.  
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Following, a scaffold assembly was developed with Phase Genomics (Phase Genomics, Seattle, 

WA) wherein 16,927 SNPs were aligned. The 16,927 SNPs were filtered to 10,262 wherein 

markers with >20% missing data and accessions with >10% missing data were removed. The 12 

scaffolds with the greatest number of aligned SNPs (9,855) were extracted. Technical replicates 

from the same location were compared and the replicate with the most missing data was 

eliminated from the dataset. Additionally, accessions with >10% missing data were removed 

from the dataset, reducing the dataset from 251 accessions to 218 accessions. NGSEPcore was 

used to convert the aligned SNPs for GWASpoly software file format.  

  

Genome-wide association study 

Association analysis between 9,855 identified SNP markers (GWAS SNP dataset) (Figure 4.1) 

and both phenotypic plant and fruit traits within an accession as well as within accession, 

harvest, and year was conducted using the R package, óGWASpolyô (Rosyara, De Jong et al. 

2016). QuantileïQuantile (QQ) plots were also created using GWASpoly to determine the 

normal distribution of phenotypic data.  

The GWASpoly package supports different genetic models including, general, additive, simplex 

dominant, duplex dominant, and diploidized additive. Our analyses incorporated the general, 

additive, and dominant models. The GWASpoly additive model accounts for the proportion of 

allele dosage, while the dominant model tests if the reference or alternate allele is dominant. V. 

corymbosum is a highly heterozygous and segmental allo-tetraploid species; interspecific 

introgression and the time since whole-genome duplication are not emblematic of the diploidized 

additive model, and therefore it was not tested. 
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The significance of marker-traits associations was declared at P < 0.05 using 1,000 marker 

permutations, and a standard correction was performed using a Bonferroni-type correction 

(ñm.effò), which uses the pairwise correlation between markers.  

Genic regions encoded by the SNP markers were investigated against the óOôNealô reference 

genome using IGV (Robinson, Thorvaldsdóttir et al. 2011). Genic regions were extracted, 

blasted, and subsequently annotated against the nonredundant protein database using OmicsBox 

(Bioinformatics 2019).  

 

Structure and diversity 

STRUCTURE v2.3.4 (Pritchard, Stephens et al. 2000) was used for population structure analysis 

of the introgressed species within the diversity panel. Using allele frequencies of a subset of 

20,746 SNPs (STRUCTURE SNP dataset) (Figure 4.1) obtained through capture sequence 

genotyping, STRUCTURE was used to cluster individuals with similar genetic variation and 

elucidate population structure differences of different introgressed species within the diversity 

panel. Since the hybrid population contains a total of fifteen introgressed species, STRUCTURE 

analyses included a range of K values from 2 to 12, with 5 iterative runs for each K. A burn-in of 

30,000 and 300,000 MCMC replications were implemented for each run. The R package, 

ñpophelperò was used to graphically organize and present the various STRUCTURE bar plots 

(Francis 2017).  

STRUCTRE HARVESTER was used to visualize and interpret the likelihood for various genetic 

groups (K) within the population (Earl and vonHoldt 2012). STRUCTURE HARVESTER 
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integrates the Evanno method of K estimation that best fit data across uneven migration events 

between populations (Evanno, Regnaut et al. 2005).  

A phylogeny was estimated for the full concatenated 33,701 SNP dataset (phylogeny SNP 

dataset) (Figure 4.1) for markers that were not mapped to the scaffolds, using maximum 

likelihood (ML) with the program iqtree (v.1.6.12) (Nguyen, Schmidt et al. 2015). For this 

analysis, ModelFinder (Kalyaanamoorthy, Minh et al. 2017) was first run to infer a model for 

individual gene partitions, followed by a ML search and 1000 ultrafast bootstrap replicates 

(Minh, Nguyen et al. 2013, Hoang, Chernomor et al. 2018) to measure support. The developed 

tree file was formatted and annotated using Figtree (Rambaut 2014).  

 

RESULTS 

Phenotypic Diversity 

A total of 225 tetraploid blueberry accessions were phenotyped for fruit characteristics including 

color metrics (L, A, B, HUE, and CRM) (Figure 4.2), fruit firmness metrics (FRM, APF, FT, and 

FE) (Figure 4.3), flavor metrics (TSS, TA, and PH) (Figure 4.4), and volume metrics (FW, PD, 

ED, RI, and DPF) (Figure 4.6) in 2019 and 2020. Additionally, accessions were evaluated for 

agronomic traits including flower (BB and FB) and fruit maturation (1STBL, LSTBL, TBB, and 

TD) traits (Figure 4.5). Phenotypic measures for fruit quality related traits are the accessional 

average of approximately 180 measures, wherein accessions were grown in triplicate, from 

which ten fruit were individually phenotyped per harvest over three harvests per year for two 

years of study (Table 4.1). Quantitative analysis of traits followed a normal distribution with 

slight skew in L, A, APF, and FE, and a more severe skew in CRM as a result of three outlier 
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accessions (Figure 4.2, Figure 4.3). The heteroskedasticity observed in CRM is the result of the 

direct influence of A and B on the CRM value (Figure 4.2). Similarly, FE is the ratio of DPF to 

ED, and RI is a ratio of ED to PD (Figure 4.3, Figure 4.6). Phenotypic trait values including PD 

and ED values were squared and APF values were log transformed to account for the 

heteroskedastic residuals originally observed (Figure 4.3, Figure 4.6). Overall, the ANOVA 

results indicated that the evaluated fruit phenotypic traits were significantly influenced by 

genotype (G), year (Y), harvest (H), G × Y, G × H, Y × H and G × Y × H, with the exceptions of 

Y in FW analysis and Y × H in A (P < 0.05) (Table 4.1).  

Phenotypic diversity across traits is further represented in the wide range in variability with the 

coefficient of variations (CV) ranging from 1.37% (CRM) to 65.45% (A). Other attributes 

including FW, PD, ED, L, B, HUE, FRM, FT, FE, TSS, and TA had a high variability across the 

examined accessions (CV >10%). The least variable traits included CRM, RI, PH, and APF all of 

which had < 10% variability across accessions (Table 4.1, Figure 4.2, Figure 4.3, Figure 4.4, 

Figure 4.6).  

Strong positive phenotypic correlations were observed between fruit volume related metrics 

including FW-PD, FW-ED and PD-ED, color related metrics including L-HUE, and firmness 

related metrics including APF-FE (r > 0.7) (Figure 4.7). Three moderately positive correlations 

were observed between color related metrics of A-B and A-CRM, as well as firmness metrics 

FRM-APF (|0.7| < r < |0.4|). Eight moderately negative correlations were observed within fruit 

volume related metrics (FW-RI and ED-RI), fruit color related metrics, (L-A, L-B and B-HUE) 

and correlations between metrics involving volume and firmness (FW-FE, PD-FE, and ED-FE) 

(|0.7| < r < |0.4|) (Figure 4.7).  
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Principal component analysis (PCA) was performed to examine the principal components of 

phenotypic data to explain total phenotypic variation across the population. The first three 

components explained 55.94% of the observed total variance and 27.03% of the variance was 

accounted by PC1, followed by 17.82% by PC2 and 11.09% by PC3 (Table 4.2). Fruit volume 

metrics of FW, PD, and ED, in addition to color metrics of L, A, B, and HUE, in addition to TA 

were the strongest influence on PC1. Fruit firmness metrics, including FRM, APF, APD, and FT 

along with fruit maturation metrics, including 1STBL, LSTBL, TBB, and TD were the strongest 

contributors to PC2. While PC3 values did not support single metric, or phenotypic trait as a 

major influence in variation, eigenvalues of TSS alone contributed most significantly to PC4 

(8.95%) (Table 4.2).  

 

Genome Wide Association Study  

Sequencing produced 240 Gb of raw data across 251 accessions, which included the 225 

diversity panel accessions (including the eight locational accessional replicates), seven technical 

replicates and nineteen additional accessions encompassing parental lines as well as native 

Vaccinium species. Across accessions, the raw read average was 7.2 M reads per accession, 

which was condensed down to 7.1 M cleaned reads per accession. An average of 5.1 ± 3.3 M 

reads per accession were mapped to the óOôNealô reference genome (minimum <70,000 mapped 

reads in MS1477; maximum 18,532,502 mapped reads in PI618270) in the 288 accessions 

(Figure 4.8A). Removing low coverage accessions reduced the population from 288 to 251 

accessions and improved the average mapped reads to 5.37 ± 3.3 M reads (minimum 199,980 

mapped reads in óSuziblueô; maximum 18.5 M mapped reads in PI618270) and raw read average 

of 7.5 M reads (1.12 Gb per accession) per accession across 251 accessions (Figure 4.8B).  
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Freebayes identified over 14 M SNPs across the diversity panel (Figure 4.1). These SNPs were 

further filtered against the Allegro probes located in genic regions, in addition to a minimum 

depth coverage of 20 to a total of 38,086 high-quality, high-confidence SNPs that are evenly 

distributed across the scaffolds (Figure 4.1). The average distance between adjacent SNPs on the 

scaffolds was 12,597 bp. Of the 59,302 sequence capture probes (60 bp), 28,081 variable sites 

were identified in 251 tetraploid accessions. These sites were selected based on 95% sequence 

similarity of their 120 bp flanking sequences (OôNeal reference genome) with 120 bp probes on 

either side of intended to capture SNPs. The variable sites on the genome included SNPs and 

MNPs sites. After filtering for 20% missing data points across the DP (nå50 missing data points 

per marker), 10,262 high-quality SNPs encompassing the twelve largest scaffolds (Figure 4.9) 

were retained. The OôNeal genome was assembled in 1,288 scaffolds, twelve of which represent 

95.7% of the genome (Ashrafi et al. Unpub.). Each pseudochromosome was over 100 Mbp in 

size. Ultimately, 9,855 SNPs were identified across the 12 scaffolds for usage in GWAS analysis 

in the GWAS SNP dataset (Figure 4.1).  

Subsequently these markers were used for association to phenotypic evaluations. A total of 210 

unique accessions were available after filtering out the duplicated accessions within an 

environment and those for which no phenotypic data were collected. In total, 218 accessions 

were evaluated in GWASpoly comprising of 210 unique accessions as well as eight accessions 

were replicated in both locations. 

For the GWAS analysis, the average of each trait across all clonal replicates, harvests, and years 

was used, with the target analysis informing upon the phenotypic mean of each accession; 

phenotypic measures of accessions present at multiple locations were averaged within a location. 

ANOVA analyses determined that accession means for each trait were significantly different at 
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different locations likely as a result of climatic and cultural practices (Table 4.1). Environmental 

differences such as climate and cultural practices can have an effect on phenotypic trait 

measures. For example, increased precipitation or irrigation events can increase berry volume, 

decrease firmness, and decrease TSS, establishing divergent phenotypes within an accession 

evaluated at two locations (Bryla, Yorgey et al. 2009). Therefore, phenotypic averages of 

accessions present in both locations were analyzed individually for the GWAS analysis; for 

example, óSummitô was present in both Jackson Springs, NC and Corvallis, OR, thus plants from 

both locations were sampled for genotyping and analyzed separately for downstream GWAS 

analysis. 

Various models were evaluated through Quantile-Quantile plot (qq-plot) representation of 

observed vs. expected P-values (Figure 4.10 F-J, Figure 4.11 E-H, Figure 4.12 D-F, Figure 4.13 

G-L, Figure 4.14 G-K). Per-trait model selection was based on P value inflation avoidance. 

Overall, the additive, simplex dominance, and duplex dominance models were selected based on 

goodness of fit for each individual trait; specifically, the additive model was utilized for L, B, 

HUE, APF, FB, 1STBL, TBB, TD, DPF, and FW (Figure 4.10, Figure 4.11, Figure 4.13, Figure 

4.14); the simplex dominance reference model (1-dom-ref) was selected for CRM, FRM, TA, 

BB, and LSTBL (Figure 4.10, Figure 4.11, Figure 4.12, Figure 4.13); the dominance alternative 

model (1-dom-alt) was selected for A, FT, TSS, pH, PD, ED, and RI (Figure 4.10, Figure 4.11, 

Figure 4.12, Figure 4.14); the duplex reference model was used for FE and the duplex alternative 

model was not optimal for any trait analyses (Figure 4.11). A Bonferroni-type correction 

(ñm.effò), which uses pairwise correlation between markers to achieve more realistic estimates, 

was used as a correction for multiple testing at a 5% error rate.  
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In total, we detected 21 significant SNPs through backwards elimination across 13 traits (P < 

0.01) (Table 4.3). Among these associations, 12, 4, 3, 2 and 2 markers were associated with fruit 

color, firmness, flavor, volume and flowering metrics, respectively. A total of two SNPs were 

found associated with multiple traits related to color metrics. Marker r2 correlation ranged from 

0.021 (PGA_scaffold6, position 16149230, associated with CRM) to 0.181 (PGA_scaffold9, 

position 100114359, associated with CRM) (Table 4.3). SNPs did not converge in a columnar 

distribution within the scaffolds for the majority of traits, wherein a large number of SNPs 

ranging significance are found at a single location, forming a peak in the Manhattan plot (Figure 

4.10, Figure 4.11, Figure 4.12, Figure 4.13, Figure 4.14).  

Phenotypic traits related to color had the majority of associated markers (Table 4.3). Among the 

color-associated markers, CRM had the majority of associated markers (8) across scaffolds 1, 6, 

9, and 10. The color metric, A, had three associated markers located on scaffolds 7 and 9; two of 

these markers were synonymous with SNPs associated with CRM (Table 4.3). L had a single 

associated SNP. Neither B nor HUE had any significantly associated SNPs using the additive or 

dominance models (Table 4.3). CRM alone had several regions with significant SNPs as well as 

SNPs arranged in columnar fashion (Figure 4.10 E).  

Fruit volume associated markers were located on scaffolds 3 and 4, corresponding to traits FW 

and DPF, respectively (Table 4.3). Firmness-related traits with SNP associations include APF, 

FE, and FRM. Markers associated with DPF and FE were closest to mapped SNPs, located on 

scaffold 3 with a 5.18 Mbp interval (Table 4.3). The next closest interval between significantly 

associated SNPs was 37 Mbp between FRM and A on scaffold 7 (Table 4.3). Markers associated 

with fruit firmness were identified on scaffolds 2, 3, 4, and 7 (Table 4.3). Fruit flavor associated 

markers were dispersed across a larger range, encompassing scaffolds 3, 11, and 12 which 
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corresponded to traits TSS, TA, and pH, respectively (Table 4.3). Notably, markers associated 

with fruit acidity-related traits, TA and pH, were located on different scaffolds. Flowering and 

reproductive cycle related traits with significantly associated markers consisted of FB and TBB 

which had one associated marker each on scaffolds 4 and 10 (Table 4.3). 

 

GWAS analysis within year and harvest 

To evaluate consistency across years and harvests for the detected markers, we performed 

GWAS analysis separating year and harvests for phenotypic traits FRM, APF, TSS, and FW 

(Figure 4.16, Figure 4.17, Figure 4.18, Figure 4.19). GWASpoly package function analysis of 

fit.QTL of selected traits FW, TSS, APF, and FRM for phenotypic values averaged within year 

and harvest was not consistent with the results of averaged phenotypic values over years and 

harvests, with the exception of TSS (Table 4.3, Table 4.4). GWAS Analysis of trait values within 

harvest and year utilized the same models from the averaged phenotypic dataset on a per-trait 

basis (Figure 4.16, Figure 4.17, Figure 4.18, Figure 4.19). TSS was associated with three SNPs, 

one in year one and two in year 2 (identified in harvests one and two, respectively) (Table 4.4). 

GWASpoly identified three significant SNPs associated with APF in year 1, harvest 3, however 

only one of these markers was significant (Table 4.4). FRM had a singular associated SNP in 

year two, harvest one (Table 4.4). FW had no significantly associated SNPs in any year or 

harvest.  

The single significant marker associated with APF was located on scaffold 5 and was highly 

correlated with an r2 value of 0.995 (Table 4.4). Notably this is on a different scaffold as 

identified in the phenotypic average analysis, which was located on scaffold 2 (Table 4.3).  
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TSS had three associated SNPs in scaffolds 3, 5, and 9 (Table 4.4). The SNP associated with 

TSS in year one, harvest two is consistent with the scaffold and position associated with TSS in 

the averaged phenotypic trait analysis (Table 4.3). 

FRM had a single associated SNP located on scaffold 5 in year 2, harvest 1 (Table 4.4). This 

SNP had an interval of 11.40 Mbp from the FRM associated SNP on scaffold 5 from the 

averaged phenotypic trait analysis (Table 4.3).  

 

Marker Trait Association  

SNPs were examined against the in-house óOôNealô annotated genome in Integrative Genomics 

Viewer (IGV) to locate putative protein coding genes within a 7 Kbp flanking region, as 

determined by the decay of LD at 50% (Figure 4.15). Different annotations of the same SNP site 

identified multiple different isoforms including 42 putative proteins and 5 hypothetical proteins 

(Figure 4.20). These 47 putative proteins were found in significant regions indicated by the 21 

significant SNPs encoded within the gene. The majority of these proteins were uncharacterized. 

Other overlapping coding regions of different protein coding isoforms were redundant or had 

redundant functions, resulting in 47 uniquely functioning proteins.  

We detected multiple significant SNPs with functional annotation related to biological functions 

associated with traits, including APF, FW, CRM, TA, and FB. The singular significant SNP 

related to APF identified a protein coding gene for epidermal patterning factor-like (EPFL) 

protein, which are involved in the epidermal cell growth and stomatal cell spacing. Similarly, 

only a single SNP was identified in relation to volume metric, FW; the LD region surrounding 

this SNP was within multiple protein coding isoforms related to functions of exocyst complex 
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component and transport, as well as two other unknown uncharacterized putative proteins. There 

were multiple significant SNPs associated with color metric, CRM, which in turn identified 

multiple unique putative proteins (Table 4.5). One of the key putative genes associated with 

CRM is serine carboxypeptidase-like (SCPL) which is an anthocyanin acyltransferase. Among 

the CRM-associated SNPs, we also identified a SNP site affecting putative protein functions 

associated with photosynthesis, the optimization of photosynthetic reactions, and stress 

signaling. The TA-associated SNP was found to be in the coding region of UDP-

glucuronate:xylan alpha-glucuronosyl-transferase, which is responsible for acid to sugar 

substitutions on the xylan backbone of primary cells walls. The FB-associated SNP affected the 

putative protein, MAIN-LIKE-2, a protein responsible for meristematic maintenance and 

developmental processes. 

Other SNPs associated with traits including DPF and FE encoded candidate genes with potential 

relevance. The SNP associated with DPF was in the coding region for the protein inositol 

hexakisphosphate and diphosphoinositol-pentakisphosphate kinase VIP2-like, a required protein 

for sustaining plant growth, as well as providing a phosphorous reservoir in seeds. The FE-

associated SNP was related to the ABC transporter B family member 26 protein which functions 

in pollen grain exine preservation and is associated with seed production (Choi, Jin et al. 2011).  

 

Genetic Diversity and Population Structure 

The 251 genotyped samples were analyzed for population structure to determine genomic 

diversity as a result of species introgression using putative population sizes of K=2 through 

K=12 with five iterations (Figure 4.21). A total of 20,746 loci were used in STRUCTURE 
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analysis (Pritchard, Stephens et al. 2000) (STRUCTURE SNP dataset) (Figure 4.1). Values for 

ȹK were estimated using STRUCTURE HARVESTER and Evanno method which indicated to 

detect K = 4 as the number of different genetic groups represented in the population (Figure 

4.22) (Evanno, Regnaut et al. 2005, Earl and vonHoldt 2012). The four most prevalent known 

species in the population, based upon known pedigree history and discounting open pollinated 

sources, included V. corymbosum (wherein the population species pedigree average contains 

>60%), followed by V. darrowii (5.66%), V. virgatum (>2.72%), and V. angustifolium (2.40 %) 

(Table 4.6). Other prevalent species in the population included V. myrsinites (2.00 %), V. 

pallidum (2.07 %), and V. elliottii (1.97%). 

In the STRUCTURE bar plot output, we observe genetic similarity in many of the older NHB 

cultivars (represented by their NCGR PI accession number), established prior to SHB breeding 

efforts; this genetic consistency dissolves in analyses after K=5, consistent with the K=4 detected 

group number (Figure 4.21, Figure 4.22). Conversely many of the NCSU developed accessions, 

which are developed from hybrid crosses with native species, displayed increased genetic 

diversity as early as at K=2 in the STRUCTURE analyses (Figure 4.21). The observed genetic 

diversity represented in the STRUCTURE output, does not reflect specific Vaccinium species at 

the K=4 level when compared with the known pedigree history and the phylogenetic tree data. 

We do observe genetic separation of less prevalently hybridized species at higher K levels, as 

seen in NJ90-54-13 (V. hirsutum), NC3883 (V. myrsinites), and NC3048 (containing 50% V. 

ovatum). In the STRUCTURE analysis, the expected proportion of genetic diversity did not 

correspond to the species introgression of the known pedigree within an accession, as 

exemplified in NC5236 which is 75% V. darrowii, as well as NC4519 which is 50% V. 

myrsinites and 25%V. pallidum. However, STRUCTURE accurately described many related 
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accessions with genetically similar clustering; NC4509 and NC4499 both have 25% V. ovatum 

and similar clustering. Similarly, both NC5022 and NC5019 are full-sibs and have 31.25% V. 

pallidum in their pedigree history with similar cluster patterns. The same is seen between 

NC4885 and NC4886 which both contain V. darrowii, as well as between V. corymbosum 

siblings, PI554852 (óCroatanô) and PI554851 (óMurphyô). 

Additionally, a neighbor joining tree was developed utilizing the full SNP set with 33,701 

(phylogeny SNP dataset) (Figure 4.1) variable sites from the genotypic data (Figure 4.23). The 

accessions used in the tree structure have mixed pedigrees and species introgression which are 

not able to be illustrated in a bifurcating tree. Overall, the genetic clustering in the phylogenetic 

tree depicted larger clusters of accessions with genetic backgrounds containing V. darrowii, V. 

virgatum, and to a lesser extent, V. angustifolium (Figure 4.23). Each of these species has 

multiple clusters represented in the tree, illustrating breeding events and subsequent development 

of new genetic clusters. Additionally, there is evident clustering of V. myrsinites and V. pallidum 

and progeny containing their genetic background in the phylogenetic tree. 

Within our tree analysis, we included technical replicates of select accessions (e.g., óCarteretô-1 

and óCarteretô-2, NC3883-1 and NC3883-2) as well as replication of multiple individual plants of 

the same accessions collected from different locations (óReveilleô, óOôNealô, óSummitô, óEchotaô, 

óSunriseô, óBrigitta Blueô, óLegacyô, and US845), all of which were found to be grouped 

together, with the exception of óLegacyô (NCSU) and óLegacyô (NCGR) (Figure 4.23). Similar to 

the STRUCTURE analysis, we do observe clustering of related accessions and half-sibs; 

however, in some cases, individual accessions are more removed from cluster expectations of 

related accessions (Figure 4.21, Figure 4.23). Furthermore, species wherein multiple accessions 

were sequenced (V. caesariense, V. tenellum, V. pallidum, V. angustifolium, and V. boreale) 



   

181 

    

grouped together or were within a genetically similar cluster. Importantly, we observed species 

including V. angustifolium, V. boreale, V. constablaei, V. corymbosum, V. myrtilloides, and V. 

pallidum, species in section Cyanococcus grouping together, whereas V. uliginosum (section 

Vaccinium), V. vitis-idaea (section Vitis-idaea), and V. ovalifolium (section Myrtillus) clustered 

separately in the phylogenetic analysis (Figure 4.23). In addition, accessions that closely 

clustered to V. angustifolium, V. pallidum, and V. constablaei were closely related to these 

species, with an estimated 25% genomic contribution from these species based on pedigree 

information; NC4300 and óNorthcountryô have estimated V. angustifolium genomic contributions 

of 50% and 25%, respectively; NC2930 consists of 25% V. pallidum; NC1827 and NC4151 both 

have an estimated 50% genomic contribution from V. constablaei (Figure 4.23). óAronô has an 

estimated genomic contribution from V. uliginosum of 25%, instead clusters proximal to related 

cvs. Rancocas and Rubel, both of which are V. corymbosum; however, it is noted óAronô has 

increased branch distance (Figure 4.23). 

 

DISCUSSION 

Blueberry cultivation in the United States has rapidly expanded and encompassed new 

germplasm and species in the recent decades, establishing genetic diversity and infusing new 

characteristics into the population. One of the drawbacks of current blueberry breeding programs 

is the lack of molecular advancement and reliance on conventional breeding which necessitates a 

longer time period for varietal release. Marker identification of important fruit and agronomic 

traits would advance blueberry breeding timetables through earlier molecular screening and 

subsequent selection, ultimately accelerating cultivar release.  
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The genus Vaccinium is comprised of diverse species stemming from different sections within 

the genus. Species within the section Cyanococcus make up the secondary gene pool for 

interspecific hybridization, while species outside of section Cyanococcus comprise of the tertiary 

gene pool for intersectional hybridization in blueberry breeding (Lyrene and Ballington 1986, 

Lyrene and Olmstead 2012). Southern highbush blueberry breeding programs have leveraged the 

diversity of native Vaccinium species and sections to ultimately develop a hybrid low chill 

blueberry population with infused native species characteristics (Lyrene 2002, Lyrene 2008). 

Principle component analysis from previous studies affirm this diversity, finding separate genetic 

clustering of NHB (primarily V. corymbosum), SHB (V. corymbosum introgressed with native 

species hybridization), and progenies of interspecific cross V. corymbosum × V. darrowii 

(Kulkarni, Vorsa et al. 2021). Specifically, Kulkarni et al. (2021) found that SHB are more 

genetically distinguished from NHB, with a low FST value (0.0473), and have increased 

admixture in their genetic data (analyses performed with cluster value, K = 3). The findings from 

these studies paired with the pedigree history affirms increased genetic diversity of SHB 

accessions. The studied hybrid population of 225 accessions used in this study leverages the 

established genetic and phenotypic diversity of multiple species introgressions within this 

secondary gene pool to aid in marker identification of important fruit quality and agronomic 

traits.  

 

Phenotypic Diversity 

Population diversity was evident in the variation observed within all  analyzed traits. Traits which 

encompassed the greatest amount of variation within the population included HUE, FT, FE, TA, 

and FW; all of which had over 3-fold difference between the minimum and maximum trait value 
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with FW having over a 10-fold difference (Figure 4.2, Figure 4.3, Figure 4.4, Figure 4.6). 

Previous findings in blueberry similarly found a 5-fold or greater range between minimum and 

maximum FW values (Cellon, Amadeu et al. 2018, Ferrão, Benevenuto et al. 2018). Our 

analyses also found fruit volume characteristics of PD, ED, DPF had a higher than 2-fold 

variation, agreeing with a previous study which examined flower, plant, and fruit morphological 

traits which reported that fruit traits of fruit equatorial diameter and polar diameter explained the 

majority of variance (28.58%) and constituted PC1 (Ligarreto, Patiño et al. 2011). Overall, the 

population was less variable in fruit color-related traits of A, B, and CRM (Figure 4.2), as well as 

flavor-related traits of TSS and pH (Figure 4.4), and berry roundness, RI (Figure 4.6), all of 

which had less than 2-fold variation across accessions. Consistent with our findings, previous 

findings also report low, less than 2-fold changes within blueberry fruit flavor characteristics of 

pH and TSS (Figure 4.4); however, the same study observed high TA variability with a 9-fold 

difference (Mengist, Grace et al. 2020). Notably, Mengist et al. (2020) found that tetraploid 

Vaccinium species, comprising of NHB, SHB, and hybrid genotypes exhibited the most diversity 

across examined ploidy levels. 

Correlations between phenotype characteristics may be more evident in larger, more diverse 

populations that have not been subjected to multiple generations of selective breeding. Many of 

the strong and moderate correlations identified in our study were auto-correlated, with correlated 

phenotype characteristics involving measures for the same fruit metric. Exemplifying this, fruit 

volume metrics encompassed FW, PD, ED, RI, and DPF wherein FW-ED, FW-PD, and ED-PD 

were strongly correlated (r >0.80) (Figure 4.7). Ferrão et al. (2018) also reported a strong 

correlation within fruit volume metrics of fruit size and fruit weight in blueberry, which agreed 

with the results from our study. Similarly, our study also identified weak negative correlations 
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between both firmness and volume metrics, which included FRM-FW, FRM-PD, and FRM-ED, 

which was consistent with previous findings (Figure 4.7) (Ferrão, Benevenuto et al. 2018). The 

same blueberry breeding population used in the study performed by Ferrão et al. (2018) was 

examined in another study with the addition of a few hundred individuals (1,575 individuals vs. 

1,996 individuals) wherein a weak significant correlation between TSS-FRM (r = -0.28) was 

identified (Cellon, Amadeu et al. 2018). Comparatively, neither our study nor Ferrão et al. 

(2018) found any correlation between either pH or TSS with FRM (Figure 4.7). Correlations 

between TSS-FW, TSS-PD, and TSS-ED were not previously (r <0.10) identified in studies by 

either Cellon et al. (2018), or Ferrão et al. (2018). Conversely, increased water uptake has a 

positive correlation with fruit volume metrics and a negative relationship with TSS, and 

decreased FW as a result of evaporation had a positive impact on TSS, indicating a relationship 

between fruit size as impacted by precipitation and evaporation and TSS (Bryla, Yorgey et al. 

2009). Comparatively, our study identified a weak correlation between the flavor and volume 

metrics (r = -0.35, r = 0.35, r = -0.36, for TSS-FW, TSS-PD, and TSS-ED, respectively), 

indicating that increasing fruit size decreases TSS (Figure 4.7).  

 

Genetic diversity and Population structure 

Overall, the genetic composition and diversity presented by STRUCTURE analysis at K=4 

reflected the branching patterns of genetically similar accessions of the phylogenetic tree (Figure 

4.21, Figure 4.23). It is important to note that while the diversity panel population contains 

introgressions of fifteen known species as determined by accession pedigree analysis, the 

Evanno method for determining the number of populations within the diversity panel (K-value) 

in STRUCUTRE did not identify higher K-values as the best fit for the population (Figure 4.22) 
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(Evanno, Regnaut et al. 2005). Previous research investigates the genetic relationships of V. 

virgatum, NHB, and SHB, wherein the authors found V. virgatum genotypes formed a separate 

clade from V. corymbosum genotypes in phylogenetic analysis, in addition to minimal genetic 

diversity in STRUCTURE analysis of V. virgatum with K=9 (Nishiyama, Fujikawa et al. 2021). 

Comparing NHB and SHB accessions, the results of our study agreed with Nishiyama et al. 

(2021) wherein minimal genetic diversity was found in NHB genotypes and increased genetic 

diversity was found in SHB accessions; however, increasing the species diversity and the 

accessions within species would further inform on SHB genetic diversity and the genetic 

diversity within Vaccinium as a whole. One of the key differences between STRUCTURE 

analyses between the study by Nishiyama et al (2021) and our study, is the diploidization of the 

genotype allele dosages in the study by Nishiyama et al. (2021), whereas our analysis utilizes the 

tetraploid model and dosages. Diploidization of tetraploid genotypic data decreases the accuracy 

of the analysis and is reported to underestimate the number of distinct loci (Wang and Scribner 

2014). Nishiyama et al. (2021) proposes that the varying levels of STRUCTURE K-values 

represent different Vaccinium species; however, in contrast to their estimation, selected cvs. 

OôNeal and Reveille did not reflect the implied species in their pedigree history. Specifically, 

cultivar pedigree of Reveille indicates <5% V. virgatum composition, and óOôNealô is composed 

of <10% of V. darrowii, which is in contrast to their proposed species correlations according to 

STRUCTURE K-values.  

Variation in anticipated genomic contribution of introgressed species is expected due to the allele 

dosage variation between full-sibs and increased frequency crossover events in polyploid 

genomes (Pecinka, Fang et al. 2011, Dufresne, Stift et al. 2014, Pelé, Rousseau-Gueutin et al. 

2018); supporting evidence of these variations can be observed in our STRUCTURE bar plot 
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results regarding between-sibling analysis (e.g., NC5019 and NC5022 as well as óMurphyô and 

óCroatanô and others) (Figure 4.21). Genetic variation can also be attributed to geographic 

separation and divergent genetic development as seen in the disparate genetic distributions and 

clustering in narrow-focused study of geographically separated V. angustifolium germplasm 

(Debnath 2014, Tailor, Bykova et al. 2017). Alternatively, another previous study investigating 

distinctive genetic groups in diploid species of Vaccinium section Cyanococcus found that 

species V. boreale and V. myrtilloides clustered together, comprising of their own genetic 

grouping (Bruederle and Vorsa 1994). Similarly, our findings, identified V. boreale and V. 

myrtilloides grouping together in the phylogenetic tree (Figure 4.23). In large populations, 

species and hybridizations involving species from different Vaccinium sections may be more 

genetically disparate and identifiable in such analyses. 

We propose that the findings by Nishiyama et al (2021), in addition to our own findings reflect 

that STRUCTURE K-values are not directly representative of different species, and that select 

species may be more genetically similar and difficult to differentiate in these analyses. Isolating 

and expanding upon select subset of our population to focus on single species introgression 

would provide more insight into precise genetic clustering and similarity across species in a 

narrow-focused population. Additionally, further investigation encompassing wider genetic 

diversity in an inter-sectional population would better establish genetic divergence. 

 

Genome Wide Association Study  

Advanced molecular techniques and analyses are not commonplace for many complex polyploid 

species due to the preferential optimization of analytical tools for diploid organism analyses. In 
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addition, blueberries, especially SHB, are a highly heterozygous tetraploid species (Bruederle 

and Vorsa 1994). One of the difficulties in polyploid plants genotyping and GWAS studies are 

the multiple haplotypes conferring the SNP and the dominance effects surrounding the 

phenotype. As such if a tetraploid plant does not have sufficient copies of a SNP, a dominant 

allele may mask an alternate or recessive phenotype, and the association with the masked 

phenotype is not identified in the GWAS study (De Silva, Hall et al. 2005). To alleviate this 

complication, it is commonplace for GWAS studies to have large, varied populations to establish 

diversity and identify these associations. Diversity and large population sizes are even more 

crucial in polyploid GWAS studies to account for varied dosage effects.  

Our analysis consisted of a genetically diverse blueberry population with interspecific hybrids 

and inter-sectional hybrid, óAronô, as compared to breeding populations with limited genetic 

variance. Moreover, these data present the most comprehensive quantitative evaluation of 

phenotypic measures for GWAS analyses in blueberry to date. Allegro targeted genotyping was 

implemented to isolate designated probes at high coverage. Our analyses identified > 33,000 

high-confidence SNPs from which 9,855 SNPs were utilized in GWAS analyses (GWAS SNP 

dataset). Alternative filtering and analysis package for GWAS studies can vary the number of 

detected SNPs, as seen in previous research (Ferrão, Benevenuto et al. 2018, Ferrão, Johnson et 

al. 2020). Additionally, usage of different GWAS packages, models, or diploidization of a 

polyploid population can vary results. Using the same research population for two different 

phenotypic analyses which used different programs and models of GWAS analyses produced 

vastly different results for significant trait-associated SNPs; one study identified 11 significant 

SNPs (P < 0.05) relating to fruit size, scar diameter, TSS, pH, and flower bud density (Ferrão, 

Benevenuto et al. 2018), while the other study detected 519 significant SNPs associated with 
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eleven fruit volatiles (Ferrão, Johnson et al. 2020). Comparative to the Ferrão et al. 2018 study, 

our study identified candidate genes with increased relevant functions to the associated traits.  

Additionally, various models impact the results of the GWAS analyses. The additive model 

indicates that the marker effect is proportional to the dosage of the alternate allele. The 

dominance model determines the allele dosage needed for complete dominance ("1-dom" = 

simplex dominance, "2-dom" = duplex dominance). Since our population was comprised of 

heterozygous individuals, the diplo-general and diplo-additive models were not used as it 

considers all heterozygotes to have the same effect (Rosyara, De Jong et al. 2016, Yang, Luo et 

al. 2020). Phenotypic variation is the quantitative result of genetic interactions, additive, and 

dominance effects of allelic variation within a species. Not all traits are controlled by dominance 

effects of a singular allele, others may exhibit additive variance exhibited by a quantitative range 

in a given phenotype. In a heterozygous polyploid population, we found multiple models were 

appropriate to accurately describe the observed phenotypes similar to GWAS studies in pepper 

(Wu, Wang et al. 2019). 

In this study we identified 21 significant SNPs located on all scaffolds, except scaffold 8, 

containing multiple SNPs associated with multiple phenotypic traits (Table 4.3). Our analyses 

utilized scaffolds as pseudochromosomes in which two putative chromosomes/haplotypes have 

been condensed into a single estimation for the purpose of these analyses. The lack of a genetic 

map for tetraploid blueberry and the subsequent pseudochromosome and scaffold development 

impacts analyses. Due to the condensed nature of the pseudochromosomes, the location and 

exact alignment of identified trait-associated SNPs is not accurate to tetraploid chromosomes. As 

such, the positional identification of significant SNPs for a single trait identified on separate 

scaffolds, may alter for increased or decreased proximity in future chromosomal alignment. We 
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identified multiple significant SNPs for traits including A, CRM, and FRM wherein the 

identified SNPs were located on separate scaffolds (Table 4.3). Alternatively, findings of SNPs 

on separate scaffolds may be appropriate, GWAS analyses in apple detected found SNPs 

associated with both firmness and color-related traits on multiple chromosomes which suggests a 

multi-gene quantitative effect on phenotype expression (Lee, Ban et al. 2017).  

Our analyses did not find much evidence of columnar loci of SNP on the scaffolds (Figure 4.10, 

Figure 4.11, Figure 4.12, Figure 4.13, Figure 4.14), which may either be an artifact of scaffold 

misalignment, insufficient markers used in the analyses, or associated with the intended large 

intervals between markers.  

While firmness-related traits were attributed to 17.82 % of the population phenotypic variance as 

found in PC2, our study did not delineate any SNPs relating to FRM, and only a single SNP was 

associated with APF, on scaffold 2 (Table 4.2, Table 4.3). Similarly, a previous study only 

identified a single major quantitative trait locus (QTL) associated with firmness which explained 

15% of the phenotypic variance (Cappai, Amadeu et al. 2020). Another study which examined 

multiple phenotypic traits in an interspecific diploid Vaccinium mapping population between 

F1#10 (V. darrowii Fla4B × diploid V. corymbosum W85ï20) and W85ï23 (diploid V. 

corymbosum) identified a single major QTL relating to firmness (APF, FT) and reported 

consistent QTL detection across two years of phenotypic evaluations (Qi, Ogden et al. 2021). 

Overall, though Qi et al. (2021) evaluated eighteen fruit and agronomic traits, only six major 

QTL were consistent across two years of phenotypic data. Among the consistent QTL, Qi et al. 

(2021) identified two major QTL related to color that were consistent across both years of study; 

however, phenotypic color evaluation was based on visual observation derived ordinal scale of 

fruit color, compared to quantitative CIELAB color values. While our analyses did not 



   

190 

    

encompass color-related traits for separate years of study, we did identify consistency in a single 

SNP associated with both CRM and A (Table 4.3). Interestingly, the coefficients of variation for 

traits CRM and A had the lowest and highest variation, respectively across the present 

population of study. Qi et al. (2021) also evaluated FB and fruit maturation; however, no major 

QTL were identified. Interestingly, the study reported a common region on linkage group 5 

signifying a minor QTL for all floral evaluated traits in 2012, including shoot expansion, early 

bloom, full bloom, petal fall, and early green (Qi, Ogden et al. 2021).  

Previous research in GWAS analysis of tetraploid blueberry evaluated eight fruit related traits 

and identified 11 significant SNPS after Bonferroni correction across 80,591 SNPS in their 

tetraploid GWAS analysis (Ferrão, Benevenuto et al. 2018). Their analysis of 15 distinctive 

SNPs (q-value < 0.05) reported three SNPs associated with TSS, seven SNPs relating to fruit size 

and one for pH (Ferrão, Benevenuto et al. 2018); however, they found no SNP associated with 

PH. Though similar fruit traits were analyzed, SNPs identified in this study were not identified in 

the present study. The analysis of Ferrão et. al (2018) reported that only stem scar diameter was 

the only phenotype that was consistently significant across both diploid and tetraploid models 

within their GWAS analysis. It is intriguing that in relaxing the threshold for significance (q-

value < 0.10) in their study did not significantly improve consistency between the models; 

though an increased number of SNPs were identified as significant (Ferrão, Benevenuto et al. 

2018).  
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Marker Trait Association  

LD plots were used to determine the decay of LD to assess the distance in genetic association of 

markers in association mapping analysis (4.14). Markers used for target capture were selected for 

exonic region distribution which precluded SNP identification within an intronic interval, in 

addition to dense columnar marker distribution in the GWAS Manhattan plots (Figure 4.9). 

Additionally, the interval distance accounts for the distance between significant trait-associated 

SNPs. Overall LD decayed rapidly with the r2 of the evaluated traits decreasing to half their 

maximum values at approximately 7 kb, and further had low maximum values ranging from 0.04 

to 0.06 r2, thus we anticipate low association with adjacent genes (Figure 4.15). This distance 

was used to identify putative genes encoded by and surrounding the significant GWASpoly 

identified markers. Our analysis found several hundred isoforms, accounting for 47 unique 

putative protein functions as described by gene ontology (Table 4.5) affected by the analyzed 

trait-associated SNPs. Most of these proteins were uncharacterized and therefore their functional 

relevance to the trait is unknown. Further genome annotation and exploration is necessary to 

identify and attribute function to these regions. We identified putative proteins encoded by SNPs 

associated with APF, FW, CRM, TA, and FB, as well as other putative proteins that might have 

relevant functions in the associated traits of DPF and FE. 

APF is a fruit firmness related trait that is directly related to fruit epidermis and puncture-ability 

of the fruit. The SNP that was associated with APF is located in the coding region of a gene for 

EPFL protein. EPFL regulates stomatal patterning (Takata, Yokota et al. 2013). Increased 

expression of EPFL in tomato has found improved drought tolerance, plant water efficiency, and 

decreased stomatal density (Jiang, Yang et al. 2019). During blueberry development, as the fruit 

expands, the stomatal density decreases (Fan-Hsuan, Lisa et al. 2020). Lower stomatal density 
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decreases conductance and Ca accumulation in fruit; additionally, previous studies have found 

that fruit firmness and Ca concentration are correlated (Lobos, Retamales et al. 2021). Thus, 

increased EPFL might have a negative effect on stomatal density and downstream effect of 

decreased fruit Ca concentrations as well as fruit firmness. 

The SNP associated with FW was in the coding region of exocyst complex component which is 

involved in cell morphogenesis. Previous research in exocyst function of Arabidopsis has found 

that exocyst subunit mutations produce plants with smaller organ sizes (Synek, Schlager et al. 

2006). Our results show that fruit size (PD and ED) is positively correlated with FW in blueberry 

(Figure 4.7); consequently, the exocyst complex component is a plausible candidate gene 

involved in fruit volume metrics. 

Our analysis identified multiple SCPL genes associated with CRM. Previous transcriptomic 

studies of SCPL in Vitis vinifera and carrot have found it to be related to anthocyanin acylation 

as an acyltransferase (Sun, Fan et al. 2016, Curaba, Bostan et al. 2020). Anthocyanin production 

and accumulation is a factor of blueberry fruit ripening and maturation. While blueberry fruit 

skin is composed of various anthocyanin aglycones with different sugar moieties, not all 

anthocyanins are acylated and not all blueberries contain acylated anthocyanins (Kalt, McDonald 

et al. 1999, Burdulis, Sarkinas et al. 2009, Müller, Schantz et al. 2012). However, the presence of 

anthocyanins is directly related to fruit color metrics. Our analyses identified more SNPs 

associated with CRM and with other traits (Table 4.3). Correspondingly, we found over a 

multiple candidate genes related to CRM located on multiple scaffolds. In addition to SCPL, we 

identified SNPs in the coding region of other genes which function in photosynthesis. While, 

blueberry fruit has decreased photosynthesis compared to leaves, previous studies have found 

that photosynthesis and sunlight conditions increase anthocyanin concentration compared with 
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shaded plant conditions, and thus are related to fruit color in blueberry (Zoratti, Jaakola et al. 

2015). As such these photosynthesis-related, CRM-associated genes merit further investigation 

for differential gene expression in fruit of shaded and non-shaded plants. 

Regarding TA-associated candidate genes, our results found association with glucuronic acid 

substitution of xylan (GUX) through UDP-glucuronate:xylan alpha-glucuronosyl-transferase 

(Reidel, Rennie et al. 2009, Lyczakowski, Wicher et al. 2017). The xylan 

glucuronosyltransferase gene has been identified to function in substituting glucuronic acid for 

sugar on the xylan of primary cell walls in rice (Gao, Sun et al. 2020). (Gao, Sun et al. 2020). 

Moreover, GUX-deficient Arabidopsis plants generated an increase in glucose compared with 

wildtype plants (Lyczakowski, Wicher et al. 2017). In gux1 and gux2 mutants, extracted xylan 

sugars were quantified compared to wild type plants, finding the wildtype plants to have 

increased soluble sugars. While TSS-pH and TSS-TA are not strongly correlated, the negative 

correlations are significant (Figure 4.7). 

The trait FB was associated with MAIN-LIKE-2, a gene involved in cell division and 

differentiation. Mutants of main and mail (MAIN-LIKE-1) were previously observed as having a 

loss of stem cell activity (Wenig, Meyer et al. 2013, Ühlken, Horvath et al. 2014). As blueberry 

plants exit dormancy, reproductive flower buds exhibit budbreak prior to vegetative buds, and 

are the predominant active dividing and differentiating regions of the plant during this time.  

 

CONCLUSION 

In this study we identified a total of 33,701 high quality SNPs through target capture sequencing 

of a diversity panel of inter- and intra-specific Vaccinium accessions. This study is unique in its 
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quantitative characterization of a large range of fruit and agronomic phenotypic characteristics. 

Overall, a total of 9,855 SNPs were aligned to 12 developed scaffolds. Further progress in 

Vaccinium scaffold development can foreseeably utilize a greater number of the identified SNPs 

in future gene characterizations. We identified 21 unique significant trait-associated SNPs for 

thirteen phenotypic measures. including FW, A, CRM, L, APF, DPF, FE, FRM, pH, TA, TSS, 

FB, and TBB. Among these significant trait-associated SNPs we detected hundreds of putative 

protein isoforms from which we isolated 47 notable candidate genes with relevant function for 

phenotypic traits including APF, FW, CRM, TA, and FB. We anticipate further GWAS analyses 

isolating accessions within environment to elucidate environment-specific genic regulation. 

Specifically, these data can be used to identify presence of candidate genes for anthocyanins 

acylation, firmness, fruit density, acidity, and flower development in developing progeny. 

Screening for these markers in progeny and subsequent marker assisted selection of progeny, 

more rapidly advances a population while reducing the resources and inputs. The research 

performed in this study aids in the development of advanced breeding techniques for blueberry 

for the ultimate goal of accelerating time to cultivar release. 
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 Table 4.1. Analysis of variance (ANOVA) table of phenotypic traits across years 2019, and 2020, and three sequential harvests. 

    Sources of Variation 

Traits Mean SE CV (%) G Y H G x Y G x H Y x H G x Y x H 

FW (g) 1.23 0.10 25.05 <.0001 0.1171 <.0001 <.0001 <.0001 <.0001 <.0001 

PD (mm) 104.45 351.26 17.94 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

ED (mm) 12.67 1.55 9.84 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

RI 0.81 0.00 7.68 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

L 28.19 1.83 4.80 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

A 0.62 0.01 19.26 <.0001 <.0001 <.0001 <.0001 <.0001 0.333 <.0001 

B -4.27 0.21 -10.67 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

HUE 4.30 0.20 10.31 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

CRM 266.27 51.41 2.69 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

FRM (g/mm) 185.36 1416.60 20.31 0.0229 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

APF (g) 5.80 0.06 4.22 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

DPF (mm) 5.84 1.80 22.98 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

FT (g) 263.45 33565.02 69.54 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

FE 36.32 144.00 33.04 <.0001 <.0001 <.0001 <.0001 <.0001 0.003 <.0001 

TSS (%) 13.79 1.13 7.70 <.0001 <.0001 <.0001 <.0001 <.0001 0.0005 <.0001 

pH 3.03 0.03 5.93 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

TA 0.86 0.03 19.59 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
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Table 4.2. Principal Components (PCs, eigenvalues >1) of measured phenotypic attributes.  

 PC1 PC2 PC3 PC4 PC5 PC6 

Eigenvalue 6.22 4.10 2.55 2.06 1.50 1.08 

% Variance 27.03 17.82 11.09 8.95 6.51 4.72 

Fruit Phenotype Trait       

FW 0.76 0.44 0.07 -0.28 -0.27 0.09 

PD 0.74 0.33 0.00 -0.23 -0.32 0.22 

ED 0.80 0.43 0.03 -0.27 -0.25 0.07 

RI -0.54 -0.37 -0.04 0.20 0.05 0.22 

L 0.85 -0.24 -0.27 0.07 0.20 0.04 

A -0.69 -0.10 0.36 -0.34 -0.38 0.06 

B -0.84 0.19 0.31 -0.13 -0.21 -0.11 

HUE 0.83 -0.20 -0.31 0.12 0.20 0.11 

CRM -0.48 -0.19 0.41 -0.41 -0.20 0.14 

FRM -0.02 -0.55 -0.45 -0.41 -0.06 0.44 

APF 0.11 -0.71 -0.42 -0.42 -0.20 -0.09 

DPF 0.49 -0.03 0.08 -0.02 -0.22 -0.75 

APD 0.15 -0.54 -0.39 -0.35 -0.21 -0.28 

FT -0.37 -0.76 -0.32 -0.23 0.00 -0.18 

FE -0.49 -0.13 -0.36 0.15 0.31 -0.06 

TSS -0.17 -0.06 -0.32 0.67 -0.49 -0.01 

pH 0.24 -0.19 0.49 -0.47 0.47 -0.06 

TA 0.76 0.44 0.07 -0.28 -0.27 0.09 

Flowering Phenotype Trait       

BB 0.18 -0.20 0.41 -0.06 0.35 -0.08 

FB -0.12 0.31 -0.17 -0.30 0.30 -0.09 

X1STBL -0.45 0.52 -0.45 -0.10 0.00 -0.05 

LSTBL -0.13 0.52 -0.27 -0.20 -0.03 0.02 

TBB -0.40 0.68 -0.48 -0.23 0.09 -0.05 

TD -0.41 0.65 -0.40 -0.30 0.20 -0.09 
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Table 4.3. The significant SNPs associated with color (A, CRM), firmness (APF, FE, FRM), flavor (pH, TA, TSS), flowering (FB, 

TBB), and volume metrics (DPF, FW). 

Metric  Trait  Scaffold Position Model r2 P 

Color A PGA_scaffold07    101,328,715  additive 0.037 0.004 

  PGA_scaffold09     18,946,771  additive 0.041 0.003 

  PGA_scaffold09     82,785,773  additive 0.116 <0.0001 

 CRM PGA_scaffold01     13,131,434  1-dom-ref 0.046 0.001 

  PGA_scaffold06     4,321,334  1-dom-ref 0.052 0.001 

  PGA_scaffold06     16,149,230  1-dom-ref 0.021 0.03 

  PGA_scaffold06     26,170,989  1-dom-ref 0.082 <0.0001 

  PGA_scaffold06     42,838,055  1-dom-ref 0.038 0.004 

  PGA_scaffold09     18,946,771  1-dom-ref 0.04 0.003 

  PGA_scaffold09     82,785,773  1-dom-ref 0.181 <0.0001 

  PGA_scaffold10     68,207,280  1-dom-ref 0.09 <0.0001 

 L PGA_scaffold05     20,585,875  additive 0.066 <0.0001 

Firmness APF PGA_scaffold02     17,422,360  1-dom-ref 0.092 <0.0001 

 FE PGA_scaffold03    106,222,669  2-dom-ref 0.087 <0.0001 

 FRM PGA_scaffold04     4,838,642  1-dom-ref 0.063 <0.0001 

  PGA_scaffold07     64,317,963  1-dom-ref 0.073 <0.0001 

Flavor pH PGA_scaffold12     96,874,452  1-dom-ref 0.111 <0.0001 

 TA PGA_scaffold11     35,902,083  1-dom-ref 0.089 <0.0001 
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Table 4.3 (continued). 

 TSS PGA_scaffold03     42,420,552  1-dom-alt 0.123 <0.0001 

Flowering FB PGA_scaffold04     92,277,074  additive 0.091 <0.0001 

 TBB PGA_scaffold10     30,056,593  additive 0.092 <0.0001 

Volume DPF PGA_scaffold03    101,046,672  additive 0.092 <0.0001 

 FW PGA_scaffold04     42,422,683  1-dom-ref 0.088 <0.0001 
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Table 4.4. The significant SNPs associated with firmness (APF, FRM) and flavor (TSS) phenotypic traits across two years (2019 and 

2020) and three sequential harvests per year. 

Year Harvest Trait Scaffold SNP Position r2 P  

1 2 TSS PGA_scaffold03 42,420,552 0.102 <0.001 

 3 APF PGA_scaffold5 32,296,490 0.995 <0.001 

2 1 FRM PGA_scaffold07 75,722,453 0.103 <0.001 

  TSS PGA_scaffold07 94,938,563 0.092 <0.001 

 2 TSS PGA_scaffold09 23,628,173 0.094 <0.001 
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Table 4.5. Gene ontology and putative protein description for identified significant SNPs in GWAS analysis. Color-related metrics 

included L = luminescence, A = a*, and CRM = chroma; firmness-related metrics included FRM = firmness, APF = absolute positive 

force, and FE = fruit elasticity; flavor-related metrics included TSS = total soluble solids, pH = pH, and TA = titratable acidity; 

flowering-related metrics included; FB = days to full bloom and TBB = total days from budbreak to 100% blue fruit; volume-related 

metrics included FW = fruit weight and DPF = distance at absolute positive force. 

Metric  Trait  Scaffold SNP Position Putative Protein Description Gene Ontology (GO) ID 

Color A PGA_scaffold7   101,328,715  

ATP-dependent 6-

phosphofructokinase 5, chloroplastic 

C:GO:0005634; C:GO:0005737; 

C:GO:0005737; F:GO:0005506; 

F:GO:0005515; F:GO:0010309; 

P:GO:0019509; P:GO:0051302 

  PGA_scaffold9    82,785,773  macrophage erythroblast attacher 

C:GO:0005840; C:GO:0022625; 

F:GO:0003723; F:GO:0003735; 

P:GO:0006412 

  PGA_scaffold9     82,785,773  protein MAEA homolog C:GO:0110165 

  PGA_scaffold9     18,946,771  

transcription initiation factor TFIID 

subunit 5 

C:GO:0005737; F:GO:0003824; 

F:GO:0003824; F:GO:0003872; 

F:GO:0005488; F:GO:0005524; 

F:GO:0016301; F:GO:0016740; 

F:GO:0046872; P:GO:0006002; 

P:GO:0006796; P:GO:0008152; 

P:GO:0016310; P:GO:0019637; 

P:GO:0061615; P:GO:1901135 

 CRM PGA_scaffold1     13,131,434  WD repeat-containing protein 

C:GO:0005737; C:GO:0009507; 

C:GO:0009536; C:GO:0009536; 

F:GO:0000166; F:GO:0005524; 

F:GO:0008233; P:GO:0006508; 

P:GO:0034605 

  PGA_scaffold10     68,207,280  60S ribosomal protein L4-like 

F:GO:0000978; F:GO:0000981; 

P:GO:0006357 
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Table 4.5 (continued). 

  PGA_scaffold10     68,207,280  

ATP-dependent Clp protease ATP-

binding subunit ClpA homolog CD4B, 

chloroplastic 

F:GO:0003824; F:GO:0003824; 

F:GO:0003855; F:GO:0004764; 

F:GO:0004764; F:GO:0004764; 

F:GO:0050661; P:GO:0006520; 

P:GO:0008652; P:GO:0009073; 

P:GO:0009423; P:GO:0016053; 

P:GO:0019632; P:GO:0019752; 

P:GO:0046394; P:GO:1901566 

  PGA_scaffold10     68,207,280  Chaperone protein ClpC 

C:GO:0009536; F:GO:0000166; 

F:GO:0005524 

  PGA_scaffold10     68,207,280  Clp ATPase C-terminal  

  PGA_scaffold10     68,207,280  Serine carboxypeptidase-like 

C:GO:0005789; C:GO:0005789; 

C:GO:0016020; C:GO:0016020; 

F:GO:0030544; P:GO:0009987; 

P:GO:0009987; P:GO:0010033; 

P:GO:0030433; P:GO:0033554; 

P:GO:0051085; P:GO:0071218 

  PGA_scaffold6      4,321,334  

chaperone protein dnaJ 11, 

chloroplastic-like 

C:GO:0000228; F:GO:0003712; 

P:GO:0006338; P:GO:0006357 

  PGA_scaffold6     16,149,230  Glycine dehydrogenase 

C:GO:0009532; C:GO:0009706; 

F:GO:0008233; F:GO:0097159; 

F:GO:1901363; P:GO:0045036 

  PGA_scaffold6     42,838,055  Histone-lysine N-methyltransferase 

C:GO:0000307; C:GO:0005634; 

F:GO:0004693; F:GO:0005524; 

F:GO:0008353; P:GO:0032968; 

P:GO:0051726; P:GO:0070816 

  PGA_scaffold6     26,170,989  

LOW QUALITY PROTEIN: 

hypothetical protein CKAN_02749800 

C:GO:0005886; C:GO:0016020; 

C:GO:0016021; F:GO:0020037; 

P:GO:0017003; P:GO:0017004 
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Table 4.5 (continued). 

  PGA_scaffold6     42,838,055  PHD finger family protein 

C:GO:0016021; F:GO:0003746; 

F:GO:0004364; F:GO:0004364; 

F:GO:0004364; F:GO:0016491; 

F:GO:0016740; P:GO:0000398; 

P:GO:0006412; P:GO:0006414; 

P:GO:0006518; P:GO:0006749 

  PGA_scaffold6     42,838,055  protein TAB2 homolog, chloroplastic 

C:GO:0000145; P:GO:0006887; 

P:GO:0006893; P:GO:0008104; 

P:GO:0060321 

  PGA_scaffold6     16,149,230  succinate dehydrogenase 5 

F:GO:0008168; F:GO:0016740; 

P:GO:0032259 

  PGA_scaffold6     26,170,989  Ubiquitin carboxyl-terminal hydrolase C:GO:0005840; C:GO:0016020 

  PGA_scaffold6     26,170,989  unknow protein 

F:GO:0003712; F:GO:0008168; 

F:GO:0016740; F:GO:0042393; 

F:GO:0046872; F:GO:0046872; 

P:GO:0032259; P:GO:0045892; 

P:GO:0045944 

 L PGA_scaffold5     20,585,875  Basic leucine zipper 23 

F:GO:0000829; F:GO:0016301; 

F:GO:0016740; P:GO:0016310 

Firmness APF PGA_scaffold2     17,422,360  

1,2-dihydroxy-3-keto-5-

methylthiopentene dioxygenase 2  

  PGA_scaffold2     17,422,360  

hypothetical protein 

RHSIM_Rhsim10G0069000  
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Table 4.5 (continued). 

 FE PGA_scaffold3    106,222,669  

ABC transporter B family member 26, 

chloroplastic 

C:GO:0005829; F:GO:0000827; 

F:GO:0000829; F:GO:0000832; 

F:GO:0005524; F:GO:0033857; 

F:GO:0052723; F:GO:0052724; 

F:GO:0102092; P:GO:0006020; 

P:GO:0016310; P:GO:0032958 

 FRM PGA_scaffold4      4,838,642  

bifunctional 3-dehydroquinate 

dehydratase/shikimate dehydrogenase, 

chloroplastic-like  

  PGA_scaffold4      4,838,642  spermatogenesis-associated protein 20 

C:GO:0005634; C:GO:0005737; 

C:GO:0034657; C:GO:0034657; 

F:GO:0004842; F:GO:0046872; 

F:GO:0061630; P:GO:0016567; 

P:GO:0043161 

  PGA_scaffold7     64,317,963  phospholipase SGR2 isoform X1 F:GO:0005488; P:GO:0006355 

Flavor pH PGA_scaffold12     96,874,452  chaperone protein dnaJ 49-like 

C:GO:0005773; C:GO:0009506; 

C:GO:0009705; C:GO:0110165; 

F:GO:0046872; P:GO:0009590; 

P:GO:0009660; P:GO:0009959 

 TA PGA_scaffold11     35,902,083  

putative UDP-glucuronate:xylan 

alpha-glucuronosyltransferase 3 

C:GO:0005634; F:GO:0000166; 

F:GO:0005524; F:GO:0016787; 

F:GO:0042393; F:GO:0070615 

  PGA_scaffold11     35,902,083  

Retrovirus-related Pol polyprotein 

from transposon TNT 1-94 

C:GO:0016020; F:GO:0005488; 

P:GO:0006869 
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Table 4.5 (continued). 

  PGA_scaffold11     35,902,083  

Vacuolar protein sorting-associated 

protein 

C:GO:0005622; C:GO:0005634; 

C:GO:0005737; C:GO:0034657; 

C:GO:0034657; C:GO:0110165; 

F:GO:0003743; F:GO:0004842; 

F:GO:0008168; F:GO:0046872; 

F:GO:0061630; P:GO:0006413; 

P:GO:0016567; P:GO:0032259; 

P:GO:0043161; P:GO:0044267; 

P:GO:0044267 

  PGA_scaffold11     35,902,083  

zinc finger CCCH domain-containing 

protein 38 isoform X1 

F:GO:0008483; F:GO:0016740; 

P:GO:0010073; P:GO:0048507 

  PGA_scaffold11     35,902,083  

zinc finger CCCH domain-containing 

protein 55 

C:GO:0016021; F:GO:0003723; 

F:GO:0003723; F:GO:0003723 

 TSS PGA_scaffold3     42,420,552  Putrescine-binding periplasmic protein 

C:GO:0005794; C:GO:0016020; 

C:GO:0016021; C:GO:0016021; 

F:GO:0015020; F:GO:0016740; 

F:GO:0016757; P:GO:0009834; 

P:GO:0045492 

  PGA_scaffold3     42,420,552  

spermidine-binding periplasmic 

protein SpuE 

C:GO:0016020; C:GO:0016021; 

C:GO:0042597; F:GO:0019808; 

P:GO:0015846 

Flowering FB PGA_scaffold4     92,277,074  

chromatin structure-remodeling 

complex protein BSH 

C:GO:0016020; C:GO:0016021; 

F:GO:0003676; F:GO:0003887; 

F:GO:0004491; F:GO:0008270; 

F:GO:0016491; F:GO:0016740; 

F:GO:0016779; P:GO:0006811; 

P:GO:0015074; P:GO:0071897 
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Table 4.5 (continued). 

  PGA_scaffold4     92,277,074  

cytochrome c-type biogenesis protein 

CcmE homolog, mitochondrial 

C:GO:0005576; C:GO:0005773; 

F:GO:0004185; P:GO:0006508 

  PGA_scaffold4     92,277,074  

P-loop containing nucleoside 

triphosphate hydrolases superfamily 

protein 

C:GO:0009507; C:GO:0009507; 

F:GO:0003747; P:GO:0005975; 

P:GO:0006412; P:GO:0006415 

  PGA_scaffold4     92,277,074  protein MAIN-LIKE 2-like 

C:GO:0009941; C:GO:0042597; 

F:GO:0019808; P:GO:0015846 

 TBB PGA_scaffold10     30,056,593  Cyclin-dependent kinase C-2 

C:GO:0005622; C:GO:0005739; 

C:GO:0016020; C:GO:0016021; 

C:GO:0045273; F:GO:0004497; 

F:GO:0005506; F:GO:0016705; 

F:GO:0020037; P:GO:0006099 

  PGA_scaffold10     30,056,593  elongation factor 1-gamma 

C:GO:0005634; C:GO:0005669; 

C:GO:0005669; F:GO:0003743; 

F:GO:0016251; F:GO:0016740; 

P:GO:0006367; P:GO:0006413 

  PGA_scaffold10     30,056,593  F-box protein CPR30-like isoform X1 

C:GO:0016021; C:GO:0016021; 

F:GO:0004843; F:GO:0008233; 

P:GO:0006508; P:GO:0006511; 

P:GO:0016579 

Volume DPF PGA_scaffold3    101,046,672  

hypothetical protein 

CICLE_v100109632mg, partial  

  PGA_scaffold3    101,046,672  

Inositol hexakisphosphate and 

diphosphoinositol-pentakisphosphate 

kinase F:GO:0016301; P:GO:0016310; 

 FW PGA_scaffold4     42,422,683  exocyst complex component EXO84C C:GO:0110165 

  PGA_scaffold4     42,422,683  

hypothetical protein 

RHSIM_Rhsim13G0127300 

C:GO:0009536; F:GO:0008168; 

F:GO:0016491; P:GO:0032259; 

P:GO:0044237 
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Table 4.5 (continued). 

  PGA_scaffold4     42,422,683  

probable phospholipid-transporting 

ATPase 5 F:GO:0003677; F:GO:0046872 

  PGA_scaffold4     42,422,683  

uncharacterized protein 

LOC114279783 

F:GO:0003677; F:GO:0005488; 

F:GO:0046872 F:GO:0046872 
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Table 4.6. Major contributing species introgression for known pedigrees of 251 diversity panel accessions. 
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'Arlen' 96.88 0.00 78.13 12.50 0.00 0.00 0.00 0.00 6.25 0.00 

B-66-5 x B-66-4 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 

Ballington#1 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 

'Beaufort' 90.63 0.00 78.13 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

'Biloxi' 66.41 0.00 32.03 28.13 0.00 0.00 0.00 0.00 6.25 0.00 

'Blueridge' 96.88 12.50 59.38 25.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Brigitta' 46.88 0.00 46.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Carteret' 71.09 0.00 71.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CHID1-24:1 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CHID1-4:58 68.75 0.00 53.13 0.00 0.00 0.00 0.00 12.50 1.56 1.56 

CHID2-4:74 95.31 0.00 60.93 31.25 0.00 0.00 0.00 0.00 3.13 0.00 

'Duplin' 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Echota' 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Emerald' 56.25 0.00 42.97 13.28 0.00 0.00 0.00 0.00 0.00 0.00 

F2 (NC3865 x NC3048) 83.59 0.78 0.00 29.69 0.00 0.00 25.00 0.00 0.00 28.13 

'G615' 86.72 0.00 67.97 12.50 0.00 0.00 0.00 0.00 6.25 0.00 

'Gupton' 48.44 0.00 35.94 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

'Hannah's Choice' 100.00 6.25 93.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Legacy' 87.50 0.00 62.50 25.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Lenoir' 90.63 0.00 78.13 12.50 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 4.6 (continued). 

'Misty' 67.97 0.00 57.03 3.13 0.00 0.00 0.00 0.00 3.13 4.69 

NC1146 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC1171 57.81 0.00 45.31 0.00 0.00 0.00 0.00 0.00 6.25 6.25 

NC2207 100.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

NC2267 45.31 3.13 10.93 18.75 0.00 0.00 0.00 0.00 0.00 12.50 

NC2558 x NC4074 70.31 0.00 45.31 0.00 0.00 0.00 0.00 0.00 0.00 25.00 

NC2672 100.00 6.25 56.25 12.50 0.00 0.00 0.00 0.00 25.00 0.00 

NC2678 84.38 12.50 59.38 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

NC2852 94.53 0.00 44.53 0.00 0.00 0.00 0.00 50.00 0.00 0.00 

NC2858 98.44 0.00 48.44 0.00 50.00 0.00 0.00 0.00 0.00 0.00 

NC2860 100.00 0.00 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 

NC2898 71.09 0.00 71.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC2927 62.50 0.00 62.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC2930 75.00 0.00 50.00 0.00 0.00 0.00 0.00 25.00 0.00 0.00 

NC2982 75.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 50.00 25.00 

NC3048 67.97 1.56 0.78 9.38 0.00 0.00 50.00 0.00 0.00 6.25 

NC3104 83.59 3.13 63.28 15.63 0.00 0.00 0.00 0.00 0.00 1.56 

NC3114 96.09 0.00 86.72 6.25 0.00 0.00 0.00 0.00 3.13 0.00 

NC3211 96.09 6.25 77.34 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

NC3257 70.31 0.00 64.06 0.00 0.00 0.00 0.00 0.00 3.13 3.13 

NC3311 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC3319 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC3352 100.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC3419 89.06 3.13 60.94 6.25 0.00 0.00 0.00 0.00 12.50 6.25 

NC3458 100.00 0.00 75.00 0.00 25.00 0.00 0.00 0.00 0.00 0.00 

NC3464 100.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 25.00 25.00 

NC3472 100.00 0.00 50.00 0.00 0.00 0.00 0.00 50.00 0.00 0.00 

NC3476 91.41 3.13 69.53 6.25 0.00 0.00 0.00 0.00 12.50 0.00 

NC3478 82.03 3.13 60.16 6.25 0.00 0.00 0.00 0.00 12.50 0.00 
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Table 4.6 (continued). 

NC3494 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC3530 100.00 0.00 50.00 0.00 0.00 50.00 0.00 0.00 0.00 0.00 

NC3577 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC3603 93.75 0.00 62.50 18.75 0.00 0.00 0.00 0.00 6.25 6.25 

NC3773 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC3781 75.00 0.00 25.00 12.50 25.00 0.00 0.00 0.00 6.25 6.25 

NC3785 75.00 0.00 25.00 12.50 25.00 0.00 0.00 0.00 6.25 6.25 

NC3883 50.00 0.00 0.00 0.00 0.00 50.00 0.00 0.00 0.00 0.00 

NC3920 100.00 0.00 50.00 0.00 0.00 50.00 0.00 0.00 0.00 0.00 

NC3954 100.00 0.00 25.00 0.00 0.00 75.00 0.00 0.00 0.00 0.00 

NC4002 69.53 5.47 39.06 0.00 25.00 0.00 0.00 0.00 0.00 0.00 

NC4004 43.75 4.69 39.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4011 43.75 4.69 39.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4034 100.00 0.00 25.00 62.50 0.00 0.00 0.00 0.00 6.25 6.25 

NC4064 89.06 0.00 85.94 0.00 0.00 0.00 0.00 0.00 1.56 1.56 

NC4121 88.28 0.00 78.91 6.25 0.00 0.00 0.00 0.00 3.13 0.00 

NC4122 100.00 0.00 90.63 6.25 0.00 0.00 0.00 0.00 3.13 0.00 

NC4124 56.25 0.00 56.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4131 82.03 6.25 66.41 6.25 0.00 0.00 0.00 0.00 1.56 1.56 

NC4151 x NC3104 86.72 1.56 27.34 7.81 0.00 0.00 0.00 0.00 25.00 25.00 

NC4278 78.91 0.00 66.41 0.00 12.50 0.00 0.00 0.00 0.00 0.00 

NC4279 78.91 0.00 66.41 0.00 12.50 0.00 0.00 0.00 0.00 0.00 

NC4300 100.00 50.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4302 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4307 100.00 0.00 25.00 0.00 75.00 0.00 0.00 0.00 0.00 0.00 

NC4329 67.19 0.00 57.81 0.00 0.00 0.00 0.00 0.00 6.25 3.13 

NC4339 47.66 0.78 12.50 6.25 0.00 0.00 25.00 0.00 0.00 3.13 

NC4351 74.22 0.00 74.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4360 84.38 0.00 68.75 12.50 0.00 0.00 0.00 0.00 3.13 0.00 
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Table 4.6 (continued). 

NC4361 90.63 0.00 75.00 12.50 0.00 0.00 0.00 0.00 3.13 0.00 

NC4385 81.25 0.00 71.88 6.25 0.00 0.00 0.00 0.00 3.13 0.00 

NC4392 59.38 0.00 59.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4394 95.31 0.00 70.31 0.00 0.00 0.00 0.00 0.00 0.00 25.00 

NC4398 74.22 1.56 38.28 15.63 0.00 0.00 0.00 6.25 12.50 0.00 

NC4404 94.53 0.00 88.28 6.25 0.00 0.00 0.00 0.00 0.00 0.00 

NC4411 73.44 3.13 70.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4421 45.31 3.13 35.94 6.25 0.00 0.00 0.00 0.00 0.00 0.00 

NC4426 45.31 3.13 35.94 6.25 0.00 0.00 0.00 0.00 0.00 0.00 

NC4434 70.31 3.13 60.94 6.25 0.00 0.00 0.00 0.00 0.00 0.00 

NC4499 47.66 0.78 12.50 6.25 0.00 0.00 25.00 0.00 0.00 3.13 

NC4509 80.47 0.78 21.88 29.69 0.00 0.00 25.00 0.00 0.00 3.13 

NC4511 57.81 0.00 43.75 14.06 0.00 0.00 0.00 0.00 0.00 0.00 

NC4519 90.63 0.00 0.00 0.00 0.00 50.00 0.00 25.00 9.38 6.25 

NC4564 70.31 3.13 60.94 6.25 0.00 0.00 0.00 0.00 0.00 0.00 

NC4574 75.00 0.00 75.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4582 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4593 92.19 0.00 60.94 31.25 0.00 0.00 0.00 0.00 0.00 0.00 

NC4597 95.31 3.13 85.94 6.25 0.00 0.00 0.00 0.00 0.00 0.00 

NC4600 100.00 0.00 75.00 0.00 0.00 25.00 0.00 0.00 0.00 0.00 

NC4606 75.00 0.00 37.50 12.50 0.00 12.50 0.00 0.00 6.25 6.25 

NC4608 100.00 0.00 75.00 0.00 0.00 0.00 0.00 25.00 0.00 0.00 

NC4618 78.91 0.78 70.31 4.69 0.00 0.00 0.00 0.00 0.00 3.13 

NC4625 100.00 0.00 75.00 25.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4627 98.44 0.00 64.06 18.75 0.00 0.00 0.00 6.25 9.38 0.00 

NC4630 80.47 0.78 46.88 4.69 0.00 0.00 25.00 0.00 0.00 3.13 

NC4638 71.09 0.00 52.34 6.25 12.50 0.00 0.00 0.00 0.00 0.00 

NC4643 76.56 0.00 51.56 0.00 0.00 0.00 0.00 0.00 0.00 25.00 

NC4654 79.69 0.00 42.19 0.00 6.25 0.00 0.00 31.25 0.00 0.00 

 



   

217 

    

Table 4.6 (continued). 

NC4661 81.25 0.00 59.38 6.25 6.25 0.00 0.00 6.25 3.13 0.00 

NC4664 81.25 0.00 59.38 6.25 6.25 0.00 0.00 6.25 3.13 0.00 

NC4671 87.50 0.00 81.25 0.00 0.00 0.00 0.00 0.00 3.13 3.13 

NC4676 87.50 0.00 81.25 0.00 0.00 0.00 0.00 0.00 3.13 3.13 

NC4681 100.00 6.25 81.25 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

NC4696 76.56 1.56 62.50 3.13 0.00 0.00 0.00 0.00 7.81 1.56 

NC4701 86.72 1.56 50.78 15.63 0.00 0.00 0.00 6.25 12.50 0.00 

NC4710 71.88 0.00 50.00 0.00 0.00 0.00 0.00 0.00 21.88 6.25 

NC4712 71.88 0.00 50.00 0.00 0.00 0.00 0.00 0.00 21.88 6.25 

NC4721 95.31 6.25 51.56 12.50 0.00 0.00 0.00 0.00 25.00 0.00 

NC4728 95.31 0.00 70.31 0.00 0.00 0.00 0.00 0.00 25.00 0.00 

NC4738 83.59 0.00 67.97 0.00 0.00 0.00 0.00 0.00 7.81 7.81 

NC4859 82.81 0.00 0.00 29.69 0.00 0.00 25.00 0.00 0.00 28.13 

NC4885 88.28 0.00 30.47 31.25 0.00 0.00 0.00 0.00 1.56 25.00 

NC4886 98.44 0.00 39.06 31.25 0.00 0.00 0.00 0.00 3.13 25.00 

NC4900 93.75 0.00 43.75 12.50 0.00 0.00 0.00 31.25 6.25 0.00 

NC4953 80.47 0.00 67.97 0.00 0.00 0.00 0.00 0.00 12.50 0.00 

NC4958 46.88 0.00 46.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4961 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC4976 81.25 0.00 45.31 12.50 0.00 0.00 0.00 9.38 10.94 3.13 

NC4979 81.25 0.00 45.31 12.50 0.00 0.00 0.00 9.38 10.94 3.13 

NC4991 76.56 1.56 62.50 3.13 0.00 0.00 0.00 0.00 7.81 1.56 

NC4994 70.31 1.56 56.25 3.13 0.00 0.00 0.00 0.00 7.81 1.56 

NC4996 97.66 0.00 75.78 18.75 0.00 0.00 0.00 0.00 3.13 0.00 

NC5001 89.84 0.00 61.72 0.00 0.00 25.00 0.00 0.00 1.56 1.56 

NC5006 89.84 0.00 61.72 0.00 0.00 25.00 0.00 0.00 1.56 1.56 

NC5015 82.81 0.00 82.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC5019 93.75 0.00 43.75 12.50 0.00 0.00 0.00 31.25 6.25 0.00 

NC5022 93.75 0.00 43.75 12.50 0.00 0.00 0.00 31.25 6.25 0.00 

NC5053 77.34 0.78 31.25 17.19 0.00 0.00 25.00 0.00 0.00 3.13 
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Table 4.6 (continued). 

NC5066 46.88 0.00 46.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC5068 46.88 0.00 46.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC5071 67.19 0.00 57.81 0.00 0.00 0.00 0.00 0.00 6.25 3.13 

NC5072 81.25 0.00 71.88 6.25 0.00 0.00 0.00 0.00 3.13 0.00 

NC5140 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC5197 97.66 0.00 75.78 18.75 0.00 0.00 0.00 0.00 3.13 0.00 

NC5199 76.56 1.56 62.50 3.13 0.00 0.00 0.00 0.00 7.81 1.56 

NC5204 91.41 0.00 50.78 6.25 12.50 0.00 0.00 9.38 9.38 3.13 

NC5207 79.69 1.56 40.63 9.38 0.00 0.00 0.00 9.38 15.63 3.13 

NC5211 81.25 0.00 71.88 6.25 0.00 0.00 0.00 0.00 3.13 0.00 

NC5214 23.44 0.00 10.94 0.00 12.50 0.00 0.00 0.00 0.00 0.00 

NC5216 34.38 0.00 32.81 1.56 0.00 0.00 0.00 0.00 0.00 0.00 

NC5236 100.00 0.00 25.00 75.00 0.00 0.00 0.00 0.00 0.00 0.00 

NC5266 89.06 0.00 46.88 28.13 0.00 0.00 0.00 0.00 1.56 12.50 

NC80-2-14 100.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

'Newhanover' 83.59 3.13 63.28 15.63 0.00 0.00 0.00 0.00 0.00 1.56 

NJ90-54-13 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 

'O'Neal' 91.41 6.25 72.66 6.25 0.00 0.00 0.00 0.00 3.13 3.13 

'Pamlico' 90.63 0.00 78.13 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

'Pender' 98.44 0.00 98.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI296399 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI346589 100.00 0.00 0.00 0.00 0.00 0.00 0.00 25.00 25.00 50.00 

PI554766 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554793 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554798 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554800 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554801 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554802 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554804 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554805 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 4.6 (continued). 

PI554807 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554808 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554810 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554812 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554814 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554815 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554816 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554817 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554818 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554820 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554821 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554823 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554826 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554827 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554829 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554831 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554833 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554835 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554840 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554842 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554843 100.00 25.00 75.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554845 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554846 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554847 87.50 25.00 62.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554851 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554852 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554856 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554858 50.00 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554859 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554860 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 4.6 (continued). 

PI554865 100.00 0.00 75.00 0.00 0.00 0.00 0.00 0.00 0.00 25.00 

PI554866 75.00 0.00 75.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554871 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554873 96.88 0.00 71.88 25.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554878 46.88 0.00 46.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554879 87.50 0.00 81.25 0.00 0.00 0.00 0.00 0.00 3.13 3.13 

PI554883 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554942 100.00 25.00 75.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554944 91.41 6.25 72.66 6.25 0.00 0.00 0.00 0.00 3.13 3.13 

PI554952 87.50 25.00 62.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554953 100.00 25.00 75.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI554957 48.44 0.00 10.94 25.00 0.00 0.00 0.00 0.00 12.50 0.00 

PI614082 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618023 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618024 90.63 6.25 84.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618035 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618163 75.00 12.50 62.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618164 87.50 0.00 62.50 25.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618166 46.88 0.00 46.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618167 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618168 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618181 96.88 0.00 78.13 12.50 0.00 0.00 0.00 0.00 6.25 0.00 

PI618194 76.56 3.13 57.81 10.94 0.00 0.00 0.00 0.00 3.13 1.56 

PI618195 74.22 0.00 42.97 28.13 0.00 0.00 0.00 0.00 3.13 0.00 

PI618230 100.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618233 96.88 0.00 71.88 25.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618259 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618260 100.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618262 46.88 0.00 46.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI618270 96.88 25.00 46.88 0.00 0.00 25.00 0.00 0.00 0.00 0.00 
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Table 4.6 (continued). 

PI638328 50.00 0.00 25.00 0.00 0.00 0.00 0.00 0.00 0.00 25.00 

PI638330 60.94 0.00 23.44 6.25 25.00 0.00 0.00 0.00 3.13 3.13 

PI638332 53.91 0.00 25.78 0.00 25.00 0.00 0.00 0.00 1.56 1.56 

PI638337 78.91 0.00 25.78 0.00 50.00 0.00 0.00 0.00 1.56 1.56 

PI638764 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PI666656 96.88 0.00 78.13 12.50 0.00 0.00 0.00 0.00 6.25 0.00 

'Pinnacle' 86.72 0.00 74.22 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

'Reveille' 87.50 0.00 81.25 0.00 0.00 0.00 0.00 0.00 3.13 3.13 

'Sampson' 100.00 6.25 81.25 12.50 0.00 0.00 0.00 0.00 0.00 0.00 

'Snowchaser' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Southmoon' 83.59 0.00 53.13 4.69 0.00 0.00 0.00 0.00 0.78 25.00 

'Springhigh' 39.06 0.00 25.00 1.56 0.00 0.00 0.00 0.00 0.00 12.50 

'Star' 39.84 3.13 32.03 3.13 0.00 0.00 0.00 0.00 0.00 1.56 

'Summit' 96.88 0.00 78.13 12.50 0.00 0.00 0.00 0.00 6.25 0.00 

'Sunrise' 90.63 6.25 84.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'Suzi Blue' 57.81 1.56 23.44 7.81 0.00 0.00 0.00 0.00 25.00 0.00 

US845 60.94 0.00 23.44 6.25 25.00 0.00 0.00 0.00 3.13 3.13 

Average species in diversity panel  2.40 60.79 5.66 1.97 2.00 0.92 2.07 2.72 3.64 

* Accessions with < 100% total known pedigree species contribution have open pollinations indicated in pedigree history. 
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Figure 4.1. Genomic data filtering and analysis workflow from acquisition of raw data, 

including development of STRUCTURE SNP dataset, phylogeny SNP dataset, and GWAS SNP 

dataset.  
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Figure 4.2. Distribution of color-related metrics across the diversity panel. Fruit color-related metrics include L (A), A (B), B (C), 

CRM (D), and HUE (E), with the diversity panel average, averaged genotypic minimum, and averaged genotypic maximum values. L 

= luminescence; A = a*; B = b*; HUE= hue; CRM = chroma.  
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Figure 4.3. Distribution of firmness-related metrics across the diversity panel. Fruit firmness-related traits include FRM (A), APF (B), 

FT (C), and FE (D) with the diversity panel average, averaged genotypic minimum, and averaged genotypic maximum values. FRM = 

firmness; APF = absolute positive force; FT = force at target; FE = fruit elasticity. APF has been log transformed for normalization of 

data. 
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Figure 4.4. Distribution of flavor-related metrics across the diversity panel. Fruit flavor-related traits include TSS (A), pH (B), and 

TA (C), with the diversity panel average, averaged genotypic minimum, and averaged genotypic maximum values. TSS = total soluble 

solids; pH = pH; TA = titratable acidity. 
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Figure 4.5. Distribution of flowering-related metrics across the diversity panel. Flowering-related traits include BB (A), 1STBL (B), 

TBB (C), FB (D), LSTBL (E), and TD (F), with the diversity panel average, averaged genotypic minimum, and averaged genotypic 

maximum values. BB = days from January 1st to budbreak; FB = days from budbreak to full bloom; 1STBL = days from full bloom to 

10% mature blue fruit; LSTBL = days from 10% mature blue fruit to 100% blue fruit; TBB = total days from budbreak to 100% blue 

fruit; TD = total days from January 1st to 100% blue fruit.  
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Figure 4.6. Distribution of volume-related metrics across the diversity panel. Fruit volume-related traits include FW (A), PD (B), ED 

(C), RI (D), and DPF (E), with the diversity panel average, averaged genotypic minimum, and averaged genotypic maximum values. 

FW = fruit weight; PD = polar diameter; ED = equatorial diameter; RI= roundness index; DPF = distance at absolute positive force. 

PD and ED were square transformed for normalization of data.
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Figure 4.7. Pair-wise Pearsonôs correlation coefficients for 17 evaluated phenotypic characteristics. FW = fruit weight; PD = polar 

diameter; ED = equatorial diameter; RI= roundness index; L = luminescence; A = a*; B = b*; HUE= hue; CRM = chroma; FRM = 

firmness; APF = absolute positive force; DPF = distance at absolute positive force; FT = force at target; FE = fruit elasticity; TSS = 

total soluble solids; pH = pH; TA = titratable acidity. 
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Figure 4.8. Number of mapped and raw reads in accessions within the diversity panel including 

288 accessions (A), and a reduced panel only including 251 accessions with the low coverage 

accessions are removed (B).  
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Figure 4.9. SNP density map depicting SNP distribution across the 12 scaffolds.  
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Figure 4.10. Manhattan plots (A-E) and qq-plots (F-J) of color-related traits. Fruit color-related 

traits include L (A, F), A (B, G), B (C, H), HUE (D, I), and CRM (E, J). L = luminescence; A = 

a*; B = b*; HUE= hue; CRM = chroma. The dotted horizontal line indicates the significance 

threshold p < 0.05 (m.eff). 


