ABSTRACT

REDPATH, LAUREN ELIZABETH. Genomé&Vide Association Mapping of Fruit Quality
Related Traits in a Diversity Panel of Blueberrigénder the directioof Dr. Hamid Ashrafi and
Dr. ThomasRanney.

Hidden in ornamental and nawiltivated species of blueberry are commercially
important characteristics such as increased anthocyanin content imfpudyedfruit firmness,
and uniformity in flowering and fruiting. Recognizing these novel fruit andragmic
characteristics, the blueberry breeding prograiaath Carolina State UniversifNCSU)
establishe@ninter- and intraspecific hybrid population. My research leveddges population
to developmolecularbreeding tooldgor implementation into th blueberry breeding program and
acceleratiorof new commercial blueberry cultivegleasesUsingflow cytometry, we selected a
populationof diverse tetraploid individualsleterminng thegenome size estimate$
investigated genotypeb a comprehenge analysis, my research evalubteer fifteen
phenotypic traits for metrics including anthocyanins, color, firmness, flavor, flowering, and
volume, for the ultimate goal sfngle nucleotide polymorphisni$KNP marker development for
uniquetraits confered by the hybridized native species in a genome wide association study
(GWAS). In our analyses we repedon the different effects of environment, year, and harvest
on the phenotypic measures. My research into these hybrids provides new information in
blueberry genetics for desirable traits and provides a foundation for marker assisted selection.
Through identification of these genomic regions, we can screen young blueberry plants for
identical regions conferring these traits for selection purposes. pawglgenomic tool$or
marker assisted selection of progeny, wefoaans 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 | was dedicated to biology, plant sciences were not the forefront of my
studies as | graduated high school and moved into undergraduate levels of unikeesitying
the College of Charleston, my studies revolved around chemistry, molecular biology, and
French. | participated in different research assistantships including organic chemistry
emphasizing aldol and Claisen condensations, as well as-mamiaebiology. | 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, | explored language and crdtudiversity through French language and Chinese

language courses.

In 2010, I received my undergraduate baccalaureate degrees in biology and French. Post
graduation, | yearned for further cultural diversification; | moved to South Korea to teach
Englishas 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. | felt like an
adventurer in an unknown world. This expansion came with a unique set of déBg¢ulti
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.
| developed both mentally and emotionally in this year. Fohgwny tenure in South Korea, |
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 slowrescendo. | first began by studying Japanese until | 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. Etiveiied in

distance education courses at North Carolina State University, attending recorded lectures,
performing seHdriven field trips, and reporting on viticulture and plant pathology projects. This
avenue of science became a passion. It was an ardagiufrom foreign shores and being a-self
starter was a critical skill. | 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. &riSmith, | 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 selecultivars. 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 incued from late spring freezes. Overall, this research informed growers on frost
protection and resource management recommendations for blueberry crop production throughout
dormancy. As | finalized my master étethd hesi s,
scientific community sought greater heights; | wanted to contribute on a larger scale with broader

research impacts.

Foll owing my masterdds progr am, | |l everaged
securing a position as a doctoral student under BmiH Ashrafi at North Carolina State
University, wherein | had the opportunity to design my own project of study for my doctoral
degree. | developed a project researching unique hybrid germplasm genetics that would have

ramifications in commercial bluebgreultivation 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 grater scientific impact and a new adventure. Here my ambition was to be the
foundation for the evolution and advancement of using molecular technigues to expedite
selection and varietal development in blueberry breeding. My research sets the stage for

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

As | conclude my doctoral program, the direction of my career goals is defined in terms
of research focus and impact. Influenced by my doctoral research, | am interested in pursuing
research in flowering crops and perennials with uncharacterized nutritional value and
undiscovered traits. | see native species as a resource for discovering novel phenotypes that will
have a greater impact on crop advancements, in addition to the irat@mpaf new traits with
potential to open new or expand niche economic markets. In continuing my career as a plant
breeder, | 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 andPloidy L evels of North AmericanVaccinium Species and

I nterspecific Hybrids

ABSTRACT

Breeding strategies for improving bluebersatciniumcorymbosum and. virgatun)
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 andnfertility, 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, gewaheeassociation 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\emtiniumsectians and
species that comprise an intand intraspecific 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 aoesdbat are simultaneously
being used for related genomic studies, in addition to 11&gbnd Vacciniumspecies across
multiple sections. The nuclear DNA content was analyzed via flow cytometry. The mean (range)

DNA content of diploid, tetraploid, arftexaploid reference species was 1.20 pg (0.99 pg in
1



crassifoliumo We |l | 6 s Del i §.lcaedarienshiC7D24), 2.37 pg(2.11 pg .
corymbosun® Concor d o \. coryrBhosurDESP9], and B.64 pg (3.24 %
constablaeNC83-21-2 to 380 inV. virgatumo Pr e mi er 6 and NC4790), resfg
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 readilgdized with tetraploids,
producing tetraploids, includéd caesariense/. darrowii, V. elliottii, V. ovatumV. pallidum

andV. tenellumindicating that they produce unreduced gametes. Tetraploid hybrid pedigrees,
which involved hexaploid crosses wiitithree 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 ofdélke 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 tetraploidvacciniumcorymbosum (L.) has been the primary species contributor to many
blueberry cultivars (@= 4x = 48). In the early days of blueberry breeding, (1910s) Dr. Frederick

Coville utilized elite, wild selections &f. corymbosunto create the foundational breeding lines
2



and introduced cultivars, includiogThes€.r ook s o,
corymbosuni 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 seutiNacciniumspecies, including

V. darrowii Camp (2 = 2x = 24),V. elliottii Chapman (8 = 2x = 24),V. pallidumAiton (2n =

4x = 48),V. simulatunSmall (zh = 4x = 48), V. tenellumAiton (2n = 2x = 24), andV. virgatum

Aiton (2n = 6x = 72), which have native geographic ranges in Louisiana, Florida, Georgia, and
Sout h Car ol i Wanyrtlloides Mdd h &émawxx2 (R24), a native | ov
found in the northern latitudes, giving rise to southern highbush blueb@H&) (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 blugtygmoduction 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 produote crosses are between diploid x hexaploid and tetraploid x hexaploid species.
Comparatively, both triploids and tetraploids can be produced from diploid x tetraploid crosses;
however triploids produced from diploid x tetraploid are infrequent due tgboid block in the
majority of Vacciniumspecies (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., 202@trdploids are more frequently produced from
diploid x 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



production of unreduced gametes or chemical treatment of colchicine or oryzalin. Normal
meiotic events in a diploisfacciniumplant 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@ 2x = 24) (Ortiz et al., 1992a; Qu and Vorsa, 1999). While
native production of unreduced gametes occurs at a low frequency in atareydiploid
Vacciniumspecies, the production of unreduced gametes enables hybridization with receptive
tetraploid species. Among studied diplddcciniumspecies/. boreale(Hall and Aalders)y.
darrowii, V. elliottii, V. myrtilloides V. pallidum ard V. tenellumaverage unreduced pollen
gametic frequency ranges between 9.8ngyrtilloideg and 16.35%\(. darrowii) (Ortiz et al.,
1992b). Low frequency of unreduced gamete production necessitates an increased number of
crosses to produce hybrid tgilaid 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, Macciniumspecies that do not natively produce
unreducedjametes. Induced tetraploids can be crossedWitorymbosumand other tetraploid
Vacciniumspecies to make interspecific or intersectional hybridizations possible (Perry and

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

The ploidy of selecYacciniumspecies ath interspecific hybrids has been primarily determined
through cytology and chromosome counting in microspooghercells of inflorescence bud
tissue (Longley, 1927). Additionally, a few studies in sél&atciniumgenotypes utilized the

root tips of seedhgs and shoot apices from mature plants to determine chromosome number
(Atkinson et al., 1995; Suda and Lysak, 2001). Cytological methods are arduous because

Vacciniumchromosomes are A0 um in size, which present challenges in chromosome

4



counting ahigher 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. Furthedmereytometry

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 nexgeneration sequencing (NGS) teclugges, the size of genomes can be
estimated by computational biology tools such as BBNorm (Bushnell, 2018), GenomeScope
(RanalleBenavidez et al., 2020a), and FindGSE (Sun et al., 2018) which provide estimates of
genome size and Jellyfish (Marcais andd&ford, 2011) or KAT (Mapleson et al., 2017) that
calculate kmer frequencies. Although computationally, sequencing data of any organism with
any ploidy level can be analyzed by GenomeScope v2.0, using this tool for polyatmichium

species genomes waconsistent with the results obtained from diplgatciniumspecies.

K-mer distribution is a set of possible subsequences of length k that are contained within a given
sequencing read. Analysis oinker distribution provides a robust and straightforwasdhod for
estimating the genome size by utilizing whglenome raw sequencing reads (Liu et al., 2013).
Once the kmer frequency distribution is generated from the raw sequencing reads, the genome

size can then be approximated by the total numbemadrk 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
Vacciniumsections, species, and an irt@nd intraspecific diversitygmel (DP) of blueberry
used at NC State blueberry breeding program and USR& National Clonal Germplasm

Repository (NCGR, Corvallis, OR).



MATERIALS AND METHODS

Plant Materials

Dormant inflorescence bud tissues were collected from two locations, Glamina State

University (NCSU) Sandhills Research Station (Jackson Springs, NC) and-ABBANCGR

Corvallis, OR). The DP is composed of 369 unique genotypes (199 from Jackson Springs, and 71
from Corvallis). Of these, 125 were released cultivars (2dtedain Jackson Springs, 101

planted in Corvallis). A total of 118 genotypes were selected to describe 27 di¥fapentium

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

and complex crosses that are baisgd 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-BBSBANCGR was shipped
overnight to the NCSU MountaiHorticultural Crops Research and Extension Center (Mills

River, NC) for nextday flow cytometry analysis.

Flow Cytometry

Individual inflorescence bud tissue was analyzed in triplicate for each plant gerRisypa.
sativum( L. ) O Ct i r a@réilhupes et &.62007)§sker2e@ as arf internal reference for
genome size estimation. Approximately 50 mg of fresh tissue from\&adiniumgenotype and

P. sativum were chopped together with a razor blade in 500 pL of nuclei extraction buffer
(Partec Cy&in Pl Absolute P Nuclei Extraction Buffer, Sysmex Partec, Gorlitz, Germany)
before the addition of nuclei staining buffer (CyStain Pl Absolute P, Sysmex Partec) solution.

The staining buffer was comprised of 2 mL staining buffer, 12 pL propidium ioalke6 uL



RNase, extrapolated to the number of samples. The solution was filtered through a 50 gm 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 usanigge PAIl 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 x (mean
fluorescence value &facciniumgenotype/ mean fluorescence vahfP. sativurd Ct i r ad 6 ) .
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 amalyz t hr ough Proc GLM, an

means separation (SAS Foundation 9.4, Cary, NC)

K-mer analysis

Nineteen selected accessions comprising twelve species from the DP were sequené@Xto 10
monoploid depth coverage using lllumina patesdl shorread sequencing technology (Young,

2019). The lllumina raw reads were further curated to removagladityr e ads and 36 ad;
contamination using CLC Genomic Workbench Ver 20.0 (https://digitalinsights.giagen.com).

Clean reads from each sample were used-foek counting using Jellyfish 2.2.7 (Marcais and

Kingsford, 2011). Thedner size of 21 onbothstrdrs wi t h t he -mR2LlantdC& f i sh ¢
command. The Jellyfish count output was then exporteehteekr hi st ogram using t

hi stod command.

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

calculatethe genome size (RanalRenavidez et al 2020). Histograms produced by



GenomeScope v2.0 were analyzed using parameters incluelimgy, length of 21, and default

settings of no maximum-kner coverage (maximumiker coverage =1) and no averagemer

coveage of polyploid genome (averagearier coverage of polyploid genomeX. 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 mangalgtedlthe genome

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

RESULTS

Sectional and speciespecific variation

A total of 27Vacciniumspecies from 9 sections and 251 inter and isprecific hybrid

genaypes 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). fuscatumV. ovalifolium andV. pallidumnatively 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 genotypesthis study; wherein the genome size of

tetraploidsV. fuscatunandV. pallidumis twice the genome size of their diploid counterparts.

We additionally identified multiple ploidy levels ®f. simulatumGenome sizes (2C) for
Vacciniumspecies ranged fro99 pg V. crassifolium 6 Wel | 6s DelVight 68) to
caesarienseNC7924) within diploid species, 2.11 py.(corymbosum 6 Concor d6é6) t o &
(V. corymbosumDES99) within tetraploid species, and 3.%4 ¢onstablagiNC8321-2) to 3.80

pg V.virgatum 6 Premi er & and NC479Tmblelvli t hin hexapl oi



V. fuscatunincluded cytotypes at the diploid (1.16 £ 0.03 pg) and tetraploid (2.36 £+ 0.03 pg)
levels Tablel1.1, Tabe 1.2). Similarly, bothV. pallidumandV. simulatuntontained cytotypes

at the diploid and tetraploid levels. The 2@lues for diploid genotypes df pallidumandV.
simulatumwere 1.27 £ 0.06 pg and 1.20 £ 0.01 pg, respectively, while tetrapleiG€s for
accessions from these two species averaged 2.49 + 0.05 pg and D32g,0espectively.

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 @iscatumV.

pallidum andV. simulatun{Tablel.1, Tablel.2). V. owlifolium genotypes were found at both

diploid (1.02 + 0.08 pg) and hexaploid (3.58 + 0.08 pg) leXelsvalifoliumgenotypes used in

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

in Sakhalin (Pl 638403Rnd are maintained at the NCGR.

Monoploid genome sizes (1Cx value) were significantly different between sections. Section
Vaccinium containing the speciadé uliginosum had the largest monoploid genome size at 0.67
+ 0.02 pg, which was significantlgidger than that in all other sections exceptdganococcus
andHemimyrtillus(Table 1.2. SectionHerpothamnusconsisting o. crassifolium had the

smallest monoploid genome size at 0.52 + 0.01 pg.

Within sectionCyanococcusV. borealegenotypes hathe lowest 1Cx values (< 0.55 pg),

whereas/. angustifoliumandV. caesariense ad hi gher aver ageTadeCx val u
1.2). Overall, species including. boreale(sectionCyanococcus V. crassifolium(section

Herpothamnus andV. stamineunfsection Polycodium) had 1Cx values less than 0.55 pg and

the smallest monoploid genome size averageangustifoliun(sectionCyanococcus V.
caesariensésectionCyanococcus andV. uliginosum(sectionVacciniun) had the highest

species 1Cxvalueavemg (O 0. 65 pg), significantly highe
9



(Table 1.3. Genotypes includiny. angustifoliumPIl 666760 (Campobella Island, NB) avid

caesariensePl 554881 (NC724) had monoploid genome sizes > 0.7akle 1.).

Interspecific diversity panel

Of the 251 studied interspecific hybrids (composed of <80%orymbosum 4 of the hybrids

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

were plausible aneuploids. There weignificant 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 N 0.07 pg in di
propod aneuploid{able 1.3. Within tetraploids, the 2C value ranged from 2.04 £ 0.07 pg in
6NC45116 to 2.82 N 0.07 pg for 6Sunshine Blue
3.56 N 0.07 pg (6NC50 8 3 6Tabletl.d. InGividdaDpediyre€s weres p g  (
referenced to determine the probable pentaploid blueberry genotypes containing 50% hexaploid
and 50% tetraploid parentage. Known pentapl oi
used as an external reference for genome size caopdd R Ballington Pers. Comm.)

(Ballington, 2005, 2016). Genotypes developed from tetrajhleidploid crosses, denoted by 2
=bx=60andBd=5x* = ND (not defined; ND) ranged from
N 0.07 pg (O6NC5O067TN®5)0 7i4nd ,g eanloormeg swizteh. 6 NC507 66,
devel oped f rro=mx=6M@3)325n6d (ME2T2DPHp haBdwever only
exceeds pentaploid genome size expectations. Pedigree evaluation of mixed ploidy level and

fertile pentaploid crosseand 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 ias 3x+ = ND, with a corresponding nuclear DNA content that
10



rapged from 3.02 N 0.06 pg (6{8:24 Géhénepizesad 3. 79 N
individuals composed of >50% tetraploid species ancestry, denoted=a&2 = ND, ranged

from 2.36 N 0.07 pg (6NC47386) to 2.78 N 0.05

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

0.60) with increased genome size among aneuplBidsire 1.}. Of the 51 evaluated pentaploid

and plausible aneuploid genotypes, 26 genotypes had known hexXaplaigatumor V.

constablaes peci es in their pedigree, constituting
These genotypes ranged from O6NC47386 with a g
hexaploid species -BneAabgweshi angt®ocopg@tHElce of

12. 5% hexaploid species introgression. Only p
no hexaploid species introgression with the predominant background species consiéting of

darrowii andV. corymbosuniTable 1.2. Ten aneuploid gengpes containing pedigrees with >

50%V. virgatumor V. constablach ad genome sizes ranging from o0
introgression) with a genome size of 3.25N O.

introgression) with a genome size of 3.63 + Q7

Sections represented in the DP includgstpothamnusVaccinium andPyxothamnusSection
Herpothamnuséncluded a single diploid hybrid witi. crassifolium( 6 NC30916), whi ch
genome size of 1.12 + 0.07 pg. Similarly, two genotypes invoNingiginosumPl 554865, cv.
OArondé and Pl 6180 6/7corymdbosurdn@V. uigmbsum RILP1B)dromv e e n
sectionVacciniumwas included in the panel. &genome size of tHéyanococcud/accinium
intersectional hybrids were 2.49 £+ 0.07 pg and 2.65 £ 0.07 g¢j 864865 and Pl 618067,

respectively. SectioRyxothamnugcluded hybrids with/. consanguineurandV. ovatum The

average nuclear genome sizel lsawide range from 2.35 + 0.07 pg (SHF2BB38) to 2.94 +

11



0.07 pg (SHF1AX%:65) withinV. consanguineutlny br i d genotypesy. 6NC30438
ovatumhybrid genotype, had a nuclear genome size of 2.33 £ 0.07 pg. While hybrid genotypes
involvingthepa ent s 0 W CoAsBr@uineum[NC1872 {/. corymbosuln] and ONC514
[V. consanguineuthn 6 S u n s h V. coeymisudi bad no(history of hexaploid ancestry,

the subsequent generations had nuclear genome sizes larger than tetraploid nuclear ggnome siz
expectations. In comparison to evaluated pentaploid hybrids, genotypes cortaining

consanguineurhad a smaller nuclear genome size.

There were significant differences in monoploid genome size across all interspecific hybrids (P <
0.0001). Between pldy levels, only interspecific pentaploid genotypes had a significantly

higher monoploid genome size compared with diploid interspecific hybrids. Across genotypes,
ONC45116 and ONC50776 had the smallest and | a
0.51+ 0.01 pg and 0.73 £ 0.01 pg, respectivalglfle 1.3 . O NC45116 was derive
tetraploidpr ogewiSuossdo ne Bl ued and o6Legacyd, while
from tetraploid,V. corymbosursyn.V. formosun{f 6 NC33256) crokVsed with h

virgatum( 6 NC21406) .

Of the studied specie¥, uliginosum(sectionvVacciniun) was among the largest reported

monoploid genome size, > 0.67. The nuclear and monoploid genome sizadiginosum

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

the two parental genotypes. THeconsanguineurspecies had a monoploid genome size of 0.57

+ 0.01 pg, slightly lower than that ®f corymbosun(0.57 £ 0.01 pg). This was consistent in
SHF2B314:38, derived fronV. consanguineupar ent , ONC51416, which he
genome size betwedh corymbosumandV. consanguineurmf 0.58 + 0.01 pg. Other derivatives

of V. consanguineum O N C4 3 0 teStimable andnoptom genome sizes due to their larger

12



than expectedstimated genome size, as a possible result of unreduced gametes. However, the
intersectional hybrids dyanococcusyxothamnugvolving V. ovatumhad a monoploid
genome size of <0.60pf.ccessi on ONC304806 i sV.damowaVhphi di pl o
caesarienseandV. corymbosuinx V. ovatunhwith a monoploid genome size of 0.58 + 0.01 pg

(Table 1.3. Thus, its genome size is larger than that oMhevatunparent and lower than the

genome size of the compl&x corymbosurparent average while being intermediate between

the two parental sections and species. Sec@yasiococcuandHerpothamudhave significantly

different monoploid genome sizé&Syanococcudierpothamnus nt er sect i on al hybr
containingV. crassifoliumancestry had a monoploid genome size of 0.56 + 0.01 pg, a size that is

intermediate between that of tBganococcuandHerpothamusectional averages.

K-mer analysis

In GenomeScope2.0 analysis, two-kner coverage peaks are observed in diplEdcinium

species; however, in select dipldfdcciniumspecies, includiny. ovatumandV. stamineum
separation of these peaks was not discernable. While GenomeScope v2.0 is desigeed for us
both diploid and polyploid species, in our experience, it did not accurately report haploid genome
size inVaccinium The investigated diploisfacciniumspecies estimated haploid genome size
reported by GenomeScope v2.0 was significantly correlatddtiaé haploid genome size

estimated through flow cytometry (r = 0.74; P < 0.00%Qre 1.2.
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DISCUSSION

These results show small but significant variations in monoploid genome size among different
sections and species\dacciniumsp., as well as nuclear DNA content between different
genotypes within a ploidy level. Sectidacciniumhad the highest monoptbgenome size,

22% higher than sectidderpothamnussuggesting an intermediate monoploid genome size of
intersectional hybrids. Species within a section did not have significantly different monoploid
genome sizes, with the exception of sectiyimnococcuswhich contained botl. caesariense
andV. borealewhich corresponded to the highest and lowest studied monoploid genome sizes,
respectively. Within a ploidy level, there were significant differences between genotypes; at the
diploid levelV. uliginosum(sectionVacciniun) had a nuclear genome size that was 23% greater
than that ol/. ovalifolium at the tetraploid level, onV. angustifoliun(sectionCyanococcus

had a genome size that was 12% greater than that preSentansanguineurfsection
Pyxothamnuk at the hexaploid leve\/. virgatum(sectionCyanococcusshowed a genome size

content that was 9.5% greater than tha¥ .ofonstablae{sectionCyanococcus

Within a species, the reported monoploid genome size (1 Cx valuepwnsistent across ploidy
levels forV. fuscatumV. pallidum andV. simulatumwheread/. ovalifoliummonoploid

genome size was significantly different between ploidy levels. Nuclear DNA content and ploidy
levels were highly correlated within each spe¢iR2 > 0.90; p <0.0001). Evaluation of nuclear
DNA content multiplication in multiple genotypes\éf fuscatumV. ovalifolium V. pallidum

andV. simulatunestablished diploidetraploid and diploichexaploid genome size relationships,
wherein the genomicontent was doubled between diploid and tetraploid ploidy levels.
Supporting these findings, seld&cciniumspecies in sectioGyanococcuproduce natural

unreduced gametes at a higher frequency, includirangustifoliumV. corymbosunV.

14



darrowii, and V. pallidum resulting in autotetraploidization through sexual polyploidization
(Ortiz et al., 1992a; Ortiz et al., 1992b). The observéa®increase in nuclear DNA content is
consistent with the observed cytometric doubling of the relative fluaresdetensity between
nonttreated and colchicingeated diploidv. 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 tetraploM. pallidumand V. arboretum (Sakhanokho et al., 2018). It
is important to note that there are no known dipMidimulatungenotypes. Th¥. simulatum

P1 657224, evaluated in this study was witillected and maintained by the NCGR; while
sampling and speciesisidentification errors are plausible, species and genotype sequencing are
necessary to further clarify the relationship of Pl 657224 to athsimulatunrgenotypes at

NCGR. Previous studies have ascertained diploid, tetraploid, and hexaploid ploidyoldxel
ovalifoliumcollected from Alaska, Canada, and Russia (Hummer K.E. et al., 2015). The
disparity in monoploid genome size that we observed between diploid and hexaploid I&tels of
ovalifoliummay be attributed to differences in geographic semaratnd evolutionary

divergence caused by the duration of separation between the cytotypes. Hexaplaitifolium
genotype, Pl 638403, was collected in in Sakhalin, in the Russian Federation, whereas the
diploid V. ovalifoliumgenotype, Pl 613665, wasligzted in the northwest United States. Further
cytometric evidence of additionsl ovalifoliumgenotypes collected in a diverse location is
necessary to further understand the genome size relationships of this species across multiple
ploidy levels and gagraphic regions. Additionally, sequencing may identify regions of similarity
and whether the disparity in the expected tripled genome size and actual nuclear genome size of

P1 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. SectiorCyanococcugresented the most extensive range of taxa, ploidy levels,
variation in nuclear DNA content, and accordingly the most remarkabkgivarbetween

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 M. crassifoliunc v.. @3WVeDd | i g hHefpottmmnu®de ct i on
1.41 £ 0.07 pg itY. caesariensa sectionCyanococcusContrary to previous studies, we
observed a reduction in variation in the monoploid genome size and nuclear DNA content with
increasing ploidy levels withilacciniumspecies 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
internalstandard. In this study, we usedum sativund Ct i rad®é as an i nternal
previous studies have utilized trout red blood c@lycine maxandZea maysWhile multiple
genotypes were averaged, Costich et al. (1993) and Sakhanokho et al. (2018) examined
overlapping ranges of genome sizes for diploid species incldiatiiottii andV. darrowii,

wherein Costich et al. (1993) reported higher mean DNAerrffl.26 + 0.03 pg and 1.31 + 0.03
pg, forV. elliottii andV. darrowii, respectively) compared to Sakhanokho et al. (2018) (1.05 +
0.03 pg and 1.09 £ 0.02 pg fgr elliottii andV. darrowii, respectively). While both studies
examined leaf tissue, thestnumentation 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)uised tro
red blood cells, and Sakhanokho et al. (2018) used both Glycine max and Zea mays for diploid

and higheivacciniumploidy levels, respectively. Additionally, the nuclear and monoploid
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genome size variation between ploidy levels is a factor of popukitienthus, an increase in
the number of evaluated hexaploid genotypes will increase variation observed at that ploidy

level.

Recent findings invacciniumspecies nuclear DNA content support a wide range in nuclear

DNA content. The data presented in owdy 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. corymbosumandV. arctostaphylogCostich et al., 1992; Ehlenfeldt and

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

size data of identical genotypes reported in other publications-2@%8ower than the data
presented in this paper (Sakhanokho et al., 2018; Sultana et al., 2019). Genotypic incsiste
for holoploid and monoploid genome sizes occu
6Sunshi ne BIlMacidiumpatidum dlliofpwhichihad >20% greater nuclear DNA
content in the current presented data (Sakhanokho et al., 2018). Teessofuvariation 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 8l1.82 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 I@nd norshared 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 ingenome size between wil®fyza brachyanthpand 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/acciniumspecies, coupled with unreduced gamete prootueind

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 mpetafic 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 obselbetween a genotype and its subsequent
progeny. I n 6Croatand, we observed an increas
N 0.03 pg) as well as O6Harrisoné (2.61 N 0.11

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

variations in any flow cytometry procedure. H
cultivar with known ancestry, which included
pgy O06Collinsé (2.54 N 0.07 pg), OCroatand (2.5

found a disparity in genome sizes. Maximum likelihood phylogenetic analysis of genomic
alignments established a cl ustercowhibc h 6iCrcolau da
well as 6Bluechipd, a progeny of o6Croatand in
history ee Chapter 4; Figure 4)2B8/olecular clustering suggests that the genome size disparity

bet ween cultivars O0Croat amtét, 6 6iMu rmpdty 6 folBn ateicc
contamination (Ashrafi, et al. Not Pub.) but maybe due to other reasons such as unequal

crossingover during meiosis (Takahashi et al., 1982). This warrants future study through

resequencing of the genomes of parents aoggny in the future.

Similarly, derivatives of O6Avonblued includin

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 betwe 6 Sunshi ne Blued and OM
uncertainty in the source of open pollination
further support of O&6Avonblued cytometry dat a

60Sunshine Bl uevd,detnhcee csyutgogneesttrsi ci necr eased genon

(@}

poll en parent of O6Sunshine Bl ue and possible

these open pollination events. &édSunshine Bl ue
6NC4gR1®5 N 0.13 pg), O6NC52166 (2.33 N 0.08 p
N 0.04 pg), and a cross between 6Sunshine Blu
reduced nuclear genome size fr omsiaeditmes hi ne BI
alternate parent (unknown parent of &éSunshine
single nucleotide polymorphism (SNPs) in geno
and O6NC451106 as cl osel y r eUnmb.)eidferrihgdsentlaagenetict s h o
hi story and mol ecul ar evolution, while ONC433
genotypes. Further evaluation of &édSunshine BI

establish molecular similarity amaiclear genome size differences between parent and progeny

(see Chapter &igure 4.23.

Pentaploid hybrids can be derived from tetraploid and hexaploid crosses or diploid (unreduced
gametes) by hexaploid crosses between or wifhictiniumspecies (Goldy and Lyrene, 1984

Laverty and Vorsa, 1991; Vorsa et al., 1986). PentaMartiniumspecies chromosomal

estimation is & = 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 (Sakhanokh@@18)., There have not

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

(unreduced gametes) parents; neverthel ess, 6N

19



genome size of 3.07 £ 0.05 pg, which corresisaio expected pentaploid values, yet was

deri ved f6r50dm a6 M@Igdbwiamdd t he tetraploid ONC1467
anomaly was observed ih consanguineutny br i ds. When orossing O6NCA4
consanguineurh hi ghbush bl ueithéeetraplygid pol@r\o@réns 7l aucléar w

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

0.13 pg; SHF2A%5:24, 2.90 + 0.07pg; SHF2A3:65, 2.94 + 0.07 pg; SHF2B17:21, 2.89 +

0.07 pg; and SHF2B17:22283+007 pg). However, tvhe progeny
consanguineurh 6 Suns hi ne -BAt38, didnotexhiBithsithiBudchange in genome

size, even though O6NC51416 and ONC43016 were
hypot hesi ze t lxaploidand@d @dldctof unreduced gametes from one of the
tetraploid parents. Similarly, we expect the large genome size from interspegadidum

hybrid, O6NC51646 (3.76 N 0.05 pg), which is d
alsoto 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 poVemailidum V.
consanguineumandV. corymbosurformaaustrale i n addi t imayundovertheNC1 4 6 7
frequency of unreduced pollen in tetrapldidcciniumspecies. Additionally, fluorescence in situ
hybridization (FI SH) may be beneficial i n bot

ONC43016, ONC516406 and sfowrrtcheerofi dehret ihfyybirn gd stéh

Pentaploid progeny can be fertile and can pro
or heWacpriumisdpeci es (Vorsa, Jelenkovic et al. 1
Vorsa et al. 2003). Stues 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

20



between 2.35 pgnd 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 x 4x and 5x x 6x indivédeals

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 taaadhe 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-@k2 =ND aneuploid

hybrids presented in this study show similarity to karyotypic analysis of aneMaoainium

progeny derived from an interspecific pentaploid hybviddorymbosunforma australe (2= 4x

=48) xV. virgatum(synashe) (2n = 4x =60)] backcossed with tetraploi¥f. corymbosunforma
australe. Karyotypic analysis of tetrapldeckcrossed aneuploid progeny reported seedling
chromosome counts ranging between 48 and 58 chromosomes (Vorsa et al., 1986). These
chromosome counts establish tetragiibackcrossed aneuploids to be greater than the average
nuclear genome size of tetraploid genotypes at 2.41 pg and-betrage pentaploid genome

size at 3.10 pg. Future research direction pairing cytometric genome size data with karyotypic
analysis andlfiorescence in situ hybridization would aid in understanding chromosome count
and size estimation, as well as in identification of genic regions for polyploid and aneuploid

Vacciniumgenotypes.

Recent advanced in sequencing and SNP identification amdngaeginiumspecies revealed
thatV. uliginosums an outgroup genotype (Ashrafi et al. Unpub.). At the species Yével,
uliginosum(which exhibited a high monoploid 1Cx value) did not cluster with the majority of

Vacciniumspecies, suggesting a relatibipsbetween geographic separation and molecular
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evolution (Ashrafi et al., UnpubY. uliginosunctlustered separately from the majority of
Vacciniumspecies along with V. vitigdlaea and/. ovalifolium Increasing the sample size of
VacciniumCyanococcusntersectional hybrids in a future study may better inform us on genome

size and molecular disparity betweénuliginosumand otheNacciniumspeciesV.

angustifoliumsimilarly had a larger monoploid genome size relative to dtheciniumspecies;

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

relation to increased monoploid genome size. Specificdllgngustifoliungenotypes

OPI 66676060, OPI 6182300 V. baaalda cocNeG3s3 502n6s natdl Pul s6t6e6r7e5
OP1 5547276, both of WhaldimgwenéeéypksséPyY666Iabeé

O0P1 6572356 (Ashrafi et al ., Unpub) .

There was a high correlation between estimates of haploid genome size produestby K
analysis and flow cytometry. These daiggest that genotypic data of most dipleigccinium

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 genensize in many plants including potato, pear, cotton, coastal redwood, and
wheat (RanalleBenavidez 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,
Genomé&cope 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 (LevenbefigMarquardt) from GenomeScope v1.0 (Gadswton algorithm) which

resuted in increased accuracy in genome size estimation wttoaxgrage diploid species
(RanalleBenavidez et al., 2020b). Although GenomeScope v2.0 is designed to include polyploid

genoms, we could not use it for the polyploid species in our panel astherkpeaks 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 speciesihighrrelated 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-keranalysis of genome size.

CONCLUSIONS

This study determined the nuclear and monoploid genome size of a diversity panel of 369 unique
genotypes, of which 118 ndiybrid Vacciniumgenotypes, including 27 species from 9 sections,
enabled genome size comigan for interspecific blueberry hybrids. This research expands the

use of cytometric data for nuclear genome size estimativaafiniumgenotypes. It

investigates the relationship between intersectional and interspecific hybridization and nuclear
and mmoploid genome size. These cytometric findings paired with future karyotypic research in
Vacciniumwill help elucidate exact chromosome size and coukticciniumaneuploids. In

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

without the need for flow cytometry analysis.

The kmer 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 theothehe kmer
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 estitha genome size of diploid blueberry. Overall,
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our expansion of cytometric findings in diveigacciniumsections and species, examination of
pentaploid and aneuploid genotypes, and investigation of genomic tools for genome size

estimation enhance futibreeding, improvement, and genomic study of blueberry.

24



REFERENCES

Atkinson, R., Jong, K., Argent, G., 1995. Cytotaxonomic observations in tropical Vaccinieae
(Ericaceae). Botanical Journal of the Linnean Society 1171485

Ballington, J.R., 2009. Trole of interspecific hybridization in blueberry improvement. Acta
Horticulturae, 4959.

Ballington, J.R., Bl and, W T., 2016. Bl ueber

(Ed.), United States.

Ballington, J.R., Rooks, S. D., 2005. Bluebetra med 6 Robesoné, in: Offi

Bushnell, B., 2018. BBTools: a suite of fast, multithreaded bioinformatics tools designed for
analysis of DNA and RNA sequence data. Joint Genome Institute.

Chen, J., Huang, Q., Gao, D., Wang, J., Lang, Y., Liu, T., Li, B., Bai, Z., Luis Goicoechea, J.,
Liang, C., Chen, C., Zhang, W., Sun, S., Liao, Y., Zhang, X., Yang, L., Song, C., Wang,
M., Shi, J., Liu, G., Liu, J., Zhou, H., Zhou, W., Yu, Q., An, N., GhénCai, Q., Wang,
B., Liu, B., Min, J., Huang, Y., Wu, H., Li, Z., Zhang, Y., Yin, Y., Song, W., Jiang, J.,
Jackson, S.A., Wing, R.A., Wang, J., Chen, M., 2013. Whelmme sequencing of
Oryza brachyantha reveals mechanisms underlying Oryza genoméavadNature
Communications 4, 1595.

Costich, D., Ortiz, R., Meagher, T., Bruederle, L., Vorsa, N., 1993. Determination of ploidy level
and nuclear DNA content in blueberry by flow cytometry. TAG. Theoretical and applied
genetics. Theoretische und angadt& Genetik 86.

Costich, D.E., Ortiz, R., Meagher, T.R., Bruederle, L.P., Vorsa, N., 1992. Determination of
ploidy devel and nuclear DNA content in blueberry by flow cytometry. TAG. Theoretical
and applied genetics. Theoretische und angewandte Genetik 83

Darrow, G.M., Camp, W.H., 194¥acciniumHybrids and the Development of New
Horticultural Material. Bulletin of the Torrey Botanical Club 721

Darrow, G.M., Camp, W.H., Fischer, H.E., Dermen, H., 1944. Chromosome Numbers in
Vacciniumand Relatedsroups. Bulletin of the Torrey Botanical Club 71, 4985.

Draper, A.D., 1997. Blueberry breeding for the southern United States. Fruit Varieties Journal
51, 135138.

Dweikat, I., Lyrene, P., 1988. Production and viability of unreduced gametes indriploi
interspecific blueberry hybrids. Theoretical and applied genetics 7SR5

Ehlenfeldt, M.K., 1994. The Genetic Composition and Tetrasomic Inbreeding Coefficients of
Highbush Blueberry Cultivars. Hortscience 29, 1-:3825.

Ehlenfeldt, M.K., Polashdg J.J., 2014. Highly Fertile Intersectional Blueberry Hybrids of
Vacciniumpadifolium SectiorHemimyrtillusandV. corymbosun$ectionCyanococcus
Journal of the American Society for Horticultural Science 13B&0

25

c



Goldy, R., Lyrene, P., 1984. Pentagdlblueberries from 6X X 2X crossegdcciniumsp.,
interspecific hybridization, fertility]. Journadmerican Society for Horticultural Science
(USA).

Greilhuber, J., Temsch, E.M., Loureiro, J.C.M., 2007. Nuclear DNA content measurement, In:
Do | e g@reilhubed, J.,,Suda, J. (Eds.), Flow cytometry with plant cells: Analysis of
genes, chromosomes, and genomes. \WIEYH, WeinheimGermany, pp. 6401.

Hall, S.H., Galletta, G., 1971. Comparative chromosome morphology of di@aicinium
species. Amer SoHort Sci J.

Haring, R.A., Lyrene, P.M., 2009. Detection of Colchicine Induced Tetraploidaamfinium
Arboreum with Flow Cytometry 810 ed. International Society for Horticultural Science
(ISHS), Leuven, Belgium, pp. 131338.

Hummer K.E., Bassil N.VRodriquez Armenta H.P., J.W., O., 20¥&cciniumspecies ploidy
assessment. Acta Horticulturae 1101,-294.

K. Ehlenfeldt, M., Ballington, J., 2017. Prolific triploid production in intersectional crosses of 4x
Vacciniumcorymbodendron Dunal (sectiétyxothamnulby 2x sectiorCyanococcus
species.

Kloet, S.V., Lyrene, P., 1987. Seatfcompatibility in diploid, tetraploid, and hexaploid
Vacciniumcorymbosum. Canadian journal of botany 65,-668.

Laverty, T., Vorsa, N., 1991. Fertility of Aneuploidstiween the 5x and 6x Levels in Blueberry:
The Potential for Gene Transfer from 4x to 6x Levels. Journal of the American Society
for Horticultural Science 116, 33885.

Liu, B., Shi, Y., Yuan, J., Hu, X., Zhang, H., Li, N., Li, Z., Chen, Y., Mu, D., Fan,203.
Estimation of genomic characteristics by analyzingds frequency in de novo genome
projects. arXiv preprint arXiv:1308.2012.

Longley, A.E., 1927. Chromosomes\iaccinium Science 66, 56668.

Lyrene, P.M., 2006. Breeding southern highbushrabtiteye blueberries. Acta Horticulturae,
29-36.

Mapleson, D., Garcia Accinelli, G., Kettleborough, G., Wright, J., Clavijo, B.J., 2017. KAT: a
K-mer analysis toolkit to quality control NGS datasets and genome assemblies.
Bioinformatics (Oxford, Englandj3, 574576.

Marcais, G., Kingsford, C., 2011. A fast, lefike approach for efficient parallel counting of
occurrences ofdners. Bioinformatics 27, 76470.

Megalos, B.S., Ballington, J.R., 1988. Unreduced pollen frequencies versus hybrid production
diploid-tetraploidVacciniumcrosses. Euphytica 39, 2278.

Mgwatyu, Y., Stander, A.A., Ferreira, S., Williams, W., Hesse, U., 2020. Rooibos (Aspalathus
linearis) Genome Size Estimation Using Flow Cytometry afddf Analyses. Plants 9,
270.

26



Mhiri, C., Parisod, C., Daniel, J., Petit, M., Lim, K.Y., Dorlhac de Borne, F., Kovarik, A., Leitch,
A.R., Grandbastien, MA., 2019. Parental transposable element loads influence their
dynamics in young Nicotiana hybrids and allotetraploids. New PhytologistlB2 8,

1633.

Miyashita, C., Mii, M., Aung, T., Ogiwara, |., 2012. Effect of cross direction and cultivars on
crossability of interspecific hybridization betwedacciniumcorymbosum and
Vacciniumvirgatum. Scientia Horticulturae 14261

Norden, E.H., Lyene, P.M., Chaparro, J.X., 2020. Ploidy, Fertility, and Phenotypes of F1
Hybrids between Tetraploid Highbush Blueberry Cultivars and Diplaiccinium
elliottii. HortScience horts 55, 281.

Ortiz, R., Bruederle, L.P., Laverty, T., Vorsa, N., 1992a. Thgi®of Polyploids via 2N
Gametes iVacciniumSectionCyanococcu&uphytica 61, 24P46.

Ortiz, R., Vorsa, N., Bruederle, L.P., Laverty, T., 1992b. Occurrence of unreduced pollen in
diploid blueberry specie¥,acciniumsect.CyanococcusTheoretical and Applied
Genetics 85, 560.

Perry, J., Lyrene, P., 1984. In vitro induction of tetraplardyacciniumdarrowi, V. elliottii, and
V. darrowixV. elliottii with colchicine treatment. Journal of the American Society for
Horticultural Science 109,-8.

Qu, L., Vorsa, N., 1999. Desynapsis and spindle abnormalities leading to 2 n pollen formation
Vacciniumdarrowi. Genome 42, 350.

RanalleBenavidez, T.R., Jaron, K.S., Schatz, M.C., 2020a. GenomeScope 2.0 and Smudgeplot
for referenceree profiling of polyploid genomes. Nature Communications 110.1

RanalleBenavidez, T.R., Jaron, K.S., $th, M.C., 2020b. GenomeScope 2.0 and Smudgeplot
for referenceree profiling of polyploid genomes. Nature Communications 11, 1432.

Sakhanokho, H.F., Rinehart, T.A., Stringer, S.J., Idkamdi, M.N., Pounders, C.T., 2018.
Variation in nuclear DNA contérmnd chromosome numbers in blueberry. Scientia
Horticulturae 233, 10813.

Sharpe, R.H., 1953. Horticultural development of Florida blueberries. Proc. Florida State Hort.
Soc. 66, 188.90.

Suda, J., Lysak, M.A., 2001. A Taxonomic Study of\WaeciniumSect. Oxycoccus (Hill) W. D.
J. Koch (Ericaceae) in the Czech Republic and Adjacent Territories. Folia Geobotanica
36, 303320.

Sultana, N., Pascudliaz, J.P., Gers, A, llga, K., Serce, S., Vitales, D., Garcia, S., 2019.
Contribution to the knowledge genome size evolution in edible blueberries (genus
Vacciniun). Journal of Berry Research,15.

Sun, H., Ding, J., Piednoél, M., Schneeberger, K., 2018. findGSE: estimating genome size
variation within human and Arabidopsis usingler frequencies. Bioformatics 34,
550-557.

27



Takahashi, N., Ueda, S., Obata, M., Nikaido, T., Nakai, S., Honjo, T., 1982. Structure of human
immunoglobulin gamma genes: implications for evolution of a gene family. Cell 29, 671
679.

Tsuda, H., Kojima, S., Tetsumura, T., Komatsl., Kunitake, H., 2012. Induction of polyploids
in Vacciniumusing oryzalin and colchicine treatments. Horticultural Research (Japan) 11,
205212.

Vorsa, N., Jelenkovic, G., Draper, A.D., Welker, W.V., 1986. Aneuploid seedlings derived from
pentaploidvacciniumaustrale x V. ashei hybrids. Journal of Heredity 77-114.

Young, E., 2019. Fruit Quality Evaluation of a Mapping Population and Single Nucleotide
Polymorphic (SNP) Marker Discovery in Blueberiagciniun) Species.

28



Table 1.1. Nuclear DNA content and ploidy ®acciniumspecies accessions determined by flow cytometry.

. . Source . . 2C value 1Cx value
Section Species Accession Ploidy (pg + SE) (pg * SE)
Batodendron V. arboreum NCGR PI1618120, NC3524 2n=2x=24 1.13 £ 0.05 0.57 +0.01

Pl 657237, HD200
NCGR 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
Pl 618230V.
NCGR angustifolium 2n=4x =48 2.58+0.04 0.65+0.01
P1666760, Campobella
NCGR Island, NB 2n=4x =48 2.86 +0.04 0.71+£0.01
Pl 554727, NJ 829 #
V. boreale NCGR 33 2n=2x=24 1.08 +0.04 0.54 £0.01
NCGR PI666759V. boreale 2n=2x=24 1.06 £ 0.04 0.53+0.01
V. caesariense NCGR PI554868, NC84-2 2n=2x=24 1.39+0.04 0.69£0.01
NCGR PI554881, NC724 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
Pl 554738V.
V. constablaei NCGR constablaeNo. 2 2n=6x=72 3.55+0.04 0.59+0.01
Pl 554741V.
NCGR constablaeNo. 5 2n=6x=72 3.58 +0.04 0.60 + 0.01
NCGR PI554761, NC821-2 2n=6x=72 3.24 +0.04 0.54 +0.01
NCGR PI554764, NC8&7-7 2n=6x=72 3.46 £ 0.04 0.58 £ 0.01
NCGR PI554782, NC8&@803 2n=6x=72 3.46 + 0.03 0.58 + 0.01
NCGR PIl618116, NC3001 2n=6x=72 3.34£0.04 0.56 £ 0.01
V. corymbosum NCGR Pl 267847, DE599 2n=4x=48 3.01+0.04 0.75 +0.01
NCGR PI296399, DE635 2n=4x=48 2.29+0.04 0.57 £0.01
NCGR Pl 296403, DE639 2n=4x=48 2.91+£0.04 0.73+0.01
NCGR PI554793, DE644# 2n=4x=48 2.44 +0.04 0.61 £0.01
NCGR P 554798, 2n=4x=48 2.44 £ 0.04 0.61 +0.01

29



Table 1.1(continued).

NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR
NCGR

Pl 554800
Pl 554801
Pl 554802
P15548046 Gr ov e
Pl 554805
Pl 554807
Pl 554808
PI554810,
Pl 554812
Pl 554814
Pl 554815
Pl 554816
Pl 554817
Pl 554820
Pl 554821
Pl 554823
P1 554825, F72
Pl 554826
Pl 554827
Pl 554829
Pl 554831
Pl 554833
Pl 554840
Pl 554842
Pl 554846
Pl 554851

PI 5548526 Cr o a't

Pl

554871

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x =48
2n=4x=48

60J2n=4x=48

2n=4x=48
2n=4x =48
2n=4x=48
2n=4x =48
2n=4x=48
2n=4x =48
2n=4x=48
2n=4x =48
2n=4x=48
2n=4x =48
2n=4x=48
2n=4x =48
2n=4x=48
2n=4x =48
2n=4x =48
2n=4x =48
2n=4x =48
2n=4x =48
2n=4x =48
2n=4x =48

2.28+0.04
2.11+£0.04
2.16 +0.04
2.39+0.04
2.26 +0.04
2.38+£0.04
2.33+0.04
2.50+£0.04
2.45+0.04
2.33+0.04
2.39+0.05
2.40+£0.04
2.22+0.04
2.23+0.04
2.28+0.04
2.26 +0.03
2.69+0.04
241 +0.04
2.31+0.04
2.40 +£0.04
2.29+0.04
2.31+0.04
2.14+0.04
2.55+0.04
2.54 +0.04
2.51+0.04
2.56 +0.04
247 +£0.04

0.57 £0.01
0.53+0.01
0.54 £0.01
0.60+0.01
0.57 £0.01
0.59+0.01
0.58 £ 0.01
0.63+0.01
0.61+0.01
0.58+0.01
0.60 +£0.01
0.60+0.01
0.55+0.01
0.56 +0.01
0.57 +0.01
0.56 +0.01
0.67 £0.01
0.60+0.01
0.58 £ 0.01
0.60+0.01
0.57£0.01
0.58+0.01
0.54 £0.01
0.64 +0.01
0.64 £0.01
0.63+0.01
0.64 £0.01
0.62+0.01
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Table 1.1(continued).

NCGR Pl 554883, 2n=4x=48 245%0.04 0.61 +0.01
NCGR Pl 554893, 2n=4x=48 2.71+0.04 0.68 £ 0.01
NCGR Pl 614082, 2n=4x=48 2.27x0.05 0.57+£0.01
NCGR Pl 618035, 2n=4x=48 2.23+0.04 0.56 £ 0.01
NCGR Pl 618260, 2n=4x=48 2.39%0.04 0.60 £ 0.01
NCGR Pl 657220, 2n=4x=48 2.40x0.04 0.60 £ 0.01

V. corymbosum

(synV. 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 PI687357, DBS 18 2n=4x=48 2.50+£0.05 0.63+£0.01
NCGR PI1687368, DBS 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 PI554904Florida4B  2n=2x=24  1.18+0.03 0.59 +0.01
NCGR Pl 638325, 2n=2=24 1.22+0.05 0.61+£0.01

V. elliottii NCSU NC951-6 2n=2%=24  1.18+0.03 0.59 +0.01
NCSU PI 346621 (NC6716) 2n=2x=24 1.18+0.04 0.59 £0.01
NCGR PI346621, PI346621 2n=2x=24 1.16+0.05 0.58 +0.01
NCGR PI 346623, PI346623 2n=2=24  1.17+£0.05 0.59 £0.01
NCSU NC993-1 2n=2%=24  1.14+0.03 0.57+£0.01

NCSHF2B1:18:33V.

NCSU fuscatum 2n=2%=24  1.14+0.03 0.57 £0.01
NCGR PI1554880, NC7$8B-2 2n=2x=24 1.21+0.04 0.60 £ 0.01
NCGR PI613658, NC9232 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

Pl 638385, Ralo,
V. myrtilloides NCGR Michigan 2n=2x=24 1.21 £ 0.04 0.61+0.01
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Table 1.1(continued).

V. pallidum

V. simulatum

V. tenellum

V. virgatum

Hemimyrtillus V. arctostaphylos
V. cylindraceum

V. crassifolium
Herpothamnus (syn.sempervirens

NCGR

NCGR
NCSU

NCGR

NCGR

NCGR

NCGR
NCGR
NCGR
NCSU
NCGR

NCSU
NCGR
NCGR
NCGR
NCGR
NCGR

NCGR
NCGR
NCGR

P1666752, High Park

Toronto

P1 666776, Turkey Pt.

Ont
NC2207

Pl 657235, Scenic HWY

HD 200759

P1 657224, Glassy Mt.

HD-2007%021

Pl 657242, Mentone
HDF 200%62B

Pl 688401, VA2018

058 Rhododendron trail

P1618184, NC9&-2

P1638386, NJ 881-55

NC4790

Pl 554717,
Pl 638775V.
arctostaphylo$GE-
2004096

Pl 554901,
P1618121, NC3730

Pl 618215, 6251097
P1 666868, 234

P1 666870, 4271097

Pl 555267,
P1618186, NC9&-5
P1 687360, DBS 18

2n=2x=24

2n=2x=24
2n=4x =48

2n=4x=48

2n=2x=24

2n=4x =48

2n=4x=48
2n=2x=24
2n=2x=24
2n=06x=72
2n=6x=72

2n=4x =48
2n=4x=48
2n=4x =48
2n=4x=48
2n=4x =48
2n=4x =48

2n=2x=24
2n=2x=24
2n=2x=24

1.36 + 0.04

1.18 £+ 0.04
2.37 £0.03

2.74+£0.04

1.20 +0.05

2.52 +0.05

2.51+0.05
1.13+0.04
1.13+0.04
3.80 £ 0.03
3.80 £ 0.03

2.44 +0.04
2.42 +0.03
2.34 +£0.05
2.36 +0.05
2.44 +0.05
2.34 +0.05

1.05+0.05
1.06 + 0.05
1.07 £ 0.05

0.68 +0.01

0.59+0.01
0.59+0.01

0.68 +£0.01

0.60 +£0.01

0.63+0.01

0.63+0.01
0.56 +0.01
0.57 +£0.01
0.63+0.01
0.63+0.01

0.61+0.01
0.61+0.01
0.59+0.01
0.59+0.01
0.61+0.01
0.59+0.01

0.52 +0.01
0.53+0.01
0.54 +£0.01
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Table 1.1(continued).

Pl 554900,

NCGR Del i ght 6 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 PI613646, 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
Pl 613665V.
V. ovalifolium NCGR ovalifolium 2n=2x=24 1.02 £ 0.04 0.51+0.01
NCGR PI638403, AS03-070 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 NC788-21 2n=2x=24 1.07+0.04 0.53+£0.01
NCSU NCB841-2 2n=2x=24  1.09 +£0.05 0.55+0.01
Pl 657227, HD200F
NCGR 026 2n=2x=24  1.07+£0.05 0.54 £0.01
Pl 657238, HD2007
NCGR 069 2n=2x=24 1.07+£0.05 0.54+0.01
P1 554736, RBG
Pyxothamnus V. consanguineum NCGR Scotland772948 2n=4x=48 2.30+0.04 0.57£0.01
NCGR Pl 666869, 413686 2n=4x=48  2.22+0.03 0.55+0.01
Pl 666926, Costa Rica,
NCGR Hootman 2n=4x=48 2.32+0.04 0.58 £ 0.01
V. meridonale P1618122, NC3735
(synV. corymbodendron NCGR 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
P1 555177, Rogue River
NCGR BL-13-6 2n=2=24 116 +0.04 0.58 £ 0.01
NCGR PI 618200, Morrisl 2n=2x=24 1.12+0.05 0.56 £ 0.01
P1618202, P1618202
NCGR (Morris-3) 2n=2x=24  1.08+£0.03 0.54 £0.01
P1638387, Oregon
Vaccinium V. uliginosum NCGR DC20022 2n=2x=24 1.35+0.04 0.67 £0.01




Table 1.1(continued).

Vitis-idaea V. vitisidaea NCGR PI555369, 0k2n=22=24
NCGR Pl 618228, ssp. minus 2n=2x=24

1.10+0.04
1.10 +£ 0.04

0.55+0.01
0.55+0.01

NCGR denotes National Clonal Germplasm Repository, Corvallis, OR
NCSU denotes the blueberry breeding program at NC Btatersity, Raleigh, NC
USDA-ARS denotes USDARS Beltsville, Maryland
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Table 1.2. Summary of ploidy and nuclear DNA contents grouped by section, species, and ploidy.

: Sectional 1Cx . 1Cx value .

Section value (pg) Species (pg) Ploidy 2C DNA (pg)

Mean + SE Mean + SE Mean + SE

0.56 £ 0.02

Batodendron  0.56 + 0.02 bcd V. arboreum 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 becd 2n=6x=72 3.44+0.03

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

V. corymbosunfsyn V. formosup  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=2=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 3.80x0.05

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 052+001 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 054+£001 d 2n=2x=24 1.08 £0.04
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Table 1.2(continued).

Pyxothamnus 0.56 + 0.01

Vaccinium
Vitis-idaea

0.67 £0.02
0.55 + 0.02

bcd V. consanguineum
V. meridonale
(syn.V.corymbodendron

a

V. ovatum

V. uliginosum

bcd V. vitisidaea

0.57+0.01

0.60 +0.03
0.55+0.01
0.67 £0.02
0.55+0.01

2n=4x =48

2n=4x=48
2n=2x=24
2n=2x=24
2n=2x=24

2.27+0.04

242 +0.10
1.11+0.04
1.35+0.08
1.10 + 0.06

36



Table 1.3.

Nuclear DNA content and ploidy of interspecifiacciniumhybrids.

Source Accession Name Pedigree and NCGR accession label Ploidy (ZF%)Value (1;3; value
NCSU  NC3091 NC789-4 (V. fuscatum x NC8E1514 (V. on=2x=24 1.12+0.07 0.56+0.01
crassifoliun)
NCSU NC7814-11 V. tenellumx 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 NCO9524-1 IE’/II8613660,\/. elliottii x V. fuscatumMontgomery Co., on= 2= 24 119 +0.07 0.59 + 0.01
NC4839 x - - o
NCSU NC4404 NC4839 V. myrtilloidesx V. elliottii] x NC4404 2n=3x = 36 1.74 £0.07 0.58 £0.01
NCSU 6 Ar | end G144 xFL6476 2n=4x =48 2.45+0.07 0.61£0.01
NCGR 6 Ar oné Pl 554865, WwWgnosumxd@Rsad clo 2n=4x=48 2.49 £0.07 0.62 +0.01
NCGR O0Atl antiPl 554798, 6Jerseyd | 0 2n=4x=48 2.43 £0.07 0.60+0.01
NCSU 6 Beauf or NC1406 x 'Pender 2n = 4x = 48 2.43+£0.07 0.60+0.01
NCGR O6Ber kel ePl 554883, O6Stanleyo I 2n = 4x = 48 2.45+0.07 0.61+0.01
NCSU 6Bil oxi é6Sharpblued T US3209 2n = 4x = 48 2.49 +£0.07 0.62 +0.01
NCGR 6Bl uechi Pl 554860, 06©3 oatand I 2n = 4x = 48 2.57 £0.07 0.64 +0.01
NCGR 6 BIl uecr oPlI554827, GM37 x CU5 2n = 4x = 48 2.31+£0.07 0.57+0.01
NCGR 6Bl uehavPl 554847, O0Berkeleydo 1| 2n=4x=48 2.53+0.07 0.63+£0.01
NCGR 6Bl uej ayPl 554846, O0Berkeleyd 1 2n=4x=48 2.54 +0.07 0.63 +0.01
NCSU 6Bl ueri déPatri ot o IV.dar®widx Bluedopp B 2n=4x=48 2.37 £0.07 0.59 +0.01
NCGR 6BountyéPl 554859, OMurphyd 1T G 2n=4x=48 2.51 £0.07 0.62 +0.01
NCGR 0BrigittéLateblued T OP 2n = 4x = 48 2.35+0.07 0.58 +0.01
NCSU 6BrigittéLateblued 1T OP 2n = 4x = 48 2.35+0.07 0.58 +0.01
NCGR 6Burlingh ! 52480 coynasimyn.\dformosum 5, _ 4 _ 45 2284007 057001
NJ) | OPioneero
NCGR 6CarolinPl 618262, OLateblued 1 2n=4x=48 2.51 £0.07 0.62 +0.01
NCSU 6CarteredBountyo | NC4elidti, NC] Cr o 2n=4x=48 2.42 +0.07 0.60+0.01
NCGR 6Col |l insPl 554842, o6Stanleyo6 I 2n = 4x = 48 2.54 £0.07 0.63 +0.01
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Table 1.3(continued).

NCGR
NCGR

NCGR
NCGR
NCGR
NCSU
NCGR
NCGR
NCSU
NCGR
NCGR
NCSU
NCGR

NCGR
NCGR
NCGR
NCSU
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NCGR
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NCGR
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Pl 554829, GM37 1
Pl 554852,

(V. corymbosumsyn.V. formosumNC)]

P1618035,F72 I O6Bl uecropb

Pl 554802, [6Jerseyd I
Pl 554872, [6lvaniBoed 1
US2901 x G156

Pl 554893, 6Stanleyo I
E-66 x NC683

E-66 x NC683

PI 554866, [6Katharinebo
Pl 554871, o6Burlingtond
FL91-69 x NC1528

Pl 554957, Fla620 x Fla6312

P1554873, G132 x US75 [FL 4®/(darrowii) x
'‘Bluecrop']

Pl 618259, OP x OP

Pl 618233, G180 x US75 [FL 4B/(darrowii x
'‘Bluecrop']

MS122 x M6

G136 x G358

Pl 554833, 6P V.aoryenbosuisynlV.
formosum NJ)

Pl 554849, o6©3oatand 1
Pl 554805, 6Stanleyo |
Pl 554807, Z13 1 o6Stanl
PI 618195, o6Sharpblueod

P1 554835, OP x OP

0St an 2n=4x=48
O6Weymout ha&' I

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x=48
2n=4x =48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2.39+0.07
2.55+£0.07

2.22 +£0.07
2.15+0.07
2.70 £ 0.07
2.40 = 0.07
2.71 +£0.07
2.40 £ 0.06
2.40 +0.06
2.43 +0.07
2.46 £ 0.07
2.43 +0.07
2.31+£0.07

2.12 +0.06
2.25+0.05
2.43 £0.07
2.47 +0.07
2.34 +0.07

2.31+0.07

2.60 = 0.07
2.26 £ 0.07
2.37 £0.07
2.31+£0.07
2.53 +0.07

0.59+0.01
0.63+£0.01

0.55+0.01
0.53+0.01
0.67 £0.01
0.60+0.01
0.67 £0.01
0.60+0.01
0.60 +£0.01
0.60+0.01
0.61+0.01
0.60+0.01
0.57 £0.01

0.53+0.01
0.56 +0.01
0.60 +£0.01
0.61+0.01
0.58 +0.01

0.57+0.01

0.65+0.01
0.56 £ 0.01
0.59+0.01
0.57 £0.01
0.63+0.01
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Table 1.3(continued).

NCGR
NCGR

NCSU
NCGR
NCGR
NCGR
NCSU

NCGR

NCGR

NCSU
NCGR
NCGR
NCGR
NCGR
NCGR
NCSU
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Pl 618167, OP x OP
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Pl 554863, 6 Anvgoorynsbésunsyn. 6
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Pl

NC1522

P
Pl

OWol cot t16
OWol cot t16

Pl

P
NC1406
P
P

V. formosumNJ)

Pl

Pl

554851,

554952,
554812,

554954,

554878,
I

ue 6

6Weymout h 64
(V. corymbosumsyn.V. formosumNC)]
00" Neal 0o
P1554942, B10 x US3
Pl 554953, B6 x R2P4

6Berkel eyéo

0PI

oneer

FL64

FL64
6Concord
Pl 666656, G144 x Fla46

0Bl

uer ay

6Pender 6

554843,
554814,

554815,
formosum NJ)
61816 3,

14 Dil x i6¢E alr

o |

o |

2n=4x =48
2n=4x =48

2n=4x=48
2n=4x =48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x =48

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

| MIb 2n=4x=48

0 K a V.ltaymbosuesyn. on = A = 48

6 BW. aoryrkbesdinsyh.V.6

B15

-

| o6BI

uet

2n=4x=48
2n=4x=48

2.14 +0.07
2.33 £0.07

2.40 £ 0.07
2.29+0.05
2.33 £0.07
2.32+0.07
2.41 +0.07

2.74 +0.07

2.51 +0.07

2.34 +0.07
2.57 £0.07
2.40 = 0.07
2.43 £0.07
2.45 +0.07
2.40+0.04
2.40+£0.04
2.77 £0.07
2.23+0.07
2.14 +0.07
2.31+0.07
2.36 £ 0.07

2.33+0.07

2.39+0.09
2.40 = 0.07

0.53+0.01
0.58 +£0.01

0.60 £ 0.01
0.57+0.01
0.58 £ 0.01
0.58+0.01
0.60 +0.01

0.68 +0.01

0.62+0.01

0.58 +0.01
0.64 +£0.01
0.60+0.01
0.60 +£0.01
0.61+0.01
0.60 +0.00
0.60 = 0.00
0.69+0.01
0.55+0.01
0.53+0.01
0.57+0.01
0.59+0.01

0.58+0.01

0.59+0.01
0.60 +0.01
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Table 1.3(continued).

NCGR
NCGR
NCSU
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Pl 618181, G144 x FL646
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P 618023, 6Ear |l i bl uebd
PI 614082, &6Weymout hé4obx

(V. corymbosursyn.V. formosumNC)]

(intercross ol. corymbosurselections, Berkeley Co.
SC)

NC3334 . corymbosumyn.V. formosumSE VA) x
NC3033

SHF3a4-15 1 OReveillebd

US340 [FL 4B V. darrowii) x 'Bluecrop’] x
0600zar kbl uebd

Pl 296412, OP x OP

2n=4x =48
2n=4x =48
2n=4x =48

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x =48
2n=4x =48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2.12+0.13
2.25+0.07
2.35+0.07

2.32+£0.07

2.63 £ 0.07
2.40 = 0.07
2.45 +0.07
2.41 +0.07

2.22 +£0.07

2.38 £ 0.07
2.38 £0.07
2.06 £ 0.07
2.06 = 0.07
2.82 +0.07

2.72+0.13
2.22 +0.07
2.26 £0.09

2.39 £ 0.07

2.41 +0.07
2.34 £0.07
2.34 +0.07
2.53+0.05

0.53 +0.02
0.56 £ 0.01
0.58+0.01

0.58 +£0.01

0.65+0.01
0.60+0.01
0.61+0.01
0.60+0.01

0.55+0.01

0.59+0.01
0.59+0.01
0.51+0.01
0.51 +0.01
0.70+£0.01

0.68 +0.02
0.55+0.01
0.56 +£0.01

0.59+0.01

0.60 +£0.01
0.58 £ 0.01
0.58+0.01
0.63 +0.00
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Table 1.3(continued).

NCGR

NCSU

NCSU

NCSU
NCSU
NCSU

NCSU

NCSU
NCSU
NCSU
NCSU
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NC1522x6 O' Neal o
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6Bl ue

[ US4 1
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x OP
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NC7919-2 (V. pallidum SC) (4) x NC1871
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NC3034 . elliottii,
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6Sierr
6Sierr
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a
a

2n=4x=48

2n=4x =48

2n=4x =48

2n=4x=48
2n=4x =48
2n=4x =48

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x=48

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2.65+0.07

2.37 £0.06

2.48 + 0.06

2.34 +0.07
2.40 £ 0.07
2.37 +0.07

2.33 £0.07

2.38 +0.06
2.44 + 0.06
2.36 £ 0.07
2.37 £0.07

2.39 £ 0.07

2.31+£0.07

2.34 £0.07
2.40 = 0.07
2.43 +0.07
2.32+0.07
2.39 £ 0.07
2.39+0.07
2.35+0.07
2.36 = 0.07

0.66 £ 0.01

0.59+0.01

0.62+0.01

0.58+0.01
0.60 +£0.01
0.59+0.01

0.58 £ 0.01

0.59+0.01
0.61+0.01
0.59+0.01
0.59+0.01

0.59+0.01

0.57£0.01

0.58 £ 0.01
0.60+0.01
0.60 +£0.01
0.58+0.01
0.59+0.01
0.59+0.01
0.58 £ 0.01
0.59+0.01
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Table 1.3(continued).
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x NC80-2-14 (V. myrsinitesSC)] x NC8216-6 (V.
corymbosunsyn.V. formosumSC)

NC2104 ['Echota’ ¥. elliottii, NC] x 'Chanticleer’
‘Chanticleer' x NC2874 Y. elliottii, S GA) x
'‘Bluechip’]

‘Chanticleer' x NC2874 Y. elliottii, S GA) x
'‘Bluechip’]

US799 V. darrowiis e gr egat e) |
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US137 [US41 x FL46]x6 Ec hot a6
US137 [US41 x FL46] x 'Echota’
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6Reveilled I NC2678
SF12-L x NC2916[V. corymbosunx V. elliottii]
NC1639 xNC2916[V. corymbosurx V. elliottii]
NC3352 . angustifolium WV) x NC1872
NC2845 /. elliotti, NC) I &6Torod
NC2845 Y. elliottii, NC) x NC2860Y. elliottii, SC x
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6Sunshine Blued I NC304

6Duked T NC2a2dliotti, NQr o a't
r
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NC3170 V. simulatumNC x 'Bounty'] x NC3033

2n=4x =48

2n=4x =48

2n=4x =48
2n=4x =48

2n=4x =48

0 S 2n=4x=48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x=48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2.39+0.07

2.46 £ 0.07

2.34 +0.07
2.40 +0.06

2.36 £ 0.07

2.33 £0.07
2.47 +0.07
243 +0.05
2.46 +0.07
2.32+£0.07
2.43 +0.07
2.38 £ 0.07
2.38 £0.06
2.28 £0.07
2.26 £0.13

2.44 +0.07

2.39 £ 0.07
2.42 +0.07
2.37 £0.07
2.50 £ 0.06
2.50 + 0.06
2.46 +0.07

0.59+0.01

0.61+0.01

0.58+0.01
0.60 +£0.01

0.59+0.01

0.58 £ 0.01
0.61+0.01
0.60 +£0.01
0.61+0.01
0.58 £ 0.01
0.60+0.01
0.59+0.01
0.59+0.01
0.57£0.01
0.56 +0.02

0.61+0.01

0.59+0.01
0.60+0.01
0.59 +0.01
0.62+0.01
0.62+0.01
0.61 +0.01
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Table 1.3(continued).

NCSU
NCSU
NCSU

NCSU

NCSU

NCSU

NCSU
NCSU
NCSU

NCSU

NCSU

NCSU
NCSU
NCSU

NCSU
NCSU
NCSU

NCSU
NCSU
NCSU
NCSU

NC4398
NC4404
NC4411

NC4421

NC4426

NC4434

NC4499
NC4509
NC4511

NC4564

NC4574

NC4593
NC4597
NC4600

NC4606
NC4608
NC4618

NC4625
NC4627
NC4630
NC4638

NC2856 x NC2863

6Pinnacled6 I O6Duked
G214 I o6Chanticleero
NC3323 ¥. corymbosumyn.V. formosumSC) x
6Sampsonbd

NC3314 ¥. corymbosursyn.V. formosumMI) x
6Sampsonbd

NC3311 ¥. corymbosursyn.V. formosumNJ) x
6Sampsonbd

6Sunshine Blued I NC304
US74 [FL 4B Y. darrowii) x '‘Bluecrop’] x NC3048
6Sunshine Bluedo I oOLega

NC3311 ¥. corymbosursyn.V. formosumNJ) x
6Sampsono

NC3325 ¥. corymbosurmsyn.V. formosumSC) x
NC3033

NC3314 ¥. corymbosumMI) x NC3494 y/.
corymbosunsyn.V. formosumNC)
NC80-6-2 (V. fuscatumSC (&) ) 1

syn.V. formosunsegregate, S. GA]
NC80-8-3 [V. corymbosursyn.V. formosumx V.
myrsinitess e gr egat e, SC] |

NC2595 V. pallidumx V. fuscatun{4x)] x NC1640
NC2466 [NC226712x) [[V. caesariense& V. darrowi|
NC16

xV.darrowilx6 Bount yo] 1
NC1768 x NC1639
NC2856 I
NC3025 x NC3048
6Beaufortoée 1

OSummi t o

NC2916

6 Samp:¢
NC1066 x NC83L3-6 [V. myrsinites< V. corymbosum

2n=4x =48
2n=4x =48
2n=4x =48

2n=4x =48

2n=4x =48

2n=4x =48

2n=4x =48
2n=4x=48
2n=4x =48

2n=4x =48

2n=4x=48

2n=4x =48
2n=4x =48
2n=4x=48

2n=4x=48
2n=4x =48
2n=4x=48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2.45 +0.06
2.41 +0.07
2.35+0.06

2.31+£0.07

2.44 + 0.07

2.32+£0.07

2.41 +0.07
2.46 +0.07
2.04 £0.07

2.33+0.07

2.39+0.07

2.35+0.07
2.36 £0.06
2.41 +0.07

2.39 £ 0.07
2.38 £ 0.07
2.52 +0.07

2.40 = 0.07
2.53 £ 0.07
2.43 +0.07
2.40 + 0.07

0.61+0.01
0.60 £ 0.01
0.58+0.01

0.57 £0.01

0.61+0.01

0.58 £ 0.01

0.60 +£0.01
0.61 +0.01
0.51+0.01

0.58+0.01

0.59+0.01

0.58 +0.01
0.59+0.01
0.60 +£0.01

0.59+0.01
0.59+0.01
0.63+0.01

0.60+0.01
0.63+0.01
0.60 +0.01
0.60 + 0.01
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Table 1.3(continued).

NCSU

NCSU

NCSU

NCSU

NCSU
NCSU
NCSU

NCSU

NCSU

NCSU
NCSU
NCSU
NCSU

NCSU

NCSU

NC4643

NC4654

NC4661

NC4664

NC4671
NC4676
NC4681

NC4710

NC4712

NC4859
NC4885
NC4886
NC4900

NC4958

NC4976

NC2980 V. simulatumNC x NC1871] x

NC2927 6 Bount y o IV.elliatiCNG} at :
NC3173 V. pallidumx V. elliottii, SC x 'Bounty'] x
NC3175 V. pallidumx 'Echota’]

NC3173 V. pallidumx V. elliottii, SC x 'Bounty'] x
OSummito

NC3173 V. pallidumx V. elliottii, SC x 'Bounty] x
O0Summito

NC1171 x NCSH.2-L

NC1171 x NCSH.2-L

6Bl uechipd T NC1376
NC3463 V. virgatum(6x) x V. simulaturm(4x)] x
6Chand) er 6 (4

NC3463 V. virgatum(6x) x V. simulaturm(4x)] x
6Chand) er 6 (4

F2(NC3865 x NC3048) x OP

NC4331(2x) [V. darrowii x V. arboreurnx NC4360
NC4336(2x) [V. darrowiix V. arboreurh T 6 St
NC2852 V. pallidum(4x) x NC1871] x NC2856
NC3773 [V. elliottii x V. tenellum SC) x'Chandler'] x
NC2859 V. elliottii, NC x 'Bluechip']

NC4562 (4") [NC3142 (%) [NC1982 (&) x NC1944
(6x)] x NC2856 (4") [NC1935 (&") [US42 () x B-6
(4X)] x US75 (K)]] x NC3476 (&") [NC1146 (&) x
NC2673 (&) [NC1204 (%) x NC1376 (4)]] x
NC4361

2n=4x=48

2n=4x =48

2n=4x=48

2n=4x =48

2n=4x =48
2n=4x =48
2n=4x =48

2n=4x =48

2n=4x =48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2n=4x=48

2n=4x =48

2.39+£0.06

2.47 +0.07

2.38 £0.06

2.47 +0.07

2.56 +0.07
2.38 +0.06
2.51+0.07

2.45+0.09

2.46 £ 0.07

2.42 +0.07
2.34 +0.07
2.38 £ 0.07
2.36 +0.07

2.37 +£0.06

2.46 +0.07

0.59+0.01

0.61+0.01

0.59+0.01

0.61+0.01

0.64 +0.01
0.59+0.01
0.62+0.01

0.61+0.01

0.61+0.01

0.60 +£0.01
0.58+0.01
0.59+0.01
0.59+0.01

0.59+0.01

0.61+0.01
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Table 1.3(continued).

NCSU

NCSU
NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU
NCSU
NCSU
NCSU
NCSU
NCSU
NCSU

NC4979

NC4991
NC4996

NC5001

NC5006

NC5015

NC5019

NC5022

NC5066

NC5068

NC5072
NC5197
NC5211
NC5214
NC5216
NC5236
NC5266

NC4562 (&%) [NC3142 (%) [NC1982 (4) x NC1944
(6x)] x NC2856 (&) [NC1935 (&*) [US42 (%) x B-6
(4X)] x US75 (&)]] x NC3476 (&) [NC1146 (&) x
NC2673 (&*) [NC1204 (%) x NC1376 (&)]] x
NC4361

6Reveilled I NC3476

6Arl end 1 O6Georgia Gemb
6Reveilled 1T NC3-2AQ. [ ' E
myrsinites SC)]

6Reveilled 1T NC3-2AQ. [ ' E
myrsinites SC)]

6Rubel 6 [[6BCR2Bt986 V. eliditic
NC)]

NC2922 V. corymbosursyn.V. formosunhybrid x
NC1871] x NC2856

NC2922 V. corymbosursyn.V. formosunhybrid x
NC1871] x NC2856

NC3773 [V. elliottii x V. tenellum SC) x '‘Chandler] x
NC2859

NC3773 [V. elliottii x V. tenellum SC) x '‘Chandler] x
NC2859

NC2927 x G615
6Arl end I
NC2898 x G615
NC2873 V. elliottii, SC x 'Bluechip'] x OP
NC4302 I oO6Sunshine Blue
NC84-6-5 (V. darrowii, FL) x US75

NC4886 | O6Legacyd

6Georgia Gembd

2n=4x =48

2n=4x =48
2n=4x =48

2n=4x =48

2n=4x =48

2n=4x =48

2n=4x =48

2n=4x=48

2n=4x =48

2n=4x=48

2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48
2n=4x=48

2.36 + 0.06

2.39 £ 0.07
2.52+0.07

2.46 £ 0.07

2.47 +0.07

2.45 +0.07

2.39 £ 0.07

2.40 £ 0.07

2.35+0.07

2.37 £0.07

2.38 £ 0.07
2.43 +0.07
2.39+0.06
2.40 = 0.07
2.33 £0.07
2.37 £0.07
2.34 £ 0.07

0.59+0.01

0.59+0.01
0.63+0.01

0.61+0.01

0.61+0.01

0.61+0.01

0.59+0.01

0.60 +£0.01

0.58 £ 0.01

0.59+0.01

0.59+0.01
0.60+0.01
0.59+0.01
0.60+0.01
0.58 £ 0.01
0.59+0.01
0.58 + 0.01
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Table 1.3(continued).

NCSU

NCGR
NCGR

NCGR

NCSU

NCGR

NCGR
NCGR

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

SHF2B314:38

uS612
US693

uS845

uS845

uS848

US851
USDA 72

NC2672

NC3419

NC3476

NC4329

NC4519

NC4696

NC4701

NC4721

NC5141 (4) [V. consanguineur@@x) |
Bl u e)px NC3104 (&)

P1 618270, G362 x JU64

Pl 638328, US226 x US226

P1 638330, US388 [FL 4BV darrowii) x Knight (V.
eliotti) ] T O6Cara's Choiceb
P1 638330, US388 [FL 4BJ/. darrowii) x Knight (V.
eliotti) ] T O6Cara's Choiceb
P1 638332, US388 [FL 4BJ/. darrowii) x Knight (V.
elliottii)] x G526

Pl 638337V ecliot)xiG26t 6 (

PI 554825, 6Warehamd |1
NC1204 (%) [[Angola’ (&) x 'Tifblue' (6¢)] x NC1376
(4%)

'‘Sampson' (4§ x NC3060 (%) [NC2125 (&) x
‘Murphy' (4]

NC1146 (&) x NC2673 (4") [NC1204 (%) x NC1376
(4x)]

NC2859 (&) x NC3412 (4%) [NC3025 (%) x NC3060
(5x) [NC2125 (&) x 'Murphy' (X)]]

NC3760 (%) [NC79-19-2 (V. pallidurn) (4x) x NC3086
(6X)]x NC80-8-1 (V. myrsinite} (4x)

0 Re v e )Ix N@3478 (43 [NC1146 (&) x
NC2673 (4X) [NC1204 (X) x NC1376 (%)]]

NC2856 (4") [NC1935 (&") [US42 () x B-6 (4x)] x
US75 (&)] x US75 (&K)] x NC3478 (&) [NC1146
(4x) x NC2673 (&) [NC1204 (%) x NC1376 (%)]]
NC3219 (%) [Bounty' (&) x 'Premier' (8)] x NC1376
(4%)

2n=4x =48

2n=4x=48
2n=4x =48

2n=4x=48
2n=4x=48

2n=4x =48

2n=4x =48
2n=4x =48

2n=4x" = ND
2n=4x" = ND
2n=4x" = ND
2n=4x" = ND
2n=4x" = ND

2n = 4x* = ND

2n=4x" = ND

2n=4x" = ND

2.35+0.07

2.24+0.07
2.16 £ 0.07

2.40 +0.07

2.40 = 0.07

2.22 +0.06

2.53+0.07
2.68 £ 0.07

2.78 £0.05

2.71 +0.07

2.59 +0.07

2.64 +0.07

2.65+0.07

2.40 £ 0.06

2.52 +0.07

2.39 £ 0.07

0.58+0.01

0.56 +0.01
0.54 £0.01

0.60+0.01

0.60+0.01

0.55+0.01

0.63+0.01
0.67 £0.01

ND

ND

ND

ND

ND

ND

ND

ND
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Table 1.3(continued).

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU
NCSU
NCSU

NCSU

NCSU
NCSU
NCSU
NCSU

NC4728

NC4732

NC4738

NC4739

NC4953

NC5071

NC5199

NC5204

NC5207

O6Hei
O6RoOD
NC2864

NC3147

NC3219
NC3465
NC3515
NC3957

nt oc
eson

NC3219 (¥) ['Bounty' (&) x 'Premier' ()] x

60Sparx)anod

(4

NC3218 (%) ['Bounty' (&) x 'Premier' ()] x

6Sparx)anod

(4

0 Re v e K)Ix N@3698 (4% ['Bounty' (&) x

'Heintooga' (%)]

0 Re v e X)Ix N@3698 (43 ['Bounty' (&) x

'Heintooga' (%)]
6Cart §xNHG2H47 (4J[NC449 (%) x NC1066

(4x)]

NC2874 (&) x NC3412 (4" [NC3025 (&) x NC3060

(5x) [NC2125 (&) x 'Murphy" (X4)]]
0 Rev e k) Ix N@3476 (43 [NC1146 (&) x

NC2673 (&*) [NC1204 (%) x NC1376 (X)]]
NC4562 (&) [NC3142 (%) [NC1982 (&) x NC1944
(6x)] x NC2856 (&) [NC1935 (&*) [US42 (%) x B-6

(4x)] x US75 (&4)]] x NC4179 (&)

NC4562 (&) [NC3142 (X) [NC1982 (&) x NC1944
(6X)] x NC2856 (&) [NC1935 (&) [US42 (%) x B-6
(4X)] x US75 (&)]] x NC3476 (&) [NC1146 (&) X
NC2673 (&) [NC1204 (%) x NC1376 (&)]]

0 Bl ue xXxiNEXB27 (&3

US226 (&)

I
NC7960-8 (4x) (V. simulatun x 'Montgomery' (8)

OPrxemi er 6

(6

US109 (&) (Ml Lowbush#1,V. angustifoliun x
NC2105 (&) (V. virgatum)

6Bounxyd

6CPrxemi er 6

(6

NC1475 (&) x NC2144 (&) (V. constablagiNC)
NC3044 (&) x NC3084 (&)
JU8 (&) x Sierra (X)

2n=4x" = ND
2n=4x" = ND
2n=4x" = ND
2n=4x" = ND
2n=4x" = ND
2n=4x" = ND

2n = 4x* = ND

2n = 4x* = ND

2n = 4x* = ND

2n=5x=60
2n=5x=60
2n=5x=60
2n=5x=60
2n=5x=60
2n=5x=60
2n=5x=60
2n=5x=60

2.69+0.07

2.67 +0.07

2.36 £ 0.07

2.65+0.09

2.49 +0.06

2.44 +0.07

2.49 +0.07

2.41 +0.07

2.52 +0.07

3.00 £ 0.07
3.03 +£0.06
3.14 £ 0.07

3.03 +0.07

3.08 = 0.07
3.06 + 0.06
3.12 +0.07
2.96 + 0.07

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.60 +£0.01
0.60+0.01
0.62+0.01

0.60+0.01

0.61+0.01
0.61+0.01
0.62+0.01
0.59 +0.01
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Table 1.3(continued).

NCSU
NCSU
NCSU
NCSU

NCSU

NCSU

NCSU
NCSU
NCGR

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU
NCSU
NCSU

NCSU
NCSU

NC4073
NC4169
NC4810
NC4959

NC5076

NC5077

NC5089
NC5237
US676

NC5074

NC5101

SHF2A15:24

SHF2A%5:65

SHF2B%17:21

SHF2B*17:22
NC4612
NC3855

NC3857
NC4211

NC3040 (4) (V. angustifoliumMI) x ‘Ira’ (&)
NC3044 (&) x T141(6x)

0l r @ 8NQ348 (%)

NC81-10-2 (6x) (V. virgatum SC) x NC1467 (¥
NC3325 (%) (V. corymbosumyn.V. formosumSC) x
NC2140 (&) (V. virgatum FL)

NC3325 (%) (V. corymbosursyn.V. formosumSC) x
NC2140 (&) (V. virgatum FL)

NC81-10-2 (6x) (V. virgatum SC) x NC1467 (¥
NC3878 (X) (V. pallidun) x NC3632 (&)

PI1 638335, G362 (4 x JU11 (&)

NC3325 (%) (V. corymbosumsyn.V. formosumSC) x
NC2140 (&) (V. virgatum FL)

NC4301 (6&*) [V. consanguineuri#x) x NC1872 ()]
I 6Legpcyo6 (4

NC4301 (6&*) [V. consanguineuri#x) x NC1872 ()]
I 6Legpcyo6 (4

NC4301 (6&*) [V. consanguineurf#x) x NC1872 ()]
I 6Legpcyo6 (4

NC4301 (6&*) [V. consanguineurf@x) x NC1872 ()]
x NC3899 (4)

NC4301 (6&*) [V. consanguineuri#x) x NC1872 ()]
x NC3899 (4)

NC84-6-5 () (V. darrowii, FL) x NC1467 (%)
US124 (&) (V. constablagix NC2487 (%) [V.
pallidum (4x) x 'Premier’ (&)]

US124 (&) x NC2767 (%) [US41 (&) x NC2016 (&)]
NC2768 (X) [US41 (&) x NC2016 (&)] x T286 (6)

2n=5x=60
2n=5x=60
2n=5x=60
2n=5x=60

2n=5x=60

2n=5x=60

2n=5x=60
2n=5x=60
2n=5x=60

2n=5x* =60

2n =5x* = ND
2n =5x* = ND

2n =5x* = ND
2n=5x* = ND
2n =5x* = ND

2n = 5x* = ND
2n=5x"=ND

2n=5x"=ND
2n=5x*=ND

3.04 £ 0.06
2.75+0.07
3.02 +0.07
3.05 +0.07

3.61 +0.07

3.67 +0.07

2.94 +0.07
3.02 £ 0.07
3.03 +0.07

4.12 +0.07

2.92+0.13

2.90 £ 0.07

2.94 £ 0.07

2.89 £ 0.07

2.83 £0.07
3.07+£0.04
3.36 = 0.07

3.36 = 0.07
3.31+0.06

0.60+0.01
0.55+0.01
0.60+0.01
0.61+0.01

0.72+0.01

0.73+0.01

0.58 +0.01
0.60 +£0.01
0.60 +0.01

0.82+0.01

ND

ND

ND

ND

ND
ND
ND

ND
ND
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Table 1.3(continued).

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU

NCSU
NCSU
NCSU

NCSU

NC4371

NC4736

NC4824

NC4954

NC4986

SHF1C23:24

NC2105
NC5083
NC5094

NC5164

NC3514 (%) [NC3024 (&) x NC3086 (&)] x NC3408

(4x") [NC3033 (&) x NC3060 (%) [NC2125 (&) x
‘Murphy" (4)]]]

NC3886 (&) [NC79-19-2 (V. pallidunm) (4x) x
NC1916 (X) [NC1681 ¥. pallidum(4x)) x 'Tifblue'
(6x)]] x NC1467 (XK)

NC3493 () [Jersey' (#) x NC1402 (&) ] |
[NC3799 (%) [NC82-16-6 (V. myrsinite}¥ (4x) x
NC81-10-2 (V. virgatun) (6x)] x CloneC ¥. virgatun)
(6xX)] x [NC3799 (%) [NC82-16-6 (V. myrsinite} (4x)
x NC81-10-2 (V. virgatun) (6x)] x NC80-11-3 (V.
virgatum (6x)]

NC3147 (%) [US109 (&) x NC2105 (&) ] |
(4x)

0 E ¢ h ox) xaN&C35624(%") [NC2747 (&") [NC449
(5x) x NC1066 (4)] x NC2695 (X*) [TH268 (4x) x
NJ/US11 (5%) [US41 (&) x Tifblue' (69)]]]

6Ti fblued T O.P.

NJ8315811 x NC3959YV. virgatum SC)
NJ8315824 x NC1223YV. virgatum AR)

NC2852 (%) [V. pallidum SC (&) x NC1871 (4)] x
NC2856 (&) [NC1935 (&*) [US42 (5¢) x B-6 (4X)] x
US75 (&)] x US75 (4)]

ol

2n=5x"=ND

2n=5<"=ND

xp | 2n=5x"=ND

2n=5x" = ND

2n=5x" = ND

2n=5x" = ND
2n=6x=72
2n=6x=72
2n=6x=72

2n=6x" = ND

3.76 £ 0.07

3.02 + 0.06

3.25+0.05

3.63 +0.07

3.16 = 0.07

3.79 £0.06

3.70 £ 0.05
3.57 +0.07
3.56 + 0.07

3.76 £ 0.07

ND

ND

ND

ND

ND

ND

0.61 +0.00
0.59+0.01
0.59+0.01

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 aredefined
NCGR denotes National Clonal Germplasm Repository, Corvallis, OR
NCSU denotes NC State University, Raleigh, NC
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virgatum) and NC8628-03 (V. constablagiwere used as hexaploid control genotypes for comparative purposes.
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cytometry was measured using an internal referdfisem sativune v.. 0 Ct i rado6é t o determine 2C DNA
megabase pairs (Mbp), where 1 p§7#8 Mbp/ploidyto calculate the haploid genome size. Gee®dcope v.2.0 was used to detemmi

the haploid genome lengtk-(herlength = 25) of diploid/acciniumspecies.
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CHAPTER 2:

Genotype,Environment, Year, andHarvest effects orFruit Quality Traits of Five

Blueberry (Vaccinium corymbosum L.) Cultivars

ABSTRACT

Blueberries Yacciniumspp.) comprise a broad range of perennial woody species, in which
nativeVacciniumspecies are found across North America, ranging from Canada through

Mexico. Introgression of native species into cultivated germplasm has at¥@ui@uum

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 bedw 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 x E). In addition, other
temporally regulated factors such aary€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 6Echotadéd, O6006Neal 6, ORev
cultivars were phenotyped for various fruit quakhtglated 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 x H as well asyG<>H, significantly

affected the majority of studied phenotypic t
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006 Neal 6 phenotypic stability were consistent

characteristics stable across years, locatiortsharvests. Clonal plant replicates within
genotype, harvest, and environment, as well as individual fruit measures were the most

significant source of variability.

INTRODUCTION

Blueberries {acciniumspp.) encompass a broad range of perennial wooayespavherein
nativeVacciniumspecies are found across North America, ranging from Canada through
Mexico. In the southeastern United States, select ndtieeiniumspecies includingy.
angustifolium(Aiton), V. arboreumMarsh),V. constablae{Gray),V. corymbosungL.), V.

darrowii (Camp),V. elliottii (Chapm.) V. myrtilloides(Michx.), V. pallidum(Aiton), V. tenellum
(Aiton), V. simulatum(Small), V. stamineun(L.) andV. virgatum(Aiton) have been utilized in
breeding populations for specific adaptations and trait introgression. Introgression of native
species into cultivated germplasm has adagteztiniumgermplasm to a range of climates and
growing conditions for cultivated béberry, resulting in both lowhill and highchill adapted
cultivars (Cabezas, de Bem Oliveira et al. 2021, Nishiyama, Fujikawa et al. 2021). Differential
low chill and highchill cultivation has enabled production expansion through the expanded
geographicange, ultimately enabling fresh market availability yeamd due to longer

production windows across regions. Furthermore, blueberry production has gained traction due
to increased consumer and commercial attention to recent reports regarding theeresits 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 gebgrapd climatic growing
conditions between environments may further affect fruit and plant phenotypic expression. In a
comparison of geographically diverse locations, blueberry cv. BrightWaddiniumvirgatum)

grown in higher altitude environments refgal 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. hcreased 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, whictredated 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 fruigitevas an effect of warmer temperatures in
tomato (RodrigueDrtega, 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 temperati(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 (Lirwang, 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 x E). Other impacting
factors in plantind 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 qudiésedites.

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 thiweek earlier snowsit in Vacciniummyrtillus in Norway

in 2011 resulted in twaveek earlier blooming when compared wiitle 2010 production season

(Selas, Sansteby et al. 2015). Furthermore, severe weather events such as spring cold spells can
cause significant cold injurp low-chill and precocious blueberry cultivars, impacting yield

(Patten, Neuendorff et al. 1991). In addition to e@lhted events, yearly differences in

temperature fluctuations and precipitation events, including heatwaves, drought, and flooding
affed 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 withgaime 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@gpe 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 cultivarsused inthisstady e hi ghbush bl ueberry O0Ech:
OReveilled, 6Summitd and O6Sunrised. The south
6 Summi tVidartowiive t heir pedigrees; O6Surmlivt 8 and o0
virgatumi nt r ogr es sii lolneVotenellas a6 Reve pedigree history
chill northern highbush (NHB) derived from a native iohill North CarolinaV. corymbosum

accession (NC102). The cultivar O6Sunrised6 is
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from high-chill V. corymbosurparents which have sonve angustifoliumn their pedigree; as
such, &éSunr i s echil sheciesin its petigree histoey. Usingwhese selected

cultivars in both North Carolina and Oregon environments, our research sndorthe 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 fmommercial 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 degisaéimg for target

environments and further identify blueberry production benchmarks for specaiisd t

MATERIALS AND METHODS

Plant Material

Freshfruits were collected from selected cultivars from two field locations, NC State University
(NCSU) Sandhill s Research Station | ocated in
176 m above sea levaelhd USDAARS National Clonal Germplasm Repository (NCGR) in
Corvallis, OR (44e3306 N, 123136 W and 74 m a
2020. The Jackson Springs soil is Fuquay Sand and is amended by pine bark for acidification.

The Jacksosprings 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 ©f 4.5
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5.5 that is regularly amended with organic sawdust mulching. The CorvalgRNarm was

irrigated via an underground sprinkler system that is run twice a week.

The studied genotypes consisted/atciniumc or y mbosum SHB, 6O0O6Neal 6,
60 Su nmist wel | as t he NH®UsingEhe heighbajdningmethoddnSunr i s e
RAXML andVacciniumuliginosum (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 prodedt See Chapter 4; Figure 4)2Each 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 werkarvested for two sequential weeks once the plant achieved a ripeness
status of >30% blue fruit. A minimum of ten individual fruit were hdwagdvested per clonal
replicate of each genotype for each harvest. Fruit collected from Jackson Springs weia gtored
°C for nextday 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 LaboratorgxXeday 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 meeaesot 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 lighpermeable Zero Calibration Box (GRI124 Konica
Minolta). CIELAB values, L*, a*, and b*, were quantified using a Konica Mam&€R-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. Specdily, higher L* values indicate increased
sample luminescence represented by light blue fruit, a* values aregeet color spectrum
where positive values are red and negative values are green, and b* values ayekollue

color spectrum where posié 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 equatidltssuire 1992)
R £ a0 & o

OAIar)z—z
08 Yoc
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Firmtech

Fresh fruit firmness (FRM) was quantified via a Firmtech Il (BioWorks, KS, USA). The

instrument load cell depression speed was set at 12 mhwathca table speed of

0.79 mm-se¢. 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 c o'npaflectosfortelar cdnpressiagnarin mm (g
height were calibrated with pure gum rubber balls, 15.4 mm in diameter, and tfeegtrragth

of 2700 psi (MCMasterCarr part 96385KQE) 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 @ler 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 diamgtD) 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)

Ybﬁo
‘00
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Texture analyzer

The mechanical force required to puncture the fruit skin of the same ten individuakédiin
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)he speed of decompression of the instrument was set to a speed
of 2.5 mm-se¢ with a retraction speed of 5 mm-Sedhe flathead probe applied a maximum
forceof 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 Micte@yistd., 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 uffanfruit at the time opuncture 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 positivefoarcae di cat es the fruitdés el ast
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).

00 2 00
00

Total Solule 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) (SorvakhdX1R Centrifuge,
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Fisher Scientific, Pittsburg, PA) fruit pulp of fresh fruit purée at room temperature (n =10) using
a handheld ATAGO PAIBX|ACID F5 refractometer (ATAGO, USA, Inc., Bellevue, WA).

During homogenization, the fruit was contained in a R0centrifuge tube held in ice to prevent
purée heating and soluble solid decomposiforenc, Veberic et al. 2017)wo-hundred

microliters of liquid supernatant was extracted and placed on the refractometer sen$a, and t

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 gf 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.

e AD0 OO OO O OO B QA & QO EIAG@p T ETO
YQO01 00 QPQ0-w ——
i 0wan®a

Climatic Data

Monthly averages were extrapolated from maximum and minimum daily air and soll
temperatures, as well as precipitation and evapotranspiration. These data were obtained during
blueberry flower and fruit development, from March to August, using Stat Clinfate 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 noé¢tRozt

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 ofdedalpoint. 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 includesé&iion (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 withplant variability for these analyses:

Model 1.
W A O ® - O 00 ®»'O ‘YOO Om™O 'Y"'OOm
O 00 w0 OO0 OO0 'Y'O0O Y 'O0m 000 O0OmM™

0600 Y000k .
wherew is the measurtkphenotypic trait of théienvironment in the'jyear and

sequential harvest for thé'lgenotype and the frclonal plant replicate per genotype and the n

individual fruit. In this model, W is the grand mean @iOAONA T "B 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; I=1, 2 harvests and,r@=xlonal genotype replicates. Txactor

interactions includ® "0 "OhHO "Oh "OhA T "0 representing the interactions between
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environment and genotype, year and genotype, environment and harvest, year and harvest, and
harvest ad genotype, respectively. Thréaetor interactions include

‘0 & 0RO "O'0RA T '@ & "Ofor environmentby-yearby-genotype, environmettty-genotype
by-harvest, and environmehy-yearby-harvest. The foufactor interactions include only

O w "O'Orepresenting the interaction for environmeégtyearby-genotypeby-harvest. Clonal

genotype replicates are present in both environments and were treated as a random effect. The

randomeffects include whole plot error, , of the Ex Y interaction, random betwegmnant

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 analypsotéd fruit, wherein the
phenotypic measurements were conducted on fruit purée comprisedetihdividual fruit per
genotype, replicate, harvest, location, and year. This model includes location (L), year (Y),
genotype (G), harvest (H), and theitaractions while using random effects of replication (R) to

account for variability between plants:

Model 2.

W A O ® - O 00 ®WO YOO "O0w YOO O
00 w0 00 "Ow™O Y'OOO Y 'O0w ‘000
O®0O 00w -

wherew is the measured phenotypic trait of tRenvironment in the'jyear and'f

sequential harvest for thé' kgenotype and the frclonal plant replicate per genotype. In this

model, W is the grand mean a®dtoROPA T "D are the main effects of environment, year,

genotype, and harvest, respectively, where i=1, 2 enwieoits; j=1, 2 years; k=1, 2, 3,4, 5
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genotypes; I=1, 2 harvests and m=1, 2 clonal genotype replicateda¢tgointeractions

include’© "Oh "ORO "0t "OPA T B0 representing the interactions between environment and
genotype, yeaand genotype, environment and harvest, year and harvest, and harvest and
genotyperespectively Threefactor interactions includ® ¢ "OHO "O'OPA T ‘@ ¢ "Ofor
environmendby-yearby-genotype, environmeity-genotypeby-harvest, and emonmentby-
yearby-harvest. The foufactor interaction includes on!® @ "O"O representing the interaction

for environmenby-yearby-genotypeby-harvest. Clonal genotype replicates are present in both
of the environments and are treated as daaneffect. Similar to Model 1, the random effects

include whole plot error, , of the Ex Y interaction and the error attributed to the interaction

of the clonal genotypic replicate within genotype and environment with year and harvest.

Correlatonanal yses was performed for genotypes witd.l
(Revelle 2021pnd were analyzed by the Pearson method and were considered significant at a

threshold ofP <0.05.

RESULTS
Analysis of variance across environments, years, and harvests

Analysis of variance for individual fruiheasured phenotypic traits indicated that genotype (G),
environment (E), year (), harvest (H), and their interactsgisificantly 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 traitsat 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 Rl and DPFable 2.}, where values were 4.9% greater and 4.8%
lower, respectivelyin the Corvallis environmenfable 2.5. In model 2, E was a significant
source of variance for phenotypic traits including L*, CRM, TSS, andTiablg 2.3. The fruit
had significantly higher L*, CRM, and TA values at the Jackson Springs site, whiteithe

from Corvallis had a higher TSS percentageble 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 tha 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 2Table 2.5 (Figure 2.3.

The difference between getypes (G) was significant for all measured traits except for DPF and

HUE (Table 2.1Table2.3 . For example, O6Reveilled had the
highest RI, FRM, APF, FT, FE, and TSEable 2.5 Figure 2.2 Figure 2.3. Conversely,

6 Summihtad the highest measured FW, PD, and ED
Correspondingly, FW and ED have a moderate negative correlation with Rl, FRM, APF, and FT
(R2>0.40|)Fkigure2.1) . On the other hand, O0Oo&Nesavi@ had t
OEchotad had the highest L* ahableZRAdexpectedl es of

the L* and CRM had a strong positive correlation (R = 0.6®)ure2.1).

Compared with the G x E (location) interaction, the interaction of Gtimé) affected more
phenotypic traits, including PD, ED, RI, and DPF in model 1 and L* in model 2, whereas the G
x E interaction was only significant for FRM, DPF, FT, and TSS. Combining the sources of
variation in the threéactor interaction of G x E ¥, FW, RI, and DPF were significant in model

1, and TSS and TA in model Zgble 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 traitsluding FW, PD, ED, and Rl in

model 1, and L*, HUE, CRM, TSS, and TA in modelTaBle 2.1 Table 2.3. In the first harvest

Fw, pPD, ED, L*, CRM, TA, as well as HUE, deno
blue, were higher compared witreteecond harvest. In contrast, the second harvest showed an

increase in Rl and TST¢ble 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 x H was onlgignificant source of variation in HUE in
model 2 Table 2.3. Overall, HUE decreased between harvests in Jackson Springs while
increasing at Corvallis between harvedtahle 2.7. Y x H had a more significant impact on
phenotypic traits used in both nald compared with E x H, wherein Y x H was significant for
phenotypic traits including FW, PD, and Rl 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 heests in both years of study; conversely, Rl and TSS increased between
sequential harvests in both years of stugb(e 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 x H) was not a

significant source of variance to any of the studied phenotypic tfaldg 2.1 Table 2.3).

Complex threavay interactions included Ex Y xH,GXE X H, G x Y xadd G x E x Y x H.
Among these, E x Y x H was significant for phenotypic traits including FW, PD, ED, L*, HUE,
CRM, TSS, and TA; G x E x H was significant for L*; G x E x Y x H was significant for
phenotypic traits including FW, L*, HUE, CRM, TSS, and Though G x H was not

significant in the models for any phenotypic trait, G x Y x H was a significantiage
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interaction for twelve of the fourteen measured traits, including PD, ED, RI, FE, L*, HUE,

CRM, TSS, and TATable 2.1 Table 2.3.

More scrutinyof the variance components contributing to the total variance in the two models
revealed that the most significant variation in model 1 was the wpthint error corresponding

to individual fruit variation, which accounted for >42% for all phenotypitsti@able 2.2.
Subsequent dominant variance components were dependent upon the phenotypic trait of study,
often with greater emphasis on G x E x replicate (R) and G x E x Y x HratiRe(2.2. In

model 2, G x E x H x R accounted for most ofwhaation, with >45% in all phenotypic traits
(Table 2.4. Comparatively, the variance component G x E x Y x R accounted fot@5 of

model 2 variation.

Genotypic means within environment and year

Among the genotypes, 06ahevarability foenine rheasdredttrhite mo st
across environmental locationBaple 2.6Table2.7 . Acr oss genotypes, ORe
highest RI, FRM, APF, FT, FE, and TSEble 2.9; however, within genotype analysis

between environments, our researchdndit ed t hat OReveill ed had the
in FRM, APF, and FETable 2.9§. Specifically, the Corvallis environment had increased

measures in all fruit firmnegelated traits compared with Jackson Sprirkggure 2.2D & E).

However, withina r especti ve envi r on melated traitsovBre greaterl | e 6 f
than those observed in other genotypes. Il n Co
than other genotypes in eight of the measured traits (RI, FRM, APF, DPH-HUE, and

TSS), whereas in Jackson Springs, OReveill eb
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genotypes in all of the above traits with the exception of DPF and HUE. At the Jackson Springs
site, 60O6Neal 6 had si gnifburteeratnaits (FRM, ARFWDPF. FV, al ues
FE, L*, HUE, CRM, and TA); among these traits, only L*, CRM, and TA were statistically

significant in comparison to other genotypes in either environrkanire 2.2F, H, & N).
Compared to othergenopes i n Corvallis, O06Summitd had sig
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, FWw, PD, ED, and TA increased from ye
FRM and HUE increased across years for all genotffigare 23). 6 Summi t 6 | acked
harvest in the second year of study in Corvallis; howewerages of FW, PD, ED, and TA

increased between years of studiglfle 2.9§. All genotypes showed decreased measures of TSS

across yeardHgure2.3H) . 6 Echot ad and O60O6Neal 8 had the mo
genotypes acrossger s; OEchotadé decreased in FW, RI, an
FRM, APF, DPF, FE, and HUE from year 1 to yeaF@(re 2.3. Statistical analysis between
genotypes showed that 0Revdantlatrasdtheyead and fartherr i s e
showed consistency for phenotypic trait values within a genotype across environraétds (

2.6, Table 2.7.

Correlation between agronomic traits

Individual fruit measures were averaged within each clonal replicatg€petype, 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 measafd_*, HUE, CRM, TSS, and TA and averages

per clonal replicates for FW, PD, ED, RI, FRM, APF, DPF, FT, andHidtife 2.). We

identified five strongly correlated (> 0.70) pairwise comparisons, all of which were positively
correlated. Strongly correlatégits included FWPD (r = 0.87), FWED (r = 0.94), PBED (r =

0.83), APFFT (r = 0.76), and APHFE (r = 0.92). Traits including FW, ED, PD, FE, and Rl 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 thé&tween FT and APF, and ED;

therefore, DPF is related to both fruit volume and fruit firmness measures.

Further, we identified twentgix moderately correlated phenotypic traits (|0.70|> |r| >|0.40]). Of
the identified moderately correlated traits, tegrevpositively correlated, including RIPF (r =
0.43), FRMAPF (r = 0.63), FRMFT (r = 0.48), RIFE (r = 0.40), FRMFE (r = 0.53), FIFE (r

= 0.69), L~CRM (r = 0.69), APFTSS (r = 0.45), FE'SS (r = 0.51), and CRMA (r = 0.46).

The sixteen traits with amoderate negative moderate correlation includedmaW =-0.47),

ED-RI (r =-0.62), FWFRM (r =-0.43), EDFRM (r =-0.44), FWAPF (r =-0.50), PDAPF (r =
-0.45), EBAPF (r =-0.58), EDFT (r =-0.41), FWFE (r =-0.63), PDFE (r =-0.60), EDFE (r
=-0.67), FWTSS (r =-0.48), PBTSS (r =-0.42), EDTSS (r =-0.50), RTA (r = -0.47), and

TSSTA (r =-0.43) Figure 2.).
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DISCUSSION

As blueberry production expands, it encompasses increased geographic and climatic diversity.
Regions with compatible chates 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 onfruit 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 arulisyeof 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 inestlenvironments.

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 compateeé Jackson Springs environment in
both years of studyT@ble 2.8. However, our results indicated that E, G X E, G X E x Y, and G

x E x H were not significant sources of variation for the majority of the phenotypic traits in
either model. Yearly climat 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 sail and a
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 semperatures 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 whictofind 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
andlersel 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 envirdrnineeased

precipitation results in larger fruit in blueberry (Almutairi, Bryla et al. 2017). Across
environments, fruit size metrics were not significantly different; however, fr@trsetrics

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 compar@D2f). 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 organicttea The plants were irrigated by a linear movement
irrigation system every-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 envinment 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, hightemperature 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 higfll northern blueberry cultivars amapacted at
temperatures O30 AC wherein their photosynthe
1992), lowchill adapted blueberry cultivars have a higher estimated photosynthetic heat

tolerance than northern higthill adapted cultivars with nogificant electrolytic leakage or
superoxide radical accumul ation observed as a
(Chen, Cen et al. 2012). In our findings, the maximum temperatures during harvestiiMay

at the Jackson Springs locationdaluly- 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
0OEhotad and O0Sunrised was related to increase
environments, which may indicate decreased photosynthetic rates as a result of heat stress.
6Sunriseb6 and 6Echotad had i ncheéirstgeardndf r ui t vo
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 gigntfy influenced by the threfeld

increase in precipitation in the second year of study. Further research examining the effects
betweerNHB, 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 obsereedesanf
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 weljate 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 Col&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 evapotrapsation 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

simultaneassly increased in Jackson Springs between 2019 and 2020. FRM increased in
OEchotad, O00O6Neal 6, and O6Summité, all of whic
showed an increase in FW but a decrease in FR
FRM between years of study in Jackson Springs. Contrary to environmental influences between
the first and second years of study, OEchotab
volumer el at ed metrics and | ower F®&®&MrbefAlP&Ect &d, an
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 EDFRM indicates that denser fruit with higher watigalues 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 watermtake 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 imia$9 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 redugesdtume 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 durinyést 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 compareith 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
coder 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 camopgrature 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 néeo effect on TSS compared with control blueberry
plants in the field (Ogden and lersel 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 gtect effect of air temperature and GDD without impacting light level and air

movement on praarvest phenotypic characteristics in blueberry fruit. Similar to blueberry, red
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grapes are nenlimacteric fruit that accumulates pigment during ripening. Ipgiahas 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 temperatBfe30fC 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 arfal €, 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 (Ro@nitpgez,

Martinez et al. 817).

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 andIfrestingly 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 T&68d 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 @olensity 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 relategigment 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 (Linwang, Micheletti et al. 2011); however, it is important to note the big difference in
devebpmental 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
rainfall events in either environment. This observation was consistent across all G x Y with the
exception of OEchotadé for which L* values sl
Fruit color is a factor of fruit ripeness and maturatighich 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 produaewax coating or bloom, which can preclude color determination.
Fruit bloom affects L* in the lightlark 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

haveincreased 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. Fdeétived 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 toee differences between harvests. Our results identified significant differences in
both 60O6Neal 6 and O6Reveillebéd regarding fruit

di fferences in L*, HUE, CRM, and TSHKarvests. 6 Ec ho

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

76



increased between harvests for most genotypes on an enuvirioamaeyearly 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 tmevous 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 betweenahnvest 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 elWEdn 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 blueberripénéss 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 fritiis 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. Additiom@nteractions 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,
OReveill ed performed highest in fruit firmnes

within either environment or yhednrfruitovelumet udy. 6
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metric (FW, PD, ED) averages across genotypes in either environment or year of study.
Similarly, OEchotgh@&@shadatl uessdoondruit vol ume
lower fruit firmness metrics were observed, includilyM, APF, PF, FT, and FE
foll owed by O6Summité, had the highest L* and
values signify lighter fruit skin coloration as a result of pigmentation or genotypic bloom

production. The current market prefiece in blueberry visual appeal coincides with higher L*

values and light blue blueberry fruit in addition to larger fruit size characteristics (Gilbert,

Ol mstead et al. 2014) displayed by both O6Echo
genotypem t his study and had a rounder fruit si mi
CRM values. O0O6Neal 6 was average among the ma
medi um volume and firmness. Si mil anebrlyevery Sunr i
phenotypic trait; this observation was consistent in both environments for all phenotypic traits

with the exception of DPF, wherein 6Sunrisebo

Corvallis.

CONCLUSION

The results of this studpdicated the presence of significant interactions among genotypes,

years, environments, and harvests for all measured fruit quality parameters. Genotype is a major
source of wvariation for the majority of pheno
phenotypic stability were consistent across e
phenotypic data across years, locations, and harvests suggested similar stability. Clonal plant
replicates within genotype and environment, and individual fruit mesaswere the most

significant source of variability. This research established tbingy moderat¢o-strong
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correlations between multiple phenotypic traits, including fruit volume, firmness, color, soluble
solids, and acidity. Weather events, includingaaid 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 cliatic effects on fruit characteristics.
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Table 2.1. Analysis of variance (ANOVA) ywalue 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 FWA PD ED RI FRM APF DPF FT FE

Environment (E) 0.214 0.722 0.077 0.030 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 0471
Genotype (G) 0.0008 0.016 0.002 0.003 0.0002 0.006 0.468 0.010 0.005
GxE 0.360 0.083 0.673 0.543 0.031 0.083 0.005 0.039 0.209
GxY 0.143 0.015 0.003 0.070 0.366 0.434 0.023 0.767 0.688
GxExY 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
ExH 0.318 0.085 0.229 0.378 0.879 0.388 0.137 0.690 0.172
Y x H 0.007 0.023 0.471 0.046 0.175 0556 0.343 0.491 0.108
GxH 0.092 0.088 0.185 0.521 0.845 0.827 0.601 0.754 0.741
ExYxH 0.0001 0.010 0.043 0.406 0.105 0.322 0.158 0.267 0.197
GxExH 0.167 0.415 0.273  0.295 0.859 0.353 0.685 0.611 0.403
GxYxH 0.094 0.0002 <.0001 0.011 0.790 0.120 0.990 0.493 0.007
GxExYxH 0.042 0.054 0.057 0.122 0.108 0.458 0570 0.146 0.464

AFW = fruit weight; PD =diametdr; &Ir=rogridrsessétes; FRM =Hilnness; AP§ a absolute positlive

force; DPF = distance at absolute positive force; FT = force at target; FE = fruit elasticity.

yTreatment effects in bold are significanPaD0 . 0 5 .
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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 FWA PD ED RI FRM APF DPF FT FE

Whole Plot Error:

Environment (E) x Year (Y) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Genotype (G) x E x Replicate (R) 6.93 7.89 19.25 20.72 0.00 16.81 0.00 9.47 14.29
GxXxExYxR 8.95 1261 0.00 7.51 11.32 0.00 2.31 9.78 0.00
Harvest (H) x G x E xR 15.18 16.12 10.69 1.94 6.23 19.56 0.00 470 20.45
GXExYxHxR 2291 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 7147 5147 93.89 69.68 4221

AFW = fruit weight; PD = polar diameter; ED = equatoriveal di

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) ywalue 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 seqbantiasts in 2019 and
2020.

Factor L*A HUE CRM TSS TA
Environment (E) 0.0002 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
GxE 0.391 0.061 0.678 0.012 0.137
GxY 0.001 0.013 0.146 0.069 0.005
GxExY 0.003 0.495 0.305 0.087 0.001
Harvest (H) 0.049 0.940 0.146 0.001 0.777
ExH 0.649 0.002 0.135 0.402 0.410
Y xH <.0001 <.0001 <.0001 <.0001 <.0001
GxH 0.945 0.576 0.202 0.513 0.710
ExYxH <.0001 <.0001 <.0001 <.0001 <.0001
GxExH 0.039 0.110 0.389 0.619 0.198
GxYxH <.0001 <.0001 <.0001 0.003 <.0001
GxExYxH <.0001 <.0001 <.0001 <.0001 <.0001
A L* = luminescence:; HUE = hue angl e; CRMcdity. chroma; TSS = t

yTreatment effects in bold are significanPaD0 . 0 5 .
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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*A HUE CRM TSS TA

Whole Plot Error:

Environment (E) x Year (Y) 1.69 0.00 3.70 0.00 3.13
Genotype (G) x E x Replicate (R) 0.00 0.00 0.00 0.00 11.86
GxExYxR 33.09 27.12 39.38 27.21 25.61
Harvest (H) x G x E xR 54.33 51.80 46.45 67.03 46.23
\G XxXExXxYXxHXxR 10.88 21.08 10.48 5.77 13.17
A L* = |l uminescence,; HUE = hue angle; CRM = chroma; TSS = t
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Table 2.5. Means of fourteen phenotypic trateross environments, years, harvests, and genotypes

FW* PD ED RI FRM APF DPF FT FE L* HUE CRM TSS TA
Environment

Jackson

Springs  1.19a 1049a 1398a 0764 180.90a 321.33a 565a 26504a 2836a 2955a 26540a 4.80a 13.02b 0.96a
Corvallis 116a 1054a 1333a 080a 192.27a 371.66a 538b 29274a 36.28a 27.79b 266.16a 4.15b 1430a 0.60b

Year
Year 1 117a 1047a 1356a 0.78a 17473b 3483la 563a 283.89a 3227a 2992a 26472b 443a 1423a 0.73b
Year 2 1.18a 1056a 138la 0.77a 198.04a 340.82a 542a 27160a 31.76a 275lb 266.82a 457a 1297b 087a
Harvest
Harvest 1 121a 1076a 1421a 076b 186.74a 336.82a 55la 280.03a 29.48a 2890a 26587a 4.59a 13.17b 0.80a
Harvest2 113b 1025b 13.11b 079a 18557a 35323a 554a 27565a 3482a 2855b 26562a 4.4la 1409a 0.79a
Genotype
'Echota’ 1.7 1055 1439  0.73 167.42  293.38 563 23316 2075 3049 26528 519 1234 105
'O'Neal' 1.20 11.03 1360  0.82 189.13 33753 529  269.96 2820 2621 26558 3.83 1387 054
'Reveille’  0.95 9.49 1154 083 22426 46991 542 37481 5218 2861 26695 449 1550 0.73
'Summit'  1.40 11.40 1562  0.73 166.92 28891 574 23103 2551  29.84 26613 479 1288 0.88
‘Sunrise’ 113 10.33 1372 0.76 178.84 3202 558 26876 31.86  28.66 26491 422 1331 0.8
AFW = fruit pobaidgmeter (nm) ED =Rddatorial diameter (mm); RI = roundness index; FRM = firmnessijg-mm

APF = absolute positive force (g); DPF = distance at absolute positive force (mm); FT = force at target (g); FE =iéityt efast

luminescence; HUE = hue angle; CRM = chroma; TSS = total soluble solids (%); TA = titratable acidity (%6).

yMeans f ol l
significantly different usig the least squares means (LSMEANS) Tukey HSD multiple comparisons prod¢ee€b).
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a col

umn under

87



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 FWA PD ED RI FRM APF DPF FT FE
‘Echota’

Corvallis, Oregon
2019 Harvestl 1.34a 11.58a 1553a 0.75a 14297a 270.30a 5.97a 206.75a 17.48 a
Harvest2 1.52 a 12.00a 15.22a 0.79a 131.06 a 227.83a 5.26a 163.86a 14.98 a
2020 Harvestl 1.19a 10.79a 13.99a 0.77a 166.60a 281.07a 5.40a 235.67a 20.64 a
Harvest2 1.14 a 1050a 13.33a 0.79a 182.62a 291.97a 5.08a 220.62a 22.14a

Jackson Springs, NC
2019 Harvestl 1.23a 9.44 a l1465a 0.65a 168.53a 330.29a 6.14a 264.91a 22.78a
Harvest2 1.15a 9.62 a 1414a 0.68a 157.65a 323.79a 6.39a 231.95a 23.57a
2020 Harvestl 1.20a 9.66 a 13.68a 0.71a 205.20a 303.02a 5.36a 262.55a 22.25a
Harvest2 1.27 a 10.79a 1454a 0.74a 184.74a 318.74a 5.43a 324.79a 22.19a

'‘O6 Neal

Corvallis, Oregon
2019 Harvestl 1.28a 1196a 1432a 0.84a 181.65a 389.54a 5.78a 315.97a 32.86a
Harvest2 1.35a 12.06a 1442a 0.83a 190.79a 359.96a 5.14a 285.25a 31.64 a
2020 Harvestl 1.23 a 1093a 13.10a 0.84a 226.74a 374.00a 5.25a 303.14a 28.89a
Harvest2 0.79 a 8.64 a 10.44b 0.83a 204.19a 350.23a 5.70a 285.49a 41.82a

Jackson Springs, NC
2019 Harvestl 1.20a 10.77a 1394a 0.78b 154.16 a 272.86a 5.20a 220.53a 19.83a

Harvest2 0.75b 8.43 a 9.70 b 0.87 a 186.32a 367.22a 4.99a 273.83a 39.64a
2020 Harvest1l 1.47 a 1268a 16.32a 0.78a 19561a 316.28a 5.16a 275.67a 19.49a
Harvest2 1.37 a 11.80a 15.29a 0.77a 179.64a 27651a 5.30a 207.55a 18.24 a
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Table 2.6(continued).

'Reveille
Corvallis, Oregon
2019 Harvest1l 0.89b 8.63 a 10.46a 0.82a 226.29a 491.59a 5.61la 453.87a 57.43a
Harvest 2 1.05 a 9.67 a 1151a 0.84a 239.00a 600.44a 5.34a 464.11a 63.38a
2020 Harvestl 1.11a 10.79a 13.06a 0.83a 273.17a 528.53a 5.63a 482.06 a 49.23 a
Harvest2 0.59b 7.54 b 8.64 b 0.87 a 255.82a 654.8l1a 4.71a 433.02a 96.83 a
Jackson Springs, NC
2019 Harvest1l 0.98 a 9.80 a 12.10a 0.82b 218.29a 437.75a 4.96 a 318.57a 44.86a
Harvest2 0.79 a 9.32 a 10.47a 0.90a 193.19a 376.66a 5.14a 271.20a 40.96a
2020 Harvest1l 1.05a 9.99 a 1253a 0.80a 184.30a 344.19a 5.90a 301.33a 34.85a
Harvest2 1.09 a 10.01a 13.25a 0.76a 207.19a 343.8l1a 6.04a 288.90a 34.36a
'Summit’
Corvallis, Oregon
2019 Harvestl 1.52a 11.36a 16.58a 0.69 a 14493 a 227.42a 4.96a 173.15a 20.06 a
Harvest2 1.36 a 11.00a 1468a 0.75a 170.80a 286.73a 4.83a 219.61a 26.20a
2020 Harvest1 1.31 11.23 15.54 0.72 178.34 278.19 4.43 166.12 24.97
Harvest 2
Jackson Springs, NC
2019 Harvestl 1.35a 11.19a 1547a 0.73a 148.54a 302.83a 6.56a 274.01a 27.24a
Harvest2 1.34a 11.39a 1459a 0.78a 163.04a 304.46a 6.16a 281.30a 26.92 a
2020 Harvestl 1.57a 12.02a 17.06a 0.71a 200.45a 304.16 a 5.76 a 232.78a 25.64a
Harvest2 1.37 a 11.38a 1545a 0.74a 153.27a 286.77a 6.66a 235.62a 25.14a
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Table 2.6(continued).

'Sunrise’

Corvallis, Oregon

2019 Harvestl 1.27 a 11.67a 15.06a 0.78a 152.75a 32855a 6.19a 285.58a 28.21a
Harvest2 1.21a 10.28a 1350a 0.76a 146.72a 315.38a 6.6l1la 262.09a 30.89a
2020 Harvest1l 1.07 a 9.93a 12.78a 0.78a 198.41a 315.17a 5.07a 220.69a 31.87a
Harvest2 0.84 a 9.01a 11.59a 0.79a 221.32a 396.62a 4.74a 324.88a 47.02a
Jackson Springs, NC
2019 Harvestl 1.04 a 10.39a 1458a 0.71a 171.01a 310.55a 5.10a 320.05a 30.02a
Harvest2 1.03 a 9.50 a 12.36a 0.77a 190.07a 350.86a 5.52a 303.74a 37.36a
2020 Harvestl 1.26 a 10.59a 1458a 0.73a 175.99a 275.45a 5.48a 233.75a 26.26 a
Harvest2 1.25a 11.06a 1496a 0.74a 180.86a 280.46a 5.8la 207.68a 25.52a
AFW = fruit weight (g); PD = polar diameter ( mrfigmpessEdmmd;

APF = absolute positive force (g); DPF = distance at absolute positive force (mm); FT = force at target (g); FE =ifityt elast

y Means f ol
using the least squares means (LSMEANS) Tukey HSD multiple comparisons pro€ed€%) between harvests.
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Table 2.7. Harvest means for each of the frudtivars within a year, environment, and genotype for fourteen phenotypic traits using
Models 2 in PROC GLIMMIX (SAS v 9.4, Cary).

Year Harvest L*A HUE CRM TSS TA
'Echota’
Corvallis, Oregon
2019 Harvest 1 27.48 b 264.06 a 3.87b 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 31.32a 264.43 b 5.58 a 12.20 a 0.88 a
Harvest 2 28.64 b 267.13 a 4.86 b 13.35a 0.99 a
Jackson Springs, NC
2019 Harvest 1 32.15a 264.54 a 5.78 a 12.80b 1.24 a
Harvest 2 33.06 a 263.30 a 571a 15.15a 1.34 a
2020 Harvest 1 32.93 a 268.89 a 593a 10.95a 1.08 a
Harvest 2 29.12 b 265.90 b 5.29b 9.75a 1.39a
'O6 Ne al
Corvallis, Oregon
2019 Harvest 1 24.03 a 262.80 b 2.92 a 13.45 a 0.43 a
Harvest 2 2747 a 266.43 a 3.73 a 13.95a 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 473 a 15.3 a 0.28 a
Harvest 2 27.11 a 265.15 a 4.09 a 16.1a 0.42 a
2020 Harvest 1 22.77 a 263.43 a 2.83a 111 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 16.10a 0.58 a
Harvest 2 31.05a 268.10 a 3.71b 16.55 a 0.40b
2020 Harvest 1 26.64 a 266.8 b 4.62 a 15.35b 0.49b
Harvest 2 23.69b 271.95a 3.42hb 17.89 a 0.76 a
Jackson Springs, NC
2019 Harvest 1 31.06 a 262.18 a 477 a 16.30 a 0.64 a
Harvest 2 28.42 b 264.05 a 4.36 a 15.05a 0.69 a
2020 Harvest 1 27.69 a 271.64 a 484 Db 11.55b 1.17 a
Harvest 2 29.48 a 263.31b 5.84 a 1545 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 478 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 31.61a 267.43 a 4.46 a 12.05a 0.84 a
Harvest 2 3441 a 263.06 a 4.86 a 13.15a 0.57 a
2020 Harvest 1 29.01 a 269.73 a 475 a 10.50 a 0.65 a
Harvest 2 2741 a 266.69 a 458 a 10.80 a 0.35a
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Table 2.7(continued).

‘Sunrise'
Corvallis, Oregon
2019 Harvest 1 28.27 b 263.07 a 4.19a 14.25 a 0.42 a
Harvest 2 30.69 a 264.68 a 3.75a 14.70 a 0.50 a
2020 Harvest 1 27.26 a 265.72 a 4.25a 12.35b 0.51a
Harvest 2 24.80 b 267.06 a 3.14b 14.84 a 0.58 a
Jackson Springs, NC
2019 Harvest1 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 5.00a 10.65a 0.93 a
Harvest 2 27.40 b 264.08 a 3.79b 13.20 a 0.80 a
A L* = luminescence:; HUE = hue angle; CRM = chroma; TSS = to

yMeans foll owed by the same | eenvirammegntsand genotyple arenotsignfieaatly differand e r s u
using the least squares means (LSMEANS) Tukey HSD multiple comparisons pro€ed %) between harvests.

A 6Summitd did not have a second harvest in Corvalli s, 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 4491 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, 201 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, 202 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 (FRCP) (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 1458 450 14.63 7.68 19.08 4.67 27.05 0.00 23.11 0.32 19.68 3.43
Jackson Springs, 201 8.36  10.79 11.52 20.24 15.80 6.17 15.21 10.33 16.23 955 13.71 9.36 14.48 11.13
Jackson Springs, 202 6.88 6.08 11.37 892 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 4459 36.41 4593 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, 201 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, 202 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. Pearsonds correl ati on c o elfaitsiwereevalnatedn fife bluebefryocultivarsewdtmtwop h e n o t
clonal replicates grown in two environments harvested over two sequential harvests per replicate eyeaagermd. Phenotypic

traits include fruit weight (FW), polar diameter (PD), equatorial diamef®), ({®undness index (RI), firmness (FRM), absolute

positive force (APF), the distance at absolute positive force (DPF), force at target (FT), fruit elasticity (FE) lumirfe¥gdnce

angle (HUE), chroma (CRM), total soluble solids (TSS), and titratadatbty (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), lundeese (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 usithg least squares means (LSMEANS) Tukey
HSD multiple comparisons procedure (P < 0.05)
analysis due to the unbalanced harvests in Year 2
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Figure 2.3. Genotypic means of phenotypic traighin years, 2019 and 2020. Trait&lude

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 RROC 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). ¢ atistoahanalydis duats thecurbaldnoed e d i
harvests in Corvallis
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CHAPTER 3:

Anthocyanin Composition of I nter-and I ntraspecific Cultivars and Accessions of Blueberry

(Vaccinium corymbosuniL.) Fruit

ABSTRACT

Recent health studies have elevated the itapoe 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 efanteintra

specific bluebernhybrids across three sequential harvests. Additionally, this study evaluated
five genotypes across two locations, Oregon and North Carolina andetigintygenotypes

across two years of study. Anthocyanins were extracted in methanol from lyophilizeerijtueb
skin tissue and characterized by HRDBD 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 arabinosidé atgkated 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 resuttesti 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 blberry. Further, these data can be utilized in marker
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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 producasthocyanidinsor aglycones, including cyanidin, pelargonidin,
delphinidin, and theianthocyanidirderivatives of peonidin fromyanidin, as well as petunidin
and malvidin from delphinidin. Anthocyanidins are the stfgee precursors to anthocyanins,
which have been glycosylated with a sugar moiety such as glucose, galactose, arabinose,

rutinoside, etc. Additionally, these sugarigt®s may be acylated or malonylated.

Fruits such as blueberries, blackberries, raspberries, and grapes are a natural source of
anthocyanins and antioxidar{tsee, Vance et al. 2015%uch fruits hve 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 238/edick, Pan et al. 2012\dditionally, increased
anthocyanin intake was associated with a >20% reduced risk of coronary artery disease,
including both fatal and nonfatal myocardial infarct{@assidy, Beoia et al. 2016)as well as

suppression of agelated macular degeneratitiuang, Wu et al. 2018)

Studies comparing anthocyarpnoducing fruits found that béberry species have high
anthocyanin concentrations across multiple genera. Among wild blueberry, Saskatoon berry,
raspberry, chokecherry, strawberry, aee buckthornsaskatoon berry and wild blueberry had

significantly greater total anthocyanin conteampared to the other studied spe¢idégsseinian
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and Beta 2007)Additionally, in comparative studies including blackbeRyk{us fruticosul

black currantRibes nigrum and lowbush blueberry&cciniumangustifoliun, lowbush

blueberry was higher than blackberry and second to black currant in total anthocyanin content
(Lee, Vance et al. 2015Further, lowbush blueberries exhibited greater anthocyanin diversity
which consisted of cyanidin, delphinidin, petunidin, peonidin, and malvidin. Comparatively,
blackberry and black currant had limited anthocyanidin identificabtatkberry constituted
singularly of cyanidin, and black currant constituted both cyanidin and delphf{b&tnVance

et al. 2015) Similarly, another study consisting of blackcurrd®ibes nigum), black raspberry
(Rubus occidental)sred raspberryRubus idaeys and blackberryRubus fruticosys and
Vacciniumspecies were congruous that Ribesspecies average had a more significant total
anthocyanin content than th&cciniumspecies average, and both genera were greater than the
Rubusspecies averag&calzo, Currie et al. 2008further, predominant blackcurraRtiloes

nigrum) anthocyanidin composition was in agreement in both studies of Lee et al. (2015) and
Scalzo et al. (2008). Scalzo et &008) found that the anthocyanin composition between
Vacciniumgenotypes was variable and that ornamental blueberry genotypes had the most
outstanding anthocyanin content am&agciniumspecies, followed by southern highbush
genotypes. Southern highbudhdberry genotypes are the result of hybridization of cultiveted
corymbosungL.) with species native to the southeastern United States. This hybridization has
further populated the cultivated gene pool with native species traits, includirahitbw
adaptations(Lyrene 2005, Lyrene 2006, Lyrene 200Bpreseeably, genes conferring increased
anthocyanin content in lowhill adapted blueberry genotypes may be derived from southeastern

nativeVacciniumspecies introgression.
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Vacciniumspecies provoke further intrigue in being the only studied-fregtring genera to have
acylated anthocyanins across multiple genera and multiple s{@digzo, Currie et al. 2008,

Veberic, Slatnar et al. 2015)\nthocyanins are unstable and have low absorption efficiency rates
of approximately I 5% after 2 hours of incubatidiYi, Akoh et al. 2006, Liu, Zhanet 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 efficiendyebdyry(Yi, Akoh

et al. 2006) Sugar moiety also influences bioavailability; gdgylated cyanidin and peonidin

had higher absorption efficiency than their galactosylated counte(garéskoh etal. 2006)

Acylated anthocyanins have increased stability compared to their nonacylated counterparts, thus
increasing anthocyanin bioavailabilifylcDougall, Dobson et al. 2005, Wu, Pittman et al.

2005) Increased acylated anthocyanins impacts digestive retention rates; wheratylabed
anthocyanin recovery was significantly heg than that of acylated anthocyanins in the urinary
analysis of purple carr@Kurilich, Clevidence et al. 2005dditionally, acylated anthocyanins

have increased hydrophobicity which increases retention capacity during dig€stigralves,

Rocha et al. 2012 herefore hydrophobic anthocyanins, including acylated anthocyanins, have

better absorption efficiency than hydrophilic anthocyanins in blueleiry Zhang et al. 2014)

This study aims to characterize and quantify the anthocyanin composition, sugar moiety, and
acylation of a diversity panel of inteaind intraspecific blueberry hybridsncluding commercial
cultivars and breeding accessions, being used in NC State blueberry breeding program and
accessions maintained at USEMRS National Clonal Germplasm Repository (NCGR) in

Corvallis, OR USA. Results from our study benefit nutritionakabirization of a diverse
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population of lowchill adapted blueberries and can be utilized for targeted improvement of

anthocyanin composition in breeding future generations.

MATERIALS AND METHODS
Plant material

Freshfruits were collected from selected genotypes from two field locations, NC State
University Sandhills Research Station | ocated
176 m above sea level) and USBPARS NCGR at Corvallis, OR (44¢3
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 genotypdoaation 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 2tZamdantraspecific
Vacciniumcorymbosungenotypes; 147 getypes 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 locatiorwere stored at 4 °C for negy 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 vas removed from ten to twenty fruit, removing all pulp and seeds. Fruit skins were

stored in glass vials in darkness2@° C(Burdulis, Sarkinas et al. 2009, Ribera, Relpész et
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al. 2010, Lin, Wang et al. 2018jruit skins were lyophilized for 48 h in a Virtis lyophilizer

(Virtis, Gardiner, NY), and stored &20° C.

In 2020, a subset of thirgight genotypes consistenitiv2019 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 MHQ® 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

(020e m pore size, Sartori uglsshHRlLGbalsane filter

HPLC analysis

HPLC analyses were conducted using a sygtéitachi LaChrom Elite model42300, Japan

with a Hitachi LaChrom Elite model-2200 autosampler, Japan) with a diode array detector
(Hitachi L-2455) and pump (Hitachi LaChrom Elite modeRL30, Japan), equipped with a
Supelcosit™ LC-18 5 um 4.6 x 250 mroolumn (Supelco ® Catalog #58298, Bellefonte, PA).
The mobile phase used was 100% methanol and 5% filtered formic acid kQ@ilater (95/5
v/v) at a flow rate of 1 mL mitfor 5 minutes, followed by a flow rate of 80/20 (v/v) for 15 min,
75/25 (viv)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 (viv) 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 pL.
Cyanadin3-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 thef getks. After

running 10 samples, the column was washed with 50 uL 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 andlsarapvash and pmein method was run

to recondition the column. The pren 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 withwash and preun 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 lighpermeableZero Calibration Box (CMA124 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. TherefdZ¢ELAB 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 equioGsiire

1992)
R £ ad & G
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Fruit weight and size

The average fruit weight (FW) of temdividual 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 aalyses.

Total Soluble Solids

Blueberryfruits 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 HZPM 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 acidty

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 8t2aféible acidity was

converted to citric acid percentage using the following equation.

A0 OO OO O OO QA & QO QG @P T FTO
YQO1 00 'QPQO0-w —
[ 0an®Q

Data analysis

All data ae 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 Tukeybs HSD testagulaed P < O
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 anthry@ntent 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 cyanidir3-glucoside. The standard curve was y = 210110697 (R2 = 0.9997).

~aQ_ ., .,
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Statistical analyses comparing genotypes across locations (G x E) and genotypes across years (G
x Y) were performed with PROC GLM (SAS v9.4, SAS, Cary) with factors including genotypes,

locations, years, and harvests as fixed effects. G x Y analysis included-sseatygenotypes
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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 x E analyseatedaix genotypes in both
Corvallis, OR and Jackson Springs, NC, and
OReveill ed, O0Summitdo, 6é6Sunrised, and US845.
Correlation analyses was performed between total anthocyanin content (AYC) and total
anthocynidin 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 withitoeatibn using R
Apsycho (Rpvale ROA1YTae data were analyzed by Pearson method aPd@i05

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, includingyanidin, 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 (TabléeBehfter,

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 mgj $Rid 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 wa,109.31 mg/100 g skin tissue; the genotypes which produce the
| owest and greatest anthocyanin content as OR
OElliottdé (12,769.3 mg/ 100 g skin tissue), r
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).

Acrossall evaluatedanthocyaninandgenotypes, Dp3Glu, Mal3Gal, Del3Ara, and Pet3Gal

(Table 3.1) had the highest anthocyanin concentrgfiahble 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 @83 mg/100 g skin in Corvalland 57569 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 concetitvas 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
moietiesin 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 teasmgtiea
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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 Pet3GluAichifle 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
Corvallis (230,554.1 mg/100 g skin) (Table3G)e not ypes including US851,
6Legacy6, oOLateblued and O6Fl oridabluedé in Cor

Jackson Springs found no acylated anthocyanins across replicates and harvests.

Anthocyanins across environments, years, anddsisv

There were six overlapping genotypes planted
OReveill ed, O0Summitd, o6Sunrised, and US845. F
content in plants evaluat é606bNeatbhe €8uwmmlt Hso
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 differembetween the total anthocyanin content at each

|l ocation (Table 3.6). Only O6Reveilledéd had a g
Springs, which was 37.26% greater than the Corvplisa nt ed 6 Revei |l | ed. | nci
anthocyanin content is Igely reflected by increased Dp3Gal, which is seen in all cultivars with

the exception of &6Summitdé, but there was al so
(Table 3.1) concentrations (Table 3.2, Table 3.3). Between the Corvallis and Jackson Springs
locations, anthocyanins Pet3Ara and Cy3GIluAcl 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 Corvedlitoly additionally,
Pet3GluAcl was had increased concentrations in plants harvested from the Corvallis location
with the exception of o6Sunrised (Table 3. 3).
harvests, we did not find evidence of Cy3Glu3dGuMyl, Cy3GalAcl, and Peo3GluAcl (Table

3.1) in the O0O6Neal 6 genotype at either |l ocat

We evaluated twentgeven genotypes in Jackson Springs, NC, and eleven genotypes in
Corvallis, OR across 2019 and 2020. In both environments, we gmnatype, year, and

genotype x year to have a significant effect on total anthocyanin content (Table 3.7).

Analysis of the harvests, genotype x harvest, and genotype x environment x harvest of the six
overlapping genotypes across the two locations didimbthese 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 locatioRurther, 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 Cy3GIluAcl

(Table 3.1)ncreased 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 averagentcaiim.

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 anthocyanineats 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 thetlaocyanidins, 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 (Téb3.4). 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 ad 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 hotyanin 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 {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 anthocyaniproducing genera, while many species are highly concentrated in cyanidin,
the genud/acciniumcomprises the most div@ anthocyanin@/eberic, Slatnar et al. 2015)
Further, anthocyanins have been found to be tfulgehigher in wildVacciniumspecies

(Giovanelli and Burattt009) Additionally, differences between the anthocyanin content of
Vacciniumspecies found that the anthocyanin conte.ohyrtilloideswas significantly higher

than eitheN. angustifoliunor V. angustifoliunvar. nigrum(Mallik and Hamilton 2017)

Regarding anthocyanidin composition, bilbeiy myrtillus,had proportionally more cyanidin

to total anthocyanioontent (49%) compared with studi¢dcorymbosungenotypes, whereas
corymbosungyenot ypes had i ncr easedBydls,Saknasieoah of ma
2009) These findings were supported by Veberic et al. (2015) which found thatrtillushad

over severfold more Cy3Gal, Cy3Glu, and Cy3Ara thencorymbosumFurther,V. myrtillus

had nearly over twiold more Dp3Gal, Dp3Glu, and Dp3Aradble 31), thanV. corymbosum
(Veberic, Slatnar et al. 2015) similar study comparing tw¥acciniumspeciesy. virgatum

andV. corymbosurshowed thaY. virgatumgenotypes contained increased percentages of
cyanidin glycosides to total anthocyanin content compar®d ¢orymbosurconverselyV.
corymbosungenotypesad increased levels of delphinidin glycosi{fEsnmers, 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 in&fudeyrtillusor V. myrtillus

hybrid genotypes, owstudy included fourteen genotypes (NC4728, NC4701, NC4979, NC3419,
NC4398, NC5207, NC3464, NC3476, NC4982, NC4976, NC4953, NC4721, NC2672, and

OFl oridabluedé) wit h pevilgatgmVeéhdedhese arenylwrid ed of > 1
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genotypes, we did not find table 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 pemntage 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 incitetainium
(blueberry, bilberry, cranberry, atidgonberry),Rubus(raspberry and blackberrnyribes

(redcurrant, blackcurrant, jostaberry, and goosebdfrggaria (strawberry) Morus (mulberry),
Crategus(hawthorn),Sorbu(rowan),Amelanchiereastern shadbusi§ambucusgelderberry),
andAronia (chokeberry), only highbush blueberry denoted the presence of acylated anthocyanins
(Veberic, Slatnar et al. 20153upporting the ldcof acylated anthocyanins in bilberry, two other
studies which characterized anthocyanins in bilberry detected no acylated antho@¢alhins
McDonald et al. 1999, Latti, Riihinen et al. 200B) addition toV. myrtillug Kalt et al. (1999)
characterized multiplg#acciniumspecies, includiny. corymbosunV. angustifoliumV.

myrtilloides wherein athocyanin acylation was identified. Additionally, acylated anthocyanins
have also been identified Vh uliginosum(Li, Wang et al. 2011)Similar to theV. 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 eigbistent genotypes within the

North Carolina environment, we found OArl eno,
of anthocyanins; Yousef et al. (2014) similar
highest percentage of acylated anth@an i n s . Both studies found OLe
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negligible anthocyaningrousef, Lila et al. 2014)intriguingly, select acylated anthocyanins,
including Dp3GluAcl, Cy3GalAcl, Cy3GluAcl, Mal3GalAcl, and Mal3GluAdlable 34) are
proportionally higher to the total anthocyanin concentration in the Jackson Springs environment.
However, there was no consistency of increased or decreased acylated anthocyaninggercenta

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 withinV. corymbosumgalactoside sugar moieties were more prevalent in cyanidin,
delphinidin, and malvidin. Additionally, peonidin and petunidin had higher proportions of both
galactoside and glucoside compared with arabind$ldberic, Slatnar et aR015) Veberic et

al. (2015) did not find sugar moieties of xyloside nor rutinoside associate®agtnium
anthocyanins. In a study of BHB, virgatum and various hybrid SHB breeding selections,
Yousef et al. (2014) found that hybrid SHB breedetections 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. Overalhis study found tha¥. virgatumhad the highest percentage of glucose
sugar moieties to total anthocyanin concentration in the stidieidgatumcultivars(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 capacitiesan their norglucosylated counterparts, whereas the opposite was found
for malvidin (Wang, Cao et al. 199.7rurthermore, 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) we&%4 5veaker

scavengers compared to their glucoside counterparts (Cy3Glu, Peo3Glualdaii
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(Kahkoénen and Heinonen 200&) our study, we analyzed eight anthocyanin containing a

galactoside sugar moieties and ten anthocyanins containing a glusegatanoiety. 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 tdagacsylated anthocyanins in human digestive
systemgMilbury, Vita et al. 2010)Overall, we identified eighteen genotypes that had increased
proportions of glucosylated anthocyanins coregawith galactosylated anthocyanins, including

6Bl uehavendé, o6Dixi 6, O06Grover6, OMuryYhyoé, ONor
corymbosuDE6 35 Far mi ngton, from Corvallis and 0BI
NC4131, NC4300, NC4618, NC5019, B@22 from Jackson Springs. It is intriguing that among
these, O6Reveilled was highly glucosyl ated in
glucose sugar moieties were 2:1. It is important to note that the same plants were genotyped in a
sepaat e study wherein SNP genotyping of both OR

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 ahbcyanin content to be partly influenced by the introgressed species.

Il ncluded in our study, t heV.glgimsumpragenenb Ar ond i s
anthocyanins itv. uliginosumwere noted to have higher anthocyanins with glucoside sugar

moietiesand included Dp3Glu, Pt3Glu, Peo3Glu, and Mal3Glab(e 3.1) (Li, Wang et al.

2011) Comparatively, we found that O6Arond had m

counterparts compared to glucoside.

Interestingly previous reports found the mean anthocyanin cont¥ntvafatumcultivars was

greater than the mean df corymbosun$HB genotypes grown in Georg{dousef, Lila et al.
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2014, Gunduz, Serce et al. 201S)milarly, we found the average of genotypes which included

more than 10%. virgatum(NC4728, NC4701, NC4979, NC3419, NC4398, NC5207, NC3464,
NC3476, NC4982, NC4976, NC4953, NC4721, and NC2672 in Jackson Springs and

OFori dablued in Corvallis) had higher anthocy:
genotypes, except for OFloridablued. G¢gndegz e
experiment comparing NHB, SHB, akd virgatumgenotypes in Oregon, NHB. corymbosum
genotypes, primarily O6Duke, 6, OEI Il iotté, and
of five SHBV. corymbosumg enot ypes (except OEmeral d® and 06
vir)gatumc ul t i var s, 060chl oc(Gimdir Seice e al.R01LEWPw sty r bl ued
OFl ori dabl ued -Agraven ganttype wittin>102¢. irgatrurg sinmlarly across the

genotypes with >10%. virgatum O F|l or i dabl ued had the | owest ¢

In agreemet with previous studies which found myrtilloidesto have greater anthocyanin

content tharV. angustifoliumour study found US693, which is 25% myrtilloides had a

greater average anthocyanin content then the studied anthocyanin comeangdisfolium, as

well as genotypes NC3352, NC4300, Uus612, ONor

6Patrioté, and 6 Nor tVhahgastfdligniMaNkranddHamiltore2817)o ver 25

Similar to previous studies, we also found O6E
content(Ehlenfeldt and Prior 2001, Kim, Kim et al. 2013, Gunduz, Serce et al..2015)
Additionally, we found O6Pioneer 6, O6Rancocas?©O,
content in Corvallis, with 6Sunrised having a
Springs, in further agreement with previous stu¢i@sn, Kim et al. 2013)Interestingly Kim et

al. (2013) found 6Brigitta Blued6 to be | ow in

reported high anthocyanin content values for
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OEl i zabet ho. For theatedeabBtiypiestaoBrue@sihad
content which was in congruity with Ehl enf el
average anthocyanin content, consistent with
previously reported todve high and low anthocyanin concentrations, respectjiztlenfeldt

and Prior 2001, Gunduz, Serce et al. 20Ibpur study, we found both genotypes ranked
similarly to these studies, among the Corval
topfivegenotypg wi t h t he highest ant hocyaagedamongont en
the studied genotypes, with an anthocyanin concentration slightly above the Corvallis population
average. Il n agreement with Kim et alod (@84 3)
|l ow compared with other genotypes in Corvall
which were previously reported to have comparatively low anthocyanin content, were all found

to have moderate amounts of total anthocyanin content comipatteel other genotypes

evaluated from Corvallis in the present study.

Anthocyanins across environments, years, and harvests

In an environmental comparisonéf corymbosumav.. 6Jer seyd6 evaluated
including Michigan, Oregon, and New Jeysneither the antioxidant capacity, analyzed as

oxygen radical absorbance capacity, nor total anthocyanin concentration significantly differed
across locationd®(O 0 (P@ids, Cao et al. 1998)n contrast to these findings, a study

examining seen cultivars in Michigan and Oregon in 2010 found that the effects of genotype,
environment, and genotype x environment were significant in the analysis of total anthocyanin
content(Gunduz, Serge et al. 201Additionally, in a similar study of nine blueberry cultivars,

genotype x environment was significant for anthocyanin content between Oregon and Michigan,
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as well as Oregon and MinnesoBa® 0. 05), however nigasmatt ype I
significant between Minnesota and Michig&@onnor, Luby et al. 2002North 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 siwaeation, assuming the
composition of allelic frequencies of the genotypes were in H&fdinberg equilibrium. In our

own analysis, we did not observe genotype x environment as a source of variation for the six
overlapping genotypes. Given these ressil addition to the plethora of naverlapping

genotypes across locations, we separated environments in our subsequent analyses.

The effect of genotype x year within an environment has been significant on total anthocyanin
content in multiple studig€onnor, 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 thregear study in blueberry anthocyanin and fruit size ébtimat while genotype

x year was a significant thevalue statistic of genotype x year was lower than that of genotype,
indicating that the variance attributed to genotype alone was greater than that of genotypic
variance between yeafScalzo, Stevenson et al. 201Burthermore, the same study found that

the average anthocyanin content from a single year of study was highly correlated with the three

year averager (>0.88).

One of the major factors influencing thenptype x 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 significatly lower than the total amount of anthocyanins in the skin of grapes subjected
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to moderate water stress conditi¢Bsillante, MartinezLuscher et al. 2017)ur results agreed
with Connor et al. (2002) and Howard et al. (2003); we evaluated t8ergn genotypes in
Jackson Springs, NC, and eleven genotypes in Corvallis, OR in two years and winé&und
effect of year and genotype x 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 yearsest 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, Castrejon et al. (2008) found increases in anthocyanin
conten 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 harveS8tsa2rasd fou¥ .
corymbosuneultivars; however, correlations were not made between anthocyanin content a TSS
or TA (Castrejon, Eichholz et al. 200#dditionally, research involviny. angustifoliumV.
angustifoliumvar. nigrum, andV. myrtilloides which examined anthocyanin content between

early and late harvests, found that antlamiy content increased between sequential harvests in
each genotype; however, the difference between harvests was only signifi¢ant in
angustifoliumandV. myrtilloides(Mallik and Hamilton 2017)A similar study which looked at
anthocyanin content across and composition of six genotypes frovawamiumspeciesV.
virgatumandV. corymbosum found thatv. corymbosungenotypes increased amthocyanin

content between harvests which was consistent in both years of iomtgers, Grace et al.

2017) However, Timmers et al. (2017) found tNatvirgatumgenotypes fluctuated in

anthocyanin content across sequential harvests and did not find consistency between years of
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study inV. virgatumgenotypes. Contrary to Timmers et al. (2017) findings of anthocyanin
content fluctuation ifv. virgatum we discovered that all genotypes that are composed of >10%
V. virgatumincreased in anthocyanin content from the first to finavéstr with the exception of

NC3419 and NC4728, in the Jackson Springs location (data not shown).

Anthocyanin, TSS, and TA correlation

Anthocyanins are a vacuolatored pigment that are produced in flavonoid pathway. In the
flavonoid pathway anthocyanipsimarily accumulate during fruit maturation and pigmentation
in blueberry(Ribera, Reye®iaz et al. 2010, Spinardi, Cola et al. 20183 such, they are
primarily concentrated in the skin of blueberry fiiRibera, Reye®iaz et al. 2010)In a study
that looked at the correlation between CIELAB color pararagkeie angle, and chroma, as well
as the major anthocyanidinsVh corymbosumd Bl uecr op 6, significant di
between hue angle and all studied anthocyanidins as well as chroma and all anthocyanidins with
the exception of cyanidi(Chung, Yu et al. 2016Moreover Chuag 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 codtaited metrics of fresh blueberry with

the bloom wax on the fruit and antlyamin content. However, the presence of fruit bloom

reflects and refracts light and, therefore may be a confounding factor that precludes accurate
measurementSaftner, Polashock et al. 2008) more accurate correlation would involve fruit

bloom removal and anthocyanin content.

During maturation, anthocyanins accumulateih u e b e r r i pirfardifQolaétal. s ki n
2019) Smaller blueberries have a higher fruit skin surface area to fruit ratio, as such, they have
proportionally more anthocyanins than larger fruit countergBrisr, Cao et al. 1998Multiple

studies examine the correlation of fruit weightatal anthocyanin content, which all find a
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significant negative correlatio <0.05)(Connor, Luby et al. 2002, Howard, Clark et al. 2003,
Castrejon, Eichholz et al. 2008, Gunduz, Serce et al. 2D¥monstrating this concept, a
previous study which examined OArl ené,d O0Lenoi
60Sampson6é found their anthocyani(Mousefpliacee nt r at i
al. 2014) Yousefemn | . (2014) reported NC4398, NC4385, a
anthocyanin concentration among the seven genotypes across two years of study, while our study
found 6Pamlicod, O6Arl end and 6éSampsondeto hav
these differences may be influenced by the effect of year on phenotypic vafiabt3.7, 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 oasHlimnthocyanins 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, prexis studies identified fresh weight analysis of small
fruitedVacciniumh y b r i d, 6W coryraboslirx ¥. iangdstifgliuny to contain a greater
concentration of anthocyanins compared with larger fruited genofifpasKim et al. 2013)In

studies, where investigators use fresh weight to determine anthocyanin content are less

informative for developing breeding strategies for the tadgieierease anthocyanin content in

new releases. Moreover, anthocyanins are previously reported to be highly correlated with
antioxidant activity in blueberry skim € 0.90); however whole fruit anthocyanin to antioxidant

activity was much less correlatéd= 0.5) (Ribera, Reye®iaz et al. 2010)Supporting this

study, Prior et al. (1998) found the r&datship between antioxidants Wfacciniumspecies

includingV. corymbosunV. virgatum V. angustifoliumandV. myrtillusto have a moderately

significant correlation with anthocyanins< 0.77).
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Total anthocyanin content has had previooisflicting reports regarding correlation with TSS

and TA. While Gunduz et al (2015) reported a significant positive correlation between
anthocyanin content with both TSISH0.38) and TA(= 0.41), Mallik et al. (2017) found that
total anthocyanin conté 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

0 Wo | ¢Ballintjeband Kushman 1970j is intriguing that previous studies reported both
positive and negative correlations between TSS and TA in blugl@asgrejon, Eichholz et al.
2008, Gunduz, Serce et al. 2016pmparatively, the breadth of the genotypes and harvests
involve in our studyvas 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< 0.05), and negative correlatioris< 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 21gestotlipds.
We did not find any strong correlations between total anthocyanin content or any anthocyanidin

with evaluated phenotypic traits, all correlations were signifidart @.05).
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There was a significant difference between environment and totakgatiio 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 antho@@rtent. 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 speapscific interspecific hybrid evaluation of
anthocyanin contenEurther, 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 3galactoside Dp3Gal
Delphinidin 3glucoside Dp3Glu
Cyanidin 3galactoside Cy3Gal
Delphinidin 3arabinoside Dp3Ara
Cyanidin 3glucoside Cy3Glu
Petunidin 3galactoside Pet3Gal
Cyanidin 3arabinoside Cy3Ara
Petunidin 3glucoside Pet3Glu
Peonidin 3galactoside Peo3Gal
Petunidin 3arabinoside Pet3Ara
Malvidin 3-galactoside Mal3Gal
Malvidin 3-glucoside Mal3Glu
Malvidin 3-arabinoside Mal3Ara
Delphinidin 3(acylglucoside) Dp3GluAcl
cyanidin 3(6"-malonylglucoside) & cyanidin-Bacylgalactoside) Cy3GluMyl &
Cy3GalAcl
Malvidin hexose pentose Mal5-60se
Delphinidin 3(6"-malonylglucoside) & malvidir3-(6"- Dp3GluMyl &
malonylglucoside) Mal3GluMyl
Peonidin 3(acylgalactoside) Peo3GalAcl
Cyanidin 3(acylglucoside) Cy3GIluAcl
Malvidin 3-(acylgalactoside) Mal3GalAcl
Petunidin 3(acylglucoside) Pet3GIluAcl
Peonidin 3(acylglucoside) Peo3GIluAcl
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.

Rte?la e T 3 = ® S T © S [ © T =) ©
Anthogyanin 8 8 % c<~;> % 8. i 8. % .‘<‘E3 8 8 é

Genotype Content 5 8 & a8 o & S 8 & & _§ _§ %‘_
Corvallis, OR

Aron 8870.25 11.77 4.03 6.82 879 237 763 441 411 3 444 1685 1073 8.63
Ascorba 8288.41 14.38 655 231 108 128 775 174 501 119 532 1058 7.71 6.58
Atlantic 8097.31 1845 599 298 1129 329 965 1.82 427 097 49 13.89 7  6.87
Berkeley 8221.13 20.7 1.07 455 1278 0 1221 163 246 579 571 1494 086 9.02
Bluechip 5984.56 16.53 0.97 3.01 1024 591 858 1.29 256 10.32 462 2414 159 9.14
Bluecrop 6575.33 10.05 6.72 1.79 1097 3.73 562 109 523 553 7.64 1118 599 7.21
Bluehaven 792358 12.07 901 2.3 1001 232 592 189 6.09 0.8 426 944 103 6.74
Bluejay 782341 1959 077 2.68 12.56 0 1298 151 071 149 722 2509 152 13.05
Bounty 651751 1596 54 351 1119 773 61 159 513 7.85 6.62 822 287 3.88
Brigitta Blue 7987.45 21.12 1.09 4.03 1262 0 1116 155 14 352 582 19.02 159 11.18
Burlington 732425 27.99 121 3.6 1429 074 1346 241 086 1.05 6.12 1855 125 7.6
Cabot 8364.07 1661 135 522 11.37 094 1025 3.14 1.08 184 595 1613 44 961
Caroline Blue 10922.93 12.16 8.08 246 1012 393 631 12 518 643 57 85 497 578
Collins 612659 1421 6.48 2.87 1054 1.7 805 191 561 112 564 1314 927 801
Concord 8505.87 25.12 4.24 10.85 14.66 0 563 256 398 1232 277 122 119 321
Coville 6555.89 13.45 148 243 6.88 941 812 197 242 505 6.04 2153 148 10.04
Croatan 725315 17.41 0.65 3.46 10 0 1247 161 438 1655 3.33 12.890 121 3.83
Darrow 88645 19.05 081 1.93 928 279 1221 146 073 105 572 2489 199 1271
Dixi 5641 6.09 627 3.76 547 549 592 141 54 628 892 753 3.88 588
Echota 678571 1381 7.89 7.18 984 645 848 188 616 573 717 859 54 3.86
Elizabeth 12082.25 19.97 1.09 9.31 14.15 0 549 081 475 1553 294 1446 141 3.8
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Table 3.2(continued).

Elliott
Floridablue
Georgiagem
Goldtraube 74
Grover
Gulfcoast
Harding
Herbert
Ivanhoe
Jersey
Jubilee
June
Laniera
Lateblue
Legacy
Magnolia
Marimba
Meader
Murphy
Northblue
Northcountry
Northland
Olympia
O'Neal
Ozarkblue
Pacificblue

12769.3
9940.23
5933.88
12224.5
6927.15
7486.86
7696.25
9649.3
7016.53
8090.7
6170.42
10906.79
9079.28
8494.64
8203.03
4924.52
8040.23
8170.68
7907.69
7872.02
6086.77
8189.17
6857.98
8428.91
10283.99
8310.37

23.21

16.9
18.88
13.98
12.78
14.34
18.78
18.58
19.47
14.59
19.54
10.87
15.83
23.61
18.88
16.98
18.69
14.69

8.29
11.53
10.01

10.7
19.01
20.28
23.96
17.58

0.99
0.54
0.87
4.32
10.12
1.18
0.8
8.23
0.82
9.39

7.33
9.89
1.36
1.32
6.84
1.37

6.8
7.39
5.26
9.71
5.66
3.32
0.85

5.68

3.57
1.52
4.07
3.72
3.25
4.93
6.05

2.2
5.32
1.88
5.63
4.14

2.5
3.65
4.32
3.21
5.65
4.38
3.25
4.23
3.86
4.78

7.4
5.06
6.07
4.59

12.89
10.44
13.63
7.52
11.54
8.8
12.21
12.36
11.9
11.52
10.99
10.2
12.95
9.71
9.52
10.59
11.86
10.24
8.25
9.97
6.62
6.52
9.9
12.84
13.67
11.76

0.75

1.31
2.37
0.74

1.42

3.27

6.91
1.55
0.81

2.71
0.39
1.36
4.72
2.25

3.9
1.61
10.8

6.36
0.93

12.81
12.26
11.67
6.9
6.14

11.74
8.2
12.21
7.64
11.29
7.76
7.29
14.33
9.76
9.05
10.52
7.31
5.69
6.87
5.65
6.7
7.43
11.46
9.12
7.85

1.66

2.66
1.66

2.4
2.46
3.16
1.39
2.76
2.72
3.14
0.87
1.81
1.95
1.74
1.75
2.95
2.17
1.52
3.17

2.8
1.22

2.5
2.43
2.28
1.32

1.05
4.46
0.76
3.49
6.72
1.34
1.54
5.92
2.04
6.75
0.82
5.96
7.29
0.89
1.49
5.74
1.28
4.46
5.66
4.48
8.11
5.46
2.65
1.63
1.09
3.66

2.35
19.66
1.87
2.72
0.99
6.33
4.06
0.67
5.34
5.42
2.67
9.9
0.71
1.34
4.59
3.23
3.58
1.25
4.55
1.32
1.96
3.94
5.28
541
3.51
2.49

5.74
3.15
7.04
4.62
5.05
4.64
5.57
4.94
5.39
7.65
5.81
13.92
5.51
5.06
4.08
6.18
5.69
451
7.88
6.08
3.38
6.29
4.14
4.84
9.48
6.24

23.05
22.19
21.63
10.93
6.83
28.57
14.04
9.77
15.82
8.08
16.03
8.92
9.94
26.57
30.11
13.34
21.28
9.46
7.31
10.43
11.06
8.18
9.82
13.4
9.97
10.82

1.56
1.06
1.8
7.74
7.88
1.95
3.55
8.58
2.56
10.01
3.95
4.12
9.86
1.72
2.12
7.33
2.06
8.57
5.27
9.19
16.59
6.94
2.48
3.55
1.2
5.68

8.93
6.45
12.76
6.68
5.16
12.64
7.61
5.66
7.89
5.1
8.37
2.79
6.35
8.49
11.6
6.78
10.7
6.44
5.21
7.72
7.4
4.2
4.4
7.51
9.58
6.21
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Table 3.2(continued).

Patriot 8506.11 766 833 332 598 436 49 271 661 152 397 793 1126 521
Pemberton 7128.7 15.04 7.81 3.21 10.02 338 7.83 288 517 158 47 10.05 6.13 5.47
Pioneer 8674.49 20.27 075 6.47 1152 054 1273 387 071 185 6.26 20.81 1.7 9.94
Rancocas 8967.85 16.45 523 423 10.01 411 6.85 16 533 7.63 594 1369 7.68 4.9
Reka 670251 182 6.82 385 1311 376 747 231 489 308 574 892 511 5.07
Reveille 4469.7 933 494 341 976 194 532 3.02 41 157 591 9.04 879 9.39
Rubel 9460.34 21.76 722 3.03 1345 356 945 164 582 377 632 119 631 494
Spartan 7512.31 1541 998 219 1199 211 7.16 448 585 4.85 69 7.12 461 4.24
Stanley 8536.1 1489 533 2.06 1112 0.87 8.44 1.3 434 078 527 1321 845 8.26
Summit 8764.02 11.19 3.89 2.18 6.3 2.8 6.7 1.07 4 197 567 163 828 14.59
Sunrise 12119.54 23.67 162 6.46 115 0 1219 185 287 113 3.09 1367 0.87 3.84
Toro 6222.17 19.47 0.76 3.67 1291 0 8.64 1.72 435 13.57 3.77 15.76 1.85 5.24
us612 7282.27 1523 6.22 749 1025 219 8.01 41 461 495 505 1093 10.65 5.65
uUse693 7860.75 10.96 10.79 332 747 396 573 251 767 109 314 10 12.7 4.85
us845 924258 1656 2.78 1209 958 171 728 467 264 905 528 139 223 4385
us848 10442.01 14.38 459 597 9.67 27 657 379 317 121 414 772 553 533
USs851 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 487721 16.06 289 425 937 531 962 253 243 176 516 1193 3.38 5.9
V. caesariense

NC1967 8465.34 14.08 225 399 11.18 0.83 838 282 17 168 594 16.38 5.03 11.03
V. corymbosum

DE®635 Farmington 577581 10.15 6.85 4.49 8.55 22 558 226 521 169 557 779 783 6.27
V. corymbosum

DE644 9007.76 12.38 6.7 738 723 392 998 333 113 249 488 6.37 75 5.45
V. corymbosum

NC1452 9880.25 17.18 0.66 3.15 8 282 1134 125 655 344 47 20.41 428 8.61
Wareham 9144.65 15.31 6.56 3.81 9.53 2.51 7.68 2.14 511 2.16 5,22 12.64 7.76 6.5
Weymouth 7196.41 1155 9.66 2.72 96 219 825 859 119 572 1297 1589 772 0.76
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Table 3.2(continued).

Jackson Springs, NC

Arlen

B-66-5 x B-66-4
Ballington #1
Beaufort
Biloxi
Blueridge
Carteret
CHID1-24:1
CHID1-4:58
CHID2-4:74
Duplin
Echota
Emerald
Gupton
Hannah's Choice
Lenoir

Misty
NC1146
NC2207
NC2672
NC2860
NC2898
NC2930
NC3048
NC3104
NC3114

8773.47
4295.01
7499.05
11006.54
6549.07
6991.6
6849.81
8759.03
8304.04
6001.82
5607.93
5912.7
6784.88
6363.16
4976.09
4798.79
4300.09
6212.55
5200.69
9477.39
3342.7
7530.45
8263.87
8366.24
2960.15
6144.43

22.43
22
21.6
23.63
13.98
10.98
19.65
12.38
18.18
11.26
14.61
12.38
17.56
15.05
18.33
14.15
18.55
11.98
16.14
13.47
15.96
17.67
18.14
12.66
15.61
19.14

1.48
2.67
1.37
2.28
5.33
8.99
1.66
6.7
2.72
4.32
7.47
5.73
5.82
10.18
1.06
2.65
4.76
5.19
3.93
7.7
1.3
1.58
0.89
11.11
291
1.03

5.78
7.53
6.73
6.34
4.98
3.61
6.08
6.37
5.68
3.51
6.41
6.62
4.66
2.17
5.25
4.98
4.53
4.15
7.01
4.66
8.04
5.77
3.64
7.18
6.28
10.19

11.15
12.86
10.98
10.7
9.34
6.76
10.39
8.66
10
9.03
9.56
8.29
10.16
9.67
11.24
8.99
11
8.38
8.51
6.93
8.78
6.09
8.5
9.3
10.68
8.78

0
0.77
0.49
1.74
2.48
3.06
0.67
2.64
1.13
2.71
2.45
2.72
0.79

1.6

1.06

1.2
2.08
1.11
2.54
0.99
5.08
0.61
1.36

0.71

8.23
9.82
11.13
8.23
7.72
6.02
10.42
6.76
7.14
7.72
7.14
6.34
8.72
8.18
7.63
8.01
9.57
6.87
6.56
7.23
11.08
8.82
135
8.88
6.52
12.1

1.26
2.87
2.82
1.72
1.58
221
241
1.23
1.94
2.11
2.26
1.62
0.97
1.47
2.25
1.33
1.95
2.48
3.12
1.63
3.95
2.26
1.58
4.25

2.5
4.84

231
2.75
1.15

5.2
6.21

7.6

2.4
5.84
3.01
4.83
6.28
5.89
5.32

8.5
2.37
2.71

4.2
4.49

2.3
6.47
1.38
2.12
0.92
3.58
3.81
1.02

6.39
7.98
1.94
10.39
7.39
1.25
10.49
7.89
9.56
4.05
6.56
8.62
8.11
0.93
9.83
4.86
3.04
3.1
7.71
5.32
2.88
9.33
1.79
8.92
15.56
3.37

5.59

4.7
5.85
3.43

8.4
5.04

4.4
7.91
3.53
7.16
7.51
8.57

6.5
5.33
4.33
8.96
5.82

5.4
2.24
7.33
5.28

5.87
2.43
3.79
5.03

12.56
14.17
13.38
11.92
10.76
9.63
16.56
7.06
16.6
15.36
7.4
11.47
13.05
11.73
16.26
15.73
131
11.52
10.17
12.21
19.24
17.94
26.99
10.41
21.47
17.59

2.69
1.43
4.16
2.68
10.42
12.78
1.28
10.4
3.85
13.56
8.63
8.69
7.78
12.11
2.16
4.01
5.64
7.83
4.2
16.61
5.38
1.66
2.02
3.06
2.69
1.59

6.3
8.17
6.97
4.01
5.84
6.04
6.59
4.87
6.83

8.1

5.3
3.78
4.71
7.36
7.97
7.98
7.32
8.25
7.19
4.47

10.41
6.95
11.9
5.18
7.05
7.72
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Table 3.2(continued).

NC3211
NC3257
NC3311
NC3319
NC3352
NC3419
NC3458
NC3464
NC3472
NC3476
NC3494
NC3530
NC3577
NC3603
NC3781
NC3785
NC3883
NC3920
NC3954
NC4002
NC4004
NC4011
NC4034
NC4064
NC4121
NC4122
NC4124

8172.05
5094.12
7162.76
5329.02

2848.7
6305.79
7073.27
6599.36
6841.64
7988.59
7030.07
6125.22

6177.6
5021.43
2959.66
5530.52
3310.79
5432.19
7279.24
7370.58
5306.31
6135.81
8602.83
4174.89

5623.1
6098.71
7778.28

12.89
13.28
20.88
17.06

2.47
10.25

6.91
20.54
15.72
24.87
19.18
15.56
11.62
13.56
20.36
16.41
24.22
18.15
16.44
16.86
22.88
20.82

6.17
11.58
17.18
13.84
12.95

6.86
6.05
1.2
3.11
4.91
8.89
10.55
1.14
4.29
1.47
2.28
1.58
0.82
4.38
2.61
6.86
4.04
3.45
1.45
5.29
1.24
2.81
452
6.45
2.14
7.03
45

1.8
411
7.93
8.55
5.29
7.24
1.92
3.99
5.78
5.58
7.29
4.09
5.94
4.35
9.07
6.13
8.37

6.6
5.18
4.87
3.99
5.09
2.51
3.13
6.62
5.61
4.07

9.34
8.06
9.55
12.7
2.06
7.7
7.3
9.5
8.48
10.96
10.06
7.8
6.81
8.26
10.6
8.57
11.68
10.61
9.73
9.87
13.39
11.76
4.99
7.9
9.43
9.07
8.48

1.27
4.42
0.59

13.18
5.89
231
0.43
1.55

0.68
6.93
0.84
1.77

1.2
2.17
1.22
2.98
0.42
1.07
0.64

2.24
3.58
0.89
2.24
3.23

8.08
6.15
10.43
5.45
2.06
7.46
5.7
11.9
9.08
11.36
11.11
8.85
9.51
8.63
10.74
9.89
9.79
12.76
9.74
8.42
13.41
9.48
3.66
6.97
9.52
7.42
6.86

2.14
1.58

3.4
2.45
5.34
2.52
1.92
1.64
2.81
1.91
2.93
2.11
3.44

2.3
3.68
2.21
3.08
3.42
1.98
1.96
2.04
1.34
2.04
2.01
2.92
2.72
1.61

5.99
4.44

0.8
4.42
5.93
7.09
8.69
1.39
4.15
1.32
2.21
2.26
1.22
4.49
2.24

2.61
1.08
1.56
4.54
1.18
3.36
4.23
5.65
2.06
6.37
4.19

3.67
4.74
2.63
9.99
2.93

2.15

3.6
3.76
3.65
8.78
7.85
6.08
3.46
5.76
3.35
6.82
2.64

3.5
2.79
1.62
8.13
1.89
3.96
8.41
3.85
7.01

6.95
4.92
4.96
4.43
10.61
10.48
7.24
457
5.62
4.62
4.18
4.34
4.67
5.85
4.71
6.16
3.32
6.2
5.68
5.59
6.49
4.28
4.23
6.42
4.05
5.82
6.93

12.76

9.42
12.75
11.12

4.84

6.41

8.78
15.77
18.95

17.8
19.56
20.72
20.22
17.08
14.76

12.6
10.52
16.86
17.91
12.52
18.99
18.16

6.25
11.87
21.17
11.74
13.13

8.88
5.37
5.17
2.86
13.99
4.25
17.59
5.96
8.67
1.56
2.52
1.97
2.98
9.68
2.83
8.5
1.77
1.78
2.5
6.64
1.45

6.98
10.17
2.36
10.8
5

7.47
5.62
6.68

5.2
3.28
2.38
5.99
6.44
7.33
6.99
7.31
9.06
9.72
8.09

9.1
5.98
6.56

11.57

10.17
6.97

10.33
8.08

10.05
6.38

7.3
5.22

6.4
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Table 3.2(continued).

NC4131
NC4278
NC4279
NC4300
NC4307
NC4329
NC4339
NC4351
NC4361
NC4385
NC4392
NC4394
NC4398
NC4404
NC4411
NC4421
NC4426
NC4434
NC4499
NC4509
NC4511
NC4519
NC4564
NC4574
NC4582
NC4593
NC4597

6126.08
9155.95
6819.05
5902.21

5089.2
5888.37
5547.52
8002.88
6367.15

6158.5
6362.15
5426.06

6766.6
6476.65
5002.26
6447.57
6812.46
9420.03

6607.6
6770.49
6750.63

5637.7
9532.47
7865.12
7060.96
8407.77

5027.1

4.9
16.82
15.84

8.86
22.82
21.39
17.59
16.74
26.32
20.37

18.5

18.9
12.62
18.39
11.59
17.08
13.04
21.69
21.06
19.13
17.43
20.25
19.15
17.97
21.94
19.47
17.55

11.56
2.38
0.87
9.85
3.37
3.82

5.9
1.42
2.36
1.25

1.1
3.65
8.12
0.85
5.45
0.91
6.09
0.81
1.79
1.12
7.42

1.1
0.77
2.38
1.31
0.92
1.04

1.13
9.69
10.65
5.7

9.12
5.44
5.01
7.38
4.89
477

8.5
5.98
7.49
5.39
2.81
5.09
5.31
6.77
6.53
2.59
9.84
8.75
7.14
4.89
11.3
6.76

5.79
9.07
7.59
7.65
11.33
12.77
9.46
9.2
12.23
10.44
8.57
12.14
8.42

9.97
10.06
9.19
10.87
9.28
7.56
9.02
6.69
9.19
9.39
11.15
8.2
10.13

1.89
5.29
0.71

54

0.7
0.53
241
0.63

0.51
0.72

2.75
0.69
2.02
13.38
0.97
0.39
1.27
0.89
1.32
1.48
2.88
0.52

0.77
0.68

3.02
5.9
10.55
4.84
9.75
6.03
8.28
10.6
7.83
10.6
12.83
6.73
8.06
12.65
6.85
9.83
8.03
13.67
11.58
12.16
9.45
12.3
11.87
9.24
10.05
12.97
11.97

1.2
3.96
4.94
3.95
1.87
2.96

2.1
2.09
1.78
1.92
2.13
3.91
2.06
3.03
3.25
1.22
1.39
2.27
2.44
2.59
1.43
3.51

3.7
1.72
1.52
4.41
3.41

8.18

0.87
7.72
3.16
3.06
4.17
1.56
2.68
1.37
1.18

3.9
6.87
0.87
5.44
2.61
5.35
0.81
1.45
1.04
6.43

1.1
1.22
3.64

2.2
0.92
1.07

0.98
13.2
4.76
1.92
9.12
9.92
4.43
5.56
6.96
4.64
2.69
11.22
6.61
3.23
3.24
4.64
6.69
2.25
3.62
2.73
1.08
4.89
4.63
15.08
6.51
3.73
2.71

3.74
291
4.65
4.98
3.46
3.37
6.18
4.96
4.13
4.76
7.43
7.22
9.51
5.75
6.55

5.3
3.73
5.71
4.64
4.63
5.16
4.22
5.22
3.63

4.5
5.07
6.06

4.61
15.92
20.39

6.08
14.88

12.4

10
24,51
11.23
18.33
21.49
14.19

9.45
20.05

135
16.88
15.38
23.34
15.25
21.79
16.06
21.33
15.06
15.81
16.43
16.88
20.76

11.95
1.62
1.57
9.88
2.36
1.18
6.87
3.31
1.91
2.28
3.24
3.12
8.67
1.81

10.62
1.21
5.92

13
2.53
2.44

10.88

29
1.99
1.25
3.05
2.05
2.11

6.57
4.37
7.79
6.59
7.27
4.37
4.72
9.78
4.79
8.54
9.5
5.25
4.13
10.44
7.98
9.08
7.92
9.81
7.4
9.11
7.64
8.66
7.23
5.11
6.74
5.08
11.15
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Table 3.2(continued).

NC4600
NC4606
NC4608
NC4612
NC4618
NC4625
NC4627
NC4630
NC4638
NC4643
NC4654
NC4661
NC4664
NC4671
NC4676
NC4681
NC4696
NC4701
NC4710
NC4712
NC4721
NC4728
NC4738
NC4859
NC4885
NC4886
NC4900

7082.74
5792.46
6154.13

7187.5
5937.71
6389.32
4729.14
5892.64
9106.63
7514.98
2959.99
5736.06
4955.93
7847.95
5017.94
6527.81
3026.25
4582.66
4030.98
6131.31
9066.83
3575.82

7593.7

3769.1
5715.73
3973.49
4392.43

14.52
23.11
12.26
20.9
10.44
15.28
15.3
20.46
20.11
22.07
14.96
19.98
17.15
14.56
9.7
17.86
8.94
15.86
19.93
20.54
21.86
14.67
12.93
16.05
13.54
12.56
14.29

3.68
1.15
0.72
1.59
5.87
0.79
1.06
1.37
1.16
1.05
231
4.73
1.12
3.25
3.82

1.1
3.63
1.02
2.02
1.84

15
5.03
2.97
4.07
1.83
5.25
6.57

3.83
3.63
10.23
7.78
4.49

3.88
5.04
3.64
5.78
6.14
4.52
3.46
6.34
4.27
4.43
3.56
3.07
4.16
7.81
4.42
4.81
4.7
6.91
16.18
2.79
5.45

8.28
9.02
5.51
8.38
9.83
12.1
8.43
8.37
7.72
12.01
10.24
8.67
10.96
9.78
6.64
10.92

7.29
10.46
11.34

8.02

8.47

8.01
11.91

7.72
13.23

6.88

2.56

2.67
1.02

3.1
0.48
0.82
0.73
0.75
0.57
9.15
1.36

12.61
1.77
0.71
1.75

1.17
1.28
0.67

2.2
2.73

1.01
1.75
3.25

6.66
15.52
8.5
13.07
5.9
9.68
11.04
12.35
14.35
14.06
4.08
9.57
8.91
2.22
6.53
11.39
6.74
12.25
10.12
10.87
13.56
8.87
9.86
7.79
8.8
6.29
8.66

1.35
1.46
4.61
2.74
3.03

1.9
2.09
2.04
1.25
2.64
1.98
1.46
151
2.15
2.93
2.09
2.59

1.7
3.86
3.77
1.69
2.68
1.99
3.44
7.32
2.05
2.74

4.63
1.08
1.21
1.48
4.61
0.73
1.46
1.25
1.03

0.9
4.15
3.95
1.78
3.87
4.09
1.42
3.85
0.96
1.49
1.59
1.32
4.34
2.86
4.61
1.84

4.2
6.17

7.7

1.8
8.29
2.53

2.3
1.55
3.98
2.44

1.74
9.97
5.16
4.77
14.19
3.35
3.62
1.95
3.52
2.68
491
1.82
1.98
5.5
9.09
4.5
1.67
1.93

3.56
5.65
3.61
5.15
5.98
6.93

5.2
4.21
7.26
5.88
3.01
4.82
6.42
4.22
5.49
5.63
5.73
4.88
5.55
5.63
4.61
5.34

4.8
7.49
4.38

6.7
4.42

16.27
24.79
19.77
19.91

7.42
15.61
23.28
25.35
21.57
17.02

7.34
13.76
14.93
11.49
13.44

17.7
12.53
18.66
13.98
17.68
23.26
13.73
21.63
10.55
10.96

7.99
13.89

6.42
1.92
1.86
2.49
7.51
5.54

1.69
3.37
1.89
7.28
4.87
3.99

13
6.85
2.24
7.96

3.5
2.14
3.22
2.82
7.52
4.79
1.67
2.53
6.12
9.63

7.78
9.66
7.11
8.41
6.07
12.1
11.87
11.18
6.91
7.66
4.48
4.68
11.64
3.28
9.2
10.5
11.22
10.26
8.27
9.01
6.98
7.79
8.25
7.36
5.54
9.32
6.34
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Table 3.2(continued).

NC4900
NC4953
NC4958
NC4961
NC4976
NC4979
NC4982
NC4991
NC4994
NC4996
NC5001
NC5006
NC5015
NC5019
NC5022
NC5053
NC5066
NC5068
NC5071
NC5072
NC5140
NC5197
NC5199
NC5204
NC5207
NC5211
NC5214

4392.43
13294.85
4695.29
6029.12
7815.4
5589.39
7482
5520.43
4202.47
5816.71
4678.03
5775.92
7469.12
6453.86
4627.7
7041.16
5023.54
5930.2
5357.99
6947.72
5651.62
7634.39
6287.59
7917.74
6582.07
7653.92
7722.78

14.29
21.31
23.49
19.2
22.29
16.03
21.52
20.11
15.67
15.42
8.78
18.04
15.6
10.47
10.43
20.89
19.05
22.12
16
22.83
22.4
19.95
17.44
21.27
17.93
19.48
12.89

6.57
1.34
1.27
1.88
0.98
1.17
1.24
1.14
1.08
2.55
3.09
3.39
5.67
8.44
8.35
1.18
1.17

15

6.2
1.42
241
1.66
2.04
2.75
1.34

0.9
5.89

5.45
6.26
4.32
8.45
3.67
4.82
5.29
3.32
6.03
8.58
4.77
7.52
5.33
3.62
3.81
4.76
2.92

4.6
5.03
7.24
6.61
3.19
5.56
8.13

5.6
3.91
3.66

6.88
8.37
11.01
10.47
9.62
7.66
9.57
11.12
9.07
9.3
7.14
11.01
9.23
6.18
9.09
8.7
8.81
8.79
9.92
10.29
12.1
8.45
10.46
10.51
8.01
10.12
8.52

3.25
0.91

0.8
0.5
0.83

0.75

1.85
1.61
2.28
231
3.12
0.57
0.65

0.9
2.11
0.59
0.88
0.99
2.76
1.03
0.89
0.58
1.68

8.66
11.84
14.54
11.48
12.96
10.39
10.71
11.39
11.71

7.08

6.32

8.39

7.71

6.57

5.67
14.08
15.16
12.92

9.17
11.02

7.43

134

9.67

9.97

11.2
13.59

8.02

2.74
1.95
1.81
411
1.44
2.25
1.73
1.52
3.17
291
1.83
2.75
1.41
1.95
2.97
1.49
1.22
1.84
2.94

2.7
1.68
1.23
2.26
3.01
3.61
1.78
2.06

6.17
1.06
1.25
1.32
0.88
1.12

13
1.23
1.08
3.36
5.23

3.5
5.37
7.09

1.15
1.25
1.34
5.47
13
2.8
1.77
2.16
1.98
1.7
0.9
5.56

1.93

2.6
1.67
5.81

15
2.63
3.68
2.62
3.12

8.4
8.85
9.79
8.32

2.2
1.37
2.14
1.67
1901
1.66

3.8
3.91
3.05
5.48
5.28
4.24
2.18
1.43

4.42
3.97
5.96
5.01
5.12
4.75
4.57
5.96
6.13
5.46
9.58
4.26

7.1
3.92
5.69
4.86
6.25
4.89
5.77
4.75
5.27

51
5.08
4.45
5.67
6.47
5.83

13.89
18.66
21.59

18.3
20.92
20.39
16.27
18.32
19.57
11.73
11.46
16.27
11.75
10.59

7.49
24.68
26.98
18.82
12.46
15.28
10.25
24.73
19.15
18.03
20.65
23.68
13.46

9.63
3.52
1.67
2.09
2.49
2.33
3.49
2.09
1.55
2.21
4.61
2.23
4.72
114
10.5
1.95
1.98
3.14
7.73

29
4.99
2.83
2.17
3.95

3.2
1.76
9.69

6.34
6.39
10.04
6.91
8.57
9.67
7.01
11.47
10.08
6.2
5.87
5.63
4.16
5.6
5.98
8.73
10.82
7.32
7.35
6.58
5.85
9.48

7.11
8.58
11.61
8.67
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Table 3.2(continued).

NC5216
NC5236
NC5266
NC80-2-14
New Hanover
O'Neal
Pamlico
Reveille
Sampson
Snowchaser
Springhigh
Summit
Sunrise
Us845

8492.28
5476.45
8558.73
6291.64
6693.99
4899.78
9299.44
6135.21

7160.4

4859.2
4734.25
6090.05
7219.48
5409.57

15.41
19.42
26
21.18
18.05
18.16
20.69
16.57
17.31
21.15
21.86
13.96
21.4
15.37

7.46

1.3
1.12
3.72
0.95
1.48
1.11
3.21
0.98
1.04
1.89
4.76
1.41
4.83

3.87
3.09
3.64
9.1
4.03
5.8

4.32
3.51
6.25
4.64
3.96
6.51
5.35

9.93
9.62
10.28
10.38
8.48
10.32
9.46
9.57
9.69
10.96
12.43
8.79
9.16
10.89

1.98

0.42
1.68

0.33
1.34

0.64
1.59
3.68
0.57
1.68

8.32
11.13
14.66

7.98
13.29

9.86
12.22
10.24
11.32
11.91
12.62

6.53
12.21

7.33

2.27
1.45
1.04
3.22
1.72
2.03
1.75
1.71
1.78
2.78
2.63
1.13
2.35
1.89

6.44
1.74
1.07

2.3
0.96
2.04
1.01
3.14
0.98
0.97
1901

4.3
1.21
5.04

1.28
5.72
2.61
6.96
2.09
5.41
2.74
2.94
2.34
2.07
1.75
4.98
4.01
8.54

5.19
4.83
4.76
3.45
5.56
6.24
5.04

6.3
5.89
5.48
6.32
5.85
4.53
6.76

13.98
23.63
23.46
10.68
23.61
16.66
20.16
15.56
22.15
14.94
17.23
14.15
20.14

13.1

11.62
1.89
1.73
2.21
1.54

29
2.54
4.61
2.34
2.21
2.57

1.41
7.46

6.49
10.28
7.11
4.22
10.44
8.65
8.7
7.86
11.89
8.71
9.34
7.94
7.44
6.01
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Table 3.3. Percentage acylated anthocyanins and total anthocyanin contgehpgipe averaged across genotypic replicates and
harvests within Corvallis, OR, and Jackson Springs, NC.

S =

< 2

= ]

0 8

Q ©

(@) =
] ] = _ = _
g ¥ g% ¥ £ 3 % 3§ % ¢t
3 E 8 E| 8 3 2 3 5
Total Average O O s o & O 2 Q & A
Anthocyanin 2 2 < 2 3 2 [ o o <
Genotype Content Q O = Q o O = o o =

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 0.63 491 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 0.87 431 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 1.63 291 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 0.79 411
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
Ozarkblue
Pacificblue
Patriot
Pemberton
Pioneer
Rancocas
Reka
Reveille
Rubel
Spartan
Stanley
Summit
Sunrise
Sunrise
Toro
use612
us612
US693
us845
us848
us851

V. angustifolium
V. caesariense
NC1967

V. corymbosum
DE635 Farmington

8428.91
10283.99
8310.37
8506.11
7128.70
8674.49
8967.85
6702.51
4469.70
9460.34
7512.31
8536.10
8764.02
12119.54
12119.54
6222.17
7282.27
7282.27
7860.75
9242.58
10442.01
5962.46
4877.21

8465.34

5775.81

0.69

0.40

0.61

0.60

0.40

1.02

0.53

o O O O o

0.56
0.56
0.55
0.69
0.86

0.66

0.92

0.77

0.51
0.38
0.50
0.46

0.42

0.75

0.45
0.41
0.43
0.55
0.55
0.85
0.44
0.44
0.44
0.42
0.37

0.79

0.55

0.60

0.43
0.29
0.87
0.89
0.94
0.35
0.41
0.66
0.73

0.74
0.43
0.85
0.60
0.60
0.53
0.86
0.86
0.75
0.42
0.36

1.07

0.59

0.97

1.73
0.48
291
4.83
2.94
0.47
1.14
2.18
412
0.46
2.39
3.28
2.48
2.64
2.64

15
1.06
1.06
3.44
0.92
5.13

1.46

2.73

4.36

0.44
0.30
1.36
0.93
0.82
0.37
0.60
0.67
0.88

1.64
0.68
0.37
0.27
0.27
0.54
0.48
0.48
0.44
0.53
0.74

0.65

0.80

2.02

1.20
0.36
0.68
3.42
1.37
0.46
0.51
1.00
1.72

0.64
2.63
0.73
0.31
0.31
2.66
0.47
0.47
2.12
0.55
2.10

1.21

4.04

1.44

5.13
0.41
2.55
231
2.52

0.5

0.5
2.64
4.53

1.25
2.37
3.85
1.36
1.36

0.78
0.78
1.33
2.09
5.02

3.05

1.52

3.01

0.56

2.57
4.45
2.78

0.79
15
3.03

2.09
2.06
1.82
1.01
1.01
1.63

2.57
0.53
3.57
261

0.43

3.95

0.48
2.07
0.85

0.61
0.64
1.38

1.27
0.51

0.56
0.35
3.03
6.16
3.46
0.43
0.94
2.39
5.32
0.39
2.11
3.29
3.95
0.34
0.34
0.58

0.72

5.74

6.49

2.44

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 0.73 157 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
NC2860
NC2898
NC2930
NC3048
NC3104
NC3114
NC3211
NC3257
NC3311
NC3319
NC3352
NC3419
NC3458
NC3464
NC3472
NC3476
NC3494
NC3530
NC3577
NC3603
NC3781
NC3785
NC3883
NC3920
NC3954
NC4002

9477.39
3342.70
7530.45
8263.87
8366.24
2960.15
6144.43
8172.05
5094.12
7162.76
5329.02
2848.70
6305.79
7073.27
6599.36
6841.64
7988.59
7030.07
6125.22
6177.60
5021.43
2959.66
5530.52
3310.79
5432.19
7279.24
7370.58

0.47

1.47

0.39

0.62

0.67
1.16
0.95
1.15

2.63

0.45
0.45
0.56
154
0.69

0.55
0.92

0.74
0.42

0.44

0.44

0.48
0.66

0.72
1.42
0.54
0.50
0.48
0.46
0.40

0.66

O O O o o

0.47

0.35
3.46
0.49
0.59
0.73

0.48
1.20
0.55
0.69
1.35
1.02
0.46
1.50
0.75
0.54
0.47
0.67
0.72
0.77

0.88
0.96

0.57
0.83

0.44
0.95
1.52
0.48
1.08
1.13
1.03
1.86
3.00
2.59
2.68
1.49
1.25
1.53
1.14
0.83
0.80
0.45
0.67
2.13
1.05
1.16
0.79
1.46
0.61
2.38
1.75

0.42
0.92
0.52
0.37
0.40

0.54
0.44
1.56
0.74
0.69
2.20
1.37
0.87
0.70
0.75
0.55

0.54
1.03
0.85

0.75
1.58
0.60
0.73
0.73

0.43

4.67
0.79
0.63

1.72
0.98
1.72
2.22
2.68
1.47
0.99
1.16
1.00

1.63

0.73

1.19

0.91

0.66

1.99
2.86

0.43

0.51
0.44
3.43

1.79

2.4
2.56
4.55
2.72
1.62
0.98
1.54
2.73
1.08
1.24

0.84

3.44

0.98

0.87

5.03
1.19

0.54

1.96

1.82
3.74
0.57
0.76
5.12
2.47
1.63

0.5

1.2
3.95
0.89

0.56
151

0.41

0.49
0.52

0.59
0.52
1.4

3.11
0.96
1.36
1.85

1.78

0.68

0.67
0.82

0.5
0.61

0.48

0.59
0.49
2.09

0.61

2.9
5.33
0.64
0.77
4.17
2.86

3.9
0.59

0.5
0.54
0.99
0.82
1.14
1.19
0.66
1.09
0.68
0.69
2.25
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Table 3.3(continued).

NC4004
NC4011
NC4034
NC4064
NC4121
NC4122
NC4124
NC4131
NC4278
NC4279
NC4300
NC4307
NC4329
NC4339
NC4351
NC4361
NC4385
NC4392
NC4394
NC4398
NC4404
NC4411
NC4421
NC4426
NC4434
NC4499
NC4509

5306.31
6135.81
8602.83
4174.89
5623.10
6098.71
7778.28
6126.08
9155.95
6819.05
5902.21
5089.20
5888.37
5547.52
8002.88
6367.15
6158.50
6362.15
5426.06
6766.60
6476.65
5002.26
6447.57
6812.46
9420.03
6607.60
6770.49

0.57

0.46

0.63
0.51
0.46
0.54
0.54
0.75
0.65

0.59

0.46
0.64
0.64
0.60

0.47

0.52

0.63

0.59

1.05
0.57

0.63

0.39
0.85
0.58
0.86
0.52
0.78
0.34
0.44
0.72

0.54
8.09
0.38
0.56
0.59
0.50

0.53
0.48
0.90
0.55
0.47
0.33
0.48

0.57

0.39
0.81
0.58
0.80
0.84
0.69
0.45
0.46
0.95
0.68
0.58

0.41
0.56
0.59
0.55

0.74
0.50
0.62
0.63
0.57
0.36
0.54
0.52

0.59
0.62
7.62
2.00
0.73
1.02
221
5.62
0.62
1.02
2.35
0.65
1.26
0.98
0.57
2.18
1.85
0.63
0.69
0.63
0.84
1.06
2.07
1.76
0.40
0.97
1.16

0
0.80
1.56
1.00
0.63
1.08
0.95
0.98
0.43
0.69
0.84

0.52
0.75
0.38
0.60
0.96
0.51
0.58
0.67
0.63
1.28
0.49
0.70
0.35
0.61
0.55

0

3.79
1.34
0.68
1.22
2.34
1.78
1.67
1.25
1.59
0.86
1.47
0.80
0.47
1.61
1.80
0.64

0.92
1.08
1.29

1.63
0.35
0.67
0.56

0
0.61

1.59

0.6
1.78
3.56
0.48
2.16
1.74

1.92
1.19
0.55
2.95
2.29
0.68

1.37
1.12

0.65
2.8

5.33
3.06

0
0
15.02

0.78

0.9
3.04
5.58
0.48
0.59
2.25

1.61

0.48
0.65
0.66
0.55

1.58
0.59
0.58

0.61
0.58

0

0
2.28
1.05
0.67
0.63
0.74
1.4
0.43
0.69
1.18

0
0.66
4.74

3.3
0.66
0.65
2.72

13.51
0.43
0.78
4.32
0.72

0.6
0.65
0.45
0.65
0.72
0.61

0.82

0.59

0.78

1.47

0.66
0.72
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Table 3.3(continued).

NC4511
NC4519
NC4564
NC4574
NC4582
NC4593
NC4597
NC4600
NC4606
NC4608
NC4612
NC4618
NC4625
NC4627
NC4630
NC4638
NC4643
NC4654
NC4661
NC4664
NC4671
NC4676
NC4681
NC4696
NC4701
NC4710
NC4712

6750.63
5637.70
9532.47
7865.12
7060.96
8407.77
5027.10
7082.74
5792.46
6154.13
7187.50
5937.71
6389.32
4729.14
5892.64
9106.63
7514.98
2959.99
5736.06
4955.93
7847.95
5017.94
6527.81
3026.25
4582.66
4030.98
6131.31

0

0
0.53
0.45
0.52
5.47
0.61
0.43

0.94
0.49
1.16
0.68
0.64
0.52
0.50
0.55
1.06
0.58
0.70
1.08
0.86
0.57
1.16
0.80
0.83

0

0
0
0.43
0.51
0.46

0.64
0.48

0.78
0.46
0.61
1.33

0.55
0.43
0.40
1.03
0.55
0.67
0.72
0.81
0.54
1.18
1.64
0.75

0

0
0.56
0.57
0.52
0.51
0.38
0.72
1.17

0.58
0.55
0.73
1.10
0.72
0.60
0.40
0.44
1.07
0.84
0.75
0.72
1.29
0.55
1.04
0.91
0.89

0

1.10
0.60
1.12
1.90
1.58
0.42
0.70
1.23
0.59
1.75
0.56
4.89
2.57
1.18
0.69
1.21
0.88
2.22
1.81
2.11
3.67
2.50
1.54
2.84
2.83
2.33
0.52

1.32
0.55
0.45
0.43
0.51
0.37
0.60
0.80

0.71
0.45
1.27
0.83
0.72
0.54
0.82
0.47
2.32
0.70
0.73
0.55
1.34
0.65
1.27
0.96
1.24

0

1.08

1.25
0.42
2.52
1.17
0.61
2.76

3.02
1.08
2.60
5.95
2.28
0.59
1.69
1.43
2.32
2.00
2.80
1.65
3.91
1.31
3.09
0.89
2.02

0

0
0
1.49
1.63
2.35

2.24

2.68
0.51
3.96
1.12
2.29

2.19
1.57
3.68
1.94
3.56
0.57
2.54
2.38
3.25
4.88
4.23

0

0
0
0.95
0.79
0.69

1.93

2.96

0.87

0.53

1.43
1.15
0.61
25
1.69
2.54
2.33
0.91
0

0
0
1.14

0.78

0.6

1.06

0.48
0.46

0.69

0.48
1.67
0.54

15
0.84

0

0.57

0.42
0.49
0.62
0.42
0.71
2.86
0.61
0.66
0.52
4.19
0.75
0.91

0.64
0.52
1.21
1.93
0.9
0.67
4.49
0.61
4.65
0.94
0.95
0
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Table 3.3(continued).

NC4721
NC4728
NC4738
NC4859
NC4885
NC4886
NC4900
NC4953
NC4958
NC4961
NC4976
NC4979
NC4982
NC4991
NC4994
NC4996
NC5001
NC5006
NC5015
NC5019
NC5022
NC5053
NC5066
NC5068
NC5071
NC5072
NC5140

9066.83
3575.82
7593.70
3769.10
5715.73
3973.49
4392.43
13294.85
4695.29
6029.12
7815.40
5589.39
7482.00
5520.43
4202.47
5816.71
4678.03
5775.92
7469.12
6453.86
4627.70
7041.16
5023.54
5930.20
5357.99
6947.72
5651.62

0.38
1.02
0.56
1.39
1.45
0.81
0.70
0.63

1.40
0.45
0.55
0.58
0.59
0.77
0.85
0.70
0.83
0.64
0.56
0.75
0.45

0.63
0.62
0.70
0.83

0.37

0.63

0.84
0.77

0.24

0.50
0.40
0.58
0.47
0.58

2.58
0.79
0.61
0.47
0.60
0.70
0.50

0.57

0.61

0.46

0.53
0.91
0.62
1.31
1.05
0.37
0.73
0.58
0.46
0.58
0.84
0.73
0.99
0.94
1.15
0.72
0.70
1.15
1.18

0.58
1.20
0.51
0.60

1.01
2.08
1.48
1.32
2.03
3.81
1.18
1.80
0.65
0.54
1.34
1.76
2.52
1.11
1.12
4.22
2.55
1.08
1.44
2.61
2.86
0.62
0.70
1.80
1.09
1.58
2.58

0.38
1.26
0.47
0.91
1.04
1.07
0.95
0.55

0.52
0.49
0.70
1.63
1.24
1.07
1.14
1.63
0.57
0.77
1.10
1.05
0.49
0.62
0.69
0.64
0.60
0.62

0.56
1.48
1.11
3.54
1.89
2.94
1.09
4.87

2.37
1.15
2.04
1.81
1.77
1.91
2.23
0.56
0.68
1.62
2.19
2.18

1.75
0.78
2.38
2.86

2.16
1.79
2.89

291

1.27
0.58

1.81
2.27
3.57
2.26
2.68
2.12
1.65

1.06
2.47
2.3

2.18
1.07
1.81
2.07

1.17
1.54
0.73

1.71
2.27
1.36
1.34

0.62
0.55
6.89
0.58

0.82
1.66
5.78
0.65
1.65
2.78

2.8

0.64
0.72
0.54
0.83

0.4
1.06

0.66

0.9
0.89
0.38

0.56
0.73
0.49
0.64
0.92
0.63
1.05

1.45
0.95
1.56

0.65
0.65
0.52
1.07

0.56
2.36
0.58
0.99

0.7
3.21
1.29
1.07

0.62
0.77
0.91
0.75
0.88
0.76

3.1

0.6
2.47
5.83
3.16
0.58
0.73
1.01
0.84
0.66
1.33
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Table 3.3(continued).

NC5197
NC5199
NC5204
NC5207
NC5211
NC5214
NC5216
NC5236
NC5266
NC80-2-14
New Hanover
O'Neal
Pamlico
Reveille
Sampson
Snowchaser
Springhigh
Summit
Sunrise
us845

7634.39
6287.59
7917.74
6582.07
7653.92
7722.78
8492.28
5476.45
8558.73
6291.64
6693.99
4899.78
9299.44
6135.21
7160.40
4859.20
4734.25
6090.05
7219.48
5409.57

0.40

0.40
0.55
0.40
0.58

0.61
0.40
0.77
0.52
0.72
0.53
0.64
0.48
0.83

0.51
0.49
0.62

0.50
0.40
0.46
0.42
0.45
0.37
0.56
0.42
0.49

0.33
0.52
0.44

0.54
0.46

0.51
0.68
0.39
0.56
0.40
1.02
1.14

0.61
0.47
0.66
0.41
0.65
0.51
0.64

0.76
0.43
0.75

0.45
0.80
0.46
0.85
0.49
1.45
0.87
0.64
0.48
1.78
1.02
1.61
1.51
1.64
1.14
1.61
0.83
1.76
0.86
0.86

0.42
0.95
0.42
0.60
0.41
0.58
0.50
2.23
0.36
0.69
1.45
1.11
0.47
0.77
0.48
0.97
0.64
1.55
0.44
0.69

0.94
1.13

1.40
0.46
1.52
1.00
0.68

7.14
1.34
1.64
1.57
2.02
0.88
3.28
1.01
1.71
1.74
1.17

1.51

0.91

1.75
1.43
1.18

0.74
3.31

3.9
3.13
1.94
3.11

0.74
1.81
1.68
0.86

0.51

0.59

2.34

o O O O ©o

1.94
1.66
2.78

1.79
1.05
0

0.48
0.59

0.67

0.58

0.57

0.38

0.74

0.54

0.63

0

0.48
0.62
0.44
0.78
0.47
2.39
0.45

0.43
0.71

0.6
0.83
0.52
1.76
0.58
0.78

2.88
0.5
0.81
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Table 3.4. Anthocyanin composition and total anthocyanin averaged across genotypes Ihetwests in each environment.

Jackson Springs, NC Corvallis, OR

Anthocyanin Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2
Dp3Gal 94791 c 1118.66 b 1277.88 a 1286.81 a 1354.03 a
Dp3Glu 170.99 b 213.50 a 214.88 a 332.15a 384.46 a
Cy3Gal 311.66 ¢ 360.03 b 410.05 a 387.53 a 313.84 a
Dp3Ara 522.45b 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 141.65b 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 200.35b 362.57 a 367.42 a 473.61 a 220.51 b
Pet3Ara 300.97 b 332.65b 389.22 a 458.53 a 421.85 a
Mal3Gal 871.55¢ 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
Dp3GIluAcl 48.39 a 54.44 a 59.23 a 39.70 a 39.55a
Cy3GluMyl & Cy3GalAcl 36.99 a 45.95 a 46.51 a 61.17 a 61.30 a
Mal5-60se 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 57.31a
Peo3GalAcl 48.73 a 49.06 a 50.91 a 70.79 a 55.41b
Cy3GIuAcl 100.61 b 106.85 ab 135.10 a 90.01 a 112.64 a
Mal3GalAcl 128.76 ab  123.15Db 156.74 a 178.04 a 207.77 a
Pet3GIuAcl 98.77 a 107.95 a 109.45 a 156.49 a 175.87 a
Peo3GIluAcl 55.22 a 63.04 a 57.47 a 66.87 a 69.33 a
Mal3GIluAcl 86.37 a 81.76 a 101.67 a 189.07 a 222.68 a
Total Anthocyanins 5356.05 ¢ 6239.45 b 7112.82 a 7734.36 b 8909.27 a

A T arthadyanins 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 201.97C 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 24291 C 153.19C
Glucose and Galactose 39.55D 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 39.55B 43.05B
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Table 3.6. Total anthocyanin content analyses of varig@d@OVA) 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
Genotypex Environment 5 7859129.54 1.77 0.1459
Genotypex Harvest 5 6881999.69 1.55 0.2009
Environmentx Harvest 1 6323018.91 1.43 0.2409
Genotypex Environmentx Harvest 5 6063434.51 1.37 0.2617
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Table 3.7. Analyses of variancBANOVA) of total anthocyanin content across two years of study, 2019 and 2020, for the twenty
seven genotypes in Jackson Springs, NC, and etgy@otypes in Corvallis, OR. Significant sources of variation are bolded.

Source 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. corymbosurnmterspecific 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), peoriu)ra(f
petunidin (Pet) as well as fresh fruit characteristics including CIELAB color measurements of L* (L), a* (A), and b* @)jgleue
(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 constituefnesh fruit
characteristics in Jackson Springs, NC. Correlated traiisde ACY, cyanidin (Cy), delphinidin (Dp), malvidin (Mal), peonidin
(Peo), and petunidin (Petp well adresh 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:

GenomeWide AssociationM apping of Fruit Quality-Related Traits in a Diversity Panel of

Blueberries

ABSTRACT

Commercial blueberry is a perennial polyploid speciesrtbagssitatelong generation times
and lack of advanced molecular breeding techniques. Southern breeding programs have
prioritized interspecific hybridization and novel trait introgression. Thidyspresents a
comprehensive evaluation of eighteen fruit and agronomic traits paired with target capture
genotyping utilizing 59,302 custom probes to identify tes$ociatednarkers in a genome wide
association study (GWAS). Evaluated phenotypic tragkided fruit size, weight, color,
firmness, puncturability, 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 highquality, 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
associationsTheseSNPsidentified candidate genegth 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 nopbEnotypiccharacteristics. These
findingssupport progress towardarker assisted selection and depetent of advanced

molecular breeding programs in blueberry.
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INTRODUCTION

Blueberry acciniumcorymbosunt..) is a young crop in the grand scheme of global

agricultural production, witlenly approximatelya century of breeding and commercial

cultivation (Qville 1910). More recently, blueberry fruit has gained popularity and has been
prominent in healtlielated discussions due to recent findings in anthocyahated health

benefits Neverthelesgprogress and development of improved blueberry charaatsrist

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 1020 years for cultivar release (Draper 2007). The lmmeframe for cultivar release

is primarily due to the mulyear maturation period of woody perennial plants. Furthermore,
additional subsequent crosses and backcrosses for inclusion or improvement of targeted traits
would further extend the timeframerfproduct 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 mudgnerational breeding projeetshich further consume

these resarces.

Early breeding efforts in blueberry proved that cultivated blueberries are primarily-an out
crossing specieshereinselt-hybridizationresults ininbreeding depression (Kloet and Lyrene
1987, Krebs and Hancock 1990). The subsequerntrossing wih otherV. corymbosum
genotypes hasicreased the inbreeding coefficient with continued cyeleisausng phenotypic
expansion and improveme{@oville 1937, Breis, Bassil et al. 2008 More recent breeding
efforts hybridized the cultivated germplasm with nat#aeciniumspecies, invigorating the
population with novel phenotypic traits, and mitigating inbreeding depression (Lyrene and

Ballington 1986, Ballingpn 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 southexdapted cultivars have reduced chill requirements compared to

northern highbush blueberries (NHB) (Sharpe and Sherman 1971, Lyrene 2002).

Furthermorein additionto reduced chill requirement and heat tolerance, n&ageinium

species have a diversity of novel phenotypic characteristics including, anthocyaposdam,

fruit firmness, mineral soil adaptations, single trunk architecture, and disease resistance (Song
and Hancock 2011). While native specieso0O intr
novel traits, it can also extend the timeline for reetivar 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 grers (Gilbert, Olmstead et al. 2014).

Additionally, the polyploid nature of blueberry produces a quantitative range for phenotypic
traits.V. corymbosuns found natively at the diploid and tetraploid levels. Native tetrapoid
corymbosunis an autopolyloid, theorized to have undergone whgknome duplication

through unreducedametdertilization between two diploid species (Lyrene, Vorsa et al. 2003).
Polyploidization was a random event wherein trait zygosity is uncertain. Further crossing events
haveestablished a quantitative scale for many traits, including firmness (Cappai, Amadeu et al.
2020); however, the number of copies of traiated alleles remains uncertain without molecular
screening. Breeding efforts between cultivate@orymbosumandotherVacciniumspecies

wherein tetraploid progeny are produced rely on crosses between tetraploids or crosses between
unreduced gametes of a diploid species with normal gametes of tetNptmd/mbosurplants
(Megalos and Ballington 1988, Ortiz, Vorsgal. 1992, Lyrene, Vorsa et al. 2003). These

hybridizations have further obscured gengtiantificationsince native species haplotype
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inclusion and crosever events have produced adlatopolyploids with uncharacterized genetic

variation from the cuivated blueberry.

New molecular breedingtrategiediave the potential taccelerate the cultivar development
process and capitalize on traits in naMaeciniumspecies. Developing a high throughput
genotyping platform for early generation selectioblureberry reduces labor, space, and input
costs of conventional breeding. Moreover, developing advanced breeding methods can
guantitatively determine the number of genetic copies of a specified trait, or allele dosage. This
study explores the utility of éhtarget sequence capture method of Tecan Allegro Targeted
Genotyping for blueberry genotyping. Using a diversity pan2Psfcultivated and interspecific
blueberry hybrids in a genonveide association study (GWAS), our objective was to identify
markers asociated 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 imfaowbrpeding 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 interand intraspecific diversity panel of 225 tetrapdisiVacciniumhybrids 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 accessiogsown at the USDAARS National Clonal Germplasm Repository
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(NCGR) in Corvallis, OR. Two to three clonal replicates of esmtessionvere growrtogether

in a plotl m apart in fields at each location.

The plants were selected to be as diverse as poasithleave minimum relatedness. Accessions
selected for inclusion in the diversity panel were based upon genetic diversity contributed to by
historically introgressed species, includvigangustifoliumV. arboreumV. caesarienseV.
constablaeiV. corynbodendronV. cylindraceumV. darrowii, V. elliottii, V. formosumV.
fuscatumV. myrsinites V. myrtilloides V. ovatumV. pallidum V. simulatumV. stamineunv.

tenellum V. uliginosumV. virgatum andV. vitisideae

Ploidy determination was performed through flowcytomesgeChapter 2 and onlyconfirmed

tetraploid accessions were included in the GWAS analysis.

Phenotypic analysis

Phenotypic data collection occurred over 2019 and 2020. It included two sequential lzrvests
oneweekintervals 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), equaldriait diameter (mm) (ED), polar

diametef mm) ( PD), r oundness -1l)(RRIMW, absqluk Ipgsitive forcer mn e s s
(N) (APF), force at target (N) (FT), and distance at absolute positive force (mm) (DPF), fruit
elasticity (FE), total soluble soBdTSS), and titratable acidifg 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 descritfezhotypic values were

averaged acregeplicates within an environment aactessiorior GWAS analysis withiran
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accessiopharvest and yearAdditionally, harvests were averaged together within an

environment andccessiorior accessioronly GWAS analysis.

In addition to fruit phenotypicralysis, 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 (LSTBL), 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 afcessionyear, 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 attrited to CRM is the result of 3 outliaccessionthe remainder of the
accessionare normally distributed. Fruit phenotypic data was analyzed for differences attributed

to accessionsyears, and harvests through am&y ANOVA in PROC GLM (SAS v9.4, Cary)

Genotypic data

The healthiest plant was selected among the clonal replicates for genoB/gihgvas extracted
from a single plant per each accession usingZ296® Plant DNA Kit (Omega Bitek,

Norcross, GA). Acustom designed@ecan capture library ataining 59,302 SNPs with their 100
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bp flanking sequence were used as proBBis included in the capture library were selected to

have a minimum 051 bp to >1.5 M bplistancgaverage distance of 10,108 bp + 42,220 bp)

from adjacent SNP$SNPsestablisled for the target capture libramereselectedn exonic

regions The SNPs and their flanking sequences were selected from exonic regions of blueberry
gene space that were uniformly diSingleprimert ed al
enrichmentechnology (SPET) was used to specifically target SNPs of interest in a diversity

panel of 225 individuals with added twersgven parentalccessionfor a total of 251

genotyped individuals. The libraries were prepared at {@W@pel Hill High Throughput

Sequencing Facility (HTSF), using a programable Tecan liquid handler according to
manufacturerdéds recommendation (Tecan Ge-nomics
Seq libraries were paireghd @x 150kp) sequenced using two lanes of lllumina HiZ€Q0

with a custonR1 primer(P# S023738

Post Sequencing Processes

Read trimming was carried out using CLC Genomic Workbench v. 20QQ2-WB) using the

first 24 bases of reatthrough adapter sequences as trimming adapter list for forwandaerde

reads. After trimming reads based on quahtZLC-WB, with a quality limit of 0.05, trimming

of homopolymers from t-hé& B8ér mndarenzomatofrdadsonb vd & s
less than 45 nucleotides in length, and removabafpteicontamination, reads of eaahcession

were individually mappedtoan-lmo u s e 0 O 06 N &eatllsderemapped amguely in the

best possible single location on the genome using the following mapping paraméter€LG

WB fimap reads to genome algorithin 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 agdorenonspeific matches(unique
mapping). Tle mapping CLEANB files were exported as bam files onto a Linux cluster server at

theNC State HighPerformance Computational (HPC) Center.

Variant Discovery

Variant calling was done using Freebayes v1.2.040 with the following SNP calling parameters:
usebestn-alleles 4 --min-alternatecount 2,--min-alternatefraction 0.1,--ploidy 4,-min-
alternategsum 60and--min-coverage 500 (across tt&versity panel, hereafter referred to as

DP). The above criteria were set to low stringency to produce asvagagt positions as

possible. The VCF output of Freebayes was split to sepdipted (2x), tetraploid @x) and
hexaploid 6x) varietiesusing BCFtoolsto eliminatepossibility of a mixoploid populatiofLi,

Handsaker et al. 2009, Danecek and McCarthy 2017).

The flanking sequences of SNPs were extracted from the genome usiAgoaisénPython

script and bl ast ed aAdosaloh38,097 vahable sited Weeccaptuded g e n o m
using the Allego probes which included SNRsaulti nucleotide polymorphisms (MNRshdels,

and complex variable siteghe vcf filefor tetraploid accessionsas further processed by vcflib

and vcfalleleprimitives (Garrison, Kronenberg et al. 2021) option to convevtitrs to SNPs.

36, 097 of the blasted SNPs and converted MNPs
genome and were retained and counted as the number afuadjty loci that were captured by

59,302 probesThe VCF file was filtered for a minimum aléefrequency (MAF) of 5% and

missing data cubff of 20% using VCFtools software (Danecek, Auton et al. 200His high

quality lociVCF file was used to make a FASTA file using vcf2phylip for phylogenetic analysis
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Following, a scaffold assembly was déwmged with Phase Genomi{Bhase Genomics, Seattle,

WA) wherein 16,927 SNPs were alignddhe 16,927 SNPs were filtered to 10,262 wherein
markers with >20% missing daaadaccessions with >10% missing datare removedThe 12
scaffolds with the greatestimber of aligned SNP9,855 wereextractedTechnical 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 datiset, reducing the dataset from 251 accessions to 218 accessions. NGSEPcore was

used to convert the aligned SNPs for GWASpoly software file format.

Genomewide association study

Association analysis betwe8&rB55identified SNP marker6€GWAS SNP datasg{Figure 4.1)
andbothphenotypic plant and fruit traitsithin an accessiomas well as withiraccession

harvestand yeawas conducted usithpeR package, OGWASpolydé (Rosya
2016). QuantileQuantile (QQ) plots were also created using GWASpoly to determine the

normal distribution of phenotypic data.

The GWASpoly package supports different genetic models including, general, @dsitiplex
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 refe@nakernate allele is domina.
corymbosunis a highly heterozygous and segmental-tsdloaploid species; interspecific
introgression and the time since whglkenome duplication are not emblematic of the diploidized

additive model, and therefore it s/aot tested.
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The significance of markeraits associations was declared at P < 0.05 using 1,000 marker
permutations, and a standard correction was performed using a Bonfgp®brrection

(Am. effo), which uses the .pairwise correlatio

Genic regions encoded by the SNP markers were
genome using IGV (Robinson, Thorvaldsdottir et al. 2011). Genic regions were extracted,
blasted, and subsequently annotated against the nonredundant proteisedasaiznOmicsBox

(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 SNP$STRUCTURE SNRlataset)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 speciesthitldiversity

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.-i&a bfirn

30,000 and 300,000 MCMC replications were inpéaited for each run. Thepackage,

Apophel perd was used to graphically organize

(Francis 2017).

STRUCTRE HARVESTER was used to visualize and interpret the likelihood for various genetic

groups (K) within the ppulation (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 concaten@&@01SNP datasgjphylogeny SNP
dataset)Figure 4.1)or markers that were not mapped to the scaffaldgsig maximum

likelihood (ML) with the program igtree (v.1.6.12) (Nguyen, Schmidt et al. 2015). For this
analysis, ModelFinder (Kalyaanamoorthy, Mirtraé 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 @mannotated using Figtree (Rambaut 2014).

RESULTS

Phenotypic Diversity

A total of 225 tetraploid bluebergccessionsiere phenotyped for fruit characteristics including
color metrics (L, A, B, HUE, and CRMJ{gure 42), fruit firmness metricéFRM, APF, FT, and
FE) (Figure 43), flavor metrics (TSS, TA, and PHF¥igure 44), and volume metrics (FW, PD,
ED, RI, and DPF)Kigure 46) in 2019 and 2020. Additionalljccessiongvere evaluated for
agronomic traits including flower (BB and FB) and fruit maturation (1STBL, LSTBL, TBB, and
TD) traits (Figure4.5). Phenotypic measures for fruit quality related trarts theaccessional
average of approximately 180 measywelserein acessionsvere grown in triplicate, from

which ten fruit were individually phenotyped per harvest over three harvests per year for two
years of studyTable 4.). Quantitative analysis of traits followed a normal distribution with
slight skew in L, A, APFand FE, and a more severe skew in CRM as a result of three outlier
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accessiongFigure 42, Figure 43). The heteroskedasticity observed in CRM is the result of the
direct influence of A and B on the CRM valugdure 42). Similarly, FE is the ratio of BF to

ED, and Rl is a ratio of ED to PFigure 43, Figure 46). Phenotypic trait values including PD

and ED values were squared and APF value®log transformed to account for the
heteroskedastiesiduals originally observefigure 43, Figure 46). Overall, the ANOVA

results indicated that the evaluated fruit phenotypic traits were significantly influenced by
genotype (G), year (Y), harvest (H), G x Y, G x H, Y x Hand G x Y x H, with the exceptions of

Y in FW analysis and Y x H in A (P < 0.05)gble 4.).

Phenotypic diversitycross traitss further represented in the wide range in variability with the
coefficient of variatios (CV) ranging from 1.37% (CRM) to 65.45% (A). Other attributes
including FW, PD, ED, L, B, HUE, FRM, FT, FE, TSS, anl fad a high variability across the
examinedaccession§CV >10%). The least variable traits included CRM, R4, and APF all of
which had < 10% variability acrosscessiongélable 4.1 Figure4.2, Figure 4.3, Figure 4,

Figure 4.6.

Strong positive phenotypic correlations were observed betweéndiume related metrics
including FWPD, FW-ED and PDBED, color related metrics includingHUE, and firmness
related metrics including ARFE (r > 0.7) Figure 47). Three moderately positive correlations
were observed between color related metrics-& &nd ACRM, as well as firmness metrics
FRM-APF (|0.7] <r < |0.4|). Eight moderately negative correlations were observed within fruit
volume related metrics (FMRI and EDRI), fruit color related metrics, @4, L-B and BHUE)

and correlations between mies involving volume and firmness (F®RE, PDFE, and EBFE)

(10.7] < r < |0.4|)Kigure 47).
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Principal component analysiBCA) was performed to examine the principal components of
phenotypic data to explain total phenotypic variation across the popul@he 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 R®8(4.3. Fruit volume

metrics of FW, PD, and ED, in addition to color metrit§,0A, 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 luas 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 4.3.

Genome Wide Association Study

Sequencing produced 240 Gb of raw data across 251 accessions, which included the 225

diversity panel accessions (including the eight locatianeéssionaleplicates), seven technical

replicates and nineteen additional accessions encompassing parestatlinell as native
Vacciniumspecies. 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 wer &gemaneg (minidhum <¥0,000neappédOd Ne a
reads in MS1477; maximum 18,532,502 mapped reads in P1618270) in the 288 accessions

(Figure 4.8A). Removing low coverage accessions reduced the population from 288 to 251
accessions and improved the average mapped re&d&/ter 3.3 M reads (minimum 199,980
mapped reads in 6Suziblued; maximum 18.5 M ma

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 SNPsass the diversity pan@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 a total 0f38,086high-quality, highconfidence SNPs that are evenly

distributed across the scaffoldadure 4.). 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 tetraplo@ccessions. These sites were selected based on 95% sequence
similarity of their 120 bp flanking sequences
either side of intended to capture SNPs. The variable sites on the genome included SNPs and
MNPssites After filtering for 20% missing data po¢c
per marker), 10,262 highuality SNPs encompassing the twelve largest scaffolds (Figure 4.9)

were retainedT he OO6 Ne al genome was ass e mwhdheedresenh 1, 28
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 thesearkers were used for association to phenotypic evaluations. A total of 210
uniqueaccessions were availaladéer filtering out the duplicateglccessionsvithin an
environmentnd those for which no phenotypic data were colledtethtal, 218 accessian

were evaluated in GWASpoly comprisin§210unique accessioras well agightaccessions

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 dysis informing upon the phenotypic mean of eachession
phenotypic measures atcessionpresent at multiple locations were averaged within a location.

ANOVA analyses determined thatcessiommeans for each trait were significantly different at
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different locations likely as a result of climatic and cultural practi€ablé 4.). Environmental

differences such as climate and cultural practices can have an effect on phenotypic trait

measures. For example, increased precipitation or irrigation evenitsctaase berry volume,

decrease firmness, and decrease TSS, establishing divergent phenotypeswaitbesaion

evaluated at two locations (Bryla, Yorgey et al. 2009). Theregbbrenotypic averages of
accessionpresent in both locations were analyaedividually for the GWAS analysjgor

example, O6Summitdé was present in bohlitsfrdac ks on
both locations were sampled for genotyping and analyzed separately for downstream GWAS

analysis

Various models were ewated through Quantd®uantile plot (geplot) representation of

observed vs. expecteavlues Figure 410 F-J, Figure 411 E-H, Figure 412 D-F, Figure 413

G-L, Figure 414 G-K). Pertrait model selection was based on P value inflation avoidance.
Overall, theadditive, simplex dominance, and duplex dominance models were selected based on
goodness of fit for each individual trait; specifically, the additive model was utilized By L,

HUE, APF, FB, 1STBL, TBB, TD, DPF, and FWiQure 410, Figure 411, Figure 413, Figure

4.14); the simplex dominance reference modeti@inref) was selected for CRM, FRM, TA,

BB, and LSTBL Figure 410, Figure 411, Figure 412, Figure 413); the dominance alternative

model (Xdomalt) was selected for A, FT, TSS, pH, PD, ED, andARiure 410, Figure 411,

Figure 412, Figure 414); the duplex reference model was used for FE and the duplex alternative
model was not optimal for any trait analyseg(ire 411). A Bonferronitype correction

(Am. effo), which usvees markers to achieve moceoealistie ésamateso n b e

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 associatiord, 4, 3, 2 and 2 markers were associated with fruit
color, firmness, flavgrvolume and flowering metrics, respectively. A total of two SNPs were
found associated with multiple traits related to color metrics. Maflaarrelation ranged from
0.021 (PGAscaffold6, position 16149230, associated with CRM) to 0.181 (PGA _scaffold9,
position 100114359, associated with CRNialfle 4.3. SNPs did not converge in a columnar
distribution within the scaffolds for the majority of traitgherein a large number of &N

ranging significance are found at a single location, forming a peak in the Manhattéfigquiog

4.10, Figure 411, Figure 412, Figure 413, Figure 414).

Phenotypic traits related to color had the majority of associated mafledae @.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 associdieCRM (Table 4.3. L had a single
associated SNP. Neither B nor HUE had any significantly associated SNPs using the additive or
dominance modelsrable 4.3. CRM alonehad several regions with significant SNPs as well as

SNPs arranged in columnar fashigigure 410 E).

Fruit volume associated markers were located on scaffolds 3 and 4, corresponding to traits FW
and DPF, respectivelyl&ble 4.3. Firmnesselated traits with SNP associations include APF,

FE, and FRM. Markers associated with DPF and FEewkisesto mapped SNPs, located on
scaffold 3 with a 5.18 Mbp interval éble 4.3. The next closest interval between significantly
associated SNPs was 37 Mbp between FRM and A on scaffélabie(4.3. Markers associated

with fruit firmness were ideried on scaffolds 2, 3, 4, and 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, respectividple 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 aficlile4.3).

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 416, Figure 417, Figure 418, Figure 419). GWASpoly package functiomnalysis 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, wh the exception of TSS &ble 4.3 Table 4.4. GWAS Analysis of trait values within
harvest and year utilized the same models from the averaged phenotypic datasettmaita per
basis Figure 416, Figure 417, Figure 418, Figure 419). TSS was assaatied with three SNPs,

one in year one and two in year 2 (identified in harvests one and two, respecliablg)4.4.
GWASpoly identified thresignificant SNB associated with APF in year 1, harvest 3, however
only one of these markers wsignificant Table 4.4. FRM had a singular associated SNP in

year two, harvest ond éble 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%value of 0.995Table 4.4. Notably this is on a different scaffold as

identified in the phenotypic average analysis, which was located on scafitdéhi2 @.3.
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TSS had three associated SNPs in scaffolds 3, 5, arab8(4.4. The NP associated with
TSS in year one, harvest two is consistent with the scaffold and position associated with TSS in

the averaged phenotypic trait analydialfle 4.3.

FRM had a single associated SNP located on scaffold 5 in year 2, hafVabtel4.4. This
SNP had an interval of 11.40 Mbp from the FRM associated SNP on scaffold 5 from the

averaged phenotypic trait analysiable 4.3.

Marker Trait Association

A

SNPs were examined againstthénim u s e 6 O6 Neal 6 @tegrabve &dnerdcs g e n 0 me
Viewer (IGV) to locate putative protein coding genes within a 7 Kbp flanking region, as

determined by the decay of LD at 508gure 415). Different annotationsf the same SNP site

identified multipledifferent isoformsncluding42 putative proteingnd5 hypothetical proteins

(Figure 4.20)These47 putative proteinwerefound in significant regionmdicatedby the 21

significant SNP®ncoded within the gen&he majority of these proteins were uncharacterized.

Other overlapping coding region$ different proteircodingisoformswere redundant or had

redundant functions, resulting 47 uniquely functioning proteins.

We detected multiple significant SNPs with functional annotation related to biological functions
associated with traits, incluty APF, FW, CRM, TA, and FB. The singular significant SNP
related to APF identified a protein coding gene for epidermal patterning-fiket¢EPFL)

protein, which are involved in the epidermal cell growth and stomatal cell spacing. Similarly,
only a sigle SNP was identified in relation to volume metric, Rid& LD region surrounding

this SNP was within multiple protein codingpformsrelated to functions of exocyst complex
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component and transport, as well as two other unknown uncharacterized putdguespThere
were multiple significant SNPs associated with color metric, CRM, which in turn identified
multiple unique putative proteirf$able 45). One of the key putative genes associated with
CRM is serine carboxypeptidaike (SCPL) which is an dhocyanin acyltransferase. Among
the CRMassociated SNPs, we also identif&e8NPsite affectingputative proteirfunctions
associated with photosynthesis, the optimization of photosynthetic reactions, and stress
signaling.The TArassociated SN®as foundo be in the coding region of UDP
glucuronate:xylan alphglucuronosyitransferase, which is responsible for acid to sugar
substitutions on the xylan backbone of primary cells walls. Thags¥ciated SNRffectedthe
putative protein, MAINLIKE-2, a progin 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 diphosphoinogiehtakisphosphate kinase VHi2e, 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 membeot2épwhich 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 detgEnonac
diversity as a result of species introgression using putative population sizes of K=2 through

K=12 with five iterations (Figure 21). A total of 20,746 loci were used in STRUCTURE
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analysis (Pritchard, Stephens et al. 20@IRUCTURE SNP datasdffigure 4.1) Values for

K were estimated using STRUCTURE HARVESTER
detect K = 4 as the number of different genetic groups represented in the population (Figure
4.22) (Evanno, Regnaut et al. 2005, Earl and vonHold220he four most prevalent known

species in the population, based upon known pedigree history and discounting open pollinated
sources, include¥. corymbosunfwherein the population species pedigree average contains
>60%)), followed byV. darrowii (5.66%), V. virgatum(>2.72%), andV. angustifoliun{2.40 %)

(Table 46). Other prevalent species in the population inclidechyrsiniteg2.00 %), V.

pallidum(2.07 %), andV. elliottii (1.97%).

In the STRUCTURE bar plot output, we observaeajee similarity in many of the older NHB
cultivars (represented by their NCGR Pl 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 (Figuré.21, Figure4.22. 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 (Fig2t¢. & he observed genetic
diversity represeert in the STRUCTURE output, does not reflect spebificciniumspecies 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 highes, Katevel

seen in NJ9®4-13 (V. hirsutun), NC3883 (V.myrsinite$, and NC3048 (containing 50%

ovatun). In the STRUCTURE analysithe expected proportion of genetic diversity did not
correspond to the species introgression of the known pedigree withicess@nas

exemplified in NC5236 which is 75%. darrowii, as well as NC4519 which is 500

myrsinitesand 25% . pallidum However, STRUCTURE accuratalgscribednany related
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accessionwith genetically similar clustering; NC4509 and NC4499 both h&% \2. ovatum
and similar clustering. Similarly, both NC5022 and NC5019 aresfaf and have 31.25%
pallidumin their pedigree history with similar cluster patterns. The same is seen between
NC4885 and NC4886 which both contdndarrowii, as well adbetweenv. corymbosum

siblings, PI1554852 (6Croatané6é) and PI 554851 (

Additionally, a neighbor joining tree was developed utilizing the full SNP set with 33,701
(phylogeny SNP datasdffigure 4.1)variable sites from the genotypic data (Figu8%.The
accessionssed 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 clustersaxfcessiongith genetic backgrounds containikg darrowii, V.

virgatum and to a lesser exteM, angustifoliun{Figure 423). Each of these species has

multiple clusters represented in the tree, illustrating breeding events and subsequent development
of new genat clusters. Additionally, there is evident clustering/oimyrsinitesaandV. pallidum

and progeny containing their genetic background in the phylogenetic tree.

Within our tree analysis, we includedctibechni c
and 0 G2 NEC3833leanddNC3882) as well as replication of multiple individual plants of

the same accessions collected from different
6Sunrised, O0Brigitta Bflwhichéere fauhddogpagroued and USS8
together, with the exception of 0RLR3 miantd ( NCS
the STRUCTURE analysis, we do observe clustering of related accessions asidshalf

however, in some cases, individual access@re more removed from cluster expectations of

related accessions (Figur@4,. Figure 423). Furthermore, species wherein multiple accessions

were sequenced/( caesariense/. tenellumV. pallidum V. angustifoliumandV. boreal¢
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grouped togetherravere within a genetically similar cluster. Importantly, we observed species
includingV. angustifoliumV. borealeV. constablagiV. corymbosun¥. myrtilloides andV.

pallidum species in sectioByanococcugrouping together, where&s uliginosum(section

Vacciniun), V. vitis-idaea (section Vitisdaea), and/. ovalifolium(section Myrtillus) clustered

separately in the phylogenetic analysis (Figug3}.In addition, accessions that closely

clustered td/. angustifoliumV. pallidum andV. constalaei were closely related to these

species, with an estimated 25% genomic contribution from these species based on pedigree
informati on; NC4300 and V.dahgastifolitmgeaamit tontgbationtsa v e e
of 50% and 25%, respectively; NC293fhsists of 25%/. pallidum NC1827 and NC4151 both

have an estimated 50% genomic contribution férngonstablae(Figure 423) . 6 Ar ond has
estimated genomic contribution frovh uliginosumof 25%, instead clusters proximal to related

cvs. Rancocas ariRubel, both of which ar&. corymbosum however, it is note

increased branch distance (Figurg3j}..

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 blubbegding 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 tirbéta through earlier molecular screening and

subsequent selection, ultimately accelerating cultivar release.
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The genu&/acciniumis comprisef diverse species stemming from different sections within
the genus. Species within the secti@yanococcusnakeup the secondary gene pool for
interspecific hybridization, while species outside of sediganococcusomprise of the tertiary
gene pool for intersectional hybridization in blueberry breeding (Lyrene and Ballington 1986,
Lyrene and Olmstead 2012). Sbein highbush blueberry breeding programs have leveraged the
diversity of nativeVacciniumspecies and sections to ultimately develop a hybrid low chill
blueberry population with infused native species characteristics (Lyrene 2002, Lyrene 2008).
Principlecomponent analysis froprevious studieaffirm this diversity, finding separate genetic
clustering of NHB (primarilyv. corymbosumm SHB (V. corymbosurmmtrogressed with native
species hybridization), and progenies of interspecific &Wvogs®rymbosunx 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 clustiez,u& = 3). The findings from
these studies paired with the pedigree history affirms increased genetic diversity of SHB
accessionsThe studied hybrid population of 226cessiongsed in this study leverages the
established genetic and phenotypic digrsf 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 withianalyzedraits. Traits which
encompassed the greatest amount of variation within the population included HUE, FT, FE, TA,

and FW; all of which had overf®ld difference between the minimum and maximum trait value
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with FW having over a Xold difference Figure 42, Figure 43, Figure 44, Figure 46).

Previous findings in blueberry similarly found ddd or greater range between minimum and
maximum FW values (Cellon, Amadeu et al. 2018, Ferrdo, Benevenuto et al. 2018). Our
analyses also found fruit volume chaeaistics of PD, ED, DPF had a higher thafoli

variation, agreeing with a previous study which examined flower, plant, and fruit morphological
traitswhich reported that fruit traits of fruit equatorial diameter and polar diameter explained the
majority of variance (28.58%) and constituted PC1 (Ligarreto, Patifio et al. 2011). Overall, the
population was less variable in fruit col@lated traits of A, B, and CRMF(gure 42), as well as
flavor-related traits of TSS and pHigure 44), and berry roundrss, Rl Figure 46), all of

which had less thanld variation acrosaccessionsConsistent with our findings, previous
findings also report low, less tharf@d changes within blueberry fruit flavor characteristics of

pH and TSSKigure 44); howeverthe same study observed high TA variability with-fokl
difference (Mengist, Grace et al. 2020). Notably, Mengist et al. (2020) found that tetraploid
Vacciniumspecies, comprising of NHB, SHB, and hybrid genotypes exhibited the most diversity

across examined ploidy levels.

Correlations between phenotygearacteristicenay be more evident in larger, more diverse
populations that have not been sulgedtd multipe generations of selective breeding. Many of
the strong and moderate correlations identified in our study werearrlated, with correlated
phenotype characteristics involving measures for the same fruit metric. Exemplifying this, fruit
volume metricencompassed FW, PD, ED, RI, and DPF whereinrEHW FW-PD, and EBPD

were strongly correlated (r >0.8@®igure 47). Ferréo et al. (2018) also reported a strong
correlation within fruit volume metrics of fruit size and fruit weight in blueberry, whichexhr

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 FRMFRM-PD, and FRMED,

which was consistent with previous findingsgure 47) (Ferrdo, Beneenuto et al. 2018). The
same blueberry breeding population used in the study performed by Ferrao 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 signifi¢aorrelation between TSBRM (r =-0.28) was
identified (Cellon, Amadeu et al. 2018). Comparatively, neither our study nor Ferrdo et al.
(2018) found any correlation between eitherggH'SS with FRM Figure 47). Correlations
between TSFW, TSSPD, andTSSED were not previously (r <0.10) identified in studies by
either Cellon et al. (2018), or Ferrédo et al. (2018). Conversely, increased water uptake has a
positivecorrelationwith fruit volume metrics and a negative relationship with TSS, and
decrease®W 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 betweerathar find volume
metrics (r =0.35, r = 0.35, r =0.36, for TSSFW, TSSPD, and TSSED, respectively),

indicating that increasing fruit size decreases TB@ufe 47).

Genetic diversity and Population structure

Overall, the genetic composition and diity presented by STRUCTURE analysis at K=4
reflected the branching patterns of genetically sinaitawessionsf the phylogenetic tred-{gure
4.21, Figure 423). It is important to note that while the diversity panel population contains
introgression®f fifteen known species as determined by accession pedigree analysis, the
Evanno method for determining the number of populations within the diversity pauealy&)

in STRUCUTRE did not identify higher-Kalues as the best fit for the populatiéinglre4.22)
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(Evanno, Regnaut et al. 2005). Previous research investigates the genetic relationships of

virgatum NHB, and SHB, wherein the authors fowdvirgatumgenotypes formed a separate

clade fromV. corymbosungenotypes in phylogenetic analysis, dddion to minimal genetic

diversity in STRUCTURE analysis . virgatumwith K=9 (Nishiyama, Fujikawa et al. 2021).
Comparing NHB and SHB accessions, the resultaiostudyagreed witiNishiyama et al.
(2021)whereinminimal genetic diversityas foundn NHB genotypes and increased genetic
diversitywas foundn SHB accessionfiowever increasing the species diversity and the

accessions within species would further inform on SHB genetic diversity and the genetic

diversity withinVacciniumas a wholeOne 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 nwhdestinct loci (Wang and Scribner
2014).Nishiyama et al. (2021) proposes that the varying lefeBSTRUCTURE kvalues

represent differeifacciniumspecies; however, in contrast to their estimation, selevt®d

O6Neal and Reveille did not reflect the impli
cultivar pedigree of Reveille indicates <B%ovirgatumc o mposi ti on, and 0006 Nec¢
of <10% ofV. darrowii, which is in contrast to their proposed species correlations according to

STRUCTURE kvalues.

Variation in anticipated genomic contribution of introgressed species is expectedtdealiele
dosage variation between fdglibs and increased frequency crossover events in polyploid
genomes (Pecinka, Fang et al. 2011, Dufresne, Stift et al. 2014, Pelé, Rgbigsatn et al.

2018); supporting evidence of these variations can bewdzsaer our STRUCTURE bar plot
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results regarding betweeni bl i ng analysis (e.g., NC5019 and
0Cr oat an 6 Figunedi2l)oGehedsicrvariation(can also be attributed to geographic

separation and divergent genetic developinas seen in the disparate genetic distributions and
clustering in narrowfocused study of geographically separate@dngustifoliungermplasm

(Debnath 2014, Tailor, Bykova et al. 2017). Alternatively, another preginglyinvestigating

distinctive gentc groups in diploid species dacciniumsectionCyanococcusound that

specied/. borealeandV. myrtilloidesclustered together, comprising of their own genetic

grouping (Bruederle and Vorsa 1994). Similarly, our findings, identificborealeandV.
myrtilloidesgrouping together in the phylogenetic trégy(re 423). In large populations,

species and hybridizations involving species from diffevatdciniumsections may be more

genetically disparate and identifiable in such analyses.

We propose thahe findings ly Nishiyama et al (2021), in addition to our own findings reflect
that STRUCTURE Kvalues are not directly representative of different species, and that select
species may be more genetically similar and difficult to differentiate in timedgsas. 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
narrowfocused population. Additionally, furtheniestigation encompassing wider genetic

diversity in an intessectional population would better establish genetic divergence.

Genome Wide Association Study

Advanced molecular techniques and analyses are not commonplace for many complex polyploid

species de 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 genotyanmyGWAS 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 phenotydeharassociation 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 amdations. 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 intersectionalhybd , 6 Arondé, as compared to breeding
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 andlg$¥8S SNP
dataset)Alternative filtering and analysis package for GWAS studies can vary theenarib

detected SNPs, as seen in previous research (Ferrdo, Benevenuto et al. 2018, Ferrdo, Johnson et
al. 2020). Additionally, usage of different GWAS packages, models, or diploidization of a

polyploid population can vary results. Using the same reseapifigiion for two different

phenotypic analyses which used different programs and models of GWAS analyses produced
vastly different results for significant treassociated SNPs; one study identified 11 significant

SNPs (P < 0.05) relating to fruit sizeas diameter, TSS, pH, and flower bud density (Ferréo,

Benevenuto et al. 2018), while the other study detected 519 significant SNPs associated with
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eleven fruit volatiles (Ferrdo, Johnson et al. 20@@mparative to thEerrdo et al2018 study,

our study identifiedcandidate genesith 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 todbgage of the alternate allele. The

dominance model determines the allele dosage needed for complete dominatwre"(=L

simplex dominance, “Bom" = duplex dominance). Since our population was comprised of
heterozygous individuals, the dipieeneral andliplo-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 effectsfallelic 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 fourtgblauhodels 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 assiated with multiple phenotypic trait¥gble 4.3. Our analyses

utilized scaffolds asgeuwlochromosomes in which two putative chromosdhegdotypeshave

been condensed into a single estimation for the purpose of these analyses. The lack of a genetic
mapfor 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 tragtissociated SNPs is not accurate to tetrdgtbromosomes. 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 traitncluding A, CRM, and FRM wherein the

identified SNPs were located on separate scaffdldblé 4.3. Alternatively, findings of SNPs

on separate scaffolds may be appropriate, GWAS analyses in apple detected found SNPs
associated with both firmness aralar-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 scaFgjds=(410,
Figure 411, Figure4.12, Figure 413, Figure 414), 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 firmnessrelated traits were attributed to 17 &2of the population phenotypic variance as
found in PC2, our study did not delineatey &NPs relating to FRM, and only a single SNP was
associated with APF, on scaffold Paple 4.2 Table 4.3. Similarly, a previous study only
identified a single majoguantitative 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 dipla/dcciniummapping population between

F1#10 {. darrowii Fla4B x diploidV. corymbosuriV85i 20) and W8523 (diploidV.
corymbosumidentified 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 coestsicross 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
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encompass colemelated traits for separayears of study, we did identify consistency in a single
SNP associated with both CRM andPable 4.3. Interestingly, the coefficients of vationfor
traits CRM and A had thewest and highest variation, respectivatross the present

population of aidy. 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 expansarly

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 88/8P$ in their

tetraploid GWAS analysis (Ferrdo, Benevenuto et al. 2018). Their analysis of 15 distinctive
SNPs (gvalue < 0.05) reported three SNPs associated with TSS, seven SNPs relating to fruit size
and one for pH (Ferréo, Benevenuto et al. 2018);avew 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. Thamalysisof Ferréo et. al (2018gported 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 theistudy did not significantly improve consistency between the models;
though an increased number of SNPs were identified as significant (Ferréo, Benevenuto et al.

2018).
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Marker Trait Association

LD plots were used to determine the decay of L@gsess the distance in genetic association of
markers in association mapping analydid4). Markersused for target captureere selected for
exonic region distributiowhich precluded SNP identification within an intronic interval, in
addition to denseolumnar marker distribution in the GWAS Manhattan p{Btgure 49).
Additionally, the interval distance accounts for the distance between significaatssadiated
SNPs.Overall LD decayed rapidly with thé of the evaluated traits decreasing tof tizir

maximum values at approximately 7, kind further hatbw maximum values ranging from 0.04

to 0.06 F, thuswe anticipate low association witttljacent gess(Figure 415). This distance

was used to identify putative genes encoded bysanundirgy the significant GWASpoly

identified markers. Our analysis found several huntefthrms, accounting for 47 unique

putative protein functionas described by gene ontology (Ta#l® affected bythe analyzed
trait-associated SNPWlost 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 Wentified 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 directliated to fruit epidermis and punceability

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 toato 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 decreasesk=aman, Lisa et al. 2020). Lower stomatahsiey
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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 alTR0&)).
increased EPFL might have a negative effect on stomatal ylansitdownstream 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 oflapsis 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 47); consequently, the exocyst compmponent 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 anthocyalaiticscy

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 witerdnt sugar moieties, not all

anthocyanins are acylated and not all blueberries contain acylated anthocyanins (Kalt, McDonald
et al. 1999, Burdulis, Sarkinas et al. 2009, Miller, Schantz et al. 2012). However, the presence of
anthocyanins is directly rafed to fruit color metrics. Our analyses identified more SNPs

associated with CRM and with other trait@ble 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 concentratpared 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 photosynthasigted, CRMassociated genes merit further investigation

for differential gene expression in fruit of shddend norshaded plants.

Regarding TAassociated candidate genes, our results found association with glucuronic acid
substitution of xylan (GUX) through UD&lucuronate:xylan alphglucuronosyitransferase
(Reidel, Rennie et al. 2009, Lyczakowski, Wicheale2017). 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, GUXdeficient Arabidopsis plas 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 sugaWhile TSSpH and TSSTA are not strongly correlated, the negative

correlations are significanFigure 47).

The trait FB was associated with MAINKE -2, a gene involved in cell division and
differentiation. Mutants of main and mail (MAINIKE -1) werepreviously observed as having a
loss of stem cell activity (Wenig, Meyer et al. 2013, Uhlken, Horvath et al. 2014). As blueberry
plants exit dormancy, reproductive flower buds exhibit budbreak prior to vegetative buds, and

are the predominant active dividj 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 inteland intraspecificVacciniumaccessions. This study unique in its
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guantitative 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
Vacciniumscaffold development can foreseeablyizdia greater number of the identified SNPs

in future gene characterizations. We identified 21 unique significanassitciated SNPs for
thirteen phenotypic measures. including FW, A, CRM, L, APF, DPF, FE, FRM, pH, TA, TSS,
FB, and TBB. Among these siiicant traitassociated SNPs we detected hundreds of putative
protein isoformgrom which we isolated 7 notable candidate genes with relevant function for
phenotypic traits including APF, FW, CRM, TA, and RBe anticipate further GWAS analyses
isolating accessions within environment to elucidate environsapetific 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 devgjquogeny.

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 advaneatilng techniques for blueberry

for the ultimate goal of accelerating time to cultivar release.
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Table 4.1. Analysis of varianceANOVA) table of phenotypic traitacross years 2019, and 2020, and three sequential harvests

Sources of Variation

Traits Mean SE CV (%) G Y H GxY GxH YxXH GxYxH
FW (9) 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 1.83 480 <.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 (9) 5.80 0.06 422 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
DPF (mm) 5.84 1.80 2298 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
FT (9) 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 0.03 593 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
TA 0.86 0.03 1959 <.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 Tra

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 r?
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-domref 0.046 0.001
PGA_scaffold06 4,321,334 1-domref 0.052 0.001
PGA_scaffold06 16,149,230 1-domref 0.021 0.03
PGA_scaffold06 26,170,989 1-domref 0.082 <0.0001
PGA_scaffold06 42,838,055 1-domref 0.038 0.004
PGA _scaffold09 18,946,771 1-domref 0.04 0.003
PGA _scaffold09 82,785,773 1-domref 0.181 <0.0001
PGA _scaffold10 68,207,280 1-domref 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-domref 0.063 <0.0001
PGA _scaffold07 64,317,963 1-domref 0.073 <0.0001
Flavor pH PGA_scaffold12 96,874,452 1-domref 0.111 <0.0001
TA PGA_scaffold11 35,902,083 1-domref 0.089 <0.0001
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Table 4.3(continued).

TSS
Flowering FB

TBB
Volume DPF

FW

PGA_scaffold03
PGA_scaffold04
PGA_scaffold10
PGA_scaffold03
PGA scaffold04

42,420,552 1-dom-alt
92,277,074 additive
30,056,593 additive
101,046,672 additive
42,422,683 1-domref

0.123
0.091
0.092
0.092
0.088

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

204



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 SNPPosition 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.Gere ontology and putative protein description fdentified significant SNPsn GWAS analysisColor-related metrics
included L = luminescence, A = a*, and CRM = chroma; firmirekted metrics included FRM = firmness, APF = absolute positive
force, and FE= fruit elasticity; flavorrelated 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;redatete
metricsincluded FW = fruit weight and DPF = distance at absolute positive force.

Metric Trait Scaffold SNPPosition Putative Protein Description Gene Ontology (GO) ID

C:G0:0005634; C:GO:0005737

C:G0:0005737; F:GO:0005506;

ATP-dependent 6 F:G0:0005515; F:G0:0010309;

Color A PGA_scaffold7 101,328,715 phosphofructokinase Shloroplastic P:G0:0019509; P:G0:0051302

C:G0:0005840; C:G0O:0022625

F:G0:0003723; F:G0O:0003735;
PGA_scaffold9 82,785,773 macrophage erythroblast attacher  P:G0:0006412
PGA_scaffold9 82,785,773 protein MAEA homolog C:G0:0110165

C:G0:0005737; F:G0O:0003824

F:G0:0003824; F:G0:0003872;

F:G0:0005488; F:G0:0005524;

F:G0:0016301; F:G0O:0016740;

F:G0:0046872; P:G0O:0006002;

P:G0:0006796; P:G0O:0008152;

transcription initiation factor TFIID  P:G0:0016310; P:G0:0019637,

PGA_scaffold9 18,946,771 subunit 5 P:G0:0061615; P:G0:1901135

C:G0:0005737; C:G0O:0009507;

C:G0:0009536C:G0O:0009536;

F:G0:0000166; F:G0O:0005524;

F:G0:0008233; P:G0O:0006508;

CRM PGA_scaffoldl 13,131,434 WD repeatcontaining protein P:G0:0034605
F:G0:0000978; F:G0O:0000981
PGA scaffold1l0 68,207,280 60S ribosomal protein L-#ike P:G0:0006357
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Table 4.5(continued).

F:G0:0003824; F:G0:0003824;
F:G0:0003855; F:G0O:0004764
F:G0:0004764; F:GO:0004764;
F:G0:0050661; P:G0O:0006520;
P:G0:0008652; P:G0O:0009073;
ATP-dependent Clp protease ATP  P:G0:0009423; P:G0:0016053;
binding subunit CIpA homolog CD4E P:G0:0019632; P:G0O:0019752;

PGA_scaffoldl0 68,207,280 chloroplastic P:G0:0046394; P:G0:1901566
C:G0:0009536F:G0O:0000166;
PGA_scaffoldl0 68,207,280 Chaperone protein ClpC F:G0:0005524

PGA_scaffoldl0 68,207,280 Clp ATPase @erminal
C:G0:0005789; C:G0O:0005789;
C:G0:0016020C:G0:0016020;
F:G0:0030544; P:G0O:0009987;
P:G0:0009987; P:G0O:0010033;
P:G0:0030433; P:G0:0033554,

PGA_scaffoldl0 68,207,280 Serine carboxypeptidadie P:G0:0051085; P:G0:0071218
chaperone protein dnaJ 11, C:G0:0000228F:G0:0003712;
PGA_scaffold6 4,321,334 chloroplastielike P:G0:0006338; P:G0:0006357

C:G0:0009532; C:G0:0009706
F:G0:0008233; F:G0:0097159;
PGA_scaffold6 16,149,230 Glycine dehydrogenase F:G0:1901363; P:G0O:0045036
C:G0:0000307; C:G0O:0005634
F:G0:0004693; F:G0O:0005524;
F:G0:0008353; P:G0:0032968;
PGA_scaffold6 42,838,055 HistonelysineN-methyltransferase P:G0:0051726; P:GO:0070816

C:G0:0005886(:G0:0016020;
LOW QUALITY PROTEIN: C:G0:0016021; F:G0O:0020037;
PGA scaffold6 26,170,989 hypothetical protein CKAN 0274980 P:G0:0017003; P:G0O:0017004

207



Table 4.5(continued).

Firmness APF

PGA_scaffold6

PGA_scaffold6

PGA scaffold6
PGA scaffold6

PGA_scaffold6

PGA_scaffold5
PGA scaffold2

PGA scaffold2

42,838,055

42,838,055

16,149,230
26,170,989

26,170,989

20,585,875

17,422,360

17,422,360

PHD finger family protein

protein TAB2 homolog, chloroplastic

succinate dehydrogenase 5
Ubiquitin carboxyiterminal hydrolase

unknow protein

Basic leucine zipper 23
1,2-dihydroxy-3-keto-5-
methylthiopentene dioxygenase 2

hypothetical protein
RHSIM_Rhsim10G0069000

C:G0:0016021; F:GO:0003746;
F:G0:0004364; F:G0O:0004364;
F:G0:0004364; F:G0O:0016491;
F:G0:0016740; P:G0O:0000398;
P:G0:0006412; P:G0O:0006414;
P:G0:0006518; P:G0O:0006749

C:G0:0000145; P:G0O:0006887,
P:G0:0006893; P:G0O:0008104;
P:G0:0060321

F:G0:0008168; F:G0O:0016740;
P:G0:0032259

C:G0:0005840; C:G0:0016020
F:G0O:0003712F:G0:0008168;
F:G0:0016740; F:G0O:0042393;
F:G0:0046872; F:G0O:0046872;
P:G0:0032259; P:G0:0045892;
P:G0:0045944

F:G0:0000829; F:G0O:0016301;
F:G0:0016740; P:G0O:0016310
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Table 4.5(continued).

Flavor

FE

FRM

pH

TA

PGA_scaffold3

PGA_scaffold4 4,838,642
PGA scaffold4 4,838,642
PGA_scaffold7 64,317,963
PGA_scaffoldl2 96,874,452
PGA_scaffold1l 35,902,083
PGA scaffold1l 35,902,083

ABC transporter B familynember 26,

106,222,669 chloroplastic

bifunctional3-dehydroquinate
dehydratase/shikimate dehydrogena
chloroplastielike

spermatogenesissociated protein 2(
phospholipase SGR2 isoform X1

chaperone protein dnaJ-#ike

putative UDPglucuronate:xylan
alphaglucuronosyltransferase 3

Retrovirusrelated Pol polyprotein
from transposon TNT-94

C:G0:0005829F:G0:0000827;

F:G0:0000829; F:G0O:0000832;
F:G0:0005524; F:G0O:0033857;
F:G0:0052723; F:G0O:0052724;
F:G0:0102092; P:G0:0006020;
P:G0:0016310; P:G0O:0032958

C:G0:0005634; C:G0O:0005737;
C:G0:0034657C:G0:0034657;
F:G0:0004842; F:G0O:0046872;
F:G0:0061630; P:G0O:0016567;
P:G0:0043161
F:G0:0005488P:G0:0006355
C:G0:0005773; C:G0O:0009506;
C:G0:0009705; C:G0:0110165
F:G0:0046872; P:G0O:0009590;
P:G0:0009660; P:G0O:0009959
C:G0:0005634F:G0O:0000166;
F:G0:0005524; F:G0O:0016787;
F:G0:0042393; F:GO:0070615

C:G0:0016020F:G0:0005488;
P:G0:0006869
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Table 4.5(continued).

TSS

Flowering FB

PGA scaffold1l
PGA scaffold1l

PGA scaffold1l

PGA_scaffold3

PGA scaffold3

PGA scaffold4

35,902,083

35,902,083

35,902,083

42,420,552

42,420,552

92,277,074

Vacuolar protein sortingssociated
protein

zinc finger CCCH domakgontaining
protein 38 isoform X1

zinc finger CCCHlomainrcontaining
protein 55

Putrescinebinding periplasmic proteir

spermidinebinding periplasmic
protein Spuk

chromatinstructureremodeling
complex protein BSH

C:G0:0005622; C:G0:0005634;
C:G0:0005737; C:G0:0034657
C:G0:0034657; C:G0O:0110165;
F:G0:0003743; F:G0O:0004842;
F:G0:0008168; F:G0O:0046872;
F:G0:0061630; P:G0O:0006413;
P:G0:0016567P:G0:0032259;
P:G0:0043161; P:G0O:0044267;
P:G0:0044267

F:G0:0008483; F:G0O:0016740
P:G0:0010073; P:G0O:0048507

C:G0:0016021; F:G0O:0003723
F:G0:0003723; F:G0O:0003723
C:G0:0005794; C:G0:0016020;
C:G0:0016021C:G0:0016021;
F:G0:0015020; F:G0O:0016740;
F:G0:0016757P:G0:0009834;
P:G0:0045492

C:G0:0016020; C:G0:0016021;
C:G0:0042597F:G0:0019808;
P:G0:0015846

C:G0:0016020; C:G0:0016021
F:G0:0003676; F:G0O:0003887,
F:G0:0004491; F:GO:0008270;
F:G0:0016491; F:G0O:0016740:;
F:G0:0016779; P:GO:0006811;
P:G0:0015074; P:G0O:0071897
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Table 4.5(continued).

Volume

TBB

DPF

FW

PGA_scaffold4

PGA scaffold4

PGA scaffold4

PGA_scaffold10

PGA_scaffold10

PGA_scaffold10

PGA_scaffold3

PGA scaffold3
PGA _scaffold4

PGA scaffold4

cytochrome dype biogenesis protein C:G0:0005576; C:G0O:0005773

92,277,074 CcmE homolog, mitochondrial
P-loop containing nucleoside
triphosphate hydrolasesiperfamily

92,277,074 protein

92,277,074 protein MAIN-LIKE 2-like

30,056,593 Cyclin-dependent kinase-&

30,056,593 elongation factor -gamma

F:G0O:0004185; P:G0O:0006508
C:G0:0009507C:G0O:0009507;
F:G0O:0003747; P:GO:0005975;
P:G0:0006412; P:GO:0006415

C:G0:0009941; C:G0:0042597
F:G0:0019808; P:G0:0015846

C:G0:0005622; C:G0O:0005739;
C:G0:0016020C:G0:0016021;

C:G0:0045273; F:G0:0004497;
F:G0:0005506; F:G0O:0016705;
F:G0:0020037; P:G0O:0006099

C:G0:0005634; C:G0O:0005669
C:G0:0005669; F:G0:0003743;
F:G0:0016251; F:GO:0016740;
P:G0:0006367; P:G0O:0006413
C:G0:0016021C:G0:0016021;

F:G0:0004843; F:G0O:0008233;
P:G0:0006508; P.G0:0006511;

30,056,593 F-box protein CPR3dike isoform X1 P:G0:0016579

hypothetical protein
101,046,672 CICLE_v100109632mg, partial
Inositol hexakisphosphate and

diphosphoinositepentakisphosphate

101,046,672 kinase

F:G0O:0016301P:G0:0016310;

42,422,683 exocyst complex component EXO84 C:G0:0110165

hypothetical protein
42,422,683 RHSIM Rhsim13G0127300

C:G0:0009536F:G0:0008168;
F:G0:0016491; P:G0O:0032259;
P:G0:0044237
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Table 4.5(continued).

probable phospholipittansporting

PGA_scaffold4 42,422,683 ATPase 5 F:G0:0003677; F:GO:0046872
uncharacterized protein F:G0:0003677; F:G0O:0005488;
PGA _scaffold4 42,422,683 LOC114279783 F:G0:0046872 F:G0:0046872
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Table 46. Major contributing species introgression for known pedigrees of 251 diversity panel accessions.

E
S 28
= S =
c g 5 E § t.>t5 g = § £ S % oy
S 00 37 2538 2 5 £ = = 2 s §
2 X8 3 >% E S 5 2 g 2 S =
@ =T © c OS5 & = 2 > ] = © O
3 8 & 28= 3 @ E &2 = = £g
< [ 90) > > c > > > > > > > o>
(%)
‘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
F> (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
'Hannahs 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'
NC1146
NC1171
NC2207
NC2267
NC2558 x NC4074
NC2672
NC2678
NC2852
NC2858
NC2860
NC2898
NC2927
NC2930
NC2982
NC3048
NC3104
NC3114
NC3211
NC3257
NC3311
NC3319
NC3352
NC3419
NC3458
NC3464
NC3472
NC3476
NC3478

67.97
96.88
57.81
100.00
45.31
70.31
100.00
84.38
94.53
98.44
100.00
71.09
62.50
75.00
75.00
67.97
83.59
96.09
96.09
70.31
50.00
50.00
100.00
89.06
100.00
100.00
100.00
91.41
82.03

0.00
0.00
0.00
0.00
3.13
0.00
6.25
12.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.56
3.13
0.00
6.25
0.00
0.00
0.00
100.00
3.13
0.00
0.00
0.00
3.13
3.13

57.03
96.88
45.31

0.00
10.93
45.31
56.25
59.38
44.53
48.44
50.00
71.09
62.50
50.00

0.00

0.78
63.28
86.72
77.34
64.06
50.00
50.00

0.00
60.94
75.00
50.00
50.00
69.53
60.16

3.13
0.00
0.00
0.00
18.75
0.00
12.50
12.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
9.38
15.63
6.25
12.50
0.00
0.00
0.00
0.00
6.25
0.00
0.00
0.00
6.25
6.25

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
50.00
50.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
50.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
100.00
0.00
0.00
0.00
0.00
50.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
50.00
0.00
0.00

3.13
0.00
6.25
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
50.00
0.00
0.00
3.13
0.00
3.13
0.00
0.00
0.00
12.50
0.00
25.00
0.00
12.50
12.50

4.69
0.00
6.25
0.00
12.50
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
6.25
1.56
0.00
0.00
3.13
0.00
0.00
0.00
6.25
0.00
25.00
0.00
0.00
0.00
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Table 4.6(continued).

NC3494
NC3530
NC3577
NC3603
NC3773
NC3781
NC3785
NC3883
NC3920
NC3954
NC4002
NC4004
NC4011
NC4034
NC4064
NC4121
NC4122
NC4124
NC4131
NC4151 x NC3104
NC4278
NC4279
NC4300
NC4302
NC4307
NC4329
NC4339
NC4351
NC4360

100.00
100.00
100.00
93.75
50.00
75.00
75.00
50.00
100.00
100.00
69.53
43.75
43.75
100.00
89.06
88.28
100.00
56.25
82.03
86.72
78.91
78.91
100.00
50.00
100.00
67.19
47.66
74.22
84.38

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.47
4.69
4.69
0.00
0.00
0.00
0.00
0.00
6.25
1.56
0.00
0.00
50.00
0.00
0.00
0.00
0.78
0.00
0.00

100.00
50.00
100.00
62.50
50.00
25.00
25.00
0.00
50.00
25.00
39.06
39.06
39.06
25.00
85.94
78.91
90.63
56.25
66.41
27.34
66.41
66.41
50.00
50.00
25.00
57.81
12.50
74.22
68.75

0.00
0.00
0.00
18.75
0.00
12.50
12.50
0.00
0.00
0.00
0.00
0.00
0.00
62.50
0.00
6.25
6.25
0.00
6.25
7.81
0.00
0.00
0.00
0.00
0.00
0.00
6.25
0.00
12.50

0.00
0.00
0.00
0.00
0.00
25.00
25.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
12.50
12.50
0.00
0.00
75.00
0.00
0.00
0.00
0.00

0.00
50.00
0.00
0.00
0.00
0.00
0.00
50.00
50.00
75.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
6.25
0.00
6.25
6.25
0.00
0.00
0.00
0.00
0.00
0.00
6.25
1.56
3.13
3.13
0.00
1.56
25.00
0.00
0.00
0.00
0.00
0.00
6.25
0.00
0.00
3.13

0.00
0.00
0.00
6.25
0.00
6.25
6.25
0.00
0.00
0.00
0.00
0.00
0.00
6.25
1.56
0.00
0.00
0.00
1.56
25.00
0.00
0.00
0.00
0.00
0.00
3.13
3.13
0.00
0.00
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Table 4.6(continued).

NC4361
NC4385
NC4392
NC4394
NC4398
NC4404
NC4411
NC4421
NC4426
NC4434
NC4499
NC4509
NC4511
NC4519
NC4564
NC4574
NC4582
NC4593
NC4597
NC4600
NC4606
NC4608
NC4618
NC4625
NC4627
NC4630
NC4638
NC4643
NC4654

90.63
81.25
59.38
95.31
74.22
94.53
73.44
45.31
45.31
70.31
47.66
80.47
57.81
90.63
70.31
75.00
100.00
92.19
95.31
100.00
75.00
100.00
78.91
100.00
98.44
80.47
71.09
76.56
79.69

0.00
0.00
0.00
0.00
1.56
0.00
3.13
3.13
3.13
3.13
0.78
0.78
0.00
0.00
3.13
0.00
0.00
0.00
3.13
0.00
0.00
0.00
0.78
0.00
0.00
0.78
0.00
0.00
0.00

75.00
71.88
59.38
70.31
38.28
88.28
70.31
35.94
35.94
60.94
12.50
21.88
43.75
0.00
60.94
75.00
100.00
60.94
85.94
75.00
37.50
75.00
70.31
75.00
64.06
46.88
52.34
51.56
42.19

12.50
6.25
0.00
0.00

15.63
6.25
0.00
6.25
6.25
6.25
6.25

29.69

14.06
0.00
6.25
0.00
0.00

31.25
6.25
0.00

12.50
0.00
4.69

25.00

18.75
4.69
6.25
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
12.50
0.00
6.25

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
50.00
0.00
0.00
0.00
0.00
0.00
25.00
12.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
6.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
6.25
0.00
0.00
0.00
31.25

3.13
3.13
0.00
0.00
12.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
9.38
0.00
0.00
0.00
0.00
0.00
0.00
6.25
0.00
0.00
0.00
9.38
0.00
0.00
0.00
0.00

0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
3.13
3.13
0.00
6.25
0.00
0.00
0.00
0.00
0.00
0.00
6.25
0.00
3.13
0.00
0.00
3.13
0.00
25.00
0.00

216



Table 4.6(continued).

NC4661
NC4664
NC4671
NC4676
NC4681
NC4696
NC4701
NC4710
NC4712
NC4721
NC4728
NC4738
NC4859
NC4885
NC4886
NC4900
NC4953
NC4958
NC4961
NC4976
NC4979
NC4991
NC4994
NC4996
NC5001
NC5006
NC5015
NC5019
NC5022
NC5053

81.25
81.25
87.50
87.50
100.00
76.56
86.72
71.88
71.88
95.31
95.31
83.59
82.81
88.28
98.44
93.75
80.47
46.88
100.00
81.25
81.25
76.56
70.31
97.66
89.84
89.84
82.81
93.75
93.75
77.34

0.00
0.00
0.00
0.00
6.25
1.56
1.56
0.00
0.00
6.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.56
1.56
0.00
0.00
0.00
0.00
0.00
0.00
0.78

59.38
59.38
81.25
81.25
81.25
62.50
50.78
50.00
50.00
51.56
70.31
67.97
0.00
30.47
39.06
43.75
67.97
46.88
100.00
45.31
45.31
62.50
56.25
75.78
61.72
61.72
82.81
43.75
43.75
31.25

6.25
6.25
0.00
0.00
12.50
3.13
15.63
0.00
0.00
12.50
0.00
0.00
29.69
31.25
31.25
12.50
0.00
0.00
0.00
12.50
12.50
3.13
3.13
18.75
0.00
0.00
0.00
12.50
12.50
17.19

6.25
6.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
25.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00

6.25
6.25
0.00
0.00
0.00
0.00
6.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
31.25
0.00
0.00
0.00
9.38
9.38
0.00
0.00
0.00
0.00
0.00
0.00
31.25
31.25
0.00

3.13
3.13
3.13
3.13
0.00
7.81
12.50
21.88
21.88
25.00
25.00
7.81
0.00
1.56
3.13
6.25
12.50
0.00
0.00
10.94
10.94
7.81
7.81
3.13
1.56
1.56
0.00
6.25
6.25
0.00

0.00
0.00
3.13
3.13
0.00
1.56
0.00
6.25
6.25
0.00
0.00
7.81
28.13
25.00
25.00
0.00
0.00
0.00
0.00
3.13
3.13
1.56
1.56
0.00
1.56
1.56
0.00
0.00
0.00
3.13
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Table 4.6(continued).

NC5066
NC5068
NC5071
NC5072
NC5140
NC5197
NC5199
NC5204
NC5207
NC5211
NC5214
NC5216
NC5236
NC5266
NC80-2-14
‘Newhanover'
NJ9054-13
'O'Neal’'
'‘Pamlico’
'Pender’
P1296399
P1346589
PI554766
PI1554793
P1554798
P1554800
P1554801
P1554802
P1554804
P1554805

46.88
46.88
67.19
81.25
50.00
97.66
76.56
91.41
79.69
81.25
23.44
34.38
100.00
89.06
100.00
83.59
100.00
91.41
90.63
98.44
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

0.00
0.00
0.00
0.00
0.00
0.00
1.56
0.00
1.56
0.00
0.00
0.00
0.00
0.00
0.00
3.13
0.00
6.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

46.88
46.88
57.81
71.88
50.00
75.78
62.50
50.78
40.63
71.88
10.94
32.81
25.00
46.88
0.00
63.28
0.00
72.66
78.13
98.44
100.00
0.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

0.00
0.00
0.00
6.25
0.00
18.75
3.13
6.25
9.38
6.25
0.00
1.56
75.00
28.13
0.00
15.63
0.00
6.25
12.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
12.50
0.00
0.00
12.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
100.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
9.38
9.38
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
6.25
3.13
0.00
3.13
7.81
9.38
15.63
3.13
0.00
0.00
0.00
1.56
0.00
0.00
0.00
3.13
0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
3.13
0.00
0.00
0.00
1.56
3.13
3.13
0.00
0.00
0.00
0.00
12.50
0.00
1.56
100.00
3.13
0.00
0.00
0.00
50.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Table 4.6(continued).

P1554807
P1554808
P1554810
P1554812
P1554814
P1554815
P1554816
P1554817
P1554818
P1554820
P1554821
P1554823
P1554826
P1554827
P1554829
P1554831
P1554833
P1554835
P1554840
P1554842
P1554843
P1554845
P1554846
P1554847
P1554851
P1554852
P1554856
P1554858
P1554859
P1554860

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
50.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
0.00
100.00
100.00
100.00
96.88
100.00
87.50
100.00
100.00
96.88
50.00
96.88
96.88

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
0.00

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
50.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
0.00
100.00
100.00
75.00
96.88
100.00
62.50
100.00
100.00
96.88
50.00
96.88
96.88

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Table 4.6(continued).

P1554865
P1554866
P1554871
P1554873
P1554878
P1554879
P1554883
P1554942
P1554944
P1554952
P1554953
P1554957
P1614082
P1618023
P1618024
P1618035
P1618163
P1618164
P1618166
P1618167
P1618168
P1618181
P1618194
P1618195
P1618230
P1618233
P1618259
P1618260
P1618262
P1618270

100.00
75.00
100.00
96.88
46.88
87.50
100.00
100.00
91.41
87.50
100.00
48.44
100.00
96.88
90.63
100.00
75.00
87.50
46.88
0.00
96.88
96.88
76.56
74.22
100.00
96.88
0.00
100.00
46.88
96.88

0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00
6.25
25.00
25.00
0.00
0.00
0.00
6.25
0.00
12.50
0.00
0.00
0.00
0.00
0.00
3.13
0.00
100.00
0.00
0.00
0.00
0.00
25.00

75.00
75.00
100.00
71.88
46.88
81.25
100.00
75.00
72.66
62.50
75.00
10.94
100.00
96.88
84.38
100.00
62.50
62.50
46.88
0.00
96.88
78.13
57.81
42.97
0.00
71.88
0.00
100.00
46.88
46.88

0.00
0.00
0.00
25.00
0.00
0.00
0.00
0.00
6.25
0.00
0.00
25.00
0.00
0.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
12.50
10.94
28.13
0.00
25.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
25.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
3.13
0.00
0.00
3.13
0.00
0.00
12.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
6.25
3.13
3.13
0.00
0.00
0.00
0.00
0.00
0.00

25.00
0.00
0.00
0.00
0.00
3.13
0.00
0.00
3.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.56
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Table 4.6(continued).

P1638328 50.00 0.00 25.00 0.00 0.00 0.00 0.00 0.00 0.00 25.00
P1638330 60.94 0.00 23.44 6.25 25.00 0.00 0.00 0.00 3.13 3.13
P1638332 53.91 0.00 25.78 0.00 25.00 0.00 0.00 0.00 1.56 1.56
P1638337 78.91 0.00 25.78 0.00 50.00 0.00 0.00 0.00 1.56 1.56
P1638764 96.88 0.00 96.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P1666656 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
usS845 60.94 0.00 2344 6.25 25.00 0.00 0.00 0.00 3.13 3.13
Average species in diversity pane 240 60.79 566 197 200 092 207 272 364

* Accessions with < 100% total known pedigree species contribution have open pollinations indicated in pedigree history.
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BAM files were
exported from CLC
and used in Freebayes.

Removal of sample
data with >80%
missing data points

Alleleprimitiave
software to converted
the MNPs to SNPs not
all MNPs were
resolved

Flanking sequences
were extracted from
O’Neal FalconPhase_0
genome & aligned to
PAG_06092021
Genome assembly

Removal of individuals
with more than 10%
missing data points
and markers with >
20% missing data

7.2 M Raw reads of 288 Accessions
(CLC Workbench)

7.1 M Trimmed reads of 288
accessions (CLC Workbench)

5.2 M Reads of 288 accessions
Mapped to the ‘O’Neal’ reference
genome (CLC Workbench)

>14 M variant positions were
identified in 288 accession in
Freebayes.

38,086 targeted positions captured
including: 26,369 SNPs, 11,231 MNPs,
628 indels and 243 complex.

36,097 Total variant sites identified
after conversion of MNPs to SNPs.

93% biallelic and 7% multiallelic. With

38,600 unique variant alleles

36,095 SNP positions were ported to
chromosome scale assembly

16,927 SNPs positions retained on the
chromosome scale assembly

9,855 Markers were identified on 12
largest scaffolds

.
[

5.37 M Reads of 251 accessions

Mapped to the ‘O’Neal’ reference
genome (CLC Workbench)

20,746 Total variant sites identified
after filtering for <20% missing data
were amenable to develop Structure
Program compatible file format

33,701 Total variable-only sites

identified in igtree using maximum
likelihood approach

.
-

STRUCTURE SNP dataset
— phylogeny SNP dataset

GWAS SNP dataset

Figure 4.1.Genomic data filtering and analysis workflow from acquisition of raw data,

including development of STRUCTURE SNP dataghbyjlogeny SNP dataset, and GWAS SNP

dataset.
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luminescence; A
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absolute positive foré€l = force at target; FE = fruit elasticity. APF has been log transformed for normalization of

FT (C), and FE (D) with the diversity panel average, averaged genotypic minimum, and averaged genotypic maximum values. FRM
firmness; APF

Figure 4.3. Distribution of firmnesselated meics across the diversity pan€lruit firmnessrelated traits includeRM (A), APF (B),
data.
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pH; TA = titratable acidity.

TA (C), with thediversity panel average, averaged genotypic minimum, and averaged genotypic maximum values. TSS = total soluble

Figure 4.4. Distribution of flavorrelated metrics across the diversity pafielit flavorrelated traits includ&SsS (A), pH (B), and
solids; pH
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Figure 4.5. Distribution of floweringrelated metrics across the diversity paR@weringrelated traits includ&B (A), 1STBL (B),

days from full bloom to

days from budbreakfull bloom; 1STBL =

days from 10% mature blue fruit to 100% blue fruit; TBB = total days from budbreak to 0% blu

days from Januafytd budbreak; FB

10% mature blue fruit; LSTBL

TBB (C), FB (D), LSTBL (E), and TD (F), with the diversity panel average, averaged genotypic minimum, and averaged genotypic

maximum values. BB

fruit; TD = total days from January'to 100% blue fruit.
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distance at absolute pmsitive fo

Distance at Absolute Positive Force {mm)

equatorial diameter; RI= roundness index; DPF

with the diversity panel average, averaged genotypic minimum, and averaged genotypic max@num val

polar diameter; ED

Roundness Index

Figure 4.6. Distribution of volumerelated metrics across the diversity pafelit volumerelated traits includéW (A), PD (B), ED
PD

(C), RI (D), and DPF (E),

FW = fruit weight;
PD and ED were square transformed for normalization of data.



Figure4.7. Pairwi se Pear sonods c o d#erduatediplemtypcalafadteristias. W & fsuit weayint; 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 atwbguositive 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 diversityigEnding
288 accessions (A), and a reduced panel only including 251 accesglotiselow coverage
accessions are removed (B)
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Mapped and Raw Reads in a Diversity Panel of 251 Accessions

Mapped and Raw Reads in a Diversity Panel of 288 Accessions
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Vaccinum SNP distribution and density on 12 Pesudochromosomes
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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&) and gegplots (FJ) of colorrelated traitsFruit colorrelated
traits includel (A, F), A (B, G), B (C, H)HUE (D, 1), andCRM (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).
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