
ABSTRACT 

BIAN, YANG. Genetic Diversity and Population Structure of Cultivated Blueberries 
(Vaccinium section Cyanococcus spp.). (Under the direction of Dr. Allan Brown). 
 

Blueberry (Vaccinium section Cyanococcus spp.) is an important small fruit crop 

native to North America with an incredible amount of genetic diversity that has yet to be 

efficiently characterized. Through broad natural and directed hybridization, the primary and 

secondary genepools currently utilized includes several distinct species and species hybrids 

in the section Cyanococcus. To date, only a limited number of cultivated blueberries have 

been assessed for genetic diversity in individual taxonomic groups using a limited number of 

molecular markers. A source of genomic SSRs is currently available through the generation 

and assembly of a draft genomic sequence of diploid V. corymbosum (‘W8520’). This 

genomic resource allows for a genome-wide survey of SSRs and the large scale development 

of molecular markers for blueberry genetic diversity studies and beyond.  

Of ~ 358 Mb genomic sequence surveyed, a total number of 43,594 SSRs were 

identified in 7,609 SSR-containing scaffolds (~ 122 counts per Mb). Dinucleotide repeats 

appeared the most abundant repeat types in all genomic regions except the predicted gene 

coding sequences (CDS). SSRs were most frequent and longest in 5’ untranslated region (5’ 

UTR), followed by 3’ UTR, while CDS contained the least frequent and shortest SSRs on 

average. AG/CT and AAG/CTT motifs were most frequent while CG/CG and CCG/CGG 

motifs were the least frequent for dinucleotide and trinucleotide motifs, respectively, in 

transcribed DNA. AAT/ATT motif was the most frequent trinucleotide motif in the 

nontranscribed DNA. 



In this study, 150 blueberry accessions of 8 cultivar types were evaluated for genetic 

diversity, population structure and genetic relationships using 42 genomic and EST-SSR 

markers. An average of 14.2 alleles and 56.0 allele phenotypes per locus were detected. The 

level of genetic diversity in rabbiteye was higher than in southern highbush, and southern 

highbush was higher than northern highbush accessions. Hexaploid V. virgatum was 

remarkably distinct from the rest of cultivar types. The 150 blueberry accessions clustered by 

species, ploidy levels and cultivar types in the neighbor-joining tree.  

Three groups were detected among highbush accessions: a group of the descendents 

of cultivar ‘Weymouth’, a group of primarily northern highbush accessions, and a group of 

primarily southern highbush accessions. A trend toward decreasing genetic distance was 

found among rabbiteye cultivars over cycles of recurrent selection. Genomic SSR markers 

produced greater mean pairwise distance than EST-SSR markers did among rabbiteye 

accessions, which indicated that EST-SSR markers are likely to be less polymorphic relative 

to genomic SSR markers in genetic diversity studies. 
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Chapter One Literature Review 

Economic importance and health benefits 

The United States is the world’s largest producer and consumer of blueberries (Strik 

and Yarborough 2005). In 2010, The U.S. produced and utilized 224,000 tons of blueberries 

with a market value of $644 million (US) (Fig. 1-1). Harvested acreage in the U.S. has 

rapidly expanded from about 16,519 to 28,170 ha in the past decade, while the value of 

production has increased three-fold during the same period (Fig. 1-1). North Carolina has 

traditionally been one of the leading blueberry production regions in the U.S. (Strik and 

Yarborough 2005; Strik 2006), with production, value, and harvested area all showing 

significant increases (Fig. 1-2).  In 2010, North Carolina produced 17,713 tons of blueberries 

with a value of 58 million US dollars (NASS 2010). 

Worldwide production and demand has dramatically increased with South America, 

Europe, and the Asian Pacific regions showing the greatest increases (Banados 2006).  South 

America has surpassed Europe to become the second largest producing region over the past 

decade. Chile and Argentina are the leading producers in South America and have the 

advantage of meeting year-round supply needs in the Northern Hemisphere (Banados 2006). 

The increase in consumers’ demand partially results from the scientific and public realization 

of the health benefits from eating blueberries.  
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Polyphenolic compounds are health-promoting secondary metabolites accumulated in 

vegetables and fruits, and the health benefits of anthocyanins and proanthocyanidins in 

antioxidative and anticarcinogenic effects have been widely studied (Schmidt et al. 2006; 

Wang and Stoner 2008). Natural phenolic compounds have been implicated in preventive 

effect of cardiovascular disease, anti-carcinogenic activities, eye-sight protection, and the 

retarding of degenerative processes (Hou 2003; Mazza 2007; Schmidt et al. 2006).  

Blueberries have drawn particular attention for the high content of anthocyanins, 

flavonols, procyanidins, resveratrol and other types of phenolic compounds, which makes 

blueberry recognized as one of the most healthy and nutritious dietary sources among 

common fruits and vegetables (Hou 2003; Prior et al. 1998; Wang et al. 1996; Wu et al. 

2004). Besides high quantities of anthocyanins, the content of major phenolics in blueberry 

includes flavonols (such as quercetin, kaempferol, myricetin), procyanidins (such as (+)-

catechin and (-)-epicatechin and their oligomers), and resveratrol that all contribute to the 

antioxidant and anticarcinogenic effect (Giovanelli and Buratti 2009; Hakkinen et al. 1999; 

Prior et al. 2001; Rimando et al. 2004; Sellappan et al. 2002). 

A considerable variation in antioxidant capacity has been observed among 

blueberries. Oxygen radical absorbance capacity (ORAC) values ranged from 19 to 131 μmol 

TE/g in 30 genotypes of 9 species of Vaccinium (Moyer et al. 2002). ORAC values varied 

from 13.9 to 45.9 μmol TE/g of fresh berry in 23 genotypes of 4 species in Vaccinium (Prior 

et al. 1998).  Among 87 V. corymbosum cultivars, ORAC ranged from 4.6 to 31.1 μmol TE/g 
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of fresh weight, and the mean value was 15.9 TE/g of fresh weight (Ehlenfeldt and Prior 

2001).  

The composition and quantities of phenolics in blueberries vary widely, depending on 

factors such as species, genotypes, fruit maturity, the year and growing location, and the 

storage (Giovanelli and Buratti 2009; Lee et al. 2004). Lowbush and wild blueberries were 

found generally higher in anthocyanins, total phenolics, and antioxidant capacity, compared 

with highbush blueberries (Kalt et al. 2001; Lee et al. 2004; Moyer et al. 2002). In addition, 

the correlation between berry size to antioxidant activity has been observed in some 

genotypes of highbush blueberries (V. corymbosum), although there seemed to be no or weak 

correlation across Vaccinium species (Moyer et al. 2002). 

Breeding history   

Blueberry is an economically important small fruit with a short but interesting history 

of improvement. Wild blueberries have been cultivated and collected by Native Americans 

for centuries, but the first systematic improvement of blueberry did not occur until well into 

the 20th century (Coville 1937). In addition to V. corymbosum, a few distinct species of the 

section Cyanococcus A. Gray in the genus Vaccinium have been used or of potential value to 

improve the cultivated types today, including V. angustifolium, V. darrowii, V. virgatum, V. 

constablaei, V. tenellum, V. elliottii, V. myrsinites, V. pallidum, V. simulatum, V. myrtilloides, 

and V. boreale (Ballington 2001; Brevis et al. 2008).  The major semicultivated and 

cultivated blueberries include northern or standard highbush blueberries (NHB), southern 
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highbush blueberries (SHB), rabbiteye blueberries (REB), halfhigh blueberries (HHB) and 

lowbush blueberries (LBB).  

NHB (primarily V. corymbosum) is native to the eastern third of the U.S. and 

southeastern Canada.  F.V. Coville initiated the first NHB breeding program in New Jersey 

and developed the first hybrids between elite wild clones ‘Russell’ (V. angustifolium) and 

‘Brooks’ (V. corymbosum) in 1911 (Coville 1937). Working primarily with several wild 

clones of V. corymbosum and hybrids with LBB clones (V. angustifolium), Coville was able 

to breed 15 NHB cultivars by the time of his death in 1937 (Moore 1965). G.M. Darrow 

resumed and expanded Coville's work at USDA, Beltsville, M.D. Through extensive 

collaborations with both private growers and public scientists, Darrow distributed materials 

to various programs for evaluation in many states. Up to 1964, 15 additional NHB cultivar 

developed from Coville’s original breeding populations were released by USDA (Moore 

1965).  

SHB breeding program was initiated by R.H. Shape in Florida in 1948. R.H. Sharpe 

and A.D. Draper pioneered in interspecific hybridization of southern low chilling species V. 

darrowii with V. corymbosum in order to achieve the goal of low chilling requirement and 

general adaptation. As a result, most SHB cultivars had V. darrowii germpalsm incorporated 

(Ballington 2001). Sharpe also developed and tested various interspecific hybrids involving 

V. darrowii, V. virgatum and V. tenellum for incorporating low chilling requirement to 

existing blueberry genepool (Sharpe 1954).  The first SHB cultivars ‘Flordablue’, 

‘Sharpblue’, and ‘Avonblue’ were released in 1976 and 1977 (Sharpe and Sherman 1976a; 
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Sharpe and Sherman 1976b; Sherman and Sharpe 1977). Draper (USDA, Beltsville, M.D.) 

crossed elite V. darrowii wild selection ‘Florida 4B’ (‘Fla 4B’) to the NHB cultivar 

‘Bluecrop’ and the cross resulted in ‘US 74’, ‘US 75’, ‘US 237’, ‘US 337’, and ‘US 340’. 

These hybrids were widely used as sources of V. darrowii germplasm for SHB breeding. 

Draper released successful northern and southern highbush cultivars including ‘Duke’, 

‘Elliott’, ‘Nelson’ and ‘Legacy’ (Hancock et al. 2008). The collaboration between Draper 

and breeders in the breeding programs in the southern states released many important SHB 

cultivars (Galletta and Ballington 1996). As a result of these and other intra- and inter-

specific crosses, blueberry cultivars have complex pedigrees that can reflect multiple species 

and even multiple ploidy series.  

LBB is predominantly V. angustifolium (2n=4x=48) but has been introgressed in 

natural populations with both V. myrtilloides (2n=2x=24) and occasionally V. boreale 

(2n=2x=24) (Galletta and Ballington 1996). As the name implies, lowbush blueberry 

generally does not grow more than half meter in height and is native to Canada and the 

northeastern U.S. LBB cultivars are much improved over wild genotypes, but their 

acceptance by commercial grower has been hindered due to difficulties and expense of 

propagation (Galletta and Ballington 1996).  The efforts to improve germplasm through 

systematic breeding efforts have been limited in scope, although a few representative 

cultivars such as ‘Augusta’, ‘Blomidon’, ‘Brunswick’ and ‘Fundy’ have been developed 

from wild selections and hybrids (Galletta and Ballington 1996). V. angustifolium has been 

identified as a source of resistance to stem blight (Botryosphaeria dothidea) for highbush 
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cultivars (Buckley 1990). All blight-resistant highbush cultivars that have been identified 

include V. angustifolium germplasm (Galletta and Ballington 1996). 

HHB is essentially V. corymbosum genetic background hybridized with significant 

percentage of V. angustifolium. The majority of genetic contribution of V. angustifolium have 

been made through ‘Russell’ used by Coville in the founding crosses, ‘North Sedgwick’ and 

‘Michigan lowbush #1’ used to develop more recent highbush cultivars by state and USDA 

cooperative breeding programs, and ‘R2P4’ (hybrid of V. corymbosum and V. angustifolium) 

used in the University of Minnesota HHB program (Ehlenfeldt 1994; Galletta and Ballington 

1996). The Minnesota HHB breeding program developed HHB cultivars including 

‘Northblue’, ‘Northcounty’, ‘St.Cloud’, ‘Chippewa’, ‘Northsky’ and ‘Polaris’. The low 

stature of halfhigh types allows flower buds to stay under the snowline and overwinter in 

regions such as Scandinavia and Minnesota. Stanley Johnson at Michigan State University 

successfully developed halfhigh cultivars including ‘Northland’, which had the improved 

cold tolerance compared to standard NHB and much higher yields compared to lowbush 

(Finn et al. 1990). Development of HHB genotypes involving the hybridization of V. 

pallidum and V. corymbosum has been conducted in the North Carolina State University 

breeding program but none has yet been named as cultivars (Galletta and Ballington 1996). 

REB (V. virgatum or syn. V. ashei, 2n=6x=72) is named after the distinctive pink 

color of the premature berries. Natural populations of V. virgatum occur from South 

Carolina, Georgia and northern Florida and westward to east Texas and Arkansas (Ballington 

2006). Breeding of REB was initiated by George Darrow in the 1930s (Hancock et al. 2008). 
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Commercial cultivars of rabbiteye blueberry are largely traced back to four native selections 

of V. virgatum (‘Ethel’, ‘Clara’, ‘Myers’ and ‘Black Giant’) distributed at three 

geographically separated regions of Florida and Georgia (Aruna et al. 1993). The most 

influential rabbiteye breeding programs reside in Georgia Coastal Plain Experimental Station 

(Tifton, Ga.), the North Carolina Experiment Station and University of Florida.  

Pentaploid blueberry genotypes (2n=5x=60) may occur when hexaploid species are 

crossed with tetraploid species. Two female fertile pentaploid cultivars ‘Pearl River’ (Spiers 

et al. 1997) and ‘Robeson’ (Ballington and Rooks 2009) have been released. Through 

interploid hybridization, the REB parent provided new source of low chilling genes and other 

desirable traits to V. corymbosum. The backcrossing of relatively fertile pentaploid genotypes 

to tetraploid or hexaploid genotypes usually results in aneuploid progeny with infertility in 

most cases. When diploid V. darrowii genotypes are crossed with hexaploid rabbiteye 

genotypes, the progeny are usually pentaploid hybrids resulting from the unreduced 2n 

gametes from the diploid parent (Ortiz et al. 1992). Such pentaploid hybrids have been 

backcrossed to standard highbush over several generations to generate SHB cultivars, for 

example, the SHB cultivars ‘Sharpblue’ (Sharpe and Sherman 1976b) and ‘O’Neal’ 

(Ballington et al. 1990). 

Genetic diversity and relationships among blueberries 

The richness of natural variation in crops is a sustainable resource that is used to 

improve productivity, adaption, quality and nutrition of agricultural products (Gur and Zamir 

2004). A comprehensive and accurate characterization of genetic variation in representative 
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populations is generally considered to be among the first steps to effectively utilizing genetic 

variation in plant improvement (Kresovich and Mcferson 1992). Wild species benefit from 

genetic variation through increased plasticity of response to biotic and abiotic stress across 

multiple or altering environments. The challenge to breeders is to identify, dissect, and utilize 

key genetic variations from wild species to improve elite materials without sacrificing yield, 

uniformity and other characteristics demanded by growers (Gur and Zamir 2004). Of 

particular concern to breeders is that domestication and directional selection over time often 

decrease the genetic bases of crop species (Gur and Zamir 2004; Hamblin et al. 2011). 

Therefore, evaluating, maintaining and extending the current genepools are essential in 

expanding the range of crop cultivation and improving agronomic traits in general 

(Ballington 2001; Gur and Zamir 2004). Without such expansion of the genepool, 

phenomena such as inbreeding depression may cause significant reduction and even severe 

yield loss in blueberries (Aruna et al. 1993). A steady increase in the level of inbreeding for 

highbush blueberry cultivars was identified from the period of 1910-1920 (F=0.0017) to 

1981-1990 (F=0.0281) based on a tetrasomic model (Ehlenfeldt 1994). Although the 

increased inbreeding coefficient has not caused a detrimental situation in V. corymbosum 

cultivars per se (Ehlenfeldt 1994), there is definitely a limit to the amount of inbreeding V. 

corymbosum can tolerate (Hancock and Siefker 1982). Also, the frequent use of the same 

breeding germplasm for blueberry improvement may likely result in cross-incompatibility 

among newly developed blueberry cultivars over time, which is not acceptable in commercial 

production that requires cross pollination to maximize yield (Aruna et al. 1993).   
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It is generally recognized that blueberry genepools represent considerable 

morphological and genetic variability as a consequence of interspecific hybridization during 

the short but significant history of genetic improvement (Ballington 2001; Chavez and 

Lyrene 2010; Wenslaff and Lyrene 2003).  In nature, large scale hybridization between the 

distinct Vaccinium species often occurs due to a lack of sterility barriers between species of 

the same ploidy level (Camp 1945). Self-incompatibility and inbreeding depression are 

common phenomena in Vaccinium section Cyanococcus species and further encourages 

outcrossing (Ballington 2001; Brevis et al. 2008; Vanderkloet and Lyrene 1987). Outcrossing 

results in a re-shuffling of genetic combinations and expands heterogeneity among species. 

As blueberries are generally clonally propagated, this heterogeneity is expected to be 

maintained.  

Morphological variation including characteristics of flower, fruit, leaf, twig, and 

growth habit were the initial basis for taxonomic classification within Vaccinium section 

Cyanococcus (Bruederle and Vorsa 1994; Ritzinger and Lyrene 1999). Reliance on these 

morphological characteristics has led to numerous discrepancies in taxonomy (Camp 1942a; 

Camp 1942b; Camp 1945; Vander Kloet 1988; Vanderkloet 1983). Camp (1945) recognized 

9 diploid species, 12 tetraploid species and 3 hexaploid species in the section, while Van der 

Kloet (1988) recognized 6 diploid species, 5 tetraploid species, and 1 hexaploid species, and 

also considered V. corymbosum as occurring at all three ploidy levels. Morphological 

characteristics have also been used to distinguish hybrids from interspecific crosses (Brooks 

and Lyrene 1998; Chavez and Lyrene 2010; Wenslaff and Lyrene 2003). Anther awns, large 
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seed size, bracteole shape and marginal glands are all unique dominant characters of 

sparkleberry (V. arboreum) used to identify hybrids between sparkleberry and blueberry 

(Brooks and Lyrene 1998). However, the expression of many phenotypic traits is hard to 

predict due to environmental effects, the polygenic nature of many of the traits and potential 

genotype by environment interactions (Brooks and Lyrene 1998). The hybrids were 

morphologically distinct from one another, and the prediction merely based on 

morphological characteristics was difficult. 

Physiological characteristics such as the mode of reproduction, phenology, and spatial 

and geographic distribution have all been considered useful in illustrating the potential 

degree of genetic diversity within blueberry species (Bruederle et al. 1991). For example, the 

nature of vegetative reproduction in the rhizomatous lowbush blueberry species, e.g. V. 

tenellum, was considered as an indication of its lower genetic diversity than that in crown-

forming highbush species, e.g. V. elliottii, and that the most geographic widespread species 

V. myrtilloides was likely to have greater genetic variation than the regionally distributed 

species, e.g V. tenellum or V. boreale (Bruederle et al. 1991). However, these indicators are 

often proved ambiguous and sometimes contradictory (Bruederle et al. 1991).  

 Generally, the following factors affect the accuracy and applicability of using 

morphological characteristics in diversity analysis. First, the observed variation can be 

influenced by the particular growing environment, which leads to imprecise estimates of 

diversity. Interactions between genetic factors and specific environments can also impact 

diversity analysis. Second, heritability of some morphological characteristics is low because 
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the heritability is determined by the proportion of variations due to genetic factors, 

environments, and interaction between genetic factors and environments. Third, the 

inheritance of many morphological and agronomical traits are complex, and the polygenic 

nature makes the variation not always obviously distinguishable, and thus the classification 

based on morphological characteristics may overestimate similarity (Brooks and Lyrene 

1998; Chavez and Lyrene 2010). Four, variation of morphological traits may be subject to 

selection or related to agronomical traits, and thus the non-neutrality of morphological 

markers may introduce bias into the estimate of diversity in natural population. In addition, 

morphology based evaluation is slow for some traits. In most northern highbush, southern 

highbush and rabbiteye breeding programs, evaluation can begin two years after planting 

(Hancock et al. 2008). Moreover, there are often inadequate numbers of morphological 

indices (either qualitative or quantitative characteristics) for scoring purposes, especially for 

cultivars or individuals within the same taxon. Finally, evaluation for some agronomic traits, 

such as disease screening, is expensive, labor intensive, and highly skill-dependent. All these 

limitations are needed to be effectively complemented by DNA variation to expand the range 

and improve the accuracy of genetic diversity studies.  

 Molecular markers are designed to characterize variation at the level of DNA, RNA 

(theoretically), and protein. Allozyme analyses were first used to quantify genetic diversity 

within section Cyanococcus (Bruederle et al. 1991; Bruederle and Vorsa 1994).  Among 14 

natural populations of the 3 diploid species V. elliottii, V. myrtilloides, and V. tenellum, 18 

polymorphic loci with an average of 2.8 alleles per locus were able to resolve differences 
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among species (Bruederle et al. 1991). At 11 polymorphic loci examined, the average 

number of alleles per polymorphic locus ranged from 2.2 to 3.5 in 25 natural populations of 7 

blueberry diploid species (Bruederle and Vorsa 1994). Although allozyme analyses could 

estimate diversity at species/population level to some extent, the low variation among 

cultivars as well as technical difficulty in access limited the application in practice. 

DNA molecular markers occur in greater abundance, have a greater degree of 

polymorphisms, and complete heritability. DNA markers are not influenced by a particular 

environment, development stage of the plant, or by clonal variation (Collard et al. 2005; 

Winter and Kahl 1995). Useful genetic variation at the level of DNA polymorphisms is 

primarily comprised of neutral or weakly selected mutations (Hamblin et al. 2011). 

Nucleotide mutability is expressed in terms of point mutations at a specific rate per 

generation. For example, 10-8 events per base pair per generation have been observed in 

Arabidopsis thaliana (Ossowski et al. 2010).  Mutations that occur in functional loci can be 

classified as deleterious, neutral or advantageous.  Deleterious alleles are either lethal or are 

selected against over time, while the rare advantageous mutations quickly become fixed in 

populations. Neutral or weakly selected mutations tend to be maintained in equilibrium and 

segregate readily in plant populations (Hamblin et al. 2011). In addition to mutation and 

natural selection, molecular diversity is also influenced by genetic drift, domestication, and 

human selection (Alonso-Blanco et al. 2009; Boches et al. 2006a; Hamblin et al. 2007; 

Russell et al. 2004). It has been suggested, for example, that cultivated NHB blueberries 

could be genetically less diverse than wild corymbosum due to the effects of domestication, 
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limited founders and directional selection on cultivated blueberries (Boches et al. 2006a; 

Brevis et al. 2008). By applying DNA evolution to empirical data, population geneticists 

used molecular data in attempts to estimate genetic distance, determine how long ago 

populations diverged, and measure the quantity of gene flow among populations (Ellegren 

2004). Several molecular markers, including Randomly Amplified Polymorphic DNA 

(RAPD) and ISSR (Inter Simple Sequence Repeat), Expressed Sequence Tag-PCR (EST-

PCR), Cleaved Amplified Polymorphism (CAPS), and microsatellite (Single Sequence 

Repeat, SSR) have been utilized to characterize diversity and genetic relationships among 

limited populations of lowbush, rabbiteye, and highbush blueberry germplasm (Aruna et al. 

1993; Boches et al. 2006a; Debnath 2009; Rowland et al. 2003a).  

RAPDs were the first DNA based molecular markers used in blueberry to reveal 

genetic diversity, but low polymorphism and poor reproducibility restricted their use. Aruna 

et al. (1993) profiled a representative set of 15 improved REB cultivars and 4 wild selections, 

using 19 RAPDs with 113 polymorphic bands. A further study demonstrated that only 4 of 

the RAPDs (producing 11 bands) were required to distinguish the same germplasm set 

(Aruna et al. 1995). The genetic relationship predicted by the RAPDs was in general 

agreement with the known pedigree information and the phenotypic characteristics (Aruna et 

al. 1993). Furthermore, the author found a significant increase of genetic relatedness among 

the improved rabbiteye cultivars, and suggested that the inbreeding effect was substantial 

during recurrent selection (using the same materials as cross parents), especially when the 

initial population was based on narrow genetic founders, as in the case of blueberry (Aruna et 
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al. 1993). In other studies, the genetic relationships based on RAPDs conformed less to 

known pedigree information among highbush genotypes. Levi and Rowland (1997) 

developed profiles for 12 NHB genotypes, 3 SHB genotypes, 2 REB genotypes, and ‘Florida 

4B’ (V. darrowii) using 15 RAPD and 3 ISSR (Inter Simple Sequence Repeat, primers 

comprised of SSR motifs) markers that produced 183 polymorphic bands. While the study 

distinguished the highbush genotypes from REB and ‘Florida 4B’, the estimated genetic 

relationship among the highbush genotypes was not in accordance with known pedigree data 

(Levi and Rowland 1997). In the more recent studies, Burgher et al. (2002) used 11 RAPD 

markers that generated 73 polymorphic bands to obtain DNA profiles of 26 lowbush 

blueberry genotypes that represented four geographical zones (Maine, United States; New 

Brunswick, northern Nova Scotia, and western Nova Scotia, Canada)(Burgher et al. 2002). 

Debnath (2009) used 13 ISSR markers that generated 242 polymorphic bands to identify 

genetic profiles and establish relationships of 43 wild lowbush accessions collected from 10 

communities in Canada and a cultivar ‘Fundy’. However, substantial degree of genetic 

similarity was found among these wild collections although they were collected from 

geographical distant regions. The result of AMOVA indicated that geographical locality 

could explain only a small proportion of genetic variation (27%) and majority of the total 

variation was due to genotypic variation per se for lowbush (V. angustifolium) (Debnath 

2009) . 

EST-PCR and CAPS represented a second generation of DNA markers in blueberry 

genetic fingerprinting and relationship studies. Compared with RAPDs, EST-PCR was higher 
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in discrimination power and transferability. Rowland et al. (2003a) developed a set of EST-

PCR markers from highbush blueberry cDNA libraries of floral buds under cold acclimation 

and non-acclimation. By using 17 EST-PCR amplification products, with or without 

restriction enzyme digestion, they were able to distinguish 19 blueberry genotypes (17 

genotypes from tetraploid V. corymbosum and hexaploid V. virgatum, and 2 wild selections 

of V. darrowii and diploid V. corymbosum) (Rowland et al. 2003a). The correlation of 

similarity matrices based on EST-PCR data and coancestry coefficient data was only 

moderate (r=0.32, p<0.0001). These highbush-derived EST-PCR markers were also 

transferable to other blueberry species. Bell et al. (2008) adopted 16 of the same set of EST-

PCR markers. They obtained an expected dendrogram for 4 pedigreed lowbush cultivars (V. 

angustifolium) and 10 genotypes of 4 related lowbush species (V. pallidum, V. corymbosum, 

V. boreale, and V. myrtilloides) (Bell et al. 2008). EST-PCR markers developed from 

highbush blueberry were also useful in genetic profiling and examining relationships among 

REB. 83% polymorphic markers developed from the highbush blueberry cDNA library also 

showed polymorphism in the collection of rabbiteye cultivars but the correlation between 

EST-PCR data and coancestry coefficient data was also moderate (r=0.3, p<0.0001) 

(Rowland et al. 2010). EST-PCR markers with CAPS were transferable across sections and 

related genera in the Ericaceae (Rowland et al. 2003b). Rowland et al. (2003b) found that 

35% and 72% of the tested highbush EST-PCR markers were polymorphic in cranberry (V. 

oxycoccus and V. macrocarpon) and more distantly related rhododendron genotypes 

(Rhododendron arboreum, R. maximum, R. ponticum, and complex species hybrids), 
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respectively. While the EST-based molecular markers were an improvement over RAPD 

markers, they required a-priori knowledge of EST sequences which are limited in 

availability in Vaccinium.  In addition, the correlation of molecular diversity estimates with 

known pedigree information was poor to moderate in studies with relatively small numbers 

of genotypes. Furthermore, the development of EST-based markers may be involved in an 

ascertainment bias for the propensity of choosing abundant ESTs. Without normalization, 

EST clones used to develop markers may suffer from an over-representation of highly 

abundant transcripts and an under-representation of rare but important classes of transcripts 

such as regulatory genes and transcriptional factors (Alkharouf et al. 2007). 

Currently the markers of choice for genetic diversity studies are PCR-based 

microsatellite markers.  Markers for microsatellites or simple sequence repeats (SSRs) are 

comprised of tandem repeats of two to six nucleotide long DNA motifs.  Microsatellites are 

highly mutable. The microsatellite mutation rate is 10-2 to 10-6 events/locus/generation, much 

higher than point mutations (10-8 events /bp/generation in Arabidopsis thaliana ) (Li et al. 

2002; Ossowski et al. 2010). Microsatellites have a number of inherent attributes that make 

them desirable for genetic analysis including multiallelic nature, codominant inheritance, 

high reproducibility, relative abundance, broad genome coverage, unique or specific 

locations, and compatibility to automated and high throughput genotyping (Kalia et al. 2011). 

Boches et al. (2005) utilized the first set of blueberry SSR markers consisting of 20 EST-

SSRs derived from two EST libraries and 10 genomic SSRs developed from an SSR-

enriched library to screen for polymorphisms among 11 tetraploid and 1 diploid V. 
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corymbosum genotypes. The number of alleles per locus within this set ranged from 2 to 15 

(average of 8) for 24 single-locus microsatellites. Five SSR markers amplified fragments 

from multiple loci. In a further study, this group also utilized the same marker set to assess 

genetic diversity among a larger set of 69 HB genotypes (Boches et al. 2006a). These 

genotypes included 13 wild V. corymbosum and 56 blueberry cultivars (21 historical NHB, 

16 modern NHB, and 19 SHB). Unique fingerprints were obtained for the 69 genotypes. An 

average of ~18 alleles per single locus was observed. The average number of alleles, the 

number of unique alleles, and the average diversity per locus was greater among the wild 

genotypes than the cultivated blueberries. Clustering analysis based on Neighbor Joining 

(NJ) separated three main clades: a mixture of wild and northern highbush blueberries, a 

southern highbush, and a northern highbush group. In the NJ tree and Principal Component 

Analysis, the wild genotypes were separated into groups in agreement with their 

geographical origins. The authors attributed the relative higher genetic diversity among NHB 

(compared to other crops) to polysomic inheritance, distinct founding parents, and the out-

crossing nature of blueberries. Correlation of similarity matrices based on SSR data and 

coancestry coefficient was somehow low (r=0.35, p=0.017). Brevis et al. (2008) adopted 21 

SSR markers from Boches et al. (2006a) to investigate the heterozygosity and genetic 

distances between 68 blueberry genotypes. However, the correlation between genetic 

distances based on these SSRs and pedigree was significant but only moderate (r=0.57, 

p<0.0001) between 38 SHB.  
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Previous low to moderate correlations between EST-SSR data and pedigree based 

data may be due to a number of factors including: an inadequate number of markers, a lack of 

polymorphism in closely related genotypes, and the deviation from the neutrality assumption 

for EST-based SSRs. On the other hand, it happens that incomplete or poor record keeping of 

pedigrees and uncertainty on the mode of inheritance confound the estimate. In some crops, 

the polymorphic rate of EST-SSRs has not been sufficient to distinguish among closely 

related genotypes. Randomly selected EST-SSRs in coffee, for example, were found to have 

relatively low polymorphic rates and thus were not efficient in detecting intraspecific 

variation in coffee and related species (Aggarwal et al. 2007). Finally, microsatellites 

associated with the genes and loci underlying ecological adaptation and agronomical traits 

may have gone through selective sweep in evolution and crop genetic improvement and thus 

might not be neutral (Table 1-1) (Kashi and King 2006).  

DNA molecular markers have been applied to blueberry since the 1990s, and have 

been used to reveal genetic diversity, but these studies have suffered from a number of 

restrictions and limitations. First, the analyses have been constrained by the limited number 

of available polymorphic markers (typically less than 30 per study). Second, analyses have 

usually been limited to a small number of genotypes (typically less than 80 samples). Third, a 

definitive, broad-based study across cultivated blueberries (NHB, SHB, REB, HHB, and 

LBB) developed from multiple species, ploidy levels, and origins has not been attempted. 

Perhaps due to these factors, poor correlations have been observed between the results of 

these studies and known information concerning pedigrees. Correlation between the 
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similarity matrices based on molecular data and coefficient of coancestry based on pedigree 

ranged from 0.35 to 0.57 using EST-SSR (Boches et al. 2006a; Brevis et al. 2008) and about 

0.3 using EST-PCR (Rowland et al. 2003a; Rowland et al. 2010). To date, the largest 

population of cultivars used for genetic profiling and relationship studies in blueberry 

germplasm has been 69. The total number of published SSR markers in blueberries to date is 

28. The primary blueberry cultivar types (i.e. northern highbush, southern highbush, 

lowbush, and rabbiteye) have not been evaluated in a comprehensive manner using non-

adaptive markers. A core set of molecular markers with high discriminatory power and 

transferability is currently needed to accurately estimate the genetic diversity present in 

breeding populations.  

DNA markers may accelerate the breeding processes by allowing for isolation of 

DNA from seedlings and preliminary selection before fruiting. In most highbush and 

rabbiteye breeding programs, evaluation may begin two years after planting. Selections of 

fruiting characteristics or other traits are made over the next two years. The whole selection 

and testing process may take 15 to 20 years for release a new cultivar from the original cross 

(Hancock et al. 2008). For the future development of blueberry cultivars, marker-assisted 

breeding may facilitate choosing breeding parents and selecting for elite crossing progeny in 

conjunction with phenotypical selection. For example, the northern highbush cultivars which 

actually had been developed merely based on several founding selections could expect to 

expand the genetic bases by incorporating additional diverse breeding parents. Finally, 

accurate identification of cultivar and other germplasm is also crucial for breeding/repository 
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programs to optimize germplasm conservation and utilization. Nevertheless, some potential 

drawbacks of SSR-based approaches should be noticed.  First, the occasional occurrence of 

null alleles (i.e. failure in amplifying the intended PCR product due to mutation in the primer 

aligning sequence) and missing data may result in loss of information or overestimate of 

genetic similarity. Second, SSR alleles are identical in state (rather than identical by descent) 

according to the step-wise mutation model (Ellegren 2004). The identical alleles may have 

reached this state through gain or loss of repeats, which may cause the underestimation of 

genetic distance. Furthermore, loci may differ in mutation rates and directionality (i.e. in 

favor of repeat expansion or contraction in mutation events). It is recommended to use well 

characterized markers with respect to mutational properties and use sufficient markers 

distributed genome-wide (Brandstrom and Ellegren 2008; Ellegren 2004). Finally, in practice 

the PCR artifacts such as split and stuttering peaks may bring additional difficulty in 

determining the fragment profiles. 

Comparison of EST and genomic SSR markers 

Two classes of SSR markers have emerged in recent years. SSR markers have been 

successfully developed from the various strategies including BAC libraries, gene related 

sequences, SSR-enriched libraries, and cross-species transferability in plants (Varshney et al. 

2005). The progress of SSR mining in blueberry genes have been primarily due to the 

development of EST libraries (Dhanaraj et al. 2004; Dhanaraj et al. 2007; Zifkin et al. 2012) 

and gene database (Alkharouf et al. 2007). SSR markers from blueberry genomic sources 

have been limited by the complexity and low efficiency of constructing a genomic SSR-
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enriched library from which SSRs were isolated (Boches et al. 2005; Ritschel et al. 2004). 

Next generation sequencing technology and computational platform provide the opportunity 

for the rapid and effective strategy of generating long-length sequence reads in crop species. 

Genome-wide SSR investigation and marker development have become feasible in several 

crop species thanks to the rapidly increasing amount of genomic sequence data (Jun et al. 

2011; Li et al. 2011).  

Genomic SSRs have generally been found to be more efficient and powerful in 

profiling closely related genotypes. The rate of polymorphisms have been compared between 

SSRs derived from genic and genomic sequences in various crops including common bean 

(Hanai et al. 2007), rice (Cho et al. 2000), wheat (Leigh et al. 2003), barley (Chabane et al. 

2005), sugar beet (Laurent et al. 2007), sugarcane (Pinto et al. 2006), and durum wheat 

(Eujayl et al. 2001). The genomic SSRs were generally found more polymorphic in terms of 

percentage of polymorphic loci (%), range of number of alleles per locus, average number of 

alleles per locus, and average expected heterozygosity with a few exceptions in common 

bean and sugar beet (Table 1-2). On the other hand, EST-SSR markers are more likely to be 

conserved across species and transferable in related species (Ellis and Burke 2007). 

Polymorphic SSRs developed in one species that can be successfully utilized in related 

species are called transferable markers. EST-SSR markers developed from V. corymbosum, 

for example, were transferable among related species in the section Cyanococcus and also 

showed utility in the sections Oxycoccos, Herpothamnus, Myrtillus, and Batodendron 

(Boches et al. 2006b). Transferability is an important quality for marker development in 
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orphan crops with limited genomic resources. Transferable markers have value as reference 

markers in understanding genome synteny, aligning related genetic maps, identifying 

homologous genes, and in marker assisted backcrossing from wild species (Yu et al. 2004). 

In addition, EST-SSRs may reflect functional diversity because EST-SSRs are derived from 

the transcripts specific to the spatial, temporal and environmental conditions. For this reason, 

EST-SSR markers are likely to be directly related to traits of interest in genetic improvement 

and breeding.  

For natural populations, the accuracy of diversity estimated by SSR markers is 

contingent on the presence of a number of selectively neutral length variants at microsatellite 

loci (Ellison and Shaw 2010). While selective forces have impact on SSRs in coding 

sequences, SSRs in intergenic or intronic regions are assumed to be selectively neutral or 

non-lethal, although genomic SSRs might affect binding and transcriptional regulation. 

Under the assumption of neutrality, genomic SSRs should provide greater inference for 

estimates of genetic diversity in natural populations, which means that the allelic diversity of 

genomic SSRs could more accurately reflect the underlying mutational and demographic 

processes from which they arise. For (partially) domesticated crop species such as species in 

section Cyanococcus, another possibility is that the most effective way to estimate diversity 

is to use a mixture of genomic and genic SSRs. By this approach, neutral diversity (genomic) 

and adaptive diversity (genic) are combined for a more complete representation of the 

molecular variability present in breeding populations. However, no efforts have been 

attempted to account for the possible over-representation of adaptive diversity in the previous 
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blueberry diversity studies, although some EST-based studies included few genomic markers 

but apparently not for this purpose (Boches et al. 2006a).  
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Chapter Two - Characterization of Genomic 

Microsatellites and Marker Development  

Introduction 

Currently, there are 25,767 blueberry EST sequences publically available through 

NCBI. The majority of these were derived from floral buds of the NHB cultivar ‘Bluecrop’ 

(Dhanaraj et al. 2004; Dhanaraj et al. 2007) and multiple fruit stages of the NHB cultivar 

‘Rubel’ (Zifkin et al. 2012). An additional 600,000 ESTs have recently been being generated 

through further work and have been deposited to the Short Read Archive of NCBI (Rowland 

et al. submitted). Development of sequence-based molecular markers in blueberry (i.e. EST-

SSR and EST-PCR markers) has relied primarily on data mining of these EST sequences 

(Boches et al. 2005; Rowland et al. 2003a). A limited number of these markers have been 

used for genetic diversity studies (Boches et al. 2006a; Brevis et al. 2008) and the 

construction of sparse genetic linkage maps (Brevis et al. 2007).   

A source of genomic SSRs is available through the generation of a draft genomic 

sequence of diploid blueberry ‘W8520’, recently generated and currently being assembled 

(Brown, personal communication). This resource allows for a genome-wide survey of SSRs 

in blueberry and the large scale development of molecular markers. In the present study, SSR 

frequencies across genomic fractions were identified, flanking primers corresponding to 
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these SSRs were designed, and the use of the primers were validated through observed 

fragment amplification and polymorphism among diverse sets of blueberry germplasm. 

Materials and methods 

Survey of genomic SSRs  

The PERL5 script MIcroSAtellite (MISA) (Thiel et al. 2003) was used to identify and 

localize the presence of the perfect SSRs (di- to hexa- nucleotides) on the genomic 

scaffolding as of May 2011, with a minimum number of 6 repeats for di-nucleotides and 5 

repeats for tri-nucleotides and larger. Mononucleotide repeats were not included since it was 

difficult to exclude errors during sequencing and assembly. Putative genes were predicted for 

the purpose of this study using the software, Augustus v.2.5, with Arabidopsis thaliana as 

training set (Stanke et al. 2008). The putative transcribed sequences were extracted and 

searched for SSRs. SSR statistics for nontranscribed DNA was obtained by subtracting SSR 

data in transcribed DNA from the searches obtained for whole genome. The transcribed 

region of the genome was further fractioned into the predicted coding sequences (CDS), the 

5’ and 3’ untranslated regions (5' UTR and 3'UTR), and predicted introns. These fractions 

were extracted and then searched separately for SSRs.  

The SSR motifs were merged by combining complementary sequences (e.g. the 

motifs AC, CA, GT and TG were combined as a single category AC/GT). The number of 

repeats for each motif category was recorded. The frequencies and average length of the 
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perfect SSRs (di- to hexa-nucleotides) were calculated for both the transcribed and 

nontranscribed regions.  

Primer design for genomic SSRs 

One thousand primer pairs were designed to flank SSRs present in the largest 

genomic scaffolds using PRIMER 3 (Rozen and Skaletsky 2000). Primers were designed to 

produce an expected fragment size from 100 to 300 bp, with an optimal primer size of 20 bp. 

Default settings were used for all other parameters. The primers were synthesized by 

Integrated DNA Technologies, Inc. (Coraville, Iowa). For the purposes of this study, 136 

genomic SSR primers (one SSR primer per scaffold) were randomly selected from the 

original 1000 for screening and further analysis. M-13 (-21) sequence tails 

(TGTAAAACGACGGCCAGT) were added to 5’ end of the forward primer to facilitate 

fluorescence labeling and automated genotyping (Schuelke 2000).  

EST-SSR markers from EST libraries and transcriptome sequencing 

To allow comparison of the new genomic SSRs with existing EST-SSRs,  a set of 20 

EST-SSRs previously developed  from the NHB ‘Bluecrop’ floral bud libraries 

(Boches et al. 2005) were used in the study. Fifteen additional EST-SSR primer sequences 

were also provided courtesy of Dr. Lisa Rowland (USDA-ARS, Beltsville, MD).  

PCR and genotyping 

The  primers for genomic and EST-SSR were screened for amplification and 

polymorphism using a diverse panel ranging from 8 to 16 blueberry genotypes that included 
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diploid, tetraploid and hexaploid chromosome levels. Included were the genotypes ‘Premier’, 

’Duplin’, ‘O’Neal’, ‘Duke’, ‘Blueray’, ‘Biloxi’, ‘Sunrise’, and ‘Bounty’; ‘Ashworth’, 

‘Avonblue’, ‘W8520’, ‘Fla 4B’, ‘Berkeley’, ‘W8523’, ‘Earliblue’, and ‘Pearl River’. DNA of 

some of these materials was provided courtesy of Dr. Nahla Bassil (USDA-ARS-NCGR, 

Corvallis, OR). 

A modified touchdown PCR (TD-PCR) protocol was used (Korbie and Mattick 

2008). Conditions of the PCR amplification were as follows: 94°C for 5 minutes; 20 cycles 

of 94°C for 40s, 60°C or 65°C for 40s and 72°C for 40s, annealing temperate reduced to 

50°C or 55°C by 0.5°C per cycle, followed by 15 cycles of 94°C for 40s, 50°C for 40s and 

72°C for 40s; and a final extension at 72°C for 30 min. All reactions were conducted using 

ABI GeneAmp 9700 thermocycler (Applied Biosystems). PCR reaction was prepared in a 10 

µl volume that contained 10 ng of genomic DNA template, 1x buffer, 2 mM MgCl2, 200 µm 

of each dNTP, 0.1 µM M13 (-21) tailed forward primer, 0.2 µM reverse primer, 0.2 µM 

FAM-labeled M13 (-21) universal  primer, and 0.25 units of Taq DNA polymerase (Bioline 

Inc.). PCR products were separated on a 3% agarose gel and then visualized by ethidium 

bromide staining.  

Genotyping was conducted on an ABI 3730xl DNA Analyzer (Applied Biosystems) 

with allele calling using GeneMapper V4.0 (Applied Biosystems).  PCR products were 

diluted with HPLC grade water depending on band intensity (from1:1 to 1:20). The diluted 

PCR product (0.5 µl) was added to 9.5 µl of the mixture of HiDi formamide (Applied 

Biosystems) and GeneScan 600 LIZ size standard (Applied Biosystems) that were pre-mixed 



 

28 

at a ratio of 6ul LIZ : 1000ul formamide. The PCR product mixture was denatured at 94°C 

for 5 min before capillary electrophoresis was performed. The processed SSR data was 

uploaded to ‘polysat’ package in R for further statistical analyses (Clark and Jasieniuk 2011).  

Results 

SSR frequency and distribution in blueberry genome 

The assembly at the time of analysis included a total of 358 Mb sequence (15,129 

scaffolds).  A total number of 43,594 SSRs (~ 122 counts per Mb) were identified in 7,609 

SSR-containing scaffolds with a maximum of 34,773 di- followed by 7,023 tri- and 1,185 

tetra-nucleotide repeats (Table 2-1). Dinucleotide repeats appeared the most abundant repeat 

types in all genomic regions except in the predicted gene coding sequences (CDS).  

Frequency of SSRs differed across transcribed DNA (Table 2-2). Of the transcribed 

DNA, frequency of SSR was found highest in 5’UTR (370.1 counts per Mb), followed by 3’ 

UTR (143.5 counts per Mb) (Table 2-2). The same trend has been reported in rice and 

Arabidopsis (Fujimori et al. 2003; Lawson and Zhang 2006; Morgante et al. 2002). It has 

been reviewed that mutations of some SSRs in UTRs have an effect on gene transcription 

and/or regulation (Li et al. 2004). CDS contained the least frequent SSRs of all types except 

trinucleotides and hexanucleotides. Similar to Arabidopsis, where 40% of all trinucleotide 

repeats were present in CDS (Cardle et al. 2000), about 31% of the total trinucleotide repeats 

were present in CDS of blueberry, which contributed to about 77% of all SSRs in CDS. The 

overrepresentation of trinucleotide repeats in CDS could be partially explained by the nature 
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of triplet codons and non-perturbation of reading frame. Moreover, trinucleotide motifs in 

CDS that represent specific single amino acid stretches may be subject to positive selective 

force (Morgante et al. 2002). Length variants of coding triplet SSRs may result in 

homopeptides of various lengths, which increases the biological complexity of protein 

property and function (Kashi and King, 2006). The lengths of perfect repeats also varied by 

regions of transcribed DNA (Table 2-2). The average length of SSRs in CDS was much 

smaller than the rest of transcribed regions, while 5’UTR contained the longest SSRs on 

average (Table 2-2). The variation of SSR length in the transcribed DNA indicated that the 

expansion of SSR sizes was constrained by the different effects of selective forces (Li et al. 

2002). 

Preferential motifs 

Substantial difference in occurrence of repeat motifs was found in the transcribed 

DNA (Fig. 2-1 a-d). In the category of dinucleotide repeats, AG/CT was found the most 

frequent dinucleotide motifs (72.0% and 77.1%, respectively) whereas CG/CG was the least 

frequent (0.6% and 0.6%, respectively) in the entire genome and transcribed DNA (Fig. 2-1 

a). The same trend has been confirmed in ESTs of Arabidopsis, wheat, rice, maize, soybean, 

and sorghum (Cardle et al. 2000; Gao et al. 2003; Kantety et al. 2002; Morgante et al. 2002). 

The frequency of AG/CT was more than an order of magnitude higher than the sum of the 

rest of dinucleotides in CDS (Fig. 2-1 c). AG/CT motifs have been found to be the most 

frequent dinucleotide motif in CDS of various dicot species (Morgante et al. 2002; Sonah et 

al. 2011). The homopyrimidine motif (CT repeats) may also play a regulatory role in gene 
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expression and thus is accumulated in 5’ UTR. For example, CT repeats were found 

particularly abundant in 5’ UTR of Arabidopsis (Morgante et al. 2002), and CT repeats in 5’ 

UTRs are reported to involve in antisense transcription and gene regulation in Arabidopsis 

(Martienssen and Colot 2001). AC/GT was the second most frequent dinucleotide in 

blueberry transcribed DNA (16.9%, Fig. 2-1 a). This motif was also found to be the second 

most frequent in ESTs of wheat and rice, whereas the frequency of AT repeat was second 

highest in ESTs of many other species (Cavagnaro et al. 2010; Gao et al. 2003; Kantety et al. 

2002; Morgante et al. 2002). While the preference of particular SSR motifs are apparently 

varied among species and genomic regions, much more work remains to be accomplished to 

better understand the mechanisms of evolution and selection of SSR motifs in plant genomes.  

Trinucleotide motif AAG/CTT accounted for 27.9% whereas CCG/CGG only 

contributed to 2.2% of the total trinucleotide repeats in the genome.The most frequent 

trinucleotide motif in the transcribed DNA was AAG/CTT (30.1%) followed by ACC/GGT 

(18.9%) and AGG/CCT (11.5%, Fig. 2-1 b). Although CCG/CGG was the rarest 

trinucleotide motif in both transcribed (3.1%) and nontranscribed regions (0.7%), most of it 

was present in CDS (Fig. 2-1 b, d and f). The increased frequency of CCG/CGG in CDS 

seemed to be related to the high G+C content in CDS (Table 2-2 and Fig. 2-1 d). AAG/CTT 

has been confirmed as the most abundant trinucleotide motif in ESTs of dicots such as 

coffee, Arabidopsis, soybean and cucumber (Aggarwal et al. 2007; Cardle et al. 2000; 

Cavagnaro et al. 2010; Gao et al. 2003). In contrast, CCG/CGG has been found the most 

frequent trinucleotide motif in ESTs of monocots such as barley, maize, sorghum and rice, 
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while the same motif is almost absent in dicots such as Arabidopsis and soybean (Gao et al. 

2003; Kantety et al. 2002; Morgante et al. 2002). GC-rich trinucleotide repeats are prevalent 

in monocots but not in dicots and may be related to the high G+C content in monocots’ 

transcribed DNA (Morgante et al. 2002; Sonah et al. 2011; Temnykh et al. 2001). The 

average G+C content ranking is CDS (46.3%) > 5’ UTR (37.2%) > 3’ UTR (35.3%) > 

introns (34.4%) in the transcribed DNA of blueberry (Table 2-2), and the same order of 

ranking was also found in Arabidopsis (Lawson and Zhang 2006). The patterns of 

trinucleotide motif distribution in 5’UTR and CDS were distinct from those in the transcribed 

DNA and the entire genome. For example, ACC/GGT and AGG/CCT in CDS and 

AAG/CTT in 5’UTR were overrepresented compared to other transcribed regions; and the 

frequency of AAT/ATT in CDS was more than an order of magnitude lower than its 

frequency in transcribed DNA likely due to the fact the motif encodes the TAA stop codon 

(Li et al. 2004) (Fig. 2-1 b and d). When it comes to comparing the patterns of the whole 

genome and transcribed DNA, AAT/ATT motifs in the entire genome were in higher 

frequencies than in transcribed DNA (Fig. 2-1 e and f). The same trend was also found in the 

comparison between genomic and EST sequences of Arabidopsis, rice, soybean, grapevine, 

cucumber, poplar, and sorghum (Cavagnaro et al. 2010; Morgante et al. 2002). 

Marker validation and polymorphism 

One hundred and thirty six SSR primers representing genomic scaffolds within the 

blueberry genomic assembly were evaluated for successful PCR amplification and 

polymorphism in the screening panel. The length of these 136 SSR-containing scaffolds 
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ranged from 8,655 to 402,168 bases. Most of the 136 primers were based on the flanking 

sequence of di- or tri-nucleotide repeats. Among these primers, there were 112 (82.4%) 

amplified fragments from at least one genotype. Seventy one primers were successful in 

amplifying fragments from all genotypes in the screening panel with occasional null 

genotypes. Sixty-seven of these 71 primers (94.4%) revealed polymorphism among the 

screening panel. Information concerning these markers (Marker ID, SSR motifs, primer 

sequence, Ta used in TD-PCR, allele scoring quality, and allele size range) was presented in 

Appendix A.  

From the total, 25 highly scorable genomic SSR markers were then chosen to conduct 

further analyses on diversity and population sub-structure. From the set of 35 EST-SSR 

primers described in materials and methods, 17 robust ones were chosen for analysis and 

comparison (previously unpublished ones were described in Appendix A). It is noteworthy 

that all forward primers used in screening was attached with M-13 sequence to be able to 

predict the performance in the fluorescence labeling, and therefore the successful 

amplification rate may become higher without the M-13 attached to forward primers. 

Discussion 

The most abundant SSR types 

With respect to EST-SSRs, trinucleotide repeats are the most abundant types in 

Arabidopsis, rice, wheat, barley, soybean and maize (Gao et al. 2003; La Rota et al. 2005; 

Morgante et al. 2002; Thiel et al. 2003; Varshney et al. 2002). In contrast, dinucleotide 
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repeats were found to be the most frequent in ESTs from coffee (Aggarwal et al. 2007) and 

peach (Xu et al. 2004). This discrepancy could be due to the minimum number of pairs used 

to define a repeat, to differences in the bioinformatic tools used to identify repeats, and to the 

sample size of EST sequences used in the studies (Aggarwal et al. 2007; Xu et al. 2004). For 

example, Aggarwal et al. (2007) found that changing the threshold of dinucleotide repeats 

from four to six repeats would result in trinucleotides replacing dinucleotides as the most 

frequent repeat in coffee ESTs. Generally, in most EST studies, the minimum repeat numbers 

were set between 6-10 for dinucleotide repeats and 5-6 for trinucleotide repeats (Kantety et 

al. 2002; Scott et al. 2000; Thiel et al. 2003; Varshney et al. 2002).  

In genomic surveys, trinucleotides were found the most frequent types in 

Arabidopsis, rice, maize and wheat with the criterion that a SSR should be of at least 12 bp 

(Morgante et al. 2002). The threshold in the present study was a minimum of 6 repeats for 

dinucleotides, and a minimum of 5 repeats for larger motifs, and the dinucleotides repeats 

were fourfold as high as trinucleotide repeats in all genomic regions expect CDS. Stricter 

threshold for dinucleotides or looser threshold for trinucleotides would not change this order, 

although the exact number of SSRs may vary by the parameters set in the search algorithm 

(for example, gap and mismatch penalties) of bioinformatic tools.  

Frequencies of SSRs in the blueberry genome 

We found all SSR types except trinucleotides and hexanucleotides were significantly 

less frequent in the predicted 40,465 CDS compared with other genomic fractions. The 

frequency of trinucleotide repeats in CDS was 2.7-fold higher than in the genome as a whole 
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and the highest of all genomic fractions. Boches et al. (2005) found that a higher frequency 

of trinucleotide repeats present in the NHB EST libraries than the SSR-enriched genomic 

library, despite using a much smaller sample. 5’ UTR contained the highest frequency of 

SSRs than any other genomic fraction, mostly attribute to an increase in dinucleotide and 

trinucleotide repeats, for which the homopurine/homopyrimidine motifs AG/CT and 

AAG/CCT significantly contributed. The uneven distribution of SSRs in the blueberry 

genome shown in the present study clearly agrees with the principles and dynamics of 

selection pressure and genome evolution on distribution that is observed in other species 

(Morgante et al. 2002). 

Motif preference in genomic fractions 

Substantial preferences in SSR motifs were found in the blueberry genome. In the 

present study, the genome-wide investigation showed that AG/CT and AC/GT were the 

predominant motifs of all repeat motifs in the whole genome. Similarly, Boches et al. (2005) 

found AG/CT and AC/GT accounted for 69% and 30% of the isolated repeat motifs using the 

oligonucleotide probes of (AGA)20, (CTT)20, (TG)20, (GA)20, (CT)20 and (AC)20 in the SSR-

enriched genomic library. However, much less AC/GT motif had been found in EST libraries 

than in SSR-enriched genomic library, while in the present study, the frequency of AC/GT 

was found higher in transcribed DNA than in the whole genome. The difference could be in 

part because of the low frequency of AC/GT in CDS and high frequency of AC/GT in intron 

(Fig. 2-1 c), considering the overrepresentation of CDS and lack of intron in EST libraries 

relative to transcribed DNA. The dominant occurrence of certain repeat motifs results from 
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selection pressure on the specific motifs and its interaction with gene and genome evolution 

(Sonah et al. 2011). The data present in this study provided genome-wide SSR distribution 

information in blueberry, which may help in understanding of microsatellite evolution in the 

future.  

Estimate of genetic diversity in blueberry 

No significant difference in informativeness between genomic and EST-SSRs was 

found in the previous blueberry diversity study (Boches et al. 2006a). The genetic diversity 

represented by dinucleotide repeats was significantly higher than what was observed by 

trinucleotide repeats (Boches et al. 2006a). However, this study could have been constrained 

by the limited number of markers used, a deficit of sampled genes, or an inadequate number 

of genotypes represented in the study.  It is likely that diversity studies based on genomic, 

EST-SSRs and combinations of the two may lead to different estimations.  

The potential use of these markers 

The new SSR markers described in the present study will have numerous benefits to 

blueberry breeding, including the construction of saturated genetic linkage maps for 

localizing genetic effects, improving the selection efficiency using molecular breeding 

techniques, and better understanding the evolutionary relationships among and within species 

in the genus Vaccinium. The markers will also allow for aligning the genomic sequence with 

existing genetic linkage maps to help assemble the blueberry genome in silico. 
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Chapter Three - Genetic Relationships and 

Population Structure of Cultivated Blueberry 

(Vaccinium section Cyanococcus spp.) 

Introduction 

Blueberry (Vaccinium section Cyanococcus spp.) is an important small fruit crop with 

an incredible amount of genetic diversity that has yet to be efficiently utilized. Through 

broad natural and directed hybridization, the primary and secondary genepools currently 

utilized in breeding programs includes several distinct Vaccinium species in the section 

Cyanococcus (Brevis et al 2008). Northern and southern highbush blueberries differ in their 

chilling requirements and temperature tolerance, but also differ dramatically in the degree of 

introgression which has occurred from species in the secondary genepool. However, the 

population genetic sub-structure of the cultivated highbush blueberry has yet to be adequately 

described.   

To date, only limited numbers of wild and cultivated blueberries have been assessed 

for genetic diversity with a limited number of molecular markers. The phylogenetic 

relationships based on these studies have shown poor to moderate correlations with known 

pedigree information (Boches et al. 2006a; Brevis et al. 2008; Levi and Rowland 1997) likely 

due to the limited number of polymorphic markers used, the power of the markers used to 
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discriminate genetic differences, and non-neutrality of the types of markers used in the 

studies.  

Investigating genetic diversity is an initial and crucial step before it can be effectively 

manipulated and utilized. Understanding the relationships among the various species and 

determining the degree of transferability of these markers across species opens the door to 

marker assisted selection and linkage disequilibrium or association mapping of traits of 

economic and scientific interest in Vaccinium.  

In the present study, a diverse set of blueberries (including much of the USDA’s 

blueberry core collection) were genotyped and evaluated with genomic and EST-SSR 

markers. The specific objectives are 1) contrast our finding with previous studies and provide 

new information concerning the amount of genetic diversity present in cultivated blueberries; 

2) construct reliable interspecific and intraspecific genetic relationships among the important 

cultivars; 3) analyze the population genetic sub-structure of cultivated highbush blueberries 

using molecular data and evaluate this structure in terms of biological phenomena ( e.g. 

species, ploidy levels, geographic or breeding origins of materials, and time of cultivar 

development); and 4) contrast the value of EST- and genomic-based microsatellites in 

genetic diversity studies. 

We anticipate that the novel SSR markers developed from this study will facilitate 

germplasm fingerprinting, saturation of linkage maps, quantitative trait studies, molecular 

assisted breeding, and comparative genomics for Vaccinium species. The broader impact of 

this project will benefit both breeding programs focusing on the efficient utilization of 
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breeding germplasm and taxonomists interested in better understanding the relationships 

among the various species in section Cyanococcus. Finally, the potentially transferable 

markers developed here will assist genetic studies throughout the genus Vaccinium. 

Materials and methods 

Plant materials 

Plant materials in the present study included 128 representative cultivars and 

selections obtained from the U.S. Department of Agriculture-Agricultural Research Service-

National Clonal Germplasm Repository (USDA-ARS-NCGR, Corvallis, OR); 17 cultivars 

and breeding clones provided by the North Carolina State University blueberry breeding 

program at Raleigh, NC; 4 parents of a diploid mapping population developed by USDA-

ARS, Genetic Improvement of Fruits and Vegetables Laboratory, Beltsville, MD; and 1 

cultivar obtained from the University of Florida blueberry breeding program at Gainesville, 

FL (Table 3-1). In total, 150 accessions of 8 cultivar types were sampled:  59 northern 

highbush blueberry (NHB) cultivars and selections; 32 southern highbush blueberry (SHB) 

cultivars and breeding clones; 33 rabbiteye blueberry (REB) cultivars and selections; 6 half-

high blueberry (HHB) cultivars (tetraploid hybrids of V. corymbosum and V. angustifolium); 

4 lowbush blueberry (LBB, V. angustifolium) cultivars and selections; 2 pentaploid cultivars 

(2n = 5x =60, ‘Pearl River’ and ‘Robeson’) and 5 putative aneuploid breeding clones 

(pentaploid and aneuploid blueberry, PAB); 4 diploid V. corymbosum selections; and 5 V. 

darrowii cultivars and selections including one interspecific F1 progeny from the cross of  
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‘Fla 4B’ and ‘W8520’ (Table 3-1). The SHB included were defined as V. corymbosum 

hybrids that have at least one Vaccinium species native to the southeastern U.S. in their 

ancestry and fit the low chilling requirement. DNA was extracted and adjusted to the 

appropriate concentration from actively growing leaves as described in (Rowland and 

Nguyen 1993) with modifications that included optimization of RNase concentration.  

Genetic diversity 

Allele frequency based diversity statistics originally developed for diploid organisms 

are difficult to extend to polyploid organisms largely due to the complex mode of inheritance 

and the ambiguity of the allele dosage in polyploid organisms (Obbard et al. 2006; Pfeiffer et 

al. 2011; Trapnell et al. 2011). Although some resolutions have been proposed to determine 

allele dosage, including using peak height ratio in electropherogram (Esselink et al. 2004; Lo 

et al. 2009), using band intensity on gel (Bagavathiannan et al. 2010; Flajoulot et al. 2005) 

and calculating allele frequency based on pre-defined selfing rate in an EM algorithm (De 

Silva et al. 2005), each approach is limited by the applicable circumstances.  

In the present study, we calculated the genotypic diversity based on allele phenotype 

(Esselink et al. 2004; Obbard et al. 2006) that does not require estimates for allele frequency. 

Each allele at individual loci was scored for presence or absence across all accessions (see 

Appendix B for 42 SSR markers used in diversity studies). Shannon normalized index (Hsh) 

(Goodwin et al. 1992) and expected heterozygosity corrected for sample size (He) (Nei 1978) 

were calculated for individual loci: 
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where nr is the count of rth genotype at a given locus, pr  is the frequency of rth genotype 

and Nnp rr  , and N  is the total number of genotype counts at a given locus in the sample 

and 
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. Shannon normalized index accounts for both evenness and richness factors of 

genotypic diversity (Kosman and Leonard 2007). H e  is also equivalent to the probability of 

sampling without replacement of two accessions that have different genotypes at a given 

locus, as shown in the formula above. The genotypic diversity statistics, the number of 

alleles, and the number of genotypes for individual loci were calculated using R package 

‘polysat’ (Clark and Jasieniuk 2011) . 

Genetic relationship analysis 

The pedigree data for 150 accessions developed by public agencies in the U.S. were 

collected from public sources and breeding records (Table 3-1). Correlations between genetic 

similarity based on SSR marker data and pedigree information were calculated for a subset of 

13 highbush accessions and 22 rabbiteye accessions that had been calculated for the 

coefficients of coancestry. Coefficients of coancestry described in Rowland et al. (2003 and 

2010) were provided courtesy of Dr. M. Ehlenfeldt (USDA-ARS, Chatsworth, NJ). The 

coefficients of coancestry for rabbiteye accessions were calculated based upon disomic 

inheritance (Rowland et al. 2003), with tetrasomic inheritance for highbush accessions as 

described in (Ehlenfeldt 1994). 
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Dice genetic distance was calculated using R package ‘vegan’ (Oksanen et al. 2012). 

Neighbor-joining (NJ) dendrograms were constructed based on the genetic distance matrices 

in R package ‘ape’ (Paradis et al. 2004). The goodness of fit between the genetic distance and 

the distance from the dendrogram was measured by the cophenetic correlation coefficient. 

All above statistical analyses were performed in R environment (R Development Core Team 

2010).  Principal Coordinate Analysis (PCoA) was conducted based on the tally differences 

between binary genotypic profiles using GenAlEx 6.41 program (Peakall and Smouse 2006).  

Population structure analysis  

A model-based Bayesian clustering approach was used to group individuals based on 

their multi-locus genotypes using STRUCTURE v. 2.3 (Pritchard et al. 2000). The recessive 

allele option was used, which accounts for ambiguous genotypes of polyploids (Falush et al. 

2007). The group membership coefficients for individual accessions were calculated over 10 

independent Markov Chain Monte Carlo (MCMC) replicates consisting of a burn-in period 

of 50,000 iterations followed by a run of 100,000 iterations. The MCMC replicates were 

performed for K=1-12 groups using the admixture ancestry model with the correlated allele 

frequencies. We inferred the optimal number of groups (K) based on the ∆K method 

described by (Evanno et al. 2005) as well as the posterior probability of the data given K, Ln 

Pr(X|K) (Pritchard et al. 2000).  ∆K and Ln Pr(X|K)  were calculated for each value of K in 

STRUCTURE HARVESTER (Earl and vonHoldt 2011). The results of 10 independent runs 

for the identified value of K were optimized using the program CLUMPP v. 1.1.2 (Jakobsson 
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and Rosenberg 2007). Passport and pedigree information was also taken into account to 

determine validity of K groups. 

Analysis of Molecular Variance (AMOVA) was implemented to partition total 

genetic variation into within and among K group variation using Arlequin 3.5 (Excoffier and 

Lischer 2010). Fst and corrected average pairwise differences between K groups were also 

calculated in Arlequin 3.5 (Excoffier and Lischer 2010). Corrected average pairwise 

difference was calculated as (PiXY-(PiX+PiY)/2), where PiXY was average number of 

pairwise differences between groups and PiX or PiY was average number of pairwise 

difference within groups. 

Comparison of the two types of markers in constructing dendrograms 

To assess the agreement between genomic and EST-SSR marker data, Dice genetic 

distances among 33 rabbiteye accessions were calculated separately for genomic and EST-

SSR markers (see Appendix B for the 42 genomic and EST-SSR markers). The Pearson 

correlation coefficient for the two genetic distance matrices was calculated using the Mantel 

test (Mantel 1967). To ensure that the comparison was performed based on an equal number 

of markers, 17 out of 25 genomic SSR markers (equal to the number of EST-SSR markers 

used) were randomly sampled without replacement for 10 replicates, and distance matrix was 

calculated for each random sample. The range and mean value of the correlation coefficients 

were calculated for the 10 comparisons between the random samples and 17 EST-SSR 

markers. Mean genetic distance among 33 rabbiteye accessions was calculated by averaging 

the 10 random samples. This mean distance was compared to the mean distance generated 
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from EST-SSR markers and from the combined data. A typical NJ dendrogram based on one 

random sample of genomic markers was compared with dendrograms of EST-SSR markers 

and the combined data. Robustness of dendrograms was indicated by reproducing the same 

node in 100 bootstrapping simulations, and bootstrap values higher than 40% were reported 

in the dendrograms.  

Results 

Population structure, genetic diversity and relationships among cultivated blueberries 

The population structure of cultivated blueberry has not previously been described. 

The initial analysis of all accessions identified the optimal value of groups at K=2 among the 

150 cultivated blueberry accessions in structure analysis (Fig. 3-1). The two groups were 

represented by hexaploid V. virgatum and tetraploid V. corymbosum, respectively. The 

remarkable distinction between hexaploid V. virgatum and the rest of cultivar types was also 

evident from PCoA among the 150 accessions (Fig. 3-2). Among the 8 types for these 

accessions, most REB accessions clustered closely on one end of PC1, while NHB, SHB and 

HHB accessions predominantly clustered on the other end. LBB, PAB, V. darrowii and 

diploid V. corymbosum accessions positioned in the middle of PC1. V. darrowii accessions 

positioned separately with others in PC2.  

In this study, 42 SSR markers were genotyped across the 150 cultivated blueberry 

accessions (Appendix B and Table 3-1). A total number of 598 alleles and 2351 allele 

phenotypes were detected with an average of 14.2 alleles and 56.0 allele phenotypes per 



 

44 

locus, and the mean Shannon normalized index was 0.619 and the mean expected 

heterozygosity was 0.874 over the 42 markers in the cultivated blueberries (Table 3-2). The 

level of genetic diversity measured by Hsh in REB was significantly higher than in SHB (p < 

0.005), and SHB was significantly higher than NHB (p < 0.0002) in the paired t-test based on 

the 42 markers (Appendix B). 

The 150 accessions clustered by species, ploidy levels, and cultivar types in the 

Neighbor-joining tree (rooted dendrogram, see appendix C) based on Dice distance of 42 

SSR markers (Fig. 3-3). The 150 accessions formed two major clades: the first one was 

comprised of REB, PAB, diploid V. corymbosum, V. darrowii, LBB and two NHB selections 

‘Ashworth’ and ‘Harding’, while the second one was composed of NHB, SHB, and HHB. To 

more closely assess the population structure and genetic relationships within the highbush 

accessions, the 89 NHB and SHB accessions clustered in the second clade were used for the 

analyses in STRUCTURE and NJ clustering (Fig. 3-4 and 3-5). The 33 REB accessions were 

further analyzed for their genetic relationships using a series of genomic SSR markers and 

EST-SSR markers in order to compare the two types of markers (see Genetic relationships of 

rabbiteye below).  

Pentaploid hybrids (2n=5x=60) have been derived from hybridization between the 

hexaploid V. virgatum (2n=6x=72) and tetraploid Vaccinium species (2n=4x=48) (Lyrene 

1988) or result from the unreduced pollen of diploid Vaccinium species (Goldy and Lyrene 

1984; Lyrene et al. 2003). The fertile Vaccinium aneuploids have resulted from the 4x-X-5x 

(and the reciprocal) backcross progenies (Vorsa et al. 1986; Vorsa et al. 1987). The PAB 
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accessions grouped as intermediates between hexaploid and diploid species, reflecting the 

genetic contributions of their parentage. The aneuploid derivates ‘NC 4397’and ‘NC 4398’ 

are full sibs, and they grouped with their half sib ‘NC 4900’, with which they share a 

common parent ‘NC 2856’. ‘NC 2856’ is likely an aneuploid that resulted from the crossing 

of ‘NC 1935’ (an identified aneuploid) and ‘US 75’ (tetraploid). ‘NC 4562’ also has ‘NC 

2856’ as its parent, so it is likely to be aneuploid as well. Two pentaploid cultivars ‘Pearl 

River’, ‘Robeson’ and putative aneuploid ‘NC 3147’ grouped nearby.  Since the pentaploid 

and aneuploid accessions were developed from complex hybridization involving various 

Vaccinium species, it is not surprising that they are genetically distinct from most tetraploid 

or hexaploid accessions.  

Diploid V. corymbosum ‘NC 79-8-2’, ‘NC 79-24’, ‘W8523’ and ‘W8520’, by virtue 

of their ploidy level, formed a separate group from tetraploid V. corymbosum. In fact, the 

diploid V. corymbosum appeared genetically closer to the other diploid species (i.e. V. 

darrowii) than to tetraploid V. corymbosum. According to previous taxonomic classification 

based on phenotypes, the four diploid V. corymbosum accessions were delineated as two 

separate diploid highbush species. ‘NC 79-8-2’ was classified as V. fuscatum or intermediate 

between V. fuscatum and V. caesariense, while the other three were classified as V. 

caesariense. The diploid V. darrowii accessions, ‘Fla 4B’ (both from USDA-NCGR-

Corvallis and USDA-ARS-Beltsville), ‘Johnblue’, ‘Everblue’, and a ‘Fla 4B’ x ‘W8520’ F1 

progeny ‘#10’ grouped together.  
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A LBB (V. angustifolium) group was revealed that included ‘Augusta’, ‘Fundy’, 

‘Blomidon’, and ‘Brunswick’. ‘Augusta’ is a parent of ‘Fundy’ and ‘Blomidon’, and was 

selected in Maine, U.S., while ‘Brunswick’ was a native selection from New Brunswick, 

Canada. The separation of lowbush accessions by pedigree and geographic regions shown in 

this study was similar to the genetic relationship determined by RAPD markers (Burgher et 

al. 2002). Additionally, two tetraploid V. corymbosum wild selections ‘Ashworth’ and 

‘Harding’ clustered near lowbush accessions and were distinct from other highbush 

accessions.  ‘Ashworth’ was initially used to transmit precocious bearing trait to progenies 

(Moore 1965) . ‘Ashworth’ and ‘Harding’ were primarily used as male parents. The 

separation of ‘Ashworth’ and ‘Harding’ from other highbush accessions indicated that the 

genetic contribution of the two accessions has been greatly reduced from highbush cultivars 

during selection and crossing to standard materials.   

NHB, SHB and HHB formed a separate clade from other Vaccinium accessions. HHB 

appeared genetically closer to tetraploid V. corymbosum than to V. angustifolium. HHB 

accessions ‘Northland’, ‘Top Hat’ and ‘Tiny Top’ (dwarf mutation from ‘Top Hat’ tissue 

culture) clustered together, and were (reciprocal) full sibs developed from the breeding 

program in Michigan. ‘Chippewa’, ‘Northsky’ and ‘Polaris’ were released by Minnesota 

HHB breeding program, and share one parent from the cross of ‘G 65’ and ‘Ashworth’. 

‘Ashworth’ also appears in the pedigree for the two closely clustered NHB full sibs ‘Reka’ 

and ‘Nui’. ‘Bluetta’ clustered with its progeny ‘Polaris’ and has significant lowbush genetic 

background.  
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Population structure of highbush accessions 

Structure analysis indicated 3 groups among 89 highbush blueberry accessions (57 

NHB and 32 SHB) with 42 SSR markers (Fig. 3-5 b). Based on the inference of the 

membership coefficients, the 89 highbush blueberry accessions were partitioned into a Green 

Group (n=20) that were highbush accessions related to ‘Weymouth’, a Red Group that were 

primarily comprised of NHB (n=44), and a Blue Group that were primarily SHB (n=25). In 

the paired t-test for Hsh of 42 markers (Appendix B), the level of genetic diversity in Blue 

Group was higher than in Green Group, although not statistically significant; and the level of 

genetic diversity in Green Group was significantly higher than in Red Group (p < 0.004). The 

AMOVA revealed that 89.7% of the total genetic variation of 89 highbush accessions was 

within groups, and 10.3% was among groups. The overall Fst value was 0.10, indicating a 

limited yet significant differentiation among the cultivated highbush blueberries. 

Additionally, the genetic distance between the three groups was found highest between Blue 

and Green Groups, and lowest between Blue and Red Groups, as measured by pairwise Fst 

and corrected average pairwise differences (Table 3-3). Similarly, in PCoA, Blue and Green 

groups were well separated according to PC 1, and Red Group was separated with the other 

two groups with some mixture in PC 2 (Fig. 3-6).  

In this study, we found that the cultivar ‘Weymouth’ seemed to characterize the 

population structure in the current highbush blueberries. The Green Group, primarily 

clustering at the bottom in the NJ tree (Fig. 3-5 a), was comprised of ‘Weymouth’, ‘Cabot’ (a 

parent of ‘Weymouth’), and 18 accessions that all have ‘Weymouth’ in their pedigrees. 
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These 18 descendents of ‘Weymouth’ included six progeny, ‘Angola’, ‘Murphy’, ‘Croatan’, 

‘Wolcott’, ‘Earliblue’ and ‘Collins’; five grand progeny, ‘Morrow’, ‘Bounty’, ‘Bluechip’, 

‘O’Neal’, and ‘Patriot’; three great grand progeny, ‘Reveille’, ‘Bladen’, and ‘Sebring’; and 

four other descendents, ‘NC 4263’, ‘Cooper’, ‘Gulfcoast’, and ‘Sunrise’. Twelve of the 20 

accessions in this group are developed from NC breeding program that have been 

incorporated with V. corymbosum wild selection ‘Crabbe-4’ for resistance to stem canker, 

including ‘Angola’, ‘Murphy’, ‘Croatan’ and ‘Wolcott’, the four progeny (25%) of ‘F-6’ 

(Stanley x Crabbe-4); ‘Morrow’, ‘Bounty’, ‘Bluechip’ and ‘O’Neal’, the four grand progeny 

(12.5%) of ‘F-6’; ‘Sebring’ (6.3%), the great grand progeny of ‘F-6’; and ‘Bladen’ (12.5%), 

‘Reveille’ (12.5%) and ‘NC 4263’ (6.3%), the descendents of ‘NC 297’ (Weymouth x 

Crabbe-4). These NC accessions separated into two clusters by the pedigrees with ‘F-6’ and 

‘NC 297’ at the bottom of the NJ tree except for ‘Bluechip’ and ‘Croatan’ that clustered at 

the top (Fig 3-5 a). 

The Red Group constituted primarily NHB accessions and clustered in the middle of 

the NJ tree. Four SHB accessions ‘Avonblue’, ‘Misty’, ‘Duplin’ and ‘Flordablue’ were 

classified together with 40 NHB in this group. However, ‘Avonblue’, ‘Misty’ and ‘Duplin’ 

have only limited genetic contribution of V. darrowii that range from 3.1% to 5.6% (Brevis et 

al. 2008) and ‘Flordablue’ has 50% genetic contribution listed as unknown (Ehlenfeldt 1994). 

The admixture from the Green Group was present in ‘June’, its full sib ‘Rancocas’, and 

‘Gem’ (Rancocas x June) in this group, which reflected the effect of that ‘June’ is a parent 

for ‘Weymouth’.  
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The Blue Group included 21 SHB and 4 NHB accessions. The introgression of V. 

darrowii was evident from the SHB in this group. Of 20 SHB accessions with known 

pedigree information, all but ‘NC 4385’ had 10% or greater genetic contribution of V. 

darrowii estimated in pedigree (Brevis et al. 2008; Ehlenfeldt 1994). Nevertheless, ‘NC 

4385’ is unique among SHB in that it has another southern species V. elliottii in its genetic 

background (12.5%). ‘Biloxi’, ‘Sharpblue’ and ‘Jubilee’ were the SHB cultivars with the 

highest proportion of V. darrowii (32.5%, 28.8% and 26.9%, respectively) (Brevis et al. 

2008), and their memberships were predominantly represented by blue. Green color 

admixture in some SHB accessions in this group reflected ‘Weymouth’ in their pedigrees, 

including ‘Sampson’, ‘NC 4385’ and ‘Blue Ridge’. All of the SHB accessions in this group 

except ‘Magnolia’, ‘Sunshine Blue’ and ‘Blue Ridge’ clustered together at the top of the NJ 

tree (Fig. 3-5 a).  

Genetic relationship of highbush blueberry in NJ tree 

A correlation test was performed on the genetic similarity matrix from the 42 SSR 

markers and the matrix of coefficients of coancestry based on tetrasomic inheritance 

(Ehlenfeldt 1994; Rowland et al. 2003a) for a subset of 13 highbush cultivars (‘Berkeley’, 

‘Bluegold’, ‘Bluecrop’, ‘Bluejay’, ‘Blueray’, ‘Cooper’, ‘Duke’, ‘Georgiagem’, ‘Patriot’, 

‘Sierra’, ‘Sunrise’, ‘Toro’, and ‘Weymouth’). A significant (p<0.001) correlation was found 

(r=0.432). The level of correlation in the present study exceeded the correlations of EST-

PCR and primarily EST-SSR markers with the coancestry values in the previous studies, 
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where the same set of coefficients of coancestry had been used (Boches et al. 2006a; 

Rowland et al. 2003a) .   

The NJ tree clustered 89 highbush accessions consistently with the grouping in the 

structure analysis with some exceptions (Fig. 3-5 a). The early NHB cultivars including 

‘Jersey’, ‘Wareham’, ‘Pioneer’, ‘Katharine’, ‘June’, ‘Rancocas’, ‘Scammell’, ‘Concord’, 

‘Stanley’, ‘Cabot’ and ‘Weymouth’ are developed from the first or second generation of 

hybrids of founding wild selections, all of which positioned separately from one another 

except between ‘June’ and ‘Rancocas’ (full sibs), ‘Cabot’ and ‘Weymouth’ (parent and 

progeny). Wild selections ‘Grover’ and ‘Rubel’ also positioned in distant clades.  

The genetic relationship shown in NJ dendrogram reflected the kinship in pedigree. 

Parent-progeny, sibling and half sibs clustered together in the tree. Examples of these 

kinships were explained from the top to bottom of the NJ tree. ‘Croatan’ clustered with its 

progeny ‘Bluechip’ and grand progeny ‘Sampson’. Full sibs ‘Arlen’, ‘Ozarkblue’ and 

‘Summit’ (G-144 x Fla 4-76) clustered together with the progeny of ‘Arlen’, ‘NC 4361’ and 

‘NC 4385’. ‘Lenoir’, ‘Beaufort’, ‘Craven’ and ‘Pamlico’ (NC 1406 x Pender) are full sibs 

and they clustered together with their parent ‘Pender’. ‘Sharpblue’ clustered with its progeny 

‘Biloxi’ and ‘Jubilee’. ‘Fla 4B’ BC1 derivates to V. corymbosum ‘Georgiagem’, ‘Legacy’ 

and ‘Cape Fear’ clustered with ‘US 75’. Full sibs ‘Reka’ and ‘Nui’ clustered together. 

‘Berkeley clustered with its progeny ‘Bluejay’, ‘Bluegold’ clustered with its parent 

‘Bluehaven’, and the latter three have ‘Berkeley’ in ancestry. ‘Coville’, ‘Dixi’, ‘Blueray’ and 

‘Bluecrop’ have ‘GM-37’ (Jersey x Pioneer) as one parent and have ‘Stanley’ appearing in 
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the other parent. ‘Wareham’ clustered with its progeny ‘USDA F-72’. ‘Pioneer’ clustered 

with its progeny ‘Burlington’ and ‘Washington’. Full sibs ‘Rancocas’ and ‘June’ clustered 

together with their progeny ‘Gem’. ‘Scammell’ clustered with its progeny ‘Elizabeth’. 

‘Rubel’ clustered with its progeny ‘Pemberton’. Reciprocal full sibs ‘R-86’ and ‘Herbert’ 

clustered with their parent ‘Stanley’. ‘Avonblue’ clustered with its progeny ‘Misty’ and 

‘Sunshine Blue’ and grand progeny ‘Magnolia’. ‘Duke’ clustered with its progeny ‘Draper’. 

‘Earliblue’ clustered with its progeny ‘Patriot’, ‘Bluetta’ and ‘Spartan’ and grand progeny 

‘Blue Ridge’. Full sibs ‘Cooper’ and ‘Gulfcoast’ clustered together with their half sib 

‘Sunrise’. ‘Cabot’, ‘Weymouth’ and the descendents of ‘Weymouth’ formed a cluster. Full 

sibs ‘Reveille’ and ‘Bladen’ clustered together with the progeny of ‘Reveille’, ‘NC 4263’. 

Genetic relationships of rabbiteye  

The pedigree of most rabbiteye cultivars can be traced essentially to 4 original native 

selections, with minor gene contributions from a few other wild selections including ‘W-4’ 

and ‘W-8’ (Lyrene 1981). The genetic composition of 20 well-recorded rabbiteye cultivars 

that were developed between 1950 and 2001 was shown in Table 3-4. As the superior 

seedlings from the original crosses were used as parents to produce the seedlings in the next 

generations, the genetic compositions of rabbiteye cultivars from the origin wild plants 

became more homogenized over successive cycles of selection (Table 3-4).  The calculation 

of the cycles of recurrent selection in the rabbiteye cultivars has been described in Lyrene 

(1981). Rabbiteye cultivars released before the year of 2001 were divided into four groups 

based on the number of recurrent selection cycles tracing to origin (Table 3-4). The first 
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group was generated from one cycle of recurrent selection on the parental average, which 

was essentially released between 1950 and 1958. The second group was developed from 1.5 

cycles of recurrent selection on the parental average, and these cultivars were introduced 

between 1960 and 1978. The third group was developed from 2 to 2.5 cycles, released from 

1969 to 1985. The fourth group was derived from 2.75 to 3.125 cycles, introduced from 1996 

to 2001. All the four groups included 5 cultivars and a set of full sibs and thus these groups 

were assumed to be comparable in genetic distance. A trend toward decreasing genetic 

diversity was found among rabbiteye cultivars over cycles of selection and time of 

development based on mean pairwise distance (Table 3-4). Nevertheless, the pairwise 

distance was higher in the second group than in the first group likely due to the introduction 

of ‘W-4’.   

The genetic distances were found to decrease among the improved rabbiteye cultivars 

relative to wild selections. The pairwise genetic distance value ranged from 0.063 (between 

‘Beckyblue’ and its progeny ‘Chaucer’) to 0.591 (between two wild selections ‘Myers’ and 

‘Owen’). The average pairwise distance of all rabbiteye accessions was 0.435, a decrease 

over the average between wild selections (0.538). The average value of genetic distances was 

0.355 between full sibs and 0.376 between half sibs. The genetic distances were decreased 

between full sibs, when compared with the distance between their parents. Distance between 

full sibs ‘Climax’, ‘Bluebelle’, and ‘Woodard’ was 0.414, while the distance between their 

parents ‘Callaway’ and ‘Ethel’ was 0.556. Full sibs ‘Onslow’ and ‘Yadkin’ had a distance 

value of 0.307, while their parents ‘Premier’ and ‘Centurion’ had a value of 0.493. The 
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genetic distance also decreased between half sibs compared to their parents. For example, the 

genetic distances between ‘Southland’ and its half sibs ‘Climax’, ‘Bluebelle’ and ‘Woodard’ 

averaged 0.437, while the distances between their parents ‘Garden Blue’, ‘Callaway’ and 

‘Ethel’ averaged 0.501.  

The dendrogram of 33 rabbiteye accessions, generated by a neighbor-joining 

clustering analysis for the Dice distance matrix based on 42 SSR markers, was shown in Fig. 

3-7 a. A cophenetic correlation (r) value of 0.836 indicated a very good fit to the distance 

matrix. The dendrogram based on 42 markers clearly reflected the existing pedigree 

information among the accessions. Parent, progeny, and full sibs from the breeding pedigrees 

clustered closely in the dendrogram. Three major groups formed. The first major group 

formed with the two original rabbiteye selections included in this study, ‘Myers’ and ‘Ethel’, 

representing the group. This major group included three clades. The clade at the bottom was 

composed of ‘Coastal’, ‘Homebell’, ‘Callaway’, ‘Woodard’, ‘Myers’, ‘Garden Blue’, 

‘Bluebelle’, ‘Delite’ and ‘Climax’. Pedigree information indicates that ‘Myers’ is a parent of 

‘Coastal’, ‘Homebell’, ‘Callaway’, and ‘Garden Blue’. ‘Woodard’ clustered next to 

‘Callaway’, for which ‘Woodard’ is the progeny. ‘Bluebelle’, ‘Climax’ (two full sibs of 

‘Woodard’) and ‘Delite’ (the progeny of ‘Bluebelle’) clustered together. ‘Delite’ is known to 

have distinct ‘W-8’ in its pedigree, which may result in this cluster separated from the rest of 

the cultivars in this clade.   

The clade in the middle included ‘Centurion’, ‘Premier’ and their progeny. 

‘Centurion’ and ‘Premier’ are closely related in pedigree since one parent of ‘Centurion’ and 
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one parent of ‘Premier’, ‘Callaway’ and ‘Homebell’, respectively, are full sibs. ‘Centurion’ 

and ‘Premier’ are the parents of ‘Onslow’ and ‘Yadkin’, and these two full sibs clustered 

with either ‘Centurion’ or ‘Premier’. ‘Ira’ and ‘NC 3960’, the progeny of ‘Centurion’, 

clustered with ‘Centurion’. The progeny of ‘Premier’, ‘NC 3961’, clustered with ‘Premier’.  

The clade at the top included ‘Ethel’, ‘Tifblue’ and five other cultivars. ‘Tifblue’, 

‘Ethel’, ‘Southland’, and ‘Baldwin’ clustered together. ‘Ethel’ is a parent of ‘Tifblue’ and 

‘Southland’, and ‘Tifblue’ is a parent of ‘Baldwin’. Full sibs ‘Brightwell’ and ‘Powderblue’ 

have ‘Tifblue’ as one of their parents, and the two full sibs clustered together with the 

progeny of ‘Brightwell’, ‘Austin’. ‘Columbus’ associated with the three clades, reflecting its 

complex genetic composition from ‘W-4’, ‘Ethel’, ‘Clara’, ‘Myers’, and ‘Black Giant’.  

The second major group included ‘Beckyblue’, its open pollinated offspring 

(‘Aliceblue’, ‘Bonita’ and ‘Chaucer’), ‘Bluegem’ and ‘Suwannee’. ‘Beckyblue’ and the three 

open pollinated offspring clustered together with high bootstrap values. These four cultivars 

are known to have V. corymbosum in parentage, which is distinct from other rabbiteye 

cultivars. ‘Bluegem’ is derived from open pollination and the male parent is unknown.  

The third major group only included two wild selections ‘Hagood’ and ‘Owen’. 

These two wild selections have no genetic contribution to the cultivars of this dendrogram 

and thus they clustered by their own.    

For a subset of 22 rabbiteye cultivars (‘Aliceblue’, ‘Bonita’, ‘Chaucer’, ‘Austin’, 

‘Baldwin’, ‘Beckyblue’, ‘Bluegem’, ‘Brightwell’, ‘Powderblue’, ‘Callaway’, ‘Coastal’, 

‘Centurion’, ‘Climax’, ‘Woodard’, ‘Delite’, ‘Ethel’, ‘Ira’, ‘Montgomery’, ‘Myers’, 



 

55 

‘Premier’, ‘Tifblue’ and ‘Yadkin’),  a moderate correlation was found  between genetic 

similarity based on the 42 SSR markers and the coefficient of coancestry (r = 0.586, p < 

0.0001). The correlation found in the present study was considerably higher than the previous 

similar studies. The correlation between SSR data and the coancestry for 10 NHB cultivars 

was 0.352 (p=0.017) (Boches et al. 2006a). The genetic distances based on the same set of 

SSR markers for a collection of SHB cultivars correlated with coefficients of coancestry at 

the value of 0.57 (p< 0.0001). However, the coefficients of coancestry used were calculated 

based on disomic inheritance rather than tetrasomic inheritance (Brevis et al. 2008). The 

correlations between EST-PCR markers and coancestry were 0.317 and 0.3 for a set of 

primarily NHB cultivars and a set of rabbiteye cultivars, respectively (Rowland et al. 2003a; 

Rowland et al. 2010).  

The comparison was made between the two sources of SSR markers in the context of 

correlation of distance matrices and cultivar positions in dendrograms (Fig. 3-7 b and c). A 

moderate value of correlation of distance matrices (mean r=0.643, p<0.001, ranging from 

0.594 to 0.691) was found between 10 random samples of genomic SSR and 17 EST-SSR 

markers. When tested relative to the distance matrix from the combined data of all markers, 

genomic SSR data revealed a higher correlation coefficient (mean r=0.909, ranging from 

0.871 to 0.935) than EST-SSR data (r=0.859). For the mean pairwise distance between 33 

rabbiteye accessions, genomic SSR markers produced a mean value of 0.490 (ranging from 

0.411 to 0.541), while 0.364 for EST-SSR markers. This result agreed with the hypothesis 

that EST-SSR markers are likely to be less polymorphic and more conserved relative to 
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genomic SSR markers in genetic diversity studies. The dendrogram based on all data, a 

typical dendrogram from a random sample of genomic markers and the dendrogram from 

EST-SSR markers were compared to one another (Fig. 3-7).  In comparison to the overall 

dendrogram, both separate dendrograms showed similar genetic relationships with some 

differences in positioning for several accessions. ‘Ethel’, ‘Southland’, ‘Climax’ and 

‘Suwannee’ were placed in the different clades in the genomic SSR dendrogram relative to 

the overall dendrogram. ‘Columbus’, ‘Woodard’, ‘Ethel’, ‘Southland’, ‘Garden Blue’ and 

‘Austin’ were placed in the different clades in the EST-SSR dendrogram, and especially 

‘Southland’, ‘Garden Blue’, and ‘Austin’ were identified as a unique clade in the EST-SSR 

dendrogram compared to the overall dendrogram and genomic-SSR dendrogram.   

Discussion 

Population structure of the current highbush blueberries was featured by ‘Weymouth’ 

that has been extensively used in some NHB and SHB breeding programs and the 

introgression of V. darrowii for the development of SHB. ‘Crabbe-4’ is a V. corymbosum 

wild selection native to southeastern North Carolina, which was incorporated into NHB 

cultivars in 1930s by North Carolina breeding program as a source of  resistance to blueberry 

stem canker (Botryosphaeria corticis) for North Carolina and other southern areas of the U.S. 

(Ballington 2001). All ‘Crabbe-4’ descendent accessions in this study were classified in the 

Green Group. The higher level of genetic diversity in the Green Group than in the Red Group 

indicated that V. corymbosum wild selection of southern origin may have significant yet 

underrepresented value in extending diversity of blueberry. On the other hand, the genetic 
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compositions for the NHB accessions were not distinguished by the founding wild selections 

‘Brooks’, ‘Sooy’, ‘Rubel’ or ‘Grover’. ‘Brooks’, ‘Sooy’ and ‘Rubel’ appear most frequently 

in the pedigrees of NHB and these three account for the largest genetic contribution in the 

NHB (Coville 1937; Ehlenfeldt 1994; Moore 1965). ‘Brooks’, for example, appeared in the 

ancestry of all cross-bred NHB cultivars expect ‘Jersey’ and ‘Wareham’ up to 1965 (Moore 

1965). 

V. angustifolium has been incorporated in NHB genepool since the first cross between 

wild selections ‘Russell’ (V. angustifolium) and ‘Brooks’ (V. corymbosum) by Coville in 

1911. In addition to ‘Russell’, other significant sources of V. angustifolium for highbush 

cultivars included named selections ‘North Sedgewick’ and ‘Michigan Lowbush #1’. 

Through these lowbush selections, more than half of the current highbush cultivars had a 

varied degree of V. angustifolium germplasm incorporated into their genetic backgrounds 

(Galletta and Ballington 1996). The cultivated highbush blueberry accessions that contained 

the largest proportion of V. angustifolium included ‘Bluetta’ (28.1%),  ‘Patriot’ (28.1%), 

‘Rancocas’ (25%), ‘June’ (25%), ‘Gem’ (25%), ‘Bluehaven’ (25%), ‘Sunrise’ (17.2%), ‘Blue 

Ridge’ (15.6%), ‘Cape Fear’ (15.6%), ‘Bluegold’ (14.1%) and ‘Weymouth’ (12.5%).  

‘Ashworth’ and ‘Harding’ were genetically distant from highbush accessions but 

close to the LBB accessions (Fig. 3-3). The natural geographic distribution of tetraploid 

lowbush (V. angustifolium) ranges from eastern Canada, down to the south of New Jersey, 

U.S. As these are tetraploid species, gene flow may occur between natural populations of V. 

corymbosum of the same region and V. angustifolium. Partly because of this, ‘Ashworth’ and 
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‘Harding’, the two hardy selections of V. corymbosum from New York and New Jersey, 

appeared to be more genetically similar to V. angustifolium than to other tetraploid V. 

corymbosum accessions. In addition, the admixture estimates of ‘Ashworth’ for two groups 

and the admixture of ‘Harding’ for three groups were approximately equal (data not shown) 

when these two were included in the preliminary structure analysis for highbush accessions 

(K = 3). This indicated that their genetic backgrounds did not clearly belong to any of the 

three hypothetic groups. The genetic contribution of these wild V. corymbosum accessions 

may have been significantly reduced during backcrossing to standard materials to eliminate 

the undesirable characters (Ehlenfeldt 1994).  

The admixtures of ‘Bluecrop’ and ‘Pender’ suggested they are similar to SHB in 

STRUCTURE, although they are standard NHB. This likely results from their significant 

contribution to the parentage of SHB. Indeed, the hybrids (US 75, US 74 and US 340) from 

the cross of ‘Fla 4B’ and ‘Bluecrop’ were frequently used as sources of V. darrowii 

germplasm to incorporate into the SHB cultivars. ‘Bluecrop’ is also among the most 

commonly used NHB parents for developing SHB (Brevis et al. 2008). ‘Pender’ is a parent 

for SHB ‘Beaufort’, ‘Lenoir’, ‘Craven’ and ‘Pamlico’. Following this reasoning, the 

admixture of SHB membership into some NHB accessions may be due to this effect of 

‘Bluecrop’. For example, ‘Reka’, ‘Nui’, ‘Meader’ and ‘Bluechip’ have ‘Bluecrop’ or its 

sibling as parent. 

The analyses of population structure described here could have impacts on future 

breeding strategies of blueberries. For example, numerous nutritional and health benefits 
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have been recognized with blueberry consumption and are currently being investigated. 

Considerable variation in regards to phytochemical compounds associated with health is 

present within species of Vaccinium. This provides unique opportunities to breed cultivars 

that satisfy specific phytochemical profiles and to develop an add-on value to blueberry new 

cultivars.  
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TABLES 

Table 1-1 Comparison of influences on pedigree information, microsatellite markers, and 
morphological characteristics for genetic relationship and diversity studies 
 

Neutrality 
Subject to 

evolutionary 
forces 

Subject to 
environment 

Subject 
to clonal 
variation 

Other assumptions 

Pedigree 
information 

Yes No No No Unrelated ancestors and equal 
genetic contribution from parents 

Nongenic 
microsatellites 

Yes Yes No No  

Genic 
microsatellites 

Possibly 
no 

Yes No No  

Morphological 
characteristics 

No Yes Yes Yes  
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Table 1-2 Comparison of polymorphisms between EST- and genomic-microsatellites 
  EST Genomic   EST Genomic   EST Genomic   EST Genomic   EST Genomic 

  Common bean  Rice  Wheat  Barley  Sugar beet 

Number of loci 40 40  129 194  20 14  10 12  731 242 

Percentage of polymorphic loci (%) 78 65  54 84  85 100  100 100  48c 59c 

Range of number of alleles per locus  1-12 1-7  1-10a 2-11a  1-14 3-12  3-11 5-11  3-11d 1-8d 

Average number of alleles per locus  2.7 2.4  2.8a 5.1a  4.2 5.6  5.6 9.0  NA NA 

Average expected heterozygosity 0.44 0.45  0.37b 0.68b  0.42 0.55  0.62 0.74  0.68e 0.59e 
Number of accessions 25  14  66  23  31 

    
    
    
    

Accession origin 23 lines from two 
geographic origins 
and 2 related 
species 

 

13 varieties of two 
subspecies and 1 
wild species 

 

56 UK and 10 
world wheat 
varieties 

 

23 varieties, 
landraces, wild 
barley of different 
geographic regions 

 

31 accessions of 
ten species of two 
subfamilies  

 EST Genomic   EST Genomic   

 Sugarcane  Durum wheat   

Number of loci 51 50  137 108   

Percentage of polymorphic loci (%) 100 100  25 50   
Range of number of allele per locus  2-21 3-21  NA NA  a based on 13 rice varieties 

Average number of allele per locus  7.2 9.5  4.1g 5.0g  b based on 95 EST- and 194 genomic-SSRs upon 13 rice varieties 

Average expected heterozygosity 0.73f 0.82f  NA NA  c based on 1sugar beet and 1 table beet and 1 F1 
Number of accessions 18  64  d based on 20 EST- and 20 genomic-SSRs 

  e based on 20 EST- and 20 genomic-SSRs, in untermed PIC  
  f in terms of PIC 
  g based on polymorphisms of 22 EST- and 20 genomic-SSRs  
   

Accession origin 13 cultivars, 3 
related species, and 
2 parents of a 
mapping 
population   

64 breading lines, 
varieties, and 
landraces of 
different 
geographic regions                   
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Table 2-1 Occurrence of  perfect SSRs in the draft blueberry genome 
SSR Motif Number of repeats Total 

  5 6 7 8 9 10 11 12 13 14 15 >15   

AC/GT - 1724 1121 816 612 439 298 195 143 113 99 205 5765 
AG/CT - 5210 4208 3363 2771 2097 1535 1226 895 710 553 2455 25023 
AT/AT - 1513 796 499 333 180 110 65 48 41 30 170 3785 
CG/CG - 116 64 12 3 4 1      200 
AAC/GTT 271 112 47 28 13 11 5 2  3 1 1 494 
AAG/CTT 963 456 215 106 69 45 28 22 19 10 10 18 1961 
AAT/ATT 647 331 138 73 64 42 39 41 18 23 26 109 1551 
ACC/GGT 600 266 108 53 27 9 8 2 2 1   1076 
ACG/CTG 166 72 39 9 3  2 1     292 
ACT/ATG 152 62 30 15 10 10 5 2 2 1  4 293 
AGC/CGT 156 52 31 5 2        246 
AGG/CCT 388 162 75 27 9 3 1 1     666 
AGT/ATC 170 51 21 17 5 9 4 1 5 2  2 287 
CCG/CGG 101 41 11 3 1        157 
AAAC/GTTT 49 13 5 1         68 
AAAG/CTTT 62 23 8 2 1 2       98 
AAAT/ATTT 416 101 22 13 4 1   1   1 559 
ACAT/ATGT 59 30 15 9 6 3 1  1    124 
AGAT/ATCT 29 13 7 4  1    1   55 
AGGG/CCCT 56 7 1 2         66 
Other NNNN 139 47 11 4 4 6 1  1   2 215 
AAAAC/GTTTT 32 7 1          40 
AAAAG/CTTTT 40 11 5  1        57 
AAAAT/ATTTT 58 7 3 2 1        71 
AAACC/GGTTT 36 11 5 1         53 
Other NNNNN 143 39 10 1  3 1      197 
              
NN - 8563 6189 4690 3719 2720 1944 1486 1086 864 682 2830 34773 
NNN 3614 1605 715 336 203 129 92 72 46 40 37 134 7023 
NNNN 810 234 69 35 15 13 2  3 1  3 1185 
NNNNN 309 75 24 4 2 3 1      418 
NNNNNN 137 40 12 5  1       195 
              
                        Total 43594 
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Table 2-2 Frequency and average length of perfect repeats across genome fractions 
Repeat Type Predicted CDS  5'UTRs  3' UTRs  Introns 

 
Counts 
per Mb 

Average 
length  

Counts 
per Mb 

Average 
length  

Counts 
per Mb 

Average 
length  

Counts 
per Mb 

Average 
length 

Di 14.2 15.4  327.6 20.0  117.5 19.2  96.4 19.2 
Tri  52.3 17.6  34.8 19.4  19.6 19.7  13.5 19.3 
Tetra 0.3 20.3  5.2 21.8  3.7 23.1  4.0 22.3 
Penta 0.4 29.4  1.6 26.1  2.3 27.0  1.1 26.8 
Hexa  0.9 32.0  0.8 31.7  0.5 31.6  0.4 32.4 
Total/mean 68.0 17.4  370.1 20.0  143.5 19.5  115.5 19.4 
Sequence(Mbp) 42.10   27.22   22.52   65.24  
G/C content (%) 46.3   37.2   35.3   34.4  
            

 Genome  Transcribed regions  Nontranscribed regions    
Di 97.1 18.9  117.6 19.4  81.1 18.2    
Tri 19.6 19.1  28.5 18.5  12.6 20.1    
Tetra 3.3 22.3  3.2 22.2  3.4 22.4    
Penta 1.2 27.0  1.2 26.9  1.2 27.0    
Hexa 0.5 32.6  0.6 32.1  0.5 33.1    
Total/mean 121.7 19.1  151.1 19.4  98.8 18.8    
Sequence(Mbp) 358.23   157.00   201.23     
G/C content (%) 28.8   36.4   22.9     
Average length is calculated for each SSR repeat type in relative genome fractions (in base pairs).  
Counts and frequencies in nontranscribed regions are inferred by subtraction of transcribed regions from genome. 
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Table 3-1 List of 150 blueberry accessions. Name, USDA Plant introduction number (PI No.), pedigree 
information and cultivar or species type included. NHB = northern highbush blueberry, SHB = southern 
highbush blueberry, Darrowii = V. darrowii and 2x Corym. = diploid V. corymbosum. 

Name PI No. Pedigreea Type 
Aliceblue PI 554959 Beckyblue O.P. Rabbiteye 
Angola PI 554850 Weymouth x  F-6 (Stanley x Crabbe 4) NHB 
Arlen NA G-144 x Fla 4-76 SHB 
Ashworth PI 554789 Wild selection NHB 
Atlantic PI 554798 Jersey x Pioneer  NHB 
Augusta PI 554666 Wild selection Lowbush 
Austin PI 618169 T110 (Woodard x Garden Blue) x Brightwell Rabbiteye 
Avonblue PI 554949 E-66 x Fla 1-3 SHB 
Baldwin PI 554716 Tifblue x Ga 6-40 (Myers x Black Giant) Rabbiteye 
Beaufort NA NC 1406 x Pender  SHB 
Beckyblue PI 554956 (Florida 6-138) x E-96 Rabbiteye 
Berkeley PI 554883 Stanley x GS-149(Jersey x Pioneer) NHB 
Biloxi PI 618193 Sharpblue x (US 210 x Fla 4-76) SHB 
Bladen PI 618033 NC 1171 x NC SF-12-L SHB 
Blomidon PI 554664 451x Augusta  Lowbush 
Blue Ridge PI 554869 Patriot x US 74 (Fla 4B x Bluecrop) SHB 
Bluebelle PI 554697 Callaway x Ethel Rabbiteye 
Bluechip PI 554860 Croatan x US 11-93 NHB 
Bluecrop PI 554885 GM-37 (Jersey x Pioneer) x CU-5 (Stanley x June) NHB 
Bluegem PI 554718 T-31 (Ethel x Callaway) O.P. Rabbiteye 
Bluegold PI 618034 Bluehaven x ME-US 5 (Ashworth x Bluecrop) NHB 
Bluehaven PI 554847 Berkeley x 19-H (lowbush x Pioneer seedling) NHB 
Bluejay PI 554846 Berkeley x Mich. highbush selection 241 NHB 
Blueray PI 554887 GM-37 (Jersey x Pioneer) x CU-5 (Stanley x June) NHB 
Bluetta PI 554837 (North Sedgwick x Coville) x Earliblue NHB 
Bonita PI 554719 Beckyblue O.P. Rabbiteye 
Bounty PI 554859 Murphy x G-125 NHB 
Brightwell PI 554703 Tifblue x Menditoo Rabbiteye 
Brunswick PI 554665 Wild selection Lowbush 
Burlington PI 554800 Rubel x Pioneer NHB 
Cabot PI 554826 Brooks x Chatsworth NHB 
Callaway PI 554699 Myers x Black Giant Rabbiteye 
Cape Fear PI 554951 US 75 (Fla 4B x Bluecrop) x Patriot SHB 
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Table 3-1 Continued 
Cara’s Choice NA G-144 x US 165 SHB 
Centurion PI 554715 W-4 × Callaway Rabbiteye 
Chaucer PI 657219 Beckyblue O.P. Rabbiteye 
Chippewa PI 618162 B18A (G 65 x Ashworth) x US 3 (Dixi x Mich. LB-1) Halfhigh 
Climax PI 554700 Callaway x Ethel Rabbiteye 
Coastal PI 554705 Myers x Black Giant Rabbiteye 
Collins PI 554842 Stanley x Weymouth NHB 
Columbus PI 657150 NC 758 x NC 911 (Tifblue x Menditoo) Rabbiteye 
Concord PI 554801 Brooks x Rubel NHB 
Cooper PI 618235 G-180 x US 75 SHB 
Coville PI 554829 GM-37 (Jersey x Pioneer) x Stanley NHB 
Craven NA NC 1406 x Pender  SHB 
Croatan PI 554852 Weymouth x F-6 (Stanley x Crabbe 4) NHB 
Delite PI 554696 Bluebelle x T-15 [GA 10-144 x W-8] Rabbiteye 
Dixi PI 554802 GM-37 (Jersey x Pioneer) x Stanley NHB 
Draper NA Duke x G-751 NHB 
Duke PI 554872 (Ivanhoe x Earliblue) x 192-8 (E-30 x E-11) NHB 
Duplin PI 657220 290-1 (Ashworth x Fla 61-7) x G-156 SHB 
Earliblue PI 554893 Stanley x Weymouth NHB 
Elizabeth PI 554866 (Katharine x Jersey) x Scammell NHB 
Elliott PI 554871 Burlington x US 1 [Dixi x (Jersey x Pioneer)] NHB 
Ethel PI 554706 Wild selection Rabbiteye 
Everblue PI 638326 Wild selection Darrowii 
#10 NA Fla 4B x W8520 Darrowii 
Fla4B NA Wild selection Darrowii 
Fla4B NCGR PI 554904 Wild selection Darrowii 
Flordablue PI 554957 Fla 63-20 x Fla 63-12 SHB 
Fundy PI 638380 Augusta O.P. Lowbush 
Garden Blue PI 657217 Myers x Clara Rabbiteye 
Gem PI 554838 Rancocas x June NHB 
Georgiagem PI 554873 G-132 x US 75 SHB 
Grover PI 554804 Wild selection NHB 
Gulfcoast PI 618233 G-180 x US 75 SHB 
Hagood PI 554695 Wild selection Rabbiteye 
Harding PI 554831 Wild selection NHB 
Hardyblue 1613A PI 618147 Pioneer x Rubel NHB 
Herbert PI 554805 Stanley x GS-149 (Jersey x Pioneer) NHB 
Homebell PI 554709 Myers x Black Giant Rabbiteye 



 

66 

Table 3-1 Continued 
Ira PI 657152 Centurion x NC 911 (Tifblue x Menditoo) Rabbiteye 
Ivanhoe PI 554807 Z-13 (Rancocas x Carter) x Stanley NHB 
Jersey PI 554808 Rubel x Grover NHB 
Johnblue PI 638325 Wild selection Darrowii 
Jubilee PI 618195 Sharpblue x [MS60 (E-118 x US 75)] SHB 
June PI 554810 (Brooks x Russell) x Rubel NHB 
Katharine PI 554811 Brooks x Sooy NHB 
Lateblue PI 554840 Herbert x Coville NHB 
Legacy PI 618164 Elizabeth x US 75 SHB 
Lenoir NA NC 1406 x Pender  SHB 
Magnolia PI 618194 (Harrison x Avonblue) x Fla 2-5 SHB 
Meader PI 554832 Earliblue x Bluecrop NHB 
Misty PI 555317 Fla 67-1 x Avonblue SHB 
Montgomery PI 657151 NC 763 [GA 11-180 x W-4 ] x Premier Rabbiteye 
Morrow PI 554863 Angola x Adams NHB 
Murphy PI 554851 Weymouth x F-6 (Stanley x Crabbe 4) NHB 
Myers PI 554710 Wild selection Rabbiteye 
NC 3147 NA US 109 (US 41 x Mich. LB-1) x NC 2105 (Tifblue x B-46) Aneuploid 
NC 3960 NA S2 x Centurion Rabbiteye 
NC 3961 NA NC 2210 x Premier Rabbiteye 
NC 4263 NA B-1 x Reveille SHB 
NC 4361 NA Beaufort x Arlen SHB 
NC 4385 NA Arlen x Carteret SHB 
NC 4397 NA NC 2856 x NC 2863 Aneuploid 
NC 4398 NA NC 2856 x NC 2863 Aneuploid 
NC 4562 NA NC 3142 x NC 2856 Aneuploid 
NC 4900 NA NC 2852 x NC 2856 Aneuploid 
NC 79-24 PI 554881 Wild selection 2x Corym. 
NC 79-8-2 PI 554880 Wild selection 2x Corym. 
Northland PI 554952 Berkeley x 19-H (lowbush x Pioneer seedling) Halfhigh 
Northsky PI 554943 (G-65 x Ashworth) x R2P4 Halfhigh 
Nui NA E 118 (Ashworth x Earliblue) x Bluecrop NHB 
O'Neal PI 554944 Wolcott x Fla 4-15 SHB 
Olympia PI 554812 Pioneer x Harding NHB 
Onslow PI 657154 Premier x Centurion Rabbiteye 
Owen PI 554707 Wild selection Rabbiteye 
Ozarkblue NA G-144 x Fla 4-76 SHB 
Pacific PI 554813 Pioneer x Grover NHB 
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Table 3-1 Continued 
Pamlico NA NC 1406 x Pender  SHB 
Patriot PI 554843 (Dixi x Mich. LB-1) x Earliblue NHB 
Pearl River PI 618192 (G-67 x E-55) x Beckyblue  Pentaploid 
Pemberton PI 554898 Katharine x Rubel NHB 
Pender PI 657218 Bluechip x B-1 NHB 
Pioneer PI 554815 Brooks x Sooy NHB 
Polaris PI 618163 B15 (G-65 x Ashworth) x Bluetta Halfhigh 
Powderblue PI 554721 Tifblue x Menditoo Rabbiteye 
Premier PI 554717 Tifblue x Homebell Rabbiteye 
R-86 PI 554806 GS-149 (Jersey x Pioneer) x Stanley NHB 
Rancocas PI 554816 394Y (Brooks x Russell) x Rubel NHB 
Reka PI 618168 E 118 (Ashworth x Earliblue) x Bluecrop NHB 
Reveille PI 554879 NC 1171 x NC SF-12-L SHB 
Robeson NA US 226 x Premier Pentaploid 
Rubel PI 554817 Wild selection NHB 
Sampson NA Bluechip x NC 1524  SHB 
Scammell PI 554818 (Brooks x Chatsworth) x Rubel NHB 
Sebring NA Sharpblue x O'Neal SHB 
Sharpblue PI 554948 Fla 61-5 x Fla 62-4 SHB 
Sierra PI 618099 US 169 x G-156 NHB 
Southland PI 554701 Garden Blue x Ethel Rabbiteye 
Spartan PI 554845 Earliblue x US 11-93 NHB 
Stanley PI 554820 Katharine x Rubel NHB 
Summit PI 618181 G-144 x Fla 4-76 SHB 
Sunrise NA G-180 x ME-US 6620 NHB 
Sunshine Blue PI 555316 Avonblue O.P. SHB 
Suwannee PI 554714 Wild selection Rabbiteye 
Tifblue PI 554698 Ethel x Clara Rabbiteye 
Tiny Top PI 618207 Dwarf Top Hat Halfhigh 
Top Hat PI 554955 Mich. 19-H x Berkeley Halfhigh 
Toro PI 618023 Earliblue x Ivanhoe NHB 
US 75 NA Fla 4B x Bluecrop SHB 
USDA F-72 PI 554825 Wareham x Pioneer NHB 
W8520 NA Wild selection 2x Corym. 
W8523 NA Wild selection 2x Corym. 
Wareham PI 554821 Rubel x Harding NHB 
Washington PI 554822 Pioneer x Rubel NHB 
Weymouth PI 554823 June x Cabot NHB 
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Table 3-1 Continued 
Wolcott PI 614082 Weymouth x F-6 (Stanley x Crabbe 4) NHB 
Woodard PI 554704 Ethel x Callaway Rabbiteye 
Yadkin PI 657153 Premier x Centurion Rabbiteye 
a Fla =Florida, Mich. = Michigan, LB=lowbush, and O.P. = open pollinated seedling 
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Table 3-2 Summary statistics for entire accessions, rabbiteye, northern highbush, southern 
highbush, other cultivar types, and three groups of highbush blueberries detected by 
structure analysis based on 42 SSR markers 
Cultivar types 
/highbush groups in 
STRUCTURE 

Number 
of 
accessions 

Allele 
number 
per locus 

Genotype 
number per 
locus 

Shannon 
normalized 
index 

Expected 
heterozygosity 

Overall 150 14.24 55.98 0.619 0.874 
Rabbiteye 33 10.07 18.76 0.709 0.863 
Northern highbush 59 9.10 21.88 0.568 0.794 
Southern highbush 32 7.55 14.48 0.623 0.812 
Others 26 10.48 14.24 0.718 0.879 
Group Green 20 6.71 9.67 0.623 0.794 
Group Red 44 7.93 17.05 0.568 0.779 
Group Blue 25 6.81 11.95 0.631 0.807 
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Table 3-3 Genetic distances between highbush blueberry groups from structure analysis 

Group Green Red Blue 
Green 0 9.63 11.56 
Red 0.11 0 8.31 
Blue 0.12 0.09 0 
The upper diagonal: corrected average pairwise differences, and the lower diagonal: 
pairwise Fst. 
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Table 3-4 Genetic composition and distance between rabbiteye cultivars with complete pedigreea 

    
Year 

released   
Cultivar 

name  
Percent of genetic composition tracing to native 

selection  

No. of recurrent 
selection cycles tracing 

to origin   

Average 
pairwise 
distance 

    Ethel Myers Clara W-4 W-8  
 

 

            

Black 
Giant 

     

Parental 
average 

Earlier 
parent 

 
  

1950  Callawayb  
  

1950  Coastalb  
  

1955  Homebellb  

 50  50   

 

1 1 

 

1955  Tifblue  50  50     1 1  

1958  Garden blue    50 50        1 1  

0.421 

1960  Woodardc  
  

1974  Climaxc  
  

1974  Bluebellec  

50 25  25   

 

1.5 2 

 

1969  Southland  50 25 25     1.5 2  

1978  Centurion    25   25 50    1.5 2  

0.433 

1977  Powderblued  
  

1981  Brightwelld  25 25 25 25   

 

2 2 
 

1969  Delite  25 25  25  25  2.5 3  

1977  Premier  25 25 25 25    2 2  

1985  Baldwin  25 25 25 25      2 2  

0.386 

1997  Yadkine  
  

2001  Onslowe  12.5 25 12.5 25 25  

 

2.75 3 
 

1996  Austin  25 31.25 25 18.75    3.125 4  

1997  Montgomery  12.5 25 12.5 25 25   2.75 3  

1997   Ira   12.5 25 12.5 25 25     2.75 3   

0.392 

a Genetic composition and the number of recurrent selection cycles before 1980 were primarily according to  Lyrene (1980) 
b Full sibs,  derived from Myers x Black Giant c Full sibs,  derived from Callaway x Ethel d Full sibs,  derived from Tifblue x Menditoo e 
Full sibs,  derived from Premier x Centurion     
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FIGURES 

 

Fig. 1-1 Blueberry utilized production, value of production, and area harvested in the U.S., 

2000-2010. The value of production was based on the utilized production and grower price at 

each year. Maine produced wild blueberries, while the rest of states produced cultivated. 

Area harvested for wild blueberries was not applicable and not included. Source: USDA, 

National Agricultural Statistics Service, Noncitrus Fruits and Nuts Summary, various issues. 
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Fig. 1-2 The average blueberry utilized production, value of production, and area harvested 

in North Carolina, comparing 1991-2000 to 2001-2010. The value of production was based 

on the utilized production and grower price at each year. Error bars represented 95% 

confidence intervals. Source: USDA, National Agricultural Statistics Service, Noncitrus 

Fruits and Nuts Summary, various issues.
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Fig. 2-1 Substantial preference of repeat motifs in blueberry genome a) Percentage of 

dinucleotide motifs in the transcribed DNA b) Percentage of trinucleotide motifs in the 

transcribed DNA c) Frequencies of dinucleotide motifs across the transcribed regions (counts 

per Mbp) d) Frequencies of trinucleotide motifs across the transcribed regions (counts per 

Mbp) e) Distribution of dinucleotide motifs in the transcribed DNA, nontranscribed DNA 

and the whole genome (counts per Mbp) f) Distribution of trinucleotide motifs in the 

transcribed DNA, nontranscribed DNA and the whole genome (counts per Mbp) 
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a) 

 

 
 
 
 
 
 
 
 
 
 
b) 
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Fig. 3-1 a) Population structure analysis of 150 cultivated blueberry accessions. Membership 

coefficients were obtained at the optimal number of groups (K = 2). Color bars referred to the 

estimated membership fractions (%) for accessions among K = 2 groups. NHB = northern 

highbush blueberry, SHB = southern highbush blueberry, HHB = half-high blueberry, LBB = 

lowbush blueberry, PAB = pentaploid and aneuploid blueberry, and REB = rabbiteye 

blueberry. b) The optimal number of groups (K = 2) for 150 cultivated blueberry accessions 

was determined using delta K method as described by Evanno et al. (2005). ∆K = |Ln''P(X|K)| 

/ Stdev (LnP(X|K)). 
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Fig. 3-2 Principal Coordinate Analysis of SSR diversity for 150 cultivated blueberry 

accessions. REB accessions were significantly distinct from NHB, SHB and HHB accessions 

at PC 1.   
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Fig. 3-3 Neighbor-joining tree of 150 Vaccinium accessions based on Dice genetic distance 

using 42 SSR markers. The accessions above the dash lines were primarily REB, PAB, 

diploid V. corymbosum, V. darrowii, and LBB (V. angustifolium) accessions as arrowed and 

labeled. The accessions below the dash lines were predominantly NHB and SHB, and the 

HHB accessions were arrowed by labels.  
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Fig. 3-4 The optimal number of groups (K = 3) for 89 NHB and SHB accessions was 

determined by using the second order statistics (∆K) method as described by Evanno et al. 

(2005). ∆K = |Ln''Pr(X|K)|/ Stdev (Ln Pr(X|K)). 
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                                                        a)                                                                                                          b)                      
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Fig. 3-5 Genetic relationships and population structure among the 89 highbush accessions a) 

Neighbor-joining dendrogram based on Dice distance matrix of 42 SSR markers. b) 

Population structure analysis. Membership coefficients were obtained for the optimal number 

of groups (K = 3). Color bars referred to the estimated membership fractions (%) of an 

accession in K=3 groups. Accession names labeled with square symbol were classified as 

SHB, the rest classified as NHB. 
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Fig. 3-6 Principal Coordinate Analysis of SSR diversity for 89 highbush accessions. Colors 

represented groups identified at K = 3 in Fig. 3-5 b.
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a)                                                                                     b)                                                                         c) 

 
 
Fig. 3-7 a) Dendrogram of 33 rabbiteye accessions based on NJ clustering analysis of 42 SSR markers b) NJ dendrogram based on 

17 genomic markers from one random sample c) NJ dendrogram based on 17 EST-SSR markers. Numbers of node labels referred 

to bootstrap values that were greater than 40 in 100 bootstrapping.  
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Appendix A  Information for 67 genomic SSR and 9 new EST-SSR primers evaluated in screen panel 1 and/or 2, 
including primer ID, repeat motifs, primer sequences, expected amplicon size(bp) without M-13 (-21) sequence, allele 
scoring quality in fragment analysis, and allele size range with M-13 (-21) sequence. Allele scoring quality referred to 
the status of PCR artifacts and other factors affecting allele scoring (M=multiple loci, P=split peak, S=stutter peak, 
N=null allele, and Blank=good). 

No. Primer IDa,b SSR Forward primer (5'-3') Reverse primer (5'-3') 
Expected 
amplicon 
(bp) 

Allele 
score 
quality 

Allele 
range 
with  
M-13 

Screen      
panelc 

1 KAN03460 (TTA)6 TTTATCATGTGCCTAGGGGG GAATGCATTGTGGCCATGTA 213  226-234 1 

2 KAN03956 (AGA)5 GAAGAGGGCTCAGCATATCG TGGATGCGTCGTAAGTGTTT 244  256-257 1 

3 KAN05321 (TC)6 CAAAGCCTTGTTCCGGTAGT GGGGGCGGTTTAGTTAGAAG 210  217-227 1,2 

4 KAN05759 (TTA)7 CGAACTTCCCTTAGTGCTGC GCTGCCAAGATGAAGCAAAT 210  204-225 1 

5 KAN06235 (CT)13 TCAATCATCCCTCACCAACA GGGCTTTCAAATGGGCTTAT 260 S 271-302 1,2 

6 KAN06811 (TG)7 CTATCCGGTTACAAAGCCGA CAAATGAAGATGCAGAGGCA 230 P 226-255 1,2 

7 KAN07020 (TTG)5 CCGTGAAAGTATTTGGCGAT TTGTCCATTTGCAGAGACCA 126 P 120-163 1,2 

8 KAN07711 (AGA)6 TCATCACCGATCCCTTCTTC GACGAGCTGGGAGTGTTTTC 259 M 268-320 1 

9 KAN07889 (GA)6 ATGCCTTTTCTCCCTGTCCT GGAGGCCTTTGTTGATGCTA 277  283-295 1,2 

10 KAN08193 (AAT)6 GGGTTTCCCTTTGGTCTTGT GGTGCCGTTGTTCAACTTCT 233  240-252 1 

11 KAN08290 (AAT)5 TCCATTCGCGAGAAGACATA GATACGATTGCCGATGAGGT 249  195-263 1 

12 KAN08690 (TA)7 AACCTGGAACAAAAGCGTGT CTCACACCCCTTTGCAATTT 221 PS 195-327 1,2 

13 KAN09492 (ATT)6 GGTAATGCGTAATGACCGCT AAGCTGCATATGCGACACAG 217 P 163-234 1,2 

14 KAN09946 (AT)14 TTTGAATGCCTTGTTTGCTG CCAAAATCGGCAAGATCCTA 181 PS 182-208 1,2 
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Appendix A Continued 

15 KAN10006 (AAG)6 GCAGGTGCTGTCCAAACTCT TGATGGGAAGGTATTCTCCG 271 PS 291-335 2 

16 KAN10504 (TA)6 TCCAAGAACCGAGGAGCTAA ACTCTCGCAGCTGTCAACCT 236  246-256 1,2 

17 KAN11529 (AT)6 CCCTGGTTCTTGTGGTTCTT GGGCGGCTCGAATATGTTA 226  236-282 1 

18 KAN11546 (TC)6 TCCAAAAGCTTCCGAAAATC AACCGCTCAAAGCAATCAAT 278  293-295 2 

19 KAN11550 (AG)6 TGTGGTTAAGTGGGGTCCAT TGGGTCCCATTTATGTGTTG 233 MPS 206-240 2 

20 KAN11563 (ATGT)5 GGATCGCATGTATGCTTCCT ACCAGCCTCTCAGTGTTGCT 237 P 238-282 2 

21 KAN11591 (AG)8 CCTGAAGTGAAAATCCCCAA ACACTTCCGGGTACACAACC 253 S 299-354 2 

22 KAN11695 (AG)8 GCGCTTGACCAGGAAAAGTA GGCATTGGTGAAGGAAGAGA 250 S 263-312 1,2 

23 KAN11783 (CT)6 TTCTCTCCTTCCCCTAACCC AAGCTCCACACACAAATCCC 169 P 177-180 1,2 

24 KAN11914 (CT)11 AAGGGGCCTCTTGTTTTGAT TCTGACAGCCTGTGGCTATG 271 MPSN 277-300 1 

25 KAN12058 (AC)6 TGCCTAATCTATTCGGTGGG TACAAGCATGCAGCCACAGT 244 MPS 258-300 2 

26 KAN12077 (CAA)7 TTGCAGATCTGTCACAAGGC CACCTCTGCTCCTCCCATAA 210 P 218-233 2 

27 KAN12091 (AT)6 TCTGGGATTATCGTCCGAAT TTGGATTTGAAGGATCGCAT 278 N 292-349 2 

28 KAN12092 (CT)11 CCATGCGTTGATGTATTTGG GCATGAATGGGCGTATGTAA 182  188-201 2 

29 KAN12137 (CT)11 GTTGCCTTGGCAAACTGACT ACCCCCATGATTGAGATTGA 274 M 276-309 2 

30 KAN12149 (CT)7 ATTGATTGCTTCCGTTTTGC TTCCGTGTCCGTGCTACATA 250  264-268 2 

31 KAN12172 (TTA)7 TGATATGACTTTCTATTGGGTTGC CCTTGCTCCACTTTGTTGTG 208  221-228 1 

32 KAN12212 (AG)6 CAACAGGAAAAGGACCCAAA CCTCCACCCCTTCTTTTCTC 232 P 249-260 1 

33 KAN12224 (AG)7 TTGGTGGGACCAGTTTCAAT AAAAAGTGCCAGTTGGGATG 254 P 261-279 1 

34 KAN12250 (CT)7 CCGACATTTTCACACACGTC CCTGAGAAAAGCTGCGAAGT 184 S 200-219 1 

35 KAN12283 (TC)10 CCATTGGGTTCCAGAAACAT GGGTAAGGTCGTTGTTTTGC 112  116-155 1 
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36 KAN12310 (TC)6 GGCCATCGATCTCAGTCCTA AGAGCCCCCATTGATTGACT 139 P 152-156 2 

37 KAN12339 (CT)10 TCTTCTCCTTCCGTTTTGGA GGCGCAAACTCAGTCATACA 223 S 230-269 2 

38 KAN12340 (GT)12 GCACAAGTGGGGAATGAGTT ATGACATACGGTGCTGACGA 224 S 225-245 2 

39 KAN12355 (TC)11 AACTAAACACCGCAAATCCG GATGCCGTCCGATGTATCTT 149 S 152-187 2 

40 KAN12369 (CT)10 ACAGACGAGGAGGTGGAGAC AGGGCATCTGTTCTTCGCTA 215  222-234 2 

41 KAN12415 (CT)6 GCATGACAGCACGAAAACAT GAAGAAGTCCCACGCGATAG 211  227-235 1 

42 KAN12477 (TC)10 CTTGCGAGGATGAAGACCTC GTTCGCTAACCGTCACCATT 260 M 267-276 2 

43 KAN12505 (TC)8 AATGCAGAGTGGCAGATCAGT TTGCCTCTGCAAAAGGAATC 130 PS 143-182 2 

44 KAN12714 (AC)10 GAACAGCAAATTAGCCCGAA GGATTGGAATGCACGACTTT 183 MPSN 156-196 1,2 

45 KAN13233 (GAT)5 TACCTCAGTTTTCGCATCCC GGGTCCTATTTTGAGGCCAT 257 MP 232-292 1,2 

46 KAN15483 (GA)7 CAACTTTGGCAGTTTCCCAT GTTGAAGGTGTCTTTGGGGA 252  241-286 1,2 

47 KAN15875 (CA)13 GAGCGGCAACGTAGTTAAGC GAAACCATTGCCCATCAGTT 272 PS 262-299 1,2 

48 KAN15907 (CA)6 TCTTCCGTTTGTGCTCACTG AGGCGAACAGAACAGGACAT 198 P 208-213 1,2 

49 KAN16025 (GA)10 TCAAAGGCAGAGAGGAGAGC GACTTTCTGCAACAGGCACA 257 MPN 256-282 1,2 

50 KAN16301 (TTA)5 TCCTCCCTCAACGAGATGAC TCTCCAGTCCTGGCAAAAGT 237 P 228-262 1,2 

51 KAN16542 (TC)7 AGGAGGAGGAGAGAAGCTCG TAATCCCCCGACTGTGAAAA 244 PSN 241-257 1,2 

52 KAN18709 (CTC)8 CATAGGAATAAGCGGTGGGA GTTGCCCAAAAGAGCTTCAG 228  233-248 2 

53 KAN18838 (ACC)5 GGAGTGGGGAGGGAGTTTAG GTTCGCCGTGATTTAGAAGC 146  158-161 2 

54 KAN19556 (CT)6 TTTGCGTTCAACTGACTGGA CCTCGGAACAACTCAACACA 197 PSN 214-236 1,2 

55 KAN20193 (AAT)5 CCAGGGTTTCAATATCACCG GTGAACAACTCTCGGCACAA 191 N 202-206 2 

56 KAN20898 (AG)6 GCCCAATGCAACTCTTTTGT TGAGGTGCAGGATGCATAAG 134 MPS 109-188 1,2 
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57 KAN24499 (GA)8 GAAATGATTCTGTGGGTGGG GTTGGAGCCTTTGGACTCTG 160 S 174-202 2 

58 KAN25430 (CTG)5 CCCGCCCTATTATCTCATCA GTTGTTGGGGTTTCTGCTGT 235  243-258 2 

59 KAN26967 (TTA)22 TAAGGGACATCCAAAAACGG GTGTAAGTGCCGAATGGCTT 228 M 181-249 1 

60 KAN27492 (TC)8 CCTTGTTCGTTTCCCAGTTT ATAAGCACAAGCGGAAGCAT 216  229-254 1 

61 KAN27558 (CT)10 ATTGCTTGACAGATGAGGGG GTTCGCTAGCGTTTCCATGT 215 MN 161-290 1 

62 KAN27770 (GA)9 CCTCGCATTAGTGCAAAACA GTGAATCCGGTGAACGCTAT 119 S 121-157 1,2 

63 KAN28196 (AATA)5 AAAAACAAGTGGTTTCAAATATGC GTTAACGGAGCACGTGAATG 260  270-276 1 

64 KAN29223 (CT)11 TGCCAGGATGTAAGCATGAA ACCAAGCCAACGTACTGAGG 226 P 234-246 1 

65 KAN40414 (TTC)6 TGTTGCCAAACCTGTGAAAA GTTTCTGGGTGGTGCTCAGT 244  257-267 1 

66 KAN41257 (AGA)6 AAACCCTGGTGCTGAAATTG GTGGCCATGAGGTTTGTCTT 236  245-251 1 

67 KAN41409 (TC)12 TCCTTCTTGCAACGTCCTCT GTTCGTCTTGGACTTCGAGC 249 M 249-279 1 

68 CA1632 (TTCCA)3 CTCCCTCTCCCCTTGAAAAC ATGATCGAAATGCGAAGGAC 187  197-207 1,2 

69 CA933 (AG)14 TCCCTCGTACAAATTGAGGAA GATCAGGTGAAGAGCTTGGC 127 MS 130-150 1,2 

70 Contig428 (AAC)4 TTGGCCAGAACAACCAAAGT CGTCGTGTTCCTCTTGTTCA 245 P 259-271 1,2 

71 Contig572 (CT)5 TCTTCCTTCTTCACGACTGCT TCCATAGAGAAGCTTGGGGA 296 P 311-314 1,2 

72 Contig634 (AG)5 GAGTGCATCCAGAATGAGCA TTGGCCAATATGTCTAGGGC 280 P 289-294 1,2 

73 NA551 (TA)5 GTGCGGGAGAGGTGTAAAAG TCTTCTGCATCCTTCGACCT 249 P 258-267 1,2 

74 vco01-2ms2 (TGC)4 AAAGCATTCCTGTCCCCTTT GGAACAATTGGCTCACCAGT 186  202-205 1,2 

75 vco01-2ms4 (CAGA)3 TTGGGGTTGGCTACATGAAT TGAAAGCATCCCCCTTTATG 295 P 302-312 1,2 

76 vco01-6ms4 (AG)5/(GAA)4 CACGGCAGAGCAGAGTAGAA GCTTTGTGCAACGTCTTTGA 146   164-167 1,2 
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a Primers named with “KAN” were developed from genomic source, and 9 other primers were provided courtesy of Dr. 
Rowland from EST or transcriptome source. b The annealing temperature (Ta) used for KAN09946, KAN12714, 
KAN15875, KAN16025 and KAN19556 was from 65 to 55°C, and the rest from 60 to 50°C in touch down PCR with 
forward primers tailed with M-13 (-21) sequence. c The Screen Panel 1 included accessions 'Premier', 'Duplin', 
'O'Neal', 'Duke', 'Blueray', 'Biloxi', 'Sunrise' and 'Bounty', and the Screen Panel 2 included accessions 'Ashworth', 
'Avonblue', 'W8520', 'Fla4B', 'Berkeley', 'W8523', 'Earliblue' and 'Pearl River'. 
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Appendix B Diversity statistics of the 42 SSR markers for blueberry cultivar types and the three highbush groups 
derived from STRUCTURE. Other = the rest of Vaccinium accessions excluding REB, NHB and SHB, NA=number of 
alleles, NG=number of genotypes, He=expected heterozygosity corrected for sample size, and Hsh=Shannon 
normalized index. 

  Overall   REB   NHB   SHB 

Markera Range NA NG He Hsh   NA NG He Hsh   NA NG He Hsh   NA NG He Hsh 

CA169b 113-154 16 59 0.959 0.711  13 29 0.991 0.947  7 21 0.942 0.689  6 12 0.901 0.651 

CA190b 254-260 5 9 0.780 0.333  4 7 0.756 0.458  3 6 0.715 0.344  3 5 0.732 0.397 

CA23b 171-190 7 16 0.712 0.364  6 10 0.854 0.568  3 5 0.330 0.169  4 6 0.516 0.307 

CA344b 161-185 13 72 0.976 0.782  11 24 0.979 0.883  9 26 0.937 0.708  11 25 0.972 0.885 

CA787b 303-317 5 17 0.877 0.471  4 6 0.756 0.420  5 14 0.858 0.536  5 8 0.837 0.532 

CA794b 231-271 19 113 0.994 0.920  15 26 0.982 0.912  15 52 0.992 0.949  12 28 0.990 0.945 

CA855b 242-270 27 118 0.995 0.932  13 21 0.939 0.790  21 55 0.998 0.977  17 29 0.994 0.962 

CA933c 128-154 13 108 0.991 0.897  11 30 0.994 0.964  11 41 0.972 0.856  10 27 0.986 0.928 

Contig428c 256-274 7 38 0.926 0.601  7 25 0.986 0.912  6 12 0.840 0.493  5 13 0.886 0.656 

Contig572c 311-314 2 3 0.452 0.159  2 2 0.508 0.198  2 2 0.131 0.062  2 3 0.179 0.107 

Contig634c 288-300 11 31 0.894 0.534  6 13 0.907 0.664  8 10 0.754 0.403  7 10 0.857 0.580 

KAN03460 222-234 6 14 0.722 0.330  5 11 0.911 0.645  3 3 0.516 0.186  3 4 0.657 0.323 

KAN05321 217-227 7 37 0.943 0.626  4 7 0.772 0.452  7 23 0.899 0.647  6 17 0.954 0.778 

KAN06235 263-318 30 135 0.998 0.971  23 32 0.998 0.988  23 54 0.997 0.971  19 30 0.996 0.975 

KAN06811 221-260 24 96 0.989 0.863  17 33 1.000 1.000  14 37 0.973 0.833  10 19 0.956 0.801 

KAN07711 264-320 31 115 0.993 0.914  22 33 1.000 1.000  21 49 0.992 0.934  17 23 0.974 0.870 

KAN07889 283-297 10 32 0.918 0.575  7 17 0.944 0.760  5 9 0.831 0.459  5 8 0.831 0.531 

KAN11546 293-312 6 12 0.815 0.375  4 5 0.648 0.330  3 5 0.639 0.296  3 5 0.617 0.339 

KAN11563 238-284 18 55 0.914 0.641  8 19 0.949 0.782  11 18 0.835 0.539  8 12 0.859 0.604 

KAN11695 263-320 33 128 0.997 0.955  21 33 1.000 1.000  21 48 0.992 0.930  15 28 0.990 0.945 
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KAN11783 177-185 5 8 0.753 0.326  3 3 0.447 0.221  3 5 0.740 0.339  3 5 0.698 0.376 

KAN12077 215-236 9 29 0.852 0.482  7 11 0.812 0.545  5 7 0.644 0.304  6 10 0.859 0.569 

KAN12092 186-210 14 73 0.975 0.779  12 30 0.992 0.959  8 28 0.964 0.769  8 14 0.888 0.660 

KAN12224 261-279 9 42 0.806 0.477  8 30 0.994 0.964  5 7 0.540 0.254  4 5 0.740 0.392 

KAN12415 224-245 11 34 0.716 0.427  9 24 0.975 0.875  5 9 0.567 0.314  3 4 0.333 0.186 

KAN12477 267-279 11 75 0.980 0.801  7 10 0.792 0.519  8 34 0.972 0.817  9 23 0.978 0.878 

KAN12505 143-194 26 101 0.987 0.870  21 33 1.000 1.000  16 32 0.949 0.769  9 23 0.974 0.870 

KAN15483 241-286 29 101 0.992 0.888  22 30 0.996 0.975  14 38 0.972 0.837  10 24 0.983 0.904 

KAN16542 235-271 22 60 0.972 0.750  14 24 0.962 0.854  10 27 0.959 0.762  11 22 0.974 0.868 

KAN18709 233-251 7 30 0.915 0.559  7 16 0.926 0.720  6 15 0.874 0.556  5 12 0.887 0.646 

KAN18838 157-167 4 6 0.367 0.156  4 4 0.324 0.181  2 3 0.216 0.101  3 4 0.381 0.212 

KAN19556 214-246 14 35 0.869 0.538  10 13 0.785 0.570  11 19 0.886 0.610  4 7 0.708 0.435 

KAN24499 174-210 23 94 0.983 0.839  17 32 0.998 0.988  17 35 0.970 0.814  11 18 0.944 0.773 

KAN27770 119-159 31 103 0.989 0.880  17 31 0.996 0.976  19 30 0.955 0.761  14 29 0.992 0.958 

KAN40414 250-275 18 48 0.938 0.644  11 21 0.935 0.800  6 15 0.852 0.532  5 9 0.851 0.546 

KAN41257 245-254 5 11 0.764 0.342  4 7 0.631 0.369  4 7 0.671 0.313  3 4 0.599 0.310 

NA1040b 194-230 25 126 0.997 0.954  16 30 0.994 0.964  13 47 0.992 0.931  14 30 0.996 0.975 

NA551c 258-267 8 17 0.842 0.428  4 7 0.677 0.401  6 8 0.785 0.415  6 10 0.776 0.515 

NA824b 163-203 19 108 0.993 0.905  12 20 0.922 0.769  15 50 0.994 0.946  12 29 0.994 0.962 

vco01-2ms2c 202-205 2 3 0.523 0.155  2 2 0.515 0.198  2 2 0.466 0.160  2 2 0.444 0.179 

vco01-2ms4c 302-315 10 28 0.863 0.508  7 19 0.955 0.794  6 7 0.662 0.324  4 8 0.827 0.518 

vco01-6ms4c 163-169 6 11 0.769 0.340  6 8 0.754 0.451  3 4 0.580 0.242  3 4 0.609 0.298 

Total  598 2351    423 788    382 919    317 608   

Average   14.24 55.98 0.874 0.619   10.07 18.76 0.863 0.709   9.10 21.88 0.794 0.568   7.55 14.48 0.812 0.623 
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   Other  Group green   Group red   Group blue 

Markera  NA NG He Hsh  NA NG He Hsh   NA NG He Hsh   NA NG He Hsh 

CA169b  7 14 0.948 0.773  6 10 0.784 0.622  7 18 0.933 0.700  6 12 0.913 0.707 

CA190b  4 7 0.803 0.512  3 4 0.658 0.389  3 6 0.729 0.377  3 5 0.757 0.439 

CA23b  6 8 0.803 0.524  4 6 0.737 0.472  3 3 0.172 0.094  3 3 0.290 0.165 

CA344b  8 18 0.960 0.840  9 15 0.968 0.876  8 21 0.934 0.721  8 19 0.960 0.866 

CA787b  5 9 0.849 0.595  5 6 0.763 0.497  5 10 0.830 0.514  5 9 0.897 0.642 

CA794b  14 19 0.977 0.890  10 15 0.958 0.861  13 41 0.997 0.975  12 21 0.983 0.925 

CA855b  24 21 0.989 0.945  17 19 0.995 0.977  19 41 0.997 0.975  15 24 0.997 0.983 

CA933c  11 22 0.985 0.928  9 12 0.942 0.789  10 36 0.976 0.902  9 23 0.993 0.966 

Contig428c  5 12 0.907 0.698  5 10 0.906 0.718  5 9 0.822 0.488  5 10 0.860 0.621 

Contig572c  2 3 0.236 0.144  1 1 0.000 0.000  2 3 0.210 0.109  2 2 0.153 0.087 

Contig634c  7 12 0.889 0.673  6 8 0.884 0.649  7 8 0.700 0.387  7 7 0.823 0.541 

KAN03460  5 6 0.577 0.363  2 2 0.395 0.188  3 3 0.555 0.224  3 4 0.657 0.345 

KAN05321  6 15 0.949 0.805  6 10 0.916 0.722  7 21 0.922 0.708  6 12 0.917 0.711 

KAN06235  19 21 0.978 0.906  15 19 0.995 0.977  17 40 0.996 0.967  17 23 0.993 0.966 

KAN06811  18 25 0.997 0.984  9 14 0.958 0.844  12 29 0.970 0.840  8 16 0.960 0.825 

KAN07711  25 20 0.969 0.879  15 18 0.989 0.954  20 39 0.992 0.950  13 18 0.973 0.873 

KAN07889  9 15 0.940 0.784  4 6 0.763 0.508  5 9 0.852 0.515  4 5 0.810 0.483 

KAN11546  6 11 0.898 0.668  3 4 0.658 0.389  3 4 0.623 0.293  3 4 0.603 0.337 

KAN11563  11 18 0.960 0.840  5 6 0.747 0.489  8 14 0.815 0.539  8 15 0.913 0.755 

KAN11695  25 23 0.991 0.951  14 19 0.995 0.977  21 35 0.988 0.919  11 22 0.987 0.942 

KAN11783  4 7 0.868 0.575  3 4 0.695 0.407  3 4 0.718 0.341  3 5 0.737 0.414 

KAN12077  8 12 0.857 0.655  4 5 0.716 0.436  3 4 0.633 0.290  6 10 0.883 0.639 

KAN12092  9 17 0.960 0.830  7 16 0.977 0.916  7 18 0.934 0.710  8 13 0.917 0.721 
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KAN12224  8 8 0.723 0.465  4 4 0.489 0.291  4 4 0.555 0.242  4 5 0.697 0.396 

KAN12415  8 10 0.702 0.498  4 6 0.726 0.483  4 4 0.354 0.180  3 4 0.417 0.247 

KAN12477  9 17 0.953 0.828  8 18 0.989 0.954  8 25 0.963 0.801  9 21 0.983 0.925 

KAN12505  20 22 0.985 0.928  8 9 0.858 0.640  13 31 0.967 0.856  9 19 0.970 0.879 

KAN15483  16 20 0.978 0.896  8 14 0.953 0.851  12 32 0.977 0.878  9 22 0.990 0.948 

KAN16542  13 18 0.967 0.873  8 13 0.942 0.806  9 24 0.952 0.780  8 15 0.960 0.832 

KAN18709  6 12 0.923 0.721  5 9 0.865 0.659  5 12 0.866 0.564  5 9 0.838 0.596 

KAN18838  4 5 0.631 0.351  3 4 0.500 0.305  2 2 0.169 0.081  2 3 0.290 0.165 

KAN19556  9 10 0.787 0.562  6 8 0.801 0.585  7 12 0.860 0.567  5 7 0.812 0.534 

KAN24499  19 21 0.975 0.902  12 15 0.921 0.821  13 26 0.955 0.796  9 15 0.943 0.790 

KAN27770  23 20 0.983 0.914  12 14 0.947 0.829  13 23 0.946 0.756  13 23 0.990 0.959 

KAN40414  10 19 0.970 0.879  6 7 0.737 0.514  6 12 0.867 0.554  5 8 0.843 0.562 

KAN41257  4 7 0.880 0.591  3 5 0.663 0.392  3 3 0.609 0.263  3 4 0.650 0.347 

NA1040b  19 22 0.987 0.942  10 17 0.984 0.931  16 36 0.990 0.934  11 24 0.997 0.983 

NA551c  6 9 0.847 0.590  3 4 0.642 0.370  5 7 0.765 0.415  4 5 0.656 0.373 

NA824b  15 23 0.991 0.951  11 16 0.974 0.899  13 37 0.992 0.939  13 23 0.993 0.966 

vco01-2ms2c  2 3 0.610 0.299  2 2 0.526 0.231  2 2 0.485 0.176  2 2 0.500 0.209 

vco01-2ms4c  8 12 0.930 0.729  4 8 0.700 0.513  5 6 0.702 0.355  4 7 0.790 0.511 

vco01-6ms4c  3 5 0.793 0.461  3 4 0.737 0.435  2 2 0.465 0.172  3 4 0.605 0.315 

Total  440 598    282 406    333 716    286 502   

Average   10.48 14.24 0.879 0.718   6.71 9.67 0.794 0.623   7.93 17.05 0.779 0.568   6.81 11.95 0.807 0.631 
a Genomic SSR markers named with "KAN" b EST-SSR markers adopted from Boches et al. (2005) c EST-SSR markers provided courtesy of Dr. Rowland 
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Appendix C Neighbor-joining tree for 150 cultivated blueberry accessions based on 
Dice distance matrix of 42 SSR markers 
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