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Abstract

The blueberry (Vaccinium spp. L.) is a health promoting and economically
important fruit crop. Genetic diversity and relatedness were studied in 63 blueberry
genotypes, using eleven EST-PCR and nine microsatellite markers. Markers found to be
polymorphic and detected 436 and 272 alleles, respectively. Other parameters such as PIC,

expected and observed heterozygosity were also high for both the markers.

Cluster analyses such UPGMA, NJ and PCO identified clustering of genotypes
according to their geographic collection site. Fingerprinting data was used for the
STRUCTURE analysis which also separated clones and cultivars based on their geographic
collection site. Similarity was found among the results of UPGMA, NJ, PCoA and
STRUCURE analyses for both the markers analysed individually and combined. AMOVA
analysis revealed high genetic diversity among genotypes. Results from the present study
will help in germplasm management and for evaluating and selecting promising blueberry

genotypes in the current blueberry improvement program.
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1 Introduction

1.1 Genus Vaccinium

Blueberries (Vaccinium spp L.) belong to the genus Vaccinium L., which contains
approximately 400 species of shrubs or small trees worldwide (Vander Kloet 1988).
Vaccinium belongs to the Vaccinieae tribe in the subfamily Vaccinioideae of the family
Ericaceae. The genus features prominently in ecosystems throughout North and South
America, Europe and Eurasia and the majority of species are also found in Malaysia and
Southeast Asia (Vander Kloet 1988). The plants are generally found in acidic, sandy, peaty,

or organic soils and readily invade disturbed or exposed areas.

The Vaccinium genus is traditionally divided into sub-generic groups called
sections. From 30 sections of genus Vaccinium (Aethopus, Baccula-Nigra, Barandanum,
Batodendron, Brachyceratium, Bracteata, Ciliata, Cinctosandra, Conchophyllum,
Cyanococcus, Cyanophtalmos, Eococcus, Epigynium, Euepigynium, Galeopetalum,
Hemimyrtillus, Herpothamnus, Myrtillus, Neojunghuhnia, Nesococcus, Neurodesia,
Oarianthe, Oxycoccoides, Oxycoccus, Polycodium, Praestantia, Pseudocephalanthos,
Pyxothamnus, Rigiolepis, Vaccinium and Vitis-ldaea), blueberries belong to section
Cyanococcus (GRIN 2015). It was proposed that the origin of the section was in South
America (Vander Kloet 1988). Genus Vaccinium has a very highly conserved genome in
North America (Qu et al. 1998), in which polyploidy and interspecific hybridization are
common (Lyrene et al. 2003). Therefore, it becomes difficult to infer taxonomic

relationships between species within sections.



Berries produced by all the Vaccinium species, other than V. arboreum Marshall,
have fruit that is edible by both birds and mammals, and their flavor varies from insipid to
tart to sweet (Vander Kloet 1988). Blueberries (Vaccinium spp.), cranberries (V.
macrocarpon Ait.) and lingonberries (V. vitis-idaea L.), are commercially important
Vaccinium species that have been domesticated in the twentieth century (Vander Kloet

1988).

1.2 Blueberries and their improvement

Blueberries are historically grown in Canada and the United States of America
(USA). They grow well in sandy and acidic soil. Blueberries were introduced in some
countries of South America, such as Chile and Argentina in the early 20th century. Few
countries in Europe, such as the Netherlands, Germany and Sweden started production in
mid-19th century (Naumann 1993). Blueberries were also introduced in East Asia and

China in the middle of the 20th century (Celik and Islam 2014).

There are five major classes of blueberries grown commercially for fruit today. These
classes include, 1) northern highbush, 2) southern highbush, 3) lowbush, 4) half-high, and
5) rabbiteye (Galletta 1996). Northern highbush blueberries (also referred to as highbush)
are native to the North American regions. These blueberries grow up to 2 m in height. Most
of these blueberries have parentage of V. corymbosum L., and some of them also have V.
angustifolium Ait. as a parent. Northern highbush blueberries are the widely used cultivars
in the world (Galletta 1996). Southern highbush blueberries have the same morphology and

culture as northern highbush blueberries. These blueberries are mainly V. corymbosum, but



also contain the very low-chilling species V. darrowii in their parentage, and thus they are
also called low-chill highbush blueberries. These blueberries are native to southeastern
North America and grow in the same mild climate regions as rabbiteye blueberries, such as
southern Virginia to northern Florida, along the Gulf Coast to east Texas and central
Arkansas in the USA, and in subtropical regions in Australia (Galletta 1996). The cultivated
highbush blueberry is primarily derived from a few wild clones of V. corymbosum L., but
also includes genetic material from V. angustifolium (4X) and sometimes V. darrowii Camp

(2X) (Qu et al. 1998; Qu and Hancock 1997).

Half-high blueberries are the cultivars derived from the crossing of lowbush and
highbush blueberries (Galletta 1996). They attain the height of 0.5 to 1.0 m. These half —
high blueberries are important in extending the range of blueberry production in northern
areas, as their height is suitable to insulate the snow cover, and at the same time they give
increased fruit size. These hybrids or backcross derivatives of lowbush-highbush hybrids

involve parentage from V. angustifolium and V. corymbosum.

Lowbush blueberries are native to eastern Canada and the north-east USA, and they
attain a height of 0.5 m. These plants are typically rhizomatous and include predominantly
the tetraploid “sweet lowbush blueberry,” V. angustifolium, but also include Canada
blueberry, V. myrtilloides Michaux. Commercial production is confined mostly to Maine,
Quebec and the Atlantic Canadian provinces (Luby et al. 1991). Rabbiteye blueberry is
native to the southeastern North America, encompassing northern Florida, southern

Georgia, and southern Alabama (Brightwell 1955).



The lowbush blueberry is a complex tetraploid (2n = 4x = 48) and is widely found
in Atlantic Canadian provinces and in Maine. Native people harvested wild blueberries
long before the European settlers arrived in North America. The lowbush blueberries were
the first to be cultivated commercially by aboriginal people. They practiced blueberry
growth by periodically burning blueberry fields, which would quickly grow again with new
plants. They apparently knew from the experience that the bushes do not bear when
overgrown with brush and weeds (Burgher et al. 2002). Harvested wild lowbush blueberry
species include Vaccinium angustifolium, V. angustifolium f. nigrum and V. myrtilloides.
The wild clones of lowbush blueberries are commercially managed in Atlantic Canada.
These clones are morphologically and genetically more polymorphic (Burgher et al. 2002;
Debnath 2009). Because of this polymorphic nature, the yield and antioxidant contents of

berries vary among the blueberry clones.

Before 1900, the lowbush and highbush blueberries were abundant in the wild,
which made commercial cultivation of the blueberries unnecessary. But with the increased
population, the demand of blueberry increased; at the same time the suitable habitat for
blueberry plantation decreased. This forced the plant into commercial cultivation and thus
the blueberry breeding programs started. Dr. Frederick Vernon Coville recognized the
potential of widespread commercial value of blueberry and started extensive research in
various fields of North East USA, such as New Jersey, North Hampshire etc. He found out
that bushes grow well in infertile, acidic, natural and non-limed soils, instead of rich, well
matured and limed garden soils (Galletta 1996). He selected wild highbush blueberry plant

for breeding purposes in 1908, which he named ‘Brooks’. After several failed attempts in



self-pollination, it was concluded that cross-pollination can be resulted in highest fruit
production. Thus the second plant he selected for the breeding purpose was the wild
lowbush blueberry plant, which he named ‘Russell’. The first successful cross were made
between them, and after that he selected several plants from the wild for the breeding
purposes. By the time he died in 1937, he had propagated over 68,000 seedlings and
introduced 15 cultivars for the commercial blueberry production. ‘Dixi’ is the last cultivar

he released, which is Latin for “I am done” (Gough, Robert E. (Robert Edward) 1994.).

The early objectives in blueberry breeding included large berry size, light blue
color, small scars, firm fruit, good flavour and high productivity (Ballington 2001). As
these objectives were realized, breeders began selecting for extended harvest season and
geographical range (Michigan, South Carolina, and Florida), adaptation to mechanical
harvest, and disease resistance (e.g. mummy berry (Monilinia) (Ballington 2001). The
future objective of the breeding experiments are to grow high quality blueberries with
broader soil adaptation (less dependent on acidic soil), broader climatic adaptation,
improved precocity, mechanical handling tolerance and superb fruit flavours (Galletta

1996).

1.3 Health benefits and medical functions of blueberries

Blueberries are known to possess great health benefits because of their high
antioxidant capacity and total phenolics compounds, such as anthocyanin, flavonols and
phenolic acids (Kalt et al. 1999). Today the blueberry’s reputation as a “healthy” food

makes it one of the most popular small fruits on the market. Much research suggests the



association of blueberry antioxidants with numerous health benefits (Halliwell 2007;
Joseph et al. 2003; Willis et al. 2005). Blueberries have shown to have one of the highest
antioxidant activities compared to the other fruits tested, including cranberries, apples, and
red and green grapes (Prior et al. 1998; Wolfe and Liu 2007). Blueberry extract is believed
to enhance signaling and prevent behavioral deficits in an Alzheimer disease model (Joseph
et al. 2003), memory enhancement in a rat model (Andres-Lacueva et al. 2005), cancer
prevention properties (Block et al. 1992) and have positive effect on night vision (Canter
and Ernst 2004). The consumption of blueberries has also proved to reduce the size and

growth of tumors in mice and rats (Kanaya et al. 2014; Jeyabalan et al. 2014).

1.4 Industry and production of blueberries

Early settlers in the Atlantic provinces of Canada first harvested the fruit for their
own use or for local distribution (PRRP 2012). Canada's blueberries are commercially
grown in both wild and cultivated varieties, which make them unique and no other
Canadian fruit shares this distinction (AAFC 2011). Improvements in marketing and
shipping and the establishment of canneries in Maine and along the Canada—USA border
in the mid-1800 expanded the markets. Improved harvesting methods and management
resulted in an expansion of production throughout the 20" century. Since the 1980’s,
production has increased dramatically because of advancements in management, including

improved weed control and the increased use of bees for pollination (PRRP 2012).

Canada is the second largest blueberry producer after the USA and world's largest

producer of “lowbush blueberries” (AAFC 2011). Most lowbush blueberries are grown



commercially in Quebec and the Atlantic provinces. Canada is the largest exporter of
blueberries with its largest export to the USA and followed by Japan (Scrivener 2008; Ogg
2014). In 2011, the blueberry production in the USA was 188,926 metric tons (NASS 2015)
while the Canadian blueberry production was 112,363 metric tons in 38,413 hectares of
land (PRRP 2012). In 2012, Canada exported 88,477 metric tons of blueberries and in 2011,
54,486 metric tons, which shows 40% increase in export. Each year, as the export is
increasing, the land used for the production is also increasing (Ogg 2014). Blueberries are
produced largely, among all the fruits, in Canada and they consumes more than half the
country's fruit-growing area (AAFC 2011; Scrivener 2008). This dictates the importance
and public interest in blueberry. British Columbia is the highest blueberry growing region

in Canada (AAFC 2011; Scrivener 2008).

Blueberries are used widely and have many usages in different industries, such as
baking, wine, cosmetics, desserts, snack, pet foods, nutraceuticals and dairy (Villata 2015).
Blueberries are delicious in pancakes, pies, tarts, muffins, sauces and cakes, but they are
amazingly versatile in other dishes as well. Their fresh, natural flavour enhances the taste
of pork, chicken and game, and chefs can combine them with almost any other fruit or berry
to make a dessert (AAFC 2011). Health professionals are openly promoting the
consumption of blueberry for healthy diet and high amounts of antioxidants. Because of
their taste and health advantages, it is the number one favourite berry fruit (Villata 2015).
Statistics detected that in 2012, blueberries were used in ~1000 different products in
different industries (Brazelton 2013) compared to ~450 different products in year

1998. Baked good and dairy products such as: muffins, bagels, yogurt, juice etc. are the



most common uses. Thus, it can be determined that baking and snack industries are the
largest buyer of the freshly grown blueberries. However, new categories such as pet foods

continue to rise (Brazelton 2013).

1.5 Wild germplasm and importance of genetic diversity

Plant germplasm is the living tissue from which new plants can be grown. Germplasm
is usually seed, or it can be another plant part, for example, a stem, a leaf, or pollen, or even
just a few cells that can be cultured into a whole plant (AAFC 2014). Plant germplasm
carries genetic information for the plant's hereditary makeup. For most crops, there is a
very wide gene pool in the wild species in comparison with the limited range of genetic
variability in collections in the existing gene centers (Hawkes 1977). Hawkes (1977) gave
a general review of the importance of wild germplasm and evaluated its potential in plant
breeding research. According to him, knowledge on the phylogeny, taxonomy and
geographical distribution of the wild species is required for their best use in a breeding
program. For instance, wild species may possess a whole set of favourable (for example
pest resistance) or unfavourable agronomic features (like low yield and poor flavour)
(Hawkes 1977). Thus, wild clones are very important for any breeding program as they are

very diverse and give more options to the breeders.

Genetic diversity means genetic variation in a sum of individuals (Templeton 1991).
Even though genetic diversity is at the lowest hierarchy of diversity analysis, it has an
impact on the higher levels of biodiversity such as morphological and biochemical

(Templeton 1991; Templeton 1993). Population needs genetic diversity among themselves



to evolve and adapt to environmental changes. Generally the wild species are more diverse
than the cultivated varieties. However, the genepool for today’s industry is expanding

rapidly as new methods of interspecific hybridization are developed.

Canadian agriculture is based on crops that originated from areas outside of Canada.
For example, wheat originated in the near east (in such countries as Iran), corn in Mexico
and Guatemala, alfalfa in Turkey, and soybean in China. Crops of economic importance
that are native to Canada are limited and include sunflowers, strawberries, raspberries,
Saskatoon berries, blueberries, currants, and cranberries (AAFC 2014). Thus, Canada does
not have enough germplasm to avoid the uniformity in the crop plants. The flood of genetic
uniformity increases the potential for crop vulnerability to new pests and stresses (Lenne
and Wood 1991; Hawkes 1977). Atlantic Provinces are rich with the wild germplasm for
blueberries (Debnath 2007). Genetic diversity gives the sustained ability to develop new
plant cultivars that can resist new pests, diseases and environmental stresses. Wild
ancestors and relatives are the keys to genetic diversity (Hawkes 1977). Thus it is very

important to have a knowledge on genetic diversity among the plants.

1.6 Measurement of genetic diversity

Until now, morphological, biochemical and molecular markers have been used for
blueberry breeding programs. However, morphological and biochemical variabilities are
often restricted, as these characters may not be obvious at all stages of the plant
development and appearance may be affected by environmental changes. On the contrary,

molecular markers are robust and do not get affected by the environmental changes. They



also gives similar results at all stages of the plant development. These benefits of molecular

markers make them the first choice for breeding programs (Debnath et al. 2012).

1.6.1 Molecular tools for diversity analysis

Blueberry cultivars are vegetatively propagated and can be mis-identified based on
phenotype. Keys for identifying blueberry cultivars based on leaf and plant characters are
available for cultivars released before 1945 (Darrow 1966). A variety of different genetic
markers have been proposed to assess genetic variability as complementary strategies to
more traditional approaches in genetic resources management (Debnath et al. 2012).
Molecular tools provide valuable data on diversity through their ability to detect variation
at the protein or DNA level. DNA-based markers reveal a high degree of polymorphism
and can accelerate genotype fingerprinting and studies of genetic relationships among

accessions.

Numbers of different methods are available to show genetic diversity between
organisms, and these methods are mainly based on protein and DNA molecules. The choice
of technique for any specific use will depend upon the material being studied and the nature

of the questions being addressed (Brown 2014; Debnath et al. 2012).

1.6.2 Diversity parameters

It is very important to determine, describe and quantify the amount and patterns of
genetic variation within and among the populations, to understand the influence of

selection, inbreeding and breeding interventions (Ojango 2011). Several methods have
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been used for the genetic diversity analysis in Vaccinium species. In this and several other
studies, various parameters were used, which showed variability and strengths of markers.
These parameters include allele number, major allele frequency, expected and observed

heterozygosity, inbreeding coefficient and polymorphic information content (PIC).

Allele number represents the number of alleles (Na) provided by a marker. Total
number of alleles observed for different populations is considered to be a reasonable
indicator of genetic variation. Markers with a low total Na have low genetic variation and
markers with a high Na have high genetic variation (Ojango 2011). The frequencies of an

allele at loci are calculated manually by direct counting.

The simple measure of genetic variation in a population is the amount of
heterozygosity observed (Weir 1996). High heterozygosity values for genotypes may be
due to long-term natural selection or due to historic mixing of strains of different
populations. Recombination can potentially increase variation and expected heterozygosity
(He), either directly or indirectly (through the effects of selection). Thus, a higher
recombination rate should translate in higher genetic diversity within a given genomic
region, population or even species (Jaramillo-Correa et al. 2010). A low level of
heterozygosity may be due to isolation with the subsequent loss of unexploited genetic
potential. Marker heterozygosity is related to the polymorphic nature of each locus. A high
level of average heterozygosity at a locus could be expected to correlate with high levels
of genetic variation at loci. This parameter has critical importance for adaptive response to

environmental changes (Ojango 2011).
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The observed heterozygosity is defined as the percentage of loci heterozygous per
individual, or the number of individuals heterozygous per locus (Ojango 2011). Marker
heterozygosity is estimated by summing the heterozygosity at all loci for each genotype
and averaging this quantity over all genotype. The alternative measure of variation, often
referred to loosely as average heterozygosity, but more precisely known as expected
heterozygosity (also referred to as gene diversity), is formed from the sum of squares of
allele frequencies. It is more appropriate measure of variability for inbred population where
there are very few heterozygotes, but there may be several different homozygous types (Nei

1987).

The inbreeding coefficient F (also called the fixation index) exhibits values ranging
from -1 to +1. Values close to zero are expected under random mating, while substantial
positive values indicate inbreeding or undetected null alleles. Negative values indicate
excess of heterozygosity, due to negative assortative mating, or selection for heterozygotes

(Peakall and Smouse 2012).

PIC refers to the value of a marker for detecting polymorphism within a population,
depending on the number of detectable alleles and the distribution of their frequency; thus,
it provides an estimate of the discriminating power of the marker. PIC is a modification of
the heterozygosity measure that subtracts, from the heterozygosity value, an additional
probability that an individual in a linkage analysis does not contribute information to
the study (Nagy et al. 2012, Shete et al. 2000). Elston (2005) explained that PIC is a
measure of a marker's usefulness for linkage analysis and gave a definition that the

polymorphism information content of a marker is the probability that the marker genotype

12



of the offspring of a heterozygous parent affected with a dominant disease allows one to
deduce which marker allele the offspring inherited from the parent. It is calculated using

the below mentioned formula:

n n-1 n
PIC = Z Pi% - Z 2 2Pi? Pj*
i=1 i=1 j=i+1

Where Pi and Pj are the allele frequency for the ith and jth alleles respectively.

It is necessary to know, in wild populations, the relationship among the genotypes,
and thus it is required to do cluster analysis. Cluster analysis is a technique for grouping
individuals into unknown groups and to assess the relationship between the groups. In plant
diversity studies, cluster analysis has been used to classify different cultivars and clones
into groups on the basis of their genetic characteristics. In cluster analysis, distance
measures are recommended before clustering, which define closeness or similarity of two
observations or genotypes. In plant breeding, distance measures are called genetic distance

(Weir 1996).

The commonly used methods of clustering fall into two general categories:
hierarchical and non-hierarchical. Hierarchical procedures are the most commonly used in
plant diversity studies. When the number of variables is more than two and the data set is
large, dendrograms have been used. In a dendrogram, the horizontal axis lists the
observations in a particular order. The vertical axis shows the successive steps or cluster

numbers (Ojango 2011).
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In plant diversity studies, genetic distance measures are used to construct the
dendrograms. The two most commonly used analysis methods, for constructing the
dendograms are, unweighted pair group method with arithmetic mean (UPGMA) and the
neighbour-joining (NJ) method (Nei 1987). In this research the dendograms consist of
branches and tips. The tips are the genotypes and the branch lengths between genotypes are
graphical estimates of the genetic distance between the genotypes and give an indication of
genetic relationships between genotypes. UPGMA dendograms give an indication of the
time of separation (divergence) of genotypes. The higher the branch length the longer is the
separation period between breeds (Ojango 2011). The difference between UPGMA and NJ
analysis is that NJ allows unequal rates of evolution along the branches, and both methods
use different statistical approach (Weir 1996). UPGMA method defines the intercluster
distance as the average of all the pairwise distances for members of two clusters. NJ method
is used for identifying closest pair, or neighbours of taxonomic units in a way to minimize

the total length of a tree (Weir 1996).

Bootstrapping is usually done to provide confidence statements about the groupings
of the genotypes as revealed by the dendrograms and hence test the validity of the clusters
obtained. In bootstrapping new dendogram can be reconstructed by replacing node(s).
The topology of this new dendogram is then compared to that of the original dendogram.
Each interior branch of the original dendogram that is different from the bootstrap
dendogram is given a score of 0; all other interior branches are given the value 1. This
procedure of resampling the sites and the subsequent tree reconstruction is repeated several

hundred or thousand times, and new dendograms are created. In this case, it is difficult
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to present all the trees for publication. One way to solve this problem is to make
a composite tree that includes all the trees. Such a composite tree is called
a “consensus tree”. There are several different types of consensus (Nei and
Kumar 2000), but the most commonly used are the “strict
consensus” and “majority-rule consensus trees”. The strict consensus tree of a
collection of trees contains only those clusters found in all the trees in the profile. Among
the majority-rule consensus trees, the most commonly used is the 50% majority-
rule consensus tree. In this tree a branching pattern that occurs with a frequency

of >50% is adopted (RW.ERROR - Unable to find reference:431).

Multivariate analysis, such as principal coordinates analysis (PCoA) is a method to
explore and to visualize similarities or dissimilarities of the data. It starts with a similarity
matrix or dissimilarity matrix (distance matrix) and assigns for each item a location in a
low-dimensional space. Interpretation of a PCoA plot is straightforward: objects ordinated
closer to one another are more similar than those ordinated further away (Legendre and

Legendre 1998).

The inherent genetic structure of populations can be assessed directly using a
method developed by Pritchard et al. (2000) and implemented in the
program STRUCTURE. The program implements a model-based clustering method to
infer population structure, assign individuals to populations and identify migrants and
admixed individuals using multilocus genotype data, independent of prior population

information. The approach implemented in STRUCTURE assumes a model in which there
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are K populations (where K may be unknown), each of which is characterized by a set of
allele frequencies at each locus. Individuals in the sample are assigned probabilistically to
populations or jointly to two or more populations if their genotypes indicate them to be

admixed.

To see how the populations and groups are different from each other, generally
analysis of molecular variance (AMOVA) method is used. AMOVA is a method of
estimating population differentiation directly from molecular data and testing hypotheses
about such differentiation (Excoffier et al. 1992). AMOVAs can be used to: (1) describe
the partitioning of genetic variation among and within groups; and (2) test user-defined
groupings of populations. AMOVA differs from a simple analysis of variance (ANOVA),
in that data are arranged hierarchically and mean squares are computed for groupings at all
levels of the hierarchy. This allows for hypothesis tests of between-group and within-group

differences at several hierarchical levels (Ojango 2011).

All these methods have been used in the genetic diversity analysis of various plant

species. The following sections illustrate the use of these methods.

1.6.3 Genetic diversity within Vaccinium species using allozyme markers

Protein based markers were the first markers used for genetic studies in plant
diversity analysis (Krebs and Hancock 1989). For the first time in blueberry genetic
analysis, segregation was observed with the help of six isoenzymes, encoded by four
dimeric enzymes in highbush blueberry, Vaccinium corymbosum L. (Krebs and Hancock

1989). In 2000, 19 isoenzyme loci were studied in diploid and tetraploid populations of V.
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oxycoccos (Mahy et al. 2000). It was reported that autotetraploid populations had more
polymorphic loci, mean number of alleles and heterozygosity than diploids. Previous study
by Hokanson and Hancock (1998), proved that number of allele per locus and the level of
heterozygosity were lower in diploid V. myrtilloides than the tetraploids, V. corymbosum
and V. angustifolium. The average level of heterozygosity, in this study, was almost 20%

higher in V. corymbosum than V. angustifolium (Hokanson and Hancock 1998).

However, the number of polymorphic loci that can be assayed, and the level of
polymorphisms observed at the loci are often low, which greatly limits their application in
genetic diversity studies. With the development of new technologies, DNA polymorphisms
have become the markers of choice for molecular-based surveys of genetic variation
(Debnath et al. 2012; Die and Rowland 2013; Bell et al. 2008; Boches et al. 2006; Dhanaraj

et al. 2004).

1.6.4 Genetic variation within Vaccinium species using DNA - based markers

The introduction of DNA markers for the investigation and exploitation of DNA
polymorphism is one of the most critical developments in biology. DNA markers are
increasingly applied in crop breeding programs around the world to investigate genetic
diversity in and among the Vaccinium species (Debnath et al. 2012). Genotype
identification and documentation of genetic variation are essential in blueberries for

property rights protection, practical breeding program and germplasm characterization.
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There are numerous DNA-based markers, which include restriction fragment length
polymorphisms (RFLPs), random amplified polymorphic DNA (RAPD), inter simple
sequence repeats (ISSRs), amplified fragment length polymorphisms (AFLPs), simple

sequence repeats (SSR) and EST-PCR and EST-SSR.

1.6.4.1 Restriction fragment length polymorphism (RFLP)

In RFLP analysis, the DNA sample is digested into fragments, using specific
restriction enzymes, and those fragments can be detected by southern hybridization after
running agarose gel electrophoresis (Old 1980). Although RFLP is a good tool, it requires
elaborate laboratory techniques, including development of specific probes, use of
radioisotopes, southern blot hybridization procedure and autoradiography. These
limitations make this technique time consuming and labour intensive (Debnath et al. 2012;

Whisson et al. 1995; Kesseli et al. 1994).

1.6.4.2 Random amplified polymorphic DNA (RAPD)

The invention of PCR (polymerase chain reaction) is a milestone in the
development of molecular techniques. RAPD and other methods explained below are
based on PCR. In RAPD, the segments of DNA that are amplified are random. Random
amplification of portions of DNA, with the primer, by PCR, is a useful technique in genetic
diversity analysis (Qu and Hancock 1997; Nadarajan et al. 1999). RAPD primers are
arbitrary, short primers (8-12 nucleotides). In RAPD markers, no knowledge of the DNA
sequence of the targeted genome is required, as due to their short length the primers have

high probability of binding somewhere in the sequence. The RAPD procedure does not

18



require the use of radioactive probes (Debnath et al. 2012; Nadarajan et al. 1999). However,
RAPD markers are less informative than co-dominant markers (Nybom 2004). RAPD
markers are dominant and limited by lack of reproducibility between labs due to slight

differences in thermocycling conditions or buffer composition (Powell et al. 1996).

RAPD markers were developed for linkage mapping in Vaccinium (Levi and
Rowland 1997; Levi et al. 1993; Rowland and Levi 1994; Qu and Hancock 1997; Rowland
et al. 1999). This procedure resulted in reliable RAPD patterns for all organisms tested.
Clonal structure in wild populations was also tested for wild populations of V. stamineum
L. (Kreher et al. 2000), V. vitis-idaea (Persson and Gustavsson, 2001) and V. myrtillus L.
(Albert et al. 2003). In these tests, RAPD markers gave mixed results. RAPDs have also
been used to distinguish 26 genotypes in V. angustifolium (Burgher et al. 2002) and it was
concluded that RAPD markers were useful tool for identification of lowbush blueberry
genotypes. RAPD analysis was also used for the cultivar identification in rabbiteye and
highbush blueberry (Aruna et al. 1995; Aruna et al. 1993; Levi and Rowland 1997), where
cluster analysis of genetic distance assessment grouped siblings with each other and with
one or both parents. This analysis also helped in identifying two wild selections of rabbiteye

blueberry, 'Ethel' and 'Satilla'.

Debnath (2005) used RAPD markers to differentiate 13 cranberry genotypes. It was
concluded that RAPDs were useful for the diversity analysis and germplasm maintenance
(Debnath, 2005). RAPD markers have been widely used for cranberry genetic analysis
(Novy et al. 1994; Novy and Vorsa 1996; Novy and VVorsa 1995; Novy et al. 1996). Twenty

two cranberry varieties were assessed, where on the basis of 66 silver stained RAPD
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(ssSRAPD) markers, 17 unique ssRAPD-DNA profiles were identified rather than the
expected 22. Fourteen varieties had unique profile, while the other 8 were represented by

3 sSRAPD profiles.

Debnath (2007a) assessed genetic variability in 43 wild cranberry clones collected
from four Canadian provinces and five cranberry cultivars, using RAPD - PCR. A
significant degree of genetic diversity were revealed. AMOVA indicated 10% of total
variation was effected by geographical distribution and 90% of total variation was found
among the clones (Debnath 2007a). Three ISSR markers and 15 RAPD primers were used
to differentiate 15 high bush blueberry, 2 rabbiteye cultivars and one southern lowbush wild
selection (Levi and Rowland 1997). RAPDs were suggested as a replacement for isozymes

(Novy and Vorsa, 1995).

1.6.4.3 Amplified fragment length polymorphism (AFLP)

AFLP technology was introduced by Vos et al. (1995). In this technique, total
genomic DNA is digested with two restriction enzymes. Then, double stranded nucleotide
primers are ligated to the DNA fragments to serve as primers. These primers are binding
sites for the PCR amplification. This technique has been extensively used with plant DNA
for the development of high-resolution genetic maps and for the positional cloning of genes
of interest (Debnath et al. 2012). A major drawback for AFLP is that it is dominant marker.
Thus, heterozygotes cannot be distinguished from homozygotes with AFLP analysis

(Nybom 2004).
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1.6.4.4 Inter simple sequence repeat (ISSR)

ISSRs are DNA fragments of about 100-3000 bp, located between adjacent and
oppositely oriented microsatellite regions. This technique was reported by Zietkiewicz et
al. (1994). The primers based on microsatellites are utilized to amplify inter-SSR DNA

sequences (Wang et al. 1994).

This marker has proved to be more reproducible than RAPD marker, and generally
indicates higher levels of polymorphism due to the longer sequences of ISSR primers and
the higher annealing temperatures used (Gupta et al. 1994; Debnath, 2005). However, ISSR
marker is a dominant marker. Because ISSR is a multilocus technique, disadvantages
include the possible non-homology of similar sized fragments. Moreover, ISSRs, like
RAPDs, can have reproducibility problems. Compared with RAPD and AFLP, ISSR
overemphasizes differences between closely related populations and attribute less variation

to differences over large geographical distances (Reddy et al. 2002).

Debnath (2009) reported a study on 43 wild lowbush blueberry (V. angustifolium)
clones from four Canadian provinces and the cultivar 'Fundy’, where he detected genetic
similarity and variation using ISSR marker. Forty one genotypes were clustered into two
main clusters by UPGMA and three genotypes were found to be outliers (Debnath 2009).
There was also ISSR study on lingonberry, performed by Debanth (2007c), where 43 wild
lingonberry clones were assessed. In total 10% of variation was found using AMOVA and
explained by geographical distribution. ISSR markers have also been used for the genetic

fingerprinting of cloudberry (Rubus chamaemorus L.) (Debnath 2007b).

21



1.6.4.5 Simple sequence repeats (SSR)

Microsatellite (also called simple sequence repeat (SSR)) markers are short (1-6 bp)
tandemly repeated DNA sequences, flanked by unique, conserved DNA sequences that can
be determined using PCR (Spritz 1981; Miesfeld et al. 1981; Hamada and Kakunaga 1982;
Tautz and Renz 1984; Weber and May 1989). Microsatellites were discovered in humans
but have been found in the genomes of most organisms. Microsatellite are also codominant
markers (heterozygotes can be detected) and relatively easy to score (Li et al. 2002).
Microsatellite containing genomic fragment have to be cloned and sequenced in order to
design primers for specific PCR amplification. This approach was called sequence-tagged

microsatellite site (STMS) (Beckmann and Soller 1990)

When designed and tested correctly, these markers are highly reproducible (Jones
et al. 1997). The strengths of microsatellites include the codominance of alleles, their high
genomic abundance in eukaryotes and their random distribution throughout the genome,
with preferential association in low-copy regions (Morgante et al. 2002, Squirrell et al.
2003, Zane et al. 2002). Due to the use of long PCR primers, the reproducibility of
microsatellites is high and analyses do not require high quality DNA. In the longer term,
development of allele-specific markers for the genes controlling agronomic traits will be

important for advancing the science of plant breeding (Beckmann and Soller 1990).

The main disadvantage to microsatellites is that they have to be isolated de novo for
each species of interest (Li et al. 2002).. One of the main drawbacks of microsatellites is

that high development costs are involved if adequate primer sequences for the species of
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interest are unavailable, making them difficult to apply to unstudied groups. Although
microsatellites are in principle co-dominant markers, mutations in the primer annealing
sites may result in the occurrence of null alleles (no amplification of the intended PCR
product), which may lead to errors in genotype scoring. A very common observation in
microsatellite analysis is the appearance of stutter bands that are artifacts in the technique
that occur by DNA slippage during PCR amplification. These can complicate the
interpretation of the band profiles because size determination of the fragments is more
difficult and heterozygotes may be confused with homozygotes (Beckmann and Soller

1990; Kumar et al. 2009).

Pyrosequencing technology has been used to generate SSR markers in cranberry
(Zhu et al. 2012; Zalapa et al. 2012). Forty-eight polymorphic SSR loci with 2-15 alleles
per locus, for a total of 323 allele were detected within 25 cranberry genotypes (Zhu et al.
2012). Fajardo et al.(2013) applied 12 SSR markers to run genetic cluster analysis to assess
the genetic diversity of 21 cranberry cultivars, 11 experimental hybrid and 6 representative
accessions of wild species. The most prospective clonal representative of some essential
cranberry cultivars were identified by consensus genetic profiles via SSR alleles (Fajardo

etal. 2013).

Schlautman et al. (2015) designed, synthesized, and tested new primers for 979 SSR
loci of cranberries; 697 of the markers amplified allele patterns consistent with single locus
segregation in a diploid organism and were considered polymorphic. Of the 697
polymorphic loci, 507 were tested on the panel of 13 cranberry cultivars which yielded

2278 alleles with an average of 4.49 alleles and a range of 2 to 11 alleles (Na) per locus.
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More than 80% of the 507 polymorphic SSRs tested had greater average number
polymorphic information content (PIC) (0.59), observed heterozygosity (Ho) (0.72), and
expected heterozygosity (He) (0.63) than the other motif classes. This comprehensive
collection of developed and validated microsatellite loci represents a substantial addition
to the molecular tools available for geneticists, genomicists, and breeders in cranberry

and Vaccinium.

1.6.4.6 Expressed sequence tag (EST)-PCR and EST- simple sequence repeats (SSR)

Expressed sequence tags (ESTs) are sequenced portions of complementary DNA
copies of MRNA—they represent part of the transcribed portion of the genome in given
conditions. As expected, they mainly correspond to relatively conserved sequences. They
are generated by largescale single-pass sequencing of randomly picked cDNA clones and
have proven to be efficient and rapid means to identify novel genes. Techniques have been
developed to reveal polymorphism associated with such sequences (Cato et al. 2001).
Characterization of ESTSs is a convenient and rapid way to identify new genes in various
organisms (Liu et al. 1999; Maclntosh et al. 2001). There are numerous ongoing EST
projects that provide expressed sequences by single-pass sequencing both upstream and
downstream of cDNAs using arbitrarily selected cDNA libraries. This means that discovery
of novel genes takes as little time as it takes to perform a computer search of a sequence
database rather than the months or even years that were required to work at the bench

(Rowland et al. 2003a; Rowland et al. 2003b; Bell et al. 2008; Yadav et al. 2011).
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ESTs were originally intended as a way to identify gene transcripts, but have since
been instrumental in gene discovery, for obtaining data on gene expression and regulation,
sequence determination, and for developing highly valuable molecular markers, such as
EST-based PCR and SSR (Debnath et al. 2012; Beckmann and Soller 1990). EST-SSR
markers, unlike genomic-derived SSRs, are located in gene rich regions of the genome,
making them more likely to be linked to useful traits (Weber and May 1989; Beckmann
and Soller 1990). Since expressed sequences are highly conserved, EST-SSR markers are
expected to result in better cross-species amplification than genomic SSRs (Wang et al.

1994).

Rowland et al. (2003b) developed PCR markers designed from expressed sequence
tags (EST-PCR markers) for use in linkage mapping, cultivar identification, and genetic
relatedness studies. These markers displayed polymorphism due to size differences in the
amplicons or when the amplicons were cut with a restriction enzyme. The cDNA clones,
from which the ESTs were derived, encoded a wide range of proteins including temperature
stress-related protein, proteins involved in signal transduction and basic metabolic proteins
(Rowland et al. 2003b). These EST-PCR markers are also conserved in related Ericaceae
species (Rowland et al. 2003a). EST-PCR primers, which were derived for blueberry were
used with cranberry genotypes (two wild selections of V. oxycoccos L. and two cultivars of
V. macrocarpon Ait.). It was reported that 23 out of 26 primers produced amplification
successfully and eight out of the 26 available primers produced polymorphic fragments
among the cranberry genotypes. Rowland et al. (2010) tested 44 EST-PCR for genetic

fingerprinting and relationship studies in rabbiteye blueberry. Of 44 EST-PCR primer pairs,
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40 (91%) resulted in successful amplification, and 33 of those (83%) amplified
polymorphic fragments among the rabbiteye genotypes. A dendrogram constructed from
genetic similarity values, tended to group siblings and parent/progeny together, generally

agreeing with pedigree information.

The EST-PCR markers developed for highbush blueberries were used to study
genetic relationship and finger printing in lowbush blueberry (Bell et al. 2008; Debnath
2014). In one interspecific genetic relationship study, 14 genotypes, including more than
two specimens of each of four closely related Vaccinium L. species and only four pedigreed
cultivars of V. angustifolium, grouped separately as expected in a genetic similarity
dendrogram (Bell et al. 2008). In another study, 21 wild lowbush blueberry clones from
four Canadian provinces were compared with 6 cultivars using EST-PCR and EST-SSR
markers. The structure analysis grouped all the wild clones according to their geographic

location and grouped all the cultivars together as expected (Debnath 2014).

Several plant species in genus Vaccinium have been genetically profiled by EST-SSR
markers (Liu et al. 2014; Boches et al. 2006; Boches et al. 2005; Yang et al. 2008). Boches
et al.(2006) detected 627 alleles via 28 EST-SSR primers. Unique fingerprints were
accessed for all 69 accessions representing wild and domesticated highbush blueberry
germplasm. New EST-SSR primers were designed by Liu et al. (2014) from the EST
database of blueberry. They designed 54 EST-SSR markers from 120 primers by assaying
12 samples of the Vaccinium genus section Cyanococcus. Results showed that those EST-
SSR markers displayed considerable polymorphism and high transferability in both

cultivated and wild species of Vaccinium. It was suggested that the primers will contribute
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to the studies of genetic diversity, linkage mapping, QTL and molecular assisted breeding

of Vaccinium crops (Liu et al. 2014).

1.7 Objectives of this project

In Canada, especially in Atlantic provinces and Quebec, lowbush blueberries are
harvested either from commercially managed fields or from natural stands. It is undisputed
that blueberries promote good health and carry very important phytochemicals. Due to its
popularity and health advantages, the demand of high quality blueberries have increased in
different industries, in recent years. To meet these demands, it is essential to develop
cultivars suitable for cultivation in cool climates. The development of new cultivars
requires selection of superior wild growing plants and crossing them with half-high or
highbush blueberries. To address this issue, a program was developed to create improved
blueberry cultivars at the St. John’s Research and Development centre of Agriculture and

Agri-Food Canada in Newfoundland and Labrador (Debnath 2011).

In order to accelerate genetic improvement, it is desirable to understand the
inheritance pattern of complex quantitative traits like yield and adaptability. This can be
facilitated by developing DNA-based markers and their applications to estimate the level
of genetic diversity. The development and use of molecular markers to detect and exploit
DNA polymorphisms is one of the most significant developments in the field of molecular
genetics (Debnath et al. 2012). Among available molecular markers, simple sequence
repeats (SSRs) or microsatellites have gained considerable importance in increasing plant

genetic diversity, genetic mapping, population genetic analyses and molecular assisted
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breeding techniques owing to their highly polymorphic and codominant nature (Chapman
et al 2009). With the availability of large number of ESTs in public domain, the
development of EST-derived markers is an efficient and cost-effective option. Since EST
markers identify variability in the transcribed regions of the genome, it may lead to rapid
identification of functional candidate genes and increase the efficiency of marker-assisted
selection (MaclIntosh et al. 2001). Debnath (2014) used EST-PCR and EST-SSR markers,
which have been proved useful previously, to assess the genetic diversity among wild
lowbush blueberry clones of four Canadian provinces. The number of genotypes and
markers used in that study was low compared the present study. In this study, various
statistical analyses were also performed to determine the genetic diversity among
genotypes. The present study was conducted with 56 blueberry wild blueberry clones
collected from four Atlantic Canadian provinces, six cultivars and one selection with the

following objectives:

1. To identify EST-PCR and EST-SSR primers suitable for fingerprinting the present
set of blueberry genotypes,

2. To assess the properties of markers and their importance in assessing the diversity
in the present set of blueberry genotypes.

3. To evaluate genetic diversity and population structure amomg genotypes.
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2 Materials and methods

2.1 Plant material

In this study, 63 blueberry genotypes were selected for the analysis. These genotypes
include 56 wild lowbush blueberry clones collected from four Canadian provinces: 37
clones from Newfoundland and Labrador (designated as NL1 to NL37), 11 clones from
Prince Edward Island (designated as PE1-PE11), six clones from Quebec (designated as
QC1, QC2, QC4, QC5, QC7 and QC9) and two clones from New Brunswick (designated
as NB1 and NB2). The other genotypes include three half-high blueberry cultivars Patriot,
Chippewa, and St. Cloud (designated as PT, CH and SC, respectively); one highbush
blueberry cultivars Polaris (designated as PO); two lowbush blueberry cultivars Fundy and
Brunswick (designated as FU and BR, respectively); and one lowbush blueberry selection
(designated as FO), obtained from the open-pollinated seedlings of lowbush blueberry

cultivar Fundy.

All the blueberry wild clones were collected in August 2001.The information
regarding location and collection sites for the lowbush blueberry clones is given in Table 1

and Figure 1, and the parentage information of blueberry cultivars is given in Table 2.
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Table 1: Locations of wild lowbush blueberry clones collected from Canadian provinces:
Newfoundland and Labrador (NL1-NL37), Prince Edward Island (PE1-PE11), Quebec
(QC1, QC2, QC4, QC5, QC7 and QC9) and New Brunswick (NB1 and NB2).

Clones Province  Community Total

genotypes Longitude Latitude

NL1 - 15 NL Shearstown 15 47°35' 53°17"
NL16-36 NL North river 21 47°32' 53°18'
NL37 NL Logy bay 1 47°37' 52°40'
PE1-11 PE Blooming point 11 46°23' 62°58'
NB1 NB Clifton 1 46°06' 64°01'

NB2 NB Little Shemogue 1 47°43' 65°22'

QC1 QC Baie-Comaeu 1 49° 13' 68° 08'

QC9 QC Longue-Rive 1 48° 33' 69° 14'

QC2 QC Pointe-Lebel 1 49° 09' 68° 13'

QC4, QC5, QC7 QC Baie-Trinité 3 49° 25' 67° 18'

Clones were collected from three communities of Newfoundland and Labrador
province: Shearstown, North River and Logy Bay. The clones belonging to particular
communities are given in Table 2. For the Prince Edward Island province, clones were
collected from only one community, Blooming-point. For the province of Quebec, there
were four communities i.e. Baie-Comaeu, Longue-Rive, Pointe-Lebel and Baie-Trinité,
from where the clones were collected. These were considered for AMOVA analysis. One
clone each was collected from Clifton and Little Shemogue community of the province of

New Brunswick.
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Figure 1: Collection sites for wild blueberry clones from four Atlantic Provinces. The

genotype information belonging the locations is given in Table 1.

Two lowbush blueberry cultivars, Fundy and Brunswick, are vigorous in nature and
contain large fruits. These two cultivars were developed at the Atlantic Food and
Horticulture Research Centre, Kentville, Nova Scotia, Canada. Fundy was selected from
open pollinated seedling of Augusta lowbush blueberry cultivar (Lyrene, 2002), whereas

Brunswick was selected from local native lowbush blueberry clones (Aalders et al. 1977).
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Table 2: Parentage of lowbush blueberry cultivars: Fundy (FU) and Brunswick (BR), half-
high blueberry cultivars: St. Cloud (SC), Chippewa (CH) and Patriot (PT), highbush

blueberry cultivar: Polaris (PO); and a selection (FO)

Type Parentage

Cultivar/

Selection
FO* Selection  Open pollinated seedling of cultivar Fundy
Fundy (FU) Lowbush Developed at AAFC centre Kentville, NS, Canada

(Lyrene, 2002)

Brunswick Lowbush  Fairfied, NB (natural selection) (Aalders et al. 1977)
(BR)

Polaris (PO) Highbush  B15 x Bluetta (Okie, 1997)

Patriot (PT) Half-high US3 (Dixi x Michigan lowbush No. 1) x Earliblue
(Hepler and Draper, 1976; Finn et al. 1990)
Chippewa (CH) Half-high B18A (G65 x Ashworth) x US3 (Dixi x Michigan
lowbush No.1) (Okie, 1997)
St. Cloud (SC)  Half-high B19 (G65 x Ashworth) x US3 (Dixi x Michigan lowbush
No.1) (Finn et al. 1990)
*FO = Fundy open pollinated seedling

Highbush blueberry cultivar Polaris is a cross between B15 (G65 x Ashworth) and
Bluetta (Okie, 1997). This cultivar was developed in Minnesota and released by the
University of Minnesota in 1996. Polaris is an upright variety which grow the height of 1.2
meters, which is slightly smaller than Bluetta (Okie, 1997). Half-high blueberry cultivar
Patriot was developed by crossing (Dixi x Michigan lowbush No. 1) and cultivar Earliblue,
by the cooperative efforts between the University of Maine and the U.S.D.A. Plants are

upright, relatively open and vigorous. This variety attain the height of 1.5 m in Maine,
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whereas in Minnesota it is slightly smaller (Hepler and Draper, 1976; Finn et al. 1990).
There are a few breeders who believe that the Patriot is a highbush blueberry cultivar
because of its height (1.5 m) (Mackenzie, 1997; Luby, 1991), whereas others believe that
it is half-high blueberry cultivar because of the lowbush blueberry as one of the parents
(Dixi x Michigan lowbush No. 1). In this study, it has been considered as half-high
blueberry cultivar, because if its lowbush blueberry parent. Chippewa half-high blueberry
cultivar is a cross between B18A (G65 X Ashworth) and US3 (Dixi x Michigan lowbush
#1). This cultivar was developed in Minnesota and was released by the University of
Minnesota in 1996 (Okie, 1997). It is also an upright variety which is self-pollinated but
benefits from cross pollination. The fruits of this cultivar are firm and bigger in size.
Another half-high cultivar St. Cloud is a cross between B19 (G65 x Ashworth) and US3
(Dixi x Michigan lowbush No.1) and was developed and released in Minnesota, United
States of America in 1990. They attain the height of 1.3 m and the diameter of 1.7 m (Finn

et al. 1990).

In the present study, blueberry clones were selected carefully from the wild, based
on their optimal berry colour, optimal plant vigour, berry size, berry yield, and apparently
free from insect and disease (Debnath 2009; Debnath 2014). During the collection process,
it was taken into consideration that the distance between the two selected plants within a

same community was more than 10 m (Debnath, 2009; Debnath, 2014).

All genotypes were grown in the greenhouse of the St. John’s Research and
Development Centre, Agriculture and Agri-Food Canada, St. John’s, Newfoundland and

Labrador; in plastic pots (25 cm in diameter and 18 cm deep, equivalent 6 L; EastChem
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nc., Mount Pearl, NL, Canada) containing 2 peat: 1 perlite (v/v), under natural light
conditions at a maximum PPF of 90 pmol m=2 s at 20 + 2°C, 85% relative humidity.
Irrigation was provided regularly and whenever needed. Peters Azalea Neutral Fertilizer
20N-20P-20K (Plant Products Co. Ltd., Brampton, ON, Canada) with concentration of
80g/100L applied three times a year to approximately 200 pots (i.e. 500ml/ 4 inch pot) . It
was necessary to maintain chilling requirements, which were met by maintaining the plants

at or below 6°C for 12 weeks.

2.2 DNA extraction

A modified DNA extraction method was used based on Kim et al. (1997). For DNA
extraction, young leaves were sampled from plants maintained in the greenhouse. Just after
cutting leaves from branches, they were rinsed in a soapy water for few seconds, then
dipped in a 70% alcohol for 3-4 seconds and then rinsed with the distilled water. These
leaves were combined to make up 200 mg of weight and transferred to vials containing
300ul lysis buffer [L00 mM EDTA (pH 8), 200 mM Tris-HCI (pH 8), 1M NaCl and 2%
PVP-40 Sigma], and two big (6.35 mm) and few small beads (1.6 — 2.0 mm) (Glemnills

Inc., Clifton, NJ, USA) were added.

The vials were then placed in the homogenizer (FastPrep®-24, MP Biomedicals) and
homogenizer was allowed to run for 3 times at the speed of 5400 rpm for 45 seconds with
the 1-minute interval in between. After crushing the leaves, 18 pl of 1M Dithiothreitol
(DTT) (Sigma-Aldrich, USA) and 100 pl of 20% Sodium dodecyl sulphate (SDS) (Sigma-

Aldrich, USA) were added to the vials. Then the vials were shaken and kept in the water
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bath at 65°C for 60 minutes. After incubation the vials were centrifuged at 5000 rpm for 1
minute and the lysates were transferred to another empty vials respectively. Here, 500 pul
of 7.5 M ammonium acetate (Sigma-Aldrich, USA) solution was added to precipitate the
protein and vials were kept on ice for 60 minutes. The vials were centrifuged at 9000 rpm
for 9 minutes at 4°C. Supernatants were transferred to new vials and equal volume of 99%

isopropanol was added to precipitate the DNA.

The vials were then placed in -20°C for 30 minutes and then centrifuged at 9,000 rpm
for 9 minutes at 4°C. Supernatant was discarded and pellets were dried in vacuum dryer for
10 minutes. Pellets were then dissolved by adding 500 pl of 1M NaCl-TE buffer and
incubating the vials for 10 - 20 minutes at 65°C. The vials were cooled down at the room
temperature and then 3 pl of RNase [RNase Bovine Pancrease 5mg/ml concentration
(Sigma-Aldrich, USA)] was added and incubated for 30 minutes at 37°C. This step was
performed for further purification if DNA from protein. To do that 500 pl of chloroform:
isoamyl alcohol (24:1) (VWR, Canada) was added into the vial and mixed slowly. Vials
were then centrifuged for 10 minutes at 9,000 rpm and 4°C. Supernatants were transferred
to another vials and Chloroform: isoamyl (VWR, Canada) alcohol step was repeated twice

to remove protein.

Finally, 99% isopropanol (VWR, Canada) was added and vials were incubated for
10 minutes at the room temperature. Vials were centrifuged at 9000 rpm for 10 minutes at
18°C. Supernatants were discarded and the vials were vacuum dried and the DNA pellets

were dissolved in 100 ul of TE buffer (Sigma — Aldrich, USA) and incubated at 65°C for 1
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hour. DNA was then stored at 4°C. DNA concentration and purity was measured using

JENWAY GenovaNano spectrophotometer (Bibby scientific Itd., UK).

2.3 Primers, PCR and gel electrophoresis

Twelve EST-PCR (Table 3) and twelve microsatellite (ten EST-SSR and two
genomic SSR) primer pairs (Table 4) were used for the study. These primer pairs worked
well with Vaccinium species in other studies. (Boches et al. 2005; Boches et al. 2006; Bell
et al. 2008; Dhanaraj et al. 2004). The primer pairs were procured form Integrated DNA
Technologies, Inc. (IDT), Coralville, lowa, USA. PCR reactions were performed using
TopTag DNA polymerase kit from QIAGEN. For PCR, the reaction mixture volume of
25ul was designed previously in the lab (Debnath 2014), which contained 2.5 pl of TopTaq
10X PCR buffer [Qiagen TopTaq contains Tris.Cl, KCI, (NH4)2S04, 1.5 mM MgCls,
stabilizers; pH 8.7 at 20°C], 0.2 uM of ANTP mix (Sigma Chemical Co.), 200uM of each
forward and reverse primer, 25ng of DNA, 0.7 units of TopTag DNA polymerase (Sigma-

Aldrich, USA) and PCR grade distilled water (dH20) (Sigma-Aldrich, USA).
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Table 3: Eleven EST-PCR primer pairs used to analyze relationships among blueberries.
Primer names have prefixes which reflect origin of GenBank source sequence (CA= cold

acclimated EST library, NA=non-acclimated EST library). For each primer its forward and

reverse primers, putative function and annealing temperature (Ta) are given.

Primer Forward/ Reverse primer Putative function Ta (°C)

CAl6 CCA ATG CCACAAACG AGATT Nonidentified* 44
AGC CCCCAACTTTCGTTCT

CA54 CCGGTGAACTTCCACTTGTT Peroxiredoxin* 56
AGA TAC TAC TGG GGG TGG GG

CAl175 GACAGATTGCGT AAC CCG TAA  Nonidentified 53
CCAATCCGCTTTGTCTGTTT

CA227 TGG AGA CTG GAG TGATGC AA Nonidentified 52
TTT GCA AGA ACC ATG CTG AG

CA287 AGGGCTTTCCCT CAATCACT Late embryogenesis 58
CCTTGTTGTTCCTTCCTT CG abundant*

CA1029 GAAGTTTTCCGT TCT CTG CAA Lipid transferase 52
CTG CAG CTA GGA CCG AAG AG protein*

CA1105 TGG TGC TTT CAT CCT GCT AA Hypothetical 50
GCTTGCTTCTTG GGT GACTC protein*

CA1423 TCATAGCCAATACACTCGAACC Putative early light 46
GCCCCACCTTTAGCAAACTC induced protein*

CA1590 AACCCAGCACCTCCTTTICTT Hypothetical 54
CTCTGT TGC TGG CGT TGT GT protein*

CA1785 CACCACCACTGTCGTACACC Argonaute/ Zwille- 60
GCA TGA GCC GAA CAT AAT CA like protein 1*

NA27 CGCTCGCTCCATTGTTTC Actin-binding 60
TAT GCATGAAGC TTGCCG TA protein*

NA1068 CCG GAA GGA ATG GTG ACT AA Nonidentified 60

ATC CCC ACA CAA ACA AAAGC

*Boches et al. (2006)
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Table 4: Seven EST-SSR and two genomic SSR primer pairs used to analyze relationships

among blueberries. Primer names have prefixes which reflect origin of GenBank source

sequence (CA= cold acclimated EST library, NA= non-acclimated EST library). For each

primer its forward and reverse primers, repeat motif (RM) and annealing temperature (Ta)

are given.
Primer  Forward/ Reverse primer RM Ta (°C)
EST-PCR primer pairs
CA23f GAG AGG GTT TCG AGG AGG AG (AGA)6 62
GTT TAG AAA CGG GAC TGT GAG ACG
CAl112 TCCACCCACTTCACAGTTCA (AG)7 56
GTT TAT TGG GAG GGA ATT GGA AAC
CA169 TAGTGGAGGGTTTTGCTT GG (GAT)4 62
GTT TAT CGA AGC GAA GGT CAA AGA
CA236 GTTAAGCTTTTAGATGAGTTG ATGG (TG)17 48
GTT TAA CCA GTC CCA GAC CCA AAT
CA421 TCA AAT TCA AAG CTC AAAATC AA (CTM25 60
GTT TAAGGATGA TCC CGA AGC TCT
CA483 GTCTTCCTCAGGTTCGGT TG (TC)8 61
GAA CCG CTC CGA AGA CAG
NA741 GCCGTCGCCTAGTTGTTG (TC)9 58
GTTTGATTTTGG GGG TTAAGTTTGC
NA800 CAATCCATTCCAAGCATGTG (TC)13 54
GTTTCCCTAGACCAGTGCCACTTA
NA961 TCA GAC ATG ATT GGG GAG GT (TAC)5 53
GTT TGG AAT AAT AGA GGC GGT GGA
NA1040 GCA ACT CCCAGACTTTCTCC (TC)11 47
GTT TAG TCA GCA GGG TGC ACAA
Genomic SSR primer pairs
VCC 12 AGGCGTTTTTGAGGCTAACA (CT)14 62
TAAAAGTTCGGCTCGTTT GC
VCC _S10 ATT TGG TGT GAA ACC CCT GA (CT)22 61

GTT TGC GGC TAT ATCCGT GTT TGT
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Reaction mixtures were then amplified in PTC-100 Programmable Thermal
Controller (MJ Research Inc., Watertown, MA, USA) using an initial "hot start”" of 94°C
for 10 minutes denaturation step, followed by 40 cycles of 40s denaturation step at 94°C,
70s annealing step at the approximate annealing temperature (given in the Table 3 and 4),
and 120s extension step at 72°C. The reaction was terminated with the final extension of

10 minutes at 72°C before holding the samples at 4°C for analysis.

The annealing temperature of each primer pair were calculated as (Old 1980)

Ta=4°C (#G's and C's in the primer) + 2°C (#A's and T's in the primer)

However, the gradient PCR technique was used to check the actual annealing

temperature, which can give good clear band.

Amplified fragments along with low ranger (100bp) and mid ranger (1kb) DNA
Ladders (Norgen Biotek, Thorold, Canada), were separated using electrophoresis on 1.4%
agarose gel. The gels were stained with the GelRed (Biotium, 3159 Corporate Place
Hayward, CA, USA) dye solution following the manufacturer instruction. Images were
captured using UV gel imaging system (INGENIUS-3, Syngene, Beacon House,
Cambridge, UK) by using the settings for GelRed dye (Biotium, Inc., Hayward, CA). The
size of the fragments was calculated by GeneTools software (Syngene) on the basis of
comparison with the standard size marker. The experiment with each marker pair was
repeated three times for each sample. The only loci amplified in each instance (i.e. all three
trials) with reproducibility were scored and included in the analysis. The loci showing

monomorphic band pattern were not included in the analysis. Bands of similar molecular
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weight and migration distance across individuals were assumed to be homologous (Adams

and Rieseberg 1998).

2.4 Data analysis

Considering the polyploid nature of the blueberries, their co-dominant scoring was
complicated for the heterozygous samples (Esselink et al. 2003). In polyploid species,
multiple genomes can amplify the same product, which makes it difficult to differentiate
the genotypes based on the intensity of the band. Therefore, it is advisable to score
polyploidy banding pattern as presence (1) or absence (0) of the band in a particular

genotype (Gil-Ariza et al. 2009; Esselink et al. 2003; Horvath et al. 2011).

2.4.1 Banding pattern analysis

The ability of the most informative primer pair to distinguish between clones was
assessed by calculating their resolving power (Rp), which has shown to be strongly
correlated with their ability to distinguish between genotypes (Prevost and Wilkinson

1999). The Rp value was calculated using the following equation (Gilbert et al. 1999):

Rp=>[1-(2x]0.5-p|)] (Equation 1)

Where, p is the proportion of the 63 genotypes (56 wild blueberry clones from four

Canadian provinces, six cultivars and one selection).
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2.4.2 Genetic diversity analysis

PowerMarker v3.25 (Liu and Muse 2005) software was used to calculate the
diversity measurements at each locus, including major allele frequency (Major AF), the
number of alleles per locus (Na), expected heterozygosity (He), observed heterozygosity

(Ho) and polymorphic information content (P1C) of both type of markers.

For each marker type, the total number of alleles (Na) was calculated using equation

2 (Pejic et al. 1998)

Na=) Ne (Equation 2)

Where, Ne is effective number of alleles per locus and was calculated using

equation 3 (Morgante et al. 1994).

Ne =1/3 P? (Equation 3)

Where Pi is the allele frequency for the ith allele.

The expected heterozygosity (He) of the polymorphic locus for each genetic marker

was computed with the following equation 4 (Belaj et al. 2003):

He=1-Y Pi2 (Equation 4)

Where Pi is the allele frequency for the ith allele.

The measure of the amount of heterozygosity across loci can be applied as a general

indicator of the amount of genetic variability (Lynch 1990). The observed heterozygosity
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was obtained through GenAlEx 6.5 (Peakall and Smouse 2012) software which divides
number of heterozygotes with total number of samples. Heterozygosity levels are linked
directly to reduced population fitness via inbreeding depression. This leads to the
expectation that levels of heterozygosity and fitness, at the population level, will be
correlate  (Reed and Frankham 2003). Finite populations lose genetic variation as a
consequence of genetic drift and at the same time become inbred. This loss of
heterozygosity can be described by the inbreeding coefficient, F, which is related to the
amount of genetic variation present, in the absence of mutation and selection, and the

Inbreeding coefficient (F) was calculated as
F=1-(Ho/ Hg) (Equation 5)
The PIC was calculated with the following equation 6 (Botstein et al. 1980):

PIC = Y, Pi? — 375 Y, 1 2P Pj? (Equation 6)

Where Pi and Pj are the allele frequency for the ith and jth alleles respectively.

Genetic diversity for each locus was calculated using Shannon's index (I) equation 7
(Shannon and Weaver 1999). Shannon’s index is different than before mentioned
parameters as it does not require knowledge of allele frequencies. This makes it an accurate
measure of diversity in polyploidy species, due to the difficulty in distinguishing the copy

number of individual alleles (Boches et al. 2006)
I =) Pilog,Pi (Equation 7)

Where, Pi is the frequency of the presence or absence of the ith allele.
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2.4.2.1 Comparison of genetic diversity among groups based on their geographic

locations using EST-PCR and microsatellite markers

Parameters such as number of alleles (Na), expected heterozygosity (He) and
polymorphic information content (PIC) are reported separately for the different grouping
made according to the geographic collection site/ origin of the genotypes where they
collected from. The genotypes were divided into five groups. Group 1, 2 and 3 included
wild clones collected from Newfoundland and Labrador (designated as NL), Prince Edward
Island (designated as PE) and Quebec (designated as QC), respectively. Group 4, included
half-high and highbush blueberry cultivars (designated as HHCU) and a group 5 included
two wild clones from New Brunswick (designated as NB), two lowbush blueberry cultivars
(Fundy (FU) and Brunswick (BR)) and a selection. This group was designated as “NB and

LBCU”. Parameters were calculated separately for EST-PCR and microsatellite data.
2.4.3 Cluster analysis

Genetic distance matrix was computed using PowerMarker (Version 3.25) (Liu and

Muse 2005) with the equation 8 proportion of shared alleles distance (Dsa):
1 j . -
Dgq = m ;'n=1 Z?il mln(pij' qij) (Equation 8)

Where, pij and gjj are the frequencies of the ith allele at the jth locus, m is the number
of loci examined, and a; is the number of alleles at the jth locus. Only very clear and distinct
bands were considered as ‘true’ bands/ picks. Presence (1) or absence (0) of each allele

which was treated as a separated locus and the matrices were created. Separate matrices
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were created for both type of markers and for both the matrices combined. The bootstrap
option of PowerMarker was used to create 1000 dendrograms using neighbor joining (NJ)
and unweighted pair group methods (UPGMA). These 1000 dendograms were used to
create a strict consensus tree, which gives an idea about common pattern. In these analyses

both dendograms were rooted at midpoint (Boches et al. 2006).

2.4.4 Principle coordinate analysis (PCoA)

The binary data were also subjected to principle coordinate analysis (PCoA) to
partition the variance using GenAlEx 6.501 (Peakall and Smouse, 2012) and the first two
components were plotted into two-dimensional plots. PCoA was done using marker data of

EST-PCR, SSR and combined data.

2.4.5 Structure analysis

In order to infer the population structure of the entire set of genotypes without
regard to the pre-existing subspecies classification or geographical information, the model-
based program, STRUCTURE version 2.3.4 (Pritchard et al. 2000) was used. The software
provides Bayesian approach to infer population structure by using our markers EST-PCR,
EST-SSR and combined marker datasets to identify the number of clusters (K) to which
the program then assigns each individual genotype (Falush et al. 2007; Falush et al. 2003;

Pritchard et al. 2000).

In this model, a number of populations (K) are assumed to be present, each of which

characterized by a set of allele frequencies at each locus. Individuals in the sample are
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assigned to population (clusters), or jointly to more populations if their genotypes indicate
that they are admixed. All loci are assumed to be independent, and each K population is
assumed to follow Hardy - Weinberg equilibrium. Each run was performed with 100,000
burn in iterations and 100,000 subsequent Monte Carlo Markov Chain (MCMC) runs with
K ranging from 1 to 9. To check the consistency of the results between the runs with the

same K, five replicates were run for each assumed K value.

Optimal value of K was identified using two methods, one as described by Pritchard
(Pritchard et al. 2000) using L(K) (Equation 10) and the other developed to determine delta
K (AK) (Equation 9) (Evanno et al. 2005). In case of first method, when posterior
probabilities of K is approaching to plateaus (or continues increasing slightly) and has high
variance between runs (Rosenberg et al. 2001) then that K is considered true value of K. In
second method, data calculated based on the second order rate of change of the likelihood
the AK (Evanno et al. 2005) shows a clear peak at the true value of K in graph. Evanno et
al. (2005) showed that while L(K), the (ad hoc) estimate for the number of groups, given
by structure, often does not correspond to the real number. AK, another ad hoc quantity
based on the second order rate of change of the likelihood function with respect to K, has a
mode at the true K for most of the situations investigated. When the mode of AK at the true
K was absent, it was either because sample size and marker number was small, leading to
an absence of signal, or visual inspection of the values of L (K) would have identified runs

of the MCMC with outlying values for L (K).

AK = mean(|L"(K)|) / sd(L(K)) (Equation 9)
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Where, L"(K) = L' (K)n— L' (K) n1

Where, L' (K) =L (K)n—L (K) n1

Where, L (K) = an average of 5 values of Ln P (D). (Equation 10)

The results obtained from the STUCTURE software package were placed in a website

(http://taylor0.biology.ucla.edu/structureHarvester/#) based STRUCTURE HARVESTER

program (Earl and Vonholdt 2012). This program, when provided with the result file, runs

a script and after calculations presents with the results and graphs of Ln (K) and AK.

2.4.6 Analysis of molecular variance (AMOVA)

Arlequin version 3.5.1.2 (Excoffier et al. 2005) was used to conduct the analysis of
molecular variance (AMOVA) among and within populations and subpopulations. Pairwise
difference method was used to calculate the difference with 1000 permutations. The p-

value was set at 0.05.

AMOVA analysis was performed among five groups based on geographic
locations/ place of origin of the genotypes; where groups 1, 2 and 3 are wild clones from
Newfoundland and Labrador, Prince Edward Island and Quebec, respectively. Group 4
represented two New Brunswick clones, two lowbush cultivars Fundy and Brunswick and
a selection Fundy open pollinated seedling, because all of these genotypes originated from
the same province. Group 5, represented all the half-high and highbush blueberry cultivars.
Pairwise difference method was used to calculate the genetic distance and 1000

permutations were performed. The p-value was set at 0.05 significance level.
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3 Results

3.1 DNA extraction

DNA purity was good and 260 nm: 280 nm ratios were within 1.8 to 1.9, with the
average ratio of 1.87; 260 nm: 230 nm ratios were within 2 to 2.2, with the average ratio of
2.09. Some amounts of the DNA samples were diluted to the working concentration of 12.5

ng/ pl and stored at -20°C for further use.

3.2 Gel electrophoresis

Out of 10 EST-SSR primer pairs, CA23f was found to be monomorphic and CA112
and CA169 did not give reproducible results. Out of 12 EST-PCR primer pairs, CA227 did
not give reproducible results. EST-PCR primer CA227 and EST-SSR primer pairs CA23f,
CA112 and CA169 were not considered in the further calculations and analysis. Seven
EST-SSR, two genomic SSR and 11 EST-PCR primer pairs showed polymorphic nature

and reproducibility, and were considered for further analysis.

3.3 Banding pattern analysis

Tables 5 and 6 show the number of polymorphic bands, size range of the bands and
the resolving power (Rp) of EST-PCR and SSR markers, respectively. The EST-PCR
markers showed polymorphic bands ranging from two for NA27 and CA1590 to 16 for
CAl6, with 87 total bands and an average of 7.9 bands per primer. The number of

polymorphic bands, in EST-SSR markers, ranged from two for CA236 to 16 for NA961,
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with 39 total bands and 5.6 bands per primer. Two genomic SSRs, VCC_12 and VCC_S10

contributed 14 bands in total with an average of 7 bands per primer

Table 5: Identity, polymorphism and resolving power for EST-PCR primer pairs tested on
63 blueberry genotypes.

Primer Polymorphic Size range (bp) Resolving power (Rp)
bands (no.)

CAl6 16 350 bp - 2600 bp 121

CA54 14 250 bp - 3250 bp 7.6
CA175 4 850 bp - 1950 bp 1.7
CA287 6 550 bp - 1650 bp 2.2
CA1029 3 150 bp - 100 bp 1.7
CA1105 6 250 bp - 1600 bp 3.2
CA1423 8 450 bp - 850 bp 5.9
CA1590 2 1500 bp - 2000 bp 1.7
CA1785 14 450 bp - 2950 bp 7.5

NA27 2 700 bp - 1100 bp 1.2
NA1068 12 250 bp - 2650 bp 6.0
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Table 6: Identity, polymorphism and resolving power for EST-SSR primer pairs tested on

63 blueberry genotypes.

Primer Polymorphic bands Size range (bp) Resolving power
(no.) (Rp)
CA236 2 300 bp — 500 bp 0.3
CA421 6 400 bp - 1100 bp 2.6
CAA483 5 150 bp - 650 bp 2.7
NA741 3 200 bp - 2500 bp 2.1
NAS0O0 3 200 bp - 1300 bp 1.4
NA961 16 200 bp - 3250 bp 10.1
NA1040 4 200 bp - 1750 bp 1.8
VCC_I2 10 100 bp - 900 bp 2.8
VCC_S10 4 150 bp - 350 bp 3.2

The Rp values for the EST-PCR markers ranged from 1.2 for NA27 to 12.1 for

CA16, while for the EST-SSR markers these values ranged from 0.3 for CA236 to 10.1 for

NA961. The Rp value of VCC_12 was 2.8 and of VCC_S10 was 3.2.

Figures 2, 3 and 4 represent the gel pictures of banding pattern obtained by CA16

EST-PCR marker, genomic SSR marker VCC 12 and EST-SSR marker CA421,

respectively. It can be seen that each marker is polymorphic in nature.

49



PFI PEIPE! PEI PEI PEI PEI PEI PEI PEI PEl N3 NB QC QC QC \L NLNL NL NL NL NLNL NL NLNL NLNL PO ST PT CH BRFO FU
p T TR VA VO ey A TR {0 b G O S S 42 65 810U nRMY 79

B . '

.'..-..---.-~.‘---——4--~“ - .

-

Figure 2: EST-PCR primer (CA16) banding pattern for 36 blueberry genotypes including
13 Newfoundland and Labrador (NL2-NL14), two New Brunswick (NB1-NB2), three
Quebec (QC2, QC4 and QC9) and 11 Prince Edward Island (PE1-11) lowbush blueberry
wild clones; one highbush blueberry cultivar Polaris (PO); three half-high blueberry
cultivars Chippewa (CH), St. Cloud (SC) and Patriot (PT); two lowbush blueberry cultivars
Brunswick (BR) and Fundy (FU); and one Fundy open pollinated seedling selection (FO).
Standard molecular ladders 1 kb ladder (left) and 100 bp ladder (right).

In Figure 2, pointed band is considered to be a polymorphic band as it is not present
in all the genotypes and present in some. For example it is present in PE2, PE4, PE5, PE8-
PE10, QC2, NL2, NL6, NL5, NL8, NL13, NL11, NL12, NL7, NL9, PT, FO and FU,
whereas it is not present in other genotypes. This band was scored present (1) in the analysis

for the genotypes it is present in.
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Figure 3: Genomic SSR primer (VCC_12) banding pattern for 36 blueberry genotypes
including 13 Newfoundland and Labrador (NL2-NL14), two New Brunswick (NB1-NB2),
three Quebec (QC2, QC4 and QC9) and 11 Prince Edward Island (PE1-11) lowbush
blueberry wild clones; one highbush blueberry cultivar Polaris (PO); three half-high
blueberry cultivars Chippewa (CH), St. Cloud (SC) and Patriot (PT); two lowbush
blueberry cultivars Brunswick (BR) and Fundy (FU); and one Fundy open pollinated
seedling selection (FO). Standard molecular ladders 1 kb ladder (left) and 100 bp ladder

(right).

In Figure 3, pointed band is a polymorphic band and is not present in many
genotypes except few. As seen in the figure it is present in PE9, QC9 and NL6, whereas

other genotypes did not have this band.

o1



PEI PE! PEI PEI PEI PEl PEIPEIPE] N3 NBQCQCQCNL NLNLNLNL NMUNLNLNLNLNL NLNL PO ST
S 678 9 1011 1 22 4 93 4265 810131 1214 9

b bedeit

C e B R Al T T A L L L

Figure 4: EST-SSR primer (CA421) banding pattern for 36 blueberry genotypes including
13 Newfoundland and Labrador (NL2-NL14), two New Brunswick (NB1-NB2), three
Quebec (QC2, QC4 and QC9) and 11 Prince Edward Island (PE1-11) lowbush blueberry
wild clones; one highbush blueberry cultivar Polaris (PO); three half-high blueberry
cultivars Chippewa (CH), St. Cloud (SC) and Patriot (PT); two lowbush blueberry cultivars
Brunswick (BR) and Fundy (FU); and one Fundy open pollinated seedling selection (FO).
Standard molecular ladders 1 kb ladder (left) and 100 bp ladder (right).

Figure 4 shows few stutter bands, but it still shows some polymorphic bands. Pointed
band is very dark and distinct. It is not present in all the genotypes, however none of the
bands are present in highbush and half-high blueberries. Thus the pointed band is

considered polymorphic and its presence in the genotypes will be notes as 1 in the matrix.
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3.4 Diversity parameters

3.4.1 Diversity parameters based on EST-PCR markers

For EST-PCR markers, the total number of alleles (Na) was 272, with the range of
Na =4 to Na = 52 alleles, for the markers CA1029 and CA16, respectively (Table 7). The
average allele number for 11 EST-PCR markers was Na = 23. The major allele frequency

for the EST-PCR markers ranged from 0.06 for CA1785 to 0.64 for NA27.

The values of expected heterozygosity (He) for EST-PCR markers ranged from He
= 0.51 for NA27 primer to He = 0.98 for CA1785, while the values of observed
heterozygosity (Ho) ranged from Ho = 0.17 for CA1029 to Ho = 0.54 for CA175. The
inbreeding coefficient (F) value for the EST-PCR markers ranged from F = 0.33 for CA175

to F = 0.74 for CA1029, with the average F of F = 0.60.

Another important parameter, Shannon index (1), produced wide range of values for
EST-PCR markers, which ranged from | = 0.88 for NA27 to | = 4.01 for CA16, with the
average | of I = 2.17. Polymorphic information content (PIC) values, which are very
important for polymorphism information, ranged from 0.44 for NA27 to 0.98 for CA1785,

with the average PIC value of 0.80.
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Table 7: Allelic diversity among blueberry genotypes for 11 EST-PCR primer pairs. Major
allele frequency (Major.AF), allele number (Na), expected (He) and observed (Ho)
heterozygosity, inbreeding coefficient (F), shannon’s index (1) and polymorphic

information content (PIC) are given for all 63 genotypes.

Marker Major.AF Na He Ho F I PIC
CA16 0.063 52 0.976 0.221 0.774 4.099 0.976
CA54 0.127 44 0.962 0.330 0.657 3.783 0.961
CA175 0.365 10 0.799 0.536 0.329 1.835 0.778
CA287 0.460 14 0.756 0.266 0.648 2.029 0.741
CA1029 0.444 4 0.649 0.171 0.737 1.850 0.583
CA1105 0.175 14 0.883 0.252 0.715 2.500 0.872
CAl1423  0.190 19 0.906 0.419 0.538 2.486 0.900
CA1590  0.333 4 0.707 0.358 0.494 1.081 0.650
CAl1785  0.063 51 0.977 0.326 0.666 4.033 0.976
NA27 0.635 4 0.511 0.279 0.454 0.879 0.441
NA1068  0.190 33 0.932 0.398 0.573 4.099 0.929
Total - 272 - - - - -
Mean - 23 0.824 0.337 0.599 2.619 0.801
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3.4.2 Diversity parameters based on microsatellite markers

SSR markers produced 164 alleles. The allele numbers (Na) varied from Na = 3 to
Na = 54, for the markers CA236 and NA1040, respectively (Table 8). The average allele
number was Na = 18.22. The major allele frequency for the SSR markers ranged from 0.09

to 0.83 for the markers VCC_S10 and CA236, respectively.

The values of He for SSR ranged from He = 0.30 for CA236 to He = 0.98 for
NA1040, while the values of Ho ranged from Ho = 0.14 for CA483 to Ho = 0.44 for
NA1040. The F values, which were determined from the values of He and Ho, ranged from

F = 0.08 for CA236 to F = 0.84 for CA438, with the average value of F = 0.55.

| values for SSR markers ranged from | = 0.58 for CA236 to | = 3.97 for NA1040,
with the average value of | = 2.02. PIC value is essential for detecting marker’s
polymorphism, and its values for SSR markers ranged from 0.28 for CA236 to 0.98 for

NA1040, with the average value of 0.77.
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Table 8: Allelic diversity among blueberry genotypes for seven EST-SSR and two genomic
SSR primer pairs. Major allele frequency (Major.AF), allele number (Na), expected (Hg)
and observed (Ho) heterozygosity, inbreeding coefficient (F), shannon’s index (I) and

polymorphic information content (PIC) are given for all 63 genotypes.

Marker Major.AF Na He Ho F I PIC
CA236 0.825 3 0.303 0.280 0.076 0.580 0.282
CA421 0.302 10 0.811 0.344 0576 1.768 0.788
CA483 0.190 16 0.894 0.144 0839 2.263 0.886
CA741 0.381 6 0.735 0322 0.562 2.082 0.692
NAS0O0 0.238 15 0.865 0.442 0489 2.545 0.851
NA961 0.413 7 0.723 0320 0.557 1.487 0.682
NA1040 0.063 54 0.977 0444 0546 3.972 0.977
VCC_I2 0.365 13 0.786 0.395 0497 1.976 0.762
VCC_S10 0.095 40 0.964 0.196 0.797 3.615 0.963
Total - 164 - - - - -
Mean - 18.22 0.784 0321 0549 2.027 0.765
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3.4.3 Comparison of genetic diversity parameters between EST-PCR and

microsatellite (SSR) markers

Table 9 illustrates the differences between EST-PCR and SSR markers by taking

into consideration some of the most important diversity parameters. As seen in the Table,

11 EST-PCR markers produced 87 polymorphic bands while nine microsatellite markers

produced only 53 polymorphic bands.

Table 9: Comparison of information on genetic diversity parameters, obtained with EST-

PCR and SSR markers in 56 wild lowbush blueberry clones, six cultivars and one blueberry

selection.

Marker system
Property EST-PCR SSR
Number of assay units 11 9
Number of polymorphic bands 87 53
Average number of polymorphic bands 9.75 7.18
Average of resolving power 4.6 2.6
Average of polymorphism information content 0.801 0.765
Average expected heterozygosity 0.824 0.784
Average observed heterozygosity 0.337 0.321
Average value of Shannon's index 2.619 2.027
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EST-PCR markers had higher values for most of the parameters. For instance, the
number of average polymorphic bands was higher in the EST-PCR markers, 9.75, than in
the microsatellite markers, 7.81. Also, the mean resolving power (Rp) of the EST-PCR

markers was higher, 4.6, compared to, 2.6, in the microsatellite markers.

PIC provides an estimate of the discriminatory power of a locus by taking into
account the number of alleles that are expressed and the relative frequencies of those alleles.
This was used to assess the informativeness level of each marker (high, PIC > 0.5;
moderate, 0.5 > PIC > 0.25; low, PIC < 0.25; Botstein et al. 1980). Average PIC is higher

for the EST-PCR markers, 0.80, than for the microsatellite markers, 0.77.

The same was noticed for average He and Ho, where average He for EST-PCR
markers was found to be He = 0.82, while for the microsatellites it was He = 0.78, which
was lower than the former. Average Ho for EST-PCR markers was found to be Ho = 0.34,
which is higher than Ho of SSR markers, Ho = 0.32. Shannon index (1) was also higher for

EST-PCR markers, | = 2.62, than for the microsatellite markers, | = 2.03.
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3.4.4 Comparison of genetic diversity among groups based on their geographic

locations using EST-PCR and microsatellite markers

While studying diversity, it becomes important to do the diversity analysis within
the groups, and check which groups are more diverse than the others. The groups here were
created based on geographic collection sites of the genotypes. The result of the differences
between these groups is given in Tables 10 and 11, for the EST-PCR and the microsatellite

markers, respectively.

In Table 10 CA16 showed highest Na for NL, PE, QC and HHCU groups: NL group
had highest allele number, Na = 36, followed by PE group, Na = 11; QC group, Na = 5;
and HHCU group, Na = 5. CA1785 and NA1068, produced the highest allele number, Na

=5, for the NB and LBCU group.

CA16 showed the highest expected heterozygosity (He) for NL group, He = 0.97;
followed by QC group, He = 0.78; and HHCU group, He = 0.63, while CA54 and CA1785
produced the highest He for PE group, He = 0.89. For the NB and LBCU group, CA1785

and NA1068 produced the highest He = 0.80.

The marker with the highest PIC values also varied among groups, where CA16
produced the highest PIC values for the NL group, 0.97; the QC group, 0.74; and the HHCU
group, 0.55. At the same instance, CA54 and CA1785 produced the highest PIC value,
0.88, for the PE group, and markers CA1785 and NA1068 produced highest PIC value,

0.77, for the NB and LBCU group.
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Table 10: Allelic diversity among blueberry genotypes for 11 expressed sequence tag — polymerase chain reaction (EST-PCR

primer pairs). Number of alleles (Na), expected heterozygosity (He) and polymorphic information content (PIC) are reported

separately for the wild clones of Newfoundland and Labrador (NL), Prince Edward Island (PE) and Quebec (QC). These parameters

were also reported for half-high and highbush cultivars (HHCU) group and New Brunswick clones and Lowbush cultivars (NB

and LBCU) group, which contained two NB clones, two lowbush blueberry cultivars and a selection.

NL PE QC HHCU NB and LBCU
Marker
Na He PIC [Na He PIC [INA He PIC | Na He PIC | NA He PIC

CA16 36 0972 097111 0.793 0.763| 5 0.778 0.744 |3 0.625 0.555 |2 0.320 0.269
CA54 26 0.926 0923 |10 0.893 0.883| 4 0.722 0.671|2 0.375 0.305 |3 0.560 0.499
CA175 | 7 0.786 0.755| 4 0.727 0.678 | 1 0.000 0.000 |1 0.000 0.000 |3 0.560 0.499
CA287 | 8 0.687 0659| 6 0.645 0579 | 1 0.000 0.000 |2 0.375 0.305 |2 0.320 0.269
CA1029 | 3 0536 0474| 6 0645 0572 | 2 0.444 0.346 |1 0.000 0.000 |1 0.000 0.000
CA1105 | 10 0.804 0.778| 5 0.694 0.637| 3 0611 0535|1 0.000 0.000 |2 0.480 0.365
CA1423 | 11 0.837 0818 | 5 0.694 0649 | 3 0500 0.449 |2 0.375 0.305 |2 0.480 0.365
CA1590 | 3 0.631 0560| 3 0595 0526 | 2 0.278 0.239 |1 0.000 0.000 |1 0.000 0.000
CA1785 | 32 0.966 0.965| 10 0.893 0.883 | 4 0.722 0.671 |1 0.000 0.000 |5 0.800 0.768
NA27 4 0577 0510| 2 0.000 0.000| 2 0.444 03461 0.000 0.000 |1 0.000 0.000
NA1068 | 18 0.859 0.850 | 11 0.843 0.825| 1 0.000 0.000 |1 0.000 0.000 |5 0.800 0.768

Total 158 - - 58 - - 28 - - 16 27

Mean 14 0.780 0.751| 5 0.765 0.636| 3 0.409 0.364|14 0.159 0.134 |2 0.393 0.346
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Table 11: Allelic diversity among blueberry genotypes for seven expressed sequence tag — simple sequence repeats (EST-SSR)

and two genomic SSR primer pairs. Number of alleles (Na), expected heterozygosity (He) and polymorphic information content

(PIC) are reported separately for the wild clones of Newfoundland and Labrador (NL), Prince Edward Island (PE) and Quebec

(QC). These parameters were also reported separately for half-high and highbush cultivars (HHCU) group and New Brunswick

clones and Lowbush cultivars (NB and LBCU) group which contained two NB clones, two lowbush blueberry cultivars and a

selection.
NL PE QC HHCU NB and LBCU
Marker
Na  He PIC | NaA He PIC | Na He PIC | Na He PIC | NA He PIC
CA236 |3 0279 0252 1 0.000 0.000 | 1 0.000 0.000 | 1 0.000 0.000 | 1 0.000 0.000
CA421 |7 0720 0681| 2 0165 0.152 | 1 0.000 0.000 | 1 0.000 0.000 | 1 0.000 0.000
CA483 |11 0811 0.788| 5 0.793 0761 | 1 0.000 0.000 | 1 0.000 0.000| 3 0560 0.499
NA741 |3 0659 058 | 3 0628 0551 | 1 0.000 0.000 | 2 0375 0305| 4 0720 0.672
NA800 |7 0.698 0.665| 1 0.000 0.000 | 1 0.000 0.000 | 1 0.000 0.000 | 1 0.000 0.000
NA961 |32 0960 0958 | 9 0876 0863 | 6 0833 0810| 2 0375 0305| 5 0.800 0.768
NA1040 | 8 0711 068 | 3 0579 0486 | 3 0611 0535 | 3 0.625 0555 | 3 0.640 0.563
VCC 12 {21 0938 0934|110 0893 0883 | 5 0778 0.744 | 3 0625 0555 | 5 0.800 0.768
VCCS10 |11 0.855 0839 | 4 0612 0555 | 3 0611 0535 | 2 0375 0305 | 3 0560 0.499
Total | 103 - - 38 - - 22 - - 16 - - 26 - -
Mean |114 0737 0710 4 0505 0472 |24 0315 0292 |18 0.264 0.225 |29 0453 0.419
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Among the five groups, NL group produced the highest values for all the parameters
followed by the PE, QC, HHCU and NB and LBCU groups. Three markers (CA175,
CA287 and NA1068), in the QC group, produced only one allele and null He and PIC
values. Similarly, in the HHCU and the NB and LBCU groups, respectively, six (CA175,
CA1029, CA1105, CA1590, CA1785, NA27 and NA1068) and three (CA1029, CA1590

and NA27) markers produced only one allele and null He and PIC.

In the SSR marker analysis (Table 11), NA961 produced the highest allele number,
Na = 32, for the NL group, followed by the QC group, Na = 6; and the NB and LBCU
group, Na =5. NA961 did not produce the highest number of alleles in the other remaining
two groups. For example, only VCC _12 produced the highest alleles, Na = 10, for the PE
group, and both NA1040 and VCC_12 produced the highest alleles, Na = 3, for HHCU
group. Marker VCC_12 with the NA961 produced the highest alleles, Na = 5, for the group

the NB and LBCU.

For He parameter, markerVVCC_I2 produced highest value, He = 0.94, in the NL
group; and He = 0.89, in the PE group. NA961 produced the highest value of He = 0.83 in
the QC group, whereas markers NA1040 and VCC_I2 produced the highest value of He =
0.63 for the HHCU group. Markers NA961 and VCC_12 produced the value of He = 0.80

for the NB and LBCU group.

PIC values also varied among the groups. SSR marker analysis showed that, NA961
produced the highest PIC value, 0.96, for the NL group and, 0.81, for the QC group.

VCC_I2 produced the highest PIC value of 0.88 for the PE group, while markers NA1040
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and VCC_I2 produced the highest PIC value of 0.56 for the HHCU group, and both NA961

and VCC_I2 produced the highest PIC value of 0.77 for the NB and LBCU group.

NL group produced the highest values for all the parameters followed by the PE,
QC, HHCU and NB and LBCU groups. Two markers (CA236 and NA80O) produced only
one allele and null He and PIC values in PE group. Five markers (CA236, CA421, CA483,
NA741 and NA80O), four markers (CA236, CA421, CA483 and NA800) and three markers
(CA236, CA421 and NAB8OO), respectively, produced only one allele and null He and PIC

values for the QC, HHCU and NB and LBCU groups.

3.5 Cluster analysis

3.5.1 Cluster analysis using neighbour joining (NJ) dendogram

3.5.1.1 NJ analysis using EST-PCR markers

In the NJ analysis for EST-PCR data (Figure 5), wild blueberry clones and cultivars
formed distinct groups and the genetic distances between the genotypes ranged from 0.18

to 1.00.

The NJ dendogram here is a strict consensus dendogram created from 1000
dendograms. In this dendogram, a branching pattern that occurs in 1000 dendogram with a
frequency of 100% is adopted. There were five major clusters, three of which (clusers I, 11
and V) were comprised of NL clones only. The biggest cluster (cluster 1V) contained

blueberry clones from all other provinces and included lowbush blueberry cultivars and a
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Figure 5: Neighbor joining (NJ) dendrogram of 63 blueberry genotypes based on the
proportion of shared alleles distance for EST-PCR markers. Numbers refer to branch

lengths.
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selection (FO). Cluster I grouped seven NL clones and it was further divided into
two subclusters. The first conatined three clones NL12, NL28 and NL31, and the second

contained NL29, NL30, NL33 and NL34.

Cluster 11 was comprised of eight NL blueberry clones and was further broken up
into two subclusters. The first of which included NL2, NL5, NL6 and NL23, and the second

included NL2, NL13, NL15 and NL36.

Cluster 111 included the highbush blueberry cultiva Polaris and the three half-high
blueberry cultivars Patriot, Cheppawa and St. Cloud, with two QC clones QC4 and QC?9.
QC clones made a very distinct subcluster from a subcluster of halfhigh and highbush

blueberry cultivars.

Cluster IV was divided in two main clusters. The first cluster was further divide into
three subclusters IVa, 1Vb and IVc. Subcluster 1VVa contained eight NL clones (NL16,
NL19, NL20, NL22, NL24, NL25, NL26 and NL27), which were divided into two sub -
subclusters. One of the sub - subclusters contained NL19, NL25, NL26 and NL27. The
second sub - subcluser of subcluster IVa conatained NL16, NL20, NL22 and NL24.
Subcluster 1VVb contained two NL clones, two NB clones, two lowbush blueberry cultivars
(BR and FU) and a selection (FO). Subcluster IVb was divided into two small sub -
subclusters. This sub - subcluster was further divided, where two NB clones NB1 and NB2
contained in one sub-sub-subcluser, while the second sub-sub-subcluster contained

lowbush blueberry cultivars BR and FU and a selection FO. Subcluster IVVc contained two
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NL clones and four QC clones. Subcluster I\VVc was further divided into two sub-subclusters,
where both NL clones NL7 and NL9 contained in the first sub-subcluster and four QC
clones QC1, QC2, QC5 and QC7 contianed in the second sub-subcluster. The another main
cluster of cluster 1V was denoted as 1Vd. It contained all PE clones. Subcluster IVd was
divided into two sub-subclusters. The first sub-subcluster contained PE1, PE2, PE3, PE4,
PE7, PE10 and PE11, and the second sub-subcluster contained four PE clones, PE5, PES,

PES8 and PEO9.

Cluster V consisted of 10 NL clones and was splitted in two subclusters of five
clones each. The first of which contained NL1, NL5, NL8, NL18 and NL21 and the second

contained NL10, NL11, NL14, NL17 and NL32.

3.5.1.2 NJ analysis using EST-SSR and genomic SSR markers

In the NJ analysis of EST-SSR and genomic SSR marker data (Figure 6), blueberry
wild clones and cultivars formed distict groups. Strict consensus NJ dendogram showed

five major clusters. The genetic distnace between genotypes ranged from 0.11 to 1.00.

In the dendogram, clusters | was divided into subclusters la and Ib. Subcluster la
conatined all the genotypes belonging to NB provinnce, which included two NB clones
NB1 and NB2, two lowbush blueberry cultivars FU and BR and one selection FO.

Subcluster Ib contained six NL clones; NL18, NL23, NL29, NL31, NL36 and NL37.

Cluster 11 is divided into two subcluster Ila and Ilb. Ila contained four PE clones;

PE1, PE2, PE3 and PE4, and one NL clone, NL28, whereas Ilb contained 11 NL clones;
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Figure 6: Neighbor joining (NJ) dendrogram of 63 blueberry genotypes based on the
proportion of shared allele distance for EST-SSR and genomic SSR markers. Numbers refer

to branch lengths.
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NL2, NL3, NL6, NL17, NL20, NL22, NL24, NL26, NL30, NL32 and NL33 and one PE

clone, PE7.

Cluster 111, which contained 15 NL clones, was divided into two subclusters. The
first subcluster included NL1, NL11, NL12, NL14, NL25 and NL34 and the second

subcluster included NL4, NL5, NL7, NL8, NL9, NL10, NL13, NL16 and NL19.

Cluster IV divided into two subclusters, IVa and IVb. Subcluster 1Va was
comprised of one highbush blueberry cultivars PO with three half-high blueberry cultivars
PT, CH and SC. Subcluster 1'Vb contained all QC clones; QC1, QC2, QC4, QC5, QC7 and

QC9. Cluster V contained six PE clones; PE5, PE6, PE8, PE9, PE10 and PE11.

3.5.1.3 Combined NJ analysis using EST-PCR, EST-SSR and genomic SSR markers

In a combined analysis for EST-PCR, EST-SSR and genomic SSR data, 63
genotypes were divided into five distinct clusters (Figure 7). The genetic distnace between

genotypes ranged from 0.10 to 1.00.

Cluster | contained five NL clones NL23, NL27, NL28, NL32 and NL33, which
were divided into two subclusters. The first subcluster contained NL23, NL27 and NL28,

and the second subcluster contained NL32 and NL33.

Cluster Il was further divided into two subclusters Ila and 1lb. Ila contained all PE
clones, from PE1 to 11. It was further divided into two sub-subclusters. The first sub-
subcluster contained PE1 to 4, while the second sub-subcluster contained PE5 to 11.

Subcluster 11b contained all six QC clones; QC1, QC2, QC4, QC5, QC7 and QC9. IlIb was
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Figure 7: Neighbor joining (NJ) dendrogram of 63 blueberry genotypes based on the
proportion of shared allele distance for EST-PCR, EST-SSR and genomic SSR markers.
Numbers refer to branch lengths.
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divided into two small sub-subclusters. The first sub-subcluster contained QC2, QC4 and

QC9 and the second sub-subcluster contained QC1, QC5 and QC7.

Cluster 111 contained 17 NL clones which were further divided into two subclusters.
From these two subclusters, the first subcluster was separated into two sub-subclusters. The
first sub-subcluster contained seven NL clones (NL15, NL30, NL31, NL34, NL35, NL36
and NL37) and the second contained seven NL clones (NL16, NL18, NL19, NL20, NL22,

NL24 and NL29). The second subcluster of the cluster I1l contained NL7, NL9 and NL12.

Cluster 1V contained 15 NL clones, which included NL1, NL2, NL3, NL4, NLS5,
NL6, NL8, NL10, NL11, NL13, NL14, NL17, NL21, NL25 and NL26. Cluter IV was
divided into two subclusters, the first of which contained five NL clones (NL1, NL11,
NL14, NL17 and NL21), and the second contained eight NL clones (NL2, NL3, NL4, NL5,

NL6, NL8, NL10 and NL13).

Cluster V was divided into two distinct subclusters i.e. subcluster Va and Vb.
Subcluster Va contained all the genotypes related to NB province, which included two NB
clones NB1 and NB2; two lowbush blueberry cultivas FU and BR and one selection FO.
Vb contained four blueberry cultivars which include one highbush blueberry cultivar PO,

and three halfhigh blueberry cultivars PT, CH and SC.
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3.5.2 Cluster analysis using unweighted pair group method analysis (UPGMA)
dendogram

3.5.2.1 UPGMA analysis using EST-PCR markers

In a strict consensus UPGMA dendogram (Figure 8) for EST-PCR marker data,
blueberry wild clones and cultivars formed five distinct groups. The genetic distance

between genotypes ranged from 0.10 to 1.00.

Cluster I contained four blueberry cultivars, which included one higbush blueberry

cultivar PO and three halfhigh blueberry cultivars PT, CH and SC.

Cluster Il contained eight genotype of which six were QC clones and two were NL
clones. This cluster was divided into two subcluster, where the first subcluster contained
two NL clones, NL7 and NL9 and the second subcluster contained QC1, QC2, QC4, QC5,

QC7 and QCo.

Cluster I11 contained 22 NL clones: NL1, NL2, NL3, NL4, NL5, NL6, NL8, NL10,
NL11, NL13, NL14, NL15, NL17, NL18, NL21, NL29, NL30, NL31, NL32, NL33, NL34,
and NL35. This cluster was divided into two subclusters. The first subcluster contained
NL2, NL3, NL5, NL6, NL13, NL15 and NL35 and the second subcluster contained NL1,
NL4, NL8, NL10, NL11, NL14, NL17, NL18, NL21, NL29, NL30, NL31, NL32, NL33

and NL34.

Cluster IV contained 16 genotypes, which included five genotypes related to NB
province (two NB clones NB1 and NB2, two lowbush blueberry cultivars (FU and BR) and

a selection, FO) and 11 NL clones. These genotypes were divided into two subclusters IVa
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and IVb. Subcluster IVa contained seven genotypes, which divided into two sub-
subclusters. The first of which contained two lowbush blueberry cultivars, FU and BR; two
NB clones NB1 and NB2; and one selection FO. The second sub-subcluster was comprised
of two NL clones, NL36 and NL37. Subcluster IVb contained nine NL clones, which
contained NL16, NL19, NL20, NL22, NL23, NL24, NL25, NL26 and NL27. These
genotypes were divided into two sub-subclusters. The first was comprised of five NL
clones: NL16, NL19, NL20, NL22 and NL24, and the second contained four NL clones:

NL23, NL25, NL26 and NL27.

Cluster V contained 11 PE clones and two NL clones. Cluster V was splited into
two subclusters. The first contained two NL clones: NL12 and NL28, and the second
contained all PE clones, PE1 to 11. The second was further broken into two sub-subclusters.
The first of which contained PE5, PE6, PE8 and PE9, and the second contained PE1, PE2,

PE3, PE4, PE7, PE10 and PE11.

3.5.2.2 UPGMA analysis using EST-SSR and genomic SSR markers

In a strict consensus UPGMA dendogram (Figure 9) for EST-SSR and genomic
SSR markers, wild clones and cultivars formed distinct groups, and total five major clusters

were formed.

Cluster I contained five genotypes, which contained two lowbush blueberry cultivars FU
and BR, two wild clones NB1 and NB2 and a selection FO. All these genotypes originated

in the province of NB. Cluster Il contained only three NL clones NL20, NL26 and NL32.
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Cluster Il is divided into two sub clusters, Illa and Illb. Illa contained six QC
clones; QC1, QC2, QC4, QC5, QC7 and QC9, and subcluster Il1b contained four cultivars,
which included one highbush blueberry cultivar PO and three half-high blueberry cultivars

PT, CH and SC.

Cluster 1V contained 22 genotypes which were broken into four sub clusters: 1Va,
IVb, IVc and IVd. IVa contained five NL clones: NL22, NL23, NL24, NL29 and NL33.
Subcluster Vb contained four PE clones: PE1, PE2, PE3 and PE4. The remaining seven
PE clones PE5, PE6, PE7, PES8, PE9, PE10 and PE11 were grouped into 1Vd. However,

IVc contained only three NL clones NL17, NL28 and NL30.

Cluster V contained 23 NL clones, which were NL1, NL4, NL5, NL7, NL8, NL9,
NL10, NL11, NL12, NL13, NL14, NL15, NL16, NL18, NL19, NL21, NL25, NL27, NL31,
NL34, NL35, NL36 and NL37. These clones were further divided into two subclusters,
where the first one was comprised of NL1, NL4, NL5, NL7, NL8, NL9, NL10, NL11,

NL13, NL14, NL16, NL19 and NL25 and the second contained the rest of the 10 clones.

3.5.2.3 Combined UPGMA analysis using EST-PCR, EST-SSR and genomic SSR

markers

In a strict consesnus UPGMA dendogram (Figure 10), for combined EST-PCR,
EST-SSR and genomic SSR markers, wild clones and cultivars formed distinct groups and

separated into total five major clusters.

Cluster | contained four cultivars which included one highbush blueberry cultivar

PO and three half-high blueberry cultivars PT, CH and SC.
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Cluster 1l contained five genotypes which included two NB clones NB1 and NB2,
two lowbush cultivars FU and BR and one selection FO. All these five genotypes were

originated from NB province.

Cluster I11 contained 11 PE clones from PE1 to 11. This cluster was further splitted
into two subclusters. The first contained three PE clones: PE7, PE8 and PE11, and the
second contained the rest of the eight PE clones: PE1, PE2, PE3, PE4, PE5, PE6, PE9 and

PE10.

Cluster IV contained 14 NL clones: NL7, NL9, NL12, NL15, NL16, NL18, NL19,
NL20, NL22, NL24, NL29, NL35, NL36 and NL37. This clones were further divided into
two subclusters. The first of which contained three NL clones: NL7, NL9 and NL12, and
the second contained other remaining clones: NL15, NL16, NL18, NL19, NL20, NL22,

NL24, NL29, NL35, NL36 and NL37.

Cluster V was divided into two subclusters Va and Vb. Va contained 15 NL clones:
NL1, NL2, NL3, NL4, NL5, NL6, NL8, NL10, NL11, NL13, NL14, NL17, NL21, NL25,
and NL26. However, Vb was divided into two sub-subclusters Vb(i) and Vb(ii). Vb(i)
conatined all six QC clones, which were QC1, QC2, QC4, QC5, QC7 and QC9, and the
second sub-subcluster Vb(ii) contained eight NL clones, which were NL23, NL27, NL28,

NL30, NL31, NL32, NL33 and NL34.
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3.6 Principle coordinate analysis (PCoA)

3.6.1 PCoA using EST-PCR markers

In the principle coordinate analysis (PCoA) (Figure 11) of EST-PCR markers, five major
clusters were formed (designated as I, I, 1lI, IV and V), which distributed genotypes
according to their geographic collection sites. The clusters were made among closely
grouped genotypes. The first three axes together represent 34.17% of total genetic variation

(axis 1 = 15.09%, axis 2 = 10.44% and axis 3 = 8.63%).

Principal Coordinates (PCoA)

Coord. 2

Coord. 1

Figure 11: Two dimensional Principle co-ordinate analysis of 63 blueberry genotypes
using EST-PCR markers. The circles indicate groupings of closely related
genotypes. PCoA revealed that 15.09%, 10.44% and 8.63% (total = 34.17%) of the

genetic variability can be explained by 1%, 2" and 3 axes.
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Cluster I contained four genotypes, which included one highbush blueberry cultivar
PO and three half-high blueberry cultivars PT, CH and SC. Cluster Il contained two

lowbush cultivars FU and BR, two NB clones NB1 and NB2 and a selection FO.

Cluster 111 contained all 11 PE clones: PE1, PE2, PE3, PE4, PE5, PE6, PE7, PES,
PE9, PE10 and PE11, and cluster IV contained all QC clones: QC1, QC2, QC4, QC5, QC7

and QC9. Cluster V contained all 37 NL clones from NL1 to NL37.

3.6.2 PCoA using EST-SSR and genomic SSR markers

In the PCoA (Figure 12) of seven EST-SSR and two genomic SSR markers, five
major clusters were created (designated as I, II, I1l, IV and V). The clusters were made
among closely grouped genotypes. This analysis distributed genotypes according to their
geographic collection sites, but combined QC and PE clones, at the same time divided NL
clones into two separate groups. The first three axes together represent 36.21% of total

genetic variation (axis 1 = 14.40%, axis 2 = 12.31% and axis 3 = 9.50%).

Cluster | contained a highbush blueberry cultivar PO, and three half-high blueberry
cultivars PT, CH and SC. Cluster Il contained five genotypes which include two NB clones

NB1 and NB2, two lowbush cultivars FU and BR and a selection FO.

Cluster Ill contained 18 NL clones: NL15, NL17, NL18, NL19, NL21, NL22,
NL23, NL24, NL26, NL27, NL28, NL30, NL31, NL32, NL33, NL35, NL36 and NL37 and
cluster 1V contained 19 NL clones: NL1, NL3, NL4, NL5, NL7, NL8, NL9, NL10, NL11,

NL12, NL13, NL14, NL16, NL20, NL25, NL29 and NL34.
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Figure 12: Two dimensional Principle co-ordinate analysis of 63 blueberry genotypes
using microsatellite markers. The circles indicate groupings of closely related genotypes.
PCOA revealed that 14.40%, 12.31% and 9.50% (total = 36.21%%) of the genetic
variability can be explained by 1%, 2" and 3™ axes.

Cluster V contained all 11 PE clones from PE1 to PE11, and all six QC clones: QC1, QC2,

QC4, QC5, QC7 and QCO.

3.6.3 Combined PCoA analysis using EST-PCR, EST-SSR and genomic SSR

markers

Five major clusters (designated as I, 11, I11, IV and V) were created in the principle
coordinate analysis (PCoA) (Figure 13) of EST-PCR, EST-SSR and genomic SSR markers.
This analysis distributed genotypes according to their geographic collection sites. The
clusters were made among closely grouped genotypes. First three axes together represent

29.35% of total genetic variation (axis 1 = 12.11%, axis 2 = 9.37% and axis 3 = 7.88%).
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Principal Coordinates (PCoA)

PEL1 PES* PE2

ord. 2

Qe&4Qcs

Coord. 1

Figure 13: Two dimensional Principle co-ordinate analysis of 63 blueberry genotypes
using EST-PCR and microsatellite markers. The circles indicate groupings of closely
related genotypes. PCoA revealed that 12.11%, 9.37% and 7.88% (total = 29.35%) of the

genetic variability can be explained by 1%, 2"¥ and 3 axes.

Cluster I contained four blueberry cultivars, two of which contained highbush
blueberry cultivars PO and PT, and the other two contained CH and SC. Cluster Il
contained five genotypes, which contained two NB clones NB1 and NB2, two lowbush
blueberry cultivars BR and FU and a selection FO. These five genotypes originated from

NB province.

Cluster 111 contained all PE clones from PE1 to PE11 and cluster IV contained six
QC clones QC1, QC2, QC4, QC5, QC7 and QC9. Cluster V contained all 37 NL clones.
This PCoA analysis shows that the genotypes are clustered according to their geographic

origin.

81



3.7 Structure analysis

3.7.1 Structure analysis using EST-PCR marker data

Total 11 EST-PCR primer pairs were used to group 63 genotypes using
STRUCURE program. From the plot of Ln (K) (Figure 14) and AK (Figure 15) it was
determined that the genotypes were divided into two (K = 2) and six (K = 6) clusters. In
Figure 14, graph plateaus at K = 6. So according to the Pritchard et al. (2000), genotypes

is divided into 6 clusters.

However, in AK graph (Figure 15), generally the K showing highest peak is
considered for clustering. In this case that peak is at K= 2. So the question arises at the peak
of K = 6 in Figure 15, which has lower value than the peak at K = 2. In this case we can
consider both the K values 2 and 6, considering K = 2 for broader structure and K = 6 for
finer. Evanno et al. (2005) has explained that, as AK helps in identifying the correct number
of clusters in most situations, it should not be used exclusively and should be used together
with the other information provided by structure, such as L(K) itself. So, as seen in Figure
14, in L(K) graph, K plateaus at K = 6 and the there is also a good peak at K =2 and 6 in
AK graph (Figure 15). It makes K = 2 and 6, good choices. In addition, when bar plot was
created using K=6, it showed clustering of genotypes according to their geographic
collection site as seen in Figure 17. Thus, clustering at K = 6 is also considered for this data
even though it did not give highest peak, but Pritchard et al. (2000) gives rationale to select

K=6 for L(K) graph.
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The bar plot (Figure 16) was sorted by Q value and plotted in multiple lines.

Genotype clustering / distribution can be seen with the colour code in the bar plot.

L(K) {mean +- 5D}
—2200 |

—2400 -

=

=

—2600 -

—2800 |

Mean of est. Ln prob of data

—3000

Figure 14: Graph of Ln (probability of data) for K ranging from 1 to 9 for EST-PCR marker
analysis obtained from STRUCTURE HARVESTER software (Earl and VVonholdt, 2012;
Pritchard et al. 2000).
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Deltak = mean(|L"(K)]) / sd(L(K))

200 |

150

~uwl

Figure 15: The graph obtained from STRUCTURE HARVESTER software (Earl and
Vonholdt, 2012) estimating the number of clusters, using AK values for K ranging from 1
to 9 for EST-PCR marker data, using a method proposed by Evanno et al. (2005) .

The clustering in Figure 16 shows that all 63 genotypes were divided into two
clusters. Cluster |1 was comprised of highbush blueberry cultivar PO and three half-high
blueberry cultivars PT, CH and SC, two NB wild clones NB1 and NB2, two lowbush
blueberry cultivars FU and BR and a selection FO, and 12 NL clones: NL7, NL9, NL11,
NL12, NL14, NL15, NL16, NL17, NL18, NL19, NL20, NL21 and NL28. The cluster was
coded by the red colour. NL14, NL21 and NL28 showed admixture of ~40% to 45% from

cluster 11; clones NL7, NL11 and NL12 had admixture of ~20%, and NL15, NL20 and NB1
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Figure 16: Q-plot showing clustering of 63 genotypes, for K=2, based on analysis of EST-
PCR genotypic data using STRUCTURE. Each genotype is represented by a vertical bar.
The colored subsections within each vertical bar indicate membership coefficient (Q) of

the accession to different clusters. Identified clusters are I (red colour) and 11 (green colour).

CLUSTERI CLUSTERII CLUSTER I CLUSTERIV CLUSTERV

NL28 4
NL34 4
NL#
NL36 4
NL1

Figure 17: Q-plot showing clustering of 63 genotypes, for K=6, based on analysis of EST-
PCR genotypic data using STRUCTURE. Each genotype is represented by a vertical bar.
The colored subsections within each vertical bar indicate membership coefficient (Q) of
the accession to different clusters. Identified clusters are | (red colour), Il (green colour),

111 (blue colour), IV (yellow colour), V (pink colour) and VI (cyan colour).
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showed admixture of ~9%. Cluster Il contained all other genotypes. This cluster was coded

by green colour.

The clustering in Figure 17 shows that all 63 genotypes were divided into six
clusters. Cluster 1 was comprised of six QC clones (coded with pink colour) and NL8. NL8

showed high admixture of ~40% from cluster VI.

Cluster 1l contained highbush blueberry cultivar PO and three half-high blueberry
cultivars PT, CH and SC (coded with green colour). Cluster 111 was comprised of 11 PE

clones. All the genotypes in this cluster were coded by blue colour.

Cluster IV contained 17 clones: NL7, NL9, NL11, NL12, NL13, NL14, NL15,
NL16, NL17, NL18, NL19, NL20, NL21, NL22, NL23, NL24 and NL25. NL9, NL13 and
NL24 showed highest admixture of ~40% from multiple clusters. Clones NL11, NL12,

NL14, NL22 and NL25 showed admixtures of ~5-9% from multiple clusters.

Cluster V contained two NB wild clones NB1 and NB2, two lowbush blueberry
cultivars FU and BR, selection FO and NL28. NL28 contained ~40-45% admixture from

multiple clusters. This cluster is coded with cyan colour in the plot.

Cluster VI included 18 NL clones: NL1, NL2, NL3, NL4, NL5, NL6, NL10, NL26,
NL27, NL29, NL30, NL31, NL32, NL33, NL34, NL35, NL36 and NL37. NL3, NL10 and
NL32 contained admixture of ~40-50% from different clusters, and clones NL27, NL30
and NL31 contained ~ 20% admixture from different clusters. This cluster was coded with

cyan colour.
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3.7.2 Structure analysis using EST-SSR and genomic SSR markers

Total nine microsatellite primer pairs were used to group 63 genotypes using
STRUCURE software. From the plot of Ln (K) (Figure 18) and AK (Figure 19) it can be

determined that the genotypes are divided into six (K = 6) clusters.
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Figure 18: Graph of Ln (probability of data) for K ranging from 1 to 9 for microsatellite
marker analysis obtained from STRUCTURE HARVESTER software (Earl and VVonholdt,
2012; Pritchard et al. 2000).
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Figure 19: The graph obtained from STRUCTURE HARVESTER software (Earl and
Vonholdt, 2012) estimating the number of clusters, using AK values for K ranging from 1

to 9 for microsatellite marker data, using a method proposed by Evanno et al. (2005) .

Here AK graph (Figure 19) shows highest peak at K=6 and in L (K) graph, K
plateaus at K = 6. In addition, when bar plot was created, it also showed clustering of
genotypes according to their geographic sampling site as seen in Figure 20. Thus, clustering

at K =6 is a good choice and is considered for this data.
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The bar plot (Figure 20) created by STRUCTURE software was sorted by Q value
and plotted in multiple lines. Genotype clustering / distribution can be seen with the colour

code in the bar plot.
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Figure 20: Q-plot showing clustering of 63 genotypes, for K=6, based on analysis of
microsatellite genotypic data using STRUCTURE software. Each genotype is represented
by a vertical bar. The colored subsections within each vertical bar indicate membership
coefficient (Q) of the accession to different clusters. Identified clusters are I (red colour),
Il (green colour), Il (blue colour), IV (yellow colour), V (pink colour) and VI (cyan

colour).

The 63 genotypes were divided into six clusters (Figure 20). Cluster I contained 14
NL clones, which included NL2, NL3, NL4, NL5, NL6, NL7, NL8, NL9, NL10, NL11,
NL12, NL13, NL14 and NL16. All the genotypes of this cluster were coded by red colour.
NL2 showed ~30% admixture from other clusters, NL6 and NL16 showed ~20% admixture

from different clusters. NL12 showed ~10% admixture from cluster V1.

Cluster Il included all 11 PE clones, which were coded by green colour, Cluster 111
was comprised of six QC clones (coded with blue colour). Cluster IV contained two NB

wild clones NB1 and NB2, two lowbush blueberry cultivars FU and BR and a selection
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FO. FU had admixture of ~20% from cluster V1. This cluster was coded with yellow colour

in the plot.

Cluster V included four cultivars, one of which was highbush blueberry cultivar
PO, and the other three were half-high blueberry cultivars PT, CH and SC. All four cultivars

were coded by pink colour

Cluster VI included 22 NL clones, which included NL1, NL15, NL17, NL18, NL19,
NL20, NL21, NL22, NL23, NL24, NL25, NL26, NL27, NL28, NL29, NL30, NL31, NL32,
NL33, NL34, NL35, NL36 and NL37. All the genotypes of this cluster were coded by cyan
colour. Wild clones from this cluster showed high level of admixture from different
clusters. Clones NL27, NL34 and NL35 showed admixture of ~35% to ~42%. Clones such
as NL1, NL15, NL17, NL18, NL19, NL20, NL23, NL28, NL35 and NL37 showed ~10%

to 20% admixture.

3.7.3 Structure analysis using combination of EST-PCR and microsatellite markers

In this analysis of combined markers 63 genotypes were divided into six clusters.
As seen in Ln (K) (Figure 21) graph, the graph plateaus at K = 6. So according to Pritchard
et al. (2000), genotypes is divided into 6 clusters. However, as seen in section 3.7.1,
combined analysis also showed two peaks in AK graph (Figure 22). In common practice K
showing highest peak is considered for clustering. In this case that peak is at K= 2. Here
we can consider both the K values 2 and 6, considering K = 2 for broader structure and K

= 6 for finer. The rationale behind selecting two K values is explained in section 3.7.1.
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Figure 21: Graph of Ln (probability of data) for K ranging from 1 to 9 for EST-PCR and
microsatellite markers’ combined analysis obtained from STRUCTURE HARVESTER
software (Earl and VVonholdt, 2012; Pritchard et al. 2000).

The bar plots (Figure 23 and Figure 24) created by STRUCTURE software
were sorted by Q value and plotted in multiple lines. Genotype clustering / distribution can

be seen with the colour code in the bar plot.
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Figure 22:The graph obtained from STRUCTURE HARVESTER software (Earl and
Vonholdt, 2012) estimating the number of clusters, using AK values for K ranging from 1
to 9 for EST-PCR and microsatellite marker data, using a method proposed by Evanno et
al. (2005).

STRUCTURE plot, Figure 23, divided 63 genotypes into two clusters. Cluster | was
comprised of all eleven PE wild clones and all six QC wild clones, and three NL clones
NL22, NL24 and NL28. The cluster was coded by the red colour. QC2 showed admixture
of ~6% from cluster 11, and clones NL22, NL24 and NL28 had admixture of ~40% - 50%
admixture with cluster I1. Cluster Il contained all other genotypes. This cluster was

comprised of green colour.
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Figure 23: Q-plot showing clustering of 63 genotypes, for K=2, based on analysis of
combined genotypic data of EST-PCR and microsatellite using STRUCTURE software.
Each genotype is represented by a vertical bar. The colored subsections within each vertical
bar indicate membership coefficient (Q) of the accession to different clusters. Identified

clusters are | (red colour) and Il (green colour).
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Figure 24: Q-plot showing clustering of 63 genotypes, for K=6, based on analysis of
combined data of EST-PCR and microsatellite genotypic data using STRUCTURE
software. Each genotype is represented by a vertical bar. The colored subsections within
each vertical bar indicate membership coefficient (Q) of the accession to different clusters.
Identified clusters are I (red colour), Il (green colour), 111 (blue colour), 1V (yellow colour),

V (pink colour) and VI (cyan colour).

The clustering in Figure 24 shows that all 63 genotypes were divided into six

clusters. Cluster | contained 23 clones: NL7, NL9, NL15, NL16, NL17, NL18, NL19,
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NL20, NL21, NL22, NL24, NL26, NL27, NL28, NL29, NL30, NL31, NL32, NL33, NL34,
NL35, NL36 and NL37. From these clones, clones NL17, NL22, NL24, NL35 and NL37
have ~5% admixture from other clusters. NL32 showed admixture of ~19% and clones

NL7, NL9, NL21, NL26, NL27 and NL28 showed admixture of ~39% to ~70%.

Cluster Il was comprised of 11 PE clones (coded by green colour), and cluster 111
contained highbush blueberry cultivar PO and three half-high blueberry cultivars PT, CH

and SC (coded with blue colour).

Cluster IV included 14 NL clones: NL1, NL2, NL3, NL4, NL5, NL6, NL8, NL10,
NL11, NL12, NL13, NL14, NL23 and NL25. NL1 and NL14 contained admixture of ~18%
from different clusters, and clones NL12, NL23 and NL25 contained ~ 40% - 70%

admixture from different clusters. This cluster was coded with yellow colour.

Cluster V was comprised of six QC clones (coded with pink colour) and cluster VI
contained two NB wild clones NB1 and NB2, two lowbush blueberry cultivars FU and BR

and a selection FO. This cluster is coded with cyan colour in the plot.
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3.8 Analysis of molecular variance (AMOVA) based on geographic location

AMOVA analysis was performed separately EST-PCR and microsatellite marker data and

for combined data.

3.8.1 AMOVA using EST-PCR marker data

The results for AMOVA analysis are shown in the Table 12, where eleven EST-

PCR markers found the variation of 36.54% among the groups, 17.42% variation among

the communities within the groups and 46.04% variation among genotypes within

communities.

Table 12: Analysis of molecular variance based on geographic collection site/ the type of

genotypes (half-high/lowbush cultivars) with EST-PCR marker data in 63 genotypes of

blueberries.

Source of variation  def. Sum of Variance % of
squares components variation

Among groups 4 46,881 7.00 36.54
Among communities 12 14,126 3.34 17.42
within groups
Among  genotypes 8803 77,713 8.83 46.04
within communities
Total 8819 1,38,720 19.17 100
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3.8.2 AMOVA using data of EST-SSR and genomic SSR markers

Nine SSR markers, as seen from Table 13, found the variation of 26.50% among
the groups, 32.01% variation among the communities within the groups and 41.49%

variation among the genotypes within the communities.

Table 13: Analysis of molecular variance based on geographic collection site/ the type of
genotypes (half-high/lowbush cultivars) with EST-SSR and genomic SSR marker data in
63 genotypes of blueberries.

Source of variation  def. Sum of Variance % of
squares components variation

Among groups 4 28,793 3.29 26.50

Among communities 12 16,729 3.97 32.01

within groups

Among  genotypes 8803 45,314 5.15 41.49

within communities

Total 8819 90,836 12.41 100
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3.8.3 AMOVA analysis using combined data of EST-PCR, EST-SSR and genomic

SSR markers

When the AMOVA analysis done with the combined data of 11 EST-PCR and nine
microsatellite markers (Table 14), the variation of 32.60% was found among the groups,
23.15% variation was found among the communities within the groups and 44.25%

variation was found among genotypes within the communities.

Table 14: Genetic differentiation among blueberry genotypes by analysis of molecular
variance based on geographic collection site/ the type of genotypes (half-high/lowbush

cultivars) with EST-PCR and microsatellite markers’ combined data.

Source of variation  d.f. Sum of Variance % of
squares components variation

Among groups 4 76,673 10.29 32.60

Among communities 12 30,854 7.31 23.15

within groups

Among  genotypes 8803 123,028 13.98 44.25

within communities

Total 8819 229,555 31.58 100
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4  Discussion

Blueberries are an economically very important fruit crop in North America and
some European countries. They also provide several health benefits and are favourite
berries for people across the world. With increasing demand in quality and quantity of
blueberries, their development was undertaken by several research groups in the USA.
Plant breeding is an essential technique to develop new varieties of crop plants. It can help
develop crops which grow in previously unexplored regions, and can also help improve the
quality and yield of crops including blueberries. It is pertinent to have knowledge about
genetic diversity among wild and cultivated blueberry genotypes, as it plays an important

role in crop improvement and plant breeding programs.

Molecular markers serve to achieve this knowledge on genetic diversity. Several
molecular markers have been used in distinguishing wild and cultivated genotypes of
blueberries (Bell et al. 2008; Boches et al. 2006; Debnath 2014; Rowland et al. 1994;
Rowland et al. 2003a; Rowland et al. 2010). EST-PCR (Bell et al. 2008; Rowland et al.
2010; Debnath 2014), EST-SSR (Boches et al. 2008; Debnath 2014) and genomic SSR
markers (Boches et al. 2006) have been found effective in diversity analysis of different
types of blueberry genotypes. SSR markers are excellent genetic markers because they are
co-dominant, multi-allelic and reproducible, but at the same time they are expensive and
can be laborious to develop. Primer pairs developed for highbush blueberry cultivar
‘Bluecorp’ (Rowland et al. 2003b) were utilized in the present study to estimate genetic

diversity in blueberry clones, cultivars and a selection and were found effective. This
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mitigates the cost of cDNA preparation and development of SSR markers for the present

material.

The goal of this study was to identify EST-PCR and EST-SSR primer pairs suitable
for fingerprinting the present set of blueberry genotypes, to assess the properties of markers
and their importance in assessing the diversity in the present set of blueberry genotypes,

and to evaluate genetic diversity and population structure among the genotypes.

4,1 Identification of suitable primer pairs

In this study, 12 EST-PCR, 10 EST-SSR and two genomic SSR primer pairs were
included to check for their suitability and effectiveness for diversity analysis in lowbush,
highbush and half-high blueberry cultivars, wild clones and a selection. Among them, 11
EST-PCR, seven EST-SSR and two genomic SSR primer pairs gave clear and polymorphic
bands and were included in this study. EST-SSR primer pairs CA23, CA112 and CA169,
and EST-PCR primer CA227 were not considered for further analysis. The reason could
lie in their inefficiency to amplify the genes in the current pool of wild lowbush blueberry
clones and blueberry cultivars. Other possible reasons which could lead to non-
reproducibility of these markers can be gene mutation or the tetraploid nature of the

lowbush blueberry (Boches et al. 2006).

In the present study, as shown in Table 5 and 6, 11 EST-PCR primer pairs produced
87 polymorphic bands, with the average of 7.9 bands per primer, and nine microsatellite
primer pairs produced 53 polymorphic bands, with the average of 5.9 bands per primer,

indicating that considerably more polymorphism has been detected in the present study
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than those observed by Bell et al. (2008), who detected a total of 81 polymorphic bands in
14 genotypes, using 17 primer pairs with 4.8 bands per primer in diploid and tetraploid
Vaccinium species. This was expected as the present material was collected from a wide

range of geographical regions of Canadian provinces.

Due to the production of allelic 'ladders' by closely spaced alleles and stutter
bands, it was extremely difficult to distinguish true alleles and PCR artifacts at these loci.
However, the fingerprints produced by these loci were highly polymorphic and had the
same reproducibility as fingerprints from other loci. In some cases, it was possible to
distinguish the majority of the individuals examined using only one locus (e.g. CA16 for
EST-PCR and NA1040 for SSR, which amplified a total of 52 and 54 alleles, respectively).
Thus, these loci appear to have advantages if the only objective of the analysis is to verify
the identity of the individual. Still, the high mutation rate that is implied at these loci could
lead to the incorrect genotyping of two otherwise identical clones (Crespan 2004).
Additionally, loci and multiple accessions from the same cultivar should be tested to verify

a mismatch.

The ability of the most informative primer pair to differentiate between genotypes
was assessed by estimating their resolving power (Rp) (Prevost and Wilkinson, 1999). The
Rp value compares the diagnostic effectiveness of primers (Gilbert et al. 1999). The higher
Rp value suggests increased ability of a primer to distinguish genotypes (Gilbert et al.
1999). The collective Rp value of 11 EST-PCR markers was 50.8 with an average of 4.61,
while the collective Rp value of nine SSR markers was 27 with an average of 3. This result

suggests that 11 EST-PCR markers are superior to nine microsatellite markers in
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distinguishing various genotypes in the present material. These Rp values are comparable
with other studies from other species too (Hameed et al. 2012). The Rp value suggests that
the marker has more power to detect polymorphism because of its ability to produce more
bands. In this study, EST-PCR markers produced more Rp values than microsatellite
markers. Even the average values were higher for EST-PCR markers, which indicates that
EST-PCR markers are better than microsatellite markers for current set of genotypes.
However, the resolving power provides no information on the ability of a primer to reflect
the genetic or taxonomic relationships of a group of genotypes under study (Prevost and

Wilkinson 1999).

4.2 Polymorphic nature of markers and genetic diversity

EST-PCR and SSR markers showed different discriminating capacities in genetic
diversity analysis. The capacity of a marker’s potential in detecting genetic polymorphism
and variation was shown with the parameters such as allele number (Na), polymorphic
information content (PIC), expected (He) and observed heterozygosity (Ho), inbreeding
coefficient (F) and Shannon's index (I). Generally, the higher the values of any parameter
for a marker system, the greater its capacity in detecting polymorphism and variation
between genotypes. The higher value also suggests that the marker is more informative

(Ojango 2011).

In our study, we found that EST-PCR and SSR analyses yielded a high mean allele
number of 23 and 18.2 per locus (primer) in 63 blueberry genotypes, respectively, which is

comparable with other cross-pollinated polyploidy species: Boches et al. (2006) reported
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18 alleles for the highbush blueberries, Bian et al. (2014) reported 14.24 alleles per locus
for 150 cultivated blueberry accessions, 24 alleles were reported in Kiwifruit (Actinidia L.)
by Zhen et al. (2004) and Liu et al. (2014) reported 10 alleles per locus for 54 EST-SSR
primer pairs in 12 Vaccinium spp. Low numbers of SSR alleles per locus have been reported
for self-pollinated crops like rice (5.13 alleles/locus for genomic SSR, 2.78 alleles/locus
for EST-SSR) (Cho et al. 2000) in comparison to cross-pollinated crops like maize [12.6
alleles per locus (Matsuoka et al. 2002); 8.02 alleles per locus (Reif et al. 2004)] and
sunflower [12.0 alleles/locus (Tang and Knapp 2003)]. A high number of alleles per locus
was also observed in other plant species that are cross pollinated, perennial, and
vegetatively propagated, such as hops [10.6 (Stajner et al. 2005), grapes [8 (Dangl et al.
2001); 11 (Martin et al. 2003); 24.4 (Lamboy and Alpha 1998)], apples [26.4 (Hokanson
etal. 2001)] and tetraploid sour cherries [10.7 (Cantini et al. 2001)]. However, large number
of alleles per locus is not always associated with an increase in ploidy level. In
allotetraploid cotton (Gossypium), which exhibits disomic inheritance, five alleles per locus
were found (Liu et al. 2000), while tetraploid fescue (Festuca) had 2.71 alleles per locus
(Saha et al. 2004). Eleven EST-PCR primer pairs and eight SSR primer pairs (89%)
amplified more than four alleles. The amplification of PCR and SSR alleles from multiple

loci in the genome has been reported in other plant species also (Fisher et al. 1998).

Polymorphic information content (PIC) is also one of the parameters that helps to
identify the power of markers based on the marker’s ability to provide polymorphic
information for the genotypes. PIC provides an estimate of the discriminatory power of a

locus by taking into account the number of alleles that are expressed and the relative
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frequencies of those alleles (Ojango 2011). In this study, the average PIC value is higher
for EST-PCR markers, 0.80, than for SSR markers, 0.77. However, the PIC values of the
EST-PCR markers ranged from 0.44 for NA27 to 0.98 for CA16 and CA1785, and the PIC
values for SSR markers ranged from 0.28 for CA236 to 0.98 for NA1040. These values can
be comparable to other studies. Lamboy and Alpha (1998) observed the mean PIC value of
0.91 for 110 accessions of grape spices, where only five SSR markers were studied. Fifty
four EST-SSR primer pairs exhibited polymorphism among 12 cultivars with an average
PIC value of 0.77 (Liu et al. 2014). Cantini et al. (2001) used 10 SSR markers for 59
tetraploid cherry accessions, and discovered a mean PIC value of 0.81 (Cantini et al. 2001).
Another study, using 50 EST-PCR primer pairs, found low mean PIC values of 0.19 in
cultivated rubber trees and 0.22 in wild rubber tress (Li et al. 2012). In our study, we did
not find much difference between the mean PIC values of EST-PCR and microsatellite
markers, which suggests that both markers are highly polymorphic and able to find genetic
diversity among blueberry genotypes. These results suggest high genetic diversity among

blueberry genotypes in this study.

Marker heterozygosity gives an idea on marker’s ability to provide heterozygous
information. A high level of average heterozygosity at a locus could be expected to
correlate with high levels of genetic variation at loci. Heterozygosity of genotype is affected
by adaptive response of genotypes to environmental changes (Reed and Frankham 2003).
There are two types of heterozygosity, observed (Ho) and expected (Hg). In this study,
primer pairs showed very high values of observed as well as expected heterozygosity. EST-

PCR showed average expected heterozygosity of 0.82 and observed heterozygosity of 0.34,
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however SSR showed average expected heterozygosity of 0.78 and observed
heterozygosity of 0.32. In other words, He and Ho values for EST-PCR are higher than
those of SSR, indicating that EST-PCR markers are more powerful. These markers can
show more heterozygosity among the genotypes from different populations and collection
sites. These results are comparable with other observations done by other research groups
in different species. Cantini et al. (2001) observed the mean observed and expected
heterozygosity values of 0.95 and 0.81, respectively, using 10 SSR markers, where 59
tetraploid cherry accessions were analysed. In another study 12 blueberry cultivars were
analysed using 54 EST-SSR markers, where mean He was 0.80 (Liu et al. 2014). Bian et
al. (2014) analysed 150 blueberry accessions with 42 SSR markers, which gave an average

He of 0.87. These results suggest that blueberry genotypes are very heterozygous in nature.

In the present study, the discrepancy between the values of expected and observed
heterozygosity suggests some inbreeding among the blueberry genotypes. The inbreeding
coefficients (F) are also given in the results, which come to an average of 0.60 for EST-
PCR and 0.55 for SSR markers; this shows that the EST-PCR markers are more powerful
in showing inbreeding behavior among genotypes. The higher the inbreeding value of
marker from other markers, the greater its chance to detect inbreeding among the genotypes
(Reed and Frankham 2003). As blueberries grow in wild, there are greater chances of
inbreeding. The inbreeding coefficient is a very important parameter. Early acting
inbreeding depression seems to be the primary factor in limiting self-fertility (Hokanson
and Hancock 2001). Research shows that severe inbreeding depressions were encountered

upon selfing early cultivars (Coville 1937). However, the blueberries have polysomic
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inheritance (Ehlenfeldt 1994), which helps increase their heterozygosity level (Soltis and

Soltis 2000).

Shannon's index (1), which is another diversity parameter, takes into account both
the number of classes (allelic richness) and the distribution of individuals among classes
(allelic evenness) (Boches et al. 2006). In contrast to other parameters such as expected
heterozygosity, Shannon’s index does not require knowledge of allele frequencies.
Therefore, 1 is an accurate measure of diversity in polyploidy species where allele
frequencies cannot be determined with certainty due to the difficulty in distinguishing the
copy number of individual alleles (Boches et al. 2006). In present studies, the average
Shannon's index of 2.61 for 11 EST-PCR, and 2.03 for nine SSR markers, were higher than
those reported by Debnath (2014), who recorded a Shannon’s index of 1.93 in mixed
genotypes (including lowbush and half-high blueberry cultivars, and wild lowbush
blueberry clones from different communities). Albert et al. (2005) recorded Shannon’s
index of 0.65 for V. uliginosum clones, and Albert et al. (2003) recorded 0.55 for 27 V.
myrtillus clones. Pearson and Gustavsson (2001) reported Shannon’s index of 0.57 for V.
vitis-idaea and Bian et al. (2014) showed an average Shannon’s index of 0.62 for 150
blueberry accessions. Only Boches et al. (2006), who used 28 SSRs to analyse 69
accessions, reported higher values of 9.77 for V. corymbosum. The results suggest that, the
blueberries, because of their tetraploid genetic makeup are highly heterozygous and diverse
in nature. In addition, wild clones among all blueberry genotypes are more diverse and
heterozygous than highbush cultivars or clones (Boches et al. 2006), and as this study

involves 56 lowbush wild clones, the markers provide higher Shannon’s index values.
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As seen from Table 10 and 11, it can be said that the genotypes from Newfoundland
and Labrador (NL) group are more diverse than the genotypes from other groups, such as
Prince Edward Island (PE) group, Quebec (QC) group, half-high and highbush cultivars
(HHCU) group; and New Brunswick and lowbush cultivars (NB and LBCU) group . The
NL group had significantly large number of alleles than any other groups. The same was
true for other two parameters, He and PIC. These three diversity parameters did not differ
significantly among PE, QC, HHCU, and LBCU and NB groups. The HHCU group
detected a decreased number of alleles for both EST-PCR and SSR markers. Seven out of
11 EST-PCR markers and four out of nine SSR markers gave only one allele for this group.
SSR markers detected more alleles for the HHCU group, 1.8, which is higher than EST-
PCR markers, 1.4. These kind of comparative studies were shown by Boches et al. (2006)
using 28 SSR markers in 69 highbush blueberry accessions, where primer pairs detected
more number of average alleles (15.5) for wild clones, than the historical northern
highbush, modern northern highbush and southern highbush cultivars (12.3, 12.6 and 13.1,

respectively).

In this analysis, only three markers CA16, CA54 and CA1423, out of 11 EST-PCR
markers detected more than one allele for all groups; other eight markers (CA175, CA287,
CA1029, CA1105, CA1590, CA1785, NA27 and NA1068) which detected only one allele
also detected null heterozygosity and null polymorphic information content, which give
them less power to distinguish those particular genotypes from each other. The same can
be interpreted for other markers which detected only one allele in those particular groups.

For instance, CA175 detected one allele, null heterozygosity and PIC for QC group, which
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include six QC clones. As the heterozygosity and PIC of this marker is null for these
genotypes, this marker is not efficient to distinguish these genotypes from each other, but
marker NA961, which detected 6 alleles, 0.83 He and 0.81 PIC, can distinguish these six
genotypes with more power. The same can be explained for SSR markers (CA236, CA421,
CA483, NA741 and NAB800), which detected one allele for QC clones, and thus null He

and PIC (Boches et al. 2006).

4,3 Cluster analysis and population structure

NJ, UPGMA, PCoA, STRUCTURE and AMOVA analyses were also used to assess
the population structure and genetic diversity among genotypes. Three methods of
multivariate molecular analysis: NJ, UPGMA and PCoA were employed to cluster the
genotypes. Patterns of clustering based on NJ, UPGMA and PCoA were similar for most
of the genotypes. Three NJ and UPGMA dendograms were created, each for EST-PCR,
SSR and combined analysis. Similarly, three PCoA graphs were created. All six
dendograms divided 63 accessions into five main clusters and all three PCoA graphs also
divided genotypes into five groups. AIll six dendrograms depicted the genetic
distinctiveness of half-high and highbush cultivars and the wild clones collected from

different provinces.

NJ dendogram based on EST-PCR, SSR and combined markers’ analysis separated
half-high and highbush cultivars from lowbush blueberry clones and cultivars. In the EST-
PCR dendogram, two QC (QC4 and QC9) clones were grouped with the half-high and

highbush cultivars. Lowbush cultivars and a selection from open pollinated seedling of the
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cultivar Fundy (FO), grouped together with NB clones. This makes it the geographic
clustering, as both the lowbush blueberry cultivars included in a study are originated from
the province of New Brunswick. Cultivar Fundy was selected from open pollinated seedling
of Augusta lowbush blueberry cultivar (Lyrene 2002), and cultivar Brunswick was selected
from local native lowbush blueberry clones of the province (Aalders et al. 1977). This
grouping for NB clones and lowbush blueberry cultivars was also seen in NJ dendograms
of SSR markers and combined marker data. Wild blueberry clones from the province of
Quebec made a separate cluster from all other clones but the cluster was close to NL and
NB clones and lowbush cultivars. NL clones were divided into four clusters. The relation
among the NL clones was found to be almost the same in SSR and combined analysis
dendogram. NL clones were collected from three different communities of NL province
(two of them (North River and Shearstown) are 7 km apart from each other, and the other
Logy Bay is 90 km apart from both of them) and their sample size was also large which
gives more genetic pool to analyse and thus contributes to more genetic diversity. These
clones have been not been domesticated by breeding, but are grown in wild, under natural
conditions, to adapt them and optimize their growth, deterring competition from weeds,
and minimizing the losses incurred by fungal diseases and insect damage (Yarborough,

1998).

In the NJ dendogram created using SSR marker data, half-high and highbush
blueberry cultivars made a separated sub cluster (1\Va) in cluster (1) with other QC clones
in another sub cluster (IVVb). PE clones were divided into two separate clusters, but the

genetic relatedness between PE clones was always seen with the other lowbush blueberry
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clones from NL province (NL22, NL27 and NL35). A combined analysis also revealed five
clusters for the NJ dendogram, and it clustered blueberry clones and cultivars the same way
as seen in the NJ dendogram of EST-PCR and SSR markers. In the EST-PCR dendogram,
two QC clones were seen with half-high and highbush blueberry cultivars, while they were
not together in SSR and combined analysis. This shows the importance of using more than
one type of marker for the genetic diversity analysis. If one marker is not powerful enough,

then the other marker can compensate what the first one is lacking.

The UPGMA dendogram based on EST-PCR, SSR and combined marker data had
five major clusters. These five clusters genetically separated half-high and highbush
blueberry cultivars from lowbush blueberry clones and cultivars. Half-high and highbush
blueberry cultivars formed a separate cluster. Lowbush blueberry cultivars Fundy and
Brunswick, and a selection FO, grouped together with the clones from the province of New
Brunswick, as they were grouped together in NJ analysis. Based on EST-PCR marker data,
wild QC clones made a separate cluster, with two NL clones NL7 and NL9. NL clones
were divided into three clusters. The same grouping and genotypes relatedness observed in
this UPGMA dendogram also matched with the dendograms of SSR and combined
analysis. In all three UPGMA dendograms, genetic relatedness between PE clones was
always seen with the other lowbush blueberry clones (NL2, NL12, NL27 and NL28). In
the UPGMA dendogram, created using combined marker data, PE clones made a separate
cluster 111 and grouped together in it. Similarly, all six QC clones grouped in a separated
sub-sub cluster (Vb(i)). The pattern of UPGMA combined analysis also matches the pattern

of combined NJ analysis. In the EST-PCR UPGMA dendogram, two NL clones were seen
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with QC clones, while they were not together in SSR and combined analysis. This shows

the importance of using more than one type of marker for the genetic diversity analysis.

Debnath (2014), used 10 EST-PCR and two EST-SSR markers to differentiate 36
blueberry genotypes, which included 28 blueberry wild clones, six blueberry cultivars and
two selections. The NJ dendogram created based on Jaccard’s similarity matrix clustered
all PE clones, NB clones and NL clones in separate clusters from each other. All half-high
and highbush cultivars clustered separately in another cluster. This clustering was in
agreement with the present study. This particular study was done in the same research group
with same range of genotypes from different province of Atlantic Canada. But the number
of genotypes included was low and the study used less number of primers for the study than
what have been used in this study. Boches et al. (2006) used 69 accessions representing
wild and domesticated highbush blueberry germplasm. The diversity analysis was
performed among them using 28 SSR markers. NJ dendogram placed wild and cultivated
blueberries in separate clusters. Southern highbush blueberries formed a separate cluster
from northern highbush blueberries. In present study also half-high and highbush blueberry
cultivars formed separate clusters from lowbush blueberry clones and cultivars. In addition,
lowbush blueberry clones and cultivars also detected separate genotype clustering based on
their location of origin, which as in agreement with Liu et al. (2014), who observed separate
clustering of wild and cultivated blueberry species from a total of 30 blueberries genotypes,

using 54 EST-SSR primer pairs.

Another multivariate molecular analysis, PCoA also formed five groups in EST-

PCR, SSR and combined analyses. PCoA based on EST-PCR markers and the combined
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markers created separate groups for half-high and highbush blueberry cultivars. Separate
groups were also seen for six QC clones, 11 PE clones and 37 NL clones. Lowbush cultivars
Fundy and Brunswick, which were obtained from the wild stands of the province of NB,
grouped together with the clones from NB province. Thus it can be said that EST-PCR
markers and combination of both markers distinguished all the wild clones according to
their location of origin and separated half-high and highbush blueberry cultivars from wild
clones. This kind of association and grouping was also seen in NJ and UPGMA
dendograms. In PCoA of 36 blueberry genotypes, Debnath (2014) observed that all
genotypes separated according to their geographic location and made four groups. In that
study, similarities were seen among different lowbush blueberry clones, which was also
seen in the present study, where SSR PCoA grouped QC and PE blueberry clones together.
Liu et al. (2014) used 54 EST-SSR markers, where they were successful in grouping

different accession of same species together in PCO analysis.

Model based Bayesian cluster analysis of EST-PCR, SSR and combined data set
was implemented to determine whether any genetic structure could be detected without
knowledge of sampling locations of individuals. In crop plants, STRUCTURE analysis has
been employed to identify the presence of subgroups in core collections (Abdurakhmonov
et al. 2008; Anderson et al. 2009; Debnath 2014; Kottapalli et al. 2011; Sakiroglu et al.
2010; Tyagi et al. 2014), while in two instances STRUCTURE analysis has been employed
with blueberry genotypes (Bian et al. 2014; Debnath, 2014). For the STRUCTURE
analysis, the number of clusters best fitting the EST-PCR, SSR and combined data were K

=2and 6, K =6 and K = 2 and 6, respectively, as indicated by the modal value of AK
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(Figure 15, 19 and 22, respectively). Two studies with blueberry genotypes found various
K values such as K =4 for 36 genotypes using EST-PCR and EST-SSR markers (Debnath,
2014) and K = 3 for 89 highbush blueberry accessions using 54 EST-SSR markers (Bian et

al. 2014). In this study we have structured groups according to both L(K) and AK graphs.

STRUCTURE analysis for EST-PCR data revealed two and six clusters. High level
of admixture was seen among genotypes in both structure bar plots (Oliveria et al. 2012).
Oliveira et al. (2012) observed that most tetraploid wheat accessions received alleles from
more than a single group, and the “admixture” model of the STRUCTURE analysis
produced results that seemed more informative about gene flow between the different
groups. STRUCTURE result for K=6 showed finer structure of genotypes than K=2. It
(K=6) shows the grouping of all the genotypes based on their respective geographic
location of origin/ collection site. NL clones were divided mainly into two clusters, which
suggests the diversity among NL clones in comparison to other genotypes. Eleven PE
clones also created a single cluster with NL24. NL24 detected high ratio of admixture with
cluster IV, which included all NL clones suggesting that NL24 shares genes from both PE
and NL clones. All highbush and half-high blueberry cultivars made a separate cluster

(cluster 1) which included only four cultivars.

STRUCTURE for microsatellite markers revealed only six clusters. There was no
broader structure detected at K=2, but it gave finer structure at K=6. All 11 PE clones made
a separate cluster just like EST-PCR based STRUCTURE analysis. Two NB clones (NB1
and NB2); two lowbush blueberry cultivars (BR and FU); and one selection (FO), which

originated from same geographic collection site, made a separate cluster V, as also seen in
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EST-PCR analysis. Cultivar Fundy showed high level of admixture from cluster VI, which
suggest that Fundy shares genetic material with NL clones. Six QC clones, made a separate

cluster; the same clustering was observed in the STURCTURE analysis of EST-PCR.

STRUCTURE analysis of combined data revealed two structure, one broader
structure at K=2 with two clusters and a finer structure at K=6 with six clusters. All half-
high and high bush cultivars were in the same cluster as was seen in two individual EST-
PCR and SSR based STRUCTURE analyses. All PE clones formed a separate cluster. One
cluster only contained two lowbush cultivars (FU and BR), two NB clones (NB1 and NB2)
and a selection (FO). All six QC clones grouped into one separate cluster, as seen in
previous two individual STRUCTURE analyses. NL clones were divided into two clusters
seen in previous two STRUCTURE analyses. STRUCTURE analysis depicts how these
markers help differentiate clones and cultivars based on their respective geographic
locations of origin or collection sites. Debnath (2014) used STRUCURE analysis to find
genetic structure among 36 blueberry genotypes using 10 EST-PCR and two EST-SSR
markers, where four clusters separated half-high blueberry cultivars and lowbush blueberry
wild clones and cultivars into genetically distinct clusters, which was also seen in this study.
In this study NL clones were also divided into two separate clusters which were seen
together in one cluster by Debnath (2014). This can be due to the fact that more number of
genotype and markers were studied into this project. Bian et al. (2014) showed the
substantial interspecific differentiation between rabbiteye blueberry and other blueberry
types, using 89 highbush blueberries, where these blueberries were divided into three

clusters. This stratification method is particularly important to blueberry improvement
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programs. The population structure assessment and the genetic diversity measurement
together can help to better utilize and manage diversity within blueberries in future genetic

studies in blueberry and other Vaccinium species.

As it is seen from the graphs of STRUCTURE, UPGMA, NJ and PCoA, few clones
(NL8, NL27 and NL28) classified by the STRUCTURE analysis, fall into different groups
of UPGMA, NJ or PCoA. The reason can be STRUCTURE software, where the loci within
a population were assumed to be in Hardy Weinberg equilibrium (HWE) and linkage
disequilibrium. However, non-random mating, mutations, selection, random genetic drift,
gene flow and meiotic drive in fact might have disturbed HWE (Hardy, 1908). In all cluster
analysis it was largely found that separate clusters were made according to the respective

geographic origin of the genotypes.

The AMOVA analysis detected abundant variation among genotypes within
communities, among communities with groups (provinces) and among groups (provinces).
High degree of variation among genotypes within communities (46.04% for EST-PCR
markers, 41.49% for SSR markers and 44.25% for combined markers) was found. These
results were confirmed with the previous studies of 36 blueberry accessions using EST-
PCR and EST-SSR markers (43.52%) (Debnath, 2014) and with wild lowbush blueberry
clones using ISSR marker (73%) (Debnath, 2009). Other reports of AMOVA analysis in
other Vaccinium species include: lingonberry using ISSR (90%) (Debnath 2007c) and
RAPD markers (89%) (Pearson and Gustavsson 2001); V. uliginosum (96%) (Albert et al.
2005); and V. myrtillus using RAPD marker (86%) (Albert et al. 2004). In present study,

high level of variation was also observed among communities within groups (17.42% for
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EST-PCR markers, 32.01% for SSR markers and 23.15% for combined markers), which
can be explained by geographic distribution among the communities within groups
(province). In the present study, there was also lot of variation among groups (36.54% for
EST-PCR markers, 26.50% for SSR markers and 32.60% for combined markers), which
was less than reported by Debnath (2014), 7.46%. This can be explained by existence of
diverse gene pool from province to province. This diversity was also seen in previous
analysis where genotypes formed clusters according to their geographic collection site, and
thus all genotypes from the same province made separate clusters from other provinces.
This explains large percentage variation among groups. AMOVA analysis is helpful in

identifying percentage variation at different levels of population.

From the results of STRUCTURE, UPGMA, NJ, PCoA and AMOVA analyses, it
is evident that genotypes were very diverse and there was more variation among genotypes
from the same communities. There was no report on variability study with EST-PCR and
SSR markers with so many genotypes as used in this study. Debnath (2014) also observed
that 12 EST primer pairs (10 EST-PCR and two EST- SSR) distinguished 36 genotypes
according to their geographic location and half-high and highbush blueberries grouped
together. In the present study, 11 EST-PCR, seven EST-SSR and two genomic SSR

markers were helpful and sufficient to differentiate 63 blueberry genotypes.
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5 Summary

Genetic variation was studied among 56 wild lowbush blueberry clones, collected
from Newfoundland and Labrador (NL1 - NL37), Prince Edward Island (PE1 — PE11),
Quebec (QC1, QC2, QC4, QC5, QC7 and QC9), and New Brunswick (NB1 and NB2); six
blueberry cultivars including three half-high (Chippewa, St. Cloud and Patriot), one
highbush (Polaris) and two lowbush cultivars (Brunswick and Fundy); and one lowbush
blueberry selection, obtained from the lowbush blueberry cultivar Fundy, using 11 EST-

PCR, seven EST-SSR and two genomic SSR markers.

The markers detected high polymorphism among 63 genotypes. A combined
analysis of two types of markers produced 140 polymorphic bands and 436 alleles. The
average resolving power of the EST-PCR and microsatellite markers were 4.6 and 2.6,
respectively. Average PIC values for EST-PCR and microsatellite were 0.80 and 0.77,
respectively. The other genetic diversity parameters were expected and observed
heterozygosity, inbreeding coefficient and Shannon’s index which had average value of
0.82,0.34, 0.6 and 2.6 for the EST-PCR markers, respectively; and 0.78, 0.32, 0.55 and 2.0

for microsatellite markers, respectively.

The clustering analysis was done for two types of markers individually and for the
combined data. Multivariate clustering analyses, UPGMA, NJ and PCoA, formed five
groups in each analysis and clustered the genotypes according to their place of origin/

geographic origin.
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STRUCTURE analysis divided 63 blueberry genotypes into two kinds of structure
for EST-PCR and combined data analysis. One broader structure at K=2, which divided
genotypes in two clusters, and a finer structure at K=6, which divided genotypes in six
groups. Microsatellite markers divided genotypes only in six clusters. The Clones and
cultivars were grouped according to their place of origin. The grouping was same for most
of the genotypes. Substantial amount of differentiation was found among the blueberry

genotypes from different provinces.

The results of NJ, UPGMA, PCO and STRUCTURE analyses were confirmed by
AMOVA analysis. AMOVA detected a sufficient account of variation among genotypes
within  communities, among communities within groups/ provinces, and among
groups/provinces with EST-PCR and microsatellite markers, and also with the combination

of two markers.

In present study, the markers detected a high level of genetic variation among 63
blueberry genotypes, indicating that these markers may be suitable for further molecular
analysis such as genetic diversity analysis with other blueberry genotypes. These kind of
analyses will be helpful in DNA fingerprinting, for selecting useful clones as parents in a
breeding program, management of blueberry germplasm and for conservation of

intellectual property rights.
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