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Abstract The blueberry (Vaccinium L. section
Cyanococcus Rydb.) is a health promoting and
economically important small fruit crop. Structured
genetic diversity and relatedness were studied in 63
blueberry wild clones and cultivars, using eleven EST-
PCR and nine microsatellite markers. Markers were
found to be polymorphic and detected 249 alleles with
mean polymorphic information content of 0.80 for
EST-PCR; and 164 alleles with mean polymorphic
information content of 0.77 for microsatellite markers.
The average resolving power was 4.6 for EST-PCR
and 2.6 for microsatellite markers. The average values
of expected and observed heterozygosity, inbreeding
coefficient and Shannon’s index were higher for the
EST-PCR markers than those of microsatellites.
Multivariate clustering analyses using neighbor
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joining and principal coordinate analyses formed five
groups and clustered the genotypes according to their
place of origin that were also confirmed by STRUC-
TURE analysis and analysis of molecular variance.
While 33% of variation was found among the
geographic groups, the variation among the commu-
nities within the groups was 23% and among geno-
types within the communities was 44%, in combined
analysis. The availability of high genetic diversity
among the wild clones will contribute significantly in
germplasm management and their utilization in the
current blueberry improvement program.

Keywords Molecular markers - Structured
diversity - Wild germplasm - Vaccinium spp.

Introduction

Blueberries belong to the genus Vaccinium L., which
contains between 400 and 500 species of shrubs or
small trees worldwide (Vander Kloet 1988; Vander
Kloet and Dickinson 2009). Research strongly sug-
gests the association of blueberry antioxidants with
numerous health benefits (Halliwell 2007; Joseph et al.
2003; Willis et al. 2005). Lowbush blueberries are
native to eastern Canada and the north-east USA, and
are predominantly the tetraploid “sweet lowbush
blueberry” V. angustifolium Ait., but also include
V. myrtilloides Michaux.
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Genetic diversity has an impact on higher levels of
biodiversity such as morphological and biochemical
(Templeton 1996). Generally the wild species are
more diverse than the cultivated varieties. The devel-
opment of new cultivars requires selection of superior
wild growing plants and crossing them with half-high
or highbush blueberries.

Microsatellites or simple sequence repeats (SSRs)
are among the available molecular markers that gained
huge importance for studying genetic diversity, map-
ping, marker-assisted breeding and population genetic
analyses for their highly codominant and polymorphic
nature (Chapman et al. 2009). As a large number of
ESTs are available in public domain, their use is cost-
effective and efficient in a breeding program. The
present study was conducted with 56 wild blueberry
clones, six cultivars and one selection to identify EST-
PCR and microsatellite primers suitable for finger-
printing the present set of blueberry genotypes, to
assess the properties of markers and their importance
in assessing the diversity in these blueberries and to
evaluate genetic diversity and population structure
among these genotypes. Eleven EST-PCR and nine
microsatellite primer pairs were used.

Materials and methods
Plant material

The wild lowbush blueberry clones belonging to V.
angustifolium Ait. (Table 1) were collected from four
Canadian provinces: Newfoundland and Labrador (37,
designated as NL1 to NL37), Prince Edward Island
(11, designated as PE1-PE11), Quebec (six, desig-
nated as QC1, QC2, QC4, QC5, QC7 and QC9) and
from New Brunswick (two, designated as NB1 and
NB2). The other genotypes included were three half-
high blueberry cultivars: ‘Patriot’ (PT), ‘Chippewa’
(CH) and ‘St. Cloud’ (SC); one highbush blueberry
cultivars ‘Polaris’ (PO); two lowbush blueberry cul-
tivars ‘Fundy’ (FU) and ‘Brunswick’ (BR); and one
lowbush blueberry selection (designated as FO)
obtained from the open-pollinated seedlings of low-
bush blueberry cultivar FU. Half-high blueberries are
the cultivars derived from the crossing of lowbush and
highbush blueberries (V. corymbosum L.) (Galletta
and Ballington 1996). The clones were collected in
August 2001 from the wild, based on optimal berry
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colour, plant vigour, berry size, berry yield and
apparently free from insect and disease. 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,
2014). All genotypes were grown and maintained in a
greenhouse of the St. John’s Research and Develop-
ment Centre, Agriculture and Agri-Food Canada, St.
John’s, Newfoundland and Labrador, Canada.

DNA extraction

A modified DNA extraction method was used based on
Kim et al. (1997). Young leaves were sampled from
plants maintained in the greenhouse. Two hundred mg
of leaf samples were transferred to the vials containing
300 pL lysis buffer [100 mM EDTA (pH 8), 200 mM
Tris-HCI (pH 8), 1 M NaCl and 2% PVP-40; Sigma
Chemical Co, Oakville, ON, Canada], and two big
(6.35 mm) and few small beads (1.6-2.0 mm) (Glem-
nills Inc., Clifton, NJ, USA). Homogenization was
done with FastPrep®-24, MP Biomedicals, and
homogenizer was allowed to run for 3 times at the
speed of 5400 rpm for 45 s with the 1-min interval in
between. Then, 18 pL of 1 M Dithiothreitol (DTT)
(Sigma-Aldrich, St. Louis, MO, USA) and 100 pL of
20% Sodium dodecyl sulphate (SDS) (Sigma-Aldrich)
were added and the vials were kept at 65 °C for 60 min
followed by centrifugation at 5000 rpm for 1 min.
Five hundred pL of 7.5 M ammonium acetate (Sigma-
Aldrich) solution was added to the lysates in new vials
to precipitate the proteins, and vials were kept on ice
for 60 min and then centrifuged at 9000 rpm for 9 min
at4 °C. Supernatants were transferred to new vials and
equal volume of 99% isopropanol was added to
precipitate the DNA. DNA pellets were dissolved in
100 pL. of TE buffer and stored at 4 °C. DNA
concentration and purity was measured using JEN-
WAY GenovaNano spectrophotometer (Bibby Scien-
tific Ltd., Stone, Staffordshire, UK).

Gel electrophoresis

Eleven EST-PCR (CA16, CA54, CA175, CA287,
CA1029,CA1105,CA1423,CA1590, CA1785,NA27
and NA1068; Bel et al. 2008) and nine microsatellite
(seven EST-SSR: CA236, CA421, CA483, NA741,
NAS800, NA961 and NA1040, and two genomic SSR:
VCC_I2 and VCC_S10; Boches et al. 2005) primer
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Table 1 Wild lowbush Clones Province =~ Community Total genotypes  Longitude  Latitude
blueberry clones collected
from Canadian provinces: NLI1-15 NL Shearstown 15 47°35' 53°17’
Newfoundland and . 02/ o1q/
Labrador (NL1-NL37), NL16-36 NL North river 21 47 32/ 53 18/
Prince Edward Island (PE1— NL37 NL Logy bay 1 47°37 52°40
PE11), Quebec (QC1, QC2, PE 1-11 PE Blooming point 11 46°23' 62°58’
QC4, QCS5, QC7 and QC9) NB1 NB Clifton 1 46°06' 64°01'
and New Brunswick (NB1 5 tle Sh 1 47043 ony
and NB2), and parentage of NB NB Little Shemogue 7°43 65
lowbush blueberry QCl1 QC Baie-Comaeu 1 49°13° 68°08’
cultivars: “Fundy’ (FU) and QC9 QC Longue-Rive 1 48°33/ 69°14/
Brunswick’ (BR), half- QC2 QC Pointe-Lebel | 49°09' 68°13
high blueberry cultivars: ) L

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

‘St. Cloud’ (SC),

Parentage

‘Chippewa’ (CH) and Cultivar/ Type
‘Patriot’ (PT), highbush selection
blueberry cultivar: ‘Polaris’
(PO); and a selection (FO) FO Selection
‘Fundy’ Lowbush
(FU)
‘Brunswick’  Lowbush
(BR)
‘Polaris’
(PO)
‘Patriot’ Half-
(PT) high
‘Chippewa’  Half-
(CH) high
‘St. Cloud’ Half-
(SC) high

Open pollinated seedling of cultivar ‘Fundy’

Developed at Kentville Research and Development Centre,
Agriculture and Agri-Food Canada, NS, Canada (Lyrene 2002)

Fairfied, NB (natural selection) (Aalders et al. 1977)
Highbush BI15 x Bluetta (Okie 1997)

US3 (Dixi x Michigan lowbush No. 1) x Earliblue (Hepler and
Draper 1976; Finn et al. 1990)

B18A (G65 x Ashworth) x US3 (Dixi x Michigan lowbush No. 1)
(Okie 1997)

B19 (G65 x Ashworth) x US3 (Dixi x Michigan lowbush No. 1)
(Finn et al. 1990)

pairs that worked well with the present material were
used for the study. The primers were procured form
Integrated DNA Technologies, Inc. (IDT) (Coralville,
Iowa, USA). PCR reactions were performed using
TopTaq DNA polymerase kit from QIAGEN (Qiagen,
181 Bay Street, Suite 4400, Toronto, ON, Canada).
For PCR, the reaction mixture volume of 25 pL. was
used (Debnath 2014), which contained 2.5 pL of
TopTaq 10x PCR buffer [Qiagen TopTaq contains
Tris.Cl, KCI, (NH,4),SO4, 1.5 mM MgCl,, stabilizers;
pH 8.7 at 20 °C], 0.2 pM of dANTP mix (Sigma
Chemical Co.), 200 uM of each forward and reverse
primer, 25 ng of DNA, 0.7 units of TopTaq DNA
polymerase (Sigma-Aldrich) and PCR grade distilled
water (dH,O) (Sigma-Aldrich). Reaction mixtures
were amplified in PTC-100 Programmable Thermal
Controller (MJ Research Inc., Watertown, MA, USA)
using an initial “hot start” of 94 °C for 10 min
denaturation step, followed by 40 cycles of 40 s

denaturation step at 94 °C, 70 s annealing step at the
approximate annealing temperature (ranged from 44
and 62 °C), and 120 s extension step at 72 °C. The
reaction was terminated with the final extension of
10 min at 72 °C before holding the samples at4 °C for
analysis. Amplified fragments along with low ranger
(100 bp) and mid ranger (1 kb) DNA Ladders (Norgen
Biotek, Thorold, ON, 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 by Syngene
(Beacon House, Cambridge, UK) by using the settings
for GelRed dye (Biotium, Inc., Hayward, CA, USA).
The sizes of the fragments were calculated by
GeneTools software (Syngene) based on comparison
with the standard size marker. The test with each
marker pair was done three times for each sample. The
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only loci amplified in each instance (i.e. all three trials)
with reproducibility were scored and included in the
analysis. Loci and the gels showing monomorphic
band pattern were not included in the analysis. Bands
of similar molecular weight and migration distance
across individuals were presumed to be homologous
(Adams and Rieseberg 1998; Debnath 2014).

Data analysis

Due to the polyploid nature of the blueberries, co-
dominant scoring for EST-PCR and SSR markers 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 (Esselink et al. 2003;
Horvath et al. 2011). Presence (1) or absence (0) of each
allele which was treated as a separate locus and the
matrix was created for EST-PCR and SSR markers,
since wild lowbush blueberry clones and blueberry
cultivars are tetraploid species (2n = 4x = 48), and
because homozygous and heterozygous loci could not
be differentiated. Genotypic diversity was calculated
based on allele phenotype where alleles at individual
loci were scored for presence or absence (Esselink et al.
2004; Bian et al. 2014). PowerMarker v3.25 (Liu and
Muse 2005) software was used to calculate the diversity
measurements such as the number of alleles per locus
(Na), expected heterozygosity (Hg), observed heterozy-
gosity (Hp) and polymorphic information content
(PIC). For each locus, genetic diversity was computed
using Shannon’s index (I) (Shannon and Weaver 1949):
I =" Pilog,Pi, where, Pi is the frequency of the
presence or absence of the ith allele. The bootstrap
option of PowerMarker was used to create 1000
dendrograms using neighbor joining (NJ). These 1000
dendrograms were used to create a strict consensus
tree, which gives an idea about common pattern. In
these analyses, dendrograms were rooted at midpoint.
The binary data was also subjected to principle
coordinate (PCo) analysis to partition the variance
using GenAIEx 6.501 (Peakall and Smouse 2012) and
the first two components were plotted into two-
dimensional plots. PCo and NJ analyses were done
using marker data of EST-PCR, SSR and combined
data for both marker types.
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Structure analysis

In order to infer the population structure of the entire
set of genotypes without considering 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 struc-
ture by using marker datasets to identify the number of
clusters (K) to which the program then assigns each
individual genotype (Pritchard et al. 2000). For
STRUCTURE analysis, all loci were assumed to be
independent and each K population is assumed to
follow Hardy—Weinberg equilibrium. The runs were
completed with 100,000 burns in iterations and
100,000 subsequent Monte Carlo Markov Chain
(MCMCO) runs with K ranging from 1 to 9. To check
the reliability of the results between the runs with the
same K, five replicates were run for each assumed K
value. The results obtained from the STUCTURE
software package were evaluated in a website based
STRUCTURE HARVESTER program (http://taylor0.
biology.ucla.edu/structureHarvester/#)  (Earl and
Vonholdt 2012). Optimal value of K was identified
using two methods, one as described by Pritchard
(Pritchard et al. 2000) using L(K) and the other
developed to determine delta K (AK) (Evanno et al.
2005). In case of first method, when posterior proba-
bilities 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 like-
lihood the AK (Evanno et al. 2005) shows a clear peak
at the true value of K in graph.

Analysis of molecular variance (AMOVA)

Arlequin version 3.5.1.2 (Excoffier et al. 2005) was
used to calculate AMOVA among and within popu-
lations 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 group 1 included wild clones from
Newfoundland and Labrador, group 2 from Prince
Edward Island and group 3 from Quebec. Group 4
presented two New Brunswick (NB) clones, two
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lowbush cultivars ‘Fundy’ and ‘Brunswick’ and a
selection from ‘Fundy’ open pollinated seedlings. All
these genotypes originated from NB. Group 5 pre-
sented all half-high and highbush blueberry cultivars.
Pairwise difference method was used to calculate the
genetic distance and 1000 permutations were per-
formed. The p-value was set at 0.05 significance level.

Results
Diversity parameters

For 11 EST-PCR primers, the total number of alleles
(Na) was 249, with an average of 23, ranging from 4
for primer pairs CA1029, CA1590 and NA27 to 52 for
CA16 (Table 2). The expected heterozygosity (Hg)
ranged from 0.511 for NA27 to 0.977 for CA1785,
while observed heterozygosity (Ho) ranged from
0.171 for CA1029 to 0.536 for CA175. The inbreeding
coefficient (F) value for the EST-PCR primers ranged
from 0.329 for CA175 to 0.774 for CA16, with the
average of F =0.599. While Shannon index (I), ranged
from 0.879 for NA27 to 4.099 for CA16 and NA1068,
with the average 2.619; the polymorphic information
content (PIC) varied from 0.441 for NA27 to 0.976 for

Table 2 Allelic diversity among blueberry genotypes for 11
EST-PCR primers

Marker N  Hg Ho F I PIC

CAl6 52 0976 0221 0.774 4.099 0.976
CA54 44 0962 0330 0.657 3.783  0.961
CA175 10 0.799 0536 0329 1.835 0.778
CA287 14 0.756  0.266  0.648 2.029 0.741
CA1029 4 0.649 0.171 0.737 1.850 0.583
CA1105 14 0.883 0.252 0.715 2500 0.872
CA1423 19 0906 0419 0538 2486  0.900
CA1590 4 0.707 0358 0494 1.081 0.650
CA1785 51 0977 0326 0.666 4.033 0.976
NA27 4 0511 0279 0454 0879 0.441
NA1068 33 0932 0398 0573 4.099 0.929
Mean 23 0.824 0337 0599 2619 0.801

CA16 and CA1785, with the average PIC value of
0.801.

Microsatellites produced 164 alleles. The allele
number was lowest for CA236 and highest for
NA1040 followed by VCC_10 (Table 3). The average
allele number was 18. The primer pair NA1040 also
exhibited highest values for Hg, Ho, I and PIC while
CA236 was the poorest for Hg, F, I and PIC values.
The Ho values ranged from 0.144 for CA483 to 0.444
for NA1040 and the F values, from 0.076 to 0.839 for
CAA438 with an average of 0.549. While the I values
ranged from 0.580 to 3.972 with the average of 2.03,
PIC values which are essential for detecting primer’s
polymorphism, ranged from 0.282 to 0.977 with the
average 0.765 (Table 3).

NI analysis

In the NJ analysis for EST-PCR, there were five major
clusters, three of which (clusers I, II and V) were
comprised of NL clones only. Although the biggest
cluster (cluster IV) contained blueberry clones from
all other provinces and included lowbush blueberry
cultivars and a selection (FO), there were four distinct
subclasses where most of the genotypes collected or
originated from each province were well separated
(supplementary Fig. 1). The SSR markers also divided
the blueberry genotypes into five groups but the

Table 3 Allelic diversity among blueberry genotypes for
seven EST-SSR and two genomic SSR primers

Marker Nan Hg Ho F I PIC

CA236 3 0.303 0.280 0.076  0.580 0.282
CA421 10 0.811 0344 0576 1.768 0.788
CA483 16 0.894 0.144 0.839 2.263 0.886
CA741 6 0735 0322 0562 2082 0.692
NAS800 15 0.865 0.442 0489 2.545 0.851
NA961 7 0.723 0320 0.557 1.487 0.682

NA1040 54 0977 0444 0546 3972 0977
VCC_I2 13 0786 0395 0497 1976 0.762
VCC_S10 40 0964 0.196 0.797 3.615 0.963
Mean 18 0784 0321 0549 2.027 0.765

Allele number (Nj,), expected (Hg) and observed (Hp)
heterozygosity, inbreeding coefficient (F), Shannon’s index
() and polymorphic information content (PIC) are given for all
63 genotypes

Allele number (N,), expected (Hg) and observed (Ho)
heterozygosity, inbreeding coefficient (F), Shannon’s index
(I) and polymorphic information content (PIC) are given for all
63 genotypes
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grouping was not exactly the same as was observed
with EST-PCR markers. In SSR analysis, clusters I
was divided into two subclusters where the first
subcluster conatined NB clones (NB1 and NB2),
lowbush blueberry cultivars FU and BR and the
selection FO. The same grouping of these genotypes
was also observed in EST-PCR analysis where they
were in one sub-sub-cluster of cluster IVb. The second
SSR-derived subcluster of cluster I contained six NL
clones. Cluster II contained five PE and 12 NL clones
and cluster III had 15 NL clones. Cluster IV was
divided into two subclusters, one with highbush
cultivars PO, PT, CH and SC; and the other with six
QC clones. Cluster V contained six PE clones
(supplementary Fig. 2).

Combined analysis for both EST-PCR and
microsatellite markers divided 63 genotypes into five
distinct clusters in NJ dendrogram (Fig. 1). Cluster I
contained five NL clones, NL23, NL27, NL28, NL32
and NL33 and were divided into two subclusters.
Cluster II was divided into two subclusters, IIa and IIb
where Ila contained all PE clones and IIb contained all
QC clones. Cluster III contained 17 (NL7, NL9, NL12,
NL15, NL16, NL18-20, NL22, NL24, NL29-31,
NL34-37) NL clones and cluster IV had 15 NL clones
(NL1-6, NL8, NL10, NL11, NL13, NL14, NL17,
NL21, NL25 and NL26). Cluster V was divided into
two subclusters 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.
Subcluster Vb contained one highbush (PO) and three
half-high blueberry cultivars (PT, CH, SC) (Fig. 1).

PCo analysis

In PCo analysis with EST-PCR markers, five major
clusters were formed in which the genotypes were
distributed according to their geographic collection
sites. The first three axes together represented 34% of
total genetic variation (axis 1 = 15%, axis 2 = 10% and
axis 3 = 9%). Cluster I contained highbush blueberry
cultivar PO and half-high blueberry cultivars PT, CH
and SC. The lowbush cultivars FU and BR, clones
NB1 and NB2 and the selection FO were grouped in
cluster II while cluster III contained all PE clones;
cluster IV, all QC clones and Cluster V contained all
NL clones (supplementary Fig. 3).

@ Springer

Fig. 1 Neighbor joining (NJ) dendrogram of 63 blueberry»
genotypes based on the proportion of shared allele distance for
EST-PCR and SSR markers. Numbers refer to branch lengths

The PCo analysis with SSR markers also produced
five major clusters and distributed the genotypes
according to their geographic collection sites, but
combined QC and PE clones in one cluster (cluster V)
and divided NL clones into two separate groups
(clusters IIT and IV). Two NL clones (NL2 and NL6)
were not included in any cluster. Cluster I contained
the half-high and highbush blueberry cultivars PO, PT,
CH and SC and cluster II, NB1, NB2, FU, BR and FO
(supplementary Fig. 4). The first three axes together
represent 36% of total genetic variation (axis 1 = 14%,
axis 2 = 12% and axis 3 = 10%).

Combined PCo analysis revealed that the first three
axes together represent 29% of total genetic variation
(axis 1 = 12%, axis 2 = 9% and axis 3 = 8%). Five
major clusters were created where the genotypes were
distributed according to their geographic collection
sites. Cluster I contained four blueberry cultivars (PO,
PT, CH and SC). Cluster II included two NB clones
(NB1 and NB2), two lowbush blueberry cultivars (BR
and FU) and the selection FO. These five genotypes
originated from NB province. While cluster III
contained all PE clones, cluster IV had all 37 NL
clones. Cluster V contained had six QC clones (QCl,
QC2, QC4, QCS5, QC7 and QCY) (Fig. 2).

Structure analysis

In individual and combined analyses, plots of proba-
bility of data (Ln) for K and AK determined that the
genotypes were divided into six (K = 6) clusters
(Pritchard et al. 2000; Evanno et al. 2005). However,
in AK graph, there were two peaks, one at K = 2 and
the other at K = 6 (data not shown). It can be
considered that K = 2 shows broader structure and K =
6 finer. Although 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 Ln
(K) itself (Evanno et al. 2005). In addition, when bar
plot was created using K = 6, it showed clustering of
genotypes according to their geographic collection site
as seen in Fig. 3. Thus, clustering at K = 6 is also
considered for this data even though it did not give
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Fig. 3 Q-plot showing Bayesian clustering of 63 genotypes, for
K = 6, 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

highest peak in AK graph, but Pritchard et al. (2000)
gives rationale to select K = 6 for Ln (K) graph.

In EST-PCR marker data, cluster I was comprised
of six QC clones and NL8. NL8 showed high
admixture of ~40% from cluster VI. Cluster II
contained half-high and highbush blueberry cultivars
PO, PT, CH and SC and Cluster III had 11 PE clones
and NL 24. NL 24 had around 40% admixture from

@ Springer

subsections within each vertical bar indicate membership
coefficient (Q) of the accession to different clusters. Identified
clusters are /, 11, I11, IV, V and VI. (Color figure online)

cluster IV. While cluster IV contained 16 NL clones,
cluster V had two NB wild clones, two lowbush
blueberry cultivars (FU and BR), selection FO and
NL28. NL28 contained ~40-45% admixture from
multiple clusters. Cluster VI included 18 NL clones:
NL1-6, NL10, NL26, NL27 and NL29-37 (supple-
mentary Fig. 5).
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In microsatellite marker analysis, cluster I con-
tained 14 NL clones and cluster II included all 11 PE
clones. While cluster III was composed of six QC
clones, cluster IV contained two NB clones, two
lowbush blueberry cultivars and the selection FO.
Cluster V included the half-high and highbush blue-
berry cultivars PO, PT, CH and SC. Cluster VI had 23
NL clones (supplementary Fig. 6).

In combined analysis, STRUCTURE plot divided
63 genotypes into clusters that resembled the geno-
typic distribution and grouping seen in NJ and PCO
analyses. Cluster I contained 23 NL clones many of
which showed admixture of ~5-70% from other
STRUCTURE groups (Fig. 3). Cluster II was com-
prised of 11 PE clones and cluster III had blueberry
cultivars PO, PT, CH and SC. Cluster IV included 14
NL clones, some of which showed admixture of
~ 18-70%. Cluster V was comprised of six QC clones
and cluster VI contained two NB wild clones (NB1
and NB2), two lowbush blueberry cultivars (FU and
BR) and the selection FO (Fig. 3).

AMOVA

The results for AMOVA analysis with eleven EST-
PCR markers found the variation of 37% among the
groups, 17% among the communities within the
groups and 46% among genotypes within communi-
ties (Table 4). These values were 27% among the
groups, 32% among the communities within the
groups and 41% among genotypes within communi-
ties with nine SSR markers. Analysis with the
combined data of EST-PCR and microsatellite mark-
ers indicated that the variation among the groups was
33% was, among the communities within the groups,
23% and among genotypes within the communities
was 44% (Table 4).

Discussion

Although EST-PCR (Bell et al. 2008; Rowland et al.
2010; Debnath 2014), EST-SSR (Boches et al. 2005;
Debnath 2014) and genomic SSRs (Boches et al. 2006)
have been used in distinguishing blueberry, report on a
wide range of wild lowbush blueberry germplasm of
diverse origin is scarce. EST-PCR, EST-SSR and
genomic SSR markers are co-dominant, multi-allelic
and reproducible, but are expensive and laborious to

develop. Primers developed for highbush blueberry
cultivar Bluecorp (Rowland et al. 2003) were utilized
in the present study. This mitigates the cost of cDNA
preparation.

EST-PCR and SSR primers 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 (N,), polymor-
phic information content (PIC), expected (Hg) and
observed heterozygosity (Hp), inbreeding coefficient
(F) and Shannon’s index (I). Generally, the higher the
value 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
et al. 2011).

In our study, we found that EST-PCR analyses
yielded a high mean allele number of 23 per locus
(primer pair) while SSR produced 18 in 63 blueberry
genotypes. These results are comparable with those of
Boches et al. (2006) but exhibit higher values than
those of Bian et al. (2014) and Liu et al. (2014) in
Vaccinium spp. The availability of more alleles per
locus in the present study indicates that the wild
lowbush blueberries are more diverse and are expected
to contribute more in developing new cultivars. In this
study, the average PIC value was higher for EST-PCR
markers (0.80) than for SSR markers (0.77). 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. Marker heterozygosity that gives
an idea on marker’s ability to provide heterozygous
information, was very high for expected heterozygos-
ity indicating that the current blueberry genotypes are
very heterozygous in nature. Hg (0.82) and Hg (0.34)
values for EST-PCR were higher than those of SSR
values (Hg = 0.78; Ho = 0.32) indicating that EST-
PCR markers are more powerful in showing heterozy-
gosity among genotypes. EST-PCR markers were
more powerful than those of SSRs in showing
inbreeding behavior among genotypes. As blueberries
grow in wild, there are greater chances of inbreeding.
In contrast to other parameters such as expected
heterozygosity, Shannon’s index does not require
knowledge of allele frequencies. Therefore, it is an
accurate measure of diversity in polyploidy species
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Table 4 Analysis of molecular variance based on geographic collection site/the type of genotypes (half-high/lowbush cultivars) with
EST-PCR and microsatellite markers in blueberries

Source of variation Marker type df Sum of squares Variance components % of variation
Groups EST-PCR 4 46,881 7.00 36.54
SSR 4 28,793 3.29 26.50
Combined 4 76,673 10.29 32.60
Communities within groups EST-PCR 12 14,126 3.34 17.42
SSR 12 16,729 3.97 32.01
Combined 12 30,854 7.31 23.15
Among genotypes within communities EST-PCR 8803 77,713 8.83 46.04
SSR 8803 45,314 5.15 41.49
Combined 8803 123,028 13.98 44.25
Total EST-PCR 8819 138,720 19.17 100
SSR 8819 90,836 12.41 100
Combined 8819 229,555 31.58 100

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),
and Bian et al. (2014) in blueberries confirming that
the present material consists of more diverse geno-
types than those reported earlier.

Patterns of clustering based on NJ and PCo analyses
were similar for most of the genotypes. A combined
analysis of EST-PCR and microsatellite markers
revealed five clusters for the NJ dendrogram. PCo
analysis formed five groups in combination of both
markers and separated half-high and highbush blue-
berry cultivars from wild clones. This kind of asso-
ciation and grouping was also seen in NJ dendrograms.
Model based Bayesian cluster analysis divided NL
clones into two separate clusters although NL clones
were seen together in one cluster by Debnath (2014).
This can be due to the fact that more number of
genotype and markers were included in the current
study.

As it is seen from the graphs of STRUCTURE, NJ
and PCo analyses, few clones classified by the
STRUCTURE analysis, fall into different groups of
NJ or PCo analyses. In STRUCTURE software, the
loci within a population are assumed to be in Hardy
Weinberg equilibrium (HWE) and linkage
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disequilibrium although non-random mating, random
genetic drift, mutations, gene flow, selection and
meiotic drive may also disturbed HWE (Hardy 1908;
Debnath 2014). This might be the reason for the same.
In all cluster analyses, it was largely found that
separate clusters were made according to the respec-
tive geographic origin of the genotypes.

The AMOVA analysis detected abundant variation
among genotypes within communities, among com-
munities with groups (provinces) and among groups
(provinces). These results on variation among geno-
types within communities were confirmed with the
previous studies (Debnath 2009, 2014). In present
study, high level of variation was also observed among
communities within groups and among groups, which
was less than reported by Debnath (2014). This can be
explained by existence of diverse gene pool from
province to province.

The results indicate that the current blueberry wild
clones and cultivars are very diverse and variations
among genotypes can be also observed among geno-
types collected 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.
Eleven EST-PCR, seven EST-SSR and two genomic
SSR markers were helpful and sufficient to differen-
tiate 63 blueberry genotypes. These analyses will be
helpful in DNA fingerprinting, for selecting useful
clones as parents in a breeding program, for
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management of blueberry germplasm and for conser-
vation of intellectual property rights.
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