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Abstract The American cranberry (Vaccinium macrocar-
pon Ait.) is a major commercial fruit crop in North America,
but limited genetic resources have been developed for the
species. Furthermore, the paucity of codominant DNA
markers has hampered the advance of genetic research in
cranberry and the Ericaceae family in general. Therefore,
we used Roche 454 sequencing technology to perform
low-coverage whole genome shotgun sequencing of the
cranberry cultivar ‘HyRed’. After de novo assembly, the
obtained sequence covered 266.3 Mb of the estimated 540–
590 Mb in cranberry genome. A total of 107,244 SSR loci
were detected with an overall density across the genome of
403 SSR/Mb. The AG repeat was the most frequent motif
in cranberry accounting for 35% of all SSRs and together
with AAG and AAAT accounted for 46% of all loci discov-

ered. To validate the SSR loci, we designed 96 primer-pairs
using contig sequence data containing perfect SSR repeats,
and studied the genetic diversity of 25 cranberry genotypes.
We identiWed 48 polymorphic SSR loci with 2–15 alleles
per locus for a total of 323 alleles in the 25 cranberry geno-
types. Genetic clustering by principal coordinates and
genetic structure analyzes conWrmed the heterogeneous
nature of cranberries. The parentage composition of several
hybrid cultivars was evident from the structure analyzes.
Whole genome shotgun 454 sequencing was a cost-eVec-
tive and eYcient way to identify numerous SSR repeats in
the cranberry sequence for marker development.

Introduction

In the recent years, advances in molecular biology have
allowed the development of high-throughput DNA
sequencing technology. Large-scale sequencing studies
resulting in complete genomic sequences have been per-
formed in plants ranging from the 125 Mb Arabidopsis tha-
liana (The Arabidopsis Genome Initiative 2000) to the
2.5 Gb Zea mays (Schnable et al. 2009). One application of
this new technology in plants is the possibility of rapid and
cost-eVective discovery of unlimited numbers of molecular
markers (Abdelkrim et al. 2009; Allentoft et al. 2009;
Santana et al. 2009; Tangphatsornruang et al. 2009; Csencsics
et al. 2010; Saarinen and Austin 2010; Perry and Rowe
2011). In particular, Roche 454 pyrosequencing can
generate »500 Mb of sequence data per run, with read
lengths reaching 400–500 bp (Perry and Rowe 2011). This
capability increases the likelihood of isolating sequences
containing usable simple sequence repeats (SSRs) for
genetic studies. SSRs are tandem, repetitive DNA
sequences with a basic motif of less than six base pairs.
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SSR markers are particularly useful in genetic studies
because they are easy to use, highly reproducible, multiallelic,
codominant, relatively abundant, and widely distributed in
most plant genomes (Zalapa et al. 2008).

The North American cranberry (Vaccinium macrocar-
pon Ait.; 2n = 2x = 24) is a diploid, perennial, woody
plant in the Ericaceae family. The genome size of cran-
berry has been estimated to be 540–590 Mb, about Wve
times the size of Arabidopsis thaliana (Costich et al.
1993). Cranberries are highly prized for their tart Xavor
and nutritional and medicinal attributes (Eck 1990). In the
recent years, the demand for cranberry products has
increased due to the presence of abundant quantities of
antioxidants and other phytochemicals in the cranberry
fruit (e.g., anthocyanins, Xavonols, and proanthocyani-
dins; Wang and Stretch 2001; Kalt 2002). Although a fair
amount of eVort has been devoted to the development and
testing of clonal cultivars (McCown and Zeldin 2003), lit-
tle information is available regarding genetic aspects of
the species. Random ampliWed polymorphic DNA
(RAPD) and sequenced characterized ampliWed region
(SCAR) markers have been used to assess the genetic
diversity in wild cranberry populations (Stewart and
ExcoYer 1996; Debnath 2007) and for DNA Wngerprint-
ing of clonal cultivars (Novy et al. 1994, 1996; Novy and
Vorsa 1995; Polashock and Vorsa 2002). More recently,
SSR markers developed in blueberry have been tested and
cross ampliWed in cranberry (Rowland et al. 2003; Boches
et al. 2005; Bassil et al. 2009).

The primary motivation for the development of molec-
ular markers in cranberry is their potential use in marker-
assisted selection (MAS) during breeding. A prerequisite
for MAS is the development of abundant genome-wide
molecular markers. Next-generation sequencing technolo-
gies oVer the possibility of generating large numbers of
SSR markers in cranberry faster and at a lower cost com-
pared to library-based methods (Abdelkrim et al. 2009;
Allentoft et al. 2009; Tangphatsornruang et al. 2009;
Santana et al. 2009; Cavagnaro et al. 2010; Csencsics
et al. 2010; Saarinen and Austin 2010; Perry and Rowe
2011). The objectives of this study were to (1) use Roche
454 pyrosequencing technology to conduct a large-scale
genome-wide characterization of SSR loci; (2) test the
ampliWcation of a subset of primer-pairs and search for
polymorphic loci; and (3) assess the usefulness of SSR
loci for cultivar characterization. This study is the Wrst
large-scale characterization attempt of SSR markers in
cranberry. We expect the derived SSR loci will be imme-
diately useful for cultivated germplasm characterization
and DNA Wngerprinting, genetic diversity and population
structure of wild populations, and linkage map construc-
tion and QTL analysis and other studies in the Ericaceae
family.

Materials and methods

Plant materials and DNA isolation

To isolate SSR loci, a single micropropagated cranberry
‘HyRed’ individual (McCown and Zeldin 2003) was used
for shotgun sequencing of the cranberry genomic DNA
using the Roche 454 GS FLX Titanium platform sequenc-
ing technology (Roche 454 Life Sciences, Branford, CT,
USA). ‘HyRed’ is an early, high fruit color hybrid cultivar
developed from crosses between widely grown cultivars
‘Stevens’ and a derivative of ‘Ben Lear’ (Online Resource 1).
We also examined the genetic diversity of 25 cranberry
cultivars/accessions obtained from the US Department of
Agriculture–Agricultural Research Service (USDA-ARS)
National Clonal Germplasm Repository (NCGR; Corvallis,
OR, USA) and from collections preserved at the University
of Wisconsin-Madison and Rutgers University (Dana 1983;
Online Resource 1). Young leaves from single individuals
(a single upright) were collected and freeze-dried for 72 h.
using a BenchTop lyophilizer (Virtis Inc., Gardiner, NY,
USA). DNA was extracted using a DNeasy kit (Qiagen,
Valencia, CA, USA), and concentrations were measured in
a Turner Quantech Fluorometer (Barnstead, Dubuque, IA,
USA).

Library preparation

A single library was prepared from ‘HyRed’ genomic
DNA. A total of 350 ng of double stranded genomic DNA
at a Wnal concentration of 3.5 ng/�l was randomly frag-
mented by sonication to an average size of 600 bp using the
Bioruptor XL (Diagenode, Denville, NJ, USA). Library
fragment end repair and double stranded DNA adaptor liga-
tion were performed using the GS FLX Titanium Rapid
Library Preparation Kit (Roche Applied Science, Indianap-
olis, IN, USA). Library fragments were size selected using
AMPure XP SPRI beads (Agencourt Bioscience, Beverly,
MA, USA) as indicated in the GS FLX Titanium Rapid
Library Preparation Method Manual. The library was quan-
tiWed in a 96-well black plate using the Synergy 2 Multi-
Mode Microplate Reader (Biotek, Winooski, VT, USA) at
an excitation wavelength of 485 § 20 nm and an emission
wavelength of 528 § 20 nm.

Emulsion PCR and pyrosequencing

The ‘HyRed’ cranberry genomic DNA library was clonally
ampliWed via emulsion polymerase chain reaction (emPCR)
using the GS FLX Titanium Lib-L LV emPCR Kit (Roche
454 Life Sciences, Branford, CT, USA) following the man-
ufacturer’s recommendations. The amount of library to be
used in emPCR ampliWcation was previously determined
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using the titration method described in the GS FLX Tita-
nium emPCR Method Manual—Lib-L SV (Roche 454 Life
Sciences, Branford, CT, USA). DNA library capture was
performed using a ratio of one molecule of library per DNA
capture bead. After ampliWcation, reactions were collected,
emulsions were broken, and beads containing clonally
ampliWed DNA were enriched according to the manufac-
turer’s protocol. Enriched DNA beads were counted using
the CASY Model DT cell counter (Roche 454 Life Sci-
ences, Branford, CT, USA). Enriched DNA beads were
deposited into the wells of a GS FLX Titanium Pico Titer
Plate Wtted with a 2-region gasket according to the manu-
facturer’s recommendations (Roche 454 Life Sciences,
Branford, CT, USA). Image analysis and signal processing
were performed using GS Run Browser v2.3 (Roche 454
Life Sciences, Branford, CT, USA).

Genomic SSR isolation

From a single run, 1.67 million reads were obtained for a
total 621 Mb with 372 bp average read length and 399 bp
median read length. In order to detect the diVerences in
assembly between de novo sequencing software, we inde-
pendently assembled the raw reads using gsAssembler
(Newbler version 2.3; Roche 454 Life Sciences, Branford,
CT, USA) and CLC Genomics Workbench (version 4.6.1;
CLC Bio, Aarhus, Denmark). We randomly selected 100
assembled sequences from gsAssembler and searched for
equivalent contigs produced using CLC Genomics Work-
bench. All sampled contigs from gsAssembler had equiva-
lent CLC Genomic Workbench contigs with at least 50% of
overlapping bases and 95% identity (data not presented).
Therefore, gsAssembler shotgun sequence assembly of the
cranberry ‘HyRed’ was selected to create FASTA and
FASTQ Wles for all contigs and unassembled singletons.
For comparison purposes, the complete plastid and mito-
chondrial genome of carrot (Daucus carota; Ruhlman et al.
2006) and tobacco (Nicotiana tabacum; Sugiyama et al.
2005) sequences were downloaded from the National Cen-
ter for Biotechnology (NCBI) database (GSS Section).
Homology of ‘HyRed’ cranberry contigs and singletons to
carrot plastid and tobacco mitochondria was performed
using MUMmer3.0 (Kurtz et al. 2004). All plastid and
mitochondrial sequence hits were removed from the analy-
sis, creating a putative nuclear-only 454 sequence data set.

Detection of SSRs and primer design

Using the nuclear-only 454 sequence, a large-scale,
genome-wide SSR search was performed in both contigs
and singletons using MIcroSAtellite identiWcation tool
(MISA; Thiel et al. 2003). Initially, we considered both
perfect and compound repeats of basic motifs ranging from

2- to 6-bp of SSRs with a minimum length of 12 bp and
repeat lengths of di-6, tri-4, tetra-3, penta-3, and hexa-3.
Oligonucleotide primers were designed from the SSR
Xanking sequences using Primer3 with the following
parameters: 100–300 bp in length (optimum 250 bp) and
minimum, optimum, and maximum values for primer
length (bp): 18–22–25; Tm (°C): 52–55–58; GC content
(%): 40–50–60. SSR locator (da Maia et al. 2008) was used
to conWrm the results obtained with MISA.

PCR and SSR ampliWcation

Cranberry SSR forward primers were appended at the
5�end with the M13 sequence (5�-CACGACGTTGT
AAAACGAC-3�) to allow indirect labeling of reactions.
Reverse primers were appended with the sequence
GTTTCTT (PIG) at the 5� end to promote nontemplated
(A) addition and to facilitate subsequent genotyping
(Brownstein et al. 1996). The M13 universal primer was
labeled with carboxyXuorescein (FAM) Xuorescent tag.
Polymerase chain reaction (PCR) was performed in 8 �L
total volume using 3.5 �L, 1£ JumpStart REDTaq Ready-
Mix (Sigma, St. Louis, MO, USA); 2 �L, 5 ng/�L genomic
DNA; 1.25 �L of H2O; 0.5 �L, 5 �M M13-FAM primer;
0.5 �L, 5 �M reverse/0.5 �M forward primer; 0.125 �L,
5 M betaine (Sigma, St. Louis, MO, USA); and 0.125 �L,
50 mg/ml BSA (CHIMERx, Milwaukee, WI, USA). Ther-
mocycling conditions consisted of an initial melting step
(94°C for 3 min), followed by 30 cycles of 94°C for 15 s,
55°C for 90 s, and 72°C for 2 min, and a Wnal elongation
step (72°C for 20 min), followed by an indeWnite soak at
4°C. PCR products (2 �L) were combined with 15 �L
Hi-Di formamide (Applied Biosystems, Foster City, CA,
USA) and 0.5 �L of carboxy-X-rhodamine (ROX) standard
(GeneFlo-625 ROX; CHIMERx, Milwaukee, WI, USA).
SSR allele genotyping was performed using an ABI 3730
Xuorescent sequencer (POP-6 and a 50-cm array; Applied
Biosystems, Foster City, CA, USA). Alleles were scored
using GeneMarker Software version 1.5 (SoftGenetics,
State College, PA, USA).

SSR data analysis

We examined the genetic diversity of 25 cranberry geno-
types using SSR loci (Online Resource 1). GeneAlEx 6.4
(Peakall and Smouse 2006) was used to calculate the
observed (Na) and eVective (Ne) number of alleles, Shan-
non’s information index (I), and levels of observed (Ho)
and expected (He) heterozygosity. We conducted a princi-
pal coordinates analysis (PCoA) based on genetic distances
estimated between pairs of individuals as computed by
GeneAlEx 6.4 (Smouse and Peakall 1999). We also used
the program STRUCTURE 2.2 to calculate the degree of
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ancestry (q) of each cranberry individual based on the
multilocus data (Pritchard et al. 2000). We selected the option
of correlated allele frequencies, a burn-in period of 50,000
steps, and 100,000 MCMC replicates; each run was repli-
cated 10 times to ensure consistency of results.

Results

Assembly of the cranberry genomic sequence

A total of 1,539,643 (620 Mb) cleaned reads (i.e., adaptors
and low-quality reads removed) of cranberry sequence
were obtained from the single run of Roche 454 pyrose-
quencing (Table 1). The average read length was 372 bases,
and the total sequence obtained covered an estimated
266.3 Mb, about half of the cranberry genome (540–
590 Mb). After plastid and mitochondrial hits were
removed from the analysis, a total of 1,345,703 putative
V. macrocarpon reads were identiWed of which 650,427
reads were assembled into 188,792 contigs (� length = 383
bp, covering an estimated 72.3 Mb), and 506,484 reads
(� length = 336 bp) remained as singletons for a total of
695,275 consensus genomic sequences (Table 1). The vast
majority of contigs, 178,026 or 94% of all contigs, were
assembled from <10 reads (26% from 2 reads, 28% from 3
reads, 16% from 4 reads, and 24% from 5–10 reads; data
not presented).

Discovery of cranberry SSR loci

We identiWed SSRs in the contig and singleton cranberry
sequence data using MISA with a minimum ¸3 repeat units
and/or 12 bp (Table 2). A total of 90,018 (13%) sequences
out of the 695,276 consensus genomic sequences (18,069
contigs and 71,949 singletons) contained SSRs (Table 2).
Ninety-four percent of the 90,018 sequences containing
SSRs were ¸100 bp (Table 2), and a total of 14,221 of the
sequences (16%, 2,576 contigs and 11,645 singletons; data
not presented) contained more than one SSR locus.

A total of 107,244 potentially ampliWable SSR loci
(21,305 loci in contigs and 85,939 loci in singletons;
Table 3) were identiWed in the 90,018 sequences (Table 2).
On average, there was one SSR locus for every 2.5 kb of
the assembled 266.3 Mb of the cranberry genome. The total
length of all SSR sequence was estimated at about 2.13% of
the covered cranberry genome. Dinucleotide motifs were
the most common SSR motif accounting for 48% of the
total SSR loci discovered, and hexanucleotide motifs were
the least represented repeat type with a 4% of the total SSR
loci discovered (Table 3).

Frequencies and distributions of SSR types in cranberry

We examined the SSR motif distribution with regard to
repeat number (Fig. 1). For all Wve repeat types, SSR fre-
quency decreased sharply as the repeat number increased,
and the longer SSR motifs showed more evidence of this
change (Fig. 1). As a consequence, the mean repeat number
in dinucleotides (10.9) was more than twice the number of
trinucleotides and three times the number of tetra-, penta-
and hexanucleotides (3.3, 3.2 and 3.2, respectively)
(Table 3). The analysis of individual SSR types in cran-
berry genomic sequence revealed that some motifs were
more prevalent than others in each class (Online Resource
2). For example, while the AG dinucleotide motif was
dramatically overrepresented, the CG motif was the least
frequent dinucleotide (Online Resource 2). In fact, the
AG repeat was the most frequent motif in the cranberry
genome, accounting for 35% of the total SSR loci

Table 1 Number of cranberry (Vaccinium macrocarpon Ait.) 454
sequences before and after assembly

Item Total number

Reads generated 1,670,163

Cleaned reads (620,183,270 bp; 
� length = 372 bp)

1,539,634

Genomic reads 1,345,703

Contigs sequence (72,261,495 bp; 
� length = 383 bp)

188,792

Singleton sequence (170,275,913 bp; 
� length = 336 bp)

506,484

Table 2 Characterization of simple sequence repeats (SSRs) in genomic sequences of cranberry (Vaccinium macrocarpon Ait.) generated by 454
sequencing

Item 50–100 bp 101–200 bp 201–300 bp 301–400 bp >400 bp Total

Contig sequence 28,996 34,963 24,146 16,787 83,764 188,656

Singleton sequence 30,322 56,329 89,916 140,828 189,089 506,484

Sequence containing SSR 5,332 12,106 15,520 20,127 36,933 90,018

Designed SSR primers 335 11,056 15,500 20,123 36,932 83,946

SSR primers in contigs 13 1,552 1,807 1,609 12,491 17,472

SSR primers in singletons 322 9,504 13,693 18,514 24,441 66,474
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discovered (Online Resource 2). Similarly, the AAG trinu-
cleotide motif was the most common (5% of loci
discovered), and CCG was the rarest. Motifs AAAT and
AAAAT were the most abundant tetra-, and pentanucleo-
tide repeats types, accounting for 8% of the total SSR loci
discovered (Online Resource 2). Analysis of the frequen-
cies of SSR motifs revealed that AT-rich motifs were the
most abundant motifs, except in dinucleotides.

Cranberry SSR primers design

The 90,018 SSR-containing sequences were screened for
suitable Xanking sites for PCR primer design using MISA.
A total of 83,946 sequences contained suitable (93%;
17,472 contigs and 66,464 singletons) Xanking sites for
SSR primer design. Primers were successfully designed for
a total 99,754 SSR loci within the 83,946 sequences: di-,
tri-, and tetranucleotide motifs represented 84% of the
primers designed (Table 3). Trinucleotides had the greatest
percentage (98%) of SSR sequences suitable for primer
design followed by dinucleotides with 88%.

To conWrm and select a set of SSR loci for validation, we
reran the SSR motif search in the 188,792 contigs (Table 1)
using SSR locator (da Maia et al. 2008). This time, our goal
was to isolate only perfect SSRs within the contig
sequences. A multistep approach using a search for 24, 12

and 6 bp motifs allowed us to purge short repeat lengths
and contigs with compound SSRs. Based on the contig
sequence search results generated using SSR locator, we
designed 96 primer-pairs to amplify perfect SSRs of diVer-
ent lengths and motif types and used them to amplify the
DNA from 25 cranberry genotypes (Online Resource 1).

Validation of cranberry SSR loci

Ninety primer-pairs (94%) produced ampliWcation prod-
ucts in the 25 cranberry samples included in our study.
While 23 primer-pairs (24%) showed monomorphic allelic
patterns, 19 primers (20%) produced allelic patterns not
consistent with single locus segregation in a diploid
species. The remaining 48 primers (50%) produced a
maximum of two fragments of the expected size lengths
per individual (Online Resource 3), and were subsequently
considered single polymorphic loci. The sequences of such
polymorphic SSR loci were submitted to GenBank. Since
the cranberry plant material used herein (Online Resource
1) cannot be considered a natural population under random
mating, we could not perform Hardy–Weinberg equilib-
rium (HWE) tests for each locus, and/or linkage disequi-
librium test between loci. However, as precedent for future
studies, the 48 polymorphic primer-pairs were used to
describe cranberry SSR locus and germplasm genetic
diversity (Table 4).

Genetic diversity characteristics of cranberry SSR loci

We detected 323 alleles in the 25 individual plants using
the 48 loci (Table 4). The number of diVerent alleles (Na)
for each primer-pair ranged from 2 to 15, with an average
of 4.8 alleles per locus. The eVective number of alleles (Ne)
ranged from 1.1 to 7.7, with an average of 2.8 per locus.
Shannon’s information index (I) for each primer-pair
ranged from 0.2 to 2.3, with an average of 1.1. Observed
heterozygosity (Ho) and expected heterozygosity (He) for
each primer pair ranged from 0.04 to 0.96 and 0.08 to 0.87,
respectively. Primer vm55441 had the highest diversity
(Table 4).

Table 3 Repeat types in SSRs 
from cranberry (Vaccinium mac-
rocarpon Ait.) identiWed by 454 
sequencing

Motif 
length

Number of 
loci identiWed

Frequency 
(%)

Mean 
repeat 
number

Number 
of loci 
primers 
designed

Percentage 
SSRs suitable 
for primer 
design (%)

Di 51,315 48 10.9 44,998 88

Tri 19,831 18 4.9 19,510 98

Tetra 20,244 19 3.3 19,727 97

Penta 11,398 11 3.2 11,160 98

Hexa 4,456 4 3.2 4,359 98

Total 107,244 100 – 99,754 93

Fig. 1 Frequencies (%) of repeat types with repeat numbers in SSRs
from cranberry (Vaccinium macrocarpon Ait.) identiWed by 454
sequencing
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Discrimination of cranberry genotypes using mined SSR 
loci

Based on the 48 SSR loci data PCoA clearly separated all
of the cranberry individuals in our study, except for ‘Ben
Lear’ and ‘Potter’s Favorite’, which were genetically iden-
tical at the 323 alleles (Fig. 2a). The Wrst principal coordi-
nate accounted for 27.6% of the genetic variance, and the
second coordinate accounted for 20.1% of the variance. We
conducted structure analyzes of the 25 cranberry samples.
The most likely true value of K identiWed by STRUCTURE
was K = 3 (Online Resource 4), but we are presenting K = 6
since it more clearly represents some of the known relation-
ships among several of the cultivars used in this study.
Each of the 25 cranberry individuals was assigned member-
ship probability values to the six genetic clusters based on
their multilocus genotypes (Fig. 2b). Several of the samples
possessed a major probability of membership to one of the
six clusters, e.g., group I: ‘Early Black’, ‘Searles’,
PI:618231, ‘GH1’, and PI:618030; group II: ‘McFarlin’
and ‘Stevens’; group III: PI:618025 and ‘Beckwith’; group
V: ‘Potter’s Favorite’ and ‘Ben Lear’; and group VI:
‘Howes’, ‘ProliWc’, and ‘Crowley’. The rest of the cran-
berry cultivars/accessions showed admixed genetic pat-
terns.

Discussion

Simple sequence repeats have traditionally been isolated de
novo by constructing genomic libraries enriched for a few
targeted SSR motifs and using recombinant DNA technolo-
gies for the isolation and sequencing of clones containing
SSRs (Zalapa et al. 2008). However, such library-based
approaches have proven time consuming and costly, rely on
low-throughput sequencing, and can isolate only the tar-
geted enriched SSR motif types. The present work demon-
strates the use of emerging shotgun sequencing
technologies to rapidly and cost-eVectively generate large
numbers of genome-wide sequences containing virtually
any SSR motif type in a genetically understudied crop

Table 4 Genetic diversity characteristics of 25 individual cranberry
(Vaccinium macrocarpon Ait.) genotypes based on 48 SSR loci (323
alleles) developed from 454 sequencing

Primers N Na Ne I Ho He

vm54133 25 5 2.6 1.2 0.64 0.62

vm54153 24 3 1.3 0.5 0.21 0.25

vm54428 24 2 1.1 0.2 0.13 0.12

vm55288 25 2 2.0 0.7 0.36 0.49

vm55441 25 15 7.7 2.3 0.96 0.87

vm59107 25 3 1.1 0.3 0.04 0.11

vm68798 25 6 2.1 1.1 0.52 0.53

vm69485 25 5 2.2 1.1 0.44 0.55

vm72062 25 5 4.1 1.5 0.64 0.76

vm78806 24 10 6.6 2.0 0.54 0.85

vm79687 21 2 1.6 0.5 0.10 0.36

vm83024 24 5 2.5 1.1 0.58 0.60

vm89040 25 6 3.2 1.4 0.56 0.69

vm01649 25 4 2.8 1.2 0.56 0.64

vm04084 25 7 4.1 1.6 0.72 0.76

vm04249 25 2 1.1 0.2 0.08 0.08

vm05418 25 2 2.0 0.7 0.32 0.50

vm07778 25 2 1.5 0.5 0.28 0.34

vm09532 15 4 1.9 0.9 0.33 0.48

vm09703 25 2 1.6 0.6 0.44 0.39

vm10462 25 2 2.0 0.7 0.24 0.49

vm12486 25 2 1.2 0.3 0.20 0.18

vm13742 24 2 1.4 0.5 0.21 0.31

vm13780 25 6 2.5 1.1 0.48 0.61

vm13884 25 4 2.9 1.1 0.56 0.66

vm21169 20 5 3.2 1.3 0.30 0.69

vm23232 25 3 1.9 0.7 0.40 0.49

vm25796 25 10 2.9 1.6 0.60 0.65

vm26877 25 8 5.2 1.8 0.60 0.81

vm27120 25 5 2.6 1.2 0.56 0.61

vm28527 25 8 3.6 1.6 0.72 0.73

vm31502 25 2 1.9 0.7 0.72 0.46

vm31701 25 7 5.6 1.8 0.72 0.82

vm32279 25 2 1.1 0.2 0.08 0.08

vm33770 25 4 2.7 1.1 0.68 0.63

vm34671 25 6 3.2 1.3 0.76 0.69

vm38401 25 9 5.0 1.8 0.72 0.80

vm39030 24 9 6.6 2.0 0.79 0.85

vm40600 25 9 3.5 1.6 0.80 0.71

vm45176 25 4 1.8 0.8 0.36 0.44

vm46208 25 4 3.9 1.4 0.72 0.75

vm48827 23 3 1.4 0.6 0.17 0.30

vm50753 25 2 1.3 0.4 0.28 0.24

vm51409 25 2 2.0 0.7 0.64 0.49

vm51985 24 7 4.4 1.6 0.75 0.77

vm52204 25 3 1.2 0.3 0.16 0.15

Table 4 continued

N number of genotypes examined, Na number of diVerent alleles, Ne
number of eVective alleles, I Shannon’s information index, Ho
Observed Heterozygosity, He Expected Heterozygosity

Primers N Na Ne I Ho He

vm52682 24 6 4.7 1.6 0.79 0.79

vm53000 25 6 3.9 1.5 0.72 0.74

Mean 24.4 4.8 2.8 1.1 0.48 0.54
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species such as cranberry, a commercially important US
dominated crop.

Discovery and mining of genomic SSR loci using 454
pyrosequencing technology has had successful applications
in several plant species (Tangphatsornruang et al. 2009;
Cavagnaro et al. 2010; Csencsics et al. 2010). Therefore,
we used Roche 454 GS FLX Titanium platform sequencing
technology to generate 1,345,703 of high quality cranberry
genomic reads (»620 Mb) from the single run at a cost of
about US $14 per Mb. Reads were assembled de novo into
695,275 sequences (188,792 contigs and 506,484 single-
tons) of which 13% contained at least one SSR of 12 bp in
size and 3 repeat units (Tables 1, 2). The relatively large
size of the sequences (� length = 372 bp) obtained using
454 sequencing made it computationally easy to assemble
and mine the sequence data for SSRs, especially using CLC
Genomics workbench (version 4.6.1) and SSR locator (da
Maia et al. 2008). We identiWed one SSR approximately
every 2.5 kb of the 266.3 Mb of the covered cranberry
genome for a total of 107,244 SSR loci (Table 3). The total
length of cranberry SSRs (di- to hexanucleotides) contrib-
uted about 2.13% to 266.3 Mb of the assembled sequence,

which translated to an overall density across the genome of
»403 SSR/Mb. The observed SSR frequencies and densi-
ties in cranberry (Fig. 1; Online Resource 2) are consistent
with those reported in other plant genomes (Cavagnaro
et al. 2010). Our data is also consistent with the observation
in many plant species that whole genome SSR frequency is
inversely related to genome size and to the proportion of
repetitive DNA, indicating that most SSRs reside in regions
pre-dating the recent genome expansion (Morgante et al.
2002). Low coverage 454 pyrosequencing was a powerful
method to generate potentially unlimited numbers of SSR
markers for genetics studies in cranberry and the Ericaceae
family.

Frequency analyzes of various nucleotide repeats in
cranberry revealed that dinucleotide repeats were the most
abundant SSRs followed by tetra-, tri, penta- and hexanu-
cleotide repeats (Fig. 1; Online Resource 2). These Wndings
are in agreement with reports of highly abundant dinucleo-
tide repeats in the genomic DNA of many plant species
(Wang et al. 1994; Tangphatsornruang et al. 2009;
Cavagnaro et al. 2010; Victoria et al. 2011). Overall, AT-rich
motifs were the most abundant SSRs in the cranberry

Fig. 2 Principal coordinate 
(a) and STRUCTURE 
(b) analyzes of 25 cranberry 
(Vaccinium macrocarpon Ait.) 
genotypes based on 48 SSR loci 
developed from 454 sequence 
data. In b, each grid represents 
an individual and each color a 
population (K = 6; Roman 
numerals). (color in online)
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genome, except in dinucleotides (Online Resource 2). Also,
similar to several understudied plant species (Yu et al.
2009), AG motifs were the most frequent SSR motifs,
accounting for 35% of the total loci discovered, and
together with AAG and AAAT accounted for 46% of all
SSR loci in cranberry (Online Resource 2). The least fre-
quent dinucleotide motif was GC accounting for <1% of the
dinucleotides, and other GC-rich repeat SSR motifs were
also rare (Online Resource 2). This result agrees with other
studies indicating that genomic SSRs with GC-rich
repeats are rare in many plant species (Wang et al. 1994;
Tangphatsornruang et al. 2009; Cavagnaro et al. 2010).
Since the isolation of SSR motifs using conventional
library-based approaches is limited by cost, 454 pyrose-
quencing provides an inexpensive and eYcient alternative
for the isolation of numerous genome-wide SSR loci in
cranberry, in which motif choice can have an eVect on the
SSR variability detected.

Sequence technology diVerences (Illumina vs. 454
pyrosequencing), variations in algorithms (e.g., MISA vs.
SSR locator), search parameters (e.g., perfect vs. imperfect
SSR), and diVerences in the type (e.g., genomic vs. tran-
scribed) and sizes (i.e., genome coverage) of data sets used
for SSR marker isolation can inXuence their detection and
development (Cavagnaro et al. 2010). In contrast with Illu-
mina that averages 50 bp read lengths, our 454 sequencing
data reached an average of 382 bp in length. The longer
read lengths increased our chances of successfully design-
ing primers while making it possible to identify long SSR
repeats comparable to the sizes obtained using conventional
library–based approaches (Zalapa et al. 2008). In fact, 68%
of the SSR-containing sequences for which primers were
successfully designed were >300 bp and 86% were larger
than 200 bp in length (Table 2). Since perfect (vs. com-
pound) SSRs (Buschiazzo and Gemmell 2006) as well as
longer SSR repeats (Kelkar et al. 2008) are known to
exhibit greater allelic variability, we conducted an exten-
sive search for perfect SSRs using MISA and SSR locator
to isolate longer repeats and true perfect SSRs. After isolat-
ing suitable SSR sequences, we designed and tested 96
primer-pairs using 25 cranberry genotypes. Polymorphic
patterns typical of diploid segregation (i.e., a maximum of
two peaks per individual) were observed using 48 of the
primers (50%; Table 4) that included varied repeat motifs
(Online Resource 3). Moreover, all the primers were
designed from sequences assembled from <20 reads
(Online Resource 3), indicating that they were generated by
chance from nonrepetitive DNA and likely represent single
SSR loci (Lander and Waterman 1988). 454 pyrosequenc-
ing generated large amounts of genomic sequence of ideal
length to develop high quality SSR markers for genetic
analysis in cranberry and comparative genomics in the
Ericaceae family.

The paucity of DNA markers has hampered the advance
of genetic research in cranberry and the Ericaceae family.
Next-generation sequencing technologies provide a viable
method to produce abundant genome-wide loci for diver-
sity, linkage mapping, marker-assisted breeding, and other
studies. In the present study, we used 48 cranberry SSR loci
developed using 454 sequence data to study the relationship
of 25 cranberry genotypes. Our results (Table 4) conWrmed
the highly heterogeneous nature of cranberry (Stewart and
ExcoYer 1996; Debnath 2007). Recently, several cranberry
cultivars were diVerentiated using transferrable blueberry
SSR loci (Bassil et al. 2009). Our genetic clustering by
PCoA analysis also diVerentiated the clonally propagated
cranberry cultivars tested, except for ‘Potter’s Favorite’ and
‘Ben Lear’ (Fig. 2a). The exact origins of ‘Potter’s Favor-
ite’ and ‘Ben Lear’ are not clear, but it is known from
records from the USDA-ARS NCGR collection that both
cultivars originated in Wisconsin. While ‘Potter’s Favorite’
was collected in 1895 and is listed as a chance seedling,
‘Ben Lear’ is a 1900 introduction selected from the wild
(USDA-ARS NCGR). Thus, it is possible that ‘Potter’s
Favorite’ and ‘Ben Lear’ are not unique, but additional ana-
lyzes including more samples of both cultivars will be
needed to conWrm their genetic identity. Thus, one of the
applications of these cranberry SSR markers is DNA
Wngerprinting, which will likely results in the identiWcation
of genetic redundancy in cranberry germplasm and/or error
during the propagation of clonal cranberry cultivars (Novy
et al. 1994, 1996; Novy and Vorsa 1995; Polashock and
Vorsa 2002). Our SSR marker data also point to the possi-
bility of identifying and tracking hybrid backgrounds in
cranberry breeding programs as well as identifying the
existence of heterotic gene pools for the prioritizing of con-
trolled crosses in cranberry. In this regard, parentage com-
position of several hybrid cultivars was clearly evident in
structure analyzes, especially among newer cranberry culti-
vars (released after 2003), which are less likely to be con-
taminated genetically (Fig. 2b). For example, ‘HyRed’,
‘Sundance’, and ‘Crimson Queen’ proved to be Wrst genera-
tion hybrids of similar ‘Stevens’ £ ‘Ben Lear’ crosses gen-
erated in diVerent breeding programs in Wisconsin and
New Jersey (Fig. 2b; Online Resource 1). Similarly, New
Jersey cultivars ‘DeMoranville’ and ‘Mullica Queen’
showed parental contributions in general agreement with
their progenitor’s genetic background, ‘Franklin’ £ ‘Ben
Lear’ and (‘Howes’ £ ‘Searles’) £ ‘LeMunyon’, respec-
tively (Fig. 2b; Online Resource 1). Further, the develop-
ment of genome-wide SSR loci and their application in
the characterization of each cultivar’s unique genetic
Wngerprint and testing of inter- and intra-cultivar diversity
will allow us to better assess and classify the genetic
diVerences and purity among and within clonal cranberry
cultivars.
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In conclusion, whole genome shotgun 454 sequencing
was a cost-eVective and eYcient way to identify numerous
SSR repeats in the cranberry sequence for marker develop-
ment. Another potential signiWcant outcome from our study
is the use of these sequences for gene identiWcation in com-
parative whole genome sequence and transcriptome ana-
lyzes with other members of the Ericaceae family.
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