GENERATING GENOMIC TOOLS FOR BLUEBERRY IMPROVEMENT
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ABSTRACT. Because of their recognized health benefits, there has been increased demand and
consumption of blueberries in recent years. Great strides have been made in cultivar
development since its domestication using traditional breeding approaches. However, genomic
tools are lacking in blueberry, which could be used to hasten improvement. The aim of our
Specialty Crop Research Initiative project, funded at the end of 2008, is to develop genomic
tools for molecular breeding and assessing genetic diversity of blueberry. Marker-assisted
breeding would be particularly useful for combining traits for climatic adaptation with those for
improved fruit and nutritional quality in highbush blueberry (Vaccinium corymbosum). Genomic
resources being developed include expressed sequence tag (EST) libraries, EST-based molecular
markers, and genetic linkage maps. To date, transcriptome sequences have been generated from
fruit at different stages of development, flower buds at different stages of cold acclimation, and
leaves by 454 sequencing. About 600,000 sequences have been assembled into about 15,000
contigs. Markers derived from ESTs (simple sequence repeats and expressed sequence tag-
polymerase chain reaction markers) are being used to identify quantitative trait loci associated
with cold hardiness, chilling requirement, and fruit quality traits, in studies of genetic diversity,
spatial genetic structure, and gene flow in the wild lowbush blueberry (V. angustifolium), and to
construct a phylogenetic tree of Vaccinium species in the section Cyanococcus. Availability of
these genomic tools will allow future advances such as the development of a blueberry
microarray to study gene expression and the use of marker-assisted breeding.

INTRODUCTION



The Ericaceae family includes many commercially important species such as the berry crops,
blueberry, cranberry, and lingonberry, and the floral and nursery crops, rhododendron, azalea,
and mountain laurel. The most economically important fruit crop within this family is blueberry.
Blueberry is a high value small fruit crop that thrives on acidic, imperfectly drained sandy soils,
that might otherwise be considered worthless for agricultural crop production, and North
America is the major producer of blueberries. The farm gate value of blueberry in 2007 was
estimated to be over $600,000,000, a three-fold increase over the estimated value in 2000
(USDA Agricultural Statistics). Much of this increased value is due to increased consumption of
blueberries because of its many recognized health benefits. Blueberry fruit is very high in
anthocyanins, which act as antioxidants. In recent studies, anthocyanins have been linked to
many health benefits such as reducing eyestrain, improving night vision, helping to prevent
macular degeneration, and exhibiting anti-cancer activity (Cho et al. 2004, Kalt et al. 2007).
Antioxidants in general have been linked to fighting aging, cancer, and heart disease. A
compound found in blueberry and grapes called resveratrol has been linked to reducing the risk
of heart disease and cancer (Rimando et al. 2004). Another compound, pterostilbene, apparently
plays a role in lowering cholesterol and other blood fats (Rimando et al. 2004).

Great strides have been made in traditional breeding efforts of blueberry in the short time since
its domestication in the twentieth century. Breeding efforts have focused on development of
cultivars with broader climatic adaptation, broader soil adaptation, disease and pest resistance,
mechanical handling tolerance, and high fruit quality (Galletta and Ballington 1996). The
availability of genomic tools for molecular breeding could lead to more rapid genetic
improvement particularly when combining traits for climatic adaptation with other important
traits like fruit and nutritional quality. Woody perennials, like blueberry, are especially suitable
for improvement via marker-assisted breeding because of their long generation times, high
heterozygosity, self-incompatibility, inbreeding depression, and polyploidy of commercial types.

Genomic research in blueberry, and in the Ericaceae family in general, is still in its infancy
although significant progress has been made in the last few years. The first few thousand
expressed sequence tags (ESTs) have been generated and made publicly available for this family,
about 5,000 from blueberry and about 1,200 from rhododendron. Both of these sets of ESTs from
blueberry and rhododendron were generated as parts of projects focused on cold acclimation
research. Thus, ESTs are from non-acclimated and cold acclimated flower bud libraries, in the
case of blueberry (Dhanaraj et al. 2004, 2007), and from non-acclimated and cold acclimated leaf
libraries, in the case of rhododendron (Wei et al. 2005). Another ~16,000 ESTs have been
generated from blueberry fruit by the New Zealand Institute for Plant & Food Research Ltd.
(formerly HortResearch), but they are not publicly available.

Robust molecular markers like simple sequence repeats (SSRs) (Boches et al. 2005) and
expressed sequence tag-polymerase chain reaction markers (EST-PCRs) (Rowland et al. 2003a)
have been recently developed from some of the publicly released ESTs and demonstrated to be
useful in genetic diversity and mapping studies in related species (ref?). Although it is expected
that EST-SSR markers would be highly polymorphic among individuals within a species, the
high levels of polymorphisms detected even with the EST-PCR markers are fortuitous. This is
not entirely surprising, however, considering that blueberry is a highly heterozygous, primarily
outcrossing, polyploid crop. In addition, the SSR and EST-PCR markers derived from highbush



blueberry ESTs appear to be useful for all species within the Cyanococcus section and even other
sections including the cranberry species (Rowland et al. 2003a, 2003b, Boches et al. 2005,
20064a, 2006b, Bell et al. 2008, Bassil et al. 2008). Mapping populations and initial genetic
linkage maps have been developed (Rowland et al. 1999, 2003c, Brevis et al. 2007) but
inadequate funding has left the maps insufficiently saturated for quantitative trait loci (QTL)
mapping. The first microarray experiments have been carried out and have successfully
identified many transcripts whose abundances increase with cold acclimation and identified
interesting differences in expression between acclimation under cold room and field conditions
and between cold tolerant and cold sensitive genotypes (Dhanaraj et al. 2007, Rowland et al.
2008). More gene expression studies need to be undertaken including more microarrays, based
on a larger collection of gene sequences, to sort out genes that are expressed in response to
various stimuli and during development.

Because of the need to develop more genomic resources for blueberry, the research objectives of
our project, “Generating Genomic Tools for Blueberry Improvement” funded through the
Specialty Crop Research Initiative, are these: (1) to generate more ESTs from different
blueberry organs, such as fruit, flower buds, leaves, and stems, (2) to develop EST-PCR and SSR
markers based on these ESTs, and (3) to use these markers to map quantitative trait loci (QTL)
for chilling requirement, cold hardiness, and fruit quality in diploid and tetraploid mapping
populations (the tetraploid population is an actual breeding population), in genetic diversity
studies on wild populations of the commercial lowbush blueberry, and to examine the
evolutionary relationships of the Vaccinium species within the section Cyanococcus. Progress on
these objectives is presented.

MATERIALS AND METHODS

TRANSCRIPTOME SEQUENCING. ESTs were generated and assembled from the highbush
cultivar ‘Bluecrop’ using next generation Roche/454 GS-FL X transcriptome sequencing at the
Genomic Sciences Laboratory at North Carolina State University. ESTs were generated from
four organs: fruit, flower buds, and a combination of leaves and stems. cDNAs for sequencing
were prepared from RNA extracted from fruit collected at different stages of development
(green, white, pink, and blue stage), flower buds collected at different stages of cold acclimation
(0, 400, 800, and 1300 chill units or number of hours of exposure to temperatures from 0-7° C),
and young leaf and stem tissue. All cDNA samples were tagged and multiplexed. The 454
sequences were sent to the Bioinformatics Laboratory at Towson University for annotation. The
consensus sequences and singletons from the assembly were batch BLASTed to identify the
genes expressed in the respective tissues. BLASTX results were passed through a custom
pipeline, built with the scripting language PERL, to create annotated, tab-delimited tables, which
include information on taxonomy, key words, gene function, tissue specificity, and gene
ontology (GO) terms (Vera et al. 2008).

MARKER DEVELOPMENT. Previously generated ESTs were mined for SSRs and used to
design new SSR and EST-PCR primers for mapping and genetic diversity studies. SSR primer
pairs were designed as described previously (Boches et al. 2005). EST-PCR primer pairs were



designed toward the ends of the ESTs using the P3 website (http://frodo.wi.mit.edu/) as
described in Rowland et al. (2003a).

MAPPING STUDIES. The interspecific diploid mapping population that segregates for mid-
winter cold tolerance and chilling requirement has been described in detail elsewhere (Rowland
et al. 1999). Briefly, the population was generated by crossing a V. darrowii selection Fla4B
(low chilling, cold sensitive, evergreen) x diploid V. corymbosum also known as V. caesariense
selection W85-20 (high chilling, cold hardy, deciduous) hybrid (FI #10) to another diploid V.
corymbosum W85-23. The tetraploid mapping population that segregates for cold tolerance,
chilling requirement, and fruit quality traits was generated by crossing the northern highbush
cultivar ‘Draper’ (high chilling, cold hardy) and the southern highbush cultivar ‘Jewel’ (low
chilling, cold sensitive). SSR and EST-PCR primers were tested on parents of mapping
populations to identify polymorphic markers suitable for mapping. Markers that detected
differences were followed in the appropriate mapping populations and added to the current
genetic linkage maps using MAPMAKER, JoinMap, or Tetraploid Map. The method for
amplifying EST-PCR products, separating the products on agarose gels, and scoring gels was
essentially that described by Rowland et al. (2003a). For SSR analysis, standard PCR protocols
were used and PCR products were pooled into multiplexes and separated by capillary
electrophoresis using the CEQ 8000 (Beckman Coulter Inc., Fullerton, CA) or similar
equipment. Allele sizing and visualization was performed using the fragment analysis module of
the CEQ 8000 software by calling internal size standards included with each sample.

Cold hardiness evaluations were performed on the diploid mapping population in two separate
years (2009 and 2010) using the freeze-thaw protocol of Arora et al. (2000). The tetraploid
mapping population was asexually propagated and planted at five locations with varying winter
temperatures and chilling hours: Gainesville, FL, Waycross, GA, Invergowrie, Scotland,
Corvallis, OR, and Benton Harbor, MI.

OTHER GENETIC RELATIONSHIP STUDIES. EST-PCR primers are being tested on DNA
from different collections of lowbush blueberry genotypes to investigate spatial genetic structure
of wild populations on both a local (touching individuals within the same field) and a wide range
of distribution (individuals collected at multiple sites throughout Maine and other regions). EST-
PCR primers were also tested on DNA from a collection of more than three representatives of
each of the blueberry species at each ploidy level within the section Cyanococcus (including the
diploids V. boreale, V. corymbosum, V. darrowii, V. elliottii, V. myrtilloides, V. pallidum, V.
tenellum; the tetraploids V. angustifolium, V. corymbosum, V. hirsutum, V. myrsinites, V.
pallidum, V. simulatum; and the hexaploids V. constablaei and V. virgatum), for a total of more
than 50 genotypes. Length polymorphisms of EST-PCR markers were scored and analyzed using
The Numerical Taxonomy and Multivariate Analysis System (NTSYS-PC version 2.2, Exeter
Software, Setauket, NY). For dendrogram construction, a UPGMA (unweighted pair-group
method) and a Neighbor Joining cluster analysis were performed from the DICE similarity
matrix to investigate the evolutionary relationships of the different species.

RESULTS AND DISCUSSION



TRANSCRIPTOME SEQUENCING. A high-throughput pyrosequencing technology (454
EST sequencing) was used for transcriptome profiling of fruit during different stages of
development, of flower buds during different stages of cold acclimation, and of leaves and stems,
from ‘Bluecrop’. About 1.35 million reads were obtained altogether to yield approximately 390
Mb of data. Of these, about 600,000 sequences were assembled. A cluster analysis of all the
assembled sequences resulted in approximately 15,000 contigs (Table 1). The types of genes and
their abundances in the different libraries are currently being compared to identify potentially
differentially expressed genes. For example, the five most highly abundant genes in the ripe fruit
library encode aspartic proteinase, burp domain-containing protein, flavonoid 3-hydroxylase,
ethylene-forming enzyme, and aminocyclopropane-1-carboxylate oxidase. In comparison, the
five most highly abundant genes in the green fruit library encode metallothionein-like protein,
burp domain-containing protein, lipid transfer protein, dehydrin protein, and 2s albumin.
Differential expression of these and other interesting genes will be confirmed by quantitative
RT-PCR.

MARKER DEVELOPMENT AND MAPPING STUDIES. ESTs, beginning with those
previously generated from flower bud libraries by Sanger sequencing (Dhanaraj et al. 2004,
2007), were mined for SSRs and used to design new SSR and EST-PCR primers for mapping
and genetic diversity studies. Fig. 1 (parts A and B) shows how the primers were designed, either
flanking SSRs within ESTs, in the case of SSR primers, or toward the ends of the ESTs, in the
case of EST-PCR primers, to amplify as much of each gene as possible from the available
sequences. For mapping purposes, parents of the diploid and tetraploid mapping populations
were screened for polymorphic EST-PCR and SSR markers. Fig. 1C shows EST-PCR markers
being screened against the parent plants of the diploid population. Polymorphic markers
identified in this way are then followed in the appropriate mapping populations and added to the
current genetic linkage maps. Although it was expected that the SSR markers would be highly
polymorphic among the parent plants, the EST-PCR markers have also proved to be quite
polymorphic, as we have shown previously on a collection of highbush (Rowland et al. 2003a)
and lowbush genotypes (Bell et al. 2008). Forty of 120 (33.3%) EST-PCR primer pairs screened
so far this year on the diploid parents detected polymorphisms useful for mapping. Currently,
122 markers have been followed in the diploid mapping population, and 110 have been mapped
to 16 linkage groups.

Potted plants of the diploid mapping population, held in an unheated greenhouse, were evaluated
for cold hardiness in February of 2009 and 2010, after receiving approximately 500 chilling
hours. Plants will be evaluated for chilling requirement over the next two years. The tetraploid
mapping population, propagated and planted at various locations, will also be evaluated for
chilling requirement, cold hardiness, and fruit quality traits in the coming few years.

OTHER GENETIC RELATIONSHIP STUDIES. EST-PCR primers are also being used to
investigate gene flow and spatial genetic structure of wild lowbush blueberry populations on a
local (touching individuals within the same field) and a wide (individuals collected at multiple
sites throughout Maine and other regions) range of distribution. Details of this work are
described in presentations by Bell et al. (2009, 2010, In Press) and Beers et al. (In Press).



EST-PCR markers were also used to examine evolutionary relationships among the different
blueberry species within the section Cyanococcus of the Vaccinium genus. At least three wild
representatives of each of the blueberry species at each ploidy level were included in the study.
Fig. 2 shows a UPGMA dendrogram of only the diploid species (the Neighbor Joining tree was
nearly identical) based on 249 polymorphic EST-PCR markers. Interestingly, almost all the V.
elliottii representatives grouped together and separate from the V. caesariense (or diploid V.
corymbosum) and V. atrococcum representatives, providing support for considering V. elliottii a
separate species from V. corymbosum. Sequences from two DNA regions, the nuclear granule
bound starch synthase (waxy) gene and the nuclear internal transcribed spacer (nrlTS) region, are
also being used to examine evolutionary relationships between the species. Details of this work
are described in a presentation by Durchholz et al. (2010).

CONCLUSIONS. Genomic tools are being developed to aid in blueberry improvement. New
transcriptome sequences are being used to develop molecular markers; and markers are being
used to identify quantitative trait loci associated with cold hardiness, chilling requirement, and
fruit quality traits for marker-assisted breeding in highbush blueberry, in studies of genetic
diversity, spatial genetic structure, and gene flow in lowbush blueberry, and to construct a
phylogenetic tree of Vaccinium species in the section Cyanococcus. Transcriptome sequences
will also be useful for developing a blueberry microarray to allow expression of thousands of
genes to be studied in response to biotic and abiotic stresses and during development.
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Table 1. Transcriptome sequencing of blueberry—overall results. The number of reads,
number of reads assembled, number of contigs, and average contig length are shown for each of
the blueberry samples.

Sample No. of reads  No. of reads assembled No. of contigs Avg. contig length
Flower bud—0’ 127428 68640 2675 804.07
Flower bud—400" 181113 72872 2751 760.03
Flower bud—=800° 147941 70172 2645 784.34
Flower bud—1300° 131370 69572 2421 796.37
All bud samples 587852 281256 10350 898.43
Green fruit 165464 76566 2241 719.77
White fruit 170195 76067 2029 699.54
Pink fruit 152903 73721 1964 749.72
Blue fruit 142429 58569 1941 819.29
All berry samples 630991 284923 6726 818.09
Leaves and stems 129855 61034 1781 770.85

Total 1348698 627213 14764
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Fig. 1. Design of (A) SSR and (B) EST-PCR primers using the P3 website
(http://frodo.wi.mit.edu/), and (C) screening of the diploid Vaccinium parent plants for
polymorphic EST-PCR markers. In the SSR example shown (A), primers were designed
flanking (GA)14(CGA)s repeats to give a product in the 250 bp range. For EST-PCR markers (B),
primers were designed near the ends of the ESTs. In the gel picture shown (C), an EST-PCR
marker (lower band) is present in the original parent Fla4B, absent in the other parent W85-20,
present in the F1#10, and absent in the testcross parent W85-23, making it “mappable” in the

diploid population. PCRs of each of the parent plants were run in duplicate. In the “M’ lane are
molecular weight standards.
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Fig. 2. A UPGMA dendrogram of diploid Vaccinium species in the section Cyanococcus
constructed from length polymorphisms of EST-PCR markers. In the tree, bor, myrt, cae, eli,
atr, dar, ten, pal, and gay stand for V. boreale, V. myrtilloides, V. caesariense, V. elliottii, V.
atrococcum, V. darrowii, V. tenellum, V. pallidum, and Gaylussacia. brachycera (which served
as an outlier), respectively. Most of the V. elliottii representatives formed a distinct group,
suggesting V. elliottii should probably not be lumped with V. caesariense and V. atrococcum as

diploid V. corymbosum.



