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Abstract 11 

Blueberry is a high value crop with recognized nutritional characteristics that has lead to an 12 

increase in consumer demand over the last several years. With its increasing agricultural and 13 

commercial importance, genetic and genomic tools have recently become available for use in 14 

characterizing its genetic diversity and in molecular breeding strategies. Here, we provide an 15 

overview of genomic research in blueberry, with a focus on  EST/ transcriptome sequencing 16 

efforts. These resources are already providing novel insights into various biological processes 17 

from large-scale expression studies like microarrays, elucidation of phylogenetic relationships, 18 

and development of molecular markers and genetic linkage maps. Future blueberry breeding 19 

programs should benefit greatly from these new genomic tools. 20 
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1. Introduction 44 

The United States is the world’s largest producer of blueberries (Vaccinium spp.). In 2010, U.S. 45 

production reached 224,000 tons with a market value of $644 million. The production value 46 

increased three-fold during the past decade in the U.S. (USDA-NASS 2013). Worldwide 47 

production and demand has also dramatically increased with South America, Europe, and the 48 

Asian Pacific regions showing the greatest increases (Bañados 2008). Blueberry is a high value 49 

crop and is recognized as one of the most healthy and nutritious dietary sources among common 50 

fruits and vegetables (Hou 2003; Prior et al. 1998; Wang et al. 1996; Wu et al. 2004). Its many 51 

recognized nutritional characteristics are at least partly responsible for the steady increase in 52 

consumer demand over the last several years.   53 

 54 

Due to its growing economic importance, there is an increase in efforts to better understand the 55 

biology of the blueberry crop, to address challenges in its production, and for crop improvement. 56 

Blueberry shows an incredible amount of genetic diversity that has yet to be efficiently 57 

characterized. Traditional breeding efforts have made undoubted progress in the short time since 58 

its domestication in the twentieth century (Mainland 2012). Efforts are currently focused on 59 

development of cultivars with broader soil adaptation and broader climatic adaptation in order to 60 

extend the growing areas, disease resistance, and high fruit quality. Molecular tools and high-61 

throughput technologies can help to improve our understanding of the genetics underlying these 62 

traits. Molecular breeding could lead to rapid genetic improvement particularly when combining 63 



 

 

certain traits for climatic adaptation with other important traits like fruit and nutritional quality. 64 

Improvement via molecular breeding or marker-assisted selection is especially suitable for 65 

blueberry because of its long generation times, high heterozygosity, inbreeding depression and 66 

polyploidy, all of which tend to complicate genetic analyses, and can hamper traditional breeding 67 

efforts. Major savings in time, labor, and land resources could be achieved if potentially low-68 

value genotypes could be eliminated at the seedling stage before field planting (Qu and Hancock 69 

1997).  70 

 71 

Large-scale sequencing projects have resulted in complete genomic sequences of plants ranging 72 

from the 125 Mb Arabidopsis thaliana (Arabidopsis Genome Initiative 2000) to the 2.5 Gb Zea 73 

mays (Schnable et al. 2009). Although the blueberry whole-genome sequencing project is not yet 74 

complete, the estimated blueberry genome is large (1216 Mb; (Costich et al. 1993). This 75 

estimate for blueberry is almost 10 times greater than that for Arabidopsis and 4 times greater 76 

than that for the model legume Medicago truncatula (Young et al. 2011). The blueberry genome 77 

is substantially larger (3-6 times) than the genome sizes of other sequenced woody plants such 78 

as grape or peach (Jaillon et al. 2007; Arús et al. 2012). Vaccinium spp. are of diploid, tetraploid 79 

and hexaploid genome types. Thus, extensive genome rearrangements may have occurred during 80 

their evolution. Recent findings suggest that the blueberry genome went through one or more 81 

rounds of genome duplication during its evolution (Li et al. 2012). All these aspects highlight the 82 

difficulty of genetic studies when working with complex genomes. 83 

 84 

The achievement of Arabidopsis genome sequencing has ushered plant biology into the post-85 

genome era (Arabidopsis Genome Initiative 2000). The huge mass of genome data still being 86 

generated is being analyzed in order to convert it into gene function data, adding value to the 87 

nucleotide sequence collections. However, the main goal of this work is not only to understand 88 

the biochemical and physiological functions of every gene and gene product but also determine 89 

how they interact in an undoubtedly complex interplay and unravel the role they have in relevant 90 

biological events. As the development of genetic, genomic and molecular tools for model 91 

organisms have revealed fundamental understanding of basic biological processes, the challenge 92 

has become transferring that information and technologies to important crop species that are less-93 

studied but are of notable agronomic importance. This is a new challenge that requires the 94 



 

 

systematic application of global molecular approaches integrated through the increasing value of 95 

bioinformatics. 96 

 97 

One such important crop species is blueberry. Initial genomic efforts in blueberry focused on, the 98 

identification and study of a comprehensive collection of blueberry genes activated during cold 99 

acclimation. Expression profiling strategies comprised of high-throughput Expressed Sequence 100 

Tag (EST)-sequencing, microarray-based transcriptome profiling, and Next Generation-101 

transcriptomes sequencing have now been conducted in order to study several aspects of 102 

blueberry biology reflecting the diversity of research interest. Various websites have been 103 

established to support such genomic experiments by sharing up-to-date bioinformatics and 104 

functional genomic technologies. The present review summarizes the current initiatives of 105 

genomic advancements in blueberry research. Although valuable information about changes in 106 

gene expression can be gained from different fields of research, we have focused on approaches 107 

utilizing analysis of the varying qualitative and quantitative changes in messenger RNAs. This 108 

review illustrates in a broad sense how recent biotechnological advances in plant genomics are 109 

generating advanced technologies and resources for blueberry which will lead to new strategies 110 

for crop improvement. 111 

 112 

 113 

2. Blueberry cDNA libraries 114 

The advent of high-throughput sequencing tools and bioinformatics allows a whole-genome 115 

analysis approach to the study of gene expression. The composition of mRNA populations in a 116 

given organ or tissue offers an overview of the transcribed genes and, thus, is an important tool 117 

in understanding the biochemical pathways involved in physiological responses. Generating 118 

ESTs is a valuable resource in order to study changes in mRNA populations or patterns of gene 119 

expression in response to a given environmental condition or during development. In this review, 120 

we will describe, among other things, cDNA and EST libraries that have been developed for 121 

blueberry. To avoid confusion, we will use the term ‘cDNA library’ to refer to the physical 122 

library, the collection of actual cDNA clones from a single transformation event, and the term 123 



 

 

‘EST collection’ to refer to each group of cDNA sequences or ESTs that were generated during 124 

various research studies. 125 

 126 

During the pre-omic era there was a total lack of detailed information on any cDNA libraries in 127 

blueberry. In fact it has only been a decade ago since the first blueberry EST sequences have 128 

become available. Although genomic research in blueberry, and in the Ericaceae family in 129 

general, is still quite new, significant progress has been made in the last few years (Rowland et 130 

al. 2012b). The initial identification of a collection of genes activated during cold acclimation in 131 

blueberry became possible due to several programs sponsored by the USDA/ARS. ESTs from 132 

these first cDNA libraries were released in 2003. The majority of EST collections were produced 133 

from 2003 to 2010, and most publicly available sequences during this timeframe were from 134 

cDNA libraries made from flower buds at different stages of cold acclimation. Interestingly the 135 

EST database has recently expanded to include sequences responsive to another abiotic stress 136 

(mineral soils) and sequences comprising new pathways (flavonoid metabolism) and from a 137 

wider tissue/organ set including roots and fruits at different stages of development. By March 138 

2013, more than 22,400 blueberry ESTs have become available in the EST database of GenBank 139 

at NCBI, of which about 96.5% have been generated from standard libraries (Fig. 1). In terms of 140 

EST numbers, blueberry ranks at the 131st position among plants in general and first among 141 

plants in the Ericaceae family. 142 

 143 
 144 
 145 
Fig. 1. Distribution of blueberry resources submitted to the dbEST division of Genbank. A. 146 
Number of EST collections and type of cDNA libraries from which they were generated. B. 147 
Number of total ESTs available over the past years. Retrieved March 1, 2013.  148 

 149 

 150 

2.1 Approach I: Standard cDNA libraries and high-throughput EST-sequencing 151 

 152 

In total, 13 EST collections from several standard cDNA libraries have been generated and 153 

deposited in the EST database of GenBank (Table 1). Similar cloning procedures were followed 154 

for construction of the cDNA libraries: polyA+-enriched RNA strategy was adopted in most 155 



 

 

cases. Only one library (AL) was generated from total RNA. The unidirectional lambda cloning 156 

vector (Uni-ZAPTM, Stratagene) and mass excision of aliquots of the libraries to convert phage 157 

clones into plasmid clones was the chosen method for most of the studies. 158 

 159 

The selection of genotypes and types of organs studied has depended on the aim of the research. 160 

The first genomics-based research projects in blueberry were conducted to identify genes 161 

associated with cold acclimation. Thus, the first few thousand (about 2,600) ESTs were 162 

generated by USDA-ARS scientists from non-acclimated (NA) and cold acclimated (CA) flower 163 

bud libraries (Dhanaraj et al. 2007; Dhanaraj et al. 2004). Most were 5’-end ESTs although about 164 

100 3’-end ESTs were also generated from the CA library. Here, the blueberry cultivar 165 

‘Bluecrop’ was used because it is the industry standard and is fairly cold hardy. An aliquot of the 166 

NA library was also provided by Lisa Rowland (USDA-ARS, Beltsville, MD) to the Floral 167 

Genome Project. Researchers participating in this project generated another 1,758 5’-end ESTs 168 

from this library (Albert et al. 2005). Since then, another two libraries were generated with the 169 

aim of understanding the mechanisms of toxicity and Al3+ resistance in blueberry and woody 170 

perennials in general. Samples of blueberry roots (root apex to the elongation zone, 3 cm) were 171 

collected at different timepoints over a 48h period after Al3+-treatment. Two cDNA libraries 172 

were constructed, using the contrasting genotypes ‘Brigitta’ (Al3+-resistant) and ‘Bluegold’ 173 

(Al3+-sensitive) and a cDNA-amplified fragment length polymorphism (cDNA-AFLP) analysis 174 

was conducted to identify genes regulated by Al3+ (Inostroza-Blancheteau et al. 2011). Most 175 

recently, characterization of flavonoid biosynthesis during fruit development has been reported 176 

using the cv. ‘Rubel’. This genotype is known to have superior antioxidant capacity and 177 

flavonoid content. Two cDNA libraries, one from pooled fruit mRNA from stage 5/6 (mid fruit 178 

development stage) and one from stage 7/8 (ripening stage), were constructed. From these, the 179 

largest number of ESTs from a single project so far in blueberry were generated-- >17,000 180 

sequences distributed among 5 EST collections (Zifkin et al. 2012). 181 

Based on sequence homology with available databases, a large percentage of these ESTs has 182 

been assigned into functional categories. However, an important percentage of them have not 183 

shown any significant homology with known proteins. In such cases gene function will need to 184 

be inferred on the basis of further experiments such as gene expression analysis over time course 185 

or developmental stages or transformation or mapping experiments. 186 



 

 

The above-mentioned projects have been complemented by efforts by the New Zealand Institute 187 

for Plant & Food Research (PFR) that has also generated four cDNA libraries encompassing over 188 

9,000 unigenes from floral and fruit tissues. Three different genotypes (Duke, Puru and E118B4-189 

41) have been used to investigate genes in the anthocyanin and related pathways. However, they 190 

are not publicly available and must be accessed using the in-house PFR BioView platform (Buck 191 

et al. 2012). 192 

 193 

 194 

2.2 Approach II: Subtracted cDNA libraries  195 

 196 

Although EST collections are a valid and reliable source of gene expression data, they also have 197 

limitations. Random sampling of cDNA clones gives preferential access to more highly abundant 198 

transcripts because these clones will be present in the libraries at a higher frequency than those 199 

representing less abundant transcripts, whereas weakly expressed genes, important regulatory 200 

transcription factors, or genes differentially expressed in response to a given condition can be 201 

more difficult to identify. Thus, other strategies are necessary in order to identify rarer classes of 202 

transcripts that may play a key role in the processes under study.  203 

 204 

The suppression subtractive hybridization (SSH) approach was developed in order to both 205 

normalize (equalization between higher and lower transcript frequency) and enrich libraries in 206 

sequences differentially represented between two samples (Diatchenko et al. 1999). There is a 207 

large number of examples demonstrating that this approach is a good strategy to identify 208 

differentially expressed genes and this method has been successfully used in woody perennials 209 

(Şahin-Çevik 2013; Gulyani and Khurana 2011; Legay et al. 2011; Leida et al. 2010). 210 

 211 

The SSH approach has been chosen by two blueberry research groups to generate cDNA libraries 212 

aimed at identifying potential regulatory genes during abiotic stress or novel markers of 213 

pathogenic interactions (Table 2). With the goal to supplement their previous work on cold 214 

acclimation, (Naik et al. 2007) constructed the first blueberry subtracted libraries. 215 

Complementary DNAs were prepared from RNAs isolated from floral buds of field-grown plants 216 



 

 

of the highbush blueberry cultivar ‘Bluecrop’ at 0 h and 400 h of cold acclimation, and forward 217 

(SL) and reverse (RL) SSH libraries were developed. About 565 ESTs from the SL library 218 

(where 400 h cDNA was used as tester and 0 h cDNA was used as driver) and 170 ESTs from 219 

the RL library (0 h cDNA used as tester, 400 h cDNA used as driver) were generated and 220 

deposited in GenBank. By comparing the genes from the two libraries in combination with real-221 

time PCR experiments, several genes up- or down-regulated at 400 h were identified. While 222 

lower gene expression in 400 h flower buds may simply reflect the fact that plants are not 223 

actively growing at this time point, some transcription factors from the reverse library could 224 

correspond to negative regulators of the cold acclimation pathway that need to be turned down to 225 

allow fine cold hardiness control in woody plants. This approach has led to the identification of 226 

many proteins related to signal transduction and transcription factors that are now available for 227 

further analyses and are useful candidates to explore such hypotheses. 228 

 229 

The SSH approach has also been used for the study of anthracnose fruit rot resistance. This 230 

disease is caused by the fungal pathogen Colletotrichum acutatum (Verma et al. 2006; Polashock 231 

et al. 2005) and is a major constraint to blueberry production due to its severe economic impact 232 

(Milholland 1995). Five time points of ripe fruit following inoculation with C. acutatum (0, 24, 233 

48, 96, 144 h) were combined in the preparation of a forward library (where the resistant cultivar 234 

‘Elliott’ served as the tester and the susceptible cultivar ‘Jersey’ as the driver) and a reverse 235 

library (where ‘Jersey’ served as the tester and ‘Elliott’ as the driver). By screening clones from 236 

the forward library against the reverse library, 34 sequences were shown to be differentially 237 

expressed in the resistant genotype. These sequences are available in the GenBank database. It is 238 

important to note that a subset of the ESTs generated from libraries representing plant tissues 239 

infected by a eukaryotic pathogen may not correspond to host plant genes. However, the authors 240 

verified that no PCR products were observed in reactions with fungal genomic DNA and primers 241 

designed from these ESTs indicating that all the 34 ESTs deposited in GenBank originated from 242 

blueberry. The establishment of a C. acutatum–blueberry pathosystem is of interest at the 243 

molecular level because results have provided evidence for an active resistance response in ripe 244 

fruit of blueberry (Miles et al. 2011). 245 

 246 



 

 

One advantage of SSH libraries is that the approach facilitates gene discovery. However, due to 247 

restriction enzyme hydrolysis in the cloning procedure, cDNAs fragments are generally shorter 248 

than those in standard libraries. Consequently, protein prediction and sequence annotation can be 249 

difficult in some cases.  However, even after bioinformatic analysis, high quality sequences of 250 

considerable length can be identified that do not have significant homology to any other 251 

sequences in the public databases. Important percentages of sequences without significant 252 

homology to any known gene have been reported in the SSH blueberry libraries (Table 2). 253 

Although the percentage of novel genes discovered from these experiments should definitely 254 

drop as blueberry whole genome sequencing projects continue, the fact that no putative 255 

homologs have yet been identified in other plant genomes indicates that these genes could be 256 

extremely interesting for further functional studies and could reveal novel activated woody 257 

perennial pathways.    258 

 259 

 260 

3. Genome-wide sequencing: Next Generation Sequencing technologies 261 

Next generation sequencing (NGS) platforms produce vastly more data than was ever possible 262 

with EST sequencing capillary technology. It is a versatile technology that is being applied in a 263 

variety of ways and under continuing evolution. These instruments are revolutionizing genomics 264 

and genome science and the combination of significantly lower cost and increased speed of 265 

sequencing has resulted in an explosive growth of available data. In 2009, the International 266 

Nucleotide Sequence Database Collaboration (INSDC) started the international public archival 267 

resource ‘Sequence Read Archive (SRA)’ for next-generation sequencing data (Kodama et al. 268 

2012). Undoubtedly, NGS use has been adopted by the plant biology research community and is 269 

now widely used to characterize plant genomes and transcriptomes. It has been stated that the 270 

unprecedented level of sensitivity and high-throughput nature will make NGS technologies the 271 

method of choice for gene expression analysis in plant genomics (Jain 2012).  272 

 273 

Recently, the generation of over 600,000 blueberry NGS transcriptome sequences using 454-GS 274 

FLX Titanium technology (454 Life Sciences, Roche Diagnostic) has been reported (Rowland et 275 

al. 2012a). This represents the first transcriptome of the species. NGS sequences were obtained 276 

from 9 cDNA libraries (leaves, flower buds at different stages of cold acclimation, and fruit at 277 



 

 

different stages of development) prepared using the industry standard highbush cultivar 278 

'Bluecrop' (Table 3). Approximately 15,000 contigs and 124,000 singletons have been annotated 279 

and functionally mapped to Gene Ontology terms. The assembled sequences have also been 280 

mined for SSRs. The raw sequences are publicly available in the SRA database of NCBI. The 281 

developmental series experiments are a valuable resource, providing insights into cellular 282 

processes and transcription regulation in relation to flower bud and fruit development (Rowland 283 

et al. 2012a). The same strategy has also been used to study molecular mechanisms involved in 284 

the biosynthesis of anthocyanins by another research group (Li et al. 2012).  The cv. ‘Northland’ 285 

was chosen because of its superior antioxidant capacity and anthocyanin content. Two libraries 286 

were prepared from the skin and pulp of blue fruits collected 50 days after full bloom. De novo 287 

assembly generated a collection of 34,464 unigenes using Illumina RNA-Seq technology 288 

(Illumina Genome Analyzer IIx, Illumina). Through comparative transcript profiling, over 90 289 

differentially expressed genes have been identified regulating the fruit metabolism and 290 

anthocyanin content during ripening (Li et al. 2012).  291 

 292 

These new collections of sequences represent a substantial improvement to the limited genomic 293 

resources in blueberry that have existed so far. They are undoubtedly valuable resources for the 294 

scientific community and will serve as a platform to accelerate the knowledge gained in the past 295 

few years on flower bud development, cold acclimation, chilling unit accumulation/ 296 

vernalization, flowering, fruit development, and nutritional quality traits. Moreover, they are 297 

important tools for development of molecular markers and genetic linkage maps in blueberry and 298 

closely related crops, and future blueberry breeding programs should benefit from these genomic 299 

resources.  300 

 301 

 302 

4. Development of bioinformatic tools 303 

One important challenge in using high-throughput sequencing technologies is the downstream 304 

computational analysis and interpretation of such large data sets. Development of bioinformatic 305 

tools is highly important for managing data and generating transcription profiles. Web-accessible 306 

databases for storage, evaluation and mining of expression profiles offer data integration by 307 

linkages between physiological conditions and expression patterns, suggesting gene function. In 308 



 

 

addition, the integration of decentralized data across the internet can facilitate collaboration 309 

between geographically isolated research groups by providing access to data of common interest. 310 

 311 

Several websites are now available that include access to blueberry sequences. One is the Plant 312 

Genome Network website (PGN: http://www.pgn.cornell.edu/) hosted by the Floral Genome 313 

Project (FGP). A main objective of this consortium is to uncover patterns of conservation and 314 

divergence of the floral transcriptome among angiosperms. In addition to a general-purpose EST 315 

analysis pipeline and web-based database, PGN was designed to provide an EST processing and 316 

annotation service for smaller EST projects that may not have the informatic resources to 317 

generate a public database. The PGN provides public access to EST library statistics, unigene 318 

build details, EST chromatograms, and permits FGP taxon-specific BLAST searches. The 319 

database holds 1,549 unigenes from 1,758 ESTs from blueberry flower buds (Albert et al. 2005). 320 

 321 

The Blueberry Genomics Database (BBGD: http://bioinformatics.towson.edu/BBGD/ ) has also 322 

been established and currently houses EST and microarray data. The primary focus is to store 323 

and analyze EST and microarray data for the identification of genes associated with cold 324 

acclimation and freeze tolerance in blueberry. The database provides embedded analytical tools 325 

for data mining with numerous applications to conduct statistical analysis and is hosted by the 326 

Bioinformatics server at Towson University in Maryland (Alkharouf et al. 2007).  327 

 328 

More recently, the Genome Database for Vaccinium has been created 329 

(http://www.vaccinium.org/ ). The objective is to house and integrate genomic, genetic and 330 

breeding data for blueberry, cranberry and other Vaccinium spp. This database will include the 331 

ongoing genome sequencing project that is being lead by Dr. A. Brown at North Carolina State 332 

University. The draft genomic sequence of a diploid V. corymbosum blueberry selection 333 

‘W8520’ has been recently generated and is currently being assembled (A. Brown, personal 334 

communication). The database aims to integrate the annotation of transcripts, traits, maps, and 335 

markers being generated by various Vaccinium researchers. 336 

 337 

In the wake of the release of the first blueberry 454 transcriptome (Rowland et al. 2012a), 338 

another database was created, which is an extension of the original BBGD website, and is also 339 



 

 

hosted on the Bioinformatics server at Towson University 340 

(http://bioinformatics.towson.edu/BBGD454/). The database houses the 454 sequences, their 341 

assemblies and annotations, as well as their frequencies in each of the libraries.  The web-based 342 

interface was developed to allow researchers to search or browse the data and aid in its analysis 343 

and interpretation (Rowland et al. 2012a). Eventually the goal is to integrate the original BBGD 344 

website and this new site so both will be accessible through one URL. 345 

 346 

 347 

5. Exploitation of functional resources  348 

With databases such as the above coming on board, and advances in computational molecular 349 

biology, it is possible to now mine and analyze large EST datasets efficiently and exhaustively.  350 

Our laboratory has been working toward increasing our understanding of the genetic control of 351 

cold hardiness in blueberry to ultimately use this information to develop more cold hardy 352 

cultivars for the industry.  Using such a strategy, computational analysis revealed that 2.4% 353 

randomly picked clones from the reverse SSH library described previously (Table 2; (Naik et al. 354 

2007) had significant homology to members of the CBF gene family, transcription factors 355 

quickly induced in response to cold and drought stress (Wisnieswski et al. 2013). Cloning 356 

followed by overexpression of the V. corymbosum CBF in Arabidopsis resulted in induction of 357 

COR (cold-regulated) gene expression and constitutive freezing tolerance in transgenic plants. 358 

This indicates that the cold acclimation pathway of blueberry retains and utilizes functional 359 

components of the CBF system (Polashock et al. 2010). A further and relevant step in this 360 

research was the overexpression of the CBF gene under the control of the CaMV 35S promoter in 361 

transgenic blueberry lines. Southern highbush blueberry cv. ‘Legacy’ plants overexpressing the 362 

CBF gene (isolated from the northern highbush cv. ‘Bluecrop’) showed an increase in freezing 363 

tolerance, suggesting the potential manipulation of the CBF system for improvement of freezing 364 

tolerance in woody fruit crops (Walworth et al. 2012). Most recently, the CBF gene from V. 365 

myrtillus was overexpressed in transgenic Arabidopsis lines, also resulting in constitutive 366 

freezing tolerance, further supporting the importance of the CBF transcription factors during cold 367 

acclimation of multiple species within the genus Vaccinium (Oakenfull et al. 2013). 368 

 369 



 

 

Another obvious application of EST sequencing is the production of microarrays. About 2,500 370 

clones from the CA and NA flower bud libraries have been used to construct the first cDNA 371 

microarray of blueberry (Dhanaraj et al. 2007). Transcript profiling analysis was conducted at 372 

multiple times during cold acclimation under field and cold room conditions. This combination 373 

of EST sequencing and microarray construction has proven to be a powerful tool for successfully 374 

identifying genes involved not just in cold stress but in cold acclimation. Moreover, interesting 375 

differences in expression between cold room vs. field conditions and between cold tolerant and 376 

cold sensitive genotypes have been reported (Dhanaraj et al. 2007; Rowland et al. 2008). With 377 

the generation of NGS data, the development of a new larger blueberry microarray would allow 378 

the study of expression of thousands of genes covering a wider range of tissues/organs and biotic 379 

and abiotic stresses (Rowland et al. 2012b). 380 

 381 

Another use of EST databases is in the development of molecular markers. ESTs from the 382 

standard CA, NA, and subtracted flower bud libraries, as well as the recent 454 sequences of 383 

blueberry have been used in the development of EST-polymerase chain reaction (EST-PCR) 384 

markers (Rowland et al. 2003) and SSRs (Boches et al. 2005; Rowland et al. 2012a). These 385 

markers have already been utilized in several DNA fingerprinting/genetic relationship studies 386 

such as studies on the population genetics of wild lowbush blueberry (Bell et al. 2009; Bell et al. 387 

2012) and genetic relationship studies on highbush (Rowland et al. 2003; Boches et al. 2006) and 388 

rabbiteye blueberry (Rowland et al. 2010). They are also currently being used in several large 389 

mapping efforts on diploid and tetraploid blueberry (Rowland et al. 2012b).  390 

 391 

 392 

With the rapid expansion of available transcriptome sequences, opportunities for digital analysis 393 

of gene expression will continue to expand. By combining electronic expression computation 394 

and experimental analysis we are currently identifying candidate genes for several horticulturally 395 

significant traits. Through an approach based on digital transcript profiles at early times during 396 

cold acclimation under field conditions coupled with experimental transcriptomic analysis, the 397 

list of cold-responsive genes can be narrowed down to what might be the key players in the cold 398 

acclimation pathway. Similarly, data mining approaches may allow genes controlling molecular 399 

aspects of dormancy in blueberry to be identified. Some of these candidate genes could 400 



 

 

eventually be mapped as EST-PCR markers in our mapping populations to determine if they map 401 

to the same regions as QTL for these traits. 402 

 403 

 404 

6. Concluding remarks  405 

During the past decade, considerable effort has been made to generate genomic tools to better 406 

understand the biology of blueberry to address challenges in its adaptation to new environments 407 

and for crop improvement. The advent of high-throughput sequencing tools and bioinformatics 408 

allows a whole-genome analysis approach to gene expression. Currently, about 22,400 blueberry 409 

ESTs are available through the dbEST division of Genbank. One microarray has been 410 

constructed, two NGS transcriptomes have been recently reported (SRA at the NCBI), and whole 411 

genome sequencing and assembly is underway. Throughout recent years it has become clear that 412 

each method has inherent limitations and none of them alone suffices to unequivocally assign a 413 

function to a gene of interest and understand significant interactions between them. Full benefit 414 

of available information and functional characterization of blueberry genes will be obtained 415 

provided that complementary integrated approaches are utilized. Proteomics and metabolomics 416 

will have a strong relevance here, especially in the field of fruit nutritional quality. Some years 417 

ago there was a bias toward sequences derived from flower buds; however, the current list of 418 

organs, tissues and conditions from which the sequences have been obtained, reflects the 419 

continual broadening of the biological questions addressed by the blueberry research community. 420 

Interesting genes including putative novel genes and genes of current unknown function, as well 421 

as various new potential regulators, may be assigned to specific processes. Detailed 422 

characterization will help us to discover the fine networks underlying biochemical pathways of 423 

interest. Research groups are actively using information generated over the last few years to 424 

develop molecular markers for studies of genetic diversity, spatial genetic structure, and gene 425 

flow in blueberry, as well as to identify QTL associated with cold hardiness, chilling 426 

requirement, and fruit quality traits for marker-assisted breeding. Breeding programs will likely 427 

benefit from the recent genomics advances in order to develop new high quality cultivars with 428 

elevated anthocyanin contents and high antioxidant capacity combined with early or late ripening 429 

and appropriate climatic adaptation. 430 



 

 

Internet Resources 431 

Database of Expressed Sequenced Tags (NCBI) http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html 432 

Sequence Read Archive database (NCBI) www.ncbi.nlm.nih.gov/sra 433 

Blueberry Genomics Database http://bioinformatics.towson.edu/BBGD/ 434 

The Plant Newtwork Website http://www.pgn.cornell.edu/ 435 

Genome Database for Vaccinium http://www.vaccinium.org/ 436 

Transcriptome Database for Blueberry http://bioinformatics.towson.edu/BBGD454 437 
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