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 2 

ABSTRACT 21 

Background: Vaccinium is an economically important genus of berry crops in the family 22 

Ericaceae. Given the numerous hybridizations and polyploidization events among Vaccinium 23 

species, the taxonomy of this genus has remained uncertain and the subject of long debate. 24 

Therefore, the availability of more genomic resources for Vaccinium can provide useful tools for 25 

phylogenetic resolution, species identification, authentication of berry food products, and a 26 

framework for genetic engineering.  27 

Results: In this study, we assembled five Vaccinium chloroplast sequences representing the 28 

following berry types: northern highbush blueberry (V. corymbosum), southern highbush 29 

blueberry (V. corymbosum hybrids), rabbiteye blueberry (V. virgatum), lowbush blueberry (V. 30 

angustifolium), and bilberry (V. myrtillus). Two complete plastid genomes were achieved using 31 

long-read PacBio sequencing, while three draft sequences were obtained using short-read 32 

Illumina sequencing. Comparative analyses also included other previously available Vaccinium 33 

chloroplast sequences, especially the commercially important species V. macrocarpon 34 

(cranberry). The Vaccinium chloroplast genomes exhibited a circular quadripartite structure, 35 

with an overall highly conserved synteny and sequence identity among them. Despite their high 36 

similarity, we identified some polymorphic regions in terms of expansion/contraction of 37 

inverted repeats, gene copy number variation, simple sequence repeats, and single nucleotide 38 

polymorphisms. Phylogenetic analysis revealed multiple origins of highbush blueberry 39 

plastomes, likely due to the hybridization events during northern and southern highbush 40 

blueberry domestication.  41 

Conclusions: Our results enrich the genomic data availability for new Vaccinium species by 42 

sequencing and assembling the chloroplast DNA of major economically important berry types. 43 

Additional whole plastome analyses including more samples and wild species will be useful to 44 

obtain a refined knowledge of the maternal breeding history of blueberries and increase 45 

phylogenetic resolution at low taxonomic levels. 46 

 47 

keywords: plastome, blueberry, cranberry, bilberry, breeding, hybridization  48 

 49 
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Background 50 

The genus Vaccinium L. (family Ericaceae) comprises more than 450 species of wide 51 

geographic distribution, occurring mostly in the Northern Hemisphere and in mountainous 52 

regions of tropical Asia, Central and South America. With a few exceptions, most of the berry 53 

fruits produced by the genus are edible by both birds and mammals [1]. Some species have 54 

become economically important crops over the past century, being either bred and cultivated 55 

in commercial fields, or harvested from managed wild stands [2]. The major commercial crops 56 

are northern highbush blueberries (V. corymbosum L.), southern highbush blueberries (V. 57 

corymbosum L. hybrids), lowbush blueberries (V. angustifolium Aiton), rabbiteye blueberries (V. 58 

virgatum Aiton), bilberries (V. myrtillus L.), cranberries (V. macrocarpon Aiton), and 59 

lingonberries (V. vitis-idaea L.). In addition to their pleasant flavors, the nutritional value of 60 

these berries has led to a significant increase in consumption and production worldwide. In the 61 

United States alone, the wholesale value of the Vaccinium berry industry exceeds US$1 billion 62 

per year [3]. 63 

Given the diversity and complexity of the genus Vaccinium, it has been further divided 64 

into more than 33 sections or subgenera [4]. The most important Vaccinium crop species are 65 

found in the sections Cyanococcus (blueberries), Oxycoccus (cranberry), Vitis-Idaea 66 

(lingonberry), and Myrtillus (bilberry) [5]. However, species and section delimitations have been 67 

extensively discussed in the literature, as they do not form monophyletic groups [6, 7]. The 68 

taxonomic classification has been difficult to resolve because of considerable phenotypic 69 

variability with overlapping morphologies, complex ploidy series (ranging from diploids to 70 

hexaploids), and general lack of crossing barriers leading to numerous hybridization events [5]. 71 
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As a result, some species are burdened with an extensive synonymy according to different 72 

authors [1, 8, 9]. Nevertheless, this great diversity and intra-/inter-sectional cross-compatibility 73 

have been exploited by breeding programs, allowing for the introduction of useful traits from 74 

many species [10–14]. Interspecific hybridizations within the Vaccinium section Cyanococcus, 75 

for example, have played a critical role in the development of low chill southern highbush 76 

blueberries through numerous crosses of northern highbush blueberry with warm-adapted 77 

Florida native species [10, 15]. 78 

A few studies have used molecular data to perform phylogenetic analyses of the genus 79 

and relevant sections, including the use of simple sequence repeats [16], chloroplast matK and 80 

ndhF genes and the nuclear ribosomal ITS region [6, 17]. These studies have supported the 81 

polyphyletic status of current taxonomic groups and were not able to resolve close 82 

relationships.  With the decreasing costs of next-generation sequencing, using the whole 83 

plastome as a “super-barcode” is becoming a popular strategy for increased resolution at lower 84 

plant taxonomic levels [18–20]. Whole chloroplasts can provide more sequence-based 85 

polymorphisms, and its genetic properties (i.e., uniparental inheritance, haploid, and non-86 

recombinant nature) can simplify phylogenetic reconstructions when dealing with mixed-ploidy 87 

species. However, only a few Vaccinium chloroplast genomes have been published so far, with 88 

most of these studies reporting only the plastome assembly, without performing comparative 89 

analyses [21–27]. Moreover, organellar genomes of horticultural plants are overall 90 

underrepresented in databases [28]. 91 

By generating additional chloroplast genome sequences for Vaccinium species, we aim 92 

to provide valuable resources to assist future taxonomic and domestication studies, the 93 
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development of simple molecular markers for the authentication of berry-based products [29], 94 

and a framework for chloroplast biotechnology [30, 31]. Therefore, in this study, we report the 95 

assembly of five Vaccinium chloroplast sequences representing the following berry types: 96 

northern highbush blueberry – NHB (V. corymbosum), southern highbush blueberry – SHB (V. 97 

corymbosum hybrids), rabbiteye blueberry (V. virgatum), lowbush blueberry (V. angustifolium), 98 

and bilberry (V. myrtillus). We compared the assemblies in terms of synteny and gene content. 99 

We also performed whole plastome phylogenetic analyses including other available Vaccinium 100 

sequences. 101 

 102 

Results 103 

Chloroplast genome assembly 104 

The whole genome sequence reads used to assemble the chloroplast DNA (cpDNA) of 105 

the five Vaccinium species were obtained using two different sequencing platforms: (i) a PacBio 106 

long reads approach was used to sequence SHB and rabbiteye, and (ii) an Illumina short reads 107 

approach was used for NHB, lowbush, and bilberry.  108 

Complete cpDNA assemblies (sequences without any gaps) were obtained for SHB and 109 

rabbiteye using PacBio long reads. A total of 20 contigs (longest contig: 277,507 bp) were 110 

assembled for SHB, while the rabbiteye assembly generated two contigs (longest contig: 111 

233,010 bp). Given the length of the complete cpDNA from a related species (cranberry) 112 

downloaded from GenBank (~176 kb) [22], the longest contigs of SHB and rabbiteye were likely 113 

to contain the complete cpDNA sequence. When the longest contigs were circularized, 114 

redundant sequences from their termini were trimmed. The assemblies were further polished, 115 
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introducing minor modifications. The final SHB and rabbiteye assemblies were 191,378 and 116 

195,878 bp long, respectively (Table 1). 117 

The NHB, lowbush and bilberry cpDNAs were obtained from short reads only, resulting 118 

in lower quality assemblies compared to the SHB and rabbiteye cpDNA sequences. The short-119 

read assemblies yielded several contigs and a reference-guided scaffolding was performed to 120 

obtain a single pseudomolecule. The polishing procedure and the placement of a consensus 121 

inverted repeat into the sequences were collectively able to close some gaps, although a few 122 

remained. The final draft cpDNA assemblies had 186,057, 182,334, and 191,744 bp for NHB, 123 

lowbush and bilberry, respectively (Table 1). 124 

The final cpDNA sequences obtained showed a quadripartite structure, with a large 125 

single copy (LSC) region ranging between 105,715 and 107,608 bp, a pair of inverted repeats 126 

(IRA and IRB) ranging from 35,864 to 43,207 bp, and a small single copy (SSC) region ranging 127 

from 2,998 to 3,038 bp (Figure 1, Table 1, Figure S1). The SSC region was inverted in the 128 

cranberry cpDNA compared to the other assemblies (Figure 1, Figure 2). 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 
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Table 1. Assembly and annotation statistics of the chloroplast genomes from six Vaccinium species.  141 

cpDNA SHB Rabbiteye NHB Lowbush Bilberry Cranberry 

Species V. corymbosum 

hybrids 

V. virgatum V. 

corymbosum 

V. 

angustifolium 

V. myrtillus V. macrocarpon 

Genotype Arcadia Ochlockonee Draper Brunswick OU-L2 Stevens 

Sequencing PacBio/Illumina PacBio/Illumin

a 

Illumina Illumina Illumina PacBio 

Assembler Canu Canu Novoplasty Novoplasty Spades/CAP3 Canu 

Genome size (bp) 191,378 195,878 186,057 182,334 191,744 176,095 

Number of gaps 

(stretch of Ns) 

0 0 2 5 16 0 

LSC size (bp) 106,385 106,427 105,714 107,607 107,134 104,591 

SSC size (bp) 3,037 3,035 3,027 2,997 3,008 3,028 

IR size (bp) 40,978 43,208 38,658 35,865 40,801 34,238 

Total number of 

genes* 

112 (136) 112 (136) 112 (136) 112 (139) 112 (145) 112 (134) 

Protein-coding 

genes* 

74 (85) 74 (85) 74 (85) 74 (85) 74 (89) 74 (85) 

tRNA genes* 34 (43) 34 (43) 34 (43) 34 (46) 34 (48) 34 (41) 

rRNA genes* 4 (8) 4 (8) 4 (8) 4 (8) 4 (8) 4 (8) 

GC% 36.8 36.8 36.8 36.8 36.6 36.8 

Accession Number XXXX XXXX XXXX XXXX XXXX MK715447.1 

Reference This work This work This work This work This work Diaz-Garcia et al. 

2019 

*Number of unique functional genes. In parentheses: Number of genes including duplicates. 142 
 143 
 144 

 145 
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Gene annotation 146 

The five cpDNA sequences assembled here (SHB, NHB, rabbiteye, lowbush, and bilberry) 147 

and the cranberry cpDNA assembly downloaded from GenBank (with minor modifications, see 148 

Methods) were annotated for genic features, including ribosomal RNAs (rRNAs), transfer RNAs 149 

(tRNAs), and protein-coding genes. For all samples, around 40% of the annotated features had 150 

to be manually curated by comparison with annotations available for other plant species (Table 151 

S2).   152 

All chloroplast genomes contained the same number of unique putatively functional 153 

genes (112), including 74 protein-coding genes, 34 tRNAs, and 4 rRNAs (Table 1 and Table S2). 154 

However, the genomes differed in the number of copies present for the genes rpl32, rps16, 155 

trnfM-CAU, trnG-GCC, and trnL-UAG (Figure 1, Table S2). Most of the copy number variation of 156 

genes occurred in the draft sequences of lowbush and bilberry. The LSC contains most of the 157 

tRNAs (28) and protein-coding genes (63). The IRs contain all four rRNA genes, 11 protein-158 

coding genes and six tRNA genes, which are therefore duplicated in the chloroplast genomes. 159 

The SSC contains only one protein-coding gene (ndhF), transcribed in the opposite orientation 160 

in cranberry when compared to the other genomes (Figure 1).  161 

Nineteen genes contain introns: ten protein-coding genes, and nine tRNA genes. Among 162 

those genes, the rps12 and psbA genes had interesting patterns. For the rps12 gene, the first 163 

exon was predicted to be transcribed in the forward direction, while exons 2 and 3 were 164 

encoded in the reverse orientation. The rps12 gene segment containing exon 1 was separated 165 

by around 73 kb from the segment containing exons 2 and 3. The psbA gene was the only gene 166 

spanning the LSC/IR junction, with the starting portion (236 bp) located in the LSC region and 167 
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 9 

the remaining portion (826 bp) located at the end of the IRA. A fragment of the gene is also 168 

present in the IRB region, but this partial copy of psbA lacks the gene start. The psbA gene 169 

segments show the same length in all assemblies except in lowbush, where the gene start 170 

located in the LSC is 386 bp long due to an insertion.  171 

In addition to putative functional genes, eight gene fragments or pseudogenes were 172 

reported by the annotation programs in the six Vaccinium assemblies: accD, clpP, infA, psbG, 173 

ycf1, ycf2, ycf15, ycf68 (Table S3). These gene fragments/pseudogenes were removed from the 174 

final annotation files and analyses.  175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 
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 10 

Figure 1. Circular chloroplast genome map of southern highbush blueberry cv. ‘Arcadia’ (V. corymbosum hybrids). 190 
Outer gray bubbles indicate the variable annotation features among the six Vaccinium assemblies. Genes drawn 191 
outside and inside the map represent genes transcribed counterclockwise and clockwise, respectively, and the 192 
different colors represent their putative functional annotation. The large single copy (LSC), inverted repeats (IRA 193 
and IRB), and small single copy (SSC) regions are shown in the black inner circle. The gray inner circle shows GC 194 
content.  195 
 196 
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Comparative genomic analysis 197 

The sequence similarity between the six cpDNAs was assessed through multiple 198 

sequence alignments, which showed that the Vaccinium cpDNAs are highly conserved and 199 

syntenic, with most of the variation present in non-coding regions (Figure 2, Figure S2). The 200 

main structural differences found were insertions/deletions around the IR borders and the 201 

opposite orientation of the SSC in the cranberry cpDNA when compared to the other 202 

assemblies. Overall, the cpDNAs showed a sequence identity to the consensus ranging between 203 

82.98% (cranberry) and 91.50% (rabbiteye). The most conserved regions were the LSC (94.16 – 204 

97.23% of identity) and the SSC (91.53 – 98.51% of identity), while the IR was the most 205 

divergent region (69.82 – 87.64% of identity) (Table S4).  206 

 207 

 208 

 209 

 210 

 211 

 212 
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213 
Figure 2. Multiple sequence alignment of Vaccinium chloroplast genomes performed with mVISTA. The x-axis 214 
represents the coordinates of the southern highbush blueberry chloroplast genome sequence used as reference. 215 
The y-axis represents the percentage identity ranging from 50 to 100% for each Vaccinium species. Divergent 216 
regions due to low sequence similarity or presence of insertions/deletions are shown in white. Polymorphic simple 217 
sequence repeat (SSR) regions are highlighted with dashed lines. Abbreviations correspond to the species common 218 
names as following:  SHB (Southern Highbush Blueberry), RB (Rabbiteye Blueberry), NHB (Northern Highbush 219 
Blueberry), LB (Lowbush Blueberry), BB (Bilberry), and CB (Cranberry).  220 

 221 

 222 

 223 

 224 
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Simple sequence repeat analysis 225 

The six Vaccinium cpDNA assemblies were screened for the presence of simple 226 

sequence repeats (SSRs), identifying between 77 (lowbush) and 109 (rabbiteye) SSRs (Table S5, 227 

Table S6). Mononucleotide repeats were most frequent repeat type found (27-41), followed by 228 

tetra- (18-28) and dinucleotide repeats (9-31). Trinucleotide repeats were found in lesser 229 

numbers (6-8) and pentanucleotide repeats were identified only in bilberry (4) and cranberry 230 

(6). Hexanucleotide repeats were more frequent in SHB (13) and rabbiteye (15) than in the 231 

other species (3-9), while compound repeats (two repeats separated by a non-repeat sequence) 232 

were more frequent in NHB (14) and lowbush (12) than in the remaining species (2-6). Most 233 

compound repeats were composed of mononucleotide repeats. In terms of SSR density, the 234 

inverted repeats contained ~0.75 SSRs/kb, twice as many as the single copy regions (~0.34 235 

SSRs/kb).   236 

Given that they are easier to genotype and thus are potentially useful as molecular 237 

markers, we looked for polymorphisms among the six Vaccinium plastomes considering SSRs 238 

with di-, tri-, tetra-, penta-, and hexanucleotide repeats, excluding mononucleotide and 239 

compound repeats. A total of 54 SSR loci were evaluated either because they were detected in 240 

all species, or because they were detected in a subset of species but not in others, indicating 241 

that they were missed for not meeting the repeat number detection threshold and thus were 242 

likely polymorphic. The ClustalW multiple sequence alignment revealed that most SSRs at the 243 

IRs were in regions with gaps for some species and were present multiple times in the 244 

Vaccinium genomes, making them poor candidates for marker development. In contrast, most 245 

SSRs located in the LSC mapped to only one region, yielding a list of 11 polymorphic SSRs 246 
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(Figure 2). Bilberry and cranberry showed greater variation at these loci, while SHB, rabbiteye, 247 

NHB and lowbush generally shared the same alleles (Table S7, Figure S3). Therefore, even the 248 

combination of these 11 SSRs was not enough to discriminate among closely related species. 249 

 250 

Phylogenetic tree 251 

The whole plastome alignment of 15 species yielded homologous sequence blocks 252 

comprising a total of 86,628 bp in length. Most of the sites were conserved across the species, 253 

and 8,205 single nucleotide polymorphisms (SNPs) were detected. Out of those, 1,461 were 254 

parsimony-informative and 6,744 were singletons (i.e., mutations appearing only once among 255 

the sequences). 256 

A maximum likelihood tree was reconstructed to show the phylogenetic relationships 257 

among the species (Figure 3A). Vaccinium species belonging to different sections were 258 

supported in the phylogenetic tree, except for the Cyanococcus section which was not 259 

monophyletic. The species V. uliginosum is classified as in the section Vaccinium, however it 260 

was placed among the species in section Cyanococcus. Within the Cyanococcus section, it is also 261 

noteworthy that the SHB cpDNA was more closely related to V. virgatum (rabbiteye) than to V. 262 

corymbosum (NHB), while NHB showed a closer relationship to V. angustifolium (lowbush 263 

blueberry).  264 

Despite considering a large chloroplast genomic region, only few mutational steps 265 

separated haplotypes of closely related species. For example, 27 polymorphisms differentiated 266 

SHB from rabbiteye, 12 between NHB and lowbush, and two between cranberry and its wild 267 
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relative V. microcarpum (Figure 3B). Some allelic variants at the tips of the network were 268 

species-specific and could serve as potential molecular markers. 269 

 270 

 271 

Figure 3. Phylogenetic and haplotype network analyses of whole chloroplast genomes of Vaccinium species. A) 272 
Maximum likelihood phylogenetic tree. Different shades of colors represent different Vaccinium sections. Branch 273 
labels indicate the bootstrap support values. The scale bar represents nucleotide substitutions per site and double 274 
slash-marks indicate out-of-scale. The sequence of Rhododendron delavayi was used as an outgroup to root the tree. 275 
B) Haplotype network showing the mutational steps separating the species. Segment length is not proportional to 276 
number of mutations. 277 

 278 
 279 
 280 
 281 
Discussion 282 

Since the first Vaccinium chloroplast DNA sequence was published in 2013 [21], next-283 

generation sequencing technologies have enabled the assembly of plastomes for additional 284 

species in this genus, making nine Vaccinium cpDNAs available to date [21–27]. Here, we 285 

performed de novo assembly of the plastomes of five additional Vaccinium species, including 286 

the four most important cultivated blueberry types and bilberry. 287 
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The highest quality complete plastome assemblies were obtained for SHB and rabbiteye, 288 

which were sequenced using long reads from the PacBio platform. The availability of long reads 289 

has allowed assembly of the entire cpDNA as a single contig, similar to the assembly done for 290 

cranberry using the same technology [22]. Although the remaining species were sequenced 291 

with Illumina short reads and the assemblies were split into more than one contig, the use of a 292 

reference cpDNA to order the contigs was able to generate draft plastomes for NHB, lowbush 293 

and bilberry containing only a few gaps in their sequences. 294 

All six Vaccinium cpDNA sequences compared here showed the typical circular 295 

quadripartite structure for angiosperms, including the two copies of inverted repeats 296 

separating the large and the small single copy regions [32]. The length of the Vaccinium cpDNA 297 

assemblies was also within the range reported for plant species (107–218 kb) [20]. However, a 298 

drastic reduction in the SSC region was observed among the Vaccinium assemblies (~3 kb) 299 

compared to most angiosperms (16–27 kb), which has also been reported for other members of 300 

the Ericaceae family [33–35]. 301 

Most angiosperm chloroplast genomes contain 110–130 distinct genes, approximately 302 

80 genes coding for proteins and other genes coding for 4 rRNAs and 30 tRNAs. For the six 303 

Vaccinium species analyzed in this study, a total of 112 distinct genes were annotated (74 304 

protein-coding, 34 tRNA and 4 rRNA genes). A recent study comparing the plastomes of five 305 

other Vaccinium species showed differences in gene content among them [36]. This differs 306 

from our findings, where even the most distant taxon in the phylogenetic tree (cranberry) 307 

carries the same genes as the other Vaccinium species sequenced herein. This discrepancy 308 

could be due to software mispredictions. In our study, we observed that using more than one 309 
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gene prediction software and performing manual curation were important steps for the proper 310 

identification of genes in chloroplast genomes. For example, in our work, we identified four 311 

tRNA genes (trnfM-CAU, trnG-GCC, trnS-CGA, trnS-GCA) not previously reported in the 312 

cranberry plastome, and five putatively functional genes (atpF, ccsA, ndhG, ndhK, rps16) that 313 

were previously considered pseudogenes [21, 22]. Instead of a difference in the absolute 314 

number of distinct genes, we found copy number variation for five genes. However, these copy 315 

number variations warrant further validation, since most of them were identified in the lower-316 

quality assemblies of lowbush and bilberry. Eight gene fragments or putative pseudogenes 317 

were identified here, including the accD, clpP and infA genes, which have been previously 318 

reported as pseudogenes in cranberry but as functional in other members of the Ericaceae 319 

family[34]. 320 

Besides the gene content, comparative genomics analyses among the six Vaccinium 321 

species also revealed high similarity in terms of sequence identity and synteny. Overall, 322 

sequence identity was higher in coding than in non-coding regions. One synteny difference 323 

identified was the opposite orientation of the SSC in cranberry when compared to the other 324 

assemblies. However, it has been shown in other plant species that both SSC orientations can 325 

be present simultaneously within the same individual due to chloroplast heteroplasmy [37, 38]. 326 

Therefore, at this point, we cannot consider the SSC orientation a consistent rearrangement in 327 

cranberry. Another structural difference was found in a non-coding region close to the IR/LSC 328 

boundaries, where the cranberry cpDNA (shortest plastome) shows a missing fragment of 329 

approximately 8 kb when compared to rabbiteye (longest plastome). This difference between 330 

assemblies is reflected in the lower sequence identity shown within the IRs. Greater sequence 331 
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divergence within the IRs was also reported in a previous comparison between five other 332 

Vaccinium species [39]. Indeed, expansion/contraction of the IRs is one of the major causes for 333 

plastome size differences between plant species [32]. 334 

Comparison of the abundance of different SSR repeat units showed that 335 

mononucleotide repeats were the most frequent repeat type. Also, most compound repeats 336 

were composed of mononucleotide repeats. Mononucleotide repeats have been shown to be 337 

the most abundant and variable class in other plant species [40, 41]; however, their use as 338 

molecular markers have been limited given their lower reliability and difficulty to genotype 339 

[42]. Therefore, we searched for variability only at orthologous SSRs with longer repeat units 340 

and located at single copy regions, identifying 11 polymorphic SSRs. However, these SSRs were 341 

unable to distinguish close Vaccinium species. Their use for intraspecific variability also needs 342 

further investigation. In contrast, some species-specific SNPs were detected throughout the 343 

whole cpDNA alignment. They could serve as potential molecular markers, especially for berry 344 

food product authentication, as we included the major economically important Vaccinium 345 

species in the analyses.  346 

In this study, the whole cpDNA phylogenetic analysis was able to distinguish the species 347 

of the genus Vaccinium and most of the sections were monophyletic. However, the 348 

phylogenetic relationships in the Vaccinium genus are complex, especially when analyzing 349 

domesticated genotypes. Incongruences between the chloroplast phylogeny and previous 350 

nuclear phylogenies can be pointed out for cultivated blueberries. The chloroplast genomes of 351 

the NHB and SHB genotypes used herein have different origins, with NHB being more closely 352 

related to lowbush, and SHB to rabbiteye. In the phylogenetic trees derived from nuclear 353 
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genome-wide SNPs [43, 44] and SSRs  [45], SHB and NHB genotypes were intertwined and more 354 

closely related to each other than to lowbush or rabbiteye. Given the primary contribution of V. 355 

corymbosum to the genetic background of both NHB and SHB [46], it is expected that the 356 

nuclear genome would reflect the described pattern. On the other hand, the cpDNA will trace 357 

back the maternal line inheritance. As interspecific hybridizations have been extensively used in 358 

blueberry breeding programs, lowbush and rabbiteye lineages are present in the NHB and SHB 359 

genetic background as secondary gene pools. V. angustifolium has been used since the 360 

beginning of highbush blueberry domestication [47], with genotypes such as ‘Russell’ and 361 

‘North Sedgewick’ being widely used in crosses. During the development of SHB, several 362 

rabbiteye genotypes were used as parents to reduce the chilling requirement of NHB [11, 48, 363 

49]. Therefore, different cultivars of NHB and SHB will likely show different plastome clustering 364 

patterns based on the maternal pedigree. Expanding this study to additional wild Vaccinium 365 

species and multiple individuals would help to clarify their hybridization history and avoid 366 

unclear clustering of single accessions [50]. The chloroplast phylogeny also highlights the 367 

placement of V. uliginosum section Vaccinium among species in the section Cyanococcus. 368 

Intersectional crosses have generally proved difficult to perform, yielding mostly sterile hybrids 369 

[51]. However, successful crosses between V. uliginosum and V. corymbosum were reported to 370 

produce meiotically regular and fruitful hybrids [52], which reinforces their closer phylogenetic 371 

proximity. 372 

 373 

 374 

 375 
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Conclusions 376 

In this study, the chloroplast genomes of five economically important Vaccinium species were 377 

assembled: northern highbush blueberry, southern highbush blueberry, rabbiteye blueberry, 378 

lowbush blueberry, and bilberry. We also performed manual curation of gene annotations and 379 

comparative analyses of these genomes, including the previously available cranberry plastome 380 

sequence. The Vaccinium chloroplast genomes were highly conserved in terms of structure and 381 

sequence, with some variability found mostly in non-coding regions and at the IR/LSC 382 

boundaries. Copy number variation of genes requires further investigation as they could be a 383 

result of assembly artifacts in draft genomes. Species-specific allelic variants were found for 384 

SNPs, but not for SSRs. The phylogenetic tree based on whole cpDNA alignment showed the 385 

presence of distinct maternal genomes in highbush blueberries, highlighting the independent 386 

evolution of cytoplasmic and nuclear genomes. In addition, chloroplast phylogenetic analyses 387 

did not support the monophyly of the Cyanococcus section. The availability of more chloroplast 388 

genomes from Vaccinium species will provide a valuable resource for future comparative 389 

studies and phylogenetic resolution of the genus, and for reconstructing the domestication 390 

history of cultivated berry crops. 391 

 392 

 393 

 394 

 395 

 396 
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Methods 397 

Plant material 398 

The plant material used to generate the DNA sequences for the assembly of the 399 

chloroplast DNAs (cpDNAs) included the V. corymbosum hybrid cv. ‘Arcadia’ (Southern 400 

Highbush Blueberry - SHB), V. virgatum cv. ‘Ochlockonee’ (Rabbiteye Blueberry - RB), and V. 401 

angustifolium cv. ‘Brunswick’ (Lowbush Blueberry - LB) obtained from commercial nurseries 402 

and maintained at the University of Florida, FL, USA. The plant material for the V. myrtillus 403 

genotype ‘OU-L2’ (Bilberry -BB) was collected from the coniferous forest in the municipality of 404 

Oulu, Finland (64°59'08.1"N 25°54'12.0"E) and maintained at the University of Oulu. No special 405 

permission was required for sampling the bilberry individual at this location. The genomic 406 

sequences used to assemble the cpDNA of the V. corymbosum cv. ‘Draper’ (Northern Highbush 407 

Blueberry - NHB) were downloaded from the Sequence Read Archive (SRA) under the 408 

BioProject PRJNA494180 [53]. The cpDNA sequence assembly for V. macrocarpon cv. ‘Stevens’ 409 

(Cranberry - CB) was downloaded from GenBank (MK715447.1) [22].   410 

 411 

DNA extraction and sequencing 412 

The high molecular weight DNA extraction from young leaf tissue and the PacBio long 413 

read sequencing for the SHB and rabbiteye samples were carried out at the Arizona Genomics 414 

Institute, University of Arizona (Tucson, AZ, USA). Briefly, the high molecular weight DNA was 415 

extracted using a modified CTAB method and sheared to mode size of approximately 40 kb 416 

using G-Tube. PacBio sequencing libraries were constructed using the Express v2 kit (Pacific 417 

Biosciences). Template molecules were size selected on BluePippin for either 35 kb and larger 418 
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(U1) or 20 kb and larger (S1) methods (Sage Sciences). Sequencing was performed on PacBio 419 

Sequel II, in CLR mode with a loading concentration of 50 pmol or larger. PacBio consumables 420 

used were PacBio SeqII 1.0 chemistry, 8Mv1 cells and 15 hr run time.  421 

Short-read Illumina whole genome sequencing was obtained for the SHB, rabbiteye, 422 

lowbush and bilberry samples by extracting genomic DNA from leaf tissue using the CTAB 423 

method.  DNA library preparation and sequencing were carried out at GENEWIZ LCC. (South 424 

Plainfield, NJ, USA). Paired end libraries (2x150 bp) were sequenced on an Illumina HiSeq4000 425 

instrument. For bilberry, Illumina paired end library preparation and sequencing was conducted 426 

at Sequentia Biotech SL (Barcelona, Spain), using NovaSeq 6000 instrument (2x150 bp). The 427 

mean insert size for SHB, rabbiteye, lowbush and bilberry was 325 bp, while the Illumina 428 

sequencing data downloaded for NHB included libraries with five different insert sizes: 470 bp, 429 

800 bp, 4,000 bp, 7,000 bp and 10,000 bp (Table S1).  430 

 431 

Long-read assembly and polishing 432 

PacBio long reads from SHB and rabbiteye were aligned to the reference cranberry 433 

cpDNA sequence using BLASR v.20130815 with parameters “--placeGapConsistently, --hitPolicy 434 

randombest, --bestn 1, --minMatch 15, and --minAlnLength 500” [54]. The aligned sequence 435 

was converted into FASTQ format using the function “bamtofastq” from bedtools v2.29.2 436 

software [55].  The retrieved reads were assembled with Canu v1.9 using the parameters 437 

“minReadLength=1000, minOverlapLength=500, genomeSize=200k, correctedErrorRate=0.030, 438 

and corOutCoverage=40” [56]. The longest contig generated by Canu was circularized using 439 

Circlator v.1.5.5 [57] and polished with the Arrow algorithm implemented in the GCpp v1.9.0 440 
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software [58]. Five total rounds of polishing with Arrow were performed for SHB and rabbiteye 441 

before moving to a second polishing method. The second polishing step was performed with 442 

the software Pilon v1.22 [59] using Illumina short reads and default parameters until no more 443 

changes were introduced into the sequence (for up to five successive rounds). 444 

 445 

Short-read assembly and polishing 446 

For NHB and lowbush samples, short Illumina read assemblies were performed with the 447 

NovoPlasty v3.8.3 software with default parameters [60]. The resulting scaffolds were aligned 448 

to the SHB cpDNA assembly obtained previously with long-read data, using the “nucmer” tool 449 

available in Mummer v4.0 [61]. The pairwise alignments were visualized using the Mummer 450 

tools “show-coords” and “mummerplot” and the individual NovoPlasty scaffolds were ordered 451 

and merged into one pseudo-molecule for each sample according to their placement along the 452 

reference SHB cpDNA assembly. A stretch of Ns was inserted at the junction sites between 453 

concatenated scaffolds. 454 

A similar strategy was used for the bilberry assembly. Raw short Illumina reads were 455 

aligned to the cpDNA sequence of Vaccinium oldhamii (GenBank accession: NC_042713.1) [24]. 456 

The mapped reads were then extracted, and de novo assembled with Spades 3.15.3 [62] and 457 

with CAP3 v.20120705 [63]. The two assemblies were then aligned to the reference V. oldhamii 458 

genome, the scaffolds were ordered and then merged into one pseudo-molecule.  459 

The NHB, lowbush, and bilberry assemblies were polished using Pilon v1.22 as described 460 

above. The NHB and lowbush assemblies were polished multiple times, until no further changes 461 

were introduced into the sequences (i.e., four and three rounds, respectively). The bilberry 462 
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assembly was subjected to only one round of polishing, because additional rounds inserted 463 

sequences into multiple sites, generating tandem repeats.  464 

To obtain a more continuous sequence in the inverted repeat (IR) regions, for each 465 

species the sequences of IRA and IRB were aligned, and the consensus sequence was inserted 466 

back into the cpDNA assembly to replace the original IR sequences. Finally, when comparing the 467 

IR sequence length in the cranberry assembly downloaded from GenBank, we noticed that two 468 

bases were absent from one of the IRs. These nucleotides were inserted into the IR where they 469 

were missing, resulting in both IRs having the same length and sequence in the cranberry 470 

cpDNA.   471 

 472 

Gene and SSR annotation  473 

The cpDNA sequences were annotated to predict gene content and position. Two online 474 

tools were employed: (i) GeSeq v2.03 by setting parameters “protein search identity= 70; rRNA, 475 

tRNA, DNA search identity =85; and selecting the 3rd party tRNA annotators ARAGORN v1.2.38 476 

and tRNAscan-SE v2.0.5” [64]; and (ii) CpGAVAS with default parameters [65]. The annotations 477 

obtained with both methods were not consistent for many genes. Discordant annotations were 478 

manually curated by comparing the software outputs with gene models available for other 479 

species in the CpGDB database [66]. The gene sequences predicted for the Vaccinium species 480 

were compared to the sequence reported in the CpGDB for Vaccinium and other model species, 481 

including V. macrocarpon, Vaccinium oldhamii, Arabidopsis thaliana, Brassica napus, Amborella 482 

trichopoda, and Populus trichocarpa. Manual curation of gene features was performed for the 483 

five Vaccinium cpDNAs assembled in this study and for the cranberry cpDNA.  484 
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Considering the potential importance of Simple Sequence Repeats (SSRs) in generating 485 

genomic diversity, the cpDNA assemblies were annotated using the MISA-web v2.1 software 486 

[67]. The minimum number of repetitions was set at ten for mononucleotide repeats, five for 487 

dinucleotide repeats, four for trinucleotide repeats, and three for tetra, penta-, and hexa-488 

nucleotide repeats. Orthologous SSRs were inspected for polymorphisms by looking at the 489 

multiple sequence alignments (see below).  490 

 491 

Comparative analyses 492 

 To investigate the genome structure of the cpDNAs, circular maps were drawn using 493 

OGDRAW v1.3.1 [68].  The cpDNA assemblies were compared by conducting multiple sequence 494 

alignments using mVISTA with the LAGAN mode [69] and with the EMMA tool in the EMBOSS 495 

v6.5.7 software [70] using the ClustalW v.2.1 aligner [71]. The online tool Multiple Sequence 496 

Alignment Viewer v1.21.0 [72] was used to visualize alignments generated with EMMA and to 497 

estimate the percentage of identity between sequences. Prior to conducting these multiple 498 

sequence alignments, the cpDNA sequences were modified to break their circular DNA 499 

molecules at the same site as the cranberry cpDNA to ensure that the alignments would start at 500 

the same position. 501 

 502 

Phylogenetic analysis 503 

To infer the phylogenetic relationships among our sequences and other available 504 

chloroplast genomes from Vaccinium species, we downloaded the GenBank sequences of V. 505 

oldhami (NC_042713.1), V. bracteatum (LC521967.1), V. duclouxii (MK816300.1), V. fragile 506 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 25, 2022. ; https://doi.org/10.1101/2022.02.23.481500doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.23.481500
http://creativecommons.org/licenses/by-nd/4.0/


 26 

(MK816301.1), V. uliginosum (LC521968.1), V. japonicum (MW006668.1), V. microcarpum 507 

(MK715444.1), and V. vitis-idaea (LC521969.1). The sequence of Rhododendron delavayi 508 

(MN413198.1) was used as an outgroup to root the tree. Given that we did not perform manual 509 

gene curation on these other assemblies, we used a whole chloroplast genome alignment 510 

approach to avoid variations due to misprediction. For this, all assemblies were reordered to 511 

start with the rbcL gene sequence using Circlator v.1.5.5 [57]. We used the HomBlocks pipeline 512 

to align the whole cpDNA genomes and determine locally collinear blocks among them [73]. 513 

The final concatenated alignment length was 86,628 bp divided into eight blocks. The best 514 

substitution model based on the Bayesian Information Criterion (BIC) for all eight blocks was 515 

“TVM+G”, computed using PartitionFinder v.2.1.1.0 [74]. The concatenated alignment and the 516 

“TVM+G” model were then used to reconstruct a maximum likelihood phylogenetic tree using 517 

IQ-TREE v.2.1.0 [75] with 1000 ultrafast bootstraps [76]. The resulting tree was visualized with 518 

iTOL v.6 [77]. 519 

To visualize the mutational steps differentiating the Vaccinium species and identify 520 

species-specific markers, the HomBlocks alignment was also used for haplotype network 521 

reconstruction using PopART [78] with TCS method [79]. 522 

 523 
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