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ABSTRACT

Vaccinium darrowii is a subtropical wild blueberry species that has been used to breed economically

important southern highbush cultivars. The adaptive traits of V. darrowii to subtropical climates can

provide valuable information for breeding blueberry and perhaps other plants, especially against the

background of global warming. Here, we assembled the V. darrowii genome into 12 pseudochromosomes

using Oxford Nanopore long reads complemented with Hi-C scaffolding technologies, and we predicted

41 815 genes using RNA-sequencing evidence. Syntenic analysis across three Vaccinium species

revealed a highly conserved genome structure, with the highest collinearity between V. darrowii and Vac-

cinium corymbosum. This conserved genome structure may explain the high fertility observed

during crossbreeding of V. darrowii with other blueberry cultivars. Analysis of gene expansion and

tandem duplication indicated possible roles for defense- and flowering-associated genes in the

adaptation of V. darrowii to the subtropics. Putative SOC1 genes in V. darrowii were identified based

on phylogeny and expression analysis. Blueberries are covered in a thick cuticle layer and

contain anthocyanins, which confer their powdery blue color. Using RNA sequencing, we delineated the

cuticle biosynthesis pathways of Vaccinium species in V. darrowii. This result can serve as a reference

for breeding berries whose colors are appealing to customers. The V. darrowii reference genome, together

with the unique traits of this species, including its diploid genome, short vegetative phase, and high

compatibility in hybridization with other blueberries, make V. darrowii a potential research model for

blueberry species.
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INTRODUCTION

Blueberries are rich in bioactive compounds such as anthocya-

nins, flavonoids, and other phenolic compounds (Wu et al.,

2018; Kalt et al., 2020). Diets rich in blueberries have shown

multiple health benefits, as they have antitumor, antibacterial,

and anti-inflammatory effects and offer neural, cardiovascular,

and retinal protection (Wu et al., 2018; Kalt et al., 2020).

Together with their taste, these characteristics have promoted

blueberry consumption and thereby steadily increased market

demand. World blueberry production has more than doubled,

from 300 000 tons in 2008 to 657 000 tons in 2017 (Romo-

Muñoz et al., 2020). In China, production increased more than

100-fold between 2006 and 2015 and reached 234 700 tons in

2020 (Li et al., 2017, 2021). The two major cultivar categories of

blueberry crop species are northern highbush and southern

highbush, which constitute the majority of blueberry production

worldwide (Strik, 2006; Retamales et al., 2014; Li et al., 2021).

Southern highbush blueberry breeding has made considerable

progress over recent years in terms of both newly bred cultivars

and growth area (Li et al., 2021). Notably, the southern

highbush cultivars have a lower chilling requirement for flower

induction, making it possible to produce berries year-round

with improved management techniques (Cho et al., 2019; Fang

et al., 2020). Therefore, the southern highbush blueberry is a

highly attractive emerging crop species for both farmers and

researchers.

Vaccinium darrowii is an evergreen shrub that originated in sub-

tropical areas of North America (Sharpe and Darrow, 1960).

Crossbreeding between V. darrowii and the northern highbush

blueberry (Vaccinium corymbosum) generated the southern

highbush cultivars, which have expanded the blueberry-

producing region to subtropical/tropical areas (Sharpe and

Darrow, 1960; Lobos and Hancock, 2015). In addition to the

practical use of V. darrowii in breeding, it is also a good model

for the study of plant adaptation to subtropical climates.

Furthermore, V. darrowii has multiple advantages for basic

research, such as a short vegetative phase, with seedlings that

usually flower within one year in the wild. This species is self-

compatible in fertilization: berries develop from up to 20% of

flowers after self-pollination and 70% after cross-pollination

(Chavez and Lyrene, 2009b), and self-pollinated berries produce

21 plump seeds on average (Chavez and Lyrene, 2009b). In

contrast to the tetraploid V. corymbosum, V. darrowii is mostly

diploid (2n = 2x = 24) in nature (Sultana et al., 2019). These

properties make V. darrowii an ideal candidate genetic model

for the genus Vaccinium, especially for species growing in

subtropical regions.

Taxonomically, blueberries make up the Cyanococcus section of

the genus Vaccinium. The northern highbush blueberry,

V. corymbosum, is the only species in the Cyanococcus section

with a chromosome-level genome assembly (Colle et al., 2019).

Species in other sections of Vaccinium, such as cranberry

(Vaccinium macrocarpon), which shares a similar temperate

geographic distribution with V. corymbosum in the temperate

region, and the boreal bilberry (Vaccinium myrtillus) have

recently been sequenced (Diaz-Garcia et al., 2021; Wu et al.,

2021). These genomes serve as valuable resources for

genome-enabled breeding of northern Vaccinium species, but
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genome information for southern-adapted blueberries is still lack-

ing. Here, we sequenced the genome of wild V. darrowii. A high-

quality genome assembly will assist studies on southern blue-

berry cultivars, which have a shorter vegetative phase and a lower

chilling requirement than northern cultivars (Wilkie et al., 2008;

Song et al., 2013). Another advantage of V. darrowii is its

compatibility for hybridization with other blueberry cultivars,

regardless of their ploidy levels (Chavez and Lyrene, 2009a,

2009b). This enables the easy transfer of desired genetic traits

from V. darrowii into any targeted cultivar.
RESULTS

Genome sequencing and assembly

V. darrowii is an evergreen dwarf shrub from the subtropics

(Sharpe and Darrow, 1960). It exhibits early flowering, usually

flowering in the spring of the second year after planting

(Figure 1A). Both berries and leaves are covered by visible

waxy layers (Figure 1B and 1C). Multiple studies have shown

the genome of V. darrowii to be �550 Mb in size with 12

chromosomes (Lyrene et al., 2003; Chavez and Lyrene, 2009a;

Vorsa et al., 2009; Sakhanokho et al., 2018). Consistent with

these results, our flow cytometry analysis estimated the

genome size of V. darrowii to be �560.5 Mb (Supplemental

Figure 1). A K-mer-based analysis of Illumina short-read

sequencing data yielded 555.38 Mb as the estimated genome

size, with 42.92% repetitive sequence. The K-mer-based

estimate of heterozygosity was 1.27%, a common level of

heterozygosity for wild woody species (Supplemental Figure 2).

A similar level of heterozygosity (p = 0.013) was obtained when

the Illumina short-read data were aligned against the reference

genome and nucleotide diversity of the sequenced individual

was calculated.

A total of 91.37 Gb of clean reads (�1663) were produced using

the Oxford Nanopore Technologies kit (ONT; N50 = 21.75 kb),

and this was complemented by a total of 35.17 Gb (�633) of Illu-

mina sequencing data. After genome assembly, polishing, and

removal of haplotypic contigs, the final assembly size of the

genome was 562.96 Mb, close to the flow cytometry-based

estimate (Supplemental Figure 1), and the resulting contig N50

was �1.60 Mb (Supplemental Table 1). Nearly all of the Illumina

sequencing data (97.59%) mapped to the genome assembly,

and 90.0% of the mapped reads were properly oriented

(Supplemental Table 2). Genome completeness was estimated

to be 96.07% and 93.49% using CEGMA v.2.5 and BUSCO

v.3.0 (with the embryophyta_odb10 database), respectively

(Supplemental Table 3; Parra et al., 2007; Simão et al., 2015).

Among the 1614 plant-specific single-copy orthologs in the

BUSCO database, 1509 (93.49%) were identified in the assem-

bly, and 1400 (86.74%) were complete and single copy

(Supplemental Table 3). Thus, a high-quality genome sequence

of V. darrowii was assembled.
Chromosome-level assembly with Hi-C

To provide a chromosome-level assembly, we then used high-

throughput chromosome conformation capture (Hi-C)

sequencing to generate 32.81 Gb (603) in 117.96 million

paired-end Hi-C reads. Duplicate removal, sorting, and quality
r(s).
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Figure 1. V. darrowii phenotype and genome assembly.
(A) Cutting-propagated plant that flowered at 16 months of age.

(B) Waxy berries set on the pedicels.

(C) A typical waxy leaf of V. darrowii. Intact leaf (left); the wax layer on the top part of the leaf was removed by wiping with a finger (right). Scale bar, 1 cm.

(D) Hi-C heatmap of chromosome interactions.

(E) An overview of V. darrowii genomic features. Tracks: (a) GC content; (b) repetitive sequence coverage (%); (c) gene density; (d) noncoding RNA

density; (e) chromosome collinearity visualized by linkage of syntenic genes. The color scales indicate the abundance in percentage of the corresponding

items.
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assessment were performed with HiC-Pro (Servant et al., 2015).

There were 55.37 million unique paired alignments to the

genome, and 46.15 million pairs were valid for Hi-C scaffolding

(Supplemental Table 4). After correction of chromosome order

and direction, the final assembly of the V. darrowii genome was

563.0 Mb in size. After Hi-C scaffolding, 96.48% (543.12 Mb) of

the assembly was mapped to 12 pseudomolecules, and 505.56

Mb was properly oriented (Supplemental Table 5). The contig

N50 of the final assembly was 1.50 Mb, and the scaffold N50

was 41.99 Mb (Supplemental Table 6). The total amount of

gaps was limited to 52.93 kb (Supplemental Table 6). The Hi-C

heatmap shows that the 12 pseudochromosomes were well

connected along the diagonal line (Figure 1D). Thus a

high-quality chromosome-scale genome was assembled.
Gene prediction and functional annotation

A combination of plant protein homologymapping, transcriptome

data, and ab initio gene prediction was used to generate gene

model predictions (Supplemental Figure 3, Supplemental
Plant Co
Table 7), and the different evidence tracks were combined into

consensus gene models using EVidenceModeler (Haas et al.,

2008), resulting in 41 815 protein-coding genes (Supplemental

Table 8). The average gene length was 5076.09 bp, and the

mean exon number of each gene was 5.02 (Supplemental

Table 8). Functional annotation of the protein-coding genes was

performed using public databases, including the Gene Ontology

(GO; 37.81% of genes annotated), KEGG (26.45%), KOG

(41.32%), Pfam (63.7%), SwissProt (53.03%), TrEMBL

(79.92%), and NCBI nr (80.18%) databases (Supplemental

Table 9). About 18.9% of the predicted protein-coding genes

were not annotated; this is comparable to annotation levels

in other Vaccinium species (Diaz-Garcia et al., 2021), as well

as Ericales (Yang et al., 2020), and probably reflects the

evolutionary distance from model organisms whose functional

data are available.

In addition to protein-coding genes, 992 noncoding RNAs were

predicted, including 119 microRNAs, 257 rRNAs, and 616

tRNAs (Supplemental Table 8). Analyses combining BLAT and
mmunications 3, 100307, July 11 2022 ª 2022 The Author(s). 3
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Figure 2. Genome comparison and evolution analysis.
(A) Phylogenomic analysis with 10 species and 1059 single-copy gene families. The divergence time was estimated with MCMCtree to obtain the

confidence intervals (shown in brackets) and maximum likelihood to obtain a point estimate. The divergence time is shown in million years ago (MYA).

(B)Gene family expansion and contraction in V. darrowii. The numbers of contracted gene families are in light green, and those of expanded gene families

are in light pink.

(C) Synteny conservation between V. darrowii and two Vaccinium species, V. corymbosum and V. macrocarpon. Altogether, 96 334 genes from

V. corymbosum and 28 527 genes from V. macrocarpon were collinear with those of V. darrowii.

(D) Distribution of the synonymous substitution (Ks) rates for collinear genes from V. darrowii, V. corymbosum, V. macrocarpon, A. chinensis, and V.

vinifera.
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GeneWise software (Kent, 2002; Birney et al., 2004) identified

5300 pseudogenes (Supplemental Table 8). The V. darrowii

genome contained 333.76 Mb of repetitive sequence,

accounting for 59.28% of the genome. Long terminal repeat

(LTR) retrotransposons comprised 24.47% of the genome,

including 9.1% Copia LTRs and 15.14% Gypsy LTRs

(Supplemental Table 10).

Comparative genomics analysis

To analyze gene family evolution and obtain a phylogeny, we used

OrthoFinder to identify unique and shared gene families among

blueberry and nine other species: V. darrowii, V. corymbosum,

V.macrocarpon,Actinidia chinensis,Arabidopsis thaliana,Ambor-

ella trichopoda, Citrus clementina, Citrus sinensis, Fragaria vesca,

and Solanum lycopersicum. All species shared 3732 gene families

(Supplemental Figure 4), and 347 gene families were specific to

V. darrowii (Supplemental Table 11). A phylogenetic tree was

constructed using 1059 single-copy gene families. It was cali-

brated using fossil evidence (Hedges et al., 2006; Kumar et al.,

2017) and the divergence times of V. corymbosum versus

A. chinensis (52–96 mya), V. macrocarpon versus A. chinensis

(52–96 mya), V. corymbosum versus A. trichopoda (173–199

mya), C. clementina versus A. thaliana (96–104 mya),
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S. lycopersicum versus C. sinensis (99–114 mya) as secondary

calibration points (Hedges et al., 2006; Kumar et al., 2017).

The MCMCtree results indicated that V. darrowii and

V. corymbosum diverged 4–25 mya, preceded by a split from

V. macrocarpon at 7–39 mya (Figure 2A). A second estimate,

using the maximum-likelihood-based method, suggested that

V. darrowii and V. corymbosum diverged at 11.72 mya, preceded

by the divergence from V. macrocarpon at 19.14 mya

(Figure 2A). Using CAFÉ (De Bie et al., 2006), we predicted a

total of 232 contracted and 202 expanded gene families

(Figure 2B).

Collinearity and WGD analysis

Syntelogous genes among V. darrowii, V. macrocarpon, and

V. corymbosum were identified by genome collinearity analysis.

Genome organization was well preserved among these species,

as their chromosomes showed high levels of synteny (Figure 3C,

Supplemental Tables 12 and 13). In total, 96 334 genes from

V. corymbosum were collinear with those from V. darrowii,

whereas 28 527 genes from V. macrocarpon were syntenic.

Analysis of synonymous substitutions (Ks) using syntelogs in

each genome (Supplemental Table 14) revealed two whole-

genome duplication (WGD) events in V. darrowii (Figure 2D;
r(s).
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Figure 3. Functional enrichment analysis of expanded and contracted gene families.
(A) KEGG pathway enrichment of the contracted gene families.

(B) Gene ontology (GO) enrichment of the contracted gene families.

(C) KEGG pathway enrichment of the expanded gene families. Gene ratio represents the ratio of the number of input genes annotated with a GO term to

the number of all genes annotated with that term. The size of the dot represents the number of corresponding genes.

(D) The expanded gene families were subjected to GO enrichment analysis. The genes in the enriched GO terms were summarized with Revigo to

visualize the relationships between the enriched GO terms.
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Supplemental Figure 5). Syntenic comparison against grape (Vitis

vinifera), a species that has undergone only the paleohexaploid

(g) event, showed one WGD event after divergence

(Supplemental Figure 6), confirming that the older event is the

paleohexaploid (g) event and that the later event is a

duplication. Syntenic analyses of both V. corymbosum

(Supplemental Figure 7) and V. macrocarpon (Supplemental

Figure 8) showed evidence of a bimodal nonsynonymous (Ks)

spectrum associated with two whole-genome multiplication

events, and the peak Ks values coincided in all species.

Furthermore, pairwise alignments of V. darrowii against

V. corymbosum and V. macrocarpon (Supplemental Figure 10)

showed that the species divergence occurred more recently

than the identified WGD. In conclusion, the three Vaccinium

species share a common WGD event in addition to the ancient

paleohexaploid WGT (g) event approximately 130–150 mya

(Bowers et al., 2003) shared by all eudicots. Based on the time

of the paleohexaploid event and its Ks peak at 1.58, we

estimated that the recent WGD event occurred 51.8–59.7 mya

(T = Ks/2r). The identified WGD therefore matches the Vm-a
Plant Co
duplication reported earlier in V. macrocarpon and Ad-b in

A. chinensis (Figure 2D; Diaz-Garcia et al., 2021; Wu et al., 2019).

V. corymbosum self-alignment showed four-fold synteny, prob-

ably resulting from a second WGD event when the tetraploid

formed. Compared with V. darrowii, its genome fractionation

patterns suggested that V. corymbosum is an allopolyploid,

consistent with earlier analyses (Colle et al., 2019). In addition,

we observed many genes with low divergence (in terms of Ks;

Supplemental Figure 7) between the subgenomes; we interpret

this to have resulted from homologous exchange and gene

conversion events (Bird et al., 2018), similar to what has been

observed in other recent polyploids.

The genome alignments between V. darrowii and V. corymbosum

also identified over 1000 syntelogs with very low divergence rates

between the two species (in terms of Ks; Supplemental Figure 9).

Because the highly similar genes are spread in syntenic blocks

over the whole genome, the similarity is more likely to be due to

extensive, ongoing gene flow between the two species rather
mmunications 3, 100307, July 11 2022 ª 2022 The Author(s). 5
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than to a single introgression event into the sequenced individual.

The ranges of the two species overlap in nature, for example, in

Florida (Kloet, 1980), and their crosses are used extensively in

blueberry breeding (Chavez and Lyrene, 2009b), making this

scenario quite plausible.
Genome evolution in V. darrowii

As illustrated by the phylogeny, V. macrocarpon diverged from

blueberry first, followed by the divergence of V. corymbosum and

V. darrowii (Figure 2). V. macrocarpon and V. corymbosum are

both native to temperate regions, whereas only V. darrowii is a

subtropical plant, suggesting that a temperate habitat may have

been the original environment of the common ancestor, although

the possibility that V. corymbosum and V. macrocarpon

independently adapted to temperate environments cannot be

excluded. To study gene family evolution related to adaptation

to a subtropical climate, we analyzed gene family expansions

and contractions between V. darrowii and V. corymbosum.

KEGG pathways related to anthocyanin biosynthesis, such as

‘‘phenylpropanoid biosynthesis,’’ ‘‘flavonoid biosynthesis,’’ and

‘‘anthocyanin biosynthesis,’’ were contracted in V. darrowii

(Figure 3A). Anthocyanins play a protective role in plants during

cold temperatures (Archetti et al., 2009), whereas high

temperatures repress plant anthocyanin production (Rabino and

Mancinelli, 1986; Rowan et al., 2009; Lin-Wang et al., 2011).

Thus, the contraction of anthocyanin-related gene families may

represent an adaptation of V. darrowii to the warmer temperatures

of the subtropics. In an individual gene family, the number of genes

encoding Sn-2 acyl-lipid omega-3 desaturase was one in

V. darrowii, eight in V. corymbosum, and four in V. macrocarpon,

suggesting a loss of three genes in V. darrowii (Supplemental

Table 15). Sn-2 acyl-lipid omega-3 desaturase is a positive

regulator of plant tolerance to cold temperatures, and its knockout

mutant inArabidopsis exhibits a chilling-sensitivephenotype (Chen

and Thelen, 2013; Román et al., 2015). Unsaturated lipids can

remain in the liquid phase at lower temperatures than saturated

lipids, allowing plants to maintain physiological functions during

chilling stress (Chen and Thelen, 2013). Thus, the loss of lipid

desaturases in V. darrowii is a possible adaptation to the

subtropical climate. Other terms enriched in the contracted gene

families included ‘‘cell wall,’’ ‘‘root development,’’ and ‘‘iron ion

binding’’ (Figure 3B); it is unclear how they are related to

adaptation to the subtropics.

Many of the GO terms enriched in the expanded gene families in

V. darrowii were initially associated with chloroplasts and placed

in contigs not mapped to the pseudochromosomes. After removal

of this possible plastid contamination, secondary metabolism was

enriched in the KEGG annotation, including ‘‘amino sugar and

nucleotide sugar metabolism,’’ ‘‘sesquiterpenoid and triterpenoid

biosynthesis,’’ and ‘‘terpenoid-quinone biosynthesis’’ (Figure 3C).

Plant secondary metabolism is one of the main adaptive

mechanisms for coping with altered environmental conditions

and biotic stressors (Ramakrishna and Ravishankar, 2011;

Aguirre-Becerra et al., 2021). To gain an overall view of the

enriched GO terms in the expanded gene families, we

summarized the terms using Revigo (Supek et al., 2011) and

identified two larger clusters of terms with high similarity. Within

the cluster defined by the GO term ‘‘DNA metabolic process,’’ a

subterm, ‘‘DNA repair,’’ had the lowest P value (Figure 3D;
6 Plant Communications 3, 100307, July 11 2022 ª 2022 The Autho
Supplemental Table 15). Genes associated with this term were

mainly DNA helicases (Supplemental Table 15). DNA repair

systems and DNA helicases play an active role in plant

thermotolerance (Han et al., 2020). Therefore, an expansion of the

DNA helicases may contribute to adaptation to elevated

temperatures. The ‘‘blue-light signaling pathway’’ was among the

enriched GO terms associated with the cluster linked to

environmental adaptation (Figure 3D). The expanded gene family

contained four duplicates of Maintenance of Meristems (MAIN)

and MAIN-like 1 genes (Supplemental Table 15). MAIN and

MAIN-like 1 interact with protein phosphatase PP7-like (Nicolau

et al., 2020) to regulate transposable element silencing, as well as

chloroplast development and abiotic stress tolerance (Xu et al.,

2019). PP7L is closely related to PP7, a component in

cryptochrome-mediated blue-light signaling (Møller et al., 2003)

and a regulator of red/far-red light perception through control of

the phytochrome pathway (Genoud et al., 2008). The expansion

of MAIN and MAIN-like 1 genes may therefore be due to altered

light conditions in subtropical regions and suppression of

transposable element expression resulting from environmental

stresses.

Interestingly, PsbP, a membrane-extrinsic subunit of photo-

system II (Ifuku et al., 2005a), was among the 13 genes under

positive selection in V. darrowii (Supplemental Table 16). PsbP

is essential for the stabilization of photosystem II, and

decreased expression of PsbP, but not another extrinsic

subunit gene, PsbQ, resulted in pale green leaves and

enhanced sensitivity to high light in tobacco (Ifuku et al.,

2005b). Enhanced PsbP expression in V. darrowii may help to

maintain photosynthesis in the drought/hot summer of the

subtropical region.

To probe for short-term evolutionary adaptations, we performed

tandem duplication analysis with both V. darrowii and

V. corymbosum (Supplemental Tables 17 and 18). After P-value

adjustment with a Bonferroni correction, the tandemly duplicated

genes of V. darrowii and V. corymbosum were enriched for 131

and 468 GO terms, respectively (Figure 4A). In total, 55 terms

were specific to V. darrowii (Figure 4A). Consistent with tandem

expansion analyses in other species, the enrichments were

related to secondary metabolism (‘‘xenobiotic transport’’),

defense responses (‘‘response to fungus’’), or adaptation to

the environment (‘‘regulation of response to stress’’) (Figure 4B;

Supplemental Table 19). Overall, the tandem expansions

suggested adaptation to a new environment and genomic

rewiring of defenses against new pathogens. Interestingly, five

ERdj3B genes were tandemly duplicated in V. darrowii

(Supplemental Table 19). ERdj3B encodes a DnaJ domain protein

that binds to heat shock proteins (Yamamoto et al., 2020).

ERdj3B is essential for pollen development at high temperatures,

and the corresponding Arabidopsis mutant produced few seeds

at slightly elevated temperatures from 22�C to 29�C (Yamamoto

et al., 2020). Fertilization in Vaccinium species is sensitive to high

temperature (Taulavuori et al., 2013; Yang et al., 2019). The

duplicated ERdj3B genes could indicate an evolutionary strategy

for successful fertilization of V. darrowii in warmer regions.

Flowering-related genes in V. darrowii

Except for the florigen gene FT, few flowering-regulation genes

have been identified and functionally characterized in blueberry
r(s).
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Figure 4. GO enrichment analysis of tandem duplicated genes.
(A) Venn diagram showing the numbers of GO terms enriched in the

tandem duplicated genes of V. darrowii and V. corymbosum.

(B) The V. darrowii-specific GO terms were summarized with Revigo to

reveal their relationships.
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(Walworth et al., 2016; Gao et al., 2016). V. darrowii exhibits a

short vegetative phase, and flowering can occur as early as 1

year (Wilkie et al., 2008; Song et al., 2013). Four FPA and six

Suppressor of Overexpression of CO 1 (SOC1) genes were

among the tandem duplications from the set of 26 genes

assigned to the GO term ‘‘regulation of flower development’’

(Supplemental Table 19). In Arabidopsis, FPA promotes early

flowering via regulation of RNA processing, which leads to

reduced expression of the flowering-suppressor FLC

(Schomburg et al., 2001; Veley and Michaels, 2008; Sonmez

et al., 2011; Wu et al., 2020). The function of FPA in perennial

plants has not been reported. SOC1 is a major player in the

promotion of flowering in many annual plants and several

perennial plants, such as bamboo (Yoo et al., 2005; Hou et al.,
Plant Co
2021). SOC1 directly promotes the expression of genes that

initiate flower development (Hepworth et al., 2002; Immink

et al., 2012). In trees, SOC1 lowers the chilling requirement and

promotes the release of flower buds from dormancy (Wilkie

et al., 2008; Horvath, 2009; Trainin et al., 2013). One of the

major contributions of V. darrowii to blueberry breeding is a

reduction in the chilling exposure time required for flowering by

northern highbush blueberry, which resulted in the production

of southern highbush blueberry (Sharpe and Darrow, 1960;

Song et al., 2013). We therefore focused on SOC1 and its

tandem duplications. To confirm the homology relationships,

we performed multiple sequence alignment of orthogroups

that contained genes annotated as SOC1 homologs and

constructed a gene tree from the alignment. Closer inspection

revealed a split into three clades of AGAMOUS-like paralogs,

the FYF clade, the AGL14/19 clade, and the SOC1 clade, each

of which was named after the Arabidopsis homolog within the

clade (Figure 5A). The most distant clade, FYF, controls flower

senescence and abscission in Arabidopsis (Chen et al., 2011).

In the AGL14/19 clade, AGL14 is expressed in roots of

Arabidopsis and is therefore not likely to be involved in the cold

response of flowering, whereas variation in AGL19 has been

found to be associated with the vernalization response and the

timing of flowering (Suter et al., 2014). Therefore, blueberry

homologs in this clade may also be regulated under cold stress

and could be regulators of flowering.

Within the SOC1 clade, two typical SOC1 proteins, AtSOC1

from Arabidopsis and AcSOC1i from kiwifruit, exhibited a split

corresponding to plant phylogenetic relationships (Figure 5A).

AcSOC1i is an experimentally verified SOC1 protein in kiwifruit

that promotes dormancy release (Voogd et al., 2015).

The phylogenetic tree placed Vda07G002620 in the same

clade as AcSOC1i, suggesting that these genes may share

a similar function (Figure 5A). The tandem duplicates,

including Vda10G014620, Vda10G014630, Vda10G014640,

Vda10G014680, and Vda10G014690, were grouped together,

indicating their recent diversification (Figure 5A).

To identify orthologous relationships, we investigated the

expression patterns of all putative SOC1 homologs together

with homologs of two other key flowering-regulation genes, the

flowering-promotion Flowering Locus T (FT) genes and the

flowering-suppression Short Vegetative Phase (SVP) genes

(Horvath et al., 2003; Gregis et al., 2013). We studied a total of

eight SOC1s, two FTs, and four SVPs annotated in the

V. darrowii genome (Supplemental Table 20). With qPCR, we

examined leaf samples from 2-year-old adult plants with or

without chilling treatment and from 4-month-old juvenile

plants. We used the initiation of flower buds as the standard

for a successful chilling treatment. The transcript level of

VdFT1 was high only in the chilling-treated plants, whereas the

VdFT2 transcript level was high in the juvenile plantlets

(Figure 6B), suggesting that VdFT1 may be the florigen. V.

darrowii VdSOC1-1 (Vda02G010890), -2 (Vda07G012680), -5

(Vda10G014630), and -8 (Vda10G014690) exhibited expression

patterns similar to that of VdFT1, with the highest transcript

levels in plants treated with chilling (Figure 6B). Thus, these four

VdSOC1s may function in the promotion of flower

development. The transcript levels of VdSVP-3 and -4 were

highest in the non-chilling-treated adult plants and were much
mmunications 3, 100307, July 11 2022 ª 2022 The Author(s). 7
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Figure 5. Phylogeny analysis and expression profile of the SOC1-like genes in V. darrowii.
(A) The SOC1 proteins were identified from an orthogroup that includes the Arabidopsis SOC1 gene. Phylogenetic analysis of SOC1-like genes from

V. darrowii, V. macrocarpon, and V. myrtillus was performed using the complete protein sequences, which were clustered into three clades named

according to the corresponding Arabidopsis genes. The maximum-likelihood tree was reconstructed using MUSCLE alignment and MEGA X software. A

total of 500 bootstrap replicates were used to assess tree reliability. The tree was rooted with the A. trichopoda SOC1 gene. Species are indicated by

color-coded circles.

(B) Expression of VdSOC1s and other flowering regulatory genes, VdFTs and VdSVPs, was examined in adult and juvenile clones of V. darrowii. A chilling

treatment was performed under natural conditions to induce flowering in the adult clones. The age and chilling effects on gene expression were examined

by qPCR using VdTub.alpha3, VdTub.beta8, and VdActin3 as reference genes. The VdSOC1 genes are highlighted in blue characters.

8 Plant Communications 3, 100307, July 11 2022 ª 2022 The Author(s).
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Figure 6. Tissue-specific gene expression profiles in V. darrowii.
(A) Heatmap of differential gene expression among three tissues: whole leaves (leaf), berry flesh (flesh), and berry skin (skin).

(B) Gene expression profile line graphs of genes specifically expressed in leaves, flesh, or skin. Membership values in color indicate the degree to which

genes belong to the profile cluster.

(C) GO enrichment of the three groups of tissue-specific genes. The size of the dot represents the number of corresponding genes.
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lower in the chilling-treated adult plants, indicating that VdSVP-3

and -4 were more likely to be the functional SVPs in V. darrowii

(Figure 6B). Overall, we identified the key flowering-regulation

genes in V. darrowii.

To test whether SOC1 genes are tandemly duplicated among

Vaccinium species, we analyzed the genomes of two species
Plant Co
from the other section of Vaccinium, V. macrocarpon and

V. myrtillus. There were five SOC1s in V. macrocarpon, three

of which were tandemly duplicated, and seven in V. myrtillus,

four of which were tandemly duplicated (Figure 5A). The

numbers of both total and duplicated SOC1 gene models

were comparable to those in V. darrowii. Thus, SOC1

duplication is universal in Vaccinium. This finding indicated
mmunications 3, 100307, July 11 2022 ª 2022 The Author(s). 9



Figure 7. Putative cuticle pathway predicted in V. darrowii based on transcriptome expression data.
The genes in this pathway were identified based on BLASTP alignment with corresponding Arabidopsis amino acid sequences. Transcript levels from

RNA-seq data are visualized as heatmaps and normalized with log2(TPM + 1).
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that SOC1 genes may function in an unstudied, complex pattern

across the genus.
Gene expression patterns in leaves, berry flesh, and
berry skin

Their powdery blue color is one of the major quality-determining

factors for blueberries in the marketplace. The color depends on

the content of anthocyanin pigments and wax, both of which are

synthesized in the epidermal layer of the berry skin (Wang et al.,

2012b; Yeats and Rose, 2013). Interestingly, the leaf surfaces

of V. darrowii are also covered by a thick layer of waxy cuticle,

resembling the berry surface (Figure 1). We performed RNA-

sequencing (RNA-seq) analysis with samples from three

different tissues, berry skin, flesh, and leaves. Three biological

replicates showed distinct clustering in the principal component

analysis (Supplemental Figure 6). Genes with tissue-specific

expression were collected and visualized as a heatmap

(Figure 6A). There were 4131 genes expressed specifically in

leaves, and according to GO enrichment analysis, they were

mostly enriched in photosynthesis-associated processes

(Figure 6B and 6C). This result serves as an internal control that
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validates the analysis, as photosynthetic processes are known

to cease in ripening blueberries. In the skin, 661 genes were

specifically expressed (Figure 6B), with GO enrichment in both

cuticle- and anthocyanin-associated terms (Figure 6C). The key

steps of cuticle biosynthesis were included in the enriched GO

terms ‘‘citrate lyase complex’’ and ‘‘ATP citrate synthase

activity.’’ These are involved in the conversion of citrate to

acetyl-CoA; acetyl-CoA participates in the ‘‘fatty acid derivative

biosynthetic process’’ via ‘‘transferase activity, transferring acyl

groups’’; then, fatty acids are subjected to ‘‘fatty acid elongation’’

in a series of ‘‘fatty acid elongase complexes,’’ and finally the

‘‘cutin/wax biosynthesis process’’ is initiated (Figure 7C).

Anthocyanins are synthesized from phenylalanine with trans-

cinnamate and flavonoids as intermediates (Jaakola et al.,

2002; Zhang et al., 2014). Accordingly, the GO terms

‘‘phenylalanine ammonia–lyase activity,’’ ‘‘trans-cinnamate 4-

monooxygenase activity,’’ and ‘‘flavonoid biosynthetic process’’

were significantly enriched among the skin-specific genes

(Figure 6C). These results indicate that the strategy of using

skins to identify cuticle-related genes was successful. Among

425 flesh-specific genes, common processes involved in berry

ripening (Forlani et al., 2019), including ‘‘plant-type cell wall
r(s).
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loosening/modification’’ and ‘‘hormone metabolic process’’

(Figure 7B and 7C), were enriched.
Cuticle biosynthesis pathway

Among the two important functions of blueberry skins, the

anthocyanin synthesis pathway has been well documented

(Gupta et al., 2015; Colle et al., 2019), but blueberry wax

biosynthesis pathways are not well understood, although

several berry genomes have been published. The cuticle, which

consists of wax and cutin, not only directly influences the color

of blueberries but also has a direct influence on storage losses

(Sapers and Phillips, 1985; Wang et al., 2012b; Trivedi et al.,

2019; Li et al., 2020). We identified cuticle-synthesis genes in

V. darrowii from OrthoFinder clustering to their known

Arabidopsis orthologs (Supplemental Table 21). Interestingly,

many genes related to wax synthesis showed small-scale

tandem duplications (Supplemental Tables 18 and 21). Notably,

four to seven duplicates were found for Eceriferum 1 (CER1)

and CER3, two key synthesis enzymes of the wax monomer

alkane (Bourdenx et al., 2011; Bernard et al., 2012), and

Mid-chain Alkane Hydroxylase 1 (MAH1) and Wax Ester

Synthase/Acyl-CoA:Diacylglycerol Acyltransferase (WSD1),

which function in the last two steps of plant wax biosynthesis

(Supplemental Tables 18 and 21; Greer et al., 2007; Li et al.,

2008b). Overall, of the 75 wax-associated genes in V. darrowii,

36 were tandemly duplicated, suggesting significant enrichment

(P = 3.6 3 10�9; Fisher’s exact test with a total of 7603 tandem

duplications). These duplications may explain the enhanced

wax accumulation on blueberries.

We next explored the complete pathway of cuticle biosynthesis

using genes predicted from their relevant Arabidopsis homologs

(Supplemental Table 21) and plotted them together with their

expression levels in samples of leaves, berry flesh, and berry

skins (Figure 7). Cuticle biosynthesis in model plants is

considered to be specific to the epidermis (Yeats and Rose,

2013). Consistently, most genes listed in the pathway exhibited

higher expression in the epidermis samples, including leaves

and berry skins (Figure 6). Cutin Deficient (CD) is the key cutin

synthase at the cell wall that catalyzes the final step of cutin

formation in many land plants (Yeats et al., 2014). None of the

homologs of the CD gene in V. darrowii were expressed. The

possibility of the CD gene being missed from the annotation

was excluded by querying the CD genes against the V. darrowii

genome sequence using BLAST, and no other homologs were

found. Thus, cutin synthesis in the cell wall of V. darrowii may

differ from that of other plants studied previously (Yeats et al.,

2014).
DISCUSSION

Vaccinium species are widely distributed from tropical regions to

the polar circle and tundra. V. darrowii is a wild blueberry species

of practical and economic value. Because it was used to breed

blueberry cultivars adapted to subtropical regions, studies on its

unique traits, including lower chilling requirement, early flowering,

and heat tolerance, are increasing (Sharpe and Darrow, 1960).

The phylogenetic tree and parsimony principle imply that

V. darrowii may have originated in temperate regions and

subsequently adapted to subtropical regions (Figure 1D). We
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identified several genome characteristics that possibly

contributed to the adaptation of V. darrowii to subtropical

climates. Tandem duplicates contribute to gene family

expansions and enable alternative transcriptional regulation, and

they have therefore been considered a common strategy for

adaptive evolution to altered environments (Hanada et al., 2008;

Wang et al., 2021). A clear functional bias in tandemly duplicated

genes has been observed in plants, making tandem genes a

good index for environmental adaptation (Hanada et al., 2008;

Freeling, 2009; Rody et al., 2017). GO enrichment analysis of

tandemly duplicated genes in V. darrowii provides an overview of

possible adaptive traits. Defense-related GO terms were

specifically abundant in the tandem duplicates of V. darrowii

(Figure 4; Supplemental Table 19). The same terms were also

enriched in the gene family expansion analysis, indicating that the

retention of these genes may assist the growth of V. darrowii in

subtropical environments. In addition, duplications were

observed in multiple genes that have been reported to participate

in the regulation of plant tolerance to elevated temperatures,

such as genes involved in secondary metabolism and stress

responses (Supplemental Tables 18 and 19). Notably, genes that

mediate plant fertilization in warmer temperatures were also

present among the tandemly duplicated genes (Supplemental

Tables 18 and 19). It is common on farms for high temperatures

to reduce the fertilization of blueberry cultivars (Yang et al., 2019).

The tandemly duplicated genes related to fertilization may

promote V. darrowii propagation in subtropical regions. In

addition, 26 genes were predicted within the GO term ‘‘regulation

of flower development’’ in V. darrowii (Supplemental Tables 18

and 19). Because V. darrowii originated in high latitudes

(Figure 1), successful flowering and fertilization under conditions

of reduced chilling and relatively hot temperatures may be

essential for its propagation at low latitudes.

SOC1 plays a key role in promoting the vegetative to reproductive

phase transition in annual plants (Yoo et al., 2005; Immink et al.,

2012). In perennial species, SOC1 is a major regulator of bud

dormancy release (Wilkie et al., 2008). A role for SOC1 in

regulating the requirement for an extended cold treatment to

release flower bud dormancy has been reported in kiwifruit,

Japanese apricot, and sweet cherry (Voogd et al., 2015; Kitamura

et al., 2016; Wang et al., 2020). The SOC1 genes in V. darrowii

were highly duplicated, and six of eight VdSOC1s were tandem

duplicates (Supplemental Table 18). Although the eight VdSOC1s

were split into three clades, six of them were clustered together

with the Arabidopsis SOC1 and functional SOC1 of kiwifruit

(Figure 5A). This suggested that the VdSOC1s may function in

promoting flowering and breaking dormancy. However, the

timing and location of gene expression largely determine gene

function. Vda07G002620 (VdSOC1-3) shared the same subclade

with the kiwifruit AcSOC1i, but chilling treatment suppressed its

expression, suggesting it may not be the functional SOC1 in

V. darrowii (Figure 5). However, Vda07G012680 (VdSOC1-2),

situated in another clade with Arabidopsis AGL42, was

expressed at the highest level in chilling-treated plants (Figure 5).

It may function as a flowering promoter, as AGL42 was reported

to promote flowering in Arabidopsis (Dorca-Fornell et al., 2011).

SOC1 was also reported to suppress flowering in strawberry

(Mouhu et al., 2013). Thus, complex or alternative functions may

be attributed to SOC1 genes, even those with high sequence

identities. In Arabidopsis, the transcript levels of SOC1 in leaves
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first increased and then decreased during development (Hepworth

et al., 2002). This pattern is mainly due to the complex function of

SOC1 in both the vegetative and reproductive phases (Melzer

et al., 2008; Chen et al., 2017; Tyagi et al., 2019). The single

SOC1 in Arabidopsis integrates complex signals associated with

thermosensory, autonomous, gibberellin, vernalization, and

photoperiod pathways (Borner et al., 2000; Shen et al., 2011). In

V. darrowii, four tandemly duplicated VdSOC1s in the same

cluster exhibited different expression patterns (Figure 5B),

implying functional differentiation between these highly similar

genes. This hypothesis requires further examination in vivo and is

beyond the scope of this paper. Future studies may reveal the

individual function of each VdSOC1. Our genome information

here can facilitate theminingof these functional genes in the future.

A waxy surface is a very typical characteristic of Vaccinium

berries. Multiple health-promoting activities have been attributed

to wax components, such as triterpenoids, which play roles as

anticancer, anti-inflammatory, and antimicrobial agents (Szakiel

et al., 2012). Wax monomers vary among Vaccinium species

and have been well documented both morphologically and

chemically (Chu et al., 2017, 2018; Trivedi et al., 2019).

However, the genes associated with wax biosynthesis have not

been well defined in published Vaccinium genomes (Colle et al.,

2019; Diaz-Garcia et al., 2021). Here, we identified all candidate

cuticle biosynthesis genes in V. darrowii (Figure 7), which can

facilitate breeding of the desired powdery color of blueberries.

Compared with cutin-related genes, wax synthesis genes of

V. darrowii exhibited multiple tandem duplications

(Supplemental Table 18; Figure 7). The tandem duplication of

wax synthesis genes was also observed in V. corymbosum

(Colle et al., 2019). This suggests that enhanced wax synthesis

is a common feature in all blueberries, consistent with the

universal waxy berries of all blueberry cultivars (Chu et al.,

2017, 2018; Trivedi et al., 2019). One unique character of

V. darrowii is its waxy leaves, which phenotypically resemble

the powdery surface of blueberries (Figure 1B and 1C). Some

cuticle synthesis genes were highly expressed in the leaf

compared with the berry skin (Figure 7). Therefore, using leaves

to study the wax biosynthesis pathway instead of berries is

possible in V. darrowii. This would dramatically shorten the time

for the functional examination of wax-associated genes, as

leaves are available much earlier than berries. Thus, V. darrowii

may serve as a model plant for wax-related studies in the genus

Vaccinium.

Blueberry is a relatively young crop species with very little

breeding, due in part to the lack of genome-level information on

the species. Similar to many other commercially important crop

species, blueberry cultivars are of polyploid origin, being

mostly tetraploids or hexaploids. Polyploid genomes may confer

blueberries with heterosis-like advantages, yielding improved

growth, stress resistance, and berry size. However, the resulting

complex genome structure makes polyploid species less

amenable to basic research compared with diploids. One way

to obtain molecular information on polyploid cultivars is to study

their diploid progenitors. For example, in the study of strawberry,

the diploid woodland strawberry (F. vesca) has been widely

used as a model because of its simple genome and easy

genome-editing characteristics (Oosumi et al., 2006; Shulaev

et al., 2011; Li et al., 2019). However, no diploid blueberry
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species has been proposed as a model to date. V. darrowii is

naturally diploid. With the completion of its genome sequence,

it could emerge as a blueberry model, especially for subtropical

species. Other advantages of V. darrowii as a model blueberry

include its early flowering, self-compatibility, and smaller plant

size. Recently, birch has been promoted as a promising model

tree with a small genome size and accelerated flowering within

1 year through high CO2 treatment (Longman and Wareing,

1959; Saloj€arvi et al., 2017). Likewise, ‘‘Mini-Citrus,’’ a model

promoted for orange species, can bear one or two fruits in the

first year (Zhu et al., 2019). These two woody perennial species

show significant advantages compared with the most

commonly used model tree, poplar, which is dioecious and

has a very long vegetative phase (Bradshaw et al., 2000;

Taylor, 2002). We propose that V. darrowii could be a model

plant not only for blueberry species but also for subtropical

woody species.

METHODS

Growth conditions and plant material

V. darrowiiCampwas obtained from the Stephen F. Austin State University,

Texas, USA by Prof. Hong Yu, Nanjing Botanical Garden Mem Sun

Yat-sen andwas cultivated in amixture of peat, vermiculite, andbark pieces

(1:1:1). Growth room conditions were 150–200 mmol m�2 s�2 light, 60%

humidity, 12/12 h (light/dark) photoperiod, and 23/18�C (day/night). The

outdoor growing area was in Hangzhou, a subtropical city in China. Seed-

lings from cuttings of a single V. darrowii clone were used for this study.

Flow cytometry examination

Nuclei of V. darrowii were extracted from young leaf tissues as previously

described (Galbraith et al., 1983) with modifications according to

Robinson and Grégori (2007). In brief, leaves submerged in ice-cold

nucleus isolation buffer were chopped with a sharp razor, and the nuclei

were then collected and stained with DNA fluorochrome (propidium io-

dide, 50 mg/ml). Flow cytometric examination was performed on a

BD FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) with

tomato (S. lycopersicum, genome size 950 Mb) as a reference.

DNA preparation and sequencing

Young leaves from a 3-year-old single cutting of V. darrowii were

collected for DNA extraction with the CTAB DNA extraction method

(Porebski et al., 1997). DNA was further purified using VAHTS DNA

Clean Beads (N411-03, Vazyme, China) and then used for DNA

sequence preparation (Berensmeier, 2006).

For Illumina PE150 sequencing, purified DNA was fragmented by ultra-

sonication for library construction (350 bp). A total of 35.17 Gb of clean

reads (around 603) were obtained with Q20 > 97% and Q30 > 92%. The

possibility of DNA contamination was excluded by alignment examina-

tion. BLAST alignment of 10 000 randomly selected reads returned

best matches only to the closely related plant species V. macrocarpon

(51.37%) and Vitis vinifera (3.82%) (Altschul et al., 1990). The

proportion of plastid sequence was less than 0.02%, which was

confirmed by comparison with the blueberry chloroplast genome

(KJ773964.1; 1320 bp). The genome characteristics were assessed

by K-mer analysis (Li et al., 2008a). The estimated genome size

was 555.38 Mb, with 42.92% repetitive sequence and 1.27%

heterozygosity.

For Nanopore sequencing, genome DNA was repaired with the NEBNext

FFPE DNA Repair Mix kit (M6630; USA), and the library was constructed

with the ONT template prep kit (SQK-LSK109; Nanopore, UK). Large frag-

ments were collected with the BluePippin system (Sage Science; USA)
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and pipetted into an R9 flow cell. Sequencing was performed with Nano-

pore sequencing technology at Biomarker using the ONT PromethION

platform with the corresponding R9 cell and the ONT sequencing

reagent kit (EXP-FLP001.PRO.6, UK). Base calling was performed using

Guppy with the ‘‘flipflop’’ algorithm v.1.5 (Wick et al., 2019). A total of

98.1 Gb of high quality reads, corresponding to a depth of 1663, were

obtained (Deamer et al., 2016).

RNA preparation and sequencing

Mature berries were separated into flesh and skin bymanual peeling. RNA

from flesh, skin, and fully expanded young leaves was used for tissue-

specific expression assays, and RNA from branches, leaves, flowers,

and berries of the sequenced V. darrowii individual was used for gene

annotation. RNA extraction was performed according to Jaakola et al.

(2001). In brief, the isolated RNA (5 mg) was purified with VAHTS mRNA

Capture Beads (N401-01; Vazyme, China) for two rounds and then

subjected to fragmentation. The cDNA libraries were constructed with

the NEBNext Ultra RNA Library Prep Kit (E7530L; NEB, USA) and then

sequenced in paired-end mode on an Illumina HiSeq 4000 platform (LC

Sciences, USA) at LC-Biotechnologies (Hangzhou).

Genome assembly

Long read error correction was performed with Canu (https://github.com/

marbl/canu, v.1.5; Koren et al., 2017) using the criteria ‘‘genomeSize =

1000000000’’ and ‘‘corOutCoverage = 50’’. Next, overlapping was

performed with the highly sensitive overlapper MHAP (mhap-2.1.2,

option ‘‘corMhapSensitivity = low/normal/high’’), and subsequent error

correction was performed using the Falcon_sense method. In addition,

WTDBG2 and SMARTdenovo assemblies were performed, followed by

three rounds of error correction using Racon and adjustment via Pilon

(Walker et al., 2014; Vaser et al., 2017). The assembly quality was

evaluated by alignment of the reads from the short-read sequencing.

Altogether, 97.59% of the reads were mapped, with 90% mapping

uniquely. Genome completeness was estimated as 96.07% and 93.49%

with CEGMA v.2.5 and BUSCO v.3.0, respectively (Parra et al., 2007;

Simão et al., 2015).

Hi-C assembly

Hi-C fragment libraries were constructed in sizes from 300 to 700 bp and

sequenced with the Illumina platform (Rao et al., 2014). Raw reads were

then subjected to removal of adapters and low-quality reads and

trimming of low-quality bases. The trimmed reads, which together

provided 603 coverage of the draft genome, were truncated at the

putative Hi-C junctions and then aligned to the assembly with the BWA

aligner (Li and Durbin, 2009). Uniquely aligned reads with quality RQ20

were retained for further analysis. Invalid read pairs were filtered out

using HiC-Pro v.2.8.1 (Servant et al., 2015). Uniquely mapping read

pairs totaled 46.94% of the clean reads, and 83.35% of them were valid

interaction pairs. The valid interaction pairs were clustered, ordered,

and oriented onto pseudochromosomes with LACHESIS (Burton et al.,

2013). Twelve pseudochromosomes were constructed manually, with

96.48% of valid interaction pairs anchored and 93.08% properly

ordered and oriented.

Repetitive sequences, noncoding RNA, and pseudogene
analysis

LTR_Finder (v.1.05) and RepeatScout (v.1.0.5) were used with default

parameters to build a primary database of repetitive sequences in

V. darrowii (Price et al., 2005; Xu and Wang, 2007). The database was

classified with PASTEClassifier and then combined with Repbase

databases (Jurka et al., 2005; Hoede et al., 2014). RepeatMasker

v.4.0.5 was used to screen repetitive sequences that included simple

repeats, satellites, and low-complexity repeats with the parameters -no-

low -no_is -norna -engine wublast -qq -frag 20000 (Tarailo-Graovac and

Chen, 2009). For noncoding RNAs, rRNAs and microRNAs were

predicted with the Rfam database, and tRNAs were predicted with
Plant Co
tRNAscan-SE v.1.3.1 with the option ‘‘-E -H’’ (Lowe and Eddy, 1997;

Griffiths-Jones et al., 2005). Pseudogene homolog sequences were

aligned with genBlastA v.1.0.4, and frameshifts and internal stop

codons were screened using GeneWise v.2.4.1 (Birney et al., 2004;

She et al., 2009).

Protein-coding gene prediction and functional annotation

Gene prediction was performed with the EVM v.1.1.1 pipeline (Haas et al.,

2008). In brief, de novo gene prediction was performed with GENSCAN

(Burge and Karlin, 1997), Augustus v.2.4 (Stanke and Waack, 2003),

GlimmerHMM v.3.0.4 (Majoros et al., 2004), geneid v.1.4 (Blanco et al.,

2007), and SNAP v.2006-07-28 (Korf, 2004) with default parameters.

GeMoMa v.1.3.1 was used for homolog prediction (Keilwagen et al.,

2018). The RNA reads were assembled using HISAT v.2.0.4 (Kim et al.,

2015) and StringTie v.1.2.3 (Pertea et al., 2015), and then TransDecoder

v.2.0 and GeneMark-ET v.5.1 were used for gene prediction (Tang et al.,

2015). RNA transcript assembly and unigene sequence prediction were

performed with PASA v.2.0.2 (Campbell et al., 2006). The prediction

methods above were combined in EVM v.1.1.1 and revised using PASA

v.2.0.2. The annotation of protein-coding geneswas performed via BLAST

v.2.2.31 (Altschul et al., 1990) (-evalue 1e-5) against the nr (Marchler-

Bauer et al., 2011), KOG (Koonin et al., 2004), GO (Dimmer et al., 2012),

KEGG (Ogata et al., 1999), and TrEMBL (Boeckmann et al., 2003)

databases.

Heterozygosity estimation

The Illumina raw reads were trimmed with fastp (Chen et al., 2018) and,

after quality control, mapped to the genome using BWA-MEM.

Subsequently, GATK v.4.1.9 (O’Connor and Van der Auwera, 2020) was

used for SNP calling: adding read groups, sorting the reads, removing

duplicates, haplotype calling, and finally genotype calling. The variant

calls were filtered for SNPs, and low-quality calls were removed using

(QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < -12.5 ||

ReadPosRankSum < -8.0 || AF < 0.05). A windowed nucleotide

diversity estimate was calculated with VCFtools (Danecek et al.,

2011) using a 100-kb window with a 10-kb step size. A genome-wise

nucleotide diversity estimate was calculated by taking the mean of all

windows.

Genome comparison and evolution analysis

Protein data from representative plant species, including V. darrowii,

V. corymbosum, V. macrocarpon, A. chinensis, A. thaliana, A. trichopoda,

C. clementina, C. sinensis, F. vesca, and S. lycopersicum, were retrieved

for gene family clustering and phylogenetic analysis. The protein sequences

were clustered into orthogroups using OrthoFinder (version 2.4) with default

parameter settings. Pairwise similarities between proteins from all species

were searched in an all-versus-all manner with DIAMOND using an e value

%0.001. Single-copy families in the analyzed genomes were subjected to

multiple alignment using MAFFT v.7.205, and the alignments were trimmed

using Gblocks v.0.91b. The aligned gene family sequences were then

concatenated, and a phylogenetic tree was constructed using the

maximum-likelihood method in IQ-TREE v.1.6.11 with 1000 bootstraps.

A. trichopoda was used as the root for the tree.

Positive selection analysis was performed with MAFFT (–localpair –maxi-

terate 1000) for alignments of each protein sequence in each gene family.

The alignments were then converted to codon alignments using PAL2-

NAL. CodeML (F3x4 model of codon frequencies), based on the

Branch-site model, was performed. The chi2 program in PAML was

used to analyze model A (u > 1) and the null model (u % 1) to perform a

likelihood ratio test. Significantly different (P < 0.01) selection sites were

obtained and further tested with the empirical Bayes method. Positive se-

lection sites (>0.95) were used to identify genes under positive selection.

Divergence timeswere estimated usingMCMCtree incorporated into PAML

v.4.9i software (Yang, 2007). We also obtained a maximum-likelihood point
mmunications 3, 100307, July 11 2022 ª 2022 The Author(s). 13
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estimate using R with chronos in the ape library. The fossil times used for

tree calibration were obtained from TimeTree (Hedges et al., 2006; Kumar

et al., 2017) (http://www.timetree.org/), and angiosperm fossil pollen

records were used to calibrate the root of the tree to 125.9–247.3 mya

(Barba-Montoya et al., 2017). Gene family expansions and contractions

were analyzed using CAFÉ (v.4.2) with default settings (De Bie et al.,

2006). Gene families were selected with both family-wide P values and

Viterbi P values <0.05.

Synteny and Ks analysis

All-versus-all BLASTP analyses of proteins were performed between and

within the selected species, and the results were filtered using a cutoff

value of e < 10e�3. BLASTP results and genome annotation files for

each species were then used to identify syntenic blocks in MCScanX

with default parameters (Wang et al., 2012a). The synonymous mutation

rate (Ks) values of homologs within collinear blocks were calculated

using wgd v.1.1.0 software. The values of all gene pairs were plotted to

identify putative WGD events. The duplication time was estimated using

the formula t = Ks/2r, which represents the neutral substitution rate, and

was used to estimate the divergence times between blueberry and

other species. Tandem duplications were obtained as part of the

MCScanX analysis.

Transcriptome analysis

cDNA libraries of leaf, flesh, and skin samples were constructed

for RNA-seq, and three biological replicates were performed for each

tissue. Trimmomatic v.0.39 was used to remove low-quality and

adapter sequences to obtain clean data. HISAT2 v.2.1.0 (Kim et al.,

2015) was used to align the clean reads to the reference genome.

Gene model prediction and calculation of gene expression were

performed with StringTie v.1.3.4 (Pertea et al., 2015). DESeq2 was

used for differential expression analysis between tissues. C-means

was performed for the set of screened differentially expressed genes

to find groups of genes with specific expression patterns in tissues.

For the detection of differentially expressed genes between tissues,

fold change >2 and false discovery rate <0.01 were used as

cutoff values. To understand the biological functions of gene

clusters, GO enrichment analysis was performed using GOATOOLS

(Klopfenstein et al., 2018). The enrichments were corrected by false

discovery rate for P values, and then the q values were calculated.

Gene expression in the samples was plotted using the R package

pheatmap.

Chilling treatments and qPCR procedures

Two-year-old cuttings from one clone of V. darrowii were moved outdoors

from a growth room in mid-September 2019. This allowed V. darrowii to

grow naturally in the subtropical city of Hangzhou. All the cuttings were

moved into growth rooms (23�C) in the beginning of November, except

those left outside for chilling treatment. Chilling treatment was performed

outdoors until the middle of December. The average outdoor temperature

was 10�C–18�C in November and 5�C–12�C in December. The cuttings

were then moved into a growth room for 3 weeks for flowering induction.

Individual cuttings that successfully developed flower buds were used for

leaf collection. Non-chilling-treated 2-year-old and 4-month-old cuttings

of V. darrowii were collected at the same time. RNA was extracted using

the RNAprep Pure kit (DP441, Tiangen, China) for RNA isolation, and then

the cDNA was synthesized with the HiScript III 1st Strand cDNA Synthesis

Kit (R312, Vazyme, China). Primers were designed with the Real-Time PCR

(TaqMan) Primer and Probes Design Tool from the GenScript website

(www.genscript.com/tools/real-time-pcr-taqman-primer-design-tool) and

are listed in Supplemental Table 22. qPCR was performed as

described in Cui et al., (2016) on a Bio-Rad CFX Touch system. The

raw cycle threshold values were processed in Qbase+ 2.1

(Hellemans et al., 2007) using Tubulin a2, Tubulin a3, and Tubulin b8 as

reference genes.
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