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An invaluable transgenic blueberry for
studying chilling-induced flowering in
woody plants
Guo-qing Song* and Aaron Walworth

Abstract

Background: Many deciduous woody crops require a minimum level of chilling to break dormancy and allow the
seasonal growth of vegetative and floral buds. In this study, we report the discovery of an invaluable transgenic
event of the blueberry cultivar ‘Legacy’ (hereafter, Mu-Legacy) for studying chilling-induced flowering in woody
plants. Mu-legacy and its progeny provide a unique material to study the unknown mechanism of chilling-
mediated flowering in woody plants.

Results: Unlike nontransgenic ‘Legacy’ and plants of 48 other transgenic events, Mu-Legacy plants were able to
flower under nonchilling conditions and had early flower bud formation, reduced plant size, and reduced chilling
requirement for normal flowering. These characteristics were heritable and also observed in self-pollinated, transgenic
T1 progenies of Mu-Legacy. A 47-Kbp genomic sequence surrounding the transgene insertion position was identified.
RNA-sequencing data showed increased expression of a RESPONSE REGULATOR 2-like gene (VcRR2), located adjacent to
the insertion position in Mu-Legacy and likely driven by the CaMV 35S promoter of the transgene. The Mu-Legacy
showed 209 differentially expressed genes (DEGs) in nonchilled flower buds (compared to nontransgenic ‘Legacy’), of
which only four DEGs were in the flowering pathway. This suggests altered expression of these few genes, VcRR2 and
four flowering DEGs, is sufficient to significantly change flowering behavior in Mu-Legacy.

Conclusions: The significance of VcRR2 in Mu-Legacy suggests that the VcRR2-involved cytokinin pathway likely
contributes to the major differences in chilling-mediated flowering between woody and herbaceous plants. More
importantly, Mu-Legacy shows increased yield potential, a decreased chilling requirement, and better winter hardiness
than many low-chilling cultivars growing in southern warm winter conditions.
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Background
Deciduous fruit-bearing crops that grow in temperate
climates come mainly from nine families, including
Rosaceae (apples, pears, quinces, almonds, apricots,
plums, cherries, peaches, raspberries, blackberries,
loquats, and strawberries) [1], Fagaceae (chestnuts),
Betulaceae (filberts), Juglandaceae (pecans and walnuts),
Ebenaceae (persimmons), Moraceae (figs and mulberries),
Vitaceae (grapes), Ericaceae (blueberries and cranberries),
and Grossulariaceae (currants and gooseberries). These
crops often require a certain period of cold exposure

(chilling) to stimulate dormancy release and induce floral
buds to blossom in their life cycles. Healthy flowering
under the changing climate is of critical importance for
sustainable production of temperate woody crops. Gene-
rally, the chilling requirement and plant hardiness, both of
which vary among plant species, are the main conside-
ration in regard to low temperatures when temperate
woody crops are adopted.
Vaccinium is a genus of terrestrial shrubs in the family

Ericaceae (Syn. Heath) containing approximately 450
species [2]. Highbush blueberries (Vaccinium corymbo-
sum L.), including northern and southern ecotypes, are
the major cultivated blueberries. Most of the commercial
highbush cultivars require chilling to ensure normal
flowering. The northern highbush cultivars require more

* Correspondence: songg@msu.edu
Plant Biotechnology Resource and Outreach Center, Department of
Horticulture, Michigan State University, East Lansing, MI 48824, USA

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Song and Walworth BMC Plant Biology          (2018) 18:265 
https://doi.org/10.1186/s12870-018-1494-z

http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-018-1494-z&domain=pdf
http://orcid.org/0000-0001-9020-9884
mailto:songg@msu.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


than 800 chill units (CU) to break dormancy and flower
in the spring and have generally better winter hardiness.
In contrast, the southern highbush blueberry often needs
150 to 800 CU, but has greater high-temperature
tolerance in the summer. Blueberry floral bud initiation
often starts before endo-dormancy. Enough chilling ac-
cumulation during endo-dormancy is critical for floral
bud formation and bud-break in the Spring for decidous
woody fruit and nut crops. Insufficient chilling hours
prevent bud-break and often lead to reduced fruit
production. Manipulation of chilling requirement are
considered to be long-term solution secure deciduous
fruit production under the changing climate [3].
To date, extensive studies have elucidated the molecu-

lar basis of vernalization and flowering in Arabidopsis
[4–12], the cereals [8, 9, 13] and beets [14]. In contrast,
far less progress has been made in unveiling the molecu-
lar pathways of chilling-induced dormancy release in
woody perennials, due mainly to the high complexity of
their genomes. It has been suggested that overlap may exist
between components of the herbaceous vernalization path-
ways and the dormancy release pathways of woody plants
[15]. However, neither the FRIGIDA (FRI) [16] or FLOWER-
ING LOCUS C (FLC)-determined [4, 5, 17] vernalization
models in Arabidopsis nor the VERNALIZATION gene
(VRNs)-mediated vernalization models in cereals and their
relatives have proven sufficient to form a model of
cold-dependant flowering in woody plants [8, 9, 13]. In
general, the chilling requirement for dormancy-break is
species- and genotype-dependent [14, 18].
Functional analysis of a blueberry FLOWERING

LOCUS T (FT) gene (VcFT) has been conducted to study
flowering mechanisms in highbush blueberry (Vaccinium
corymbosum L.) [19–21]. Overexpression of VcFT
(approx. 2900-fold increase in leaf tissues) caused con-
tinuous and precocious flowering in in vitro shoots and
in one-year-old ‘Aurora’ plants [19]. However, two- and
three-year-old VcFT-overexpressing plants did not
flower normally, and the majority of the flower buds did
not open under greenhouse conditions without chilling.
It is interesting that overexpression of VcFT was not suf-
ficient to completely release all blueberry floral buds
from dormancy, suggesting that the molecular pathways
for floral transition and breaking of seasonal dormancy
only partially overlap in this species [20, 21].
Blueberry floral initiation occours before bud dor-

mancy release. Transcriptome analysis using RNA
sequencing data from nonchilled, chilled, and late pink
buds of southern highbush blueberry ‘Legacy’ has re-
vealed genes associated with chilling accumulation and
bud break [3]. It is interesting that VcFT expression did
not show a differential expression in chilled flower buds
(compared to nonchilled flower bud) but were
up-regulated in late-pink buds (compared to chilled

flower bud. DORMANCY ASSOCIATED MADS-box
(DAM) genes which are a cluster of six MADS-box tran-
scription factors. The loss of all or part of the DAMs re-
sulted in the non-vernalizaed peach evergrowing mutant
[22, 23]. The DAM genes are considered alternatives to
FLC in regulating vernalization-mediated chilling require-
ment and flowering [22, 24]. However, the DAM genes
show high similarities to A. thaliana AGAMOUS-LIKE 24
(AGL24) and SHORT VEGETATIVE PHASE (SVP) genes
[24, 25]. Additionally, functional analysis of DAMs to
reveal their roles in chilling-mediated flowering through
reverse genetics has not been reported in peach. VcSVP
showed differential expression in chilled and late-pink
buds. In chilled blueberry flower buds, both VcFLC and
VcSVP homologues decreased but increased in late-pink
buds [3]. The functional orthologues of FLC and AGL24
were not detected in blueberry, suggesting that the
vernalization/chilling-mediated flowering pathway of blue-
berry is different from A. thaliana.
Expression of blueberry DWARF AND DELAYED

FLOWERING gene (VcDDF1) is not cold-inducible; how-
ever, overexpression of the VcDDF1 increases freezing
tolerance in transgenic leaves and flower buds [26–28].
One transgenic event of blueberry ‘Legacy’ (herein
Mu-Legacy) transformed with VcDDF1 was identified
from 49 transgenic events because it can flower under
nonchilling conditions whereas all the nontransgenic
and transgenic plants of 48 other events could not.
This Mu-Legacy is a desirable material for revealing
the mechanism of chilling-induced flowering in woody
plants.

Results
Phenotypes of mu-legacy
Sixteen nontransgenic and 202 transgenic ‘Legacy’ plants
were grown in a heated greenhouse in Michigan in 2009.
These plants were developed from in vitro shoot
cultures and were grown in the greenhouse for approxi-
mately 14 months after they were rooted. The transgenic
plants, three to five plants per transgenic event, were
from 49 transgenic events, each containing an overex-
pression vector for VcDDF1 [27, 28]. All three plants of
one VcDDF transgenic event, which was designated
Mu-Legacy, started flowering in the heated greenhouse
in mid-October (Fig. 1a, b), while all 16 nontransgenic
‘Legacy’ and 199 transgenic plants of the other 48
VcDDF1 transgenic Legacy events could not flower with-
out chilling. The Mu-Legacy had an obviously shortened
juvenility phase, and could flower without the typical
dormancy period and subsequent release following chil-
ling. These results suggest that the overexpressed
VcDDF1 is probably not the only factor causing the
changes in Mu-Legacy plants. As of this report, 200
plants for each of the Mu-Legacy and nontransgenic
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Fig. 1 (See legend on next page.)
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‘Legacy’, and 100 plants of one representative transgenic
event (hereafter, VcDDF1-Legacy) of the other 48
VcDDF1 transgenic events were obtained through
micropropagation for continuous investigation over the
previous five years.
Flowering behaviors of chilled Mu-Legacy plants are

similar to the normal flowering of chilled nontransgenic
‘Legacy’ (Fig. 1c, d) and transgenic plants of the 48
VcDDF1 transgenic events (data not shown). Nonchilled
Mu-Legacy plants had a flowering period of six to seven
months, regardless of photoperiod (e.g., October 21,
2009 to May 05, 2010) (Fig. 1e, f), and each inflorescence
had one to four flowers at a time (Fig. 1a); in contrast,
chilled Mu-Legacy plants with approximately 1000 CU had
a flowering period of approximately 10 days and each
flower bud had six to 10 flowers (Fig. 1d). The difference in
flowering between long-day and short-day grown non-
chilled Mu-Legacy plants is that the long-day grown plants
showed flowered on newly formed soft-wood shoots, which
was not observed in plants grown under short day (Fig. 1g).
These results suggest that compared to nontransgenic
‘Legacy’ the Mu-Legacy plants have a mutation that con-
tributes to altered chilling requirment (Fig. 1). However, the
Mu-Legacy still requires some accumulation of chilling for
normal flowering.
When looking at one year-old plants with over

1000-CU of cold exposure, none of the nontransgenic
‘Legacy’ plants flowered, wheras 84.9% of Mu-Legacy
plants flowered. This indicates early floral bud formation
in the Mu-Legacy plants with a reduced juvenility phase.
Chilling accumulation influences the bloom period of
both Mu-Legacy and nontransgenic ‘Legacy’ plants. For
Mu-Legacy, lower levels of chilling accumulation (133 or
300 CU) were associated with longer bloom periods
when compared with greater chilling accumulation (500
or 850 CU) (Fig. 2). Flowering of nontransgenic ‘Legacy’
plants was not observed until chilling accumulation
reached 500 CU (Fig. 2c). With 850-CU chilling,
Mu-Legacy and nontransgenic ‘Legacy’ plants showed a
similar, very condensed bloom period, but Mu-Legacy
flowered two days earlier than nontransgenic ‘Legacy’
plants (Fig. 2d).

Mu-Legacy had a smaller plant size, greater flower
bud formation, and a reduced chilling requirement when
compared to either nontransgenic ‘Legacy’ (Fig. 1e,f;
Figs. 2, 3) or the transgenic VcDDF1-Legacy plants.
These changes resulted in a high yield potential for
Mu-Legacy plants grown under both nonchilling and
fully-chilled conditions.

Phenotypes of the T1 progeny of mu-legacy
The chilling-independent flowering trait in Mu-Legacy
was heritable and segregated in the T1 generation. Of 36
self-pollinated T1 seedlings of Mu-Legacy grown in a
heated greenhouse for two years, 22 plants were able to
flower prior to their exposure to any chilling while 14
plants did not flower (Additional file 1: Fig. S1). All of
these 22 T1 plants were PCR-positive for both the
neomycin phosphotransferase II (nptII) and VcDDF1
transgenes; in contrast, none of the 14 non-flowering
plants were PCR-positive. The transgene segration rate is
3:1 (chi square test, p < 0.01). Other phenotype variations,
such as plant size, architecture, and leaf shape and size,
were also observed in the 36 T1 plants. One extremely
dwarf transgenic seedling (herein Mu-Legacy-T1) was
identified (Fig. 4). These results suggest that the tranfer
DNA (T-DNA) insertion is responsible for the phenotypic
changes in the Mu-Legacy.

Genetic control of the mutation in mu-legacy
An electrolyte leakage assay suggested that overexpress-
ing VcDDF1 resulted in a significant increases in freeze
tolerance in leaf tissues of several transgenic events, i.e.,
the representative transgenic event VcDDF1-Legacy (pre-
vious code: II7) but not in Mu-Legacy (previous code: II3)
[28]. In compared to nontransgneic ‘Legacy’, VcDDF1
overexpression (VcDDF1_OX) in Mu-Legacy resulted in
increases in VcDDF1 expression (c32575_g1_i1) at 108-
fold in nonchilled flower buds (Additional file 2: Table S1)
and 40-fold in leaves (Additional file 3: Table S2), respec-
tively. In compared to VcDDF1_Legacy, the VcDDF1_OX
in Mu-Legacy did show differential expression in non-
chilled flower buds (Additional file 4: Table S3) but
showed a significant decrease in leaves (Additional file 5:

(See figure on previous page.)
Fig. 1 Flowering of Mu-Legacy and nontransgenic ‘Legacy’ plants. a, b, Flowering of two-year old, nonchilled Mu-Legacy (a) and ‘Legacy’ (b)
plants under a short-day photoperiod (nine hours). Red arrows indicate flowers, fruits, or flower buds. c, d, Flowering of fully chilled two-year old
Mu-Legacy (c) and ‘Legacy’ (d) plants under a long-day photoperiod (14 h). e, f, Pattern of flowering when three-year old Mu-Legacy and ‘Legacy’
plants (n = 6) were grown in greenhouses under nonchilling conditions with a short-day photoperiod (nine hours) (e) and a long-day photoperiod
(16 h) (f). The primary y-axis is for the line chart and the secondary y-axis is for the column chart. The bars are showing the mean number of flower
buds per plant and the number of flower buds that bloomed. Each data point is an average of six plants plus standard deviation bars. g, In addition to
the flowering pattern observed under a short-day photoperiod (nine hours) (a), flowering was shown on the new shoots of Mu-Legacy under a long-
day photoperiod (16 h). h, A shorter Mu-legacy plant is showing more fruit production than a nontransgenic ‘Legacy’ plant. The five-year old plants
were grown in a secured courtyard under natural environmental conditions. Significance (compared to nontransgenic ‘Legacy’) determined using a
Student’s t-test is denoted. One asterisk (*) indicates p < 0.05 and two asterisks (**) indicate p < 0.01
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Table S4). Thus, little evidence supports that the overex-
pressed VcDDF1 is the only explanation for the mutations
in Mu-Legacy.
Southern blot analysis indicated that Mu-Legacy

contains one copy of the T-DNA (Fig. 5a). The T-DNA
insertion position was initially found in a 1279 base pairs
(bp) fragment. The left border of the inserted T-DNA
has an 18-bp deletion, and the right border has a 68-bp

deletion. The insertion broke a 354-bp reading frame,
which shows the highest similarity at protein level to a
retrotransposon protein of rice (Oryza sativa). Sequence
analysis of RT-PCR products showed the presence of
the 354-bp fragment in the leaf samples of both
Mu-Legacy and nontransgenic ‘Legacy’, suggesting
that the 354-bp sequence has at least two identical
alleles in nontransgenic ‘Legacy’. Using the 1279 bp

Fig. 2 Response of three-year old Mu-Legacy and nontransgenic ‘Legacy’ plants to different chilling hours in the greenhouse at 22–24 °C under
natural light conditions. These plants (n = 5) were grown under normal chilling conditions (> 1000 chilling hours) before they reached three-years
old. The primary y-axis is for the column chart and the secondary y-axis is for the line chart. Each data point is a mean of five plants. Significant
changes determined using a Student’s t-test are denoted. Asterisk (**) indicates p < 0.01
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sequence of the T-DNA insertion position of
Mu-Legacy to search blueberry ESTs, we found a
781 bp EST contig CV091265.1 that has 199 bp
overlap with the 1279 bp sequence. The 199 bp re-
gion (herein VcRR2) of this EST shows a high simi-
larity to B-type RESPONSE REGULATOR 2 (ARR2).

Based on this EST sequence, the sequence at the
insertion position could be extended to 3053 bp
(Additional file 6 Supplemental information 1); how-
ever, the sequence information alone is insufficient
to explain why the insertion is responsible for the
changes in Mu-Legacy.

Fig. 3 Architectures, flowering, and fruit production of Mu-Legacy and nontransgenic ‘Legacy’ plants. a, Architectures and flowering of two-year
old ‘Mu-Legacy’ and nontransgenic ‘Legacy’ plants. Plants (100 plants for each of nontransgenic ‘Legacy’ and ‘Mu-Legacy’ were investigated). Red
arrows show flowers or fruits. b, Inflorescence bud formation in chilled and nonchilled, three-year old Mu-Legacy and nontransgenic ‘Legacy’
plants (n = 12). c, Fruit clusters for six-year old Mu-Legacy and nontransgenic ‘Legacy’ plants (n = 5) grown under natural environmental
conditions after full chilling in winter in 2017. Significance determined using a Student’s t-test is denoted. One asterisk (*) indicates p < 0.05 and
two asterisks (**) indicate p < 0.01

Fig. 4 Two-year old T1 plant of Mu-Legacy grown under nonchilling conditions. a, A nontransgenic T1. b, Mu-Legacy-T1 (an extreme dwarf,
transgenic T1 plant). The arrow shows flowers
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Genomes of mu-legacy and mu-legacy-T1
Full genome sequencing with an approximate 39-fold
coverage generated high quality reads of 313 million
reads (MR) of 94.0 G base pairs (Gbp) for Mu-Legacy
and 313 MR of 93.3 Gbp for Mu-Legacy-T1, respectively.
Each genome was assembled twice by using SOAPde-
novo2 and ABySS/1.9.0, respectively. Using the 3053 bp
sequence of the T-DNA insertion position of Mu-Legacy

to search the assembled Mu-Legacy and Mu-Legacy-T1

genome databases led to an assembly of a maximum of 47
kilobase pair (Kbp) transgene insertion region (Fig. 5b).

Four DEGs of the flowering pathway in mu-legacy
RNA sequencing data were generated for comparative
analysis of nontransgenic‘Legacy’ and Mu-Legacy. The
overrepresented gene ontology (GO) term “reproduction”

Fig. 5 Transgene insertion position in Mu-Legacy and its effect on expression of adjacent gene(s). a, Southern blot analysis of Mu-Legacy (M) and
Legacy (L). About 30 micrograms DNA was digested using HindIII. The gusA coding region was used as the probe. b, The T-DNA was inserted
into a blueberry retro-transposon region, which locates at the upstream of VcRR2. c92529_g4_i1, c92529_g4_i2, c96767_g2_i12 are the transcripts
near the right repeat of the T-DNA insertion region. *LB T-DNA repeat: there was a deletion of 18 from 5′-end. *RB T-DNA repeat: this repeat
(25 bp) and 37 bp up its 5′-end, including 16 bp belonging to the NOS terminator, were deleted. The insertion increased overexpression of the
VcRR2 in gene contigs c92529_g4 and c96767_g2 in both leaf and flower bud tissues of Mu-Legacy and also in leaf tissues of Mu-Legacy-T1
(Table 1)

Fig. 6 Gene networks of differentially expressed genes in nonchilled flower buds of Mu-Legacy plants. The gene ontology file of GOSlim_Plants
in BiNGO was used to identify overrepresented GO terms (P < 0.05). Bubble size and color indicate the frequency of the GO term and the
P-value, respectively
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in gene networks of the annotated DE isoforms supports
the changes in flowering seen in Mu-Legacy plants (Fig. 6).
The DE gene networks of Mu-Legacy have much less GO
terms than those of VcDDF1-Legacy [27], indicating the
potential effects of both insertion positions and VcDDF1
expression levels. When flowering pathway genes of A.
thaliana were used to identify DE genes (DEGs), only four
DEGs, including orthologues of PROTEIN FD (FD),
TERMINAL FLOWER 1 (TFL1), ACTIN-RELATED PRO-
TEIN6 (ARP6), DOF ZINC FINGER PROTEIN5.3
(DOF5.3), were detected and they were all repressed
(Fig. 7, Additional file 2: Table S1). These results suggest
that the four DEGs of the flowering pathway in
Mu-Legacy play significant roles in chilling-mediated
flowering.

DEGs of major phytohormone-related genes and COR
genes in mu-legacy
Due to the potential effect of phytohormones in chilling-
mediated blueberry flowering [3], DE orthologues of five
major phytohormones of A. thaliana [i.e., abscisic acid
(ABA), gibberellic acid (GA), auxin, cytokinin, and ethyl-
ene] were examined in Mu-Legacy tissues (Additional
file 2: Tables S1, Additional file 3: Tables S2). GA is in-
volved in the flowering pathway through its interaction
with the SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOC1) and TFL1 [29, 30]. In nonchilled
flower buds, orthologues of ENT-KAURENOIC ACID
HYDROXYLASE (KAO2) and GA REQUIRING 3 (GA3)
in the GA biosynthesis pathway were both upregulated
(|Log2FC = Log2fold changes | < 2) without being associ-
ated with a differential expression of blueberry SOC1

(VcSOC1). DE orthologues of the CYP83B1 PROTEIN
(SUR2) in the auxin pathway were also upregulated. DE
orthologues of two A. thaliana genes in the cytokinin
pathway, one in the ethylene pathway, and one in the
auxin pathway showed low fold changes (|Log2FC| < 2).
Compared to the number in nonchilled flower buds
(eight in total), fewer DE orthologues of these phytohor-
mone genes were present in leaves (two) (Additional
file 3: Table S2). These DE phytohormone genes in dif-
ferent tissues could play a role in the early flowering
and reduced size of Mu-Legacy plants.
DE orthologues of A. thaliana cold-regulated genes

(CORs) were present in Mu-Legacy plants (Additional
file 2: Tables S1, Additional file 3: Tables S2). No signifi-
cant increase in freezing tolerance was observed in leaf
and bud tissues in the electrolyte leakage assay (previous
code: II3) [28], suggesting that these DE CORs were in-
sufficient to drive a significant increase in freezing
tolerance.

DEGs caused by insertion position
Unlike Mu-Legacy plants, VcDDF1-Legacy plants,
flowered similar to nontransgenic ‘Legacy’ [27], sug-
gesting that the overexpressed VcDDF1 might not be
the major factor for the altered flowering in the
Mu-Legacy. To further explore the potential candi-
date genes that could be resposible for the mutation
in Mu-Legacy, transcriptomic analyses of Mu-Legacy
(compared to VcDDF1-Legacy) were also conducted
in leaves and nonchilled flower buds. The com-
parisons resulted in 1108 and 1119 DE unique genes
in leaves and nonchilled flower buds, respectively

Fig. 7 Quantative RT-PCR analysis of three differentially expressed flowering pathway genes (identified in RNA-seq with FDRs < 0.05; expression of
DOF5.3 was not tested) in nonchilled flower buds. Eukaryotic translation initiation factor 3 subunit H is the internal control. Relative expression
Log2(fold-change) was calculated by -ΔΔCt = −[(CtGOI – Ctnom)nonchilled Mu-Legacy – (CtGOI – Ctnom)Legacy]. Average fold-changes ± standard deviation
of three biological replicates. Significant average Log2fold-change was determined using the Student’s test. Asterisks (**) indicate p < 0.01. RNA-
seq data show Log2Fold change (Mu-Legacy/Legacy)
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(Additional file 4: Table S3, Additional file 5: Table S4).
Further analysis of the four groups of DEGs identified in
the comparions of Mu-Legacy vs. nontransgenic ‘Legacy’
(77 for leaves and 209 for flower buds) and Mu-Legacy vs.
VcDDF1-Legacy (1108 for leaves and 1119 for flower
buds) resulted in 18 shared DEGs and 31 unannotated
transcripts by Trinotate, which were the major DEGs and
DE transcripts caused by the transgene insertion position
in Mu-Legacy (Fig. 8; Table 2, Additional file 2: Table S1,
Additional file 3: Table S2, Additional file 4: Table S3,
Additional file 5: Table S4). The 18 DEGs and 31 DE
transcripts were further annotated by searching the
Arabidopsis protein database (Table 2). Of the 18
DEGs, the upregulated c96767_g2_i12 is a VcRR2
gene adjacent to the insertion position in Mu-Legacy
(Fig. 5, Tables 1 and 2). The repressed c49456_g1_i1
and c49456_g2_i2 (annotated to ACTS_RAT or
actin-11) showed a high similarity to the Arabidopsis
ARP6 gene, which regulates FLC independent of
vernalization in Arabidopsis [31] Thus, the upregu-
lated VcRR2 and the repressed ARP6 could be the key
DEGs causing the changes (compared to both non-
transgenic ‘Legacy’ and VcDDF1-Legacy) in chilling-
mediated flowering in the Mu-Legacy. It appears from
this data that a small numbers of DEGs were respon-
sible for the phenotypic changes in the Mu-Legacy
(Fig. 1-3), suggesting that the Mu-Legacy is an inva-
luable material to study the blueberry flowering
mechanism.

Blueberry B-type RESPONSE REGULATOR (VcRR2) is likely
responsible for the mutation of mu-legacy
In the 47-Kbp transgene insertion region, transgenes
showed overexpression; more importantly, the VcRR2
was the only DE gene and it was upregulated in both
leaves and buds (Table 1; Additional file 2: Table S1,
Additional file 3: Table S2, Additional file 4: Table S3,
Additional file 5: Table S4). Similar results were

Fig. 8 Differentially expressed genes in four transcriptome comparisons. The numbers show DE unique genes (based on the annotation
using Trinotate)

Table 1 Differentially expressed transcripts (VcRR2) adjacent to
the transgene insertion position in Mu-Legacy and Mu-Legacy-
T1 plants

Isoform ID logFC logCPM P-Value FDR

Mu-Legacy (leaf)

c92529_g4_i1 2.84 5.64 8E-18 1E-13

c92529_g4_i2 6.17 5.04 3E-36 7E-32

c96767_g2_i12 4.40 2.25 1E-17 2E-13

Mu-Legacy (bud)

c92529_g4_i1 4.10 5.52 2E-61 9E-57

c92529_g4_i2 7.26 5.32 2E-98 1E-93

c96767_g2_i12 4.22 2.64 7E-35 1E-30

Mu-Legacy-T1 (leaf)

c92529_g4_i1 2.24 5.75 2E-82 4E-79

c92529_g4_i2 5.59 5.30 4E-227 8E-223

c96767_g2_i12 4.35 3.13 9E-71 1E-67

FDR false discovery rate. LogFC Log2(fold change) = Log2[Mu-Legacy (or
Mu-Legacy-T1)/nontransgenic Legacy]. LogCPM: Log2(counts per million)
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observed in leaves of Mu-Legacy-T1 (Fig. 9). Since the
VcRR2 did not show differential expression in leaves and
flower buds of VcDDF1-Legacy [27], the upregulated ex-
pression of VcRR2 could be responsible for the mutation
of Mu-Legacy. It is likely that the CaMV 35S promoter
of the gusA gene drove through the NOS terminator and
then promoted expression of the adjacent VcRR2 gene.

Discussion
T-DNA insertion upregulated expression of adjacent host
genes
Regardless of transgene, a T-DNA integration is often
associated with a position mutation by a random gene
insertion [32]. In Mu-Legacy, the insertion broke a
354-bp retrotransposon (Fig. 5); a homologue of the
retrotransposon was also identified. The role of the
354-bp retrotransposon in regulating expression of the
VcRR2 is not known in this study. In the literature, there
is almost no evidence showing that a retrotransposon
itself contributes to regulating plant flowering. Since the
retrotransposon is adjacent to VcRR2, it is a genetic
marker of the VcRR2; however, whether it has some
regulatory roles in VcRR2 expression or evolution is still
to be determined.
Random T-DNA insertion is often associated with nu-

cleotide deletion at the T-DNA borders [32], which was
demonstrated in this study (Fig. 5). More interestingly,
we found the constitutive 35S promoter driving through
the NOS polyA terminator where a truncation occurred
right after the stop code (Fig. 5), which enabled

overexpression of a downstream VcRR2 gene in
Mu-Legacy (Table 1, Fig. 9). Consequently, the
Mu-Legacy and its transgenic progeny showed early
flowering, altered chilling requirement, and reduced
plant height (Figs. 1-4).

Roles of VcRR2 in plant flowering
In the dicot Arabidopsis, ARR2 is involved in cytokinin
responses that affect a wide range of developmental
processes in response to phytohormones [33–38]. In
comparison to wild type Arabidopsis, loss-of-function
mutants of ARR2 (arr2) show retarded growth and
development, and early flowering [34, 39]; the gain-of-f-
unction of ARR2 promotes in vitro shoot production
and leaf differentiation, and delays leaf senescence [35].
In the monocots (e.g., rice and corn), two-component
systems play a central role in cytokinin signaling, but the
roles of ARR2 orthologues are not clear [40–42]. B-type
RR orthologues are identified in woody plants, for
example, in black cottonwood (Populus trichocarpa) and
peach (Prunus persica) [43].
Here, for the first time in woody plants (blueberry), it

was found that an enhanced expression of VcRR2 in
Mu-Legacy plants, in addition to the overexpressed
VcDDF1, resulted in reduced plant size, early flower bud
initiation and flowering without chilling, and enhanced
flower bud formation (Figs. 1-4, Table 2). Although the
roles of the overexpressed VcDDF1 can not be excluded
in the Mu-Legacy plants, our recent studies have dem-
onstrated that the overexpressed VcDDF1 alone were

Fig. 9 qRT-PCR analysis of VcRR2 in Mu-Legacy and Mu-Legacy-T1 using E1F and E1R primers. Eukaryotic translation initiation factor 3 subunit H is
the internal control. Log2(fold-change) in Legacy-VcDDF1-OX was calculated by -ΔΔCt = −[(CtGOI – Ctnom)Mu-Legacy or Mu-Legacy-T1 – (CtGOI – Ctnom)Legacy].
Average fold-changes ± standard deviation of three biological replicates for each of Mu-Legacy, Mu-Legacy-T1, and nontransgenic ‘Legacy’ plants were
plotted. Significant average fold-change determined using a Student’s t-test is denoted. Asterisks (**) indicate p < 0.01. The fold change of RNA-seq is
an average of the Log2Fold change (Mu-Legacy/Legacy) for three DE isoforms listed in Table 1
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not able to change chilling requirment in the other 48
VcDDF1-OX lines [26–28]. Functional analyses of VcRR2
through overexpression, gene knock-out, and phytohor-
mone profiling are still needed to reveal the roles of
VcRR2 in blueberry flowering.

Flowering pathway genes and chilling-mediated
flowering of blueberry plants
Comparative transcriptome analysis provides a powerful
tool to study the differentially expressed genes associated
with phenotypic changes in transgenic blueberry plants
[20, 21, 26, 27]. In terms of flowering time regulation,
overexpression of a blueberry FLOWERING LOCUS T
(VcFT) (an increase of approximately 2900-fold) was un-
able to completely eliminate the need for chilling in
blueberry for normal flowering [20]. More recently,
overexpression of of the VcSOC1K increases blueberry
productivity by promoting early and more flower bud
formation through the other DE MADS-box genes [44].
In this study, flowering of nonchilled Mu-Legacy plants
has demonstrated non-VcFT-mediated plant flowering,
where early flowering and reduced shilling requirement
was associated with decreased expression of VcFD,
VcTFL1,VcARP6, and VcDOF5.3 without the involvement
of other major flowering pathway genes (Additional file 2:
Table S1, Additional file 3: Table S2). Further transcrip-
tomic comparsions of these transgenic plants will reveal
the DE genes that are involved in chilling-mediated
flowering in blueberries.
The transgene insertion position and VcDDF1-OX in

Mu-Legacy caused 18 DEGs and 31 unannotated DE
transcripts (Fig. 8; Table 2). Most of the 18 DEGs have
not been well-studied in plants. The obvious phenotypic
changes associated with a small number of DE genes in
the leaf and nonchilled bud tissues of Mu-Legacy make
it invaluable for studying the chilling-mediated flowering
mechanism in woody plants (Fig. 6, Additional file 1:
Figure S1). Further investigations on the effect of chilling
on expression of flowering pathway genes in the progenies
of Mu-Legacy will allow the unravelling of the mechanism
of chilling-mediated flowering in woody plants.

Conclusions
Mu-Legacy was identified from 49 VcDDF1 transgenic
events. The most obvious phenotypic change is that
Mu-Legacy was able to flower under nonchilling condi-
tions, whereas nontransgenic ‘Legacy’ and the other
transgenic events could not. In addition, transgenic pro-
genies derived from the self-pollinated seeds were also
able to flower under nonchilling conditions, but none of
the nontransgenic segregants in progenies derived from
Mu-legacy, or transgenic progenies from another
VcDDF1 transgenic event, flowered. Since the mechan-
ism of chilling-mediated flowering remains unknown in

woody plants, Mu-Legacy and its progeny provide a
unique material to study woody plant flowering. The
significance of VcRR2 in Mu-Legacy suggests that the
VcRR2-involved cytokinin pathway likely contributes to
the major differences in chilling-mediated flowering
between woody and herbaceous plants. More importantly,
Mu-Legacy shows increased yield potential, a decreased
chilling requirement, and better winter hardiness than
many low-chilling cultivars growing in southern warm
winter conditions.

Methods
Plant materials
A southern highbush blueberry cv. ‘Legacy’ is tetraploid
and needs more than 800 CU for normal flowering.
Forty-nine transgenic ‘Legacy’ plants contain an overex-
pressed VcDDF1 [28]. Both transgenic and nontrans-
genic plants were developed from in vitro cultured
shoots; they were grown in the greenhouse (heated for
winter) or the courtyard between two greenhouses under
natural light conditions and a regular schedule of irriga-
tion and fertilization using 0.2 g/L fertilizer (Nitrogen:
Phosphorus: Potassium = 21: 7: 7).
Plant chilling was conducted in an unheated hoop

house in winter under natural light conditions or in
growth chambers at 4 °C with a 12-h photoperiod. The
conversion of selected temperatures to chill units for
highbush blueberry is based on the equation: total chill
units = 0.5 × number of hours with temperatures below
2.4 °C and 9.2–12.4 °C + 1 × number of hours with
temperatures 2.5–9.1 °C – 0.5 × number of hours with
temperatures 16–18 °C -1 × number of hours with tem-
peratures above 18 °C [45].
One hundred transgenic plants of a representative

VcDDF1 transgenic event (herein VcDDF1-Legacy) and
two hundred plants at different ages, for each of the
nontransgenic ‘Legacy’ and Mu-Legacy (a flowering mu-
tant of transgenic legacy), were grown for phenotyping
experiments under various chilling conditions, including
chill units of zero, 133, 300, 500, and 850 under
controlled conditions or above 850 CU in the open-air
conditions in Michigan. For each treatment, three plants
for VcDDF1-Legacy and at least five replicated plants for
each of the nontransgenic ‘Legacy’ and Mu-Legacy were
used.
Self-pollinated T1 seeds of Mu-Legacy were stored in a

refrigerator for six months prior to their germination ei-
ther in soil or on half strength Murashige and Skoog
(1962) medium (MS) [46]. The seedlings germinated on
half strength MS were micropropagated prior to being
grown in the greenhouse. All T1 progenies were grown
in the greenhouse and were not exposed to any chilling.
Plant size and flowering time were documented.
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Mapping of the T-DNA insert in mu-legacy
Identification of the T-DNA insert in Mu-Legacy was
conducted using the PCR method [32]. DNA samples of
nontransgenic ‘Legacy’ and Mu-Legacy were obtained
using a cetyltrimethylammonium bromide (CTAB)
method. Both HindIII-digested and EcoRI-digested DNA
samples were ligated to adapters and then used for PCR
using adapter primer AP1 and T-DNA border primers
according to O’Malley et al. (2007) [32]. Eight primers to
cover an approximately 200 bp region from each end of
the T-DNA were designed based on the sequence of the
T-DNA. Primer and adapter sequences used in this
study are included in Additional file 7: Table S5. Target
PCR products were recovered from gel, purified and li-
gated to a pCR 2.1-TOPO vector (Invitrogen, Carlsbad,
CA, USA) for sequencing.
The identified 1279 bp sequence of the blueberry gen-

ome at the T-DNA insertion position was used to search
the blueberry EST database (http://www.vaccinium.org).
A 781 bp expressed sequence tag (EST) (CV091265)
from nonacclimated floral buds, which has a 199 bp
overlap with the 1279 bp sequence, was used as a refer-
ence to design the primers (i.e., E1F & E2R, E2F & E2R,
and H2F & H2R) (Additional file 7: Table S5) for further
extension of the 1279 bp sequence. PCR products were
ligated to a pCR 2.1-TOPO vector (Invitrogen) for
Sanger sequencing.

DNA sequencing and genome assembly
Total DNA was isolated from 200 mg young leaf tissues
for each of the Mu-Legacy and Mu-Legacy-T1 (a se-
lected T1 progeny of Mu-Legacy) sample, using a CTAB
method [47]. The samples were purified using DNeasy
Mini Kit (Qiagen, Valencia, CA, USA). The integrity of
the DNA samples was assessed using electrophoresis.
All samples were sequenced for 150-bp pair end reads
with about 40-fold blueberry genome coverage using the
Illumina HiSeq4000 platform at the Research Technol-
ogy Support Facility at Michigan State University (East
Lansing, MI, USA).
For each of the Mu-Legacy and Mu-Legacy-T1, SOAP-

denovo2 and ABySS/1.9.0 (k = 64) were used to assemble
genome sequences using the resources at the High
Performance Computing Center at Michigan State
University.

RNA preparation and sequencing
Nontransgenic ‘Legacy’, Mu-Legacy, VcDDF1-Legacy
(named II7 in our previous report [27, 28])were used for
RNA sequencing (RNA-seq). Three three-year old plants
of each genotype were used for collecting leaf and flower
bud tissues. Nonchilled flower buds (30 to 50 buds) were
collected in November before the plants were exposed
to an unheated hoop house for chilling. Fully chilled

flower buds, 30–50, were harvested at the end of January
from courtyard-chilled plants. Young leaf tissues were
collected in February. All the collected tissues were fro-
zen in liquid nitrogen immediately and stored at − 80 °C.
Total RNA was isolated from 0.5 g tissues for each

sample, using a CTAB method [47]. The samples were
purified using the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA). The integrity of the RNA samples was
assessed using electrophoresis. All samples had an RNA
quality score above 8.0 prior to the submission for se-
quencing (100-bp pair end reads) using the Illumina
HiSeq2500 platform at the Research Technology Support
Facility at Michigan State University (East Lansing, MI,
USA). The FastQC program (www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/) was used to assess the qua-
lity of sequencing reads for the per base quality scores
ranging from 30 to 40.

Differential expression analysis
The RNA-seq reads of three biological replicates for
each of the nontransgenic ‘Legacy’ Mu-Legacy, and
VcDDF1-Legacy were analyzed. Each biological replicate
was sequenced twice. The paired reads, two sets for each
biological replicate, were aligned to the transcriptome
reference Reftrinity [20] and the abundance of each of a
single read was estimated using the Trinity command
“align_and_estimate_abundance.pl”. The Trinity com-
mand “run_DE_analysis.pl --method edgeR” was used to
conduct differential expression analysis [48]. The differ-
entially expressed (DE) genes or isoforms with the false
discovery rate (FDR) values below 0.05 (p-value < 0.001)
were used for further analyses of the flowering genes of
blueberry. Most of the analyses were performed using
the resources at the High Performance Computing Cen-
ter at Michigan State University. Sequence alignment
and phylogenetic tree analyses were conducted using
CLC Sequence Viewer 7.

Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) of DE transcripts
The RNA samples used for RNA-sequencing, including
samples of three biological replicates for each of non-
transgenic ‘Legacy’ and Mu-Legacy, were used for cDNA
preparation. Reverse transcription of RNA to cDNA was
performed using SuperScript II reverse transcriptase
(Invitrogen, Carlsbad, CA, USA). The resulting cDNA of
one microgram of RNA was diluted (volume 1: 4) in
water and 1 μl/sample (25 ng) was used for PCR reac-
tions. PCR primers that cover the VcRR2 region (E1F &
E1R) were used. Eukaryotic translation initiation factor 3
subunit H was the internal control (1). QRT-PCR was
performed in triplicate on an Agilent Technologies
Stratagene Mx3005P (Agilent Technologies, Santa Clara,
CA) using the SYBR Green system (Life Technologies,
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Carlsbad, CA). In each 25 μl reaction mixture, 25 ng
cDNA, 200 nM primers and 12.5 μl of 2x SYBR Green
master mix were included. The reaction conditions for
all primer pairs were 95 °C for 10 min, 40 cycles of 30 s
at 95 °C, 60 s at 60 °C, and 60 s at 72 °C, followed by
one cycle of 60 s at 95 °C, 30 s at 55 °C, and 30 s at 95 °
C. The specificity of the amplification reaction for each pri-
mer pair was determined by the melting curve. Transcript
levels within samples were normalized to the eukaryotic
translation initiation factor 3 subunit H. Log2(Fold changes)
were calculated using - ΔΔCt = −[(CtGOI – Ctnom)Mu-Legacy

or Mu_Legacy_T1– (CtGOI – Ctnom)Legacy] for each transgenic
Mu-Legacy versus a nontransgenic ‘Legacy’ sample (n = 3)
[49]. In addition, regular RT-PCR was also used to verify
the specificity of the primers prior to qRT-PCR analysis.
The reaction conditions using 50 ng cDNA per reaction for
all primer pairs were 94 °C for 2 min, 35 cycles of 45 s at
94 °C, 60 s at 60 °C, and 60 s at 72 °C, with a final 10 min
extension at 72 °C. RT-PCR products were separated on
1.0% agarose gel containing ethidium bromide, visualized,
and photographed under UV light.

Statistical analysis
Comparisons of quantitive traits (e.g., the number of
flower buds, plant height, and the number of fruit clus-
ters) between Mu-Legacy and nontransgenic ‘Legacy’
plants were made using a Student’s t-test or one-way
ANOVA Test in R3.3.1.

Additional files

Additional file 1: Figure S1. Representative flowering patterns of two-
year old transgenic T1 progenies of Mu-Legacy (a-k) and a nontransgenic
progeny (l) under nonchilling conditions. (DOCX 230 kb)

Additional file 2: Table S1. Differentially expressed (DE) genes in
nonchilled flower buds of Mu-Legacy (compared to nontransgenic
‘Legacy’). LogCPM: log2(counts per million). FDR: False discovery rate.
(XLSX 62 kb)

Additional file 3: Table S2. Differentially expressed (DE) genes in leaves
of Mu-Legacy (compared to nontransgenic ‘Legacy’). LogCPM: log2
(counts per million). FDR: False discovery rate. (XLSX 31 kb)

Additional file 4: Table S3. Differentially expressed (DE) genes in
nonchilled flower buds of Mu-Legacy (compared to VcDDF1-Legacy).
LogCPM: log2(counts per million). FDR: False discovery rate. (XLSX 243 kb)

Additional file 5: Table S4. Differentially expressed (DE) genes in the
leaves of Mu-Legacy (compared to VcDDF1-Legacy). LogCPM: log2(counts
per million). FDR: False discovery rate (XLSX 281 kb)

Additional file 6: DNA sequences at the insertion position of Mu-
Legacy. (DOCX 26 kb)

Additional file 7: Table S5. Primers used in this study. (DOCX 18 kb)

Abbreviations
ABA: Abscisic acid; bp: Base pairs; CORs: Cold-regulated genes; CPM: Counts
per million; CTAB: Cetyltrimethylammonium bromide; CU: Chill units;
DE: Differentially expressed; DEGs: Differentially expressed genes;
ESTs: Expressed sequence tags; FDR: False discovery rate; GA: Gibberellic acid;
Gbp: Giga base pairs; GO: Gene ontology; Kbp: Kilobase pair; MR: Million
reads; MS: Murashige and Skoog medium; Mu-Legacy: Mutant ‘Legacy’; qRT-

PCR: Quantitative reverse transcriptase polymerase chain reaction; T-
DNA: Tranfer DNA; VcDDF1_OX: VcDDF1 overexpression

Acknowledgments
We thank Dr. Jeff Landgraf and Mr. Kevin M. Carr for RNA sequencing, and
Dr. Marguerite A. Halversen for editing this manuscript.

Funding
This research was partially supported by AgBioResearch of Michigan State
University (http://www.canr.msu.edu/research/agbioresearch/).

Availability of data and materials
The RNA-sequencing data generated during the current study are available
in GenBank (Accession numbers: SRX4004990, SRX4004987, SRX4009623,
SRX4009603, SRX4816296, SRX4816298, SRX4817966, and SRX4817980).
Datasets generated and analyzed are available from corresponding author
on reasonable request.

Authors’ contributions
GS conceived this study, GS and AW conducted experiments, and GS
analyzed data and wrote the manuscript. Both authors read and approved
the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Authors declare that there are no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 26 January 2018 Accepted: 19 October 2018

References
1. Ingrouille M. The families of flowering plants - interactive identification and

information-retrieval - Watson,L, Dallwitz,Mj. Nature. 1994;369(6483):718–8.
2. Vander Kloet SP. The genus Vaccinium in North America. Res Branch Agric

Can Publ. 1828;1988:201.
3. Song GQ, Chen Q. Comparative transcriptome analysis of nonchilled, chilled,

and late-pink bud reveals flowering pathway genes involved in chilling-
mediated flowering in blueberry. BMC Plant Biol. 2018;18(1):98.

4. Michaels SD, Amasino RM. FLOWERING LOCUS C encodes a novel
MADS domain protein that acts as a repressor of flowering. Plant Cell.
1999;11(5):949–56.

5. Sheldon CC, Burn JE, Perez PP, Metzger J, Edwards JA, Peacock WJ,
Dennis ES. The FLF MADS box gene: a repressor of flowering in Arabidopsis
regulated by vernalization and methylation. Plant Cell. 1999;11(3):445–58.

6. Deng W, Ying H, Helliwell CA, Taylor JM, Peacock WJ, Dennis ES.
FLOWERING LOCUS C (FLC) regulates development pathways throughout
the life cycle of Arabidopsis. Proc Natl Acad Sci U S A. 2011;108(16):6680–5.

7. Dennis ES, Peacock WJ. Epigenetic regulation of flowering. Curr Opin Plant
Biol. 2007;10(5):520–7.

8. Greenup A, Peacock WJ, Dennis ES, Trevaskis B. The molecular biology of
seasonal flowering-responses in Arabidopsis and the cereals. Ann Bot. 2009;
103(8):1165–72.

9. Alexandre CM, Hennig L. FLC or not FLC: the other side of vernalization. J
Exp Bot. 2008;59(6):1127–35.

10. Michaels SD. Flowering time regulation produces much fruit. Curr Opin
Plant Biol. 2009;12(1):75–80.

11. Amasino R. Seasonal and developmental timing of flowering. Plant J. 2010;
61(6):1001–13.

12. Heo JB, Sung S. Vernalization-mediated epigenetic silencing by a long
intronic noncoding RNA. Science. 2011;331(6013):76–9.

13. Trevaskis B, Hemming MN, Dennis ES, Peacock WJ. The molecular basis of
vernalization-induced flowering in cereals. Trends Plant Sci. 2007;12(8):352–7.

Song and Walworth BMC Plant Biology          (2018) 18:265 Page 15 of 16

https://doi.org/10.1186/s12870-018-1494-z
https://doi.org/10.1186/s12870-018-1494-z
https://doi.org/10.1186/s12870-018-1494-z
https://doi.org/10.1186/s12870-018-1494-z
https://doi.org/10.1186/s12870-018-1494-z
https://doi.org/10.1186/s12870-018-1494-z
https://doi.org/10.1186/s12870-018-1494-z
http://www.canr.msu.edu/research/agbioresearch/


14. Pin PA, Benlloch R, Bonnet D, Wremerth-Weich E, Kraft T, Gielen JJL, Nilsson
O. An antagonistic pair of FT homologs mediates the control of flowering
time in sugar beet. Science. 2010;330(6009):1397–400.

15. Brunner AM, Nilsson O. Revisiting tree maturation and floral initiation in the
poplar functional genomics era. New Phytol. 2004;164(1):43–51.

16. Johanson U, West J, Lister C, Michaels S, Amasino R, Dean C. Molecular
analysis of FRIGIDA, a major determinant of natural variation in Arabidopsis
flowering time. Science. 2000;290(5490):344–7.

17. Sheldon CC, Rouse DT, Finnegan EJ, Peacock WJ, Dennis ES. The molecular
basis of vernalization: the central role of FLOWERING LOCUS C (FLC). Proc
Natl Acad Sci U S A. 2000;97(7):3753–8.

18. Wang R, Albani MC, Vincent C, Bergonzi S, Luan M, Bai Y, Kiefer C, Castillo R,
Coupland G. Aa TFL1 Confers an Age-Dependent Response to Vernalization
in Perennial Arabis alpina. Plant Cell Online. 2011;23(4):1307–21.

19. Song GQ, Walworth A, Zhao DY, Jiang N, Hancock JF. The Vaccinium
corymbosum FLOWERING LOCUS T-like gene (VcFT): a flowering activator
reverses photoperiodic and chilling requirements in blueberry. Plant Cell
Rep. 2013;32(11):1759–69.

20. Walworth AE, Chai B, Song GQ. Transcript profile of flowering regulatory
genes in VcFT-overexpressing blueberry plants. PLoS One. 2016;11(6):
e0156993.

21. Gao X, Walworth AE, Mackie C, Song GQ. Overexpression of blueberry
FLOWERING LOCUS T is associated with changes in the expression of
phytohormone-related genes in blueberry plants. Hortic Res. 2016;3:16053.

22. Bielenberg DG, Wang Y, Li ZG, Zhebentyayeva T, Fan SH, Reighard GL,
Scorza R, Abbott AG. Sequencing and annotation of the evergrowing locus
in peach [Prunus persica (L.) Batsch] reveals a cluster of six MADS-box
transcription factors as candidate genes for regulation of terminal bud
formation. Tree Genet Genomes. 2008;4(3):495–507.

23. Wang Y, Georgi LL, Reighard GL, Scorza R, Abbott AG. Genetic mapping of
the evergrowing gene in peach [Prunus persica (L.) Batsch]. J Hered. 2002;
93(5):352–8.

24. Sasaki R, Yamane H, Ooka T, Jotatsu H, Kitamura Y, Akagi T, Tao R.
Functional and expressional analyses of PmDAM genes associated with
endodormancy in Japanese apricot. Plant Physiol. 2011;157(1):485–97.

25. Jimenez S, Reighard GL, Bielenberg DG. Gene expression of DAM5 and
DAM6 is suppressed by chilling temperatures and inversely correlated with
bud break rate. Plant Mol Biol. 2010;73(1–2):157–67.

26. Walworth A, Song GQ. The cold-regulated genes of blueberry and their response
to overexpression of VcDDF1 in several tissues. Int J Mol Sci. 2018;19(6):1553-67.

27. Song GQ, Gao X. Transcriptomic changes reveal gene networks responding
to the overexpression of a blueberry DWARF AND DELAYED FLOWERING 1
gene in transgenic blueberry plants. BMC Plant Biol. 2017;17(1):106.

28. Walworth AE, Rowland LJ, Polashock JJ, Hancock JF, Song GQ.
Overexpression of a blueberry-derived CBF gene enhances cold tolerance in
a southern highbush blueberry cultivar. Mol Breed. 2012;30(3):1313–23.

29. Fornara F, de Montaigu A, Coupland G. SnapShot: control of flowering in
Arabidopsis. Cell. 2010;141(3):550.

30. Randoux M, Jeauffre J, Thouroude T, Vasseur F, Hamama L, Juchaux M,
Sakr S, Foucher F. Gibberellins regulate the transcription of the
continuous flowering regulator, RoKSN, a rose TFL1 homologue. J Exp
Bot. 2012;63(18):6543–54.

31. Choi K, Kim J, Hwang HJ, Kim S, Park C, Kim SY, Lee I. The FRIGIDA complex
activates transcription of FLC, a strong flowering repressor in Arabidopsis,
by recruiting chromatin modification factors. Plant Cell. 2011;23(1):289–303.

32. O'Malley RC, Alonso JM, Kim CJ, Leisse TJ, Ecker JR. An adapter ligation-
mediated PCR method for high-throughput mapping of T-DNA inserts in
the Arabidopsis genome. Nat Protoc. 2007;2(11):2910–7.

33. Choi J, Huh SU, Kojima M, Sakakibara H, Paek KH, Hwang I. The
Cytokinin-activated transcription factor ARR2 promotes plant immunity
via TGA3/NPR1-dependent salicylic acid signaling in Arabidopsis. Dev
Cell. 2010;19(2):284–95.

34. Hass C, Lohrmann J, Albrecht V, Sweere U, Hummel F, Yoo SD, Hwang I,
Zhu T, Schafer E, Kudla J, et al. The response regulator 2 mediates ethylene
signalling and hormone signal integration in Arabidopsis. EMBO J. 2004;
23(16):3290–302.

35. Hwang I, Sheen J. Two-component circuitry in Arabidopsis cytokinin signal
transduction. Nature. 2001;413(6854):383–9.

36. Hwang I, Sheen J. Two-component circuitry in Arabidopsis cytokinin signal
transduction. Dev Biol. 2002;247(2):484–4.

37. Kim HJ, Chiang YH, Kieber JJ, Schaller GE. SCFKMD controls cytokinin
signaling by regulating the degradation of type-B response regulators. P
Natl Acad Sci USA. 2013;110(24):10028–33.

38. Heyl A, Ramireddy E, Brenner WG, Riefler M, Allemeersch J, Schmulling T.
The transcriptional repressor ARR1-SRDX suppresses pleiotropic cytokinin
activities in Arabidopsis. Plant Physiol. 2008;147(3):1380–95.

39. Mason MG, Mathews DE, Argyros DA, Maxwell BB, Kieber JJ, Alonso JM,
Ecker JR, Schaller GE. Multiple type-B response regulators mediate cytokinin
signal transduction in Arabidopsis. Plant Cell. 2005;17(11):3007–18.

40. Ito Y, Kurata N. Identification and characterization of cytokinin-signalling
gene families in rice. Gene. 2006;382:57–65.

41. Du LM, Jiao FC, Chu J, Jin GL, Chen M, Wu P. The two-component signal
system in rice (Oryza sativa L.): a genome-wide study of cytokinin signal
perception and transduction. Genomics. 2007;89(6):697–707.

42. Tsai YC, Weir NR, Hill K, Zhang WJ, Kim HJ, Shiu SH, Schaller GE, Kieber JJ.
Characterization of genes involved in Cytokinin signaling and Metabolism
from Rice. Plant Physiol. 2012;158(4):1666–84.

43. Immanen J, Nieminen K, Silva HD, Rojas FR, Meisel LA, Silva H, Albert VA,
Hvidsten TR, Helariutta Y. Characterization of cytokinin signaling and
homeostasis gene families in two hardwood tree species: Populus
trichocarpa and Prunus persica. BMC Genomics. 2013;14:885.

44. Song GQ, Chen QX. Overexpression of the MADS-box gene K-domain
increases the yield potential of blueberry. Plant Sci. 2018;276:10.

45. Norvell DJ, Moore JN. An evaluation of chilling models for estimating rest
requirements of highbush blueberries (Vaccinium-Corymbosum L). J Am
Soc Hortic Sci. 1982;107(1):54–6.

46. Murashige T, Skoog F. A revised medium for rapid growth and bio assays
with tobacco tissue cultures. Physiol Plantarum. 1962;15(3):473–97.

47. Zamboni A, Pierantoni L, De Franceschi P. Total RNA extraction from
strawberry tree (Arbutus unedo) and several other woodyplants. Iforest.
2008;1:122–5.

48. Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J,
Couger MB, Eccles D, Li B, Lieber M, et al. De novo transcript sequence
reconstruction from RNA-seq using the trinity platform for reference
generation and analysis. Nat Protoc. 2013;8(8):1494–512.

49. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) method. Methods.
2001;25(4):402–8.

Song and Walworth BMC Plant Biology          (2018) 18:265 Page 16 of 16


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Phenotypes of mu-legacy
	Phenotypes of the T1 progeny of mu-legacy
	Genetic control of the mutation in mu-legacy
	Genomes of mu-legacy and mu-legacy-T1
	Four DEGs of the flowering pathway in mu-legacy
	DEGs of major phytohormone-related genes and COR genes in mu-legacy
	DEGs caused by insertion position
	Blueberry B-type RESPONSE REGULATOR (VcRR2) is likely responsible for the mutation of mu-legacy

	Discussion
	T-DNA insertion upregulated expression of adjacent host genes
	Roles of VcRR2 in plant flowering
	Flowering pathway genes and chilling-mediated flowering of blueberry plants

	Conclusions
	Methods
	Plant materials
	Mapping of the T-DNA insert in mu-legacy
	DNA sequencing and genome assembly
	RNA preparation and sequencing
	Differential expression analysis
	Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) of DE transcripts
	Statistical analysis

	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

