Journal of Genetics (2021)100:56
https://doi.org/10.1007/s12041-021-01303-4

Ó Indian Academy of Sciences
(0123456789().,-volV)
(0123456789().,-volV)

RESEARCH ARTICLE

BrcuHAC1 is a histone acetyltransferase that affects bolting
development in Chinese ﬂowering cabbage
SHUCHENG SI1, MING ZHANG2, YIFAN HU1, CAIJUN WU1, YOUXIN YANG1, SHA LUO1 and
XUFENG XIAO1*
1College

of Agronomy, Jiangxi Agricultural University, Nanchang 330 045, People’s Republic of China
of Animal Science, Jiangxi Biotech Vocational College, Nanchang 330 200, People’s Republic of China

2Department

*For correspondence. E-mail: 18294858@qq.com.
Received 24 December 2020; revised 4 March 2021; accepted 22 March 2021
Abstract. Histone acetylation is an important posttranslational modiﬁcation associated with gene activation. In Arabidopsis, histone
acetyltransferase 1 (HAC1) can promote ﬂowering by regulating the transcription of FLOWERING LOCUS C (FLC), a major ﬂoral
repressor. The size of the full-length cDNA and genomic DNA sequences of the histone acetyltransferase 1 gene (BrcuHAC1) in Chinese
ﬂowering cabbage (Brassica rapa syn. campestris ssp. chinensis var. utilis) were 5846 bp and 7376 bp, with an open reading frame (ORF)
coding for a peptide with 1689 amino acids. The expression levels of BrcuHAC1 in different tissues and different developmental stages
were as follows: ﬂower [ leaf [ stem [ root, and completed bolting and ﬂowering stage [ 5th true leaf-stage [ 4th true leaf-stage [ 3rd
true leaf-stage [ 2nd true leaf-stage [ 1st true leaf-stage. Silencing of BrcuHAC1 resulted in slow growth, and delayed bolting and
ﬂowering time in Chinese ﬂowering cabbage. Molecular analysis showed that the mRNA level of FLC was increased, indicating that the
delayed ﬂowering phenomenon was mediated by FLC in the silenced group. In contrast, the expression levels of the autonomous-pathway
genes were not signiﬁcantly affected in the silenced group. In addition, the histone modiﬁcation of FLC chromatin was also not affected in
the silenced group. FLC is not the direct target gene of BrcuHAC1. However, BrcuHAC1 may affect the bolting and ﬂowering time of
Chinese ﬂowering cabbage through the epigenetic modiﬁcation of upstream factors of FLC.
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Introduction
For bolting and ﬂowering plants, ﬂoral organ formation is an
important process by which plants transit from vegetative
growth to reproductive growth. In Arabidopsis thaliana, at
least four independent signalling pathways including the
photoperiod pathway, vernalization pathway, GA signalling
pathway and autonomous pathway affect bolting and ﬂowering time. All pathways form a ﬂowering regulation network
that integrates the internal growth state of plants as well as their
response to external environmental factors. Among the multiple factors involved in this network, FLOWERING LOCUS
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C (FLC) is the most critical to determining plant ﬂowering
(Fornara et al. 2010; Whittaker and Dean 2017).
FLC, encoding a MADS-box transcription factor, inhibits
ﬂowering by repressing the expression of a subset of key
genes that promote ﬂowering, and its regulation at the
transcriptional, posttranscriptional and posttranslational
levels is central to ﬂowering pathways (Michaels and
Amasino 1999; Michaels et al. 2004; He 2009). Independent
of the photoperiod and GA pathways that promote ﬂowering, FLC could inhibit the activation of ﬂowering genes by
blocking the two pathways, and thereby negatively regulate
the process of ﬂowering. In the vernalization and autonomous pathways, the functions of multiple genes regulating
ﬂowering time also depend on FLC. With the advent of the
post-genomic era, it has been well recognized that plant
ﬂowering and development are not only controlled by genes,
but also regulated more ﬁnely at the level of epigenetics.
Studies show that, epigenetic modulation of FLC expression,
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such as histone modiﬁcation, plays a key role in regulating
the ﬂowering time of plants. By altering covalent modiﬁcations of histone amino acids (acetylation and methylation
for example), inhibitors and facilitators could regulate FLC
expression via chromatin remodelling, and thereby regulate
plant bolting and ﬂowering time.
Histone acetylation is a key posttranslational modiﬁcation
that is often associated with transcriptional activation
(Benhamed et al. 2006; Berge 2007; Deng et al. 2007; Han
et al. 2007; Xing et al. 2018). To date, ﬁve histone acetyltransferase (HAT) families have been identiﬁed in eukaryotes, namely the p300/CREB (cAMP-responsive elementbinding protein) CBP family, the TATA-binding protein
(TBP)-associated factor TAFII-250 family, the general control nonrepressible 5-related N-terminal acetyltransferase
(GNAT) family, the MYST (MOZ, Ybf2/Sas3, Sas2, and
Tip60) family and the nuclear hormone-related HAT family
(Neuwald and Landsman 1997; Pandey et al. 2002; Boycheva et al. 2014). All the HATs were differentially regulated in response to various stress in Arabidopsis, such as
light (Benhamed et al. 2006; Guo et al. 2008; Servet et al.
2010; Fisher and Franklin 2011), salt (Sokol et al. 2007),
cold (Stockinger et al. 2001; Vlachonasios et al. 2003;
Pavangadkar et al. 2010), heat (Bharti et al. 2004) and
abscisic acid (ABA) (Chen et al. 2006; Sokol et al. 2007;
Zhou et al. 2009) etc. In addition, HATs promote many
aspects of plant growth and development, including ﬂoral
development (Benhamed et al. 2006; Deng et al. 2007; Han
et al. 2007). The AtHAC family, Arabidopsis homologues of
P300/CBP, has ﬁve members: AtHAC1, AtHAC2, AtHAC4,
AtHAC5 and AtHAC12 (Deng et al. 2007). Among them,
AtHAC1 is the most important member, because it can bind
with other HAC genes to form mutants with two or three
mutated genes that show delayed ﬂowering, shortened taproot length, reduced fertility, or other phenotypes. By posttranslational acetylation modiﬁcation of the FPA protein,
AtHAC1 could indirectly regulate the expression of FLC
and thus affect ﬂowering time. In recent years, in-depth
research on Arabidopsis has allowed rapid progress in
understanding the regulatory mechanism of HATs during
ﬂowering, but it is still unclear whether other species use a
similar regulatory mechanism.
Chinese ﬂowering cabbage (Brassica rapa syn. campestris ssp. chinensis var. utilis Tsen et Lee) is one of the
specialty vegetables with the largest scale of cultivation in
South China. With bolts as their main product, Chinese
ﬂowering cabbage does not require low temperatures during
bolt formation. During cultivation, plants could bolt normally even without low-temperature induction, indicating
that the bolting and ﬂowering mechanism of Chinese ﬂowering cabbage might be different from that of Chinese cabbage, radish or wild cabbage, which need low-temperature
vernalization or immature bolting (Xiao et al. 2012). To
understand the molecular mechanism and regulatory relationship of HAC1 in bolting development, in this study we
identiﬁed a novel HAC1 gene member (BrcuHAC1) from

Chinese ﬂowering cabbage using homology-based cloning.
The objective of the present study was to investigate the
functions of the BrcuHAC1 gene. We conducted expression
analysis of the genes in different tissues at different stages.
Interference of gene transcription levels in Chinese ﬂowering cabbage using virus-induced gene silencing (VIGS) was
also performed. The results suggest that BrcuHAC1 may act
as a positive regulator of bolting time by epigenetic modiﬁcation of upstream factors of FLC.

Materials and methods
Plant materials

With respect to Chinese ﬂowering cabbage, the early-maturing variety ‘Youqing-49’ and the late-maturing variety
‘Youqing Sweet Cabbage-80’ were provided by the
Vegetable Institute of Guangdong Academy of Agricultural
Sciences. The experiment was completed from 10 April to
30 May 2017 at the Institute of Horticultural Biotechnology,
Agricultural University of South China. Plants at different
phases were collected, frozen with liquid nitrogen, and
preserved at –80°C for future experiments.

Extraction of genomic DNA and total RNA

DNA extraction was performed using the optimised CTAB
method (Xiao et al. 2012). Total RNA extraction was performed according to the instructions provided with the
HiPure Plant RNA Maxi kit (MAGEN, China). cDNA was
synthesized using the PrimeScript II 1st Strand cDNA
Synthesis kit (Takara, Japan).

Cloning of the full-length CDS of the BrcuHAC1 gene

Based on AtHAC1 conserved sequences, three pairs of primers were designed to amplify three target fragments F1, F2
and F3, and these fragments were ligated to obtain the
middle segment of BrcuHAC1. Next, 30 -RACE and 50 RACE primers were designed (BrcuHAC1-GSP1 and
BrcuHAC1-GSP2) to obtain the 30 -end and 50 -end sequences. After ligating the ends, open reading frame (ORF) ﬁnder
software was used to compare the ORF, and two primers for
full-length BrcuHAC1 were designed at the two ends of the
ORF. All primers (table 1) were synthesized by Sangon
Biotech (Sangon, China). Rapid ampliﬁcation of cDNA ends
(RACE) was performed according to the instructions provided with the SMART 50 RACE and 30 RACE kit (Takara,
Japan). After puriﬁcation, PCR products were ligated to the
T-vector, transformed into E. coli DH5a competent cells,
and screened for positive recombinants using blue-white
selection. Then, plasmid DNA was extracted by alkaline
lysis, and identiﬁed by EcoRI and HindIII double digestion,

BrcuREF6

BrcuFY

BrcuFPA

BrcuFLK

BrcuLD

BrcuFLD

BrcuFVE

BrcuFCA

BrcuFLC

VIGS-BrcuHAC1

b-actin

BrcuHAC1-B

BrcuHAC1-A

Full-length cDNA and DNA

50 -RACE

30 -RACE

F3

F2

F1

Primer name

AACAACAACCGAGGCAGGA
CAGGAATACACACAGGGCA
TATCCTCGTTGCCTCCCCA
GCTGCCACGCCTCACATTT
GCTTACCTTTGAGCCACCACC
GACCCAACGATTACCAGATACCAT
AAGCAGTGGTATCAACGCAGAGT
AGAAGATGGCAGAAAGGGG
GGCCACGCGTCGACTAGTACGGGIGGGIGGGIIG
CTTCCTCTAAGCGTCTAGCAACATCCA
AGCGAGCCCTCTATCTA
ACCCAACCAAACAAACCA
GCTTACCTTTGAGCCACCACCT
TCCGTCATTCCTTCTCCCATTA
ATTTCACCGAGCCCCAACAA
ATCAGACGATCACCCAACCA
GGTCTTGTTCCAGCCGTCGTTCG
TCCACACACTGTACTTCCTCTCG-30
CGGAATTCATTTCACCGAGCCCCAACAA
CGGGATCCATCAGACGATCACCCAACCA
CGCTCTAGAATGGGAAGAAAAAAACTAGAA
ATAGAGCTCCTAATTAAGTAGTGGGAGAG
ATGGCAGCTATCGATGGTCTCA
TCAGGCGAGGTATGCTCGGTCCA
GTTCTTTGTGTTCAGTGGTCTCC
CCATATCTGCAATGTTCCNACCTCC
CTCGATACCTTTGGGCATCT
TCTTTTCATCRCCWCCTCTGAC
GTCGAAGCCGCCCAATGTCT
GTCGAAGCCGCCCAATGTCT
AGGCGGAGGGGCTTGAG
CAGGCGCAAGGTGATGTA
CAAAAGATCGGGCGGGTGTT
CAGGGGCAGCAGGTTGAGAAG
AGTGGCCAGCAGCAAGGGTATC
GGAGGGCCAGGAGGTAAAGGTG
TGCCTCCACTGCCTCCTCCTTCC
CCTCCTCGCAGCAGCCAGACTCA

Sequences (50 –30 )

Table 1. Primers, their sequence and their application in this study.
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5846 and 7233
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1383
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Expression of eight genes of autonomous pathway after VIGS

Expression of FLC after VIGS

VIGS
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qPCR

Full-length ampliﬁcation

RACE

Partial cloning

Application
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and positive clones were sent to Shanghai BGI for
sequencing. The Gel DNA Recovery Kit, Advantage two
PCR kit, pMD19-T Vector cloning kit, E. coli DH5a Electro-Cells, QuickCut. BamHI and QuickCut EcoRI were
purchased from Guangzhou Ruizhen Biotechnology (Takara,
Japan).
The PCR system included: 25 lL of Premix Taq (Ex Taq
v. 2.0), 2 lL of template, 1 lL each of forward and reverse
primers, and 50 lL of double distilled H2O. The PCR cycles
was predenaturation at 94°C for 5 min, followed by 30
cycles of denaturation at 94°C for 30 s, annealing temperature for 30 s, and elongation at 72°C for 2 min, with a ﬁnal
elongation step at 72°C for 7 min.

Expression analysis of FLC and autonomous pathway genes

Semiquantitative RT-PCR and qRT-PCR were performed to
analyse the molecular mechanisms by which BrcuHAC1
regulates ﬂowering time. The expression levels of FLC and
eight genes (FLD, FVE, FCA, FY, LD, FPA, FY and REF6) in
the autonomous pathway were analysed in the control and
silenced plants. The SYBR Primix Ex Taq kit (Takara,
Japan) was used for qRT-PCR. Primers for BrcuHAC1 and
b-actin are listed in table 1. Data was analysed using the
2-Ct method.
Chromatin immunoprecipitation (ChIP) analysis of FLC

Expression analysis

Based on the morphological characteristics of Chinese
ﬂowering cabbage (Xiao et al. 2008), samples from different
organs (roots, stems, ﬂowers and leaves at the full bolting
stage) and six different developmental stages (1st true leaf,
2nd true leaf, 3rd true leaf, 4th true leaf, 5th true leaf and full
bolting) were used to research expression characteristics.
After extracting total RNA from these samples, semiquantitative PCR and quantitative real-time PCR were performed
to analyse the temporal and spatial expression patterns of
BrcuHAC1. The reaction system for semiquantitative PCR
was the same as that described in 2.2. The SYBR Premix Ex
Taq kit (Takara, Japan) was used for RT-PCR, with b-actin
as the internal reference. Primers are listed in table 1.
VIGS in Chinese ﬂowering cabbage

pTRV1 and pTRV2 were used as vectors (Liu et al. 2002)
for VIGS. A 229-bp C-terminal fragment of BrcuHAC1 was
RT-PCR ampliﬁed using a forward primer containing an
EcoRI restriction site, and a reverse primer containing a
BamHI restriction site. Then, the PCR product was inserted
into the EcoRI–BamHI site of the TRV2 vector. Plant inﬁltration was performed as described in Chung et al. (2004)
and Liu et al. (2009).
Chinese ﬂowering cabbage with normal fertility was
cultivated in a pot at 25°C in a growth room with a 16/8 h
light/dark cycle. The TRV2-derivative vector TRV-BrcuHAC1 was transformed into Agrobacterium tumefaciens
GV3101. Then, the induced Agrobacterium mixture (pTRV1
and pTRV1 or TRV-BrcuHAC1, 1:1 ratio) was inoculated by
a 1-mL needleless syringe into the lower leaves of plants at
the 3rd-leaf stage, and the inoculated plants were cultured for
2 days at 16°C, followed by cultivation at 25°C in a growth
room with a 16 h light / 8 h dark photoperiod cycle. To
analyse the expression characteristics of BrcuHAC1 in
silenced plants, primers outside the targeted region for qRTPCR annealing were used (table 1).

To identify whether BrcuHAC1 is responsible for chromatin
remodelling in the FLC region, histone modiﬁcations in A, B
and C regions of FLC chromatin in 16-day-old seedlings of
Chinese ﬂowering cabbage were investigated. Anti-acetylhistone H3 antibody (Upstate Biotechnology, 06-599) was
used for the ChIP assay. The amount of immunoprecipitated
FLC chromatin was determined through semiquantitative
RT-PCR in three different regions of the FLC locus, as
previously reported (Deng et al. 2007). The sequences of
primers are shown in table 2.

Results
Cloning of BrcuHAC1 and sequence analysis

We obtained three very similar sequences for BrcuHAC1
(1988 bp, 974 bp and 1383 bp) in Chinese ﬂowering cabbage (ﬁgure 1a). Fusion PCR was then performed to obtain
full-length cDNA (5846 bp, GenBank accession:
KX073605) and gDNA (7376 bp) (ﬁgure 1b). The sequence
has an ORF encoding a peptide of 1688 amino acid (GenBank accession: ANJ60744.1) residues with a molecular
weight of 189.161 kDa and a pI of 8.89; the DNA sequence,
contains 15 exons and 14 introns (ﬁgure 1c).
The predicted proteins have two conserved TAZ zinc
ﬁngers (residue ranges 650–728 and 1601–1663), two ZZtype zinc ﬁngers (residue ranges 1417–1461 and
1537–1583), a PHD-type zinc ﬁnger domain (residue range

Table 2. Primers of FLC ChIP.
Primer name
FLC-A
FLC-B
FLC-C

Sequences (50 –30 )
GGCAATGCAAAAGTAGCAAAG
TCCGCTCACCAAGAAACAAAA
GCTTTCTGTTCTCTGTGACGC
AACGTAGTGAGAGCAAATGGG
GTGCTCGATGTTGTTGAGTGA
TGGACCCAAAAGTAAACAAGG
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Figure 1. Cloning and sequence analysis of BrcuHAC1. (a) Gene structure splicing of BrcuHAC1. The full-length cDNA of BrcuHAC1
comprises of F1, F2, F3, the product of 50 RACE and the product of 30 RACE. (b) Ampliﬁcation of the BrcuHAC1 gene. M1, M2 and M3
were DL2000, DL15000 and DL10000 DNA markers, respectively; 1–3 represented the ampliﬁcation products of intermediate fragments,
F1, F2 and F3; 4–5 were the products of PCR ampliﬁcation of BrcuHAC1 gene by 50 RACE and 30 RACE, respectively; 6–7 represented the
ampliﬁcation products of the full-length cDNA and DNA, respectively. (c) A schematic representation of the exon and intron organization
of BrcuHAC1. BrcuHAC1 consists of 15 exons (gray boxes) and 14 introns (intervening lines). (d) Prediction of BrcuHAC1 conserved
domain. (i) is conserved domains of BrcuHAC1 protein in ﬂowering Chinese cabbage and (ii) is conserved domains of AtHAC1 protein in
Arabidopsis.

1010–1082) and a histone acetylation domain (residue range
1139–1431) (ﬁgure 1d), which are typical characteristics of
the HAT domain. Among them, two ZZ-type zinc ﬁngers
and one TAZ-type zinc ﬁnger are located near the C-terminus, and the other TAZ-type zinc ﬁnger is located to the left
of the PHD-type zinc ﬁnger domain.
We performed phylogenetic analysis using amino acid
sequences derived from rape, Arabidopsis, cabbage, and
others. The results showed that BrcuHAC1 (ANJ60744.1)
belongs to the HAT subfamily group of HAC1 family proteins and has very high identity with Chinese cabbage
(XP_009106616.1) and chodat (XP_010531959.1) (ﬁgure 2). In addition, other examined species were also closely
related to the branch containing Chinese ﬂowering cabbage,
indicating that these HAC1 genes may come from a common
ancestor.

Expression of BrcuHAC1 is associated with bolting time

To assess the expression patterns of BrcuHAC1 in
Chinese ﬂowering cabbage, we performed qRT-PCR
analysis using RNA extracted from roots, stems, leaves,
ﬂowers, and six developmental stages. The results
demonstrated that the BrcuHAC1 expression level differed across the different stages (ﬁgure 3a) and different
tissues (ﬁgure 3b). BrcuHAC1 had maximum expression
levels in the bolting stage and ﬂoral organs, and low
expression levels in the 1st true leaf-stage and roots.
Additionally, the results showing stable expression in
other organs and variable increased expression with
bolt-development stages indicated that BrcuHAC1 may
be closely related to bolting regulation in Chinese
ﬂowering cabbage.
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Figure 2. Phylogenetic tree of close homologues of the BrcuHAC1 and other HAC1-like proteins. Brassica rapa (XP_009106616.1),
Tarenaya hassleriana (XP_010531959.1), Brassica rapa subsp. chinensis (ANJ60744.1), Noccaea caerulescens (XP_013676896.1),
Populus euphratica (XP_011031272.1), Jatropha curcas (XP_012087278.1), Arabis alpine (KFK42279.1), Arabidopsis thaliana
(NP_565197.3), Arabidopsis lyrata subsp. lyrata (XP_020891455.1), Camelina sativa (XP_010429770.1), Eutrema salsugineum
(XP_006416788.1), Gossypium raimondii (KJB56491.1), Brassica napus (XP_013676896.1), Populus trichocarpa (XP_002310900.2),
Capsella rubella (XP_006301292.1), Raphanus sativus (XP_018461544.1), Brassica oleracea var. oleracea (XP_013591301.1), Cirtus
sinesis (KDO67109.1).

(a)

Inhibition of BrcuHAC1 expression affects bolting time

140

the early-blooming ‘Youqing 49’
120

the late-blooming ‘Youqingtiancaixin 80’

Expression ratio

100
80
60
40
20
0
B1

(b)

B2

B3

B4

B5

B6

60

the early-blooming ‘Youqing 49’
50

Expression ratio

the late-blooming ‘Youqingtiancaixin 80’
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To further investigate the function of BrcuHAC1, a VIGS
protocol using the Gateway-based TRV vector with the BrcuHAC1 sequence was tested in Chinese ﬂowering cabbage
plants. To investigate to what extent the transcript of BrcuHAC1 was downregulated in the knockdown plants,
quantiﬁcation of the transcript level of BrcuHAC1 was performed with qPCR. In comparison to the control plants
(WT), the transcript level of BrcuHAC1 was downregulated
by 80% in the knockdown plants (TRV/BrcuHAC1), while
that in control plants transfected with the empty vector
(TRV/00) had no signiﬁcant difference. This indicates, that
the observed phenotype, such as darkened, dwarfed, and
curled leaves, slow plant growth, and delayed bolting and
ﬂowering (ﬁgure 4) is linked to the downregulated transcript
level of BrcuHAC1.

30

BrcuHAC1 affects downstream targets of FLC but does
not affect autonomous pathway genes

20
10
0
Root

Stem

Leaf

Flower

Figure 3. Expression analysis of BrcuHAC1 in different organs
and six periods of the early-blooming variety ‘Youqing 49’ and the
late-blooming variety ‘Youqingtiancaixin 80’. (a) Expression characteristics at different stages. B1–B6 represented the ﬁrst true-leaf
stage, second true-leaf stage, third true-leaf stage, fourth true-leaf
stage, ﬁfth true-leaf stage and ﬂowering stage, respectively.
(b) Expression characteristics at different organs, including root,
stem, leaf and ﬂower.

We checked whether the expression of FLC was reduced in
the knockdown plants. Interestingly, compared with those in
WT plants, the transcript levels of FLC were increased in the
knockdown plants (ﬁgure 5), which explains why the
knockdown plants show late bolting. Then, we checked
whether BrcuHAC1 affects the expression of eight components of the autonomous pathway. As shown in ﬁgure 5,
none of the analysed autonomous pathway genes showed
signiﬁcant differences in expression between the BrcuHAC1
knockdown plants and WT.
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TRV:HAC1

(b)

Figure 4. Quantiﬁcation of BrcuHAC1 mRNA levels in VIGS-silenced plants. (a) VIGS vectors carrying speciﬁc sequences in sense
orientation of BrcuHAC1 cDNAs were generated and used for speciﬁc gene silencing. The efﬁciency of gene silencing was evaluated by
quantiﬁcation of BrcuHAC1 transcript levels by qRT-PCR in the ﬂowering stage. Control plants were wide-type plants and empty vector
(pTRV2) plants. The ﬁgure served as an example to show weak BrcuHAC1 expression. (b) Effects of virus-induced gene silencing of
BrcuHAC1 in ﬂowering Chinese cabbage. Comparison of the ﬂowering time among wild type, empty vector (pTRV2) plants and the VIGSsilenced plants (TRV: BrcuHAC1). E, early-blooming variety ‘Youqing 49’; L, late-blooming variety ‘Youqingtiancaixin 80’.

As BrcuHAC1 has zinc-ﬁnger motifs and is a
homologue of HAT family proteins, which were suggested to affect transcription (Kovar 2011; Schwartz
et al. 2015), we checked whether BrcuHAC1 directly
regulated FLC expression by ChIP assay. Interestingly,
there was no signiﬁcant alteration in H3 histone acetylation, which suggests a possible regulatory mechanism
through which BrcuHAC1 does not promote FLC
expression by mediating chromatin regulation of FLC
(ﬁgure 6).
Taken together, we speculated that FLC is not the target
gene of BrcuHAC1, but BrcuHAC1 may regulate FLC
expression through unknown factors involved in the autonomous pathway or indirectly by posttranslational modiﬁcation of members or other factors included in the autonomous
pathway. The data that support the ﬁndings of this study are
available from the corresponding author upon reasonable
request.

Discussion
Bolting is a very important trait for Brassica plants. As a
critical transformation period from vegetative growth to
reproductive growth, bolting is subject to both ‘promoting’
and ‘controlling’ effects, and whether in production, breeding, or F1 seed production, this trait has very important
practical signiﬁcance. In the model plant Arabidopsis, the
CBP/p300 protein HAC1 mediates the activation of FLC
transcription, delaying ﬂowering time (Han et al. 2007;
Deng et al. 2007; Li et al. 2014a, b). However, whether
HAC1 has similar functions in bolting regulation in Brassica
plants remains unknown.
In this study, we successfully cloned the BrcuHAC1 gene,
which has a full-length cDNA of 5846 bp and encodes a
peptide of 1689 amino acids in Chinese ﬂowering cabbage.
Similar to HAC1 in Arabidopsis, its HAT domain contains
six highly conserved domains: a PHD domain, two ZZ-zinc
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Figure 5. FLC and autonomous pathway gene expression in wild-type and silenced plants. The expression levels of FLC and autonomous
pathways regulators of ﬂowering time in wild-type and the silenced plants were analysed by RT-PCR and quantitated by real-time PCR. bactin gene was used as a control for constitutive expression. Bars represent the SD. 2-CT corresponds to the ratio of each gene expression
versus b-actin.

Figure 6. ChIP of FLC. Input represents PCR ampliﬁcation after 509 chromatin material before IP; NoAb represents PCR ampliﬁcation of
samples without antibodies; AcH3 represents ampliﬁcation result with the corresponding antibody after immunoprecipitation. (a) Diagram of
FLC genomic DNA. A, B and C regions were ampliﬁed in ChIP assays described by Deng et al. (2007). (b) ChIP analysis of wild-type and
VIGS-silenced plants. A–C regions of FLC locus were immunoprecipitated using antibodies AcH3.

ﬁnger domains, two TAZ-type zinc ﬁnger domains, and a
histone acetylation domain. Evidences shows that, the protein–protein interactions are established by zinc ﬁnger
domains (TAZ-, ZZ- and PHD-) and PHD-type zinc ﬁnger
domain could also mediate the interaction between histones
and other histone-recognition proteins, which is consistent
with some previous studies (Bienz 2006; Gamsjaeger et al.
2007; Lallous et al. 2011). However, BrcuHAC1 obviously
lacks the KIX domain and the bromodomain, and this might
be explained by the fact that the plant has evolved different
domains that could not be identiﬁed by traditional methods
or other structural domains that performed the same function. Subsequently, our results showed that the HAT domain
in BrcuHAC1 was highly conserved with that in other species of Brassicaceae family, and phylogenetic analysis had
showed that BrcuHAC1 possessed a closed relationship with

HAC1 from 17 other species. Therefore, the HAT activity of
BrcuHAC1 was conﬁrmed in Chinese ﬂowering cabbage,
and together with other transcription factors, it might act
synergistically to activate gene transcription (Bordoli et al.
2001).
Bolting is associated with a intermediate process of
ﬂowering. In this study, the expression of BrcuHAC1
gene showed increasing trends during different bolting
periods, indicating that the BrcuHAC1 gene in the main
ﬂowering pathway, deﬁned as the autonomous pathway,
could be developmentally regulated during bolt formation in Chinese ﬂowering cabbage. In addition, the
hypothesis was also supported by the fact that a high
expression level of the BrcuHAC1 gene was observed
in ﬂowers based on the tissue-speciﬁc expression
results.
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Table 3. Growth characteristics of roots and leaves after
BrcuHAC1 knockdown in Chinese ﬂowering cabbage.

Treatment
E-wild type
E-TRV/00
E-TRV/
BrcuHAC1
L-wild type
L-TRV/00
L-TRV/
BrcuHAC1

Leaf fresh
weight (g)

Root fresh
weight (g)

Root length
(cm)

68±2.43a
65±1.53a
36±1.94b

5.26±0.25a
5.02±0.12a
2.64±0.13b

30±2.18a
29±1.23a
22±1.21b

93±1.55a
88±0.41a
47±0.64b

6.80±0.13a
6.69±0.08a
3.78±0.24b

32±1.30a
31±0.64a
23±0.75b

The same letter in the same column indicates no signiﬁcant difference at the P \ 0.05 level.

In Arabidopsis, CBP/p300 members are reported to participate in regulating multiple morphological and developmental processes, including ﬂowering delay (Han et al.
2007; Li et al. 2014b), ethylene signalling (Li et al. 2014a),
salicylic acid-triggered immunity (Jin et al. 2018) and leaf
senescence (Hinckley et al. 2019). In the current study, we
found that transgenic lines with BrcuHAC1 knockdown
showed the same wide range of phenotypic deviations and
developmental abnormalities in Chinese ﬂowering cabbage.
For example, the leaves were curly and dark green, the main
roots were shorter than those of the control, and the bolting
time was signiﬁcantly delayed (table 3; ﬁgure 4), which
provided lines of evidence that BrcuHAC1 could target
different genes, and participate in the regulation of multiple
physiological processes. To this end, bolting-regulation
function of the BrcuHAC1 gene was preliminarily proven via
transgenic experiments.
Previous studies indicate that the FLC expression level is
regulated by histone acetylation (Ausin et al. 2004; Tian
et al. 2005). In this study, we predicted that BrcuHAC1
knockdown would lower the expression of the target gene
that it directly regulates; however, the expression of the
strong ﬂowering repressor FLC was increased, indicating
that FLC is not a direct target of BrcuHAC1. The main
ﬂowering pathways in A. thaliana, deﬁned as the autonomous and vernalization pathways, inhibit FLC expression
(Michaels and Amasino 2001; Salathia et al. 2004; Nakamura and Hennig 2017). In fact, the knockdown plants were
not treated with vernalization, which excluded the possibility
that the vernalization pathway induced FLC expression.
Subsequently, chromatin immunoprecipitation (ChIP) assays
with antibodies speciﬁc to tetra-acetylated histone H3
revealed no detectable differences in the acetylation levels of
the H3 histones within FLC chromatin in the BrcuHAC1
knockdown plants, which also indicated that BrcuHAC1 did
not repress FLC transcription through histone acetylation of
FLC chromatin, which was also observed by Deng et al.
(2007) and Han et al. (2007).
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If FLC is not directly targeted by BrcuHAC1, we speculate that BrcuHAC1 might regulate FLC expression through
upstream inhibitory genes. A growing body of evidence has
shown that apart from histones, HAC1 is also capable of
acetylating nonhistone transcription-related proteins and
regulating their function (Bereshchenko et al. 2002; Kalkhoven 2004; Korzus et al. 2004; Guidez et al. 2005; Yuan
et al. 2005; Han et al. 2007). Subsequently, we determined
the expression levels of eight upstream genes in the autonomous pathway. Unexpectedly, none of them was affected
by the knockdown of BrcuHAC1. We speculate that BrcuHAC1 may contribute to the posttranslational level through
acetylation of known or unknown members in the autonomous pathway and may regulate its activity and affect FLC
expression, thereby regulating the bolting time of Chinese
ﬂowering cabbage. Nevertheless, this speculation needs
further investigation.
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