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� A crosstalk between copper
homeostasis and ROS homeostasis
mediated by the miR408a-BBP-LAC3/
CSD1 module was revealed under
light induction and copper stress in
Malus plants.

� The copper homeostasis fluctuation
triggers ROS homeostasis variation
and participates in modulating
anthocyanin accumulationin under
excessive copper and copper
defficiency in Malus plants.
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Introduction: The expression of miR408 is affected by copper (Cu) conditions and positively regulates
anthocyanin biosynthesis in Arabidopsis. However, the underlying mechanisms by which miR408 regu-
lates anthocyanin biosynthesis mediated by Cu homeostasis and reactive oxygen species (ROS) home-
ostasis remain unclear in Malus plants.
Objectives: Our study aims to elucidate how miR408a and its target, basic blue protein (BBP) regulate Cu
homeostasis and ROS homeostasis, and anthocyanin biosynthesis in Malus plants.
Methods: The roles ofmiR408a and its target BBP in regulating anthocyanin biosynthesis, Cu homeostasis,
and ROS homeostasis were mainly identified in Malus plants.
Results: We found that the BBP protein interacted with the copper-binding proteins LAC3 (laccase) and
CSD1 (Cu/Zn SOD superoxide dismutase), indicating a potential crosstalk between Cu homeostasis and
ROS homeostasis might be mediated by miR408 to regulate the anthocyanin accumulation. Further
.
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Copper homeostasis
ROS homeostasis
studies showed that overexpressing miR408a or suppressing BBP transiently significantly increased the
expression of genes related to Cu binding and Cu transport, leading to anthocyanin accumulation under
light induction in apple fruit and Malus plantlets. Consistently, opposite results were obtained when
repressing miR408a or overexpressing BBP. Moreover, light induction significantly increased the expres-
sion of miR408a, CSD1, and LAC3, but significantly reduced the BBP expression, resulting in increased Cu
content and anthocyanin accumulation. Furthermore, excessive Cu significantly increased the antho-
cyanin accumulation, accompanied by reduced expression ofmiR408a and Cu transport genes, and upreg-
ulated expression of Cu binding proteins including BBP, LAC3, and CSD1 to maintain the Cu homeostasis
and ROS homeostasis in Malus plantlets.
Conclusion: Our findings provide new insights into the mechanism by which themiR408a-BBP-LAC3/CSD1
module perceives light and Cu signals regulating Cu and ROS homeostasis, ultimately affecting antho-
cyanin biosynthesis in Malus plants.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Anthocyanins are important flavonoid pigments that endow
plants with abundant colours [1]. They also play roles by function-
ing as important antioxidants in defence to various biotic and abi-
otic stresses [2]. The anthocyanin-rich bilberry (Vacciniummyrtillus
L.) extract has protective effects against copper(II) chloride toxicity
[3]. Extensive studies have shown that anthocyanin biosynthesis in
plants is affected by various environmental factors, such as light,
sucrose, and low temperatures, and by micronutrient phosphorus
deficiency [4]. In barley, transcriptome analysis revealed that the
anthocyanin biosynthesis pathway is involved in Cu tolerance
[5]. However, how Cu levels or Cu stress affect anthocyanin biosyn-
thesis remains to be elucidated.

MiRNAs are endogenous single-stranded RNAs in eukaryotes
and viruses; mature miRNAs are usually 20–24 nt in length, pro-
cessed from precursors approximately 64–303 nt in length and
highly conserved during evolution [6,7]. Based on sequence com-
plementarity, miRNAs recognize their mRNA targets and suppress
their expression by triggering their degradation and/or transla-
tional repression [8–10]. Increasing evidence supports that miR-
NAs play critical roles in multiple biological processes, including
signal transduction, secondary metabolism, and protection against
biotic and abiotic stresses [11,12]. Several recent studies have
shown that miRNAs are involved in anthocyanin biosynthesis,
especially under the stress of multiple adverse events. In Arabidop-
sis, miR828 negatively regulates anthocyanin biosynthesis [13,14].
In tomatoes, repressing miR858 induces anthocyanin accumulation
by modulating SlMYB48-like transcripts [15]. In apple, our recent
study revealed that miR7125 positively regulates anthocyanin
biosynthesis during light induction [16].

Stress-responsive miRNAs usually exert their effects on target
genes related to abiotic stress responses in plants [17]. For exam-
ple, miR828 promotes lignin biosynthesis and H2O2 accumulation
in injured sweet potatoes [18]. In maize, the abundance of
miR408 expression was shown to be increased upon hormone
depletion during somatic embryogenesis [19], and overexpression
of miR319 was shown to enhance tolerance to salt, drought, and
cold [20,21]. Recently, MdWRKY100 expression activated by the
miR156a-SPL13 module was demonstrated to regulate salt stress
tolerance in apple [22]. In addition, plant miRNAs are also involved
in responses to nutrient stresses, such as nitrogen, phosphate, sul-
fate, iron, and Cu deficiencies [23–26]. For example, miR399d par-
ticipated in regulating anthocyanin accumulation under
conditions of phosphorus deficiency in Malus crabapple [4]. In
maize, miR528 regulates lignin biosynthesis under nitrogen-rich
conditions, thus increasing lodging resistance [27].

Cu is one of the seven trace elements necessary for plants
growth and an essential cofactor for various Cu-containing
enzymes and proteins [28]. Plastocyanin (PC) contains the most
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abundant Cu in chloroplasts [29,30]. In Arabidopsis, the Cu content
has a direct impact on the activity of Cu/ZnSOD1 [31]. Therefore,
the abundance of these Cu-containing proteins and Cu transporta-
tion is important for the maintenance of Cu homeostasis in plants
[32]. Moreover, Cu has a stabilizing effect on chlorophyll and other
pigments to prevent their destruction, especially in adverse envi-
ronments. Cu deficiency seriously threaten crop yields and quality,
and also damage the landscapes of ornamental plants. At present,
chemical fertilizers contain almost no Cu, resulting in the aggrava-
tion of barren land. Thus, more attention should be given to Cu
shortages in agricultural production worldwide. On the other hand,
Cu largely exists in contaminated soils, which are toxic to plants at
excessive levels. Thus, maintaining Cu homeostasis is crucial for
plant to regulate growth and development, and to adapt to the
fluctuations of external Cu content. However, the molecular mech-
anisms implicated in the regulation of Cu homeostasis and the
underlying role of miRNAs in Cu stress conditions remain to be
elucidated.

MiR408 is a positive regulator of photosynthesis and photomor-
phogenesis, which is from one of the most evolutionally conserved
miRNA families in plants and has been annotated in more than 20
plant species [33,34]. In Arabidopsis, miR408 was shown to be cru-
cial to the HY5-SPL7 module to coordinate responses to light and
Cu, indicating its central role in the response to developmental sig-
nals and Cu status in plants, and overexpression of miR408 was
shown to increase anthocyanin accumulation in Arabidopsis seed-
lings [35,36]. It is worth noting that the target genes of miR408
encode Cu-binding proteins belonging to the phytocyanin family
[37–40]. For example, the LAC13 gene encoding a Cu-containing
LAC was identified as a target of miR408 [41]. In rice, miR408 was
shown to positively regulate photosynthesis and grain yield by tar-
geting OsUCL8, a phytocyanin protein [42]. Interestingly, overex-
pressing miR408 exhibited increased abundances of Cu in
chloroplasts, increased abundances of PC, higher rates of vegetative
growth, and photosynthetic gene induction in transgenic Arabidop-
sis, tobacco, and rice plants [43]. Moreover, miR408 is also involved
in various abiotic stress responses, such as tolerance to salt, cold,
oxidative stress, drought, and osmotic stresses, as well as defence
responses upon wounding [44–47]. These studies led to our
hypothesis that miR408 bridges light signals to intracellular Cu
homeostasis to regulate anthocyanin biosynthesis in response to
the fluctuations of external Cu content. Therefore, it is extremely
important and essential to clarify the regulatory pathway of Cu
homeostasis driven by target genes of miR408, especially under
Cu stress conditions.

ROS, acting as important signalling molecules, regulate various
biological and stress response processes. The seedling photo-
bleaching phenotype during the dark-to-light transition is largely
caused by ROS [48]. ROS also regulate root meristem activity medi-
ated by Abscisic acid (ABA) in mitochondria [49]. Previous studies
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revealed that light and ROS signalling were bridged by PIF1, PIF3,
HY5, and HYH to regulate cell death and the photooxidative
response [50]. In radish sprouts, H2O2, NO, and UVR8 participate
in UV-B-induced anthocyanin biosynthesis [51], illustrating that
ROS are involved in anthocyanin biosynthesis. In Arabidopsis,
miR398b regulates ROS homeostasis by inhibiting CSD1 and CSD2
[52]. Substantial amounts of ROS accumulate in plants under Cu
stress [53], but the relationship between Cu homeostasis and
ROS homeostasis remains unclear. In addition, illustrating how
plants regulate Cu homeostasis in response to Cu stress is of great
significance. Therefore, we hypothesized that the crosstalk
between Cu homeostasis and ROS homeostasis might be mediated
by miR408 to regulate the anthocyanin accumulation.

While miR408 has thus far been identified in several plant spe-
cies, its biological mechanisms of regulating the crosstalk between
Cu homeostasis and ROS homeostasis are not clear. In this study,
we revealed that miR408a and its target gene, BBP, help to regulate
anthocyanin biosynthesis in Malus plants. The expression of
miR408a and BBP was induced by Cu stress. Further study revealed
that BBP interacts with CSD1 and laccase 3 (LAC3) to regulate Cu
homeostasis and ROS homeostasis. Taken together, the results of
this study reveal that themiR408a-BBP-LAC3/CSD1module regulates
anthocyanin biosynthesis mediated by the crosstalk between Cu
homeostasis andROShomeostasis inMalusplants. Ourfindings shed
light on the crosstalk between Cu and ROS homeostasismediated by
themiR408a-BBP-LAC3/CSD1moduleaffects anthocyaninbiosynthe-
sis inMalus plants in response to light signals and Cu stress.
Materials and methods

Plant materials and growth conditions

‘Royalty’ leaves were collected at five different developmental
stages. The Malus crabapple cultivar ‘Royalty’ and Malus ‘Golden
delicious’ plantlets were cultured on propagation medium (pH
5.8, 4.47 g L�1 Murashige and Skoog medium, 30 g L�1 sucrose,
0.4 mg L�1 6-BA, 0.05 mg L�1 NAA, and 6 g L�1 agar) for 30 days
at 23 �C under 60–70 % relative humidity and a 16 h light/8h dark
photoperiod until treatment. Nicotiana benthamiana plants were
grown in vermiculite and nutritive soil (1:1) at 23 �C under 50–
60 % relative humidity and a 16 h light/8h dark photoperiod.

The bagged ‘Stolav’ apple fruits at 160 days after blooming were
subjected to light treatments after bag removal (12,000 lx, 20 �C,
16 h light/8h dark photoperiod). Apple fruits were sampled at 0,
3, 5, 8, and 12 d after light treatment, and the peel was frozen in
liquid nitrogen and preserved under �80 �C.

To achieve different Cu levels, three-week-old uniform Malus
plantlets were transferred onto a standard MS medium under the
following Cu2SO4 conditions: no Cu (-Cu), normal copper (0.1 lM
Cu, Control), 1 lM Cu, 10 lM Cu, and 100 lM Cu. Leaf and stem
samples were collected at 1, 3, 5, and 10 days, followed by total
RNA isolation, reverse transcription, and RT-qPCR analysis. All
samples were frozen in liquid nitrogen and preserved at �80℃
freezer until use.
Total RNA extraction and quantitative real-time PCR (qRT–PCR)
analysis

Total RNA was isolated from leaves and stems using an EASY-
spin Plus Complex Plant RNA Kit (Aidlab: RN38) and reverse-
transcribed using Moloney murine leukaemia virus reverse tran-
scriptase (M�MLV RT; TaKaRa, Otsu, Japan) and oligo (dT) primers.
A Nano spectrophotometer (IMPLEN, CA, USA) and an RNA Nano
6000 Assay Kit with the Bioanalyzer 2100 system (Agilent Tech-
nologies, CA, USA) were used to assess the RNA integrity and pur-
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ity, respectively. qRT-PCR was performed with SYBR Premix
TaqTMII (RR820A; TaKaRa, Otsu, Japan) by a CFX96 Real-Time
PCR system (Bio-Rad, Hercules, CA, USA). The 18S ribosomal RNA
was used as the internal control (GenBank accession number
DQ341382). Relative expression levels were determined using
the 2�44Ct method [54].

Total miRNAs were reverse transcribed using TransScript
miRNA First-strand cDNA Synthesis SuperMix (AT351; TransGen
Biotech) according to the manufacturer’s instructions. The tran-
script levels of mature miR408a were analyzed using miRNA-
specific primers and a universal primer (AQ202-01; TransGen Bio-
tech). The U6 gene was used as a internal control. All experiments
were performed independently three times.
Construct preparation and Agrobacterium-mediated transient
transformation

The miR408a (123 bp, LOC103344813) precursor sequences and
MdBBP (372 bp, LOC103402332) coding sequences were cloned
from ‘Royalty’ leaves (Table S4). Afterwards, the amplicon was
cloned into a pEasy-T1 subcloning vector (TransGen Biotech, Bei-
jing, China) and then transferred into the plant expression vector
pCAMBIA1300 with an eGFP label. To reduce miR408a activity
and the transcript level of MdBBP, the miR408a precursor and
gene-specific fragment of theMdBBP coding region were separately
inserted into the pTRV2 vector.

All the constructs were transformed into Agrobacterium tumefa-
ciens (strain GV3101) and grown in a Luria-Bertani medium con-
taining 50 mg L�1 kanamycin and 50 mg L�1 rifampicin. The
agrobacterium strains containing the construct were harvested at
5000 rpm for 20 min and resuspended in infiltration buffer
(10 mM 2-(N-morpholino) ethanesulfonic acid (MES), 200 lM ace-
tosyringone (As), and 10 mM MgCl2) to a final OD600 of 0.8–1.0.
Agrobacterium containing pTRV1 and pTRV2, pTRV2-miR408, and
pTRV2-BBP were mixed at a 1:1 volumetric ratio and placed at
room temperature for 3 h [55]. For transient transformation of
the Malus plantlets, whole explants were subjected to osmotic
infection in above agrobacterium suspention under conditions of
a vacuum of �0.08 MPa for 90 s. Let the air out after 5 min and
repeat again. The phenotypes of infected explants were observed
approximately 7 to 10 days later.
RNA ligase mediated rapid amplification of cDNA ends (RLM-RACE)

Modified RLM-RACE was performed to verify the cleavage site
of the BBP transcripts using a First Choice RLM-RACE Kit (Invitro-
gen) according to the manufacturer’s instructions. RLM-RACE was
performed as described previously [16].
Determination of lignin content

Lignin quantification was performed using the method
described by Bruce &West [56]. All measurements were performed
with three biological replicates.
High-performance liquid chromatography (HPLC)

Frozen samples to be measured were ground to a fine powder in
liquid nitrogen, quickly weighed (0.2–1 g), and transferred into a
5 mL centrifuge tube, after which 2 mL of the anthocyanin extrac-
tion solution (formic acid, methanol and water at a ratio of
1:80:19) was added. All the samples were evaluated with three
biological replicates. Anthocyanin contents was detected by HPLC
at OD 520 nm using previously published methods [4,57].
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Determination of the Cu content

The fresh samples were dried for 24 h at 70℃ and then ground
into powder. Two micrograms of the plant samples were car-
bonized using a muffle furnace for 5–10 min. After carbonization,
the powder was subjected to podzolization for 4–5 h at 560 �C in
a resistance furnace. Then, 1 mL of 6 M HCl was added and burned
to near dry in a muffle furnace, and 0.1 M HCl was added to a final
volume of 50 mL. The Cu content in the plant tissues was analyzed
by inductively coupled plasma spectrometry (ICP) and calculated
as follows: Cu content = PPM (lg/mL) � V (constant volume,
mL)/m (sample weight, g).

Microscopy

For histological analysis, stems 1 cm away from the top bud of
‘Golden Delicious’ plantlets were collected after 10 days of admin-
istration of the different copper treatments and fixed in FAA fixa-
tive (50 % ethanol: formaldehyde: glacial acetic acid = 18:1:1) at
4 ℃ for more than 24 h. The stem tissues were dehydrated with
an ethanol gradient (70 %, 85 %, 95 %, and 100 % ethanol, 60 min
per step), dewaxed with xylene, and then embedded in paraffin.
The samples were cut into 8-lm-thick horizontally continuous
slices with a YD-2508A rotary microtome and dewaxed in
dimethylbenzene. The prepared paraffin-embedded sections were
observed using a Leica DCF500 microscope.

Yeast one-hybrid assays

A yeast one-hybrid system was used to assay transcriptional
activation by the MdBBP protein. The full-length CDS region of
MdBBPwas cloned and ligated into a pGADT7 vector. The promoter
fragments of MdCHS, MdDFR, MdUFGT, MdF30H, and MdFLS were
cloned and ligated into pAbAi. Yeast one-hybrid interactions were
detected by selecting yeast that was resistant to Aureobasidin A
(AbA).

Yeast two-hybrid assay

Yeast two-hybrid assays were performed using the DUAL mem-
brane system. The MdBBP coding region was cloned into the pBT3-
SUC and pBT3-STE vectors. The MdCSD1 and MdLAC3 coding
sequences were cloned into the PR3-N vector (expressing DNA-
binding domains). The primers used to create these constructs
are listed in supporting information (Table S1). All constructs and
empty vector plasmids were transferred into the yeast (Saccha-
romyces cerevisiae) strain AH109 (Clontech, USA). The pTSU2-APP
and pNubG-Fe65 vectors were cotransferred into yeast cells as a
positive control. Yeast grown on plates containing selective med-
ium lacking Leu and Trp (-L/-T) were activated on plates containing
medium lacking Leu, Trp, His and adenine (-L/-T/-H/-A) + X-a-gal
(5-bromo-4-chloro-3-indolyl-a-D-galactoside) solid medium
plates to detect protein interactions (Clontech, USA).

Bimolecular fluorescence complementation (BiFC) assays

The coding sequences of MdBBP, MdCSD1, and MdLAC3 were
cloned and inserted into the plasmids pEarleyGate201-35S/YC
and pEarleyGate-35S/YN, respectively. All constructs were intro-
duced into Agrobacterium strain GV3101. The transformed agrobac-
terium lines were cultured in a Luria-Bertani medium with
appropriate antibiotic selection. The agrobacterium thallus were
harvested by centrifugation at 5,000 rpm for 10 min, resuspended
in infiltration buffer (10 mM MES, 10 mM MgCl2, 200 lM As, pH
5.7) to a final OD600 of 1.0, and placed in the dark at room temper-
ature for 3 h before infiltration. The agrobacterium suspension was
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used to infect the leaves of 1-month-old tobacco (Nicotiana ben-
thamiana) plants. After 2–3 days of transformation, the expression
of yellow fluorescent protein (YFP) was observed and pho-
tographed by laser confocal microscopy (FV1000, Olympus, Tokyo,
Japan).

Subcellular localization

The coding sequences of MdBBP and MdCSD1 without the stop
codon were amplified and subcloned into a pHBT-eGFP-NOS vector
to create a 35S::BBP-eGFP fusion construct and 35S::CSD1-eGFP
construct, respectively. The p35S::BBP-eGFP plasmid was intro-
duced into Arabidopsis protoplasts and epidermal onion cells by
the particle bombardment method, respectively. The p35S::CSD-
eGFP plasmid was introduced into Arabidopsis protoplasts. The
p35S::GFP vector served as the control. After 12 h of darkness,
eGFP fluorescence was observed with a laser-scanning confocal
microscopy (FV1000, Olympus, Tokyo, Japan).

Protein expression and purification

The protein expression and purification of MdMYB16
(HM122617.1) were performed as described previously [16].

Biolayer interferometry (BLI)

Real-time binding assays between dsDNA and protein using BLI
were performed using previously published methods [16].

Bioinformatics analysis and phylogenetic analyses

Bioinformatics analysis of MdBBP was performed with the
Swiss model [58,59], MEME [60], TMPred [61], TMHMM2.0,
ExPASY-ProtParam and Protscale tool [62], SignalP, and NetPhos
3.1 tools [63]. The amino acid sequences of MdBBP in the National
Center for Biotechnology Information database were used for
BLAST analysis. The phylogenetic tree was constructed using the
neighbour-joining method with MEGA version 6.0 software
[64,65]. The evolutionary distances were computed using the Pois-
son correction method [66].

Statistical analysis

The diagrams were generated by Adobe Photoshop CS6 and Ori-
gin 8.5. The data were plotted as the means ± standard errors (SEs)
of three independent biological replicates. Statistical analysis and
significance analysis of the data were calculated by SPSS software,
version 2018. ANOVA with subsequent Duncan’s test and Student’s
test was performed to identify significant differences, and the dif-
ferences were defined as significant at P < 0.05.

Results

miR408a targets a basic blue protein, MdBBP

To identify the differentially expressed miRNAs that regulate
anthocyanin accumulation and leaf colour variations in Malus
plants, mature ‘Royalty’ (red) and mature ‘Flame’ (green) leaves
were collected and subjected to miRNA sequencing. We found that
the abundance of miR408a was significantly upregulated by 3.6-
fold in ‘Royalty’ leaves compared with that in ‘Flame’ leaves.

Furthermore, target gene prediction was performed using the
psRNATarget website (https://plantgrn.noble.org/psRNATarget/).
Among the target genes of miR408a, we selected three predicted
target genes whose sequences suggested good complementarity
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with the miR408a sequence, including MdBBP (LOC103402332),
thiamine-repressible mitochondrial transport protein THI74-like
(LOC103435824), and endoglucanase 5 (LOC103403402). To con-
firm the target relationships between miR408a and the above-
predicted targets, the cleavage positions mediated by miR408a
were analyzed by RLM-RACE. MdBBP was identified as a cleavable
target of miR408a, and the cleavage site was located between the
tenth and eleventh bases of the complementary sequence.

To investigate the biological function of MdBBP, we cloned the
core coding region (CDS) of MdBBP from Malus crabapple ‘Royalty’
and performed bioinformatics analysis. The MdBBP protein con-
tains a transmembrane helix and conserved domains of planta-
cyanin (Accession: cd11013; Region interval: 30–123) and the
cupredoxin superfamily. Plantacyanin is a subclass of the phyto-
cyanin family of blue copper proteins, a ubiquitous family of cupre-
doxins belonging to the plant type I copper proteins. The position
and pattern of 4 conserved residues above the triangle that com-
pose this conserved feature were H(67)-C(107)-H(112)-M(117),
denoting the type 1 Cu binding site. Three-dimensional structure
prediction of MdBBP showed that it was a monomer, and protein
hydrophilicity analysis showed that it is hydrophobin. In addition,
it contains two possible transmembrane helices, and one trans-
membrane helix of MdBBP contains a signalling peptide (1–28
aa) at the N-terminus of MdBBP. Based on these results, we specu-
lated that MdBBP is involved in regulating Cu homeostasis as a
nutritional Cu sensor in response to growth and development sig-
nals. Moreover, we found that the promoters of miR408a and
MdBBP contain many cis-acting elements associated with ABA,
light, and MeJA responsiveness, implying that miR408a and MdBBP
might play important roles in responses to numerous environmen-
tal signals. Given that miR408a promotes anthocyanin accumula-
tion in response to Cu signalling in Arabidopsis, we concentrated
on its function and investigated the role of MdBBP in regulating
anthocyanin accumulation and Cu homeostasis in Malus plants.

MdBBP interacts with both MdLAC3 and MdCSD1

To determine whether MdMYB16, a repressor of anthocyanin
biosynthesis, interacts with the miR408a promoter, we determined
the kinetic values and binding affinities of the MdMYB16 protein
for miR408a promoter elements using biolayer interferometry
(BLI). As shown in Fig. 1A, MdMYB16 is bound to the element
GGTAGGTA (+1761) within the miR408a promoter. In addition,
the equilibrium dissociation constant (KD) for MYB16 and this ele-
ment of the miR408a promoter was 0.7856 nM. These results indi-
cated that MdMYB16 interacts with the miR408a promoter.
Accordingly, we speculated that MdMYB16 is an upstream regula-
tor ofmiR408a. To investigate the mechanism by whichMdBBP reg-
ulates anthocyanin biosynthesis, a yeast one-hybrid assay was
carried out to verify whether MdBBP could directly interact with
the promoters of anthocyanin biosynthesis genes which encoding
chalcone isomerase (CHS), dihydroflavonol reductase (DFR), UDP-
glucosyltransferase (UFGT), flavonoid 30 hydroxylase (F30H), and
flavonol synthetase (FLS), respectively. However, no positive inter-
actions between them were observed (Fig. 1B).

To elucidate the mechanism by which the miR408-MdBBP mod-
ule regulates anthocyanin biosynthesis, we predicted the potential
interaction proteins of BBP using STRING online software (https://
string-db.org/cgi/input.pl). According to the predicted scores, CSD1
and LAC3 were selected as potential target proteins. Laccase is the
last enzyme of the lignin biosynthesis pathway and is important
for the process by which lignin monomers are polymerized into
macromolecular heteropolymers. CSD1, a key enzyme responsible
for reducing ROS in plants subjected to oxidative stress, plays an
important role in regulating the redox potential in cells. Subse-
quently, we cloned these genes, and the subcellular localization
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of the protein was predicted. The prediction results showed that
BBP was localized in the cell membrane using Plant-mPLoc soft-
ware (https://www.csbio.sjtu.edu.cn/bioinf/plant-multi/#) [67],
vocuole, cytoplasm, and outside the cell (https://cello.life.nctu.
edu.tw/; https://wolfpsort.hgc.jp/). CSD1 might be localized not
only in the cell, such as chloroplasts (https://www.csbio.sjtu.edu.
cn/bioinf/plant-multi/#), nucleus, cytoplasm, but also outside the
cell (https://cello.life.nctu.edu.tw/; https://wolfpsort.hgc.jp/).
LAC3 might be localized in the cell membrane and outside the cell
(https://www.csbio.sjtu.edu.cn/bioinf/plant-multi/#; https://cello.
life.nctu.edu.tw/;). As shown in Fig. 1E (a) and 1(b), BBP was local-
ized in cell membrane and tonoplast. CSD1 was localized in chloro-
plast (Fig. 1F).

To explore whether BBP interacts with LAC3 and CSD1, we used
yeast two-hybrid (Y2H) assays and found that BBP interacted with
both LAC3 and CSD1. As shown in Fig. 1C, BBP-AD and LAC3-BD
were cotransformed into Y2H yeast strains that grew successfully
on -LT, -LTH, and -LTHA selective media in the presence of X-a-
gal. Conversely, yeast cotransformed with BBP-AD and BD grew
on -LT selective media but not -LTHA selective media. As shown
in Fig. 1D, BBP-AD and CSD1-BD were cotransformed into Y2H
yeast strains that grew successfully on -LT, -LTH, and -LTHA selec-
tive media containing the substrate X-a-gal.

To further confirm the interaction between BBP and LAC3, as
well as that between BBP and CSD1, we used a BiFC system in
which YFP fluorescence was reconstituted. As shown in Fig. 1G,
35S: BBP-CYFP and 35S: LAC3-NYFP were cotransformed into
tobacco leaves, and clear YFP fluorescence was observed, indicating
coexpression of BBP-CYFP and LAC3-NYFP. Moreover, when 35S:
BBP-NYFP was combined with 35S: LAC3-CYFP, clear YFP fluores-
cence was also captured, indicating that BBP was capable of inter-
acting with LAC3. Conversely, when 35S: NYFP was combined with
35S: BBP-CYFP and 35S: BBP-NYFP was combined with 35S: CYFP,
no fluorescence was observed.

When 35S: BBP-CYFP and 35S: CSD1-NYFP were cotransformed,
and clear YFP fluorescence was obtained, indicating coexpression
of BBP-CYFP and CSD1-NYFP. Moreover, when 35S: BBP-NYFP
was combined with 35S: CSD1-CYFP, clear YFP fluorescence was
also observed. In summary, BBP is capable of interacting with
LAC3 and CSD1 in vivo, and the interaction might occurs on the cell
membrane and tonoplast. Thus, we hypothesized that BBP is criti-
cal for the regulation of Cu homeostasis and that it transmits Cu
deficiency or Cu poisoning signals from the cell membrane to the
cytoplasm or nucleus. We next focused on LAC3 and CSD1 as
potential downstream effectors of the miR408-BBP module in
response to Cu conditions.

MiR408a positively regulates anthocyanin biosynthesis in Malus
plants

To investigate whether the modulation of miR408a affects
anthocyanin accumulation under normal Cu conditions, we con-
structed vectors overexpressing miR408a (OE-miR408a) and silenc-
ing miR408a (TRV-miR408a). As shown in Fig. 2A, the expression
level of mature miR408a increased significantly in leaves when
miR408a was instantaneously overexpressed. Consequently, the
levels of BBP transcripts decreased significantly, which further ver-
ified the target relationship between miR408a and BBP (Fig. 2B).
Transient overexpression of miR408a resulted in red leaves and
higher anthocyanin contents compared to those in the controls
(Fig. 2C). Consistently, the transcription levels of genes encoding
CHS, anthocyanin reductase (ANS), DFR, and UFGT in the antho-
cyanin pathway were substantially increased (Fig. 2B). However,
silencing miR408a yielded seedlings that were poorly coloured
and had lower anthocyanin contents (Fig. 2E). The expression
levels of miR408a and BBP were downregulated and upregulated

https://string-db.org/cgi/input.pl
https://string-db.org/cgi/input.pl
https://www.csbio.sjtu.edu.cn/bioinf/plant-multi/%23
https://cello.life.nctu.edu.tw/
https://cello.life.nctu.edu.tw/
https://wolfpsort.hgc.jp/
https://www.csbio.sjtu.edu.cn/bioinf/plant-multi/%23
https://www.csbio.sjtu.edu.cn/bioinf/plant-multi/%23
https://cello.life.nctu.edu.tw/
https://wolfpsort.hgc.jp/
https://www.csbio.sjtu.edu.cn/bioinf/plant-multi/%23
https://cello.life.nctu.edu.tw/
https://cello.life.nctu.edu.tw/


Fig. 1. BBP interacts with both LAC3 and CSD1. (A) Dynamic curves showing the affinity of MYB16 for fragments of the miR408a promoter. (B) BBP interacted with the
promoter of anthocyanin genes in yeast one-hybrid assays. (C) BBP interacted with LAC3 in yeast two-hybrid assays. (D) BBP interacted with CSD1 in yeast two-hybrid assays.
(E) Subcellular localization of BBP. (F) Subcellular localization of CSD1. (G) BBP interacted with LAC3 and CSD1 in BiFC assays.
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Fig. 2. Characterization of the transient transformation of OE-miR408a and TRV-miR408a in ‘Royalty’. (A) Phenotypes of leaves infected with different vectors. (B) qRT–
PCR analysis results showing the gene expression levels infected with OE-miR408a. (C) Anthocyanin contents in leaves infected with OE-miR408a. (D) qRT–PCR analysis
showing relative gene expression following infection with TRV-miR408a. (E) Anthocyanin contents in leaves infected with TRV-miR408a. Error bars denote the SD of three
replicate measurements. Different lowercase letters above the bars indicate significant differences (P < 0.05) calculated using one-way ANOVA.
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significantly, indicating effective silencing of miR408a (Fig. 2D).
These results were accompanied by significant reductions in the
expression levels of genes related to the anthocyanin pathway,
including CHS, ANS, DFR, and UFGT (Fig. 2D).

To further verify the roles of miR408 in regulating anthocyanin
metabolism, OE-miR408a and TRV-miR408a vectors were individu-
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ally injected into the apple fruit. As shown in Fig. 3A, apple fruit
with miR408a overexpression showed a red appearance surround-
ing the infection site. Simultaneously, the mature miR408a level
and Cu content increased significantly (Fig. 3B). In contrast,
miR408a silencing reduced the colouration and Cu content in apple
fruit (Fig. 3C). Consistent with the phenotype, the anthocyanin



Fig. 3. Characterization of the transient transformation ofmiR408a-OE and TRV-miR408a in apple fruit. (A) Phenotypic comparison of apple fruit infected with different
vectors. (B) Comparison of Cu content measured formiR408a-OE and Control-OE. (C) Comparison of Cu content measured formiR408a-TRV and Control-TRV. (D) Anthocyanin
contents in apple fruit peel infected with different vectors. (E and H) Quantitative analysis of miR408a, MdBBP, MdCHS, MdANS, MdDFR, MdUFGT, and MdGST transcript levels.
(F and I) Quantitative analysis ofMdLAC3, MdCSD1,MdATX1,MdCOPT6, andMdCCO2. (G and J) Expression of lignin pathway-related genes in apple fruit pericarp infected with
different vectors. Error bars denote the standard deviations of three replicate measurements. Different lowercase letters denotes significant differences (ANOVA, P < 0.05).
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content increased significantly in miR408-OE but decreased signif-
icantly in TRV-miR408a (Fig. 3D (a) and (b)). As expected, the
expression levels of CHS, ANS, DFR, UFGT, and GST increased signif-
icantly in apple fruit infected with miR408a-OE (Fig. 3E). Whereas,
the expression levels of CHS, ANS, and DFR decreased significantly
(Fig. 3F). Notably, MdBBP, MdLAC3, MdCSD1, and MdCSD expression
in miR408a-OE apple fruit decreased significantly, as well as the
expression of MdATX1 and MdCOPT6, which are involved in copper
transportation, might be influenced by increased Cu content
(Fig. 3E and 3G).

In TRV-miR408a, due to the reduction in miR408a levels, ele-
vated levels of the MdBBP transcript were observed (Fig. 3H).
MdLAC3 and MdCSD1 expression in TRV-miR408a also increased
significantly, which might be due to the synergistic effect due to
the interaction among MdBBP, MdLAC3, and MdCSD1. The expres-
sion of MdATX1, MdCOPT6, and MdCCO2 decreased significantly,
which is consistent with the decreased Cu content in TRV-miR408a
(Fig. 3H).

Moreover, in miR408-OE, except for the cinnamoyl-coenzyme A
reductase gene (CCR), the expression of genes encoding Cinnamate
4-hydroxylase (C4H), 4-coumarate: CoA ligase (4CL), caffeoyl-CoA-
O-methyltransferase (CCoA-OMT), caffeic acid O-methyltransferase
(COMT), and cinnamyl alcohol dehydrogenase (CAD) in the lignin
pathway increased significantly in miR408-OE (Fig. 4I). However,
silencing miR408a down-regulated C4H, 4CL, CCR, COMT, CAD, and
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ferulate 5 hydroxylase (F5H) but not CCoA-OMT. Taken together,
these results suggest that miR408a is a positive regulator of antho-
cyanin accumulation and Cu content in Malus plants.
The miR408-BBP module regulates Cu homeostasis and anthocyanin
biosynthesis in response to light signals in apple fruit

As shown in Fig. 4A and Fig. 4B, as the number of days of light
increased, the apple colouration was significantly intensified in
association with a significant increase in anthocyanin content.
Consistently, as shown in Fig. 4C, among the anthocyanin biosyn-
thesis genes, the expression of DFR, ANS, UFGT, and glutathione S-
transferase (GST) increased significantly. Interestingly, both the
abundance of miR408a and the Cu content were significantly
upregulated under light induction (Fig. 4D and 4E). Moreover, the
levels of Cu-binding protein gene transcripts, including BBP, LAC3,
and CSD1, decreased significantly (Fig. 4F). To elucidate the rela-
tionship between Cu homeostasis and anthocyanin accumulation
under light induction, the expression profiles of related structural
genes involved in Cu transportation were determined using qRT-
PCR. As shown in Fig. 4G, ATX1, COPT6, and CCO2 expressions were
substantially upregulated 5 days after light treatment. These
results are thought-provoking because they imply a positive corre-
lation between Cu content and anthocyanin biosynthesis.



Fig. 4.. Characterization of apple fruit coloration after light treatment. (A) Phenotypes of apple fruit coloration. (B) Total anthocyanin contents in the samples. ND, not
detected. (C) qRT–PCR analysis showing the relative expression of genes involved in the anthocyanin biosynthesis pathway. (D) Comparison of Cu content in the samples. (E)
Relative fold changes in the abundance of miR408a in apple pericarp upon exposure to light. (F) Transcript levels of MdBBP, MdLAC3, and MdCSD1 in apple pericarp. (G)
Transcript levels of MdATX1, MdCOPT6, and MdCCO2 in apple pericarp. Error bars indicate standard deviations (SD). a, b, and c indicate significant differences. Different
lowercase letters denote significant differences (ANOVA, P < 0.05).
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BBP negatively regulates the Cu homeostasis and anthocyanin
biosynthesis in Malus plants

To investigate the roles of MdBBP in regulating Cu homeostasis
and anthocyanin metabolism, we constructed an MdBBP overex-
pression vector (BBP-OE) and an MdBBP silencing vector (BBP-
TRV). As shown in Fig. 5A, 5B, 5D(a), apple fruit overexpressing
BBP showed reduced anthocyanin accumulation around the
injection sites, accompanied by a significant decrease in the Cu con-
tent. Compared to BBP-OE, the opposite effects in apple fruit were
observed in BBP-TRV (Fig. 5A, 5C, 5D (b)). As expected, the expres-
sion levels of CHS, DFR, UFGT, and GST decreased significantly in
apple fruit infected with BBP-OE (Fig. 5E). However, the expression
levels of CHS, ANS, DFR, UFGT, and GST increased significantly in
apple fruit infected with BBP-TRV (Fig. 5H). Moreover, BBP expres-
sionwas upregulated and downregulated significantly in apple fruit
infected with BBP-OE or BBP-TRV, respectively (Fig. 5F). These
results indicated that BBP prohibits anthocyanin biosynthesis,
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which might be due to the negative regulation of Cu homeostasis.
Interestingly, the expression levels ofMdLAC3, MdCSD1, andMdCSD
in BBP-OE cells increased significantly (Fig. 5F). The expression of
MdATX1, MdCOPT6, and MdCCO2 decreased significantly in BBP-OE,
which is consistent with the decreased Cu content in BBP-OE
(Fig. 5F). In addition, in BBP-OE, except for CAD, the expression of
genes C4H, 4CL, CCR, CCoA-OMT, COMT, and CAD in the lignin path-
way decreased significantly (Fig. 5G), indicating that BBPmight neg-
atively regulate phenylpropane metabolism by negatively
regulating the Cu homeostasis.

In BBP-TRV, MdLAC3, MdCSD1, and MdCSD expression decreased
significantly (Fig. 5I). Furthermore, the expression of MdATX1,
MdCOPT6, and MdCCO2 were substantially upregulated, which is
consistent with the increased Cu content. Apart from CAD, the
expression of C4H, 4CL, CCR, CCoA-OMT, and COMT in the lignin
pathway increased significantly (Fig. 5J). Taken together, these
results indicate that BBP prohibits anthocyanin biosynthesis by
negatively regulating the Cu homeostasis.



Fig. 5. Characterization of the transient transformation of BBP-OE and BBP-TRV in apple fruit. (A) Phenotypic comparison of apple fruit infected with different vectors.
(B) Comparison of Cu content measured for Control-OE and BBP-OE (C) Comparison of Cu content measured for Control-TRV and BBP-TRV. (D) Anthocyanin contents in apple
fruit peel infected with different vectors. (E and H) Quantitative analysis of miR408a, MdBBP, MdCHS, MdANS, MdDFR, MdUFGT, and MdGST transcript levels. (F and I)
Quantitative analysis ofMdLAC3,MdCSD1,MdATX1,MdCOPT6, andMdCCO2. (G and J) Expression of lignin pathway-related genes in apple fruit pericarp infected with different
vectors. Error bars denote the standard deviations of three replicate measurements. Different lowercase letters denote significant differences (ANOVA, P < 0.05).
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The miR408a-BBP-LAC3/CSD1 module is involved in anthocyanin and
lignin metabolism during the leaf colour transformation in Malus
plants

To determine whether miR408a, BBP, LAC3, and CSD1 are
involved in the leaf colour transformation phenotype in Malus
plants, we examined their expression levels, anthocyanin and lig-
nin contents, and expression levels of genes involved in the antho-
cyanin and flavonoid pathways in Malus crabapple ‘Royalty’ leaves
at five developmental stages (S1, S2, S3, S4, and S5). As shown in
Fig. 6A, with the growth and development of leaves, the red colour
of ‘Royalty’ leaves gradually became lighter, but the green back-
ground deepened. As shown in Fig. 6B, the abundance of miR408a
was significantly upregulated from S2. Consistently, BBP expres-
sion was substantially downregulated from S2, which was contrary
to the tendencies of the anthocyanin content and miR408a expres-
sion level (Fig. 6C). Interestingly, the expression patterns of both
LAC3 and CSD1 were consistent with those of BBP (Fig. 6D and
6E), indicating that they might work together to synergistically
regulate anthocyanin biosynthesis due to fluctuations in Cu
homeostasis.

Moreover, the red colour of ‘Royalty’ leaves was diluted in cor-
relation with a sharp and significant decrease in the anthocyanin
content from S3 (Fig. 6F). Interestingly, as suggested in Fig. 7F,
the lignin content significantly increased throughout the periods
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of leaf development. Among anthocyanin biosynthesis genes, as
shown in Fig. 6G, downward trends were observed for the gene
expression of DFR, CHS, ANS, and UFGT. Concerning the common
genes involved in anthocyanin and lignin biosynthesis, the expres-
sion levels of C4H and 4CL showed a downward trend. In the lignin
biosynthesis pathway, the transcriptional levels of both F5H and
CAD tended to be substantially up-regulated, resulting in increased
lignin content (Fig. 6H and 6I). These results suggested a competi-
tive relationship between lignin and anthocyanin accumulation,
which might be related to leaf colour transformation and leaf
senescence. Taken together, these results suggested that the
miR408a-BBP-LAC3-CSD1 module might participate in regulating
anthocyanin and lignin metabolism mediated by Cu homeostasis
during the transformation of leaf colour in Malus plants.

The expression of miR408a and its target BBP is modulated under Cu
stress

To determine whether anthocyanin biosynthesis regulated by
miR408a and BBP is mediated by Cu homeostasis, ‘Royalty’ seed-
lings were subjected to treatment with copper at different concen-
trations. As shown in Fig. 8A, as the concentration of Cu increased,
the leaves of ‘Royalty’ seedlings exhibited a deepened red color on
the 15th day of treatment. Consistently, the anthocyanin contents
in the leaves increased significantly (Fig. 7B). Excessive Cu might



Fig. 6. Analysis of ‘Royalty’ leaf coloration in five stages of leaf development in Malus crabapple ‘Royalty’. S1, 3 days after budding; S2, 9 days after budding; S3, 15 days
after budding; S4, 21 days after budding; S5, 30 days after budding. (A) Leaf phenotypes in ‘Royalty’ at different stages (S1 to S5). (B) Analysis of the relative expression of
miR408a in the leaves. (C) Relative expression of BBP in the leaves. (D) Relative expression of LAC3 in the leaves. (E) Relative expression of CSD1 in the leaves. (F) Total
anthocyanin contents in ‘Royalty’ leaves at five developmental stages. (G) Expression analysis of anthocyanin pathway genes in ‘Royalty’ leaves at five developmental stages.
(H) Quantification of total lignin content in ‘Royalty’ leaves at five developmental stages. (I) qRT–PCR analysis showing the relative expression of genes involved in the lignin
pathway. Error bars indicate SD. Lowercase letters indicate significant differences.
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Fig. 7. Effects of different Cu conditions on anthocyanin accumulation in ‘Royalty’ plantlets. (A) Phenotypic comparison of ‘Royalty’ plantlets after treatment with a lack
of copper (-Cu), normal copper (control), and 100 lM copper (+100 lM Cu). (B) The total anthocyanin content in ‘Royalty’ plantlets under different Cu treatments. (C)
Expression of anthocyanin pathway-related genes in leaves under different Cu treatments. (D) Expression levels of miR408a. (E) Expression levels of BBP, LAC3, CSD1, ATX1,
COPT6, and CCO2 under different Cu conditions. (F) Expression of lignin pathway-related genes in leaves under different Cu treatments. Error bars denote the standard
deviations of three replicate measurements. Different lowercase letters denote significant differences (ANOVA, P < 0.05).
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facilitate the transportation or stability of anthocyanins due to the
protective and stabilizing effects of Cu ions on pigments. The
expression levels of genes involved in anthocyanin biosynthesis
were increased significantly, including DFR, ANS, UFGT, and GST,
under 100 lM Cu conditions (Fig. 7C). The expression of miR408a
decreased significantly with increasing concentrations of Cu, espe-
cially under the condition of 100 lM Cu (Fig. 7D). However, the
transcript levels of BBP, LAC3, CSD1, and CSD, were increased signif-
icantly under 100 lM Cu conditions (Fig. 7E). The expression of the
Cu transporter genes ATX1, COPT6, and CCO2 decreased signifi-
cantly under 100 lM Cu conditions. These results indicated that
the miR408a-BBP module might avoid the toxic effects of excessive
Cu by reducing the transport of Cu. In addition, the expression of
CCR, CAD, CCoA-OMT, COMT, F5H, and LAC4 in the lignin pathway
also increased significantly under 100 lM Cu conditions (Fig. 7J).

In contrast, the leaf colour of ‘Royalty’ seedlings was green in
the absence of Cu, and the anthocyanin content decreased signifi-
cantly (Fig. 8A and 8B). The expression levels of anthocyanin
biosynthesis genes decreased significantly, including CHS, DFR,
UFGT, and GST (Fig. 7C). The expression of miR408a significantly
increased under Cu deficiency, accompanied by a decrease in the
BBP, LAC3, CSD1, and CSD expression levels (Fig. 7D). The expres-
sion of the Cu transporter gene COPT6 increased significantly under
Cu deficiency (Fig. 7E), indicating that the miR408a-BBP module
might maintain cellular Cu homeostasis by accelerating Cu trans-
port. Moreover, the transcriptional levels of CCR, CAD, CCoA-OMT,
COMT, F5H, and LAC4 in the lignin pathway markedly decreased
under Cu deficiency conditions (Fig. 7F).
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These results revealed that the expression levels of both
miR408a and BBP were sensitive to fluctuations in the external
Cu status. Both excessive Cu and Cu deficiency affected the expres-
sion ofmiR408a and BBP, leading to variations in anthocyanin accu-
mulation. Taken together, these results suggest that the miR408a-
BBP module is critical for the regulation of Cu homeostasis, as it
affects the anthocyanin accumulation in Malus plants.

The miR408a-BBP-LAC3/CSD1 module is critical for the regulation of
Cu homeostasis

To further investigate the roles of miR408a, BBP, LAC3, and
CSD1 in regulating Cu homeostasis, ‘Golden Delicious’ plantlets
were treated with Cu under various conditions. As shown in
Fig. S1A and 1B, under conditions of both Cu deficiency and exces-
sive Cu (100 lM Cu), the plantlets showed a dwarfing phenotype
with a decreased stem length, indicating that both excessive Cu
and Cu deficiency are not conducive to the nutritional growth of
Malus plants. Interestingly, in the case of excessive Cu (10 lM
Cu and 100 lM Cu), the leaves of ‘Golden Delicious’ seedlings
exhibited a red colour at the blade edge. Consistently, the antho-
cyanin contents increased significantly (Fig. 8A and 8B). Consis-
tent with the ‘Royalty’, the expression of miR408a decreased
significantly in ‘Golden Delicious’ with increasing concentrations
of Cu (Fig. 8D). However, the expression of BBP, LAC3, and CSD1
was increased significantly under 100 lM Cu (Fig. 8C). The
expression of the Cu transporter genes ATX1 and COPT6 was
decreased significantly under 100 lM Cu conditions (Fig. 8C).



Fig. 8. Effects of different Cu conditions on ‘Golden Delicious’ plantlets. (A) Phenotypic comparison of ‘Golden Delicious’ plantlets under different Cu concentrations. (B)
The total anthocyanin content in ‘Golden Delicious’ plantlets under different Cu treatments. (C) Relative expression levels of BBP, LAC3, CSD1, ATX1, COPT6, and CCO2 in
plantlet leaves under different Cu conditions. (D) Relative fold changes in the abundance of miR408a. (E) Expression of anthocyanin pathway-related genes in leaves under
different Cu treatments. (F) Microscopic observation of stem tissue in ‘Golden Delicious’. (G) Expression of lignin pathway-related genes in leaves under different Cu
treatments. Error bars denote the standard deviations of three replicate measurements. Different lowercase letters denote significant differences (ANOVA, P < 0.05).
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The transcriptional levels of CCR, CAD, COMT, F5H, and LAC4 in the
lignin pathway markedly increased under 100 lM Cu conditions
(Fig. 8G).

Cu deficiency significantly downregulated the expression of BBP,
LAC3, CSD1, and CSD, and the pattern was opposite that of miR408a
(Fig. 8C). However, the expression of the Cu transporter gene COPT6
increased significantly under Cu deficiency (Fig. 8C). Moreover, lig-
nin accumulation was decreased under Cu deficiency conditions
(Fig. 8F), whereas lignin accumulation increased significantly as
the concentration of copper increased. Consistently, the transcrip-
tional levels of CCR, CAD, COMT, F5H, and LAC4 in the lignin pathway
markedly decreased under Cu deficiency conditions (Fig. 8G). Over-
all, these results further revealed that the miR408a-BBP-LAC3/CSD1
module is critical for the regulation of Cu homeostasis, thus regulat-
ing anthocyanin biosynthesis in Malus plants.
Discussion

Secondary metabolism plays extensive roles in plant growth,
development, and responses to various biotic and abiotic stresses,
and methods for coping with extracellular Cu changes and main-
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taining cellular Cu homeostasis are crucial for plant growth and
development.
MiR408a and its target BBP regulate Cu homeostasis and anthocyanin
biosynthesis in Malus plants

In Arabidopsis, miR408 was reported to promote anthocyanin
biosynthesis [36]. Consistently, the differential expression of
miR408a and its target BBP was shown to be involved in leaf colour
transformation and apple fruit colouration in the current study.
Overexpression of miR408a positively regulated anthocyanin
biosynthesis and Cu content by increasing the expression of the
Cu-binding genes LAC3, CSD1, and CSD, as well as the Cu trans-
porter genes ATX1, COPT6, and CCO2. Contrasting results were
obtained when miR408a was transiently silenced. Moreover, over-
expression of BBP significantly reduced anthocyanin biosynthesis,
coinciding with the downregulation of the Cu content, accompa-
nied by the downregulation of Cu-binding genes LAC3, CSD1, and
CSD, as well as transporter gene expression, including COPT6 and
CCO2. These results demonstrated that miR408a targets BBP to reg-
ulate Cu homeostasis by regulating the binding and transportation
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of Cu, leading to anthocyanin accumulation in Malus plants. The
latest research findings suggest that the intracellular Cu homeosta-
sis mediated by the PCY-SAG14 phytocyanin module repressed by
miR408 promotes dark-induced leaf senescence in Arabidopsis
[68]. Further study needs to be performed to understand the Cu
homeostasis regulation mechanism that would provide new
insights into apple fruit quality formation.

Cu homeostasis affects anthocyanin accumulation and growth in
Malus plants

Cu homeostasis is critical for the plant growth and develop-
ment. Under conditions of excess Cu and Cu starvation, the ‘Golden
Delicious’ plantlets showed a dwarfing phenotype, and the plant
height was decreased significantly, suggesting that cellular Cu
homeostasis is associated with alteration of the extracellular Cu
status and that plant growth is sensitive to the undulation of cellu-
lar Cu homeostasis. In the current study, we found that BBP is
bound directly to LAC3 and CSD1.

Cu can stabilize chlorophyll and other pigments. In grape ber-
ries, the comparative transcriptomic analysis revealed that Cu
amine oxidase and 4-coumarate-CoA ligase played essential roles
in total anthocyanin variations induced by bud sport [69]. In barley,
transcriptome analysis disclosed that tolerance to cobalt and Cu is
associated with anthocyanin biosynthesis pathways, as well as
the MAPK signalling, glutathione biosynthesis, phenylalanine
metabolism, and photosynthesis [5]. Consistently, 100 lM Cu sig-
nificantly enhanced leaf colour and promoted anthocyanin accu-
mulation in Malus ‘Royalty’ and ‘Golden Delicious’ plantlets,
indicating that Cu plays an important role in the biosynthesis of
anthocyanins. These findings are consistent with those of a previ-
ous study reporting that anthocyanins accumulate at high levels
under sufficient Cu and high-light conditions in Arabidopsis [36].
However, anthocyanins accumulation was decreased significantly
under Cu deficiency. AtACS8 is elicited by Cu ions and plays a critical
role in the early biosynthesis of ethylene in Arabidopsis [69]. Thus,
we hypothesized that the promotion of anthocyanin accumulation
induced by Cu might be associated with the induction of ethylene.

On the other hand, Cu ions might have a stable protective effect
on anthocyanins, which is conducive to their transport from the
cytoplasm into vacuoles. BBP could be exactly localized in tono-
plast. Thus, we speculated that the significant upregulation of
BBP, LAC3, CSD1, and CSD expression under excessive Cu might be
beneficial to the transfer of Cu ions from the cytoplasm into the vac-
uole, resulting inmore sufficient Cu ions being stored in the vacuole
and enhancing the stability of anthocyanins in the vacuole. Another
possibility is the existence of an unknown cotransport mechanism
by which anthocyanins are transferred into vacuoles, accompanied
by Cu ions acting as cofactors of GST. Therefore, we hypothesize
that Cu homeostasis plays a role in temporal leaf colour or fruit
colouration with growth and development in Malus plants.

The miR408a-BBP module might play a central role in the regulation of
Cu homeostasis

In Arabidopsis, plants accumulate miR397, miR408, and miR857
in response to low Cu availability, which mediates the systemic
downregulation of Cu protein expression, including plantacyanin
and members of the LAC Cu-containing protein family, indicating
a general mechanism by which miRNAs negatively regulate those
nonessential Cu proteins at the posttranscriptional level [41]. It
was reported that miR408 and its targets are crucial to the HY5-
SPL7 module in regulating Cu homeostasis-related genes in Ara-
bidopsis [36,70,71].

Moreover, the differential expression of miR408 and its target
genes in response to changing light and copper conditions is asso-
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ciated with the allocation of Cu in chloroplasts and with the PC
levels in Arabidopsis [36]. In oceanic diatoms, the majority of differ-
entially regulated genes are associated with photosynthetic meta-
bolism, suggesting that chloroplasts are the primary target of low
Cu availability [72]. In Arabidopsis, under Cu exposure, the expres-
sion of Cu transporter (COPT) genes was shown to be down-
regulated, indicating that the relocation and redistribution of Cu
ions may be an important mechanism for regulating Cu homeosta-
sis in plants under Cu stress [73]. In our study, under Cu starvation
conditions, the expression levels of miR408a and its target BBP
were upregulated and downregulated in both ‘Royalty’ and ‘Golden
Delicious’ plant leaves, respectively. When exposed to excess Cu,
the opposite results were observed, indicating that miR408a and
BBP are very sensitive to the extracellular Cu environment; this
phenomenon could be a hallmark of Cu homeostasis in Malus
plants. Moreover, overexpression of miR408a significantly down-
regulated the abundance of BBP in Malus plants, whereas tran-
siently silencing miR408a substantially increased BBP expression.
When BBP expression was undermined, the physiological Cu con-
tent was increased significantly, and the anthocyanin content
was increased in Malus plants, accompanied by a reduced expres-
sion of the Cu transporter genes ATX1, COPT6, and CCO2. However,
the opposite results were observed under conditions of BBP over-
expression. These results indicated that BBP negatively regulates
cellular Cu homeostasis in plants as a target of miR408.

In addition, the interaction among BBP, CSD1, and LAC3 might
occur on the cell membrane and tonoplast, which may coordi-
nately participate in the binding of Cu ions and affect the transport
of extracellular Cu ions into the cell to maintain intracellular Cu
homeostasis under Cu deficiency or excess Cu conditions. Interest-
ingly, bioinformatic analysis showed that the BBP protein has a
transmembrane structure, and subcellular localization experi-
ments revealed that it was localized at the cell membrane and vac-
uolar membranes, suggesting that BBP recruits or cooperates with
other Cu transporters or copper-containing proteins to regulate Cu
homeostasis. Thus, BBP protein might play an important role in the
shuttling of Cu ions between vacuoles and the cytoplasm, and
transmitting extracellular and intracellular Cu signals. Our results
suggested that silencing BBP significantly decreased the expression
levels of other Cu-containing proteins, including CSD1 and LAC3,
and increased the cellular Cu content, indicating that BBP might
be located upstream of these proteins and thus play a more central
role in regulating Cu homeostasis.

The expression of the Cu chaperone COPT2 was upregulated in
leaves under the copper and zinc deficiency. Under Cu-deficient
conditions, the expression levels of ATOPT3 and three nicotinamide
synthase genes were up-regulated in roots [74]. Consistently, in
our study, the expression levels of the Cu transporter COPT6 were
upregulated significantly under Cu-deficient conditions in Malus
plants. Recently, MdWRKY11 was reported to enhance the Cu tol
erance by directly promoting the expression of Cu transporter
MdHMA5 in apples [75]. Nevertheless, whether and how BBP works
together with Cu transport proteins or Cu chaperones to precisely
regulate Cu transmembrane transport and thereby maintain cellu-
lar Cu homeostasis still needs to be further studied. Taken together,
these results suggested that the miR408a-BBP module plays an
important role in regulating the intracellular Cu ion concentration
and homeostasis by modulating the cellular localization, transport,
and storage of Cu ions in the cell.

The module consisting of miR408a, BBP, CSD1, and LAC3 coordinately
regulates the crosstalk between Cu homeostasis and ROS homeostasis

Due to the disturbance or destruction of Cu homeostasis, Cu
deficiency prevents photosynthesis in plants, and excessive Cu
triggers the production and diffusion of harmful ROS, resulting in
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oxidative damage to plant cells [30]. ROS homeostasis is known to
be widely involved in the responses of plants to adverse stresses.
Transcriptomic analysis revealed that the expression levels of
genes related to oxidative stress defence systems were up-
regulated in oceanic diatom cells, indicating that increased ROS
triggers cellular damage under Cu-deficient conditions [53]. In
Hematococcus pluvialis, the application of Cu increased the tran-
scriptional expression of antioxidant enzyme-related genes and
led to a decrease in ROS levels [76]. These studies indicated that
the Cu content affects the levels of ROS. Under high Cu concentra-
tions, plants are exposed to excessive Cu-derived cellular toxicity,
and excessive Cu damages cellular membrane systems and various
organelles and inhibits electron transport in the photosynthesis
chain. In our study, the interaction between BBP and CSD1
occurred on the cell membrane, implying that the regulation of
Cu homeostasis might be coupled with ROS homeostasis.

The most abundant Cu proteins are PC in thylakoids and CSD, of
which the major isoforms are found in the cytosol and the chloro-
plast stroma. In Arabidopsis, CSD1 and CSD2 were shown to be tar-
geted by miR398 and to be important for oxidative stress tolerance
[77,78]. In Arabidopsis thaliana, excess Cu resulted in a reduced pro-
tein level and reduced enzymatic activity of CSD1 in siz1, indicating
that the expression of CSD1was influenced by Cu stress [31]. In our
study, the application of excess Cu (10 lM, 100 lM) significantly
upregulated the expression of BBP, LAC3, and CSD1 in ‘Golden Deli-
cious’ plantlets, resulting in increased binding of Cu ions and quick
movement into vacuoles to maintain cellular Cu homeostasis. As
expected, the application of exogenous 100 lM Cu promoted
Fig. 9. A working model for the mechanism by which the miR408a-BBP-LAC3/CSD
deficiency and excessive Cu inMalus Plant. Under conditions of excessive Cu,miR408a p
the upregulation of its target BBP expression. The expression levels of other Cu-bindin
content and anthocyanin accumulation characterized by red color in leaves. At the sam
inhibit the toxic effects of excessive Cu. Under Cu deficiency conditions, the expression lev
respectively. The expression levels of CSD1 and LAC3 decreased synergistically. Meanwhi
A continuous decrease in intracellular Cu content reduces the anthocyanin biosynthesis c
in this figure legend, the reader is referred to the web version of this article.)
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anthocyanin accumulation in ‘Golden Delicious’ and ‘Royalty’
leaves, indicating that excessive Cu induced relatively high ROS
accumulation and ROS signalling, leading to the biosynthesis and
accumulation of antioxidants, such as anthocyanins; this result
supports the existence of a relationship between Cu stress and
antioxidant metabolism [79,80]. Anthocyanins are beneficial to
the removal of ROS, further denoting the crosstalk between Cu
homeostasis and ROS homeostasis.

The downregulation of CSD under Cu limitation was observed in
A. thaliana, Brassica juncea, Lycopersicum lycopersicum, Zea mays,
and Oryza sativa [81], indicating that the expression of CSD was
also sensitive to Cu availability. Consistently, under Cu-deficient
conditions, BBP, LAC3, and CSD1 were downregulated significantly
to decrease the binding of Cu ions, thereby increasing the cellular
Cu content in plants. These results further corroborate that the
interaction between BBP and CSD1 mediates the crosstalk between
Cu homeostasis and ROS homeostasis and suggest that the expres-
sion levels of Cu/ZnSOD enzymes are good indicators of excessive
Cu or Cu deficiency. In addition,miR408 was identified to be signif-
icantly induced during leaf senescence in Arabidopsis [52,82]. Our
results demonstrated that the expression levels of miR408a and
BBP gradually increased and decreased, respectively, during leaf
growth and senescence. The expression of BBP, CSD1, and LAC3
was downregulated consistently during leaf development and
senescence, accompanied by a reduction in anthocyanin accumula-
tion and upregulation of lignin biosynthesis. This result indicates
the downregulation of Cu availability, which has important biolog-
ical significance for the recycling of Cu and serves as a good expla-
1 module regulates Cu homeostasis and anthocyanin accumulation under Cu
erceives an excessive Cu signal and shows a significant downregulation, resulting in
g proteins CSD1 and LAC3 increased synergistically, increasing the intracellular Cu
e time, the expression levels of Cu transport genes were decreased significantly to
els ofmiR408a and its target BBPwere significantly upregulated and downregulated,
le, the increase in Cu transport protein expression restored cellular Cu homeostasis.
haracterized by a green color in leaves. (For interpretation of the references to color
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nation for the transfer of Cu from old to young leaves in plants. Fur-
ther investigation revealed strong interactions between BBP and
LAC3 and between BBP and CSD1, indicating that BBP might be a
hub protein linking Cu homeostasis with ROS homeostasis.

However, COPT6 expression increases and promotes transporta-
tion to Cu ions under Cu deficiency to maintain Cu homeostasis.
Under conditions of Cu deficiency, the expression levels ofmiR408a
and its target BBP were significantly upregulated and downregu-
lated, respectively. Moreover, the levels of LAC3 and CSD1 are sig-
nificantly decreased, leading to reductions in the absorption of
extracellular Cu. Finally, the decreased abundance of BBP protein
localized at the tonoplast weakens the binding of Cu ions, thereby
reducing the transport of copper ions from the cytoplasm to the
vacuole. Meanwhile, the expression levels of the Cu transport gene
COPT6 promote Cu transportation, thus maintaining the intracellu-
lar Cu level to alleviate damage to plant growth and development
induced by Cu deficiency. In a word, the miR408a-BBP-LAC3/CSD1
module that mediates the crosstalk between Cu homeostasis and
ROS homeostasis to regulate anthocyanin biosynthesis in Malus
during copper stress.

A model for miR408a-BBP-LAC3/CSD1-regulated Cu homeosta-
sis and ROS homeostasis regulating anthocyanin accumulation
under Cu stress in Malus plant.

Based on the results and observations described above, we pro-
posed a working model including miR408a, BBP, LAC3, and CSD1
that perceives and integrates extracellular Cu to regulate Cu home-
Fig. 10. A working model for the mechanism by which the miR408a-BBP-LAC3/CSD
fruit. During light induction, miR408a and BBP expression are significantly upregulated a
other hand, the upregulation of Cu-binding protein (LAC3, CSD1) and Cu transport protein
levels of CSD1 transcripts increased significantly during light induction, leading to a redu
biosynthesis gene expression and apple coloration. Under dark conditions, the expression
by the downregulation of Cu-binding protein and Cu transport protein expression, leadi
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ostasis and ROS homeostasis, thereby affecting anthocyanin accu-
mulation in Malus plants (Fig. 9). Under conditions of excess Cu,
the expression levels of miR408a and its target BBP were signifi-
cantly downregulated and upregulated, respectively. At the same
time, the expression levels of LAC3 and CSD1, which interact with
and might recruited by BBP to synergistically increase the absorp-
tion of extracellular Cu, are increased significantly, thereby
increasing the intracellular Cu content. At the same time, the
expression levels of the Cu transport genes ATX1, COPT6, and
CCO2 were decreased significantly to reduce Cu transportation to
avoid the toxic effects of excessive Cu. Moreover, BBP localized to
the tonoplast enhance the binding of Cu ions, thereby promoting
the transport of Cu ions in the cytoplasm to the vacuole and restor-
ing intracellular Cu homeostasis to supply the Cu needed for plant
growth and development. The upregulation of CSD1 expression
might clear the large amounts of ROS induced by excessive Cu,
which also promotes antioxidant anthocyanin accumulation.
Under conditions of Cu deficiency, the expression levels ofmiR408a
and its target BBP were significantly upregulated and downregu-
lated, respectively. Moreover, the levels of LAC3 and CSD1 are sig-
nificantly decreased, leading to reductions in the absorption of
extracellular Cu. Finally, the decreased abundance of BBP protein
localized at the vacuolar membrane weakens the binding of copper
ions, thereby reducing the transport of copper ions from the cyto-
plasm to the vacuole. Meanwhile, the expression levels of the Cu
transport gene COPT6 promote Cu transportation, thus maintaining
1 module regulates anthocyanin accumulation during light induction in apple
nd downregulated, respectively, resulting in the upregulation of Cu content. On the
(ATX1, COPT6, CCO2) also strengthened the promotion of the Cu level. In addition, the
ction in ROS levels. Eventually, the relatively high Cu status facilitates anthocyanin
of miR408a and BBP is downregulated and upregulated, respectively, accompanied

ng to a reduction in Cu homeostasis and anthocyanin accumulation.
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the intracellular Cu level to alleviate damage to plant growth and
development induced by copper deficiency. Based on these results,
we proposed a working model that the miR408a-BBP-LAC3/CSD1
module regulate the anthocyanin accumulation under conditions
of Cu excess and Cu deficiency in Malus plant leaves.

A model for miR408a-BBP-LAC3/CSD1-regulated Cu homeosta-
sis and anthocyanin accumulation during light induction in apple
fruit.

Based on the above results, we propose that the miR408a-BBP-
LAC3/CSD1 module regulates Cu homeostasis and anthocyanin
accumulation during light induction in apple fruit (Fig. 10). When
apple fruit perceived light signals after bag removal, the expression
of the miR408a and BBP was significantly upregulated and down-
regulated, respectively, leading to an increase in Cu content. More-
over, the levels of Cu-binding protein LAC3 and CSD1, as well as the
Cu transport protein ATX1, COPT6, and CCO2 transcripts, increased
significantly. Consequently, these changes eventually lead to a sub-
stantial increase in Cu content in the apple pericarp. In addition,
the levels of CSD1 transcript increased significantly during light
induction, leading to a reduction in ROS levels. Finally, relatively
high Cu status facilitates the anthocyanin biosynthesis gene
expression and apple colouration. In short, these results showed
that the miR408a-BBP-LAC3/CSD1 module also regulates antho-
cyanin biosynthesis in apple fruit involved in the fluctuation in
both Cu homeostasis and ROS homeostasis during light induction.
This highlights the important role of Cu homeostasis play in apple
colouration during light induction.

Conclusion

This study reveals that BBP targeted by miR408a is the key reg-
ulator of Cu and ROS homeostasis through interacting with LAC3
and CSD1, which links the light signal and Cu signal involved in
anthocyanin biosynthesis in Malus plants. In addition, this study
elucidated the mechanism of the miR408a-BBP-LAC3/CSD1 module
regulating anthocyanin biosynthesis under light induction and Cu
stress and provide a new insights into the the crosstalk between
Cu homeostasis and ROS homeostasis during plant growth and
development.
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