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Abstract

Light regulates anthocyanins synthesis in plants. Upon exposure to visible light, the
inhibition of photosynthetic electron transfer significantly lowered the contents of
anthocyanins and the expression levels of key genes involved in anthocyanins syn-
thesis in plum fruit peel. Meanwhile, the expression levels of PsmMDH2 (encoding
the malate dehydrogenase in mitochondria) and PschMDH (encoding the malate
dehydrogenase in chloroplasts) decreased significantly. The contents of anthocyanins
and the levels of the key genes involved in anthocyanin synthesis decreased signifi-
cantly with the treatment of 1-MCP (an inhibitor of ethylene perception) but were
enhanced by the exogenous application of ethylene. The ethylene treatment could
also recover the anthocyanin synthesis capacity lowered by the photosynthetic elec-
tron transfer inhibition. Silencing PsmMDH2 and PschMDH significantly lowered the
contents of anthocyanins in plum fruit. At low temperature, visible light irradiation
induced anthocyanin accumulation in Arabidopsis leaves. However, the mmdh,
chmdh, and etr1-1 mutants had significantly lower anthocyanins content and expres-
sions of the key genes involved in anthocyanins synthesis compared to wild type.
Overall, the present study demonstrates that both photosynthesis and respiration
were involved in the regulation of anthocyanin synthesis in visible light. The visible
light regulates anthocyanin synthesis by controlling the malate metabolism via MDHs
and the ethylene signaling pathway.

The synthesis of anthocyanins in plants is most significantly regu-
lated by light. The regulation mechanism of ultraviolet (UV) light on

Anthocyanins are a group of water-soluble flavonoids and exist in var-
ious tissues of plants and make them appear red, blue, and purple
colors. Anthocyanins can attenuate light to protect plants from photo-
inhibition/photodamage (Li et al., 2010; Smillie & Hetherington, 1999;
Steyn et al., 2002). They also show strong antioxidant activity that
might benefit plants and humans when consumed (Bi et al., 2014; Li
et al, 2017; Nakabayashi et al., 2014; Neill et al., 2003). Besides,
anthocyanin-rich foods can reduce starch consumption and delay glu-
cose absorption, as anthocyanin may inhibit alpha-amylase and alpha-

glucosidase (Xiao & Hogger, 2015).

anthocyanins synthesis had been well documented in previous stud-
ies. These studies reported that UV light regulates the synthesis of
anthocyanins through different photoreceptors, including the UV-B
receptor UV RESISTANCE LOCUS 8 (UVRS8) (Brosché & Strid, 2003;
Brown et al,, 2005; Christie et al, 2012) and the UV-A receptors
phototropins (PHOTs) and cryptochrome 1 (CRY1) and CRY2
(Ahmad & Cashmore, 1993; Butler et al., 1959; Lin, 2000; Winslow &
John, 2002). The two main domains of UVRS, the B-propeller domain
and the C-terminal C27 domain, as well as the valine-proline
(VP) motif of the CRY1 and CRY2 proteins, can bind CONSTITUTIVE
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PHOTOMORPHOGENIC1 (COP1), and regulate the downstream
transcription factors such as ELONGATED HYPOCOTYL5 (HY5),
PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1) and PAP2
proteins (Maier et al., 2013; Ponnu et al., 2019; Yin et al., 2015). In
apple, Li et al. (2012) reported that MdCOP1 negatively regulated the
peel coloration by modulating the degradation of the MdMYB1 pro-
tein. Besides via the UV receptors, anthocyanin synthesis in apple peel
could be regulated by the reactive oxygen species (ROS) produced by
the plasma membrane NADPH oxidase under UV light (Chen
et al,, 2019; Zhang et al., 2015).

The anthocyanin synthesis in plants could also be regulated by
visible light or be light independent. For instance, the roots of some
potatoes (Liu et al., 2016; Vincenzo et al., 2014), sweet potatoes
(Mano et al., 2007; Zhang et al., 2020), and carrots (Xu et al., 2019),
the flesh of some apples (Chagné et al., 2013; Espley et al., 2007),
kiwifruits (Wang et al., 2019), and plums (Niu et al., 2017) can accu-
mulate abundant amounts of anthocyanins via the regulation of
MYB transcription factors during their growth underground, or
above the ground in the dark. After photosynthesis was interrupted,
the anthocyanin synthesis was inhibited in turnip (Schneider &
Stimson, 1971), corn (Kim et al., 2006), and Arabidopsis (Jeong
et al., 2010). Under dark conditions, the aerobic respiration played
an important role in anthocyanin synthesis in plum fruit by regulat-
ing the production of ATP and ethylene (Niu et al., 2017). The effect
of ethylene on MYB transcription factors and anthocyanin synthesis
has been widely reported in Arabidopsis (Lei et al., 2011), grape
(EI-Kereamy et al., 2003), and apple (An et al., 2018; Hu et al., 2019).
It seems that ethylene is also involved in regulating anthocyanin syn-
thesis in visible light. Using ethylene response 1 (etr1-1), ethylene
insensitive 2 (ein2-1), and ein3 ein3-likel double mutants, Jeong
et al. (2010) found that ethylene inhibited the expression of sucrose
transporter 1 (SUC1) and blocked the transport of sugar, leading to
the interruption of photosynthesis and sugar promotion of anthocy-
anin synthesis. However, how visible light affects the production of
ethylene is unknown.

It was reported that the accumulation of anthocyanin usually is
accompanied by an increase in malate in vacuoles (Hu et al., 2016;
Tohge et al., 2015). Malate is not only an important intermediate in
the tricarboxylic acid cycle in respiratory metabolism but also partici-
pates in redox reactions in the chloroplasts. Malate works as an
important substance for signal transmission among chloroplasts, cyto-
plasm, mitochondria, and other organelles (Noguchi & Yoshida, 2008;
Shameer et al., 2019). For instance, the malate-oxaloacetate shuttle
can transport the reducing power NADPH produced in chloroplasts to
the cytoplasm in the form of malate, and the malate in the cytoplasm
can be transported into mitochondria to participate in the respiratory
metabolism (Noguchi & Yoshida, 2008; Shameer et al., 2019). We
speculate that in visible light, photosynthesis might regulate the syn-
thesis of anthocyanin through malate metabolism.

In this study, using plum fruits and the malate dehydrogenase
(mdh) mutants of Arabidopsis, we investigated the relationship
between malate metabolism and anthocyanin synthesis in visible light,

to further explore the regulating mechanism of anthocyanin synthesis.

2 | MATERIALS AND METHODS

21 | Plant materials

The fruits of Prunus salicina “Red Beauty” was used in this study. The
trees were 5-year-old on Prunus persica rootstock and planted with a
spacing of 2x4 m in north-south rows in Yangling (34.29°N,
108.07°E; elevation: 500 m), Shaanxi province, China. They were
approximately 2.5 m with a central leader. Nutrients, disease, and pest
control were performed according to horticultural standards. Full
bloom stage was at the end of March. The plum fruits were harvested
at the veraison stage in June, with the fresh weight being around
37 + 2 g per fruit.

Arabidopsis mutant etrl-1 was donated by Dr. Hongwei Guo
(Southern University of Science and Technology). SALK_087274C
(mmdh1), SALK_016106C (mmdh2), SALK_ 102416 (chmdh),
SALK_054146 (cymdh1), and SALK_097015 (cymdh2) were purchased
from the Arabidopsis Biological Resource Center. After detection by
amplifying the specific fragments on the T-DNA region (primers were
listed on Table S1), the seeds of homozygotes were collected and
stored at 4°C for subsequent experiments. Before planting, the seeds
were soaked into 75% ethanol for 30 s, into 2.5% NaClO for 8 min,
washed with sterile water 6 times, and then germinated on Murashige
and Skoog (MS) medium agar plates (2.21 gL™! MS salts, 10g L™!
sucrose, and 7.5 g L1 agar, pH 5.7) after disinfection. Seedlings were
transplanted to soil 2 weeks after germination. Plants were grown in a
light incubator with long-day photoperiods (16/8 h, light/dark) at
21°C for 30 days.

2.2 | Visible light treatments
Plum fruits were put into a light incubator (RXZ-430D, Dongnan

Instruments  Company), with the light intensity being
500 pmol m~2 s~ provided by LED lights (The spectrum was shown
in Figure S1). During treatment, the temperature in the incubator was
set at 25°C and the relative humidity was 95%. Samples were taken
before treatment (day O) and after 2, 4, and 6 days of irradiation. For
the chilling treatment of Arabidopsis, the same incubator was used
with the temperature being set at 5°C for 10 days. For each genotype,

10 seedlings were used.

2.3 | Chemical treatments

For  3-(3,4’-dichlorophenyl)-1,1-dimethylurea  (DCMU),
viologen (MV), and ethephon treatments, the fruits were immersed
into 20 uM DCMU, 20 uM MV, or 3 mM ethephon solution overnight.
For 1-methylcyclopropene (1-MCP, an inhibitor of ethylene percep-

methyl

tion) treatment, fruits were put into a polyethylene plastic bag over-
night, with a 1-MCP concentration of 1 pL L1, Parts of the fruits
treated with 1-MCP were also immersed into 20 yM DCMU over-
night, for the combined DCMU and ethephon treatment. Fruits
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immersed in the solution without the chemicals were set as control.
After 6 days of treatments, the peels were sampled with a peeler. All
treatments were performed with five replicates. For each replicate,
10 fruits were used. The samples were immediately put into liquid
nitrogen to freeze. After crushed in liquid nitrogen with a grinder from
IKA® Works (VWR), the samples were stored at —80°C for subse-

quent assays.

2.4 | Phenolic compound analysis

Phenolic compounds in plum fruits or Arabidopsis leaves were
extracted as described by Li et al. (2013) with some modifications.
Briefly, for plum fruits, 0.5 g of samples were extracted with 1.6 ml of
extract solution, containing 70% methanol and 2% formic acid.
Whereas for Arabidopsis leaves, 0.15 g leaves were extracted with
1.8 ml of the extract solution. After centrifuging at 12000g for 15 min
at 4°C, the supernatant of the plum samples was filtered with
0.22 um filters before HPLC (LC20A, Shimadzu, Japan) assay as
described by Li et al. (2013). The anthocyanin compounds were identi-
fied and quantified with authentic standards. For the assay of antho-
cyanin in Arabidopsis leaves, the supernatant was assayed at 520 nm
with a spectrophotometer (UV 2450, Shimadzu).

2.5 | Nucleotide sugar, malate, and nicotinamide
adenine dinucleotide (phosphate) analysis

The extraction and analysis of ATP and ADP were carried out as
described by Li et al. (2014) with minor modifications. Briefly, 0.5 g
for plum and 0.1 g for Arabidopsis frozen tissues were extracted
with 1.2 ml of 6% HCIO, and 5%
vinylpolypyrrolidone at 0-4°C. After centrifugation at 12 000g for

insoluble  poly-

10 min, 1 ml of the supernatant was neutralized with 90 pL of 5 M
K,COg3. The supernatant was used to measure the metabolites
using the HPLC (LC20A, Shimadzu, Japan). The supernatant was
also used for malate analysis according to the method of
Mollering (1974) with the spectrophotometer (UV 2450,
Shimadzu). One milliliter reaction mixture contained 50 mM 3-
amino-1-propanol-HClI (pH 10.0), 30 mM glutamate-NaOH
(pH 10.0), 2.7 mM NAD?, 1 unit glutamate-oxaloacetate transami-
nase, 10 units malate dehydrogenase (MDH), and 5 pL extract.
Before and after adding the MDH, the absorbance at 340 nm was
recorded.

The extraction of NADPH, NADP*, NADH, and NAD" was per-
formed as described by Gibon and Larher (1997) with some modifica-
tions. Briefly, 0.1 g of Arabidopsis leaf samples were homogenized in
1 ml of 100 mM HCI for NAD* or NADP* determination or in 1 ml of
100 mM NaOH for NADH or NADPH determination. When testing
the plum peel samples, 50 mM HCI and 200 mM NaOH were used.
The concentrations of nicotinamide adenine dinucleotide (phosphate)
were assayed at 570 nm with a UV-2450 spectrophotometer
(Shimadzu) as described by Gibon and Larher (1997).

2.6 | RNA extraction and qRT-PCR analysis

Total RNA was isolated using the sodium dodecyl sulfate-phenol
method, according to Malnoy et al. (2001). First-strand cDNA was syn-
thesized using the PrimeScript™ RT reagent Kit (Takara) according to
the manufacturer's protocol. Real-time polymerase chain reaction (PCR)
was performed with the iQ5 Multicolor Real-Time PCR Detection Sys-
tem (Bio-Rad Laboratories) and SYBR Green Master Mix (SYBR Premix
EX TagTM). PsActin and AtActin were used to standardize the cDNA
samples for the different genes. The primers are listed in Table S2. For
each gene assay, three biological replicates were evaluated.

2.7 | RNAI transient assay using the virus-induced
gene silencing (VIGS) system

RNAI transient assay was performed as described by Zhai et al. (2016)
with some modifications. Briefly, 300-400 bp fragments of the candidate
PsMDH genes (PsmMDH, PscyMDH, PschMDH) were cloned into pTRV2
to form pTRV2-MDH vectors. The Agrobacterium strain GV3101 con-
taining pTRV1, pTRV2, or pTRV2-MDH independently, and their deriva-
tives were used for the virus-induced gene silencing (VIGS) experiments.
The Agrobacterium strain  GV3101 containing TRV-VIGS vectors
were grown at 28°C in Luria-Bertani medium containing 10 mM
20mM

acetosyringone with appropriate antibiotics. After 16 h of incubation,

2-morpholinoethanesulfonic  acid monohydrate  and
Agrobacterium cells were harvested and re-suspended in the
Agrobacterium infiltration buffer (10 mM MgCl,, 10 mM MES, pH 5.6,
150 puM acetosyringone) to a final OD600 of 1.2 (for pTRV1 and pTRV2
and pTRV2-MDH) and shaken for 4-6 h at room temperature before infil-
tration. A needle (32G Tip ETW) was used to pierce the plum fruits evenly
at intervals of 1 cm to a depth of about 0.5 cm. The wounded fruits were
submerged into the mixed Agrobacterium strain GV3101 solutions
(300 ml) containing equal amounts of pTRV1 and pTRV2 (negative con-
trol) or pTRV1 and pTRV2-MDH (treatments) and then vacuumed at the
pressure of 0.05 MPa for 0.5 h. The fruits were dried and incubated in
the dark for 24 h before light irradiation treatments for 1 week.

2.8 | Statistical analysis

Statistical analysis was carried out using the Statistical Product and
Service Solutions software (SPSS; Version 11; IBM). All data were ana-
lyzed with t-test at P < 0.05 and P < 0.01.

3 | RESULTS

3.1 | Anthocyanin synthesis and malate
metabolism in fruit peel in visible light

The plum fruits at veraison stage were harvested and used for the

treatments. Upon exposure to sunlight, both “Red Beauty” and “Early



4 | (P . ZHANG €T AL
(A) D6 (B) FIGURE 1 Phenotypes (A),
=) chromatograms (B) and contents (C) of
Visible light ‘ ‘ ’ ‘ < C-3g 520nm anthocyanins, the expression levels of key
8 90 genes involved in anthocyanin synthesis
S 60} C-3-r .. . (D), contents of malate (E) and the
ek ‘ . . . g | visible light ion levels of PSMDHs (F) in th
2 30k Tark expression levels of Ps s (F) in the
§ 0 ¢ - arl peel of “Red Beauty” plum fruits exposed
< 0 20 40 60 to LED visible light or in the dark. Data
(C) ; @ Visible light =+ are shown as the mean + s, n =5 (C, E)
300 isible light ) .
> _’-'- O Dark Time(min) orn = 3 (D, F). *Significant difference
o:a 2 200 between visible light and dark at P < 0.05,
O 5 . **significant difference at P < 0.01, t-test.
% 100 - (E) _ ANS, anthocyanindin synthase; C-3-g,
-~ 0 = oD < 90 cyanidin-3-glucoside; C-3-r, cyanidin-
; Q ‘_LI' 3-rutinoside; chMDH, chloroplastic malate
_ ‘_LI_ 60 t_‘g 2 60} O\O—O/O dehydrogenase; CHS, chalcone synthase;
cY:) _@ 40 |+ S 0o cyMDH, cytosolic malate dehydrogenase;
®) S *x E 30 DFR, dihydroflavonol 4-reductase;
g_ 20 " = o lu ) A A mMDH, mitochondrial malate
~ 0 0 2 4 6 dehydrogenase; UFGT, UDP-glucose:
0 2 4 6 flavonoid 3-O-glucosyltransferase
Days after treatment
Days after treatment
O F
S 60 rE15}
% > *% % Q >
58 a0fb S210po=8"2"8
B 3B
© 20F Q05
- O 1 1 - 00 1 1 1 1
= N -= i
@S - x5 3
qE 40F ** 3 S
© ©
g 20 % €
= 0 N O—F =
= i ~ =
(é) ‘::S 15 * . % g
g2 10 o 2
Al 5 &
o 5¢ e
- 0 1 1 1 g
— = 20 wk ol T =
© 2 15t : Q>
Lo So
25 10f sz
P e » ©
L 5F QLo
= 0 1 1 - 1 1
0 2 4 6 0 2 4 6

Days after treatment

Beauty” plum fruits accumulate abundant anthocyanins in their peels.
After filtering out the ultraviolet light, the contents of anthocyanins
decreased significantly, but they were still much higher than in fruits
kept in the dark (Figure S2), indicating that visible light triggered the
anthocyanin synthesis in fruit peels.

To investigate the mechanism of visible light regulation on antho-

cyanin synthesis, a LED visible light source (Figure S1) was used to

Days after treatment

irradiate the plum fruits at controlled conditions. Fruits of “Red
Beauty” synthesized more anthocyanins in visible light compared to in
the dark, with cyanidin-3-glucoside and cyanidin-3-rutinoside being
the predominant compounds (Figure 1A-C). After 2 days of irradia-
tion, the contents of anthocyanins were significantly higher than that
in the dark, and after 6 days the levels were about 30 times higher in

the light than that in the dark. The contents of quercetin-3-glucoside
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and quercetin-3-rutinoside also increased faster with the irradiation
compared to in the dark (Figure S3). For other phenolic compounds,
such as quercetin-3-xyloside, quercetin-3-arabinoside, quercetin-
3-rhamnoside, catechin, epicatechin, procyanidin B2, chlorogenic acid,
and neochlorogenic acid, the contents hardly changed with the irradi-
ation treatment (Figure S3). The expressions of the key genes involved
in anthocyanin synthesis such as PsCHS, PsDFR, PsANS, and PsUFGT
increased both in the dark and after the visible light irradiation
(Figure 1D). However, the levels were significantly higher in visible
light than in the dark.

Malate dehydrogenases (MDHs) in plants catalyze the conversion
between malate and oxaloacetate, coupling with the conversion
between NAD(P)" and NAD(P)H. In this study, four MDHs were
cloned from plum and compared with the known MDHs in Arabidopsis
thaliana and Rosaceae plants (Figures S4 and S5). There were two
NAD-MDHs in mitochondria (PsmMDH1 and PsmMDH?2), one NADP-
MDH in chloroplasts (PschMDH), and one NAD-MDH in the cytoplasm
(PscyMDH).

The phylogenetic analysis clearly showed that the MDHs of differ-
ent plant species were roughly divided into three categories. Sequence
alignment analysis showed that the similarity of PschMDH to AtchMDH,
MdchMDH, PpechMDH, and PmchMDH was 80%, 92%, 98.8%, and
99.5%, respectively. The similarities of PsmMDH1, PsmMDH2, or
PscyMDH to AtchMDH, MdchMDH, PpechMDH, and PmchMDH were all
less than 40%. The similarity between PsmMDHs and AtmMDH,
MdmMDH, PpemMDH, or PmmMDH was above 80%, while that
between PscyMDH and the other four cyMDHs were also higher than
80%. These results indicate that the sequences of MDHs located at the
same organelles were highly conserved among different plants.

During the visible light treatment, the malate content kept
unchanged (Figure 1E). The expression of PscyMDH hardly changed
while that of PsmMDH1 increased slightly (Figure 1F). However, both
genes showed similar levels to those in the dark. The level of PsMDH2
increased faster with the irradiation treatment. The level of PschMDH
increased and then decreased in the light, but continuously decreased

in the dark, with the value being much higher in the light.

3.2 | Effects of photosynthetic electron transport
on anthocyanin synthesis and malate metabolism in
fruit peel

The chemical DCMU can inhibit the photosynthetic electron transport
(PET) from the reduced primary quinone (electron) acceptor (Qa~) to
the secondary quinone (electron) acceptor (Qg), namely, DCMU
inhibits the electron transfer from photosystem Il (PSll) to photosys-
tem | (PSI). The chemical MV can accept photosynthetic electrons
from PSI acceptor side and then inhibit the electron transfer from PSI
to NADP*. Both the chemicals may inhibit the production of NADPH
and ATP. After treated with the two chemicals, the chlorophyll fluo-
rescence transient and the modulated reflection at 820 nm curves
indicate that the PET in fruit peel was well inhibited (Figure Sé), con-
sistent with previous studies on leaves (Schansker et al., 2005; Toth

et al., 2005). The anthocyanin synthesis and malate metabolism in
fruit peel was investigated under the treatment with these two
chemicals to explore the relationship between PET and anthocyanin
synthesis.

It was found that with the inhibition of PET, the contents of
anthocyanins and the expression levels of PsCHS, PsDFR, PsANS, and
PsUFGT were decreased significantly after 6 days of exposure to visi-
ble light (Figure 2A,B). Though the content of malate did not change
with DCMU and MV treatments, the expression levels of PsMDHs
changed after 6 days of visible light exposure (Figure 2C,D). The levels
of PscyMDH and PsmMDH1 increased slightly, whereas that of
PsmMDH2 and PschMDH decreased significantly. The contents of
ATP, NADPH, and NADH decreased, while ADP and NADP* kept
unchanged after DCMU and MV treatments (Figure 2E,F). The con-
tent of NAD" increased after the treatments.

Upon exposure to visible light, the content of anthocyanins and
the levels of the key genes involved in anthocyanin synthesis
decreased significantly with the treatment of 1-MCP, while the exog-
enous application of ethylene significantly increased the anthocyanin
contents and the genes expression (Figure 3). These results suggest
that the synthesis of anthocyanin in plum peel depends on the ethyl-
ene signaling pathway. The combination of DCMU and ethylene treat-
ments enhanced but not inhibited the anthocyanin synthesis,
suggesting that the ethylene signaling pathway was downstream com-
pared to the PET, to regulate the anthocyanin synthesis in plum.

3.3 | Effects of MDHs silencing/mutation on
anthocyanin synthesis in visible light

Using the virus-induced gene silencing (VIGS) system, three PsMDHs
(PscyMDH, PsmMDH2, and PschMDH) were silenced successfully in
the peel of plum fruits (Figure 4A,B). The silencing of PsMDHs signifi-
cantly lowered the contents of anthocyanins (Figure 4C). As for the
gene expression, the level of PsCHS remained unchanged with the
PsMDHs silencing treatments. The levels of PsDFR, PsANS, and
PsUFGT decreased with the PsMDHs silencing treatments, except that
PsDFR and PsANS remained unchanged after silencing PscyMDH
(Figure 4D).

To further test the relationship between MDHs and anthocyanin
synthesis under visible light, wild type of Arabidopsis and its mdh
(mmdh1, mmdh2, chmdh, cymdh1, and cymdh2) and ethylene responsel
(etr1-1) mutants were used (Figure S7). The plants were treated with
visible light at low temperature. It was found that the treatment
induced anthocyanin accumulation in the abaxial but not the adaxial
side of leaves (Figure 5A and S8). The mdh mutants showed significantly
lower anthocyanin content, except for the cymdh1 mutant (Figure 5B).
The etr1-1 mutant also showed significantly lower anthocyanin content
compared with the wild type. The expressions of key genes involved in
anthocyanin synthesis such as AtDFR, AtLDOX, and AtUFGT exhibited
similar patterns to the anthocyanin contents (Figure 5C). The malate
contents kept unchanged in the chmdh, cymdh1, and cymdh2 mutants,
but decreased in the mmdh1, mmdh2, and etr1-1 mutants compared
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FIGURE 4 Phenotypes (A), PsMDHs (A)
expressions (B), anthocyanins content

(C), and the expression levels of key

genes involved in anthocyanin synthesis

in the peel of “Red Beauty” plum fruits in

visible light after silencing PsMDHs

through the virus-induced gene silencing

(VIGS) system (TRV, fruits treated with

empty vector; PscyMDH-TRYV,

PsmMDH2-TRV, and PschMDH-TRYV, (B)

TRV

PscyMDH-TRV PsmMDH2-TRV PschMDH-TRV

fruits with genes silencing). Panel B, the
expressions of PscyMDH, PsmMDH2, and
PschMDH in the empty vector (TRV)
were all set as 1. The genes expression
level in the silenced samples (PscyMDH-
TRV, PsmMDH2-TRV, and PschMDH-
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(D)

PsCHS
(relative unit)

TRV) were compared with their empty
vectors, respectively. Data are shown as
the mean + SE (n = 5). *,**Significant
difference between gene silencing
treatments and control at P < 0.05 and o
P < 0.01, t-test, respectively. ANS, Q
anthocyanindin synthase; C-3-g,

Relative expression level

PsDFR
(relative unit)
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with the wild type (Figure 5D). The ATP and ADP contents showed sim-
ilar patterns to that of malate, except that the content of ATP was
lower in chmdh mutant, and the content of ADP was lower in chmdh
and cymdh2 mutants compared to the wild type (Figure 5E). The con-
tents of NADPH were significantly lower in mmdh2, and chmdh
mutants, whereas the content of NADP" was also lower in etrl-1
mutant (Figure 5F). Contents of NADH and NAD™ were significantly
lower in mmdh1, mmdh2, chmdh, and etrl1-1 mutants, but similar in
cymdh1 and cymdh2 mutants compared with the wild type.

4 | DISCUSSION

The present study clearly demonstrates that both photosynthesis and
respiration were involved in the regulation of anthocyanin synthesis

PsANS
(relative unit)

PsUFGT
(relative unit)

in visible light. Moreover, visible light regulated anthocyanin synthesis
by controlling the malate metabolism via MDHs, and then the ethylene
signaling pathway (Figure 6).

Acting on different positions of the PET chain, DCMU and MV
can inhibit PET and change the redox state of the plastoquinone
(PQ) pool in different ways (Barry et al., 1990; Carstensen et al., 2018;
Schansker et al., 2005; Toth et al., 2005). Jeong et al. (2010) proposed
that the photosynthetic promotion of anthocyanin synthesis is related
to the redox state of PQ pool. In this study, however, as DCMU and
MV showed similar effects on anthocyanin synthesis (Figure 2), their
inhibitions of the anthocyanin synthesis should not be related to the
redox state of the PQ pool. In visible light, the photochemical reaction
and PET produce ATP and NADPH to support the Calvin cycle. The
inhibition of PET by DCMU and MV lowered the production of ATP
and NADPH in plum fruit peel (Figure 2). ATP is the key substrate for
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ethylene production via the methionine cycle in plants (Yang &
Hoffman, 1984). So, the decrease in ATP might result in the down-
regulation of anthocyanin synthesis by affecting the production of
ethylene in DCMU and MV treated plums (Figure 2). Indeed, it was
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FIGURE 5 Phenotypes (A),
anthocyanins content (B), the expression
levels of key genes involved in
anthocyanin synthesis (C), malate
content (D), and the contents of
nucleotide (E) and nicotinamide adenine
dinucleotide (phosphate) (F) in wild type
and different mutants of Arabidopsis
exposed to visible light at low
temperature. Data are shown as the
mean * SE (n = 5). *,**Significant
difference between mutants and wild
type at P < 0.05 and P < 0.01, t-test,
respectively. chmdh, chloroplastic malate
dehydrogenase mutant; cymdh1,
cytosolic malate dehydrogenase

1 mutant; cymdh2, cytosolic malate
dehydrogenase 2 mutant; etr1-1,
ethylene response 1 mutant; mmdh2,
mitochondrial malate dehydrogenase

2 mutant; WT, wild type (ecotype
Colombia 0), mmdh1, mitochondrial
malate dehydrogenase 1 mutant

found that in visible light, the synthesis of anthocyanins in plum fruit

peel depended on ethylene signaling (Figure 3).

The primary and secondary metabolites in plum fruits changed

greatly during the ripening process (Garcia-Gémez et al., 2020, 2021).
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FIGURE 6 The model of regulation of anthocyanin synthesis in
plum fruits in visible light. chmdh, chloroplastic malate dehydrogenase;
cymdh, cytosolic malate dehydrogenase; mmdh, mitochondrial malate
dehydrogenase

The process of fruit ripening is also a process of senescence. During
senescence, the capacity of CO, fixation decreased faster than that of
the photochemical reaction and PET (Biswal & Mohanty, 1978;
Hernandez-Gil & Schaedle, 1973). This might result in more ATP and
NADPH being accumulated in the chloroplasts of fruit peels. The pro-
duced ATP and NADPH could not be directly transported out of the
chloroplast (Lim et al., 2020; Winkler & Neuhaus, 1999). However,
once the produced NADPH is in excess, chMDH will consume
NADPH to produce malate (Lim et al, 2020; Noguchi &
Yoshida, 2008). Malate can be transported into the cytoplasm, peroxi-
somes, and mitochondria by the malate/oxaloacetate shuttles, and
then produce NADH catalyzed by MDHs (Li et al., 2020;
Raghavendra & Padmasree, 2003; Selinski & Scheibe, 2019; Zhang
et al., 2012). In this way, the reducing equivalents produced by photo-
synthesis could be transported into other organelles. In mitochondria,
NADH participates in respiration to produce ATP which could be
transported into the cytoplasm (Igamberdiev et al., 1998; Selinski &
Scheibe, 2019) to support the metabolisms, for instance, the biosyn-
thesis of ethylene. So, the inhibition of malate transport by the inter-
ference of the expressions of PsMDHs (PschMDH, PscyMDH, and
PsmMDH) might lower the concentration of ATP in the cytoplasm, and
as a consequence the ethylene and anthocyanin production (Figures 2
and 4).

Compared with fruit peels, the Rubisco activity and the density of
stomata in leaves were much higher (Blanke & Lenz, 1989; Chen &
Cheng, 2007; Cheng & Fuchigami, 2000; Simkin et al., 2020). These
might result in a higher capacity of photosynthetic CO, fixation in

leaves compared with fruit peels. However, the photochemical reaction
capacity is often comparable between leaves and fruit peels (Brazel &
O'Maoileidigh, 2019). The similar producing capacity but much higher
consuming capacity of ATP and NADPH in leaves compared with fruit
peels means that less ATP and NADPH would be accumulated in the
chloroplasts of leaves. It was reported that parts of the ATP in the cyto-
sol were transported into the chloroplasts to support the Calvin cycle in
potato leaves (Tjaden et al., 1998). This might explain why at normal
conditions, leaves were usually green. However, under chilling stress
coupled with light, even at low light conditions, due to the inhibition of
the enzymes involved in the Calvin cycle, more accumulation of ATP
and NADPH in the chloroplasts might occur (Cai et al., 2018; Kingston-
Smith et al., 1997; Zhuang et al., 2020). This may explain why at low
temperature, once the malate transport was inhibited in the mdh
mutants of Arabidopsis, the synthesis of anthocyanin was inhibited
(Figure 5). It was interesting to notice that at low temperature, anthocy-
anins mainly accumulated in the abaxial side of the Arabidopsis leaves
(Figure 5 and S8), similar to the results in previous studies (Fiorani
et al., 2005). We speculate that this might be due to the relatively lower
capacity of the Calvin cycle but similar photochemical reaction in the
abaxial side compared with the adaxial side of leaves (Li et al., 2007,
Sun et al., 1996; Sun & Nishio, 2001).

In general, visible light regulated the malate transport from the
chloroplasts to mitochondria via MDHs. The reducing equivalents
transported from chloroplasts into mitochondria controlled the ATP
production via respiration. As the substrate of ethylene synthesis, the
produced ATP regulated anthocyanin synthesis in visible light. The
present study might provide useful information for plum production

and breeding.
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