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Abstract

Ethylene and gibberellin play crucial roles in regulating anthocyanin synthesis. However, the internal connection between ethylene and GA; in regulating
anthocyanin accumulation in mango fruit remains poorly understood. This study explored the effect of ethephon treatment (ETH, 900 mg-L~") on the color
development of 'Guifei' mangoes at varying GA; levels and investigated the underlying molecular mechanisms. Results demonstrated that ETH treatment
significantly enhanced the coloration of Guangxi (GX) mangoes and resulted in a lower GA; level. This effect was associated with higher ethylene
production, increased anthocyanin content, and induced anthocyanin synthesis activities. In contrast, mango fruit from Hainan (HN), which had higher GA;
concentrations, showed no significant color change in response to ETH treatment. Furthermore, RNA-seq and qRT-PCR analyses revealed that the expression
of MIiERF105 was significantly downregulated in HN mangoes during storage. Yeast one-hybrid, dual-luciferase reporter, and transient overexpression assays
of MIERF105 demonstrated that MIiERF105 could bind to MiPAL2 and MIANS3 promoters, thereby regulating PAL and ANS activities and anthocyanin
accumulation in mango fruit. This study suggested that elevated GA; levels were associated with reduced coloration responses to exogenous ethylene and

were accompanied by the downregulation of MiERF105.
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Introduction

Mango (Mangifera indica L.) fruit is of great economic value and
nutritional importance. The appearance of mango with red skin
color is an important characteristic that significantly influences con-
sumer purchasing behaviorl'l. Color pigments, like anthocyanins,
play a crucial role in human health, offering antioxidant benefits and
aiding in disease prevention!?. Additionally, anthocyanins contri-
bute to enhancing plant stress tolerance, such as resistance to
pathogens and cold tolerancell.

The biosynthesis pathway of anthocyanins in plants has been
elucidated, and the genes encoding the enzymes in anthocyanin
biosynthesis and the transcription-regulating factors have been
identified!®l. Several transcription factors have been reported to
positively or negatively regulate anthocyanin biosynthesis in horti-
cultural crops. For example, NAC transcription factors were asso-
ciated with enhanced anthocyanin accumulation in red-fleshed
applesl], whereas MYB-related repressors inhibited anthocyanin bio-
synthesis during flower or fruit development in chrysanthemum(!
and strawberryl,

In addition to transcriptional regulation, anthocyanin biosynthe-
sis is also affected by environmental and developmental factors,
among which plant hormones play important regulatory roles.
Ethylene (ETH) is a crucial hormone in climacteric fruit ripening and
has been extensively studied for its role in inducing anthocyanin
accumulation in fruit. The accumulation of anthocyanins often coin-
cides with ethylene production during the fruit ripening processt®!.
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In several postharvest fruits, including mangosteen and blood
orange, ethylene or ethephon treatment promoted anthocyanin
accumulation and improved peel coloration under storage
conditions®19],

However, recent studies have highlighted the negative effects of
ethylene on anthocyanin formation in postharvest fruit. In straw-
berry, ethephon treatment applied at the immature developmental
stage suppressed anthocyanin biosynthesis and reduced the expres-
sion of anthocyanin biosynthesis-related genes during ripening(''l.
In addition, reduced anthocyanin and cyanidin-3-glucoside accu-
mulation accompanied by inhibited peel reddening under ethylene
treatment has also been observed in postharvest peach fruit,
whereas 1-MCP treatment showed the opposite effect!’?l. These
findings suggested that the regulatory mechanisms of exogenous
ethylene on peel color transformation in fruit are complex and need
further investigation.

Gibberellic acid (GA3) is another hormone involved in regulating
anthocyanin accumulation in fruit peel. Previous research has
shown that GA; can have dual effects on fruit coloration, capable
of either promoting or inhibiting anthocyanin accumulation'3l.
Increased anthocyanin accumulation following GA; treatment has
been reported in 'Skeena' cherry fruitl'4, However, inhibitory effects
of GA; on anthocyanin accumulation have been observed in
sweet cherry cultivars’®l, In addition, exogenous GA; treatment at
1,000 mg-L=" was reported to induce seedlessness and alter endoge-
nous hormone levels, including brassinosteroids, cytokinins, zeatin,
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and ethylene, in Southern Highbush blueberry fruit'%. This suggests
that the effect of GA; on fruit color development is closely related to
the timing, concentration, and interaction with other hormones.

Mango trees are widely cultivated in tropical regions around the
world, and the application of exogenous ethylene and GA;, either
pre- or postharvest, is a common agricultural practice in mango
production!l'’], In recent years, however, postharvest applications of
exogenous ethylene have often failed to improve coloration in
'Guifei' mango, leading to reduced commodity value and significant
economic losses!'8l. Therefore, understanding the underlying mech-
anisms to counteract the negative effects of ethylene is crucial for
the mango industry.

This study aimed to investigate the effects of ethephon treat-
ment on hormone concentrations (ethylene and GA;) and coloring
properties (including pigment content and enzyme activities related
to anthocyanin synthesis) in mature 'Guifei' mangoes harvested
from two growing regions. Additionally, the expression patterns of
key genes associated with anthocyanin synthesis and ERF transcrip-
tion factors in high-GA; mangoes were evaluated through transcrip-
tome and qRT-PCR analyses. We also examined the binding of
MIERF105 to the promoters of MiPAL2 and MiANS3 using yeast one-
hybrid (Y1H) and dual-luciferase reporter (DLR) assays and investi-
gated the function of MiERF105 by transiently overexpressing this
gene during mango storage. This research would provide new
insights into the relationships among ethylene, GA;, and antho-
cyanin biosynthesis, offering practical guidance for the rational
application of ethylene and GA; to enhance fruit quality in mango
production.

Materials and methods

Fruit materials

Mango fruit (Mangifera indica L. cv. 'Guifei') were harvested from
two producing areas in China: Yingzhou City, Hainan Province (HN)
(108°37'-111°03" E, 18°10'-20°10' N) and Baise City, Guangxi
Province (GX) (104°28'-107°54' E, 22°51'-25°07"' N). The fruit was
harvested at 70%-80% maturity (per weight approximately 210 +
10 g and seed hardening occurred), about 110 d after full bloom for
HN fruit and 130 d after full bloom for GX fruit. To prevent mechani-
cal injury, the harvested mangoes were individually packed in
plastic crates with a soft fabric layer. The fruit was transported to
the Postharvest Science Laboratory of Hainan University within 4 h
(HN) or 24 h (GX). Fruit with similar maturity, size, and peel color
were selected for the experiments. Prior to treatment, the fruit
was surface-sterilized using 0.1% sodium hypochlorite solution for
10 min and subsequently air-dried at 25 °C.

Postharvest treatment

HN and GX mangoes were divided into control and ethephon-
treated groups (200 fruit per treatment). Control fruit were
immersed in distilled water, whereas treated fruit were dipped in
900 mg-L~" ethephon solution for 5 min and designated as ETH-HN
and ETH-GX, respectively. After treatment, fruit were packed in
unsealed polyethylene bags (15 fruit per bag) and stored at 25 °C
with 90% relative humidity for 18 d (HN) or 24 d (GX). Due to diffe-
rences in postharvest ripening and senescence rates between GX
and HN fruit, storage durations were adjusted to cover the complete
physiological progression of each fruit group. Samples were
collected every 3 d, with five fruit used for each biological replicate.
Fresh fruit were used for peel color and ethylene measurements,
while peel and flesh tissues were frozen in liquid nitrogen and
stored at —80 °C for subsequent analysis.
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Determination of endogenous ethylene and
gibberellin contents
Gibberellin (GA;) content

GA; content was determined by HPLC according to a previously
reported method with slight modifications!'8l. Briefly, mango peel
tissue (1 g) was extracted with 1% (v/v) acetonitrile solution under
chilled conditions, followed by ultrasonication and centrifugation.
The supernatant was purified by sequential extraction with petro-
leum ether and ethyl acetate, concentrated under reduced pressure,
and re-dissolved in chromatographic-grade methanol. After purifica-
tion using a C18 solid-phase extraction column, the solution was
filtered through a 0.22 um membrane before analysis.

GA; quantification was carried out using a Thermo Fisher U3000
HPLC system fitted with an Agilent Polaris 5 C18-A column and UV
detector. Chromatographic separation was achieved using acetoni-
trile and 0.1% acetic acid solution (2.5:97.5, v/v) as the mobile phase
at a flow rate of 1.0 mL-min-". The analysis was performed at 30 °C
and monitored at 254 nm with a 20 pl injection volume. GA;
concentration was calculated using a standard calibration curve and
expressed as ug-g~! fresh weight.

Production of endogenous ethylene

Ethylene release from mango fruit was determined by gas chro-
matography following a modified method described previously('9l.
Three fruit were incubated in a sealed 10 L container at 25 °C for 2 h,
and headspace gas was subsequently analyzed using an Agilent
5181-1267 gas chromatography system equipped with a TG-5MS
column and flame ionization detector (FID). Ethylene concentration
was calculated using a standard ethylene sample and expressed as
pL-kg="-h-1. Each treatment included three biological replicates.

Determination of color-related parameters in
mango fruit
Peel color

Peel color was evaluated using a chromameter (CM-700d, Konica
Minolta, Japan) at four equatorial positions on each fruit. The a*
parameter was used to represent peel redness and greenness.

Contents of chlorophyll, carotenoid, and anthocyanin in fruit
peel

Chlorophyll and carotenoid contents were analyzed according to
a modified method reported previously2?l, Mango peel samples
were extracted with 80% acetone, and pigment levels were deter-
mined spectrophotometrically at 470, 645, and 663 nm.

Anthocyanin content was measured following a previously des-
cribed procedurel?'l, Peel tissue was extracted with a precooled
hydrochloric acid-methanol solution under dark conditions, and
absorbance values were recorded at 530 and 600 nm.

Activities of PAL, CHI, DFR, and UFGT in fruit peel

Activities of PAL, CHI, DFR, and UFGT were analyzed using a pre-
viously reported method with minor modifications('2. Mango peel
extracts were prepared in phosphate or Tris-HCI buffer systems
containing appropriate protective reagents, followed by low-tem-
perature centrifugation. The resulting enzyme solution was concen-
trated with ammonium sulfate before enzyme activity analysis.

Analysis of differentially expressed genes (DEGs)
Transcriptome sequencing was commercially performed by Gene
Denovo Biotechnology Co. (Guangzhou, China) using the lllumina
HiSeq2500 platform. Transcript abundance was quantified as FPKM
values using StringTie software (v2020). Differentially expressed
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Fig. 1 The initial contents of GA;, ethylene, and their changes during storage of HN and GX mangoes. (a) Appearance and morphology of fresh harvested
'Guifei' mangoes. (b) GA; content of fresh harvested fruit. (c) Ethylene production of fresh harvested fruit. (d1) Fruit appearance at 0, 12, and 18 d
postharvest, (d2) GA; content, and (d3) ethylene production of GX, and (e) HN mangoes during the storage. The bars represent the standard error in the
mean of triplicates. Asterisks over bars indicate differences between treatments with statistical significance set at ** p < 0.01, *** p < 0.001.

genes (DEGs) among HN mango samples collected at 0, 15, and 25 d
were screened using a false discovery rate (FDR) < 0.05 and an abso-
lute fold change = 2. Functional annotation of DEGs was conducted
using BlastX and the NCBI Conserved Domain Database (CDD).

RNA extraction, cDNA synthesis, and real-time
quantitative PCR (qRT-PCR)
Total RNA extraction and cDNA synthesis

Total RNA was extracted from mango peel using a modified CTAB
method described previously!?2l, RNA quality was assessed by spec-
trophotometry and agarose gel electrophoresis. First-strand ¢cDNA
was synthesized using a PrimeScript™ RT reagent kit with gDNA
Eraser (HiScript®, Nanjing, China).

Expression analysis by real-time quantitative (QRT-PCR)

Gene expression levels were determined by gRT-PCR using SYBR
Premix Ex Taq and a qTOWER3 G Real-Time PCR System (Wacker
Biotech GmbH, Germany). Primer sequences are provided in Supple-
mentary Table S1. Relative expression levels of anthocyanin biosyn-
thesis- and ERF-related genes were calculated using the 2-2ACT
method with Actin as the reference genel?3,

Yeast One-Hybrid (Y1H) assay

Promoter regions of MiPAL2 and MiANS3 were inserted into
the pHis2-Leu-GW vector, while the coding sequence of MiERF105
was introduced into the pGADT7 vector for yeast one-hybrid

Chen et al. Plant Hormones 2026, 2: €019

analysis. Primer sequences are listed in Supplementary Table S2.
Recombinant plasmids were transformed into Y187 yeast cells, and
transformants were screened on selective SD media containing 3-
AT. The empty pHis2 vector served as the negative control.

Subcellular localization of the MiERF105 protein
in tobacco

The full-length coding sequence of MIiERF105 without the stop
codon was inserted into the pCAMBIA1302-GFP vector for subcellu-
lar localization analysis. Primer information is provided in Supple-
mentary Table S3. The recombinant construct and GFP control
vector were transiently expressed in tobacco leaves, and GFP fluo-
rescence signals were observed using fluorescence microscopy.

Dual-Luciferase Reporter (DLR) assay

The full-length coding sequence of MIiERF105 was cloned into
the pGreen Il-62sk vector to generate the effector construct (355-
MIERF105). Promoter fragments of MiPAL2 and MiANS3 were
inserted into the pGreen 1I-0800 vector as reporter constructs.
Primer sequences used for vector construction are listed in Supple-
mentary Table S4. Effector and reporter plasmids were co-trans-
formed into tobacco leaves, while the empty pGreen 1I-62sk vector
was used as the negative control. Firefly and Renilla luciferase activi-
ties were subsequently determined using a dual-luciferase reporter
assay system (Promega, Madison, WI, USA).
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Fig. 2 Changes in peel color and pigment contents during storage of (a) GX and (b) HN mangoes. (1) a* value, (2) chlorophyll content, (3) anthocyanin
content, and (4) carotenoid content. The bars represent the standard error in the mean of triplicates. Asterisks over bars indicate differences between

treatments with statistical significance set at ** p < 0.01, *** p < 0.001.

Transient overexpression of the MiERF105 gene
in mango fruit

The coding sequence of MiERF105 was inserted into the pGreen
1I-62sk vector for transient overexpression analysis. Primer sequen-
ces are provided in Supplementary Table S5. Recombinant plasmids
were introduced into Agrobacterium tumefaciens GV3101 and subse-
quently infiltrated into mango peel tissue. Mango slices used for
transient overexpression assays were prepared from fruit with
uniform maturity and appearance and were randomly assigned to
different treatments. Treated samples were incubated under dark
conditions at 28 °C and collected after 3 and 6 d. Anthocyanin
content, PAL activity, and expression levels of MiPAL2, MiANS3, and
MIERF105 were subsequently determined.

Statistical analysis
Experimental results are presented as mean * standard error (SE).
Statistical comparisons among treatments were performed using
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SPSS Statistics 20.0 (IBM Corp., USA), and significance was deter-
mined by Duncan's multiple range test at p < 0.05.

Results

Contents of GA; and ethylene in fresh mangoes

No obvious differences in morphology or peel color were
observed between fresh-harvested GX and HN mangoes (Fig. 1a).
However, the levels of gibberellin (GA;) in HN mangoes were signifi-
cantly higher than those in GX mangoes, with GA; levels in HN
mangoes about 10 times higher than in GX mangoes (Fig. 1b). There
was no significant difference in ethylene production between the
fresh GX and HN mangoes (Fig. 1c).

During the storage of GX mangoes, peel color varied in both the
control and the ETH-treated groups, with ETH treatment notably
accelerating the color change (Fig. 1d1). In contrast, HN mangoes
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showed no significant change in color even after 18 d of storage
(Fig. 1e1). GA; levels in both GX and HN fruit increased initially and
then decreased during storage, with ETH-treated fruit showing
lower GA; levels compared to control fruit (Fig. 1d2 and 1e2).
Notably, GA; contents in HN mangoes remained significantly higher
than in GX mangoes, with a peak at 700 pg-g~', which was 50 times
higher than that in GX mangoes. Ethylene production showed no
significant difference between HN and GX mangoes during storage;
however, exogenous ethylene significantly accelerated ethylene
production when compared to control fruit for both GX and HN
mangoes (Fig. 1d3 and 1e3).

Changes in peel color and pigment contents

ETH treatment significantly increased the a* value in GX mangoes
compared to the control (Fig. 2a1), correlating with decreased chlo-
rophyll content and increased anthocyanin content (Fig. 2a2-a4). In
HN mangoes, no significant difference in chlorophyll or carotenoid
contents was found between ETH-treated and control fruit (Fig. 2b2,

Plant Hormones

b4), and ETH treatment did not accelerate anthocyanin accumula-
tion. In fact, anthocyanin content was lower in ETH-treated fruit than
in control fruit (Fig. 2b3).

Changes in enzyme activity related to
anthocyanin synthesis

Activities of PAL, CHI, DFR, and ANS during mango storage are
shown in Fig. 3. ETH treatment markedly enhanced the activities of
these enzymes in GX mangoes compared with the control group
(Fig. 3a). In contrast, CHI and ANS activities in HN mangoes showed
no obvious differences between ETH-treated and control fruit,
whereas PAL and DFR activities were still promoted by ETH treat-
ment (Fig. 3b). Notably, PAL activity in GX mangoes was substan-
tially higher than that in HN mangoes, while ANS activity exhibited
the opposite trend. These results suggest that PAL- and ANS-related
pathways are closely associated with anthocyanin biosynthesis
during postharvest mango storage.
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Fig. 3 Changes in enzyme activities related to anthocyanin biosynthesis in (a) GX and (b) HN mangoes during storage. (1) PAL activity, (2) CHI activity, (3)
DFR activity, and (4) UFGT activity. The bars represent the standard error in the mean of triplicates. Asterisks over bars indicate differences between

treatments with statistical significance set at ** p < 0.01, *** p < 0.001.
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Changes in expression levels of genes related to

anthocyanin synthesis

Transcriptome data revealed differential expression of several
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upregulated on day 12. Conversely, MiPAL2 and MiANS3 were down-

regulated by ETH on days 18 and 24 (Fig. 4b), which corresponded

genes involved in anthocyanin synthesis in HN mangoes during

storage (Fig. 4a). The genes MiPAL2 and MiANS3 were downregu-
lated at 12 and 24 d, respectively. gRT-PCR analysis indicated that
MIANS2 and MiUFGT2 were significantly upregulated by ETH on days
6, 12, and 18, while MiPAL1, MiCHI2, MiDFR, and MiANST were
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Expression patterns of MiERF genes

Based on FPKM values from transcriptome analysis, the expres-
sion of MIERFO61, MiERF105, MiERF003, and MiRAP2-11 varied during
mango storage (Fig. 5a). ETH treatment increased the expression of
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error in the mean of triplicates. Asterisks over bars indicate differences between treatments with statistical significance set at ** p < 0.05.
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MIERF061, MiRAP2-11, and MIERF003, while MIERF105 was down-
regulated at 18 and 24 d, consistent with the reduced coloration of
mango fruit (Fig. 5b).

Validation of MiERF105 binding to the promoters
of MiPAL2 and MiANS3

The yeast one-hybrid assay confirmed that the MiERF105 protein
binds to the promoters of MiPAL2 and MiANS3 (Fig. 6a). Subcellular
localization further revealed that MIERF105 was predominantly
distributed in the nucleus, supporting its function as a transcription
factor (Fig. 6b). In addition, dual-luciferase assays indicated that
MIERF105 positively regulated the promoter activities of MiPAL2
and MiANS3 (Fig. 6¢). These findings suggest that MiERF105 partici-
pates in the transcriptional regulation of anthocyanin biosynthesis-
related genes in mango fruit.

Overexpression of the MiERF105 gene in mango
fruit peel

Overexpression of MiERF105 in mango slices accelerated colora-
tion (Fig. 7a) and significantly enhanced the expression of MiPAL1
and MIANS3 on day 3 (Fig. 7b2, b3), consistent with increased PAL
and ANS activities (Fig. 7b4, b5) and higher anthocyanin accumula-
tion on day 6 (Fig. 7b6). This indicated that MiERF105 acts as a key
activator in anthocyanin biosynthesis during mango fruit ripening.

Discussion

The brightness and color of mango fruit significantly influence its
market value. Ethephon (ETH) is widely used in mango production
to achieve desirable flavor and uniform peel color. For the first time,
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we explored the physiological and molecular mechanisms underly-
ing the color development of 'Guifei' mangoes with varying endoge-
nous gibberellin (GA;) levels under exogenous ethylene treatment
(900 mg-L"). Our findings suggest that peel coloration in 'Guifei'
mangoes mediated by exogenous ethylene may be influenced by
endogenous GA; levels, and that suppression of MIiERF105 expres-
sion might be a key factor in inhibiting color transformation.

Ethylene positively regulates anthocyanin biosynthesis in most
fruit species. In this study, although there were no significant diffe-
rences in fruit morphology, peel color, or endogenous ethylene
content between fresh GX and HN 'Guifei' mangoes (Fig. 1a3), inte-
restingly, there was a highly significant difference in endogenous
GA; content between them (Fig. 1b). This difference could be due to
distinct cultivation practices in the two regions, with more exoge-
nous GA; likely used in Hainan for early harvesting and
marketing(24,

In addition, it was noted that the application of ETH led to diffe-
rent coloring outcomes between GX and HN mangoes. ETH signifi-
cantly promoted both color transformation and ethylene produc-
tion in GX mangoes during storage (Fig. 1¢). Similar findings have
been reported in other fruit such as mulberriesi25! and apples!26l.
However, ETH treatment did not significantly enhance color change
in HN mangoes, even though GA; levels remained high throughout
storage (Fig. 1d2) and ethylene production increased (Fig. 1d1, d3).
Numerous studies have indicated that pre- or post-harvest GA appli-
cation could either promote or suppress color change in fruit27],
In the present study, we observed that ETH treatment did not
obviously promote color change in HN mangoes during storage,
and GA; levels remained very high throughout the storage
(Fig. 1d2), although ethylene production was accelerated by ETH
treatment (Fig. 1d1, d3). Comparable outcomes, where GAj; inhi-
bited anthocyanin content, have been previously reported in
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promoter fragments in yeast. (b) Subcellular localization of MiERF105 in tobacco. (c) MiERF105 binds to MiPAL2-pro and MiANS3-pro to activate their
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bars indicate differences between treatments with statistical signifi-
cance set at ** p < 0.05.

Valencia oranges(?8 and sugar snap peas!?l. Regarding the relation-
ship between GA; concentration and ethylene response in fruit,
Kazmierczak & Kazmierczak3% reviewed that gibberellins (GAs) are
associated with the response to exogenous ethylene in fruit, and
that higher GA levels could reduce the sensitivity to ethylene in fruit.
Recently, Zhou et al.B! explored the mechanisms of postharvest
uneven degreening of green lemon; their results revealed that
uneven degreening is associated with uneven distribution of
hormones, with the degreened part showing decreases in chloro-
phyll and gibberellin (GA3) content. This suggests that color trans-
formation may not be directly linked to ethylene production, and
that higher GA; levels may be associated with reduced responsive-
ness to exogenous ethylene and consequently lower anthocyanin
accumulation in mango fruit.

Enzymes in the flavonoid biosynthetic pathway play a critical role
in anthocyanin production, affecting coloration and stability. In this
study, ETH increased the activities of enzymes such as PAL, CHI, DFR,
and ANS, leading to anthocyanin accumulation and visible red color
in GX mangoes (Figs 2, 3). Similar effects of ETH on anthocyanin
accumulation have been reported in 'Guifei' mango fruitG2. These
results are consistent with our findings in Guangxi mangoes,
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confirming the inducing effect of ethylene on anthocyanin accu-
mulation in fruit. In contrast, anthocyanin levels remained low in
ETH-treated HN mangoes despite increased PAL and DFR activities
(Figs 2b, 3b). Previous studies suggested that the activities of indi-
vidual anthocyanin biosynthesis enzymes are not always directly
correlated with anthocyanin accumulation3l. Therefore, the limited
coloration observed in HN mangoes may be associated with the
inhibitory effects of elevated GA; levels on anthocyanin biosynthe-
sis rather than enzyme activity alone.

Anthocyanin biosynthesis is also extensively regulated at the
transcriptional level through structural genes and transcription
factorsB4, Transcriptome and qRT-PCR analyses in the present study
showed that PAL2 and ANS3, which are involved in early and late
anthocyanin biosynthesis, were significantly downregulated in ETH-
treated HN mangoes during late storage (Figs 4, 5). Similar suppres-
sion of anthocyanin biosynthesis-related genes accompanied by
reduced coloration has been reported in ethylene-treated orchid
flowersB5l, These findings suggest that transcriptional repression of
anthocyanin biosynthesis genes may contribute substantially to
the reduced anthocyanin accumulation observed in HN mangoes.
Besides structural genes, transcription factors such as MYBs, MBW
complexes, bHLHs, and WRKYs are crucial for activating antho-
cyanin structural genes. For instance, Zhang et al.;3% identified 30
structural genes, 11 MYBs, and four bHLHs among the differentially
expressed genes (DEGs) involved in anthocyanin biosynthesis in
ripening fruit of pink and blue blueberry cultivars. In addition, Bai et
al.B7l revealed that MiMYB33 could promote accumulation of antho-
cyanins in the fruit skin of different mango varieties, indicating that
multiple TFs and their interactions are essential for regulating
anthocyanin biosynthesis in plants.

Ethylene response factors (ERFs), as important downstream
regulators in ethylene signaling pathways, are widely involved in
climacteric fruit ripening and anthocyanin biosynthesis38l. Previous
studies in litchi fruit demonstrated that several ERF family members
responded strongly to ethephon treatment and participated in
the transcriptional regulation of anthocyanin biosynthesis-related
genesB9, Our study found that MIiERF105 was significantly down-
regulated in HN mangoes during storage (Fig. 4), and MIiERF105
was shown to bind directly to the promoters of MiPAL2 and MIANS3,
regulating their activities. Overexpression of MIERF105 in mango
slices significantly increased MiPAL2 and MiANS3 expression and
enhanced anthocyanin content (Figs 5, 6).

Although significant differences in endogenous GA; levels were
observed between GX and HN mangoes, the present study estab-
lishes an association rather than a direct causal relationship. Further
experiments involving exogenous GA; application or inhibition of
gibberellin biosynthesis are required to verify the specific role
of GA; in regulating ethylene-induced coloration. These findings
suggest that suppression of MiERF105 expression may contribute
to reduced anthocyanin accumulation in HN mangoes under ETH
treatment. Anthocyanin synthesis in plants is regulated by hormone
homeostasis and crosstalk('40, GA; may synergistically regulate
anthocyanin synthesis alongside other hormones®'l. Further
research may be needed to identify transcription regulators up-
stream of MIERF105 and elucidate the regulatory networks of
gibberellin and ethylene signaling pathways in mango fruit.

Conclusions

This study indicates that differences in endogenous GA; levels are
associated with distinct coloration responses to exogenous ethy-
lene in 'Guifei' mangoes. Figure 8 illustrates the potential relation-
ships among ethylene release, endogenous gibberellin content, and
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Fig. 8 Working model showing the relationship between ethylene
production and GA;3 concentration and the inhibition of ERF105 on the
coloration of 'Guifei' mango fruit. Upward arrows in red represent an
increase compared to the control group, and downward arrows in
green represent a decrease compared to the control group.

the physiological and transcriptional regulation of anthocyanin
biosynthesis in postharvest mango fruit. In GX mangoes with low
GA; levels, increased ethylene production and enhanced enzyme
activities associated with anthocyanin synthesis would contribute to
effective color transformation. In contrast, in HN mangoes, elevated
GA; levels appear to suppress the expression of MiERF105, leading
to reduced anthocyanin accumulation and subsequent inhibition of
color change.

Author contributions

The authors confirm contributions to the paper as follows: study
conception and design: Shao Y, Li W; data collection: Chen M, Wang
X, Wang Y; analysis and interpretation of results: Chen M, Zou S,
Wang Y, Shao Y; methodology: Wang X, Zou S; draft manuscript
preparation: Chen M; manuscript review and editing: Zou S, Yang J,
Li W; supervision: Shao Y, Li W; funding acquisition: Li W. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

All data generated or analyzed during this study are included in
this published article and its supplementary information files.

Acknowledgments

This work was supported by the Hainan Provincial Academician
Innovation Platform Research Special Project (YSPTZX202516), the
National Natural Science Foundation of China (32360778), and
the National Key Research and Development Program of China
(2023YFD2300803-7). The authors thank Dr. Emma Shipman
(University of California, Davis, USA) for her critical reading of the
manuscript.

Conflict of interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Supplementary information accompanies this paper online
at: https://doi.org/10.48130/ph-0026-0017.

Chen et al. Plant Hormones 2026, 2: €019

Plant Hormones

Dates

Received 7 May 2026; Revised 19 June 2026; Accepted 24 June
2026; Published online 29 July 2026

References

1]

[2]

[3]

[4]

[5]

(6]

[7]

[8]

[9]

[10]

(111

2]

[13]

[14]

[15]

[16]

Wang Y, Zhang F, Ren D, Zeng K, Sun Y, et al. 2026. Epigenetic regula-
tion of fruit anthocyanin biosynthesis in horticultural crops. Horticul-
tural Plant Journal 12(3):529-538

Ma'Y, Xu R, Wang Y, Chen G, Cao J. 2026. Methyl jasmonate enhances
anthocyanin biosynthesis and antioxidant capacity in 'Hongcui' plum
fruit during cold-induced flesh reddening via the coordination of ethy-
lene and jasmonic acid signaling. Postharvest Biology and Technology
234:114159

Xu PY, Xu L, Xu HF, He XW, He P, et al. 2023. MdWRKY40is directly
promotes anthocyanin accumulation and blocks MdMYB15L, the
repressor of MdCBF2, which improves cold tolerance in apple. Journal
of Integrative Agriculture 22(6):1704-1719

Chen X, Liu'Y, Gao X, Zhai Y, Wei X, et al. 2026. The effect of discontinu-
ous blue light intervention on red-light-grown tomato fruit coloration.
Scientia Horticulturae 357:114688

Xu T, Yu L, Huang N, Liu W, Fang Y, et al. 2023. The regulatory role of
MdNAC14-Like in anthocyanin synthesis and proanthocyanidin accu-
mulation in red-fleshed apples. Plant Physiology and Biochemistry
204:108068

Zhou L, Liu S, Wang Y, Wang Y, Song A, et al. 2024. CmMYB3-like nega-
tively regulates anthocyanin biosynthesis and flower color formation
during the post-flowering stage in Chrysanthemum morifolium. Horti-
cultural Plant Journal 10(1):194-204

Liu Y, Xu S, Tang L, Wang Y, Zhang L, et al. 2024. FaMYB6-like nega-
tively regulates FaMYB10-induced anthocyanin accumulation during
strawberry fruit ripening. Postharvest Biology and Technology
212:112891

Farcuh M, Tajima H, Lerno LA, Blumwald E. 2022. Changes in ethylene
and sugar metabolism regulate flavonoid composition in climacteric
and non-climacteric plums during postharvest storage. Food Che-
mistry: Molecular Sciences 4:100075

Jamil IN, Abdul-Rahman A, Goh HH, Aizat WM. 2023. Transcriptomics
analysis of mangosteen ripening revealed active regulation of ethy-
lene, anthocyanin and xanthone biosynthetic genes. Postharvest Bio-
logy and Technology 198:112257

Chen J, Liu F, Ismail BB, Wang W, Xu E, et al. 2022. Effects of ethephon
and low-temperature treatments on blood oranges (Citrus sinensis L.
Osbeck): anthocyanin accumulation and volatile profile changes
during storage. Food Chemistry 393:133381

Figueroa NE, Gatica-Meléndez C, Figueroa CR. 2021. Ethylene applica-
tion at the immature stage of Fragaria chiloensis fruit represses the
anthocyanin biosynthesis with a concomitant accumulation of lignin.
Food Chemistry 358:129913

Zhang Y, Ling J, Zhou H, Tian M, Huang W, et al. 2022. 1-Methylcyclo-
propene counteracts ethylene inhibition of anthocyanin accumula-
tion in peach skin after harvest. Postharvest Biology and Technology
183:111737

Wang L, Yang S, Ni J, Teng Y, Bai S. 2023. Advances of anthocyanin
synthesis regulated by plant growth regulators in fruit trees. Scientia
Horticulturae 307:111476

Correia S, Aires A, Queirdés F, Carvalho R, Schouten R, et al. 2020.
Climate conditions and spray treatments induce shifts in health
promoting compounds in cherry (Prunus avium L.) fruits. Scientia Horti-
culturae 263:109147

Ozkan Y, Ucar M, Yildiz K, Ozturk B. 2016. Pre-harvest gibberellic acid
(GA3) treatments play an important role on bioactive compounds
and fruit quality of sweet cherry cultivars. Scientia Horticulturae
211:358-362

Hu L, Wang X, Liu H, Wu Y, Wu W, et al. 2023. Mechanisms of exoge-
nous GAs-induced inhibition of seed development in southern high-
bush blueberry (Vaccinium darrowii). Scientia Horticulturae 322:112430

Page 90f 10


https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.1016/j.hpj.2025.11.004
https://doi.org/10.1016/j.hpj.2025.11.004
https://doi.org/10.1016/j.postharvbio.2026.114159
https://doi.org/10.1016/j.jia.2023.04.033
https://doi.org/10.1016/j.jia.2023.04.033
https://doi.org/10.1016/j.scienta.2026.114688
https://doi.org/10.1016/j.plaphy.2023.108068
https://doi.org/10.1016/j.hpj.2023.02.011
https://doi.org/10.1016/j.hpj.2023.02.011
https://doi.org/10.1016/j.postharvbio.2024.112891
https://doi.org/10.1016/j.fochms.2022.100075
https://doi.org/10.1016/j.fochms.2022.100075
https://doi.org/10.1016/j.fochms.2022.100075
https://doi.org/10.1016/j.postharvbio.2023.112257
https://doi.org/10.1016/j.postharvbio.2023.112257
https://doi.org/10.1016/j.postharvbio.2023.112257
https://doi.org/10.1016/j.foodchem.2022.133381
https://doi.org/10.1016/j.foodchem.2021.129913
https://doi.org/10.1016/j.postharvbio.2021.111737
https://doi.org/10.1016/j.scienta.2022.111476
https://doi.org/10.1016/j.scienta.2022.111476
https://doi.org/10.1016/j.scienta.2019.109147
https://doi.org/10.1016/j.scienta.2019.109147
https://doi.org/10.1016/j.scienta.2019.109147
https://doi.org/10.1016/j.scienta.2016.09.019
https://doi.org/10.1016/j.scienta.2023.112430
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017

Plant Hormones

71

18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Wu M, Liu K, Li H, Li Y, Zhu Y, et al. 2024. Gibberellins involved in fruit
ripening and softening by mediating multiple hormonal signals in
tomato. Horticulture Research 11(2):275

Deng H, Wu G, Chen Z, Guo L, Yin Q, et al. 2024. Integrated
metabolomic and transcriptomic analyses reveal quality differences
between artificially and naturally ripened Guifei mangoes. Scientia
Horticulturae 337:113503

Tahir H, Sajjad M, Qian M, Zeeshan Ul Hagq M, Tahir A, et al. 2024. Tran-
scriptomic analysis reveals dynamic changes in glutathione and ascor-
bic acid content in mango pulp across growth and development
stages. Horticulturae 10(7):694

Xie J, Yao S, Ming J, Deng L, Zeng K. 2019. Variations in chlorophyll and
carotenoid contents and expression of genes involved in pigment
metabolism response to oleocellosis in citrus fruits. Food Chemistry
272:49-57

Zhang Z, Pang X, Ji Z, Jiang Y. 2001. Role of anthocyanin degradation
in litchi pericarp browning. Food Chemistry 75(2):217-221

Li Y, Zhang Z, and Wu Q. 2016. Isolation and expression analysis of the
ethylene receptor gene MIiETR1b in Mango (Mangifera indica). Horticul-
tural Plant Journal 2(1):1-8

Fan C, Wu QP, Zeng Z, Liu W, Yang J, et al. 2026. Integrative genome-
wide association study and transcriptomic analyses unveil key candi-
date genes regulating fruit shape diversity in mango. Scientia Horticul-
turae 358:114677

Yang Y, Dong G, Wang M, Xian X, Wang J, et al. 2021. Multifungicide
resistance profiles and biocontrol in Lasiodiplodia theobromae from
mango fields. Crop Protection 145:105611

Sun Z, Guo X, Kumar RMS, Huang C, Xie Y, et al. 2024. Transcriptomic
and metabolomic analyses reveal the importance of ethylene net-
works in mulberry fruit ripening. Plant Science 344:112084

An JP, Li R, Qu FJ, You CX, Wang XF, et al. 2018. R2R3-MYB transcrip-
tion factor MdAMYB23 is involved in the cold tolerance and proantho-
cyanidin accumulation in apple. The Plant Journal 96(3):562—-577

Kong H, Li J, Xia W, Hou M, Zhu J. 2026. Gibberellin delays the fruit
ripening process and regulates the accumulation of wax components
in the fruit cuticle. Food Chemistry 511:148703

Keawmanee N, Ma G, Zhang L, Yahata M, Murakami K, et al. 2022.
Exogenous gibberellin induced regreening through the regulation of
chlorophyll and carotenoid metabolism in Valencia oranges. Plant
Physiology and Biochemistry 173:14—24

El-hamahmy MAM, ElSayed Al, Odero DC. 2017. Physiological effects of
hot water dipping, chitosan coating and gibberellic acid on shelf-life
and quality assurance of sugar snap peas (Pisum sativum L. var. macro-
carpon). Food Packaging and Shelf Life 11:58—-66

Kazmierczak A, Kazmierczak JM. 2009. Contrasting effects of ethylene
perception and synthesis inhibitors on GAs-induced antheridiogene-
sis and the level of 1-aminocyclopropane-1-carboxylic acid in Anemia
phyllitidis gametophytes. Environmental and Experimental Botany
66(2):172—-177

Page 100f 10

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

https://doi.org/10.48130/ph-0026-0017

Zhou X, Zhang B, Duan M, Yan S, Shi W, et al. 2024. Integrated tran-
scriptomics and metabolomics reveal the mechanisms of postharvest
uneven degreening of green lemon. Postharvest Biology and Techno-
logy 216:113072

Chen M, Gu H, Wang L, Shao Y, Li R, et al. 2022. Exogenous ethylene
promotes peel color transformation by regulating the degradation of
chlorophyll and synthesis of anthocyanin in postharvest mango fruit.
Frontiers in Nutrition 9:911542

Pombo MA, Martinez GA, Civello PM. 2011. Cloning of FaPAL6 gene
from strawberry fruit and characterization of its expression and enzy-
matic activity in two cultivars with different anthocyanin accumula-
tion. Plant Science 181(2):111-118

Luo M, Ji X, Zhen S, Zhang C, Meng D, et al. 2026. Expression and regu-
lation of fruit colour in pepper by CaNAC78-like. Scientia Horticulturae
358:114675

Buanong M, Khunmuang S, Wongs-Aree C, Meir S, Philosoph-Hadas S.
2024. Quality analysis of cut Vanda 'Sansai Blue' orchid flowers during
vase life in response to exogenous ethylene, 1-MCP and sucrose. Scien-
tia Horticulturae 335:113245

Zhang C, Yang H, Wu Y, Lyu L, Wu W, et al. 2024. Integrated transcrip-
tomics and metabolomics analysis unveil flavonoid and anthocyanin
metabolism in pink and blue blueberry cultivars. Scientia Horticulturae
327:112798

Bai Y, Zhu M, Du B, Zheng Y, Gao A, et al. 2026. Multi-omics analyses
unveil the molecular mechanism involving flavonoid-mediated color
changes of different mango varieties. Food Chemistry 502:147663

Xiao XK, Liu WX, Lu X, Chen CR, Zhang XY, et al. 2026. Integrated
metabolomics and transcriptomics analyses provide insights into fla-
vor and color regulation during tomato postharvest ripening. Posthar-
vest Biology and Technology 234:114155

Zhuo MG, Wang TY, Huang XM, Hu GB, Zhou BY, et al. 2024. ERF tran-
scription factors govern anthocyanin biosynthesis in litchi pericarp
by modulating the expression of anthocyanin biosynthesis genes.
Scientia Horticulturae 337:113464

Wang X, Dou Y, Wang Y, Guo P, Gao Y, et al. 2026. Ethylene-induced
postharvest 'Guifei' mango peel coloration: activation of the MiPAL1
promoter by MIERF5 and the MIERF5-MiMYB7 complex. Postharvest
Biology and Technology 232:113999

Qu S, Wang G, Li M, Yu W, Zhu S. 2022. LcNAC90 transcription factor
regulates biosynthesis of anthocyanin in harvested litchi in response
to ABA and GA;. Postharvest Biology and Technology 194:112109

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press on behalf of Chongqing

University. This article is an open access article distributed under
Creative Commons Attribution License (CC BY 4.0), visit https://
creativecommons.org/licenses/by/4.0/.

Chen et al. Plant Hormones 2026, 2: 019


https://doi.org/10.1093/hr/uhad275
https://doi.org/10.1016/j.scienta.2024.113503
https://doi.org/10.1016/j.scienta.2024.113503
https://doi.org/10.3390/horticulturae10070694
https://doi.org/10.1016/j.foodchem.2018.08.020
https://doi.org/10.1016/S0308-8146(01)00202-3
https://doi.org/10.1016/j.hpj.2016.02.008
https://doi.org/10.1016/j.hpj.2016.02.008
https://doi.org/10.1016/j.scienta.2026.114677
https://doi.org/10.1016/j.scienta.2026.114677
https://doi.org/10.1016/j.scienta.2026.114677
https://doi.org/10.1016/j.cropro.2021.105611
https://doi.org/10.1016/j.plantsci.2024.112084
https://doi.org/10.1111/tpj.14050
https://doi.org/10.1016/j.foodchem.2026.148703
https://doi.org/10.1016/j.plaphy.2022.01.021
https://doi.org/10.1016/j.plaphy.2022.01.021
https://doi.org/10.1016/j.fpsl.2016.12.002
https://doi.org/10.1016/j.envexpbot.2009.03.015
https://doi.org/10.1016/j.postharvbio.2024.113072
https://doi.org/10.1016/j.postharvbio.2024.113072
https://doi.org/10.1016/j.postharvbio.2024.113072
https://doi.org/10.3389/fnut.2022.911542
https://doi.org/10.1016/j.plantsci.2011.04.012
https://doi.org/10.1016/j.scienta.2026.114675
https://doi.org/10.1016/j.scienta.2024.113245
https://doi.org/10.1016/j.scienta.2024.113245
https://doi.org/10.1016/j.scienta.2023.112798
https://doi.org/10.1016/j.foodchem.2025.147663
https://doi.org/10.1016/j.postharvbio.2026.114155
https://doi.org/10.1016/j.postharvbio.2026.114155
https://doi.org/10.1016/j.scienta.2024.113464
https://doi.org/10.1016/j.postharvbio.2025.113999
https://doi.org/10.1016/j.postharvbio.2025.113999
https://doi.org/10.1016/j.postharvbio.2022.112109
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017
https://doi.org/10.48130/ph-0026-0017

	Introduction
	Materials and methods
	Fruit materials
	Postharvest treatment
	Determination of endogenous ethylene and gibberellin contents
	Gibberellin (GA3) content
	Production of endogenous ethylene

	Determination of color-related parameters in mango fruit
	Peel color
	Contents of chlorophyll, carotenoid, and anthocyanin in fruit peel
	Activities of PAL, CHI, DFR, and UFGT in fruit peel

	Analysis of differentially expressed genes (DEGs)
	RNA extraction, cDNA synthesis, and real-time quantitative PCR (qRT-PCR)
	Total RNA extraction and cDNA synthesis
	Expression analysis by real-time quantitative (qRT-PCR)

	Yeast One-Hybrid (Y1H) assay
	Subcellular localization of the MiERF105 protein in tobacco
	Dual-Luciferase Reporter (DLR) assay
	Transient overexpression of the MiERF105 gene in mango fruit
	Statistical analysis

	Results
	Contents of GA3 and ethylene in fresh mangoes
	Changes in peel color and pigment contents
	Changes in enzyme activity related to anthocyanin synthesis
	Changes in expression levels of genes related to anthocyanin synthesis
	Expression patterns of MiERF genes
	Validation of MiERF105 binding to the promoters of MiPAL2 and MiANS3
	Overexpression of the MiERF105 gene in mango fruit peel

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

