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Abstract
Fruit softening is a key factor affecting the postharvest quality of blueberries.  Prior research by our team has demonstrated that 100 μM melatonin (MT)

treatment effectively delays softening and preserves quality. The core of this article lies in the consequences of exogenous MT treatment on abscisic acid

(ABA)  biosynthesis,  degradation,  and  signal  transduction,  as  well  as  auxin  (IAA)  signaling,  in  relation  to  postharvest  blueberry  softening.  The  results

demonstrated that MT treatment delayed pectin degradation and significantly reduced cell wall degradation-related gene expression, downregulated ABA

biosynthetic  genes  (VcNCED1, VcNCED6, VcZEP1,  and VcAAO3)  while  upregulating the expression of  the  ABA catabolism gene VcCYP707A.  MT treatment

also  downregulated  ABA  signal  transduction  genes  (VcABF, VcABI5, VcPYL,  and VcSnRK2)  while  upregulating  the  negative  regulator VcPP2C,  collectively

suppressing ABA accumulation. Furthermore, MT treatment delayed the reduction of endogenous IAA levels, upregulated the expression levels of IAA signal

transduction genes, including VcTIR1, VcARF1, VcIAA9, VcGH3.1, and VcSAUR. Overall, postharvest MT treatment inhibited ABA accumulation by modulating

its  biosynthesis,  degradation,  and  signal  transduction  while  maintaining  IAA  levels  through  regulating  IAA  signal  transduction.  This  dual  regulatory

mechanism ultimately delays postharvest blueberry softening.
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Introduction
Blueberries,  one  of  the  world's  most  economically  significant

berry crops, are loved by consumers for their unique palatability and
excellent nutritional attributes[1,2]. Nevertheless, postharvest soften-
ing, mechanical injury, and nutritional degradation frequently occur
during storage, thereby reducing the economic benefits and hinder-
ing sustainable growth of  the blueberry  supply  chain[3,4].  Resolving
blueberry  softening  has  always  been  a  focus  of  attention  in  the
industry,  as  it  impedes  the  postharvest  storage,  distribution,  and
consumer  acceptance  of  blueberries[5,6].  Accordingly,  it  is  requisite
to study the potential mechanism of postharvest softening of blue-
berries,  to  extend  the  storage  life  and  to  promote  the  industrial
advancement  of  blueberries.  Recent  times  have  witnessed  the
exploration and utilization of many new preservation technologies,
such  as  the  combination  of  cryogenic  stockpiling  and  irradiation
maintenance[7],  and edible coatings[8].  However, these technologies
not only require precise control of various conditions but also have
shortcomings in terms of stability and timeliness. Thus, the develop-
ment  of  safe  and  reliable  preservation  techniques  is  a  prerequisite
for extending the storage life of blueberry fruit.

MT (melatonin),  as a safe,  efficient,  natural,  and easily obtainable
bioactive substance,  has  been increasingly  used in  the field of  pre-
servation.  Meanwhile,  a  growing  body  of  research  indicates  that
exogenous MT treatment exerts multifaceted functions throughout
postharvest  handling  for  fruit  freshness  retention  by  activating
antioxidant  defense  systems,  mitigating  cold  damage,  suppressing
pathogenic infections, hindering softening progression, and quality
decline[9−11].  MT  can  crosstalk  with  multiple  plant  hormones  to
jointly  affect  the development,  maturation,  and aging processes  of
fruits[12].  MT  treatment  can  slow  down  the  decrease  in  postharvest
firmness  of  jujube  fruits,  activate  the  AsA-GSH  cycle,  inhibit  the
enzyme activity, thereby improving the quality traits of jujube fruits

and  delaying  the  softening  performance[10].  Postharvest  MT  treat-
ment restrained the enzymatic activities of PG, β-gal, and PE, delayed
pectin degradation, and thus suppressed postharvest texture loss in
mango fruit[11]. Research on blueberry fruits has indicated that post-
harvest  MT  treatment  can  maintain  nutrient  content,  reduce  ROS
accumulation  and  lipid  peroxidation  of  membranes,  and  thereby
improve blueberry postharvest storability[13].

As  an  essential  plant  hormone,  abscisic  acid  (ABA)  is  indispens-
able to the plant expansion regulation and ontogenic programs[14,15].
In climacteric fruits,  the presence of ABA can increase the cell  wall-
degrading  capacity,  promote  mature  fruit  softening,  and  indirectly
regulate the fruit softening process by accelerating ethylene biosyn-
thesis.  Accumulating  studies  suggest  that  ABA  is  instrumental  in
modulating  postharvest  senescence  and  softening  in  non-climac-
teric  fruits.  An increase  in  ABA content  accelerates  the  progression
of fruit ripening, whereas a decline in ABA content exerts the oppo-
site effect[16]. Scholarly investigations have revealed that exogenous
ABA  treatment  in  blueberries  promotes  softening  and  coloration
during  ripening[17].  Previous  studies  from  our  research  group  have
indicated that the decrease in firmness of postharvest Bluecrop blue-
berries is  significantly correlated with the accumulation of endoge-
nous ABA. Exogenous ABA treatment accelerates cell  wall  degrada-
tion  and  fruit  softening,  whereas  treatment  with  an  ABA  inhibitor
delays this process[14]. IAA is a primary endogenous auxin, modulat-
ing  fruit  ripening  and  senescence  through  interactions  with  other
hormones,  including  ethylene  and  ABA[18].  Research  has  demon-
strated that IAA may participate in ripening and senescence-associ-
ated  fruit  firmness  loss  by  affecting  the  accumulation  of  ABA  in
fruit.  During  grape  ripening,  exogenous  IAA  treatment  can  inhibit
ABA  accumulation,  downregulating  the  expression  of  cell  wall-
degrading genes, thereby delaying the ripening process[19]. Besides,
several  studies  have  established  that  key  factors  in  the  IAA  signal-
ing  pathway  affect  ABA  homeostasis  in  plants  by  mediating  ABA
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biosynthesis  or  signaling,  and  modulate  plant  physiological  and
developmental  processes.  Existing  studies  have  demonstrated  that
the  auxin-responsive  factor PavARF8,  whose  transcription  level  is
inhibited by  ABA,  can bind to  the promoter  of  ABA synthesis  gene
PavNCED1, regulate its expression, and participate in ABA-regulated
fruit softening[20].

Tan  et  al.[21] uncovered  that  MT  inhibits  ABA  accumulation,  sup-
pressing  postharvest  senescence  in  fresh  produce  by  coordinating
ABA  biosynthesis,  degradation,  and  signal  transduction.  Although
there  have  been  numerous  studies  on  the  roles  of  ABA  and  IAA  in
fruit  ripening  and  softening,  covering  fruits  with  climacteric  fruits
(such  as  tomatoes[22] and  bananas[23])  as  well  as  non-climacteric
fruits (such as grapes[24]),  there is  currently no in-depth exploration
of  how  melatonin  regulates  both  ABA  metabolism  and  IAA  signal-
ing  to  delay  softening  in  harvested  blueberries.  On  this  basis,  this
study  intends  to  ascertain  the  function  of  exogenous  MT  in  ABA
biosynthesis,  degradation,  signaling,  as  well  as  IAA  signaling,  in
postharvest blueberries, and to elucidate the mechanism by which it
suppresses postharvest softening. 

Materials and methods 

Sample handling
The  blueberry  cultivar  used  in  the  experiment  was  Bluecrop,

which  was  obtained  directly  from  the  Shisheng  Blueberry  Base  in
Shenyang,  Liaoning  Province,  China.  Blueberries  of  homogeneous
size,  optimal  maturity,  and unblemished appearance were selected
and quickly transported back to the laboratory under low tempera-
ture conditions after harvest. They were pre-cooled for 5 h at 4 °C to
eliminate  field  heat,  and  then  randomly  divided  into  four  groups,
with three parallel replicates per group. Fruits were treated with 50,
100, and 150 µM melatonin (MT), with 2% ethanol in each solution.
The  control  group  (CK)  was  treated  with  distilled  water  plus  2%
ethanol.  The  four  solutions  were  evenly  sprayed  on  blueberry  sur-
faces at room temperature (20 ± 0.5) °C in the dark, followed by 12 h
of  natural  air-drying.  After  drying,  the  blueberries  were  placed  in  a
plastic box, then put into a polyethylene (PE) fresh-keeping bag with
a  thickness  of  0.02  mm,  and  subsequently  placed  in  a  biological
fresh-keeping  cabinet  at  (20  ±  0.5)  °C  with  a  relative  humidity  of
80%  to  85%.  Various  indicators  were  measured  every  other  day.
Sufficient blueberry fruits were taken, instantly snap-frozen in liquid
nitrogen, and stored at −80 °C until further analysis of relevant phys-
iological  parameters.  The  experiment  was  performed  with  three
biological replicates. 

Measurement of firmness
Use  a  texture  analyzer  to  measure  the  firmness  of  blueberries,

randomly  select  blueberry  fruits,  and  determine  two  symmetrical
parts  of  each  fruit.  Measure  the  firmness  of  its  pericarp  and  flesh.
Data are presented in Newtons (N). 

Pectin content
According to the method of  Sun et  al.[25],  the sample was boiled

and washed with 95% ethanol to remove soluble sugars. The precip-
itate  was  then  extracted  with  distilled  water  in  a  50  °C  water  bath
to  obtain  soluble  pectin.  After  centrifugation,  the  supernatant  was
diluted  to  a  certain  volume.  The  remaining  precipitate  was  hydro-
lyzed in a 0.5 mol/L sulfuric acid boiling water bath for 1 h to extract
the protopectin. After centrifugation, the supernatant was diluted to
a  certain  volume  for  testing.  Aliquots  of  the  test  solution  and  the

standard solutions of galacturonic acid (0–100 μg) were taken sepa-
rately.  Concentrated  sulfuric  acid  and  carbazole  ethanol  solution
were  added  for  color  development,  and  the  absorbance  was  mea-
sured at 530 nm. The mass of galacturonic acid was calculated based
on the standard curve y = 0.0031x + 0.0662 (R2 = 0.9996). The result
is expressed as the mass fraction of galacturonic acid (%). 

Cell wall-degrading enzyme activity
A 10 g portion of fruit tissue was ground in the presence of 20 mL

ice-cold 95% ethanol.  The mixture was first  kept at 4 °C for 10 min,
then  centrifuged  at  12,000  g  for  20  min.  The  supernatant  was
discarded, and the pellet was rinsed with 10 mL of 80% ethanol by
shaking;  this  rinsing  step  was  repeated  once  more.  The  cleaned
pellet  was  then  resuspended  in  cold  extraction  buffer  and  incu-
bated at  4  °C  for  20  min.  After  centrifugation,  the  supernatant  was
obtained and applied to assess enzyme activity.  The determination
methods  for  polygalacturonase  (PG),  endocellulase  (Cx), β-glucosi-
dase  (β-Glu),  and β-galactosidase  (β-Gal)  activities  were  based  on
Chen et al.[26], Sun et al.[25], Tang et al.[10], and Song et al.[27], respec-
tively, each with minor modifications. 

Endogenous ABA and IAA contents
About  1  g  of  blueberry  fruit  tissue  was  disrupted  in  9  mL  of  ice-

cold PBS (pH 7.4).  After  centrifugation at  5,000 rpm for  15 min,  the
resulting supernatant was harvested for further evaluation. ABA and
IAA levels were quantified using a commercial  kit,  with absorbance
measured at 450 nm. Hormone contents (μg·L−1) were calculated by
plugging  the  measured  absorbance  values  into  the  corresponding
calibration curves. 

Extraction of RNA, synthesis of cDNA, and
analysis of RT qPCR

The  RNA  of  blueberry  fruit  was  purified  utilizing  an  OminiPlant
RNA  Kit.  Its  quality  was  checked  by  agarose  gel  electrophoresis.
Subsequently,  cDNA  was  synthesized  using  RNA  as  a  template
and  used  for  RT-qPCR  analysis.  The  primer  sequences  for  cell  wall
metabolism  genes  were  based  on  Song  et  al.[27].  Primers  targeting
key  genes  implicated  in  ABA  biosynthesis,  degradation,  and  signal
transduction  were  designed  based  on  Li  et  al.[28].  According  to
the  transcriptome  sequencing  results  of  blueberry  softening  at
room  temperature,  differentially  expressed VcTIR1, VcARF1, VcIAA9,
VcIAA27, VcGH3.1,  and VcSAUR gene  sequences  were  identified.
Primers for qRT-PCR were constructed employing Primer Premier 5.0
software (Table 1). The expression level was computed via the 2−ΔΔCᴛ

method. 

Experimental design and statistical methods
All  experimental  data  underwent  one-way  analysis  of  variance

(ANOVA) using SPSS version 26.0.  Independent sample t-tests were
conducted  at  each  time  point,  with  *  indicating  significant  differ-
ences  (p <  0.05)  and  **  indicating  highly  significant  differences
(p < 0.01). All charts were plotted using Origin 2021 software. 

Results 

Effects of different concentrations of exogenous
MT on the firmness of blueberries

Fruit firmness is a key parameter for evaluating postharvest quali-
tative  traits  and  intuitively  reveals  the  degree  of  fruit  softening.  As
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shown in Fig.  1a, b,  both fruit  and flesh  firmness  of  all  four  groups
declined continuously during storage. Blueberries treated with 50 or
100 μM MT maintained significantly higher firmness than the control
(p <  0.05),  with  the  100 μM  treatment  being  the  most  effective.
Additionally,  from day 4 through the end of  storage,  flesh firmness
in  all  MT-treated  groups  remained  consistently  higher  than  in  the
control,  and  again  the  100 μM  MT  treatment  had  the  strongest
effect (p < 0.05). 

Effects of exogenous MT on pectin content of
blueberries

The  content  of  protopectin  (Fig.  2a)  decreased  gradually  in  all
blueberry  fruits  during  storage,  particularly  within  the  initial  6  d.
MT treatment significantly retarded this decrease in contrast to the

control (p < 0.05), with highly marked differences detected on days
2, 4, and 10 (p < 0.01). Conversely, the soluble pectin content (Fig. 2b)
underwent  a  marked  rise;  MT-treated  fruits  maintained  markedly
lower soluble pectin levels than the untreated fruits throughout the
shelf life, except on day 8 (p < 0.05). 

Effects of exogenous MT on cell wall metabolism-
related enzyme activities and gene expression in
blueberries

PG  activity  in  both  groups  followed  a  similar  pattern,  gradually
increasing  from  day  4  to  8  and  then  decreasing  rapidly  (Fig.  2c).
From day 6 to 10, PG activity in the MT-treated group was markedly
reduced vs that in the control group (p < 0.01).

The β-Gal activity in the control group increased rapidly to a peak
on  day  4  and  then  declined  gradually  throughout  the  remaining
storage  period  (Fig.  2d).  MT  treatment  greatly  suppressed β-Gal
activity  in  comparison with  untreated fruit  (p <  0.05).  At  the  termi-
nation  of  the  storage  life,  the  activity  in  the  control  increased  to
751 µmol h−1 g−1; the treatment group showed a much lower activ-
ity, at 581 µmol h−1 g−1,  representing a highly significant difference
(p < 0.01).

Interestingly,  within  the  first  8  d  of  storage, β-Glu  activity  in
both  groups  of  blueberries  gradually  increased  to  a  peak  and
then  began  to  decrease  (Fig.  2e).  By  day  4,  the  activity  levels  of
both  groups  reached  their  maximum  values,  with  the  control
group at 933 µg h−1 g−1 and the treatment group at 814 µg h−1 g−1,
which  revealed  a  distinct  variation  between  the  two  groups  (p <
0.05).  Moreover,  on  the  6th and  8th days,  the β-Glu  activity  of  the
MT-treated  group  was  pronouncedly  attenuated  vs  the  control
(p < 0.01).

In the course of storage, the Cx activity of the two groups gradu-
ally  rose  to  a  peak  on  day  4,  and  then  began  to  decrease  (Fig.  2f).
After  a  shelf  life  of  4  d,  blueberry  fruits  in  the  treated  group  still
exhibited lower activity than the untreated fruits, and the difference
between the two groups was highly significant by the conclusion of
the shelf life (p < 0.01).

To elucidate the molecular mechanisms underlying MT-regulated
fruit  softening,  cell  wall  metabolism-related  genes  (VcPG1, VcPG3,
Vcβ-Gal, Vcβ-Glu, VcCx1, VcPE, and VcPL) were investigated. The find-
ings  illustrated  in Fig.  3 clearly  demonstrate  that  MT  treatment

 

Table 1.  Primers for real-time q-PCR assays.

Gene Forward primer (5'–3') Reverse primer (5'–3')

Actin ACTACCATCCACTCTATCACCG AACACCTTACCAACAGCCTTG
VcPG1 ACCACCAACCGCATTA AAGCGTCAGGTGAGTAAG
VcPG3 GCTATGGCATTACAAAGACAA CCATGAATGGTACTGGTGGA
Vcβ-Gal CTTCTCTCTCTTCTCGCCGC CGAATGCCTTTGCCCTCAAC
Vcβ-Glu TCGACCGAAGCGTCGCTACT GTCCACCATGTCCGCCCAA
VcCx1 CGCGTTCAGCCTTTACCTTA TTCGCCAGTCGCTATCCCCT
VcPE CCGACCTCTCCGCCTTCT CGCCTTCACCGGTTTCAA
VcPL CGATGGGCTGATTGATGC TGCCTTGGCTGTTGATGGT
VcNCED1 GATTTCCCTCCAACAGCCTACT CGGACATCTTGAACACCACCT
VcNCED6 CATCAGGTGGTGTTCAA GACTCGTCCGTATCATTT
VcZEP1 CGGCCCGATTCAACTCCT TCCGGTCTCCGGTAACAC
VcAAO3 TGGACAAGAGGGCTACCG GCTGGCTGGACATTTGAG
VcCYP707A TATGAATTGGGCGGTAGG AAAGCGATTATGGGAACG
VcPYL TTGATGACGAGGAACA CAACCGCTCAGATACA
VcSnRK2 CACGCTGTTGGATGGA TGGTTGGTGAGCCTTG
VcABF CGGTGACTGCCATTAG CCCTCCATTCCCATAC
VcABI5 ATTGGGCGTGTTCGTC TTTGCTCCCTTTCTCG
VcPP2C TGGTGGAGGAGTCAGGGAT TAGGGTGATTGCGAAT
VcTIR1 GCTTCGTTCCTCTATCTCCCTG GCCCTCCAATCCCTTGTCTT
VcARF1 ATGCTGAATCCGATGGGTAT CCGCAGAGTTCGCCTTTA
VcIAA9 ATGTCTCCACCACGGATAGG GGGAACCAGGTAGACCAAGC
VcIAA27 AAAGGCACAGGTAGTGGGATG GGGCTGATGAAAGTTGGAC
VcGH3.1 TTATCGGCTCATCCCATCT GGTCTTTGTCTCGGACTTCAC
VcSAUR GCCAAGTCCCTCTGCTGTTC AGTCGCCGTCTTTCTGTCCC

 

a b

 
Fig. 1  Effects of MT treatments at different concentrations on (a) fruit firmness and (b) flesh firmness of blueberry fruit during room temperature storage.
Significant differences among treatments are marked with * (p < 0.05) and ** (p < 0.01).
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significantly  downregulated  the  transcript  levels  of  these  genes,
thereby effectively retarding the softening process. 

Effects of exogenous MT on the endogenous ABA
content of blueberries

It is evident from Fig. 4a that the ABA content in the control fruits
sharply increased from day 0 to day 4 of shelf life, slightly decreased
from 4–6 d, and increased again at the ultimate stage of shelf life. In
contrast, the ABA content in the MT-treated group decreased during
the  first  2  d  and  then  continued  to  increase  thereafter.  The  ABA
content in the treatment group was appreciably lower than that in
the  control  (p <  0.05),  and  reached  a  highly  significant  difference
toward the end of the storage period (p < 0.01). 

Correlation analysis between endogenous ABA
content, firmness, and cell wall metabolism-
related enzymes

During  room  temperature  storage,  blueberry  fruit  firmness
decreased  continuously,  while  ABA  content  continued  to  increase.
In  order  to  explore  the  relationship  between  the  two  during  the
softening  process  of  blueberries,  a  correlation  analysis  was
conducted  on  ABA  content,  firmness,  the  activities  of  cell  wall
metabolic  enzymes  that  are  central  to  the  firmness  decrease  pro-
cess (Fig. 5). Analysis of correlations revealed a strong inverse corre-
lation  between  ABA  content  and  fruit  firmness  (p <  0.01),  whereas
a  distinct  parallel  association  between  ABA  content  and  the  activi-
ties  of  PG, β-Gal,  and β-Glu  (p <  0.01),  as  well  as  a  notable  con-
comitant  linkage  between  ABA  content  and  Cx  activity,  were
recorded (p < 0.05). The above data imply that the accumulation of
ABA significantly affects blueberry firmness and may exert its regula-
tory  effect  by  modulating  the  activities  of  cell  wall-degrading
enzymes. 

Effects of exogenous MT on gene expression
related to ABA biosynthesis, degradation, and
signal transduction in blueberries

The  relative  level  of  the VcNCED1 gene  in  the  control  gradually
increased from day 2 to 4 of shelf life, peaking on day 4. Afterward, it
decreased between days 6 and 8, followed by a subsequent increase
(Fig.  4b1).  For the MT-treated group, the relative transcription level
of VcNCED1 did  not  change  significantly  throughout  the  shelf  life,
only decreasing slightly on day 6. Moreover, its expression remained
below  the  control  level  over  the  whole  shelf  life,  with  a  significant
difference detected on days 4, 6, and 8 (p < 0.05).

Regarding VcNCED6,  its  transcript  level  in  the  two  blueberry
groups  declined  marginally  over  the  initial  2  d  of  shelf  life,  and
surged  rapidly  on  day  4  (Fig.  4b2).  The  expression  level  in  the  MT-
treated group rose to  the highest  expression level  at  this  time and
continued to decrease thereafter. In contrast, VcNCED6 expression in
the  untreated  fruit  kept  rising,  peaking  on  day  6  at  3.18  times  the
initial level, with a highly significant difference from the MT-treated
group  (p <  0.01).  Except  on  day  2,  the  relative  transcript  level  of
VcNCED6 exhibited significantly lower values than those in the con-
trol (p < 0.05).

In  untreated  fruit, VcZEP1 expression  first  increased,  then
decreased,  peaking on day  6  of  shelf  life  (Fig.  4b3).  The  expression
level  in  MT-treated  fruits  decreased  at  the  start  of  storage,  slightly
increased  from  day  6  to  8,  and  then  decreased  again.  Across  the
whole storage duration, except on day 4, the relative expression level
of VcZEP1 was markedly lower than that in the control (p < 0.05).

VcAAO3 expression  rapidly  decreased  in  the  first  2  d  of  storage,
then  increased,  followed  by  a  further  decline  on  day  8  (Fig.  4b4).
Differing significantly  from the untreated fruit,  the expression level
in  the  MT-treated  group  was  strikingly  downregulated  (p <  0.05).
Specifically, on day 2, the VcAAO3 gene expression level was 49% of
that in the control (p < 0.01).

 

a b c
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Fig. 2  Effects of exogenous MT on (a) protopectin, (b) soluble pectin, and (c) activities of PG, (d) β-Gal, (e) β-Glu, and (f) Cx of blueberry fruit during room
temperature storage. Significant differences among treatments are marked with * (p < 0.05) and ** (p < 0.01).
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The  expression  of VcCYP707A gradually  increased  in  blueberry
fruits throughout the shelf life (Fig. 4c). Except on day 2, VcCYP707A
expression  in  MT-treated  fruits  was  greater  than  that  in  the  con-
trol  between  days  4  and  6,  with  a  marked  difference  (p <  0.05).
Specifically,  on  day  4,  the  expression  level  of VcCYP707A in  the
untreated  fruit  was  1.6  times  lower  than  that  in  the  MT-treated
group (p < 0.01).

The VcPYL expression level  in  the  untreated fruits  rose  rapidly  in
the  initial  two  days  of  storage,  followed  by  a  downward  trend;  it
slightly rebounded on day 6 and dropped again on day 8 of shelf life
(Fig.  4d1).  The expression of VcPYL in  the MT-treated group gradu-
ally  rose  in  the  first  6  d  and  slightly  declined  on  day  8.  Notably,
the  expression  level  of VcPYL was  lower  than  that  in  the  control
throughout  the  shelf  life,  with  significant  differences  observed
between the two groups on days 2 and 6 (p < 0.05).

The expression levels of VcSnRK2 in both fruit groups exhibited a
similar  trend  during  shelf  life,  initially  decreasing,  then  increasing,
and finally declining again (Fig. 4d2). The disparity between the two
groups  was  most  pronounced  on  day  4  of  storage.  Apart  from  the
8th d,  these  contrasts  were  highly  significant  (p <  0.01)  at  all  other
time points.

As depicted in Fig. 4d3, the expression of VcABF in blueberry fruits
declined over the first couple of days, which was significantly lower
than that  in  the control  (p <  0.01).  Subsequently, VcABF expression
rose  rapidly  from  day  4  to  8  before  gradually  decreasing.  Across
the  whole  duration,  the  expression  level  in  the  control  remained
steadily  higher  than  that  in  the  MT-treated  group,  with  significant
differences observed at all time points except day 6 (p < 0.05).

VcABI5 expression  in  the  untreated  fruit  dropped  first,  then  rose
over  the  storage  period,  reaching  its  peak  on  day  6  and  then
decreasing again (Fig. 4d4). The fruit treated with MT also followed a
similar  trend of  first  declining,  then rising. VcABI5 expression in the
treatment  group  was  considerably  lower  than  that  in  the  control
(p < 0.05), and the difference was highly significant on day 4 and day
6 (p < 0.01).

PP2C acts  as  a  negative regulator within the ABA signaling path-
way.  The  expression  level  of  the VcPP2C gene  in  blueberry  fruits
declined  initially,  then  increased  during  the  first  6  d  (Fig.  4d5).
Specifically,  the transcriptional  levels  of VcPP2C in  the control  were
significantly  lower  than  those  in  the  MT-treated  group  on  the  4th

and 6th days (p < 0.01).
 

 

a b c
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Fig. 3  (a)–(g) Expression of cell wall metabolism-associated genes in blueberry fruit during ambient storage. Significant differences among treatments are
marked with * (p < 0.05) and ** (p < 0.01).
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Effects of exogenous MT on endogenous IAA
content of blueberries

IAA  content  in  the  untreated  fruit  dropped  significantly

during  the  initial  2  d,  followed  by  a  slight  upward  trend  on  day  4

and a subsequent decline (Fig. 6a). The IAA content declined gradu-

ally  throughout  storage  in  the  treatment  group,  with  a  minor

increase  observed  on  the  8th day.  Notably,  MT-treated  fruits

sustained  consistently  higher  IAA  levels  than  the  control,  with

significant  differences  detected  except  on  the  4th d  (p <  0.05).

Postharvest  MT  application  retarded  the  depletion  of  IAA  con-

tent,  thereby  preserving  the  endogenous  IAA  level  in  blueberry

fruits.
 

 

a b1 b2

b3

d1 d2 d3

b4 c

d4 d5

 
Fig. 4  Effects of exogenous MT on (a) endogenous ABA content,  (b1)–(b4) ABA biosynthesis-related genes,  (c)  catabolism-related genes,  and (d1)–(d5)
ABA signal transduction genes of blueberry fruit during room temperature storage. Significant differences among treatments are marked with * (p < 0.05)
and ** (p < 0.01).
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Effects of exogenous MT on IAA signal
transduction-related gene expression in
blueberries

VcTIR1 expression  in  the  untreated  fruit  first  rose  and  then  fell
during the first 4 d of postharvest storage, then rose again on day 6

(Fig.  6b1).  Over  the  shelf  life,  the  expression  level  of VcTIR1 in  the
MT-treatment  group  gradually  declined,  but  was  slightly  elevated
on day 8. The gene expression in the treatment group on the 4th and
8th days was higher than that in the control group.

The overall change in the VcARF1 gene in the untreated fruit was
not significant. After MT treatment, the expression level in fruit grad-
ually increased and then continued to decrease (Fig. 6b2). Through-
out the shelf life, the MT treatment group stayed higher than that in
the control, with the differences on days 4 and 6 reaching a signifi-
cant level (p < 0.05).

VcIAA9 expression  in  the  control  rose  slightly  in  the  first  2  d  of
storage, then declined continuously (Fig. 6b3).  In the MT treatment
group, VcIAA9 expression declined slightly at the onset of shelf  life,
but  rose  gradually  from  day  4  to  6,  reaching  levels  statistically
greater  than  those  in  the  control  (p <  0.01).  The  gene  expression
level  of  the  MT-treated  group  decreased  again,  but  still  showed
significant differences versus the control (p < 0.05).

During  the  shelf  life, VcIAA27 expression  in  both  groups  of  fruits
first  peaked  on  day  4,  followed  by  a  gradual  decline  (Fig.  6b4).  No
significant  difference  occurred  in  gene  expression  levels  through-
out the shelf life, indicating that VcIAA27 expression was not appar-
ently affected by MT treatment.

 

 
Fig.  5  Correlation  analysis  between  ABA,  firmness,  and  cell  wall
metabolic enzymes in blueberries.

 

a

b1 b2 b3

b4 b5 b6

 
Fig. 6  Effects of exogenous MT on (a) endogenous IAA content, and (b1)–(b6) IAA signal transduction genes in blueberry fruit during room temperature
storage. Significant differences among treatments are marked with * (p < 0.05) and ** (p < 0.01).
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Importantly,  the  expression  of  early  auxin  response  genes
VcGH3.1 and VcSAUR was  analyzed.  The  overall  expression  level  of
VcGH3.1 in  the  two  groups  of  fruits  during  shelf  life  displayed  a
progressive  upward  trend  (Fig.  6b5).  Against  the  control,  MT  treat-
ment  significantly  enhanced VcGH3.1 expression,  with  the  excep-
tion of day 8 (p < 0.05). For the VcSAUR gene (Fig. 6b6), both groups
manifested  a  trend  of  a  gradual  rise  followed  by  a  modest  fall  at
the  late  stage  of  shelf  life.  The  highest  expression  levels  were
observed  on  day  6,  with  the  treatment  group  attaining  a  1.38-fold
increase  versus  the  control.  Notably,  significant  differences  in
VcSAUR expression  were  identified  between  the  two  groups  from
day 4 to 8 (p < 0.05). 

Discussion
Postharvest  softening  of  blueberries  is  a  common  physiological

phenomenon and a core challenge that limits the shelf life, commer-
cial value, and storage safety of the fruit. MT, an endogenous signal-
ing  molecule  ubiquitously  distributed  across  the  plant  kingdom,
has  arisen  as  a  prospective  candidate  for  postharvest  preservation
owing  to  its  exceptional  safety  profile,  superior  biocompatibility,
and  potent  regulatory  effects[29].  Research  has  confirmed  that  MT
treatment  is  capable  of  preserving  the  firmness  of  harvested  berry
fruits such as strawberries and raspberries, delaying fruit softening[30].
Liu  et  al.[31] identified  that  MT  is  involved  in  the  postharvest  wax
metabolism of blueberries, slowing down the deterioration of cutic-
ular wax, inhibiting cell wall architecture disassembly, thereby main-
taining the postharvest firmness of blueberries.

The  treatment  effect  was  best  at  100 μM  among  the  three  con-
centration;  thus,  100 μM was adopted for subsequent trials  (Fig.  1).
Pectin dissolution is a major feature of fruit softening, during which
protopectin  is  converted  to  soluble  pectin  and  further  hydrolyzed.
The  dissolution  and  depolymerization  of  cell  wall  polysaccharides
modify  their  composition  and  viscosity,  causing  the  softening  of
fruit[32].  A  100 μM  MT  treatment  can  effectively  suppress  softening
of  blueberry  fruits  and  preserve  fruit  quality.  Pectin,  cellulose,
and  hemicellulose  are  the  core  structural  components  of  fruit  cell
walls.  During storage,  these components progressively degrade via
the  action  of  cell  wall-modifying  enzymes,  compromising  cell  wall
integrity.  Concomitantly,  the  solubilization  of  bound  pectin  into
soluble  forms  further  contributes  to  the  loss  of  fruit  firmness[33].
Experiments  have  found  that  as  the  shelf  life  is  prolonged,  the
protopectin  of  blueberry  fruits  gradually  degrades,  soluble  pectin
increases,  bringing  about  fruit  softening,  which  is  similar  to  the
changes  in  pectin  during  strawberry  softening[34].  MT  treatment
sustained  an  elevated  content  of  insoluble  pectin  over  storage,
whilst soluble pectin levels were lower than the control group, apart
from day 8 (Fig.  2).  MT treatment considerably retarded the solubi-
lization of  pectin  by  preserving insoluble  pectin  levels  and limiting
the formation of soluble pectin, which collectively orchestrated the
maintenance of fruit firmness.  This observation corroborates earlier
research on jujube[10].

The  integrity  of  the  cell  wall  structure  is  essential  for  sustaining
cellular function, and fruit softening after harvest is often attributed
to an array  of  cell  wall-degrading enzymes.  The activities  of  critical
cell  wall-degrading  enzymes  were  significantly  diminished  by  MT
treatment,  including  PG,  Cx, β-Glu,  and β-Gal.  This  result  accords
with  findings  reported in  tomatoes[35] and blueberries[26].  ABA pro-
motes pectin breakdown and contributes to fruit softening in post-
harvest  European  pears  by  upregulating  the  activities  of  PG  and
PL  enzymes,  as  well  as  the  expression  of  genes  linked  to  them[36].
Further  analysis  revealed  that  MT  treatment  also  brought  about  a

significant decrease in the expression of cell wall metabolism genes,
in agreement with previous research by Liu et  al.[31].  This  study did
not measure the endogenous MT content, but previous studies have
shown that exogenous MT can induce the accumulation of endoge-
nous  MT  in  fruits  such  as  broccoli[37] and  bananas[38].  Thus,  exoge-
nous MT may also upregulate the endogenous MT level in blueber-
ries,  thereby  synergistically  regulating  softening  with  ABA.  Soften-
ing of  harvested fruits  triggers  changes  in  cell  wall  structure,  regu-
lated by  various  plant  hormones,  including ABA.  As  Bluecrop blue-
berries are non-climacteric[14,39],  ethylene was not considered a key
regulator, while ABA has been proven to be closely associated with
fruit  softening.  In  addition,  MT  may  partially  delay  fruit  softening
by  regulating  ethylene  metabolism,  which  provides  a  new  entry
point  for  subsequent  research.  Existing  research  has  demonstrated
that  MT  inhibits  postharvest  senescence  and  softening  of  fruits
and vegetables by suppressing ABA accumulation[21,40], which corre-
sponds  to  the  results  in Fig.  4.  Exogenous  MT  treatment  was
observed  to  delay  the  continuous  accumulation  of  ABA  content
during  sample  storage.  Yin  et  al.[41] confirmed  that  PMTR1,  as  a
melatonin  receptor,  affects  ABA  metabolism  by  regulating NCEDs
and CYP707As,  thereby  regulating  Arabidopsis  seed  germination.
Based on this,  we speculate  that  MT in  blueberries  may participate
in  postharvest  softening  regulation  through  a  receptor-mediated
ABA signaling pathway.

The correlation analysis  in Fig.  5 reflects the correlation between
variables,  but combined with previous studies,  we can further infer
the  causal  relationship  whereby  ABA  and  MT  mediate  the  delayed
softening  of  blueberries.  Inhibiting  ABA  synthesis  in  grape  fruits
significantly  weakens  the  promoting  effect  of  MT  on  anthocyanin
accumulation,  indicating  that  ABA  plays  a  mediating  role  in  MT-
induced fruit ripening[42]. It is speculated that MT inhibits ABA accu-
mulation,  so  that  cell  wall  degradation  is  lessened  and  blueberry
softening  is  retarded.  Endogenous  ABA  content  in  fruit  is  closely
linked  to  its  biosynthesis,  degradation,  and  signal  transduction.
Specifically, the ABA biosynthetic pathway in higher plants involves
three  major  enzyme  families:  ZEP,  NCE,  and  AAO,  among  which
NCED is  considered  the  predominant  rate-limiting  enzyme[43].  Our
data  revealed  that  MT  slowed  the  onset  of  fruit  softening  by  curb-
ing  endogenous  ABA  accumulation  in  blueberries.  MT  treatment
suppressed the increase in endogenous ABA content in postharvest
fruits,  downregulated  the  expression  of  ABA  biosynthesis  genes
VcNCED1, VcNCED6, VcZEP1,  and VcAAO3,  and  reduced  the  expres-
sion of ABA-degrading gene VcCYP707A.  Dai  et al.[44] demonstrated
that anthocyanin treatment suppresses ABA biosynthesis by down-
regulating VcNCED1 expression,  thereby  retarding  senescence  and
softening  in  blueberries.  Core  elements  of  the  ABA  signal  trans-
duction  pathway  comprise  the  PYR/PYL  receptors, PP2C phos-
phatases, SnRK2 kinases, ABF transcription factors[45−48].  MT inhibits
the  postharvest  senescence  process  of  leaves  by  downregulating
the  expression  of  ABFs  in  cabbage  hearts,  thereby  blocking  their
ABA biosynthesis[21].  The same results were obtained in this experi-
ment,  where  MT treatment  substantially  dampened the expression
levels of VcABF, VcABI5, VcPYL, and VcSnRK2 genes in the ABA signal
transduction  pathway. PP2Cs act  as  core  negative  regulators  that
repress  ABA  signaling.  Studies  have  shown  that  MT  treatment
markedly  decreases  ABA  content  and  increases  PP2C  expression,
indicating that ABA signal transduction mediates MT’s inhibition of
postharvest  senescence  in  litchi[49].  MT  treatment  boosted  the
expression level of the VcPP2C gene during the postharvest shelf life
in  blueberry  fruits,  indicating that  MT inhibits  ABA signal  transduc-
tion  by  activating VcPP2C transcription.  Li  et  al.[50] showed  that
tomato SlPP2C2 interacts  with  IAA  synthase  FZY  and  IAA  signaling
protein SAUR,  and  that  IAA  treatment  induces SlPP2C2 expression.
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Modulating SlPP2C2 levels  bidirectionally  alters  endogenous  IAA
content.  We  therefore  speculate  that  MT-activated  IAA  signaling
may  suppress  ABA  accumulation  by  regulating  negative  regulators
such  as VcPP2C.  The ABI5-like  transcription  factor  in  bananas  can
directly  bind  to  the  promoter  of  cell  wall  degradation  genes  and
activate  transcription.  The  interaction  between  EBF1  protein  and
ABI5-like further enhances gene expression, thereby promoting the
ripening and softening of banana fruits[51]. Xiang et al.[52] confirmed
in  Arabidopsis  seeds  that ABI5 can  directly  regulate  the  transcrip-
tion of and inhibit the cell wall modification gene PME31, and partic-
ipate  in  ABA-mediated  seed  germination  by  regulating  pectin
metabolism,  indicating  that ABI5 can  directly  target  and  regulate
cell  wall-related  genes.  This  study  confirmed  the  close  association
between VcABF/VcABI5 and cell wall degradation-related genes from
the perspectives of physiological phenotypes, gene expression, and
cell  wall  degradation enzyme activity,  thereby proposing this regu-
latory  mechanism  and  constructing  a  molecular  interaction  model
diagram.

Involved  in  numerous  physiological  processes  in  fruits,  IAA  is  an
important  plant  hormone.  The relationship network between plant
hormones in fruits is vast and complex, and studies have shown that
IAA  may  regulate  endogenous  ABA  content  through  signal  trans-
duction  pathways[19].  MT  maintains  cherry  tomato  quality  by  regu-
lating ABA synthesis and degradation genes, reducing ABA content,
upregulating SlYUCCA,  and  increasing  IAA  levels[22].  During  banana
fruit  ripening,  ABA promotes fruit  softening,  while IAA inhibits fruit
softening[23]. In grapes, MT regulates ABA and IAA through the H2O2

signaling pathway[24]. Based on this, this study explores whether MT
can regulate ABA accumulation in blueberries by affecting IAA con-
tent. The study found that the IAA content in blueberries decreased
continuously after harvesting, while exogenous MT treatment inhib-
ited the decrease in IAA content and maintained IAA levels (Fig.  6).
The  changes  in  IAA  levels  are  tightly  linked  to  downstream  trans-
duction  of  IAA  signaling.  Therefore,  we  determined  the  IAA  signal-
ing-related genes (VcTIR1, VcARF1, VcIAA9, VcGH3.1,  and VcSAUR).  In
strawberries, AUXIN RESPONSE FACTOR 2 (FaARF2) can directly bind
to the promoter of the key ABA synthesis gene FaNCED1 and inhibit
its  transcriptional  activity,  thereby reducing ABA levels  and inhibit-
ing  receptacle  maturation.  It  is  speculated  that  the  IAA  signal  acti-
vated by MT in blueberries may inhibit ABA accumulation through a
similar mechanism, which is worth further exploration[53]. Our results
confirm  that  blueberry  fruits  treated  with  100 µM  MT  exhibit
elevated  IAA  content  as  storage  proceeds.  The  expression  of  IAA
signaling  genes  was  upregulated  by  MT  treatment,  indicating  that
MT  enhances  IAA  signaling  in  blueberry  fruits  by  activating  these
pathways, sharing an analogy with the observations of Li et al.[54].

The critical role of MT treatment on ABA and IAA signaling in fruit
ripening  suggests  that  there  may  be  an  interaction  between  these

pathways. Figure  7 depicts  the  effects  of  exogenous  MT  treatment
on  ABA  biosynthesis,  degradation,  signal  transduction,  and  IAA
signal  transduction  levels.  The  results  indicate  that  MT  treatment
can suppress ABA accumulation and delay blueberry softening, and
MT may inhibit the increase in ABA content by regulating IAA levels.
Nonetheless,  the  complex  mechanism  of  the  interaction  between
IAA  and  ABA  signal  transduction  during  blueberry  ripening  needs
further investigation. 

Conclusions
In  summary,  research has  found that  treatment  with  100 μM MT

can  maintain  the  original  pectin  content  of  blueberry  fruit,  inhibit
the increase of soluble pectin, and regulate the expression of genes
related to cell wall metabolism; Simultaneously regulate ABA metab-
olism and signal transduction related genes (upregulate VcCYP707A,
VcPP2C,  inhibit  synthesis  genes  such as VcNCED1,  and signal  genes
such as VcABF), slow down the decrease in endogenous IAA content,
and  upregulate  signaling  pathway  related  genes.  Postharvest  MT
treatment  inhibits  the  increase  of  ABA  content  by  regulating  ABA
synthesis,  degradation,  and  signal  transduction,  while  maintain-
ing  its  level  by  regulating  IAA  signal  transduction  and  inhibiting
endogenous ABA accumulation,  thereby delaying postharvest  soft-
ening  of  blueberries.  This  study  explored  the  mechanism  of  blue-
berry shelf life softening at room temperature from the perspective
of  inhibiting  ABA  accumulation,  providing  a  theoretical  basis  for
exogenous MT to inhibit blueberry softening. 
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Fig. 7  Interaction between exogenous MT and abscisic acid.

MT delays blueberry softening via IAA and ABA  

Wang et al. Plant Hormones 2026, 2: e014   Page 9 of 11



References 

 Chen  H,  Cao  S,  Fang  X,  Mu  H,  Yang  H,  et  al. 2015. Changes  in  fruit
firmness,  cell  wall  composition  and  cell  wall  degrading  enzymes
in  postharvest  blueberries  during  storage. Scientia  Horticulturae
188:44−48

[1]

 Sivapragasam  N,  Neelakandan  N,  Vasantha  Rupasinghe  HP. 2023.
Potential  health  benefits  of  fermented  blueberry:  a  review  of  current
scientific evidence. Trends in Food Science & Technology 132:103−120

[2]

 Liu B, Wang K, Shu X, Liang J, Fan X, et al. 2019. Changes in fruit firm-
ness, quality traits and cell wall constituents of two highbush blueber-
ries (Vaccinium corymbosum L.) during postharvest cold storage. Scien-
tia Horticulturae 246:557−562

[3]

 Cao  S,  Qiao  L,  Wang  X,  Huang  T,  Wu  C,  et  al. 2025. Discussion  on
postharvest  quality,  strategies  of  storage  and  transportation  tech-
niques of blueberries: a comprehensive review. Food Quality and Safety
9:fyaf038

[4]

 Giongo  L,  Ajelli  M,  Pottorff  M,  Perkins-Veazie  P,  Iorizzo  M. 2022.
Comparative  multi-parameters  approach  to  dissect  texture  subcom-
ponents  of  highbush  blueberry  cultivars  at  harvest  and  postharvest.
Postharvest Biology and Technology 183:111696

[5]

 Zhang C,  Cheng JH. 2024. Assessing the effect  of  cold  plasma on the
softening of postharvest blueberries through reactive oxygen species
metabolism using transcriptomic analysis. Foods 13:1132

[6]

 Wang C, Gao Y, Tao Y, Wu X, Cui Z. 2017. Influence of γ-irradiation on
the reactive-oxygen metabolism of blueberry fruit during cold storage.
Innovative Food Science & Emerging Technologies 41:397−403

[7]

 Ding J, Liu C, Huang P, Li H, Liu Y, et al. 2024. Effects of konjac glucan-
nan/low-acyl  gellan  edible  coatings  loaded  thymol-β-cyclodextrin
microcapsules on postharvest blueberry. Food Chemistry 430:137080

[8]

 Sun Q, Zhang N, Wang J,  Cao Y, Li X, et al. 2016. A label-free differen-
tial  proteomics analysis  reveals  the effect  of  melatonin on promoting
fruit  ripening  and  anthocyanin  accumulation  upon  postharvest  in
tomato. Journal of Pineal Research 61:138−153

[9]

 Tang Q, Li C, Ge Y, Li X, Cheng Y, et al. 2020. Exogenous application of
melatonin  maintains  storage  quality  of  jujubes  by  enhancing  anti-
oxidative  ability  and  suppressing  the  activity  of  cell  wall-degrading
enzymes. LWT 127:109431

[10]

 Liu  S,  Huang  H,  Huber  DJ,  Pan  Y,  Shi  X,  et  al. 2020. Delay  of  ripening
and  softening  in  'Guifei'  mango  fruit  by  postharvest  application  of
melatonin. Postharvest Biology and Technology 163:111136

[11]

 Zhang W, Cao J, Fan X, Jiang W. 2020. Applications of nitric oxide and
melatonin in improving postharvest fruit quality and the separate and
crosstalk  biochemical  mechanisms  [Review]. Trends  in  Food  Science  &
Technology 99:531−541

[12]

 Shang F,  Liu R,  Wu W, Han Y,  Fang X,  et al. 2021. Effects of melatonin
on  the  components,  quality  and  antioxidant  activities  of  blueberry
fruits. LWT 147:111582

[13]

 Zhou Q, Zhang F, Ji S, Dai H, Zhou X, et al. 2021. Abscisic acid acceler-
ates  postharvest  blueberry  fruit  softening  by  promoting  cell  wall
metabolism. Scientia Horticulturae 288:110325

[14]

 Kavi  Kishor  PB,  Tiozon  RN,  Fernie  AR,  Sreenivasulu  N. 2022. Abscisic
acid and its role in the modulation of plant growth, development, and
yield stability. Trends in Plant Science 27:1283−1295

[15]

 Leng P, Yuan B, Guo Y. 2014. The role of abscisic acid in fruit ripening
and  responses  to  abiotic  stress. Journal  of  Experimental  Botany
65:4577−4588

[16]

 Oh  HD,  Yu  DJ,  Chung  SW,  Chea  S,  Lee  HJ. 2018. Abscisic  acid  stimu-
lates  anthocyanin  accumulation  in  'Jersey'  highbush  blueberry  fruits
during ripening. Food Chemistry 244:403−407

[17]

 Sharma A,  Gupta  A,  Ramakrishnan M,  Van Ha C,  Zheng B,  et  al. 2023.
Roles of abscisic acid and auxin in plants during drought: a molecular
point of view. Plant Physiology and Biochemistry 204:108129

[18]

 Jia  H,  Xie  Z,  Wang  C,  Shangguan  L,  Qian  N,  et  al. 2017. Abscisic  acid,
sucrose, and auxin coordinately regulate berry ripening process of the
Fujiminori grape. Functional & Integrative Genomics 17:441−457

[19]

 Zhai Z, Xiao Y, Wang Y, Sun Y, Peng X, et al. 2022. Abscisic acid-respon-
sive  transcription  factors  PavDof2/6/15  mediate  fruit  softening  in
sweet cherry. Plant Physiology 190:2501−2518

[20]

 Tan XL, Fan ZQ, Kuang JF, Lu WJ, Reiter RJ, et al. 2019. Melatonin delays
leaf  senescence  of  Chinese  flowering  cabbage  by  suppressing  ABFs-
mediated abscisic acid biosynthesis and chlorophyll degradation. Jour-
nal of Pineal Research 67:e12570

[21]

 Zhang H,  Wang Y,  Cheng J,  Lei  W, Xu K,  et  al. 2025. Exogenous mela-
tonin  regulates  hormone  metabolism  involved  in  delaying  the  ripen-
ing process  in  cherry  tomato fruit  during storage. Postharvest  Biology
and Technology 230:113805

[22]

 Lohani  S,  Trivedi  PK,  Nath  P. 2004. Changes  in  activities  of  cell  wall
hydrolases  during  ethylene-induced  ripening  in  banana:  effect  of  1-
MCP, ABA and IAA. Postharvest Biology and Technology 31:119−126

[23]

 Liu C, Wang X, Yang W, Ouyang Z, Chen A, et al. 2025. Melatonin allevi-
ates salt stress partially through the VvRBOHA-dependent H2O2 signal-
ing pathway in grapes. Scientia Horticulturae 353:114507

[24]

 Sun  H,  Hao  D,  Tian  Y,  Huang,  Y,  Wang  Y,  et  al. 2022. Effect  of
chitosan/thyme oil coating and UV-C on the softening and ripening of
postharvest blueberry fruits. Foods 11:2795

[25]

 Chen  Y,  Hung  YC,  Chen  M,  Lin  H. 2017. Effects  of  acidic  electrolyzed
oxidizing  water  on  retarding  cell  wall  degradation  and  delaying  soft-
ening of blueberries during postharvest storage. LWT 84:650−657

[26]

 Song X,  Dai  H,  Wang S,  Ji  S,  Zhou X,  et  al. 2022. Putrescine treatment
delayed the softening of postharvest blueberry fruit  by inhibiting the
expression  of  cell  wall  metabolism  key  gene VcPG1. Plants-Basel
11:1356

[27]

 Li,  S,  Cheng Y, Yan R, Liu Y,  Huan C, et al. 2022. Preharvest spray with
melatonin  improves  postharvest  disease  resistance  in  cherry  tomato
fruit. Postharvest Biology and Technology 193:112055

[28]

 Magri A, Petriccione M. 2022. Melatonin treatment reduces qualitative
decay  and  improves  antioxidant  system  in  highbush  blueberry  fruit
during  cold  storage. Journal  of  the  Science  of  Food  and  Agriculture
102:4229−4237

[29]

 Arabia A, Muñoz P, Munné-Bosch S. 2025. Fruit-specific effects of tryp-
tophan and melatonin as active components to extend the functional-
ity  of  red  fruits  during  post-harvest  processing. Food  Chemistry
463:141487

[30]

 Liu  R,  Shang  F,  Niu  B,  Wu  W,  Han  Y,  et  al. 2023. Melatonin  treatment
delays  the  softening  of  blueberry  fruit  by  modulating  cuticular  wax
metabolism and reducing cell wall degradation. Food Research Interna-
tional 173:113357

[31]

 Chen C, Huang Q, Peng X, Wan C, Zeng J, et al. 2023. Alleviatory effects
of salicylic acid on postharvest softening and cell  wall  degradation of
'Jinshayou' pummelo (Citrus maxima Merr.): a comparative physiologi-
cal and transcriptomic analysis. Food Chemistry 424:136428

[32]

 Van  Buggenhout  S,  Sila  DN,  Duvetter  T,  Van  Loey  A,  Hendrickx  M.
2009. Pectins in processed fruits and vegetables: part III—texture engi-
neering. Comprehensive  Reviews  in  Food  Science  and  Food  Safety
8:105−117

[33]

 Paniagua  C,  Blanco-Portales  R,  Barceló-Muñoz  M,  García-Gago  JA,
Waldron KW, et al. 2016. Antisense down-regulation of the strawberry
β-galactosidase  gene FaβGal4 increases  cell  wall  galactose  levels  and
reduces fruit softening. Journal of Experimental Botany 67:619−631

[34]

 Eda  M,  Matsumoto  T,  Ishimaru  M,  Tada  T. 2016. Structural  and  func-
tional  analysis  of  tomato β-galactosidase  4:  insight  into  the  substrate
specificity  of  the  fruit  softening-related  enzyme. The  Plant  Journal
86:300−307

[35]

 Xu X, Zhu X, Jiang F, Li Q, Zhang A, et al. 2024. Mechanism of abscisic
acid in promoting softening of postharvest 'Docteur Jules Guyot' pear
(Pyrus communis L.). Frontiers in Plant Science 15:1502623

[36]

 Wang Y, Cheng J, Lei W, Shen S, Liu Y, et al. 2026. Transcriptomic and
metabolomic  analysis  reveals  melatonin  treatment  in  delaying
postharvest  yellowing  in  broccoli  through  ABA-pigment  metabolism
network. Postharvest Biology and Technology 237:114308

[37]

 Cheng C, Liu J, Qu P, Tong Z, Zhang Y. 2023. Molecular and functional
insights  into MaTDC and MaASMT genes  associated  with  melatonin
biosynthesis  and  low  temperature  stress  in  banana. Scientia  Horticul-
turae 318:112090

[38]

 Zhang F. 2020. Effect and mechanism of abscisic acid on postharvest soft-
ening of blueberry fruit. Thesis. Shenyang Agricultural University, China.
pp. 1−74 (in Chinese) doi: 10.27327/d.cnki.gshnu.2020.000458

[39]

  MT delays blueberry softening via IAA and ABA

Page 10 of 11   Wang et al. Plant Hormones 2026, 2: e014

https://doi.org/10.1016/j.scienta.2015.03.018
https://doi.org/10.1016/j.tifs.2023.01.002
https://doi.org/10.1016/j.scienta.2018.11.042
https://doi.org/10.1016/j.scienta.2018.11.042
https://doi.org/10.1093/fqsafe/fyaf038
https://doi.org/10.1016/j.postharvbio.2021.111696
https://doi.org/10.3390/foods13071132
https://doi.org/10.1016/j.ifset.2017.04.007
https://doi.org/10.1016/j.foodchem.2023.137080
https://doi.org/10.1111/jpi.12315
https://doi.org/10.1016/j.lwt.2020.109431
https://doi.org/10.1016/j.postharvbio.2020.111136
https://doi.org/10.1016/j.tifs.2020.03.024
https://doi.org/10.1016/j.tifs.2020.03.024
https://doi.org/10.1016/j.lwt.2021.111582
https://doi.org/10.1016/j.scienta.2021.110325
https://doi.org/10.1016/j.tplants.2022.08.013
https://doi.org/10.1093/jxb/eru204
https://doi.org/10.1016/j.foodchem.2017.10.051
https://doi.org/10.1016/j.plaphy.2023.108129
https://doi.org/10.1007/s10142-017-0546-z
https://doi.org/10.1093/plphys/kiac440
https://doi.org/10.1111/jpi.12570
https://doi.org/10.1111/jpi.12570
https://doi.org/10.1016/j.postharvbio.2025.113805
https://doi.org/10.1016/j.postharvbio.2025.113805
https://doi.org/10.1016/j.postharvbio.2003.08.001
https://doi.org/10.1016/j.scienta.2025.114507
https://doi.org/10.3390/foods11182795
https://doi.org/10.1016/j.lwt.2017.06.011
https://doi.org/10.3390/plants11101356
https://doi.org/10.3390/plants11101356
https://doi.org/10.3390/plants11101356
https://doi.org/10.1016/j.postharvbio.2022.112055
https://doi.org/10.1002/jsfa.11774
https://doi.org/10.1016/j.foodchem.2024.141487
https://doi.org/10.1016/j.foodres.2023.113357
https://doi.org/10.1016/j.foodres.2023.113357
https://doi.org/10.1016/j.foodres.2023.113357
https://doi.org/10.1016/j.foodchem.2023.136428
https://doi.org/10.1111/j.1541-4337.2009.00072.x
https://doi.org/10.1093/jxb/erv462
https://doi.org/10.1111/tpj.13160
https://doi.org/10.3389/fpls.2024.1502623
https://doi.org/10.1016/j.postharvbio.2026.114308
https://doi.org/10.1016/j.scienta.2023.112090
https://doi.org/10.1016/j.scienta.2023.112090
https://doi.org/10.1016/j.scienta.2023.112090
https://doi.org/10.27327/d.cnki.gshnu.2020.000458


 Shi  L,  Chen  Y,  Dong  W,  Li  S,  Chen  W,  et  al. 2024. Melatonin  delayed
senescence by modulating the contents of plant signalling molecules
in postharvest okras. Frontiers in Plant Science 15:1304913

[40]

 Yin X, Bai YL, Gong C, Song W, Wu Y, et al. 2022. The phytomelatonin
receptor  PMTR1  regulates  seed  development  and  germination  by
modulating  abscisic  acid  homeostasis  in Arabidopsis  thaliana. Journal
of Pineal Research 72:e12797

[41]

 Xu L,  Yue Q,  Xiang G,  Bian F,  Yao Y. 2018. Melatonin promotes ripen-
ing of grape berry via increasing the levels of ABA, H2O2,  and particu-
larly ethylene. Horticulture Research 5:41

[42]

 Nambara  E,  Marion-Poll  A. 2005. Abscisic  acid  biosynthesis  and
catabolism. Annual Review of Plant Biology 56:165−185

[43]

 Dai  H,  Li  B,  Song  Z,  Tian  J,  Wei  B,  et  al. 2024. Anthocyanin  treatment
delays the senescence of blueberry fruit by regulating abscisic acid and
anthocyanin synthesis processes. Food Quality and Safety 8:fyad053

[44]

 Fujita  Y,  Nakashima  K,  Yoshida  T,  Katagiri  T,  Kidokoro  S,  et  al. 2009.
Three  SnRK2  protein  kinases  are  the  main  positive  regulators  of
abscisic acid signaling in response to water stress in Arabidopsis. Plant
and Cell Physiology 50:2123−2132

[45]

 Park  SY,  Fung P,  Nishimura N,  Jensen DR,  Fujii  H,  et  al. 2009. Abscisic
acid  inhibits  type  2C  protein  phosphatases  via  the  PYR/PYL  family  of
START proteins. Science 324:1068−1071

[46]

 Umezawa  T,  Sugiyama  N,  Mizoguchi  M,  Hayashi  S,  Myouga  F,  et  al.
2009. Type  2C  protein  phosphatases  directly  regulate  abscisic  acid-
activated  protein  kinases  in  Arabidopsis. Proceedings  of  the  National
Academy of Sciences of the United States of America 106:17588−17593

[47]

 Melcher  K,  Ng  LM,  Zhou  XE,  Soon  FF,  Xu  Y,  et  al. 2009. A
gate–latch–lock  mechanism  for  hormone  signalling  by  abscisic  acid
receptors. Nature 462:602−608

[48]

 Zhang  Z,  Liu  J,  Huber  DJ,  Qu  H,  Yun  Z,  et  al. 2021. Transcriptome,
degradome  and  physiological  analysis  provide  new  insights  into  the
mechanism of inhibition of litchi fruit senescence by melatonin. Plant
Science 308:110926

[49]

 Li  Q,  Wang J,  Yin Z,  Pan Y,  Mao W,  et  al. 2024. SlPP2C2 interacts  with
FZY/SAUR  and  regulates  tomato  development  via  signaling  crosstalk
of ABA and auxin. The Plant Journal 119:1073−1090

[50]

 Song Z, Lai X, Yao Y, Qin J, Ding X, et al. 2022. F-box protein EBF1 and
transcription  factor  ABI5-like  regulate  banana  fruit  chilling-induced
ripening disorder. Plant Physiology 188:1312−1334

[51]

 Xiang Y,  Zhao C,  Li  Q,  Niu Y,  Pan Y,  et  al. 2024. Pectin methylesterase
31  is  transcriptionally  repressed  by  ABI5  to  negatively  regulate  ABA-
mediated  inhibition  of  seed  germination. Frontiers  in  Plant  Science
15:1336689

[52]

 Li  BJ,  Shi  YN,  Xiao  YN,  Jia  HR,  Yang  XF,  et  al. 2024. AUXIN  RESPONSE
FACTOR  2  mediates  repression  of  strawberry  receptacle  ripening  via
auxin-ABA interplay. Plant Physiology 196:2638−2653

[53]

 Li T, Wu Q, Zhu H, Zhou Y, Jiang Y, et al. 2019. Comparative transcrip-
tomic and metabolic analysis reveals the effect of melatonin on delay-
ing  anthracnose  incidence  upon  postharvest  banana  fruit  peel. BMC
Plant Biology 19:289

[54]

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/.

MT delays blueberry softening via IAA and ABA  

Wang et al. Plant Hormones 2026, 2: e014   Page 11 of 11

https://doi.org/10.3389/fpls.2024.1304913
https://doi.org/10.1111/jpi.12797
https://doi.org/10.1111/jpi.12797
https://doi.org/10.1038/s41438-018-0045-y
https://doi.org/10.1146/annurev.arplant.56.032604.144046
https://doi.org/10.1093/fqsafe/fyad053
https://doi.org/10.1093/pcp/pcp147
https://doi.org/10.1093/pcp/pcp147
https://doi.org/10.1126/science.1173041
https://doi.org/10.1073/pnas.0907095106
https://doi.org/10.1073/pnas.0907095106
https://doi.org/10.1038/nature08613
https://doi.org/10.1016/j.plantsci.2021.110926
https://doi.org/10.1016/j.plantsci.2021.110926
https://doi.org/10.1111/tpj.16818
https://doi.org/10.1093/plphys/kiab532
https://doi.org/10.3389/fpls.2024.1336689
https://doi.org/10.1093/plphys/kiae510
https://doi.org/10.1186/s12870-019-1855-2
https://doi.org/10.1186/s12870-019-1855-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Sample handling
	Measurement of firmness
	Pectin content
	Cell wall-degrading enzyme activity
	Endogenous ABA and IAA contents
	Extraction of RNA, synthesis of cDNA, and analysis of RT qPCR
	Experimental design and statistical methods

	Results
	Effects of different concentrations of exogenous MT on the firmness of blueberries
	Effects of exogenous MT on pectin content of blueberries
	Effects of exogenous MT on cell wall metabolism-related enzyme activities and gene expression in blueberries
	Effects of exogenous MT on the endogenous ABA content of blueberries
	Correlation analysis between endogenous ABA content, firmness, and cell wall metabolism-related enzymes
	Effects of exogenous MT on gene expression related to ABA biosynthesis, degradation, and signal transduction in blueberries
	Effects of exogenous MT on endogenous IAA content of blueberries
	Effects of exogenous MT on IAA signal transduction-related gene expression in blueberries

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	References

