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Abstract
At present, the research on the quality of Wucai (Brassica campestris L. ssp. chinensis var. rosularis Tsen et Lee.) is still in its infancy. The content and type of

amino acids play a pivotal role in determining the quality of Wucai. This study employed widely targeted metabolomics technology to examine the changes

in metabolites associated with the quality transformation of Wucai, identifying amino acids as prominent differentially accumulated metabolites during this

process. Electronic tongue analysis revealed that the primary taste attributes of Wucai before and after quality transformation are saltiness, astringency, and

umami. To elucidate the relationship between amino acid composition and taste, we analyzed the correlation between electronic tongue response values

and  the  reaction  intensity  data  of  flavor  amino  acids.  The  results  showed  that  the  absolute  value  of  the  correlation  coefficient  was  highest  between  L-

cysteine and umami, as well as between astringency and L-aspartic acid. Moreover, the values for L-phenylalanine, L-tyrosine, and γ-aminobutyric acid with

saltiness  were  identical  and  surpassed  those  for  all  other  amino  acids.  Transcriptomic  analysis  further  revealed  that BcACS6 was  significantly  positively

correlated with changes in amino acid content, and its overexpression in Arabidopsis significantly increased the content of five amino acids associated with

the primary taste attributes of Wucai, before and after its quality transformation. Additionally, BcCOR413PM1, BcBcDnaJ, and BcPCR8 were found to interact

with BcACS6, suggesting that BcACS6 may be involved in protein synthesis and degradation during low-temperature acclimation, thereby regulating amino

acid content and influencing flavor development in Wucai.
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Introduction

Wucai  (Brassica  campestris L.  ssp. chinensis var. rosularis Tsen  et
Lee),  a  biennial  plant  in  the  family  Cruciferae,  is  a  prominent  leafy
vegetable widely consumed during autumn and winter.  It  is  rich in
dietary  fiber,  calcium,  iron,  vitamins,  and  carotenoids,  contributing
to its high nutritional value. At present, with the continuous expan-
sion of the scale of the Wucai industry, the market feedback on the
quality of Wucai is uneven, and the primary demand of the industry
is  no  longer  the  pursuit  of  output,  but  the  focus  is  shifted  to  the
demand  for  quality  control.  Therefore,  based  on  stabilizing  the
planting area and yield of the Wucai, to further improve the compe-
titiveness of the Wucai industry to breed high-quality varieties is an
urgent problem to be solved. Flavor characteristics are critical deter-
minants of vegetable food quality and play a pivotal role in shaping
consumer  preferences[1].  Free  amino  acids  (FAAs)  are  a  kind  of
important  taste  active  compounds,  which  are  categorized  based
on their sensory properties into sweet,  umami, bitter,  and aromatic
amino  acids[2].  Additionally,  FAAs  can  be  classified  into  essential
amino  acids  (EAAs)  and  non-essential  amino  acids  (NEAAs)  depen-
ding  on  whether  they  can  be  synthesized  by  the  human  body[3].
The  content  and  composition  of  FAAs  play  a  pivotal  role  in  deter-
mining  the  overall  taste  and  sensory  attributes  of  various  foods,
making them important indicators of food quality[4].  While L-amino
acids contribute to sweetness or bitterness of fruits and vegetables,
most  D-amino  acids  are  primarily  associated  with  sweetness[5].

Specific FAAs such as L-glutamine and L-asparagine are found to be
negatively  correlated  with  bitterness  in  Brassica  leafy  crops,  while
other  compounds  including  raffinose,  maltose,  and  malic  acid
are  positively  correlated  with  bitterness[6].  Moreover,  in  bamboo
shoots, bitterness is primarily attributed to L-phenylalanine, uridine,
L-amino  acid,  L-tryptophan,  and  adenine,  with  L-phenylalanine
being the major contributor[7].

1-Aminocyclopropane-1-carboxylic  acid  synthase  (ACS)  is  the
rate-limiting  enzyme  in  the  ethylene  biosynthesis  pathway[8].  Ethy-
lene is closely linked to amino acids, many of which serve as impor-
tant  precursors  of  volatiles[9].  Research  has  shown  that  the  umami
amino  acids  in  ethylene-treated  nuts  are  significantly  upregulated
compared  to  untreated  nuts[10].  Additionally,  applying  ethylene  to
soybean leaves increases the levels of both EAAs and NEAAs by five
and  six  times,  respectively[11].  Conversely,  in  a  transgenic  tomato
line  with  antisense  LeACS2,  the  contents  of  various  amino  acids—
including aspartic acid, glutamic acid, serine, glycine, histidine, argi-
nine, proline, valine, methionine, cystine, isoleucine, leucine, pheny-
lalanine, and lysine—are decreased[12].

In this study, we employed metabolomics to analyze the changes
in FAAs before and after the quality transformation of Wucai. More-
over,  electronic  tongue  analysis  was  utilized  to  assess  the  taste
changes  before  and  after  this  transformation,  and  key  FAAs  affec-
ting  the  quality  of  Wucai  were  identified.  A  combined  analysis  of
transcriptomics  and  metabolomics  was  conducted  to  screen  for
genes  potentially  responsible  for  these  changes  in  key  FAAs.  The

ARTICLE
 

© The Author(s)
www.maxapress.com/vegres

www.maxapress.com

mailto:yuanlingyun@ahau.edu.cn
mailto:cgwang@ahau.edu.cn
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
mailto:yuanlingyun@ahau.edu.cn
mailto:cgwang@ahau.edu.cn
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
https://doi.org/10.48130/vegres-0025-0003
http://www.maxapress.com/vegres
http://www.maxapress.com


functions  of  these  key  genes  were  then  verified,  and  interacting
proteins  were  screened  using  a  yeast  two-hybrid  (Y2H)  library  and
verified  through  bimolecular  fluorescence  complementation  (BiFC)
assays. 

Materials and methods
 

Plant materials
The plant material used in this experiment was the Wucai cultivar

'W16-19-5', obtained by the vegetable genetic breeding team at the
College  of  Horticulture,  Anhui  Agricultural  University,  China.  Wucai
seedlings  were  initially  cultured  in  plug  trays  until  they  developed
6–7  true  leaves,  after  which  they  were  transplanted  into  nutrient
bowls.  The  transplanted  seedlings  were  placed  in  an  artificial  cli-
mate growth chamber under controlled temperature conditions for
room-temperature treatment: 25 ± 1 °C during the day and 15 ± 1 °C
during the night, which was recorded as 0 days after planting (DAP).
At  28  DAP,  the  temperature  was  adjusted  to  10  °C  during  the  day
and  4  °C  during  the  night  to  simulate  a  cooler  environment.
Throughout the growth period, the light intensity was maintained at
16,680  lx.  The  photoperiod  was  set  to  16  h/8  h  (day/night),  with  a
relative humidity  of  70%.  For  sampling,  fresh leaves from the inner
to  outer  layers,  specifically  those  with  4–5  leaves,  were  selected  as
molecular  and  physiological  samples,  with  veins  and  leaf  margins
removed.  The first  sampling occurred at  28 DAP,  followed by addi-
tional  samplings  every  6  d  until  58  DAP.  Molecular  samples  were
collected  more  frequently,  every  3  d.  Fresh  leaves  were  dried  for
24  h.  The  dried  leaves  were  ground  into  a  fine  powder  and  stored
in  dry  centrifuge  tubes.  Three  biological  replicates  were  used  for
the  determination  of  physiological  and  biochemical  indices.  Fresh
samples were stored in a −80 °C refrigerator. 

Metabolomic analysis
The  extraction,  detection,  and  quantitative  analysis  of  metabo-

lites in the samples were conducted by Shanghai  Lu-Ming Biotech-
nology  Co.,  Ltd.  (Shanghai,  China)  (www.lumingbio.com).  For  the
analysis,  80  mg  freeze-dried  sample  was  weighed  and  combined
with  20 μL  of  an  internal  standard  (2-chloro-l-phenylalanine,
0.3 mg/mL in methanol) and 1 mL of methanol solution (methanol :
water = 7:3, v/v).  The mixture is pre-cooled at −20 °C for 2 min and
ground at 60 Hz grinding 2 min, ice water bath ultrasonic extraction
30  min, −20  °C  overnight;  after  centrifugation  at  13,000  r/min  for
10  min  at  4  °C,  150 μL  of  the  supernatant  was  taken  and  filtered,
which was transferred to a liquid chromatography injection vial and
stored at −80 °C. The sample extract was filtered and analyzed using
liquid  chromatography-tandem  mass  spectrometry  (LC-MS/MS),
UPLC  (Waters,  Milford,  USA)  combined  with  VION  IMS  QTOF  mass
spectrometer  (Waters,  Milford,  USA)  was  used  for  analysis.  For  the
gas chromatography-tandem mass spectrometry (GC-MS/MS) analy-
sis, 60 mg fresh leaves were weighed and added with 40 μL internal
standard  (the  same  as  LC-MS/MS).  The  mixture  was  ground  and
ultrasonically  treated  for  30  min.  Subsequently,  200 μL  chloroform
and 400 μL water were added for vortex extraction. Transfer 200 μL
of  the  supernatant  to  a  glass  sampling  bottle  for  vacuum  drying.
Then 80 μL 15 mg/mL methoxyamine was added and incubated at
37 °C for 90 min. Following incubation, 80 μL N,O-bis(trimethylsilyl)-
trifluoroacetamide  [BSTFA;  containing  1%  trimethylchlorosilane
(TMCS)]  and  20 μL  n-hexane  were  added,  vortexed  violently  for
2  min,  and  derivatized  at  70  °C  for  60  min.  The  samples  were  then
allowed to stand at room temperature for 30 min, and then analyzed
on  7890B  gas  chromatography  system  (Agilent  Technologies,  CA,
USA).

Unsupervised  principal  component  analysis  (PCA)  and  orthogo-
nal  partial  least  squares-discriminant  analysis  (OPLS-DA)  were

employed  to  observe  changes  in  metabolites  between  samples.
According  to  the  OPLS-DA  model,  a  variable  importance  in  projec-
tion (VIP) score greater than 1 indicates a significant contribution to
group differences. Metabolites with a VIP score greater than 1 and a
p-value  less  than  0.05  were  considered  differentially  accumulated
metabolites (DAMs). 

Transcriptome analysis
Total RNA was extracted from Wucai leaves collected at 34 and 46

DAP,  using  the  mirVana  miRNA  Isolation  Kit  (Ambion,  TX,  USA),
following  the  manufacturer's  instructions.  Three  biological  repli-
cates  were  processed  for  each  time  point.  According  to  the  manu-
facturer's instructions, the library was constructed using the TruSeq
Stranded mRNA LT sample preparation kit (Illumina, San Diego, CA,
USA).  Six  complementary  DNA  (cDNA)  libraries  were  then  sequen-
ced on the Illumina sequencing platform. The raw sequencing reads
were processed using Trimmomatic[13] to remove low-quality reads
to obtain clean readings for subsequent analysis. These clean reads
were then aligned to the Chinese cabbage (Brassica rapa) reference
genome  using  HISAT2[14].  Gene  expression  levels  were  quantified
using Cufflinks  and HTSeqcount[15] as  per  thousand base transcript
fragments  (  FPKM  )  and  per  100  base  transcript  read  counts.  The
DESeq  (2012)  function  was  used  to  estimate  the  size  factor  and
binomial test to identify differentially expressed single genes (DEGs),
and q < 0.05 and |log2(fold change)| > 1 was used as the threshold
for  significant  differential  expression.  Based  on  hypergeometric
distribution, KEGG pathway enrichment analysis of DEGs was perfor-
med  using  R  software.  The  FPKM  values  were  utilized  to  generate
heat maps for visualizing gene expression patterns. 

Electronic tongue analysis
The  30  g  sample  was  weighed  and  added  with  150  mL  of  pure

water, ground, and centrifuged at 4,000 rpm for 10 min. The super-
natant  was  then  filtered  through  gauze  to  remove  any  remaining
solid particles. Taste analysis was conducted using the SA402B taste
analysis system (INSENT, Tokyo, Japan),  which employs a wide-area
selective  artificial  lipid  membrane sensor  to  simulate  the taste  per-
ception mechanisms found in living organisms.  The system evalua-
tes five basic  taste attributes—acidity,  astringency,  bitterness,  salti-
ness,  and  umami—by  detecting  changes  in  membrane  potential
induced by electrostatic or hydrophobic interactions between flavor
compounds  and  the  artificial  lipid  membranes[16].  The  testing  pro-
cedure  followed  a  method  similar  to  that  described  in  previous
electronic  tongue  measurements[17].  Each  sample  underwent  four
measurement  cycles,  with  the  first  cycle  being  discarded,  and  the
average of the subsequent three cycles was recorded for analysis.

The output value of the reference solution, which contains potas-
sium  chloride  and  tartaric  acid,  serves  as  the  tasteless  baseline.
Specifically,  the  tasteless  thresholds  for  sourness  and  saltiness  are
defined as less than −13 and less than −6, respectively, while those
for  umami,  bitterness,  astringency,  aftertaste-A,  aftertaste-B,  and
sweetness  are  defined  as  zero  or  negative.  Any  measurements
exceeding  these  tasteless  thresholds  are  considered  valid  flavor
data. 

Determination of ACS enzyme activity
The  enzyme  activity  of  ACS  was  measured  using  an  enzyme-

linked  immunosorbent  assay.  The  assay  was  conducted  following
the  manufacturer's  instructions  provided  with  the  kit  (Jiangsu
Boshen Biotechnology Co. Ltd.). 

Generation of transgenic Arabidopsis plants
The overexpression vectors  for  BcACS6 (1305-BcACS6)  were con-

structed  and  introduced  into  the Agrobacterium  tumefaciens strain
GV3101. Arabidopsis  thaliana plants  were  transformed  using  the
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floral  dip  method.  Seeds  from  putatively  transgenic  plants  were
sown  on  Murashige  and  Skoog  (MS)  medium  supplemented  with
hygromycin to select for successful transformants. The cultivation of
Arabidopsis thaliana in the experiment was carried out in an artificial
climate  chamber,  and  the  cultivation  conditions  were  carried  out
according to the cultivation scheme of Wucai in 2.1. 

Measurement of FAA contents in transgenic plants
To  measure  the  FAA  contents  in  transgenic Arabidopsis  thaliana

leaves,  0.1  g  of  dried  leaf  tissue  was  accurately  weighed and finely
ground  using  a  mortar  to  obtain  a  homogeneous  powder.  The
powder was transferred to a 10 mL centrifuge tube, and 10 mL of 4%
sulfosalicylic  acid  was  added.  The  mixture  was  subjected  to  ultra-
sonic extraction for 30 min, with inversion mixing every 5 min. After
sonication, the samples were allowed to settle for 10 min, and 4 mL
of the supernatant was transferred to a fresh 10 mL centrifuge tube.
The samples were then centrifuged at 12,000 rpm for 30 min. Post-
centrifugation,  the  supernatant  was  carefully  collected  and  filtered
with a 0.22 μm disposable water filter. The filtrate was transferred to
the  sample  bottle  and  analyzed  by  L-8900  automatic  amino  acid
analyzer.  The  amino  acid  components  in  the Arabidopsis  thaliana
leaf  samples  were  quantified  using  the  external  standard  method,
based  on  the  relationship  between  the  mass  concentration  and
peak  area  of  the  amino  acid  standard.  Each  measurement  was
biologically replicated three times. 

Self-activation detection of bait vector
To construct the bait vector, the coding sequence (CDS) of BcACS6

was cloned into the pGBKT7 vector. For the self-activation detection
assay,  the  positive  control  (pGBKT7-53  +  pGADT7-T),  negative
control  (pGADT7-Lam  +  pGADT7-T),  and  self-activation  verification
group  (pGBKT7-BcACS6  +  pGADT7)  were  transformed  into  yeast
cells.  The  transformed  cells  were  dotted  onto  synthetic  dropout
plates  SD/-Trp/-Leu  or  SD/-Trp/-Leu/-His/-Ade  medium  but  supple-
mented with X-α-gal and aureobasidin A (AbA) for the detection of
self-activation. 

Y2H library screening
The  pGBKT7-BcACS6  plasmid  was  co-transformed  with  a  yeast

library  plasmid  into  competent  yeast  cells.  The  transformed  cells
were  plated  on  SD/-Trp/-Leu/X-α-Gal/AbA  medium  to  select  for
successful  transformations.  After  incubation  at  30  °C  for  3–5  d,  the
resulting  monoclonal  colonies  were  streaked  onto  SD/-Trp/-Leu/
-His/-Ade/X-α-Gal/AbA  medium  colonies  that  continued  to  grow
normally  and  exhibited  a  blue  color  were  selected  for  polymerase
chain reaction (PCR) amplification and sequencing. 

Verification of pGBKT7-BcACS6 and its interacting
proteins

To  verify  interactions,  the  CDS  of BcACS6 and  10  potential  inte-
racting  genes  identified  from  the  Y2H  screening  were  cloned  into
either the pGADT7 (bait) or pGBKT7 (prey) vectors. These constructs
were co-transformed into Y2HGold yeast cells. The transformed cells
were then dotted onto SD/-Trp/-Leu/-His/-Ade/X-α-Gal/AbA medium
to assess protein–protein interactions. 

BiFC assay
For  the  BiFC  assay,  the  CDS  of BcACS6, BcCOR413PM1, BcDnaJ,

and BcPCR8 were  cloned  into  the  pSPYNE  vector.  The  pSPYNE
constructs  (pSPYNE-BcACS6)  were  co-expressed  with  their  corre-
sponding  pSPYCE  constructs  (pSPYCE-BcCOR413PM1,  pSPYCE-
BcDnaJ,  and  pSPYCE-BcPCR8)  in Nicotiana  benthamiana leaves
through  Agrobacterium-mediated  transient  transformation.  Agro-
bacterium cultures were grown overnight, and the optical density of
the  bacterial  suspension  was  adjusted  to  0.8–1.0  using  activation

buffer  (2-(N-morpholino)  ethanesulfonic  acid  (MES)  :  MgCl2 =  5:1).
Acetosyringone  (AS)  was  added  to  the  bacterial  suspension  at  a
ratio  of  1,000:1,  and the N.  benthamiana leaves were infiltrated fol-
lowing a 3-h dark incubation at 28 °C. The plants were then kept in
the dark for one day, followed by light culture for approximately two
days.  Fluorescence  signals  were  observed  using  a  confocal  laser
scanning microscope (Leica TCS SP2, Leica, Germany). 

Statistical analysis
Excel  2021  was  used  for  data  statistics,  SPSS  26.0  was  used  for

significant analysis of the data, and the significant level was p < 0.05.
Prism6  was  used  to  draw  the  statistical  data  and  Adobe  Illustrator
2023 was used to beautify and edit the pictures. 

Results
 

Metabolite analysis at 34 and 46 DAP
Building  on  our  previous  findings  regarding  sugar  content

changes during the quality transformation of Wucai,  we conducted
an in-depth analysis of DAMs during this transformation. Our analy-
sis  identified  a  total  of  6,599  metabolites  through  LC-MS/MS  and
379  metabolites  through  GC-MS/MS;  furthermore,  650  and  111
DAMs (p < 0.05 and VIP ≥ 1) were identified through statistical analy-
sis,  respectively  (Supplementary  Fig.  S1).  In  the  LC-MS/MS  analysis,
a total of 385 DAMs were upregulated (log2(FC) > 0), and 265 DAMs
were downregulated (log2(FC)  <  0)  at  46  DAP compared to  that  at
34 DAP (Supplementary Fig. S1a). Subclass classification of these 650
DAMs  (Supplementary  Table  S1)  showed  that  the  most  prevalent
categories  included  'carbohydrates  and  carbohydrate  derivatives',
'amino acids,  polypeptides,  and analogs',  and 'flavonoid glycosides'
(Fig.  1a).  Notably,  55  DAMs  were  identified  in  the  'amino  acids,
polypeptides,  and  analogues'  category,  representing  8.5%  of  the
total  DAMs,  with  34  upregulated  and  21  downregulated  DAMs
(Supplementary  Fig.  S2a).  GC-MS/MS  analysis  revealed  that  43  and
68  DAMs  were  upregulated  and  downregulated  at  46  DAP  com-
pared to that at 34 DAP, respectively (Supplementary Fig. S1b). The
metabolite  classification from GC-MS/MS (Supplementary Table S2)
also highlighted 'amino acids, polypeptides, and analogues', 'carbo-
hydrates and carbohydrate derivatives',  and 'fatty acids and deriva-
tives'  as  the  most  abundant  categories.  Within  the  'amino  acids,
polypeptides,  and  analogues'  category,  26  DAMs  were  identified,
comprising  30.6%  of  the  total  DAMs,  which  is  significantly  higher
than in  other  metabolite  categories  (Fig.  1b).  Of  these,  eight  DAMs
were  upregulated and 18 DAMs were  downregulated (Supplemen-
tary Fig. S2b).

Next,  we  performed  KEGG  enrichment  analysis  on  the  DAMs
identified  by  LC-MS/MS  and  GC-MS/MS.  Among  the  most  promi-
nent  top  20  KEGG  pathways  identified  through  LC-MS/MS,  several
pathways related to amino acid metabolism were significantly enri-
ched.  These  included  arginine  biosynthesis  (brp00220);  alanine,
aspartic acid, and glutamate metabolism (brp00250); glycine, serine,
and  threonine  metabolism  (Brp00260);  arginine  and  proline  meta-
bolism  (brp00330);  and  tyrosine  metabolism  (brp00350)  pathways
(Fig.  1c).  Similarly,  in  the top 20 KEGG pathways identified through
GC-MS/MS,  significantly  represented  amino  acid  metabolism  path-
ways  included  glycine,  serine,  and  threonine  metabolism  (brp00
260);  cysteine  and  methionine  metabolism  (brp00270);  alanine,
aspartic  acid,  and  glutamic  acid  metabolism  (brp00250);  arginine
biosynthesis  (brp00220);  arginine  and  proline  metabolism  (brp00
330);  and  valine,  leucine,  and  isoleucine  biosynthesis  (brp00290)
pathways  (Fig.  1d).  Therefore,  we  believe  that  these  amino  acids
may play an important role in the transformation of the flavor qua-
lity of Wucai. 
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Analysis of amino acid contents at different
developmental stages

To further investigate the effect of amino acids on the leaf quality
of  Wucai,  we  screened  FAAs  with  flavor  characteristics  identified
from  the  DAMs  in  the  'amino  acids,  polypeptides,  and  analogues'
category in the metabolome. Our analysis revealed 15 flavor amino
acids with significant differences between developmental stages: L-
arginine, L-glutamic acid, L-tryptophan, L-glutamine, L-aspartic acid,
glycine,  L-phenylalanine, γ-aminobutyric  acid,  L-valine,  serine,  L-
threonine,  L-cysteine,  L-asparagine,  ornithine,  and  L-tyrosine.  A
significant  accumulation  of  L-cysteine,  L-asparagine,  ornithine,  and
L-tyrosine  was  observed  at  46  DAP  compared  to  that  at  34  DAP.

Conversely,  the  contents  of  L-arginine,  L-glutamic  acid,  L-trypto-
phan,  L-glutamine,  L-aspartic  acid,  glycine,  L-phenylalanine, γ-
aminobutyric  acid,  L-valine,  serine,  and  L-threonine  were  found
to  be  significantly  reduced  (Fig.  1e).  It  can  be  seen  that  there  are
obvious  differences  in  flavor  amino  acids  in  different  stages  of
development. 

Taste patterns of Wucai at different developmental
stages

Leaf  samples  from  six  developmental  stages  of  Wucai  were  ana-
lyzed  using  an  electronic  tongue  to  monitor  taste  patterns  during
quality transformations. The results indicated that the acid response
value  of  Wucai  leaf  samples  across  these  stages  was  consistently

 

a b

c d

e

Fig.  1    Extensive targeted metabolomics analysis  revealing the changes in amino acid contents  before and after  the quality  transformation of  Wucai.
Classification of  subclasses of  differentially  accumulated metabolites (DAMs) in (a)  liquid chromatography-tandem mass spectrometry (LC-MS/MS),  and
(b) gas chromatography-tandem mass spectrometry (GC-MS/MS). Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with
DAMs in (c) LC-MS/MS, and (d) GC-MS/MS. (e) Heat map showing the abundance of flavor amino acids detected in the metabolome.
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lower  than  the  tasteless  baseline  (Supplementary  Table  S3),  sug-
gesting  that  there  was  no  significant  change  in  acidity  during  the
quality  transformation  of  Wucai.  Further  analysis  of  other  taste
attributes  revealed  several  trends.  The  umami  taste  exhibited  a
gradual increase throughout the quality transformation of Wucai. In
contrast,  the  salty  taste  showed  an  overall  significant  decrease,
although there was a notable fluctuation in its response value at 40
DAP.  The  trend  in  astringency  closely  paralleled  that  of  saltiness,
with  a  significant  reduction  during  the  quality  transformation.  Bit-
terness also showed a gradual decline, whereas sweetness increased
progressively  from  28  DAP  to  40  DAP,  followed  by  no  significant
change from 46 DAP to 58 DAP (Fig. 2a).

In the PCA of the electronic tongue response values, the variance
contribution rates for PC1 and PC2 were 84.48% and 11.25%, respec-
tively.  These  high  contribution  rates  demonstrate  that  these  two
principal  components  effectively  represent  and  reflect  the  taste
patterns  during  the  quality  transformation  of  Wucai  (Fig.  2b).  PC1
was  predominantly  influenced  by  saltiness,  sourness,  astringency,
and  umami,  while  PC2  was  mainly  associated  with  sourness  and
saltiness. Given that the sour taste was consistently below the taste-
less  baseline,  the  primary  taste  attributes  that  characterized  the
quality  transformation  of  Wucai  were  saltiness,  astringency,  and
umami  (Supplementary  Table  S4).  The  umami  showed  an  upward
trend, while the salty and astringent showed a downward trend. 

Correlation analysis between taste patterns and
flavor amino acids

To  explore  the  relationship  between  taste  attributes  and  flavor
amino  acids,  we  calculated  the  correlation  between  the  electronic

tongue  response  values  at  34  DAP  and  46  DAP  and  the  reaction
intensity data of flavor amino acids using the Spearman correlation
coefficient method.

The analysis  revealed that  umami  taste  was  positively  correlated
with  L-cysteine  and  negatively  correlated  with  L-arginine.  Astrin-
gency  was  positively  correlated  with  L-phenylalanine,  L-valine,
L-aspartic acid, γ-aminobutyric acid, glycine, serine, L-threonine, and
L-tryptophan, while it was negatively correlated with L-tyrosine and
4-hydroxyproline.  The  salty  taste  was  positively  correlated  with
L-phenylalanine,  L-valine, γ-aminobutyric  acid,  glycine,  serine,  L-
threonine,  and  L-glutamic  acid  and  negatively  correlated  with  L-
tyrosine  and  4-hydroxyproline.  Sweetness  was  found  to  be  nega-
tively  correlated  with  L-glutamic  acid  alone.  Moreover,  bitterness
was  positively  correlated  with  L-threonine  and  negatively  corre-
lated with ornithine, L-cysteine, and L-asparagine (Fig. 2c).

Given that  the primary taste attributes before and after  the qua-
lity transformation of Wucai were saltiness, astringency, and umami,
we further screened the flavor amino acids with the highest correla-
tion  with  these  three  taste  attributes.  The  results  indicated  that  L-
cysteine exhibited the highest  absolute correlation coefficient  with
umami. L-aspartic acid had the highest correlation with astringency,
while L-phenylalanine, L-tyrosine, and γ-aminobutyric acid had iden-
tical  and  higher  correlation  coefficients  with  saltiness  compared  to
those  for  other  amino  acids  (Supplementary  Table  S5).  Therefore,
L-cysteine,  L-aspartic  acid,  L-phenylalanine,  L-tyrosine,  and γ-
aminobutyric acid were selected for further analysis. 
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Fig. 2    Changes in taste attributes before and after the quality transformation of Wucai as determined by electronic tongue analysis.  (a)  Radar plot of
electronic  tongue  analysis  results.  (b)  Principal  component  analysis  plot  of  electronic  tongue  analysis  results.  (c)  Heat  map  showing  the  correlation
between electronic tongue response values and flavor amino acids.
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Transcriptome analysis
To investigate the molecular mechanisms underlying amino acid

changes  associated  with  quality  transformation  in  Wucai,  we  per-
formed RNA-sequencing analysis on samples collected at 34 and 46
DAP.  The  analysis  revealed  a  total  of  4,761  DEGs  at  46  DAP
compared to that at 34 DAP (p < 0.05, log2(FC) > 1). Of these DEGs,
2,371  were  upregulated  and  2,390  were  downregulated.  KEGG
enrichment  analysis  was  further  conducted  to  categorize  these
DEGs, and they were annotated to 18 KEGG pathways. Notably, 104
DEGs  were  associated  with  the  'amino  acid  metabolism'  pathway
(Supplementary Fig.  S3).  Among the pathways enriched with upre-
gulated  DEGs,  'signal  transduction',  'lipid  metabolism',  and  'carbo-
hydrate  metabolism'  were  the  most  abundant  pathways,  with  36
upregulated  DEGs  annotated  under  the  'amino  acid  metabolism'
pathway,  making  it  the  fifth  most  abundant  category  (Fig.  3a).
Conversely,  for  downregulated  DEGs,  the  most  enriched  pathways
were 'translation', 'amino acid metabolism', and 'carbohydrate meta-
bolism', with 68 downregulated DEGs annotated to the 'amino acid
metabolism' pathway (Fig. 3b).

To  identify  the  genes  regulating  L-cysteine,  L-aspartic  acid,  L-
phenylalanine, L-tyrosine, and γ-aminobutyric acid, we screened the
top 500 DEGs with the highest FPKM values from the transcriptome
data.  Using  the  Pearson  correlation  method,  we  calculated  the
correlation between these key amino acids and the DEGs, selecting

those  with  a p-value  <  0.05  for  further  analysis.  This  allowed  us  to
construct  a  correlation  network  between  the  DEGs  and  the  five
amino  acids  (Fig.  3c).  A  total  of  69  DEGs  were  found  to  be  signifi-
cantly  correlated  with  the  key  amino  acids.  Among  these,  seven
genes,  namely BcSAHH2 (adenosine  homocysteine  enzyme  2),
BcACS6 (1-aminocyclopropane-1-carboxylic acid synthase 6), BcCAT2
(catalase 2), BcPAL1 (phenylalanine ammonia lyase 1), BcPAL2 (phe-
nylalanine  ammonia  lyase  2), BcP5CSB (δ-1-pyrroline-5-carboxylic
acid synthase B), and two BcTHI1 (thiazole synthetase 1), were anno-
tated  to  the  'amino  acid  metabolism'  pathway  (Supplementary
Fig. S4). Among these genes, BcACS6 exhibited a significantly higher
FC  compared  to  the  other  DEGs  (Supplementary  Table  S6).  There-
fore, we selected the BcACS gene for subsequent verification. 

Changes in relative expression levels and enzyme
activity of BcACS6 in Wucai

Transcriptome  analysis  revealed  that BcACS6 exhibited  the  most
significant differential  expression during the quality  transformation
of  Wucai.  To  further  investigate  the  role  of BcACS6,  we  conducted
quantitative  reverse  transcription  (qRT)-PCR  to  determine  its  rela-
tive  expression  levels  in  the  leaves  of  Wucai  across  five  different
developmental stages. The results indicated that BcACS6 expression
initially  increased  and  then  decreased  during  34  DAP  to  46  DAP,
peaked  at  43  DAP,  and  then  decreased  by  46  DAP  (Fig.  4a).  To
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confirm  whether  the  changes  in  BcACS6  expression  have  a  func-
tional impact, we measured the activity of ACS in Wucai leaves at 34
and 46 DAP.  The results  demonstrated that  ACS enzyme activity  at
46  DAP  was  significantly  higher  than  that  at  34  DAP  (Fig.  4b).  This
suggests  that  the upregulated expression of BcACS6 enhances  ACS
enzymatic activity. 

Amino acid contents in transgenic Arabidopsis
The BcACS6 gene  was  successfully  cloned  and  ligated  into  the

pCAMBIA1305-35S  vector  to  construct  the  overexpression  vector
pCAMBIA1305-35S-BcACS6  (Supplementary  Fig.  S5).  This  overex-
pression vector was then transformed into Arabidopsis thaliana. The
harvested  seeds  were  subsequently  sown  on  50  mg/L  hygromycin
medium  for  selection.  Screening  continued  until  pure  transgenic
Arabidopsis thaliana strains were obtained by the T3 generation.

To  assess  the  efficacy  of  the  transformation,  the  relative  expres-
sion  levels  of  T2  transgenic  Arabidopsis  lines  were  determined  by
qRT-PCR. Among these, lines OE#3 and OE#8, which exhibited signi-
ficantly  higher BcACS6 expression,  were  screened  for  further  func-
tional analysis (Fig. 4c).

The FAA content of dry leaves from both wild-type (WT) Arabidop-
sis lines  and  T3  transgenic Arabidopsis lines  overexpressing BcACS6

was  measured,  indicating  a  significant  increase  in  the  content  of
most FAAs in the transgenic Arabidopsis lines.  Specifically,  the total
amino  acid  content  in  WT  leaves  was  18,284.97  ng/g,  whereas,  in
BcACS6-OE3  and  BcACS6-OE8  leaves,  it  was  significantly  higher,  at
50,661.81 ng/g and 54,920.08 ng/g, respectively. Further analysis of
five  key  amino  acids—L-cysteine,  L-aspartic  acid,  L-phenylalanine,
L-tyrosine, and γ-aminobutyric acid—revealed that their contents in
BcACS6-OE3 and BcACS6-OE8 were significantly increased. Notably,
L-cysteine was undetectable in WT (0 ng/g), but in BcACS6-OE3 and
BcACS6-OE8, its content was significantly elevated to 1,652.77 ng/g
and  3,070.94  ng/g,  respectively  (Fig.  4d−i).  These  findings  align
with  the  metabolomics  data,  where  the  contents  of  L-cysteine
and  L-tyrosine  were  upregulated  and  those  of  L-aspartic  acid,  L-
phenylalanine, and γ-aminobutyric acid were downregulated before
and after the quality transformation of Wucai. These results indicate
that the upregulated expression of BcACS6 promotes the accumula-
tion of L-cysteine and L-tyrosine. 

BcACS6 interaction with BcCOR413PM1, BcDnaJ, and
BcPCR8 in vitro

To  identify  potential  interaction  partners  of BcACS6,  we
conducted  a  Y2H  assay  using  the  CDS  of BcACS6 cloned  into  the
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pGBKT7  plasmid,  creating  a  bait  construct.  Initially,  we  performed
self-activation  detection  to  ensure  the  bait  vector  did  not  exhibit
self-activating  activity.  The  results  confirmed  that BcACS6 lacked
self-activating (Fig. 5a), validating its suitability for Y2H library scree-
ning.  Subsequently,  the  pGBKT7-BcACS6  plasmid  was  cotrans-
formed  with  a  yeast  library  plasmid  into  yeast  competent  cells,
leading  to  the  identification  of  10  potential  interacting  proteins
(Supplementary  Table  S7).  The  primers  used  are  shown  in Supple-
mentary Table S8.

To  validate  the  interactions  identified  in  the  Y2H  screen,  we
cloned  the  CDS  of  these  10  potential  interacting  proteins  into
pGADT7 plasmid and cotransfected them with the pGBKT7-BcACS6
plasmid  into  yeast  competent  cells  (Y2H).  The  interaction  verifica-
tion  results  confirmed  that BcACS6 interacts  specifically  with
BcCOR413PM1, BcDnaJ, and BcPCR8 (Fig. 5a).

To eliminate the possibility of false positives, we employed a BiFC
assay  to  further  verify  these  protein–protein  interactions.  The  con-
structs  pSPYNE-BcACS6,  pSPYCE-BcCOR413PM1,  pSPYCE-BcDnaJ,
and  pSPYCE-BcPCR8  were  constructed  and  transformed  into Agro-
bacterium  tumefaciens strain  GV3101.  These  constructs  were  then
infiltrated into the leaves of N. benthamiana for transient expression.
Yellow  fluorescence  signals  were  detected  in  the  leaves  cotrans-
formed  with  pSPYNE-BcACS6  +  pSPYCE-BcCOR413PM1,  pSPYNE-
BcACS6  +  pSPYCE-BcDnaJ,  and  pSPYNE-BcACS6  +  pSPYCE-BcPCR8
(Fig.  5b–d).  These  results  conclusively  demonstrate  that BcACS6
interacts  with BcCOR413PM1, BcBcDnaJ,  and BcPCR8 in N.
benthamiana. 

Discussion

Previous research on Wucai quality has predominantly focused on
carbohydrates and carbohydrate derivatives[18]. However, a compre-
hensive  understanding  of  key  flavor  substances  and  regulatory
factors  is  crucial  for  understanding  and  enhancing  vegetable
quality.  This  study  utilized  an  extensive  targeted  metabolomics
approach,  combining  LC-MS/MS  and  GC-MS/MS,  to  investigate  the
changes  in  FAAs  before  and  after  the  quality  transformation  of
Wucai. Our LC-MS/MS analysis identified a total of 650 DAMs, while
GC-MS/MS analysis  revealed a total  of  111 DAMs.  Among these,  15
flavor amino acids exhibited significant differences, with four amino
acids showing significant upregulation and 11 displaying significant
downregulation.

Flavor  is  a  multifaceted  attribute[19],  influenced  by  the  composi-
tion and concentration of amino acids[20]. In related research, straw-
berry flavor is determined by sugars (such as glucose, fructose, and
sucrose),  certain  FAAs  (such  as  valine,  leucine,  and  isoleucine),  and
aroma  volatile  metabolites[21].  Similarly,  in  peaches,  amino  acids
significantly  influence  taste[22].  Peaches  with  low  concentrations  of
major  amino  acids  may  taste  bland,  yet  this  does  not  necessarily
detract  from  their  overall  flavor  profile.  On  the  contrary,  high  con-
centrations of certain amino acids, particularly asparagine, and argi-
nine,  can  negatively  impact  the  taste,  leading  to  a  less  desirable
flavor  profile.  By  integrating  widely  targeted  metabolomics  with
specific  analyses and sensory data on flavor-related compounds[23],
this study provides new insights into how Wucai's metabolic profile
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correlates  with  its  sensory  quality.  The  electronic  tongue,  which
measures flavor responses, is closely related to the chemical compo-
sition  of  fruits  and  vegetables.  It  effectively  distinguishes  flavor
differences,  such  as  those  observed  between  betaine-treated  and
controlled  peach  fruits  during  low-temperature  storage.  Through
correlation  analysis  of  metabolic  profiles  and  electronic  tongue
responses,  previous  research  has  demonstrated  that  total  soluble
solids,  organic acids,  and certain FAAs significantly influence peach
flavor[24].

In  this  study,  PCA  of  the  electronic  tongue  response  values  was
employed  to  identify  the  primary  taste  attributes  before  and  after
the  quality  transformation  of  Wucai,  which  were  determined  to
be  saltiness,  astringency,  and  umami.  Correlation  analysis  further
revealed  that  the  differences  in  umami,  astringency,  and  saltiness
during  the  quality  transformation  were  primarily  attributed  to
cysteine;  aspartic  acid;  phenylalanine,  tyrosine,  and γ-aminobutyric
acid,  respectively.  These  findings  offer  new  insights  into  the
flavor-related  compounds  of  Wucai,  advancing  our  understanding
of its sensory quality.

ACS  plays  a  pivotal  role  as  a  key  enzyme  in  ethylene
biosynthesis[25],  which  is  linked  to  the  regulation  of  amino  acid
metabolism in plants. The interaction between ethylene and amino
acids  has  been  well-documented,  with  studies  highlighting  that
amino  acids  are  involved  in  the  modulation  of  ethylene
production[26,27],  and conversely, ethylene regulates the production
of amino acids[28]. In tomato, for example, L-arginine and L-cysteine
have been shown to inhibit ripening-related ethylene production by
suppressing the activity of key enzymes crucial for ethylene biosyn-
thesis,  thereby  delaying  the  postharvest  ripening  process[29].  Simi-
larly,  in  strawberry,  Ethephon  treatment  increased  the  concentra-
tion of 11 of the 19 FAAs in mature fruits,  among which green and
white fruits had the greatest effect. A total of 41 volatile compounds
were  significantly  correlated  with  14  amino  acids[30].  In  this  study,
we  determined  the  expression  pattern  of  the  ACS  regulatory  gene
BcACS6 and assessed ACS enzyme activity at different developmen-
tal  stages  of  Wucai.  The  findings  revealed  that BcACS6 expression
was  significantly  upregulated  at  46  DAP  compared  to  that  at  34
DAP,  which  correlated  with  a  significant  increase  in  ACS  enzyme
activity.  This  indicates  that BcACS6 may  promote  the  accumulation
of  L-cysteine  and  L-tyrosine  through  the  ethylene  signaling  path-
way, ultimately influencing the flavor and quality of Wucai.

Temperature  is  known  to  influence  the  expression  of  ACS
genes[31].  For  instance,  in  late-maturing  pear  varieties,  Pc-ACS1a
transcripts  accumulate  throughout  cold  treatment  and  are  co-
expressed with Pc-ACS2a during the maturation of cold-dependent
varieties[32].  In  the  present  study,  we  used  an  artificial  climate
growth  chamber  to  simulate  the  natural  growth  environment  of
Wucai, adjusting the temperature from 3 to 0 °C at 43 DAP to simu-
late external conditions. The relative expression level of BcACS6 was
determined  using  qRT-PCR,  revealing  that  its  expression  initially
increased  from  34  DAP  to  40  DAP,  peaked  significantly  at  43  DAP,
and then decreased by 46 DAP. We hypothesize that the significant
increase in BcACS6 expression at 43 DAP was triggered by the low-
temperature environment.  Therefore,  it  is  plausible  that  during the
quality  transformation  of  Wucai,  the  cold-induced  upregulation  of
BcACS6 led  to  enhanced  ethylene  production,  which  in  turn  pro-
moted  vegetative  growth  and  altered  the  content  of  flavor  amino
acids, ultimately affecting the overall quality of Wucai.

Cold-regulated  proteins  (CORs)  are  plant  lipid-transfer  protein
homologs  that  play  a  critical  role  in  stabilizing  membranes  during
freezing[33].  The  expression  of  cold-responsive  genes  is  integral  to
the  process  of  plant  cold  acclimation[34].  COR413-PM1  is  a  novel
multi-transmembrane  cold-regulated  protein[35] that  has  been

shown to significantly contribute to freezing tolerance in Arabidop-
sis  thaliana;  mutants  lacking  COR413-PM1  experience  greater
damage  to  the  cell  membrane  system  under  freezing
temperatures[36].  There  is  evidence  suggesting  a  correlation
between  amino  acids  and  CORs.  For  example,  leucine-rich  repeat
receptor-like kinase (LRR-RLK) facilitates the accumulation of proline
through the C-repeat binding factor (CBF) pathway, enhancing cold
tolerance  in  plants[37].  Additionally,  amino  acid  biosynthesis  may
positively regulate cold resistance in tea plants, with arginine poten-
tially enhancing cold tolerance by activating the polyamine synthe-
sis  pathway  and  the  CBF–COR  regulatory  pathway  under  low-
temperature stress[38]. In alfalfa, the transcriptional levels of two COR
genes, cas15 and GaS, have been shown to be strongly upregulated
during  autumn  hardening,  accompanied  by  an  increase  in  the
concentrations  of  cryoprotectant  sugars  and  amino  acids  such  as
proline, asparagine, and arginine, which improve frost resistance[39].
In  this  study,  the  interaction  between  BcACS6  and  BcCOR413-PM1
protein suggests that the accumulation of amino acids in Wucai may
be  related  to  low  temperatures,  thereby  influencing  the  overall
quality of Wucai.

PCR8  (plant  cadmium  resistance  protein  8)  is  known  to  enhance
plant resistance to Cd[40],  a highly toxic pollutant that poses signifi-
cant  risks  to  human  health[41].  Cd  exposure  has  been  linked  to
neurotoxicological  and  behavioral  changes  in  both  human  and
experimental  animal  models[42].  The  accumulation  of  Cd  in  plant-
derived foods is primarily due to the absorption of Cd from contami-
nated soils[43].  Studies have shown that  the accumulation of  amino
acids  can  improve  plant  resistance  to  heavy  metal  stress.  For  ins-
tance, the overexpression of BcaSOD1 gene in alfalfa has been found
to  enhance  Cd  tolerance  by  promoting  the  expression  of  arginine
synthesis  genes[44].  Similarly,  cysteine-rich  proteins  have  been
shown to confer Cd tolerance in both yeast cells and plants[45,46].  In
the present study,  the upregulated expression of BcACS6 was asso-
ciated  with  the  accumulation  of  L-cysteine  and  L-tyrosine  and  its
interaction  with  the  BcPCR8  protein,  which  may  play  a  regulatory
role in the resistance of L. chinensis to Cd stress.

DnaJ  is  a  typical  member  of  the  HSP40  (heat  shock  protein  40)
family,  characterized  by  a  J  domain,  a  G/F-rich  domain,  a  CR-type
zinc  finger  containing  four  repeats  of  the  CxxCxGxG  motif,  and  a
substrate-binding  C-terminal  domain[47,48].  The  classical  DnaJ  pro-
tein functions as a co-chaperone, collaborating with HSP70 to main-
tain  protein  homeostasis[49].  The  evolutionarily  conserved  Hsp40/
DnaJ protein plays a key role in various cellular processes by stimu-
lating  the  ATP  enzyme  activity  of  the  chaperone  Hsp70  protein,
including  protein  folding  and  unfolding,  translocation,  synthesis,
and  degradation[50,51].  ATP  hydrolysis  induces  a  conformational
change  in  Hsp70,  transitioning  it  from  an  open  state  characterized
by  high  substrate  association  and  dissociation  rates  to  a  closed
state with reduced substrate exchange rates[52]. This conformational
cycle  is  regulated by co-chaperones  such as  DNAJ family  members
(also  known  as  Hsp40s)  that  stimulate  ATP  hydrolysis[53,54].  The
Hsp40/DNAJ  protein  modulates  Hsp70  activity  by  stabilizing  its
expression[55,56].  In  this  study,  the  interaction between BcACS6 and
BcDnaJ suggests that BcACS6 may be involved in protein synthesis
and degradation processes regulated by the DnaJ protein. 

Conclusions

This  study  employed  GC-MS/MS  and  LC-MS/MS-based  targeted
metabolomics  to  investigate  the  changes  in  FAAs  before  and  after
the quality transformation of Wucai. Additionally, electronic tongue
analysis  was  utilized  to  determine  the  variations  in  primary  taste
attributes before and after the quality transformation, leading to the
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identification of key amino acids influencing this transformation. By
integrating these metabolomic findings with transcriptome analysis,
the  study  suggests  that  the BcACS6 gene  may  regulate  these  key
amino acids. Specifically, the upregulated expression of BcACS6 was
found  to  promote  the  accumulation  of  L-cysteine  and  L-tyrosine,
thereby influencing the overall quality of Wucai. 

Author contributions

The  authors  confirm  contribution  to  the  paper  as  follows:  study
conception and design: Zhang W, Li  G, Hou J,  Wang W, Wu J,  Chen
G, Tang X, Wang C, Yuan L; data collection: Zhang W, Li G, Xiong M,
Chen Q, Wang K, Zhao Z, Zhou L, Liu Y ;  analysis and interpretation
of results: Zhang W, Li G, Xiong M, Gao X; draft manuscript prepara-
tion:  Zhang  W.  All  authors  reviewed  the  results  and  approved  the
final version of the manuscript. 

Data availability

The  datasets  generated  during  or  analyzed  during  the  current
study  are  available  from  the  corresponding  author  on  reasonable
request.

Acknowledgments

This  research  was  financially  supported  by  the  Provincial
Key  Development  Program  for  Basic  Research  of  Anhui
(2023z04020005),  and  the  Natural  Science  Foundation  of  China
Projects (32272703).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary  information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/vegres-0025-0003)

Dates

Received 2 October 2024; Revised 22 November 2024; Accepted 6
January 2025; Published online 21 March 2025

References 

 Lu X, Hou H, Fang D, Hu Q, Chen J, et al. 2022. Identification and charac-
terization  of  volatile  compounds  in Lentinula  edodes during  vacuum
freeze-drying. Journal of Food Biochemistry 46(6):e13814

1.

 Chen  DW,  Zhang  M. 2007. Non-volatile  taste  active  compounds  in  the
meat  of  Chinese  mitten  crab  (Eriocheir  sinensis). Food  Chemistry
104(3):1200−05

2.

 Wu  G. 2009. Amino  acids:  metabolism,  functions,  and  nutrition. Amino
Acids 37(1):1−17

3.

 Wu J, Huang J, Hong Y, Zhang H, Ding M, et al. 2018. De novo transcrip-
tome sequencing of Torreya grandis reveals gene regulation in sciadonic
acid biosynthesis pathway. Industrial Crops and Products 120:47−60

4.

 Solms J, Vuataz L, Egli RH. 1965. The taste of L- and D-amino acids. Expe-
rientia 21(12):692−94

5.

 Fukuda T, Okazaki K, Watanabe A, Shinano T, Oka N. 2016. GC–MS based
metabolite profiling for  flavor characterization of  Brassica crops grown
with different fertilizer application. Metabolomics 12(2):20

6.

 Gao Q, Jiang H, Tang F, Cao H, Wu X, et al. 2019. Evaluation of the bitter
components of bamboo shoots using a metabolomics approach. Food &
Function 10(1):90−98

7.

 Adams  DO,  Yang  SF. 1979. Ethylene  biosynthesis:  identification  of  1-
aminocyclopropane-1-carboxylic  acid  as  an  intermediate  in  the

8.

conversion  of  methionine  to  ethylene. Proceedings  of  the  National
Academy of Sciences of the United States of America 76(1):170−74
 Defilippi  G,  Dandekar  AM,  Kader  AA. 2005. Relationship  of  ethylene
biosynthesis  to  volatile  production,  related  enzymes,  and  precursor
availability  in  apple  peel  and  flesh  tissues. Journal  of  Agricultural  and
Food Chemistry 53(8):3133−41

9.

 Zhang  Z,  Chen  W,  Tao  L,  Wei  X,  Gao  L,  et  al. 2023. Ethylene  treatment
promotes  umami  taste-active  amino  acids  accumulation  of Torreya
grandis nuts post-harvest by comparative chemical and transcript analy-
ses. Food Chemistry 408:135214

10.

 Ban YJ, Song YH, Kim JY, Cha JY, Ali I, et al. 2021. A significant change in
free  amino  acids  of  soybean  (Glycine  max L.  Merr)  through  ethylene
application. Molecules 26(4):1128

11.

 Gao HY, Zhu BZ, Zhu HL, Zhang YL, Xie YH, et al. 2007. Effect of suppres-
sion  of  ethylene  biosynthesis  on  flavor  products  in  tomato  fruits.
Russian Journal of Plant Physiology 54(1):80−88

12.

 Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30(15):2114−20

13.

 Kim  D,  Paggi  JM,  Park  C,  Bennett  C,  Salzberg  SL. 2019. Graph-based
genome alignment  and genotyping with HISAT2 and HISAT-genotype.
Nature Biotechnology 37(8):907−15

14.

 Ghosh  S,  Chan  CKK.  2016.  Analysis  of  RNA-seq  data  using  tophat  and
cufflinks. In Plant Bioinformatics, ed. Edwards D. New York, NY: Humana
Press. Volume 1374. pp. 339−61. doi: 10.1007/978-1-4939-3167-5_18

15.

 Yuan  W,  Zhao  Z,  Kimura  S,  Toko  K. 2024. Development  of  taste  sensor
with  lipid/polymer  membranes  for  detection  of  umami  substances
using surface modification. Biosensors 14(2):95

16.

 Liu H, Jiang T, Xue J, Chen X, Xuan Z, et al. 2021. Taste profile characteri-
zation  of  chinese  mitten  crab  (Eriocheir  sinensis)  meat  using  electronic
tongue analysis. Sensors and Materials 33(7):2537−47

17.

 Wang  C,  Zhou  J,  Zhang  S,  Gao  X,  Yang  Y,  et  al. 2023. Combined
metabolome and transcriptome analysis elucidates sugar accumulation
in  Wucai  (Brassica  campestris L.). International  Journal  of  Molecular
Sciences 24(5):4816

18.

 Wang Y,  Li  Y,  Wu X,  Wu X,  Feng Z,  et  al. 2022. Elucidation of  the flavor
aspects  and  flavor-associated  genomic  regions  in  bottle  gourd  (Lage-
naria siceraria) by metabolomic analysis and QTL-seq. Foods 11(16):2450

19.

 Mei  S,  He  Z,  Zhang  J. 2022. Identification  and  analysis  of  major  flavor
compounds in radish taproots by widely targeted metabolomics. Fron-
tiers in Nutrition 9:889407

20.

 Voß AC,  Eilers  EJ, Müller C. 2023. Fungicides  cuprozin  progress  and
SWITCH  modulate  primary  and  specialized  metabolites  of  strawberry
fruits. Journal of Agricultural and Food Chemistry 71(5):2482−92

21.

 Jia H, Okamoto G, Hirano K. 2000. Effect of amino acid composition on
the  taste  of  'Hakuho'  peaches  (Prunus  persica batsch)  grown  under
different fertilizer levels. Journal of  the Japanese Society for  Horticultural
Science 69(2):135−40

22.

 Castro-Alves V, Kalbina I, Nilsen A, Aronsson M, Rosenqvist E, et al. 2021.
Integration  of  non-target  metabolomics  and  sensory  analysis  unravels
vegetable plant metabolite signatures associated with sensory quality: a
case study using dill (Anethum graveolens). Food Chemistry 344:128714

23.

 Jia  Z,  Wang Y,  Wang L,  Zheng Y,  Jin  P. 2022. Amino acid  metabolomic
analysis  involved  in  flavor  quality  and  cold  tolerance  in  peach  fruit
treated  with  exogenous  glycine  betaine. Food  Research  International
157:111204

24.

 Yoon  GM,  Kieber  JJ. 2013. ACC  synthase  and  its  cognate  E3  ligase  are
inversely regulated by light. Plant Signaling & Behavior 8(12):e26478

25.

 Johansson  N,  Persson  KO,  Larsson  C,  Norbeck  J. 2014. Comparative
sequence  analysis  and  mutagenesis  of  ethylene  forming  enzyme  (EFE)
2-oxoglutarate/Fe(II)-dependent dioxygenase homologs. BMC Biochem-
istry 15:22

26.

 Shin K, Lee S, Song WY, Lee RA, Lee I,  et al. 2015. Genetic identification
of ACC-RESISTANT2 reveals  involvement  of LYSINE  HISTIDINE  TRANS-
PORTER1 in  the  uptake  of  1-aminocyclopropane-1-carboxylic  acid  in
Arabidopsis thaliana. Plant and Cell Physiology 56(3):572−82

27.

 Ahn G, Ban YJ, Shin GI, Jeong SY, Park KH, et al. 2023. Ethylene enhances
transcriptions of asparagine biosynthetic genes in soybean (Glycine max
L. Merr) leaves. Plant Signaling & Behavior 18(1):2287883

28.

 
BcACS6 promoted the accumulation of flavor amino acids

Page 10 of 11   Zhang et al. Vegetable Research 2025, 5: e008

https://www.maxapress.com/article/doi/10.48130/vegres-0025-0003
https://www.maxapress.com/article/doi/10.48130/vegres-0025-0003
https://www.maxapress.com/article/doi/10.48130/vegres-0025-0003
https://www.maxapress.com/article/doi/10.48130/vegres-0025-0003
https://www.maxapress.com/article/doi/10.48130/vegres-0025-0003
https://doi.org/10.1111/jfbc.13814
https://doi.org/10.1016/j.foodchem.2007.01.042
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.1016/j.indcrop.2018.04.041
https://doi.org/10.1007/BF02138474
https://doi.org/10.1007/BF02138474
https://doi.org/10.1007/s11306-015-0938-9
https://doi.org/10.1039/C8FO01820K
https://doi.org/10.1039/C8FO01820K
https://doi.org/10.1073/pnas.76.1.170
https://doi.org/10.1073/pnas.76.1.170
https://doi.org/10.1021/jf047892x
https://doi.org/10.1021/jf047892x
https://doi.org/10.1016/j.foodchem.2022.135214
https://doi.org/10.3390/molecules26041128
https://doi.org/10.1134/S1021443707010128
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.1007/978-1-4939-3167-5_18
https://doi.org/10.3390/bios14020095
https://doi.org/10.18494/SAM.2021.3444
https://doi.org/10.3390/ijms24054816
https://doi.org/10.3390/ijms24054816
https://doi.org/10.3390/foods11162450
https://doi.org/10.3389/fnut.2022.889407
https://doi.org/10.3389/fnut.2022.889407
https://doi.org/10.1021/acs.jafc.2c06584
https://doi.org/10.2503/jjshs.69.135
https://doi.org/10.2503/jjshs.69.135
https://doi.org/10.1016/j.foodchem.2020.128714
https://doi.org/10.1016/j.foodres.2022.111204
https://doi.org/10.4161/psb.26478
https://doi.org/10.1186/1471-2091-15-22
https://doi.org/10.1186/1471-2091-15-22
https://doi.org/10.1186/1471-2091-15-22
https://doi.org/10.1093/pcp/pcu201
https://doi.org/10.1080/15592324.2023.2287883


 Yu W, Ma P, Sheng J, Shen L. 2024. Arginine and cysteine delay posthar-
vest  ripening  of  tomato  fruit  by  regulating  ethylene  production.
Postharvest Biology and Technology 216:113052

29.

 Reis  L,  Forney CF,  Jordan M,  Munro Pennell  KM,  Fillmore S,  et  al. 2020.
Metabolic  profile  of  strawberry  fruit  ripened  on  the  plant  following
treatment with an ethylene elicitor or inhibitor. Frontiers in Plant Science
11:995

30.

 Khan  S,  Alvi  AF,  Saify  S,  Iqbal  N,  Khan  NA. 2024. The  ethylene  biosyn-
thetic  enzymes,  1-aminocyclopropane-1-carboxylate  (ACC)  synthase
(ACS) and ACC oxidase (ACO): the less explored players in abiotic stress
tolerance. Biomolecules 14(1):90

31.

 El-Sharkawy  I,  Jones  B,  Gentzbittel  L,  Lelièvre  JM,  Pech  JC,  et  al. 2004.
Differential  regulation  of  ACC  synthase  genes  in  cold-dependent  and
-independent  ripening  in  pear  fruit. Plant,  Cell  &  Environment
27(10):1197−210

32.

 Hincha  DK. 2002. Cryoprotectin:  a  plant  lipid-transfer  protein  homo-
logue that stabilizes membranes during freezing. Philosophical Transac-
tions of the Royal Society B-Biological Sciences 357(1423):909−15

33.

 Sung DY, Kaplan F, Lee KJ, Guy CL. 2003. Acquired tolerance to temper-
ature extremes. Trends in Plant Science 8(4):179−87

34.

 Hu X, Liu J, Liu E, Qiao K, Gong S, et al. 2021. Arabidopsis cold-regulated
plasma membrane protein Cor413pm1 is  a  regulator  of  ABA response.
Biochemical and Biophysical Research Communications 561:88−92

35.

 Su C, Chen K, Ding Q, Mou Y, Yang R, et al. 2018. Proteomic analysis of
the  function  of  a  novel  cold-regulated  multispanning  transmembrane
protein  COR413-PM1  in Arabidopsis. International  Journal  of  Molecular
Sciences 19(9):2572

36.

 Geng  B,  Wang  Q,  Huang  R,  Liu  Y,  Guo  Z,  et  al. 2021. A  novel  LRR-RLK
(CTLK) confers cold tolerance through regulation on the C-repeat-bind-
ing  factor  pathway,  antioxidants,  and  proline  accumulation. The  Plant
Journal 108(6):1679−89

37.

 Cheng  Y,  Ban  Q,  Mao  J,  Lin  M,  Zhu  X,  et  al. 2023. Integrated
metabolomic  and  transcriptomic  analysis  reveals  that  amino  acid
biosynthesis may determine differences in cold-tolerant and cold-sensi-
tive tea cultivars. International Journal of Molecular Sciences 24(3):1907

38.

 Castonguay  Y,  Bertrand  A,  Michaud  R,  Laberge  S. 2011. Cold-induced
biochemical  and  molecular  changes  in  alfalfa  populations  selectively
improved for freezing tolerance. Crop Science 51(5):2132−44

39.

 Nian F, Zhao L. 2015. Molecular characterization and expression pattern
of  a  novel  cadmium  resistance  gene  of  tobacco. Bioscience Journal
31(4):1024−29

40.

 Liu  GY. 2009. Isolation,  sequence  identification  and  tissue  expression
profile  of  two  novel  soybean  (glycine  max)  genes-vestitone  reductase
and chalcone reductase. Molecular Biology Reports 36(7):1991−94

41.

 Counter SA, Buchanan LH, Ortega F. 2009. Neurocognitive screening of
lead-exposed andean adolescents and young adults. Journal of Toxicol-
ogy and Environmental Health, Part A-Current issues 72(10):625−32

42.

 Clemens S,  Aarts  MGM, Thomine S,  Verbruggen N. 2013. Plant  science:
the key to preventing slow cadmium poisoning. Trends in Plant Science
18(2):92−99

43.

 Pang  B,  Zuo  D,  Yang  T,  Yu  J,  Zhou  L,  et  al. 2024. BcaSOD1 enhances
cadmium tolerance in transgenic Arabidopsis by regulating the expres-
sion of genes related to heavy metal detoxification and arginine synthe-
sis. Plant Physiology and Biochemistry 206:108299

44.

 Kunihiro  S,  Saito  T,  Matsuda  T,  Inoue  M,  Kuramata  M,  et  al. 2013. Rice
DEP1,  encoding  a  highly  cysteine-rich  G  protein γ subunit,  confers
cadmium  tolerance  on  yeast  cells  and  plants. Journal  of  Experimental
Botany 64(14):4517−27

45.

 Tomas M, Pagani MA, Andreo CS, Capdevila M, Atrian S,  et  al. 2015.
Sunflower  metallothionein  family  characterisation.  Study  of  the  Zn(II)-
and Cd(II)-binding abilities  of  the  HaMT1 and HaMT2 isoforms. Journal
of Inorganic Biochemistry 148:35−48

46.

 Walsh P, Bursać D, Law YC, Cyr D, Lithgow T. 2004. The J-protein family:
modulating  protein  assembly,  disassembly  and  translocation. Embo
Reports 5(6):567−71

47.

 Solana  JC,  Bernardo  L,  Moreno  J,  Aguado  B,  Requena  JM. 2022. The
astonishing large family of HSP40/DnaJ proteins existing in Leishmania.
Genes 13(5):742

48.

 Pulido  P,  Leister  D. 2018. Novel  DNAJ-related  proteins  in Arabidopsis
thaliana. New Phytologist 217(2):480−90

49.

 Boston  RS,  Viitanen  PV,  Vierling  E. 1996. Molecular  chaperones  and
protein folding in plants. Plant Molecular Biology 32(1−2):191−222

50.

 Wang  W,  Vinocur  B,  Shoseyov  O,  Altman  A. 2004. Role  of  plant  heat-
shock proteins and molecular chaperones in the abiotic stress response.
Trends in Plant Science 9(5):244−52

51.

 Gołaś E,  Maisuradze  GG,  Senet  P,  Ołdziej  S,  Czaplewski  C,  et  al . 2012.
Simulation of the opening and closing of Hsp70 chaperones by coarse-
grained  molecular  dynamics. Journal  of  Chemical  Theory  and  Computa-
tion 8(5):1750−64

52.

 Qiu XB, Shao YM, Miao S, Wang L. 2006. The diversity of the DnaJ/Hsp40
family, the crucial partners for Hsp70 chaperones. Cellular and Molecular
Life Sciences 63(22):2560−70

53.

 Astl L, Verkhivker GM. 2020. Dynamic view of allosteric regulation in the
Hsp70  chaperones  by  J-domain  cochaperone  and  post-translational
modifications: computational analysis of Hsp70 mechanisms by explor-
ing  conformational  landscapes  and  residue  interaction  networks. Jour-
nal of Chemical Information and Modeling 60(3):1614−31

54.

 Kampinga  HH,  Craig  EA. 2010. The  HSP70  chaperone  machinery:  J
proteins as drivers of functional specificity. Nature Reviews Molecular Cell
Biology 11(8):579−92

55.

 Faust O, Abayev-Avraham M, Wentink AS, Maurer M, Nillegoda NB, et al.
2020. HSP40 proteins use class-specific regulation to drive HSP70 func-
tional diversity. Nature 587(7834):489−94

56.

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. 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/.

BcACS6 promoted the accumulation of flavor amino acids
 

Zhang et al. Vegetable Research 2025, 5: e008   Page 11 of 11

https://doi.org/10.1016/j.postharvbio.2024.113052
https://doi.org/10.3389/fpls.2020.00995
https://doi.org/10.3390/biom14010090
https://doi.org/10.1111/j.1365-3040.2004.01218.x
https://doi.org/10.1098/rstb.2002.1079
https://doi.org/10.1098/rstb.2002.1079
https://doi.org/10.1098/rstb.2002.1079
https://doi.org/10.1098/rstb.2002.1079
https://doi.org/10.1098/rstb.2002.1079
https://doi.org/10.1016/S1360-1385(03)00047-5
https://doi.org/10.1016/j.bbrc.2021.05.032
https://doi.org/10.3390/ijms19092572
https://doi.org/10.3390/ijms19092572
https://doi.org/10.1111/tpj.15535
https://doi.org/10.1111/tpj.15535
https://doi.org/10.3390/ijms24031907
https://doi.org/10.2135/cropsci2011.02.0060
https://doi.org/10.14393/BJ-v31n4a2015-26138
https://doi.org/10.1007/s11033-008-9409-y
https://doi.org/10.1080/15287390902769410
https://doi.org/10.1080/15287390902769410
https://doi.org/10.1080/15287390902769410
https://doi.org/10.1080/15287390902769410
https://doi.org/10.1080/15287390902769410
https://doi.org/10.1016/j.tplants.2012.08.003
https://doi.org/10.1016/j.plaphy.2023.108299
https://doi.org/10.1093/jxb/ert267
https://doi.org/10.1093/jxb/ert267
https://doi.org/10.1016/j.jinorgbio.2015.02.016
https://doi.org/10.1016/j.jinorgbio.2015.02.016
https://doi.org/10.1038/sj.embor.7400172
https://doi.org/10.1038/sj.embor.7400172
https://doi.org/10.3390/genes13050742
https://doi.org/10.1111/nph.14827
https://doi.org/10.1007/BF00039383
https://doi.org/10.1016/j.tplants.2004.03.006
https://doi.org/10.1021/ct200680g
https://doi.org/10.1021/ct200680g
https://doi.org/10.1021/ct200680g
https://doi.org/10.1007/s00018-006-6192-6
https://doi.org/10.1007/s00018-006-6192-6
https://doi.org/10.1021/acs.jcim.9b01045
https://doi.org/10.1021/acs.jcim.9b01045
https://doi.org/10.1038/nrm2941
https://doi.org/10.1038/nrm2941
https://doi.org/10.1038/s41586-020-2906-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials
	Metabolomic analysis
	Transcriptome analysis
	Electronic tongue analysis
	Determination of ACS enzyme activity
	Generation of transgenic Arabidopsis plants
	Measurement of FAA contents in transgenic plants
	Self-activation detection of bait vector
	Y2H library screening
	Verification of pGBKT7-BcACS6 and its interacting proteins
	BiFC assay
	Statistical analysis

	Results
	Metabolite analysis at 34 and 46 DAP
	Analysis of amino acid contents at different developmental stages
	Taste patterns of Wucai at different developmental stages
	Correlation analysis between taste patterns and flavor amino acids
	Transcriptome analysis
	Changes in relative expression levels and enzyme activity of BcACS6 in Wucai
	Amino acid contents in transgenic Arabidopsis
	BcACS6 interaction with BcCOR413PM1, BcDnaJ, and BcPCR8 in vitro

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

