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Abstract
In  this  study,  we  evaluate  the  effects  of  low  O2 concentrations  on  quality  changes  of  spearmint  (Mentha  spicata)  during  storage  at  5  °C.  Cut  stems  of

spearmint were continuously exposed to controlled atmosphere (CAs) of 1%, 5%, and 10% oxygen and air (CTRL) in 10 L containers at a concentration of

10 mL min−1 and stored at a low temperature for 14 days. Samples were withdrawn after 0, 6,  9,  and 14 days of storage and examined for their physical

properties  (weight  loss,  firmness,  and  leaf  surface  colour),  phytochemical  properties  (total  phenolic  content,  diphenylpicrylhydrazyl  [DPPH]  antioxidant

activity,  and  vitamin  C  content),  off-flavour  metabolites  (acetaldehyde,  ethanol,  and  ammonia  contents),  and  volatile  compositions.  Low  O2 treatments

significantly increased weight loss and loss of green colour (a* values). CA treatments (1% and 5% O2) were beneficial in controlling the loss of bioactive

ingredients. Ethanol content was higher at lower O2 concentrations, while acetaldehyde and ammonia contents did not change. The aroma profile of mint

was maintained in all  CA treatments until  day 9 of  storage.  Low O2 treatments were beneficial  in maintaining the aromatic quality of  cut spearmint but

ineffective in retarding the degradation of external quality attributes.
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 Introduction
Mint is an aromatic herb of the Lamiaceae family, known and used

in  culinary  applications  and  as  medicine  by  many  cultures  world-
wide.  More  than  25  species  of  mint  have  been  found  throughout
Europe,  Africa,  Asia,  Australia,  and  North  America,  among  which
spearmint  (Mentha  spicata)  is  commonly  used  as  an  ingredient  in
modern  food  and  refreshment,  that  is,  salad  and  cocktails.  The
leaves  and  stem  of  spearmint  contain  essential  oils  responsible  for
the  unique  refreshing  and  aromatic  flavour.  The  major  chemicals
belong  to  the  monoterpene  and  sesquiterpene  groups,  such  as
carvone, limonene, and β-myrcene[1,2].  Mint oil  also exhibits antimi-
crobial and antioxidant activities as well as medicinal properties[3,4].
Additionally,  mint  leaves  are  a  rich  source  of  phytochemicals, such
as polyphenols,  vitamins, and carotenoids[5].  Demand for fresh culi-
nary  herbs  and  salad  greens  has  been  increasing  in  the  past  few
decades  due  to  the  increasing  interest  in  more  diversified  ethnic
food[6].  This presents a challenge for the fresh-cut industry to serve
fresh produce of high quality to meet this demand.

Postharvest  disorders  of  fresh  spearmint  include  wilting,  leaf
surface browning, yellowing, epinasty (downward curling of leaves),
and abscission,  with ethylene playing a significant role in the latter
three  defects[6−8].  These  symptoms  collectively  limit  the  market-
ability  of  this  fresh-cut  herb.  To  facilitate  handling  throughout  the
distribution chain, fresh-cut produce is commonly packaged in bags
or trays with varying permeabilities to carbon dioxide (CO2), oxygen
(O2),  and  water  vapour.  When  combined  with  low-temperature
storage,  atmosphere  modification  serves  as  an  effective  tool  for
extending the shelf-life of leafy vegetables, including culinary herbs.
This system minimises O2 levels and/or elevates CO2 concentrations
within  the  package[9−11],  thereby  delaying  senescence  through

reductions in respiration rate,  chlorophyll  loss,  oxidase activity,  and

ethylene biosynthesis[12,13].  When optimised,  the  modified  package

atmosphere  further  reduces  moisture  loss,  prevents  spoilage,  and

prolongs shelf-life[7,9,14−16].  Additionally, reduced O2 availability may

limit  the  generation  of  toxic  reactive  oxygen  species  (ROS),  which

are  typically  produced  under  various  environmental  stresses.

However, these conditions carry a notable accumulation of fermen-

tative  metabolites,  which  can  contribute  to  off-flavours  and  off-

odours in fresh produce[17,18].

The  postharvest  performance  of  cut  mint  varies  by  species.

Spearmint (M. spicata)  was more sensitive to browning during cold

storage  (0  °C)  than  peppermint  (Mentha  ×  piperita)[7].  In  order  to

maintain  good  quality,  cut  spearmint  could  be  packed  in

polystyrene tray covered with self-adhering polyvinyl chloride (PVC)

film  and  stored  at  a  low  temperature  (0  °C)  for  up  to  21  days

without  marked  changes  in  the  appearance,  level  of  bioactive

compounds  (phenolics,  flavonoids,  and  antioxidant  potentials),

and  aroma  characteristics[7].  Cantwell  and  Reid[6] reported  that

the optimal temperature during transport, storage, and retail display

for  cut  mint  was  below  the  refrigerated  points.  However,  there  is

little  work  done  on  elucidating  the  effect  of  gas  composition  in

controlled  atmosphere  (CA)  on  postharvest  behaviours  of  cut

spearmint during cold storage. The objective of this study, therefore,

is to identify the underlying quality attributes, aromatic profile, and

bioactive  ingredients  of  spearmint  subjected  to  reduced  O2 in  CA

under refrigerated (5  °C)  temperature storage.  The outcome of  this

study  would  be  beneficial  for  fresh-cut  industry  toward  the  deve-

lopment  of  modified-atmosphere  packaging  (MAP)  and  marketing

of cut culinary herbs.
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 Materials and methods

 Plant material and CA treatments
Cut  stems  of  spearmint  were  purchased  from  Ortoflora  Azienda

Agricola,  a  grower  located  in  Puglia,  Italy.  Stems  at  a  commercial
harvesting stage, 10–15 cm long bearing 6–10 pairs of fully opened
leaves,  were  used  in  this  experiment.  Approximately  50  g  of  stems
were  packaged  in  transparent  polystyrene  macro-perforated  trays
(179  mm  ×  119  mm  ×  60  mm,  0.2  mm  thickness),  and  a  total  of
36  trays  were  prepared.  The  trays  were  randomly  placed  in  a  10  L
plastic  container  and  ventilated  with  humidified  air  (CTRL,  free  of
ethylene)  or  with  mixtures  of  nitrogen  and  1%,  5%,  and  10%  O2,
at a concentration of 10 mL min−1.  The containers were kept in the
dark at 5 °C for 14 days. There were three containers per treatment
with  three  replicate  samples  (trays).  The  samples  were  withdrawn
for  quality  assessments on the initial  day and at  6  (D6),  9  (D9),  and
14 (D14) days of storage.

 Physical attributes
 Texture

The  texture  of  the  samples  was  calculated  as  the  force  (N)
required to cut through a layer of 30 leaves (~50 g) in a Kramer cell
using  an  Instron  Universal  Testing  Machine  (model  3343,  Canton,
MA, USA) at a speed of 50 mm·min−1[19].

 CIE colour space and browning index
L*, a*,  and b*  colour  space  as  defined  by  the  International

Commission on Illumination (CIE) values of the leaf surface from 10
individual  leaves  were  obtained  with  a  spectral  scanner  (DV  SRL,
Italia),  equipped  with  a  Spectral  Imaging  Spectrometer  V10  type
(400–1,000  nm,  25 µm  slit,  resolution  5  nm),  where L*  denotes
lightness  (0  < L*  <  100), a*  denotes  red  (+)  to  green  (-)  and b*
denotes  yellow  (+)  to  blue  (-)[20].  The  hue  angle,  h0,  calculated  as
arctan(b*/a*),  explains  how  the  colour  is  perceived.  In  the  colour
wheel,  the angle  0°  represents  complete  red colour,  90°  represents
complete  yellow,  180°  denotes  complete  green,  and 270°  indicates
complete  blue[21].  The  difference  in  infusion  colour ΔE was  calcu-
lated according to the following formula:

E =
√

(L∗)2+ (a∗)2+ (b∗)2 (1)
A value of 0 < ΔE < 1 indicates no noticeable difference between

the two colours,  whereas  a  value > 3.5  indicates  that  a  clear  differ-
ence is observed[22].

 Chemical attributes
 Volatile profile

Five  grams  of  mint  (leaves  and  stems)  was  put  in  a  glass  jar
(150  mL)  and  equilibrated  for  20  min  in  a  water  bath  at  40  °C.
Thereafter,  the  volatiles  were  collected  using  the  headspace  solid-
phase  microextraction  (HS-SPME)  with  50/30 µm  divinylbenzene/
carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fibre by exposing
the glass jar headspace at 40 °C for a further 30 min[16]. The fibre was
immediately  introduced  into  the  gas  chromatograph  (GC)  injector
port  for  desorption  at  200  °C  for  4  min  in  the  split  injection  mode
(1:20). An Agilent 6890 N gas chromatograph coupled to an Agilent
5975 C network mass selective detector (Agilent Technologies, Palo
Alto, CA, USA) was used to analyse the samples. The volatile compo-
nents were separated on an HP-INNOWax capillary column (60 m ×
250 µm × 0.25 µm; Santa Clara, CA, USA). The running condition was
set at 50 °C for 1 min; temperature was raised from 50 to 100 °C at a

rate  of  3  °C  min−1 and  held  for  2  min,  from  100  to  140  °C  at
1.5  °C  min−1 and held for  10 min,  and finally  from 140 to  180 °C at
6 °C min−1. The transfer line temperature was 280 °C. Mass detector
conditions were as follows: electronic impact mode at 70 eV, source
temperature at 230 °C, quadrupole temperature at 150 °C, scanning
rate of 3.9 scan s−1, and mass scanning range of m/z 35–400. Helium
was  used  as  the  carrier  gas  at  a  constant  flow  of  1.0  mL  min−1.
The  compounds  were  identified  by  the  comparison  of  the  mass
spectrometry (MS)  fragmentation pattern from a 5975C mass spec-
trometer  (Agilent  Technologies,  Santa  Clara,  CA,  USA)  with  mass
spectrum  database  using  the  data  system  library  (NIST  11).  Three
replicates were considered for the analysis on each sampling day.

 Vitamin C
Ascorbic  acid  (AA)  and  dehydroascorbic  acid  (DHAA)  contents

were  determined  on  the  high-performance  liquid  chromatography
(HPLC) system according to the adapted method of Cefola et al.[23].
The sample (2.0 g) was homogenised with 10 mL of methanol/water
(5:95)  mixture  with  citric  acid  (21  g·L−1)  and  Ethylenediaminete-
traacetic  acid  (EDTA)  (0.5  g·L−1).  The  homogenate  was  filtered
through  cheesecloth  and  then  through  a  C18  Bakerbond  SPE
column  (Waters,  Milford,  MA,  USA),  prior  to  HPLC  injection.  The
HPLC  system  (Agilent  1200)  consists  of  a  G1312A  binary  pump,  a
G1329A autosampler, and a G1315B photodiode array detector from
Agilent  Technologies  (Waldbronn,  Germany).  Separation  was
achieved  on  a  Zorba  Eclipse  XDB-C18  column  (150  mm,  ø  4.6  mm,
5 μm particle size;  Agilent Technologies,  Santa Clara,  CA,  USA).  The
mobile phase was methanol/water (5:95 v/v) containing 5 mmol·L−1

cetrimide  and  50  mmol·L−1 potassium  dihydrogen  phosphate  (pH
4.5)  with  a  flow  rate  of  1  mL·min−1.  AA  and  DHAA  contents  were
expressed as mg of AA or DHAA per 100 g fresh weight (FW). Total
vitamin C was the sum of ascorbic and dehydroascorbic contents.

 Antioxidant potential and total phenolic content
Cut  spearmint  (1.0  g)  was  homogenised  with  10  mL  of  ice-cold

methanol  at  a  high speed for  1 min using a homogeniser  (IKA,  T18
Basic; Wilmington, NC, USA). The homogenate was then centrifuged
at  10,000  rpm  for  10  min,  and  the  supernatant  (methanol  extract)
was  separated.  Total  phenols  were  determined  using  the
Folin–Ciocalteu  reagent  and  an  absorbance  reading  at  725  nm
according to the method described in Ricci et al.[24].  The content of
total phenols was calculated on the basis of the calibration curve of
gallic acid and was expressed as milligrams of gallic acid equivalent
(GE) per 100 g FW. The antioxidant activity against diphenylpicrylhy-
drazyl  (DPPH)  radical  was  performed  according  to  Miliauskas
et  al.[25].  The  same  methanol  extract  (0 μL)  was  incubated  with
950 μL of 0.12 mmol·L−1 DPPH solution for 24 h. The absorbance at
515  nm  was  read  thereafter.  Trolox  (6-hydroxy-2,5,7,8-tetrame-
thylchromane-2-carboxylic  acid)  was  used  as  standard,  and  the
antioxidant activity was expressed as mg Trolox equivalent (TE) per
100 g FW.

 Off-flavour attributes
 Ethanol, acetaldehyde, and ammonia content

Five  grams  of  leaves  was  homogenised  and  stored  in  a −20  °C
freezer.  After  1  h  of  incubation  at  65  °C,  headspace  gas  samples
(0.5 mL) were injected into an Agilent 7890 A Series gas chromato-
graph  coupled  with  an  Agilent  5975  C  network  mass  selective
detector (Agilent Technologies, Palo Alto, CA, USA). An HP-INNOWax
capillary  column  (60  m  ×  250 µm  ×  0.25 µm;  Agilent)  was  used,
and  GC  was  operated  with  the  following  method:  40  °C  for  4  min,
then increased from 40 to 60 °C at 3 °C min−1, and from 60 to 140 °C
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at  20  °C  min−1.  Helium  carrier  gas  was  used  at  a  constant  flow  of
1.0  mL·min−1.  Compounds  were  identified  by  a  comparison  of
ethanol  and  acetaldehyde  standards  and  expressed  as µmol·g−1.
Ammonia  content  was  measured  with  phenol/hypochlorite,  as
described  by  Weatherburn[26,27] and  Cantwell  et  al.[28].  The  sample
(5  g)  was  homogenised  with  20  mL  of  chilled  deionised  H2O  and
centrifuged for 1 min, and a 0.5 mL aliquot was added to a solution
of  phenol  nitroprusside  and  alkaline  hypochlorite  for  the  reaction.
After  15  min  of  incubation  at  37  °C,  the  ammonia  content  was
measured  using  a  UV-1700  Shimadzu  spectrophotometer  and
reading  samples  at  635  nm  and  expressed  as µg  ammonia  g−1

sample.

 Statistical analyses
All data represent the mean of three replicates per treatment and

storage  day.  The  effects  of  storage  time  and  O2 concentration  on
quality  attributes  were  evaluated  using  two-way  analysis  of  vari-
ance  (ANOVA)  in  IBM  SPSS.  Pearson's  correlation  coefficients  were
calculated  to  assess  the  linear  relationships  among  all  quality
parameters at a 5% significance level. Multivariate analysis was also
conducted  using  principal  component  analysis  (PCA)  and  cluster
analysis[29].  All  analyses  were  performed  using  Jamovi  software
(version 2.7.12).

 Results and discussion

 Effect of low O2 in CA on quality attributes
The effects of low O2 treatments, time of storage, and their inter-

actions with fresh-cut spearmint quality parameters are reported in
Table 1. In addition, Fig. 1 shows the changes in overall appearance
throughout the 14-day storage period. All quality attributes showed
no significant differences among treatments except for the a* value,
acetaldehyde,  and  total  AA  content.  Storage  time  was  statistically

significant  for  all  parameters,  which  indicates  a  strong  effect  of
postharvest  conditions  on  mint  leaves.  For  most  of  the  attributes,
the interaction between treatment and time of storage is also found
to  be  nonsignificant  except  for  the a*  value,  vitamin  C,  ammonia,
and acetaldehyde contents.

Figure  1 illustrates  the  key  physiological  changes.  Low-tempe-
rature storage with limited O2 in CA did not maintain the colour; in
fact, at 1% O2, leaves yellowed more rapidly than in the other treat-
ments.  Browning  became  apparent  by  Day  14,  with  no  significant
differences  observed  among  treatments.  Leaf  tissue  browning  and
yellowing  disorders  are  common  in  fresh-cut  mint  kept  at  low
temperatures[7,30].  The  latter  is  stimulated  in  the  presence  of  ethy-
lene  and  maturity  of  the  mint  plants[30].  The  firmness  of  the  mint
leaves  increased  rapidly  from  ~250  to  ~350  N  over  14  days  of
storage. The loss of water and senescence likely caused an increase
in fibrosity, resulting in a greater required cutting force[31], although
ANOVA  did  not  show  a  significant  effect  of  O2 treatment  or  the
interaction  between  treatment  and  storage  time  (Fig.  2a).  Colour
change  limits  the  shelf  life  of  fresh  culinary  herb  and  is  caused
mainly by the degradation of pigments and some contribution from
enzymatic  browning[6].  The L*  value  of  spear  mint  leaves  was
between  40  and  45,  which  significantly  decreased  with  time  for  all
treatments  (Fig.  2b).  Low  O2 treatment,  time  of  storage,  and  their
interaction  had  significant  effects  on  the a*  value,  Hue  angle,  and
ΔE, and the obvious changes of these values were between D9 and
D15. A significant decrease in the b* value for all treatments was also
observed  over  time  (Fig.  2d).  It  could  be  interpreted  from  these
trends  that  the  greenness  of  cut  mint  decreased  with  time  of
storage  (from  the  significantly  lower L*  value,  higher a*  value,  and
lower Hue value). A similar finding on spearmint leaf kept at 3 °C was
reported by Santos et al.[20].

PCA  was  performed  to  determine  the  interactions  between
storage  time,  O2 treatments,  and  colour  parameters,  with  the  first
two  components  explaining  a  cumulative  78.6%  of  the  total
variance  (Fig.  3).  The  component  loading  plot  in Fig.  3a shows  the
distribution of physical parameters within the unit circle (radius = 1).
Component  1  (PC1)  (56.8%)  explains  the  majority  of  variance,
defined by vectors for the a* value, ΔE,  and Hue angle, indicating a
high positive correlation between these parameters. The covariance
biplot  in Fig.  3b shows  the  2D  projection  of  scores  and  variable
loadings (arrows). PC1 primarily represented the progression of stor-
age time, as evidenced by the clear horizontal migration of samples
from  D0  (left)  to  D14  (right).  This  indicates  that  as  storage  time
progressed, there is an overall increase in ΔE and a loss of lightness
(L value)  and  hue  angle.  Component  2  (PC2)  explained  21.8%
of the variance, capturing the divergence of specific O2 treatments,
particularly  the  10%  O2 (O10)  samples,  which  developed  distinct
physiological  profiles  from the air  control  and lower  O2 treatments
by the end of the shelf life. The data suggests the effects of a distinct
physiological  shift  characterized  by  higher  redness  (a*  value)  and
yellowness (b* value) compared to other atmospheres. These results
demonstrate  that  while  storage  duration  is  the  dominant  driver  of
physiological  change  in  spearmint,  the  O2 concentration  in  the
packaging  significantly  dictates  the  specific  quality  trajectory  and
final physical state of the product.

 Effect of low O2 in CA on phytochemical
attributes

Low-O2 treatments  had  no  significant  effect  on  total  phenolic
content,  antioxidant  activity,  and  AA  (Table  1).  The  total  phenolic
content  significantly  decreased  over  time  until  D9  (from  ~600  to

 

Table  1.  Effects  of  main  factors  (low O2 treatments,  time of  storage and their
interaction) on quality attributes of cut spearmint stored at 5 °C for 14 days.

Quality attributes

Factor effects

Treatment Storage
time

Treatment
storage time

Physiological attribute
O2 availability *** * NS
Weight loss (%) *** ** NS
Texture (N) NS *** NS
Colour

Lightness * NS NS
a* *** * *
b* * NS NS
Hue angle NS * *
ΔE *** NS NS

Phytochemical attributes
Total phenolic content (mg gallic acid
equivalent per 100 g FW)

NS * NS

Antioxidant capacity (DPPH) (mg Trolox
equivalent per 100 g FW)

NS * NS

Total ascorbic acid (mg·100 g−1 FW) NS ** **
Off-flavour attributes

Ammonia content (µg·g−1) NS *** *
Ethanol (µmol·g−1) NS * NS
Acetaldehyde (µmol·g−1) ** *** ***

The effect of each main factor and of their interaction is significantly different for
p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001(***); or not significant (NS).

https://doi.org/10.48130/fia-0026-0038  

Sommano et al. Food Innovation and Advances 2026, 5(3): 457−467   Page 459 of 467

https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038


~400 mg GAE per 100 g FW), but that in the 5% and 1% treatments
increased  to  ~600  mg  GAE  per  100  g  FW  after  10  days  of  storage
(Fig.  4a).  Similarly,  the  DPPH  radical  scavenging  activity  decreased
from  ~1,400  to  ~1,000  mg  TE  per  100  g  FW  from  D0  to  D9,  but
the  5%  and  1%  treatments  increased  thereafter  (Fig.  4b).  The  total
vitamin C content of the low-O2 treatments of 5% and 1% followed
the same trend,  showing a slight increase from ~55 to ~60 mg per
100 g FW (Fig. 4c) from D6 to D14. There was also a significant effect
of  low-O2 treatment  and  time  on  AA  content.  Santos  et  al.[20] exa-
mined  the  phytochemical  profiles  of  spearmint  during  low-tempe-
rature  storage  and  found  a  25%  increase  in  the  phenolic  content
and  a  14%  reduction  in  antioxidant  (DPPH)  after  low-temperature
storage (3 °C) for 10 days. Similarly, storing rocket leaves for 10 days
at  10  °C  caused  28%,  20%,  and  23%  reduction  in  phenolic,  anti-
oxidant,  and  ascorbic  contents,  respectively[32].  Our  results  align
with  the  hypoxia-induced  metabolic  pathways  often  triggered  at
low  O2 concentrations.  As  cellular  O2 becomes  limited,  Ethylene
Response Factor-VII  (ERF-VII)  proteins (e.g.,  RAP2.12)  stabilise to act
as  transcriptional  transducers,  inducing  genes  for  glycolysis  and
fermentation[33]. This activation of the Pasteur effect enhances pyru-
vate  production  and  adenosine  triphosphate  (ATP)  synthesis
through  substrate-level  phosphorylation,  which  appears  to  upre-
gulate  secondary  metabolic  pathways[34].  This  mechanism  explains
the  increase  in  the  phytochemical  metabolites  observed  in  CA
between D6 and D14. Mechanistically, the Pasteur effect shifts pyru-
vate  away  from  the  tricarboxylic  acid  (TCA)  cycle  toward  ethanol
synthesis.  This  shift,  mediated  by  stabilised  RAP2.12,  results  in  the
accumulation of ethanol and acetaldehyde and a depletion of starch
stores,  consistent  with  the  decrease  in  respiration  rates  recorded
during the storage period[33].

 Effect of low O2 in CA on off-flavour attributes
As  shown  in Fig.  4d,  ammonia  content,  a  primary  indicator  of

protein degradation and leaf senescence, was negligible (< 5 µg·g−1)
during  the  first  6  days  of  storage.  However,  a  significant  spike

occurred  thereafter,  with  levels  reaching  up  to  25 µg·g−1 by  D14
across all treatments. Fermentation byproducts also showed distinct
temporal  responses;  while  ethanol  levels  generally  stabilised  or
decreased slightly after an initial drop, the acetaldehyde content in
control  samples  increased  dramatically  by  D14,  reaching  nearly
0.09 µmoL·g−1.  This  accumulation  suggests  a  transition  toward
anaerobic  stress  or  metabolic  exhaustion  in  the  late  stages  of
storage. Figure  5a illustrates  the  distribution  of  biochemical  vari-
ables  within  the  unit  circle.  PC1  (46.7%)  is  primarily  defined  by
the  positive  loadings  of  total  phenolic  content  (TPC),  DPPH,  and
ascorbic acid content (ASC) and the negative loading of ammonium.
PC2 (26.8%) further differentiates the metabolic profile, with ethanol
and  ASC  showing  high  negative  loadings.  The  close  proximity  of
TPC  and  DPPH  vectors  highlights  their  strong  positive  correlation.
The  biplot  in Fig.  5b illustrates  a  clear  temporal  trajectory,  where
samples  migrate  from  the  left  toward  the  right  along  PC1  as  they
age, with D14 samples (green) aligning with ethanol, acetaldehyde,
and  ammonia  contents,  representing  the  accumulation  of  specific
secondary  metabolites  or  degradation  products  over  time.
Conversely,  DPPH  and  TPC  characterise  the  chemical  profile  of
fresh  or  early-storage  samples  clustered  on  the  left.  The  vertical
separation  along  PC2  highlights  the  impact  of  the  atmosphere,
as  the  10%  O2 treatment  on  D14  exhibits  the  most  significant
deviation  from  the  air  controls,  shifting  toward  the  lower-right
quadrant  and  indicating  a  distinct  chemical  evolution  driven  by
higher O2 concentrations.

In  line  with  the  above  mechanism,  fresh  produce  under  low  O2

and  elevated  CO2 concentrations  in  CA  generally  experiences  a
reduction in the TCA cycle and activation of the fermentative path-
way  via  two  subsequent  reactions  catalysed  by  PDC  and  alcohol
dehydrogenase (ADH), which are associated with the biosynthesis of
ethanol  and  acetaldehyde.  The  responses  are  dependent  on  stress
intensity  and  durations[35,36].  The  result  of  this  study  showed  that
low  O2 treatments  did  not  significantly  affect  the  ethanol  and
ammonia content  but  did have a  significant  impact  on the level  of
acetaldehyde (Table 1). The interaction between treatment and time
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Fig. 1  Evolution of the overall appearance of fresh-cut spearmint subjected to various low O2 treatments over a 14-day storage period.
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of  storage,  nonetheless,  exhibits  significant  effects  on  ammonia
content  and  acetaldehyde,  but  not  on  the  content  of  ethanol.
Ammonia  content  increased  from  5  to  ~20 µg·g−1 during  14  days
of storage, and the maximum content was observed for air and 10%
O2 treatments; lower  O2 concentrations  (5%  and  1%)  yielded  the
lowest content (~15 µg·g−1). The extreme shift was from D6 to D14.
A slight decrease in acetaldehyde content was observed for all treat-
ments  (~0.3  to  ~0.5 µmol·g−1),  but  a  sharp  increase  occurred
between D9 and D14 for the air  treatment.  Higher ethanol produc-
tion in fresh-cut vegetables stored under CA with extremely low O2

conditions  has  been  previously  reported[37].  Our  results  also  align
with  this;  at  D14,  ethanol  content  was  lower  in  the  air  (CTRL)  and
10% treatment but higher in lower O2 concentrations.

Ammonia  is  a  by-product  of  protein  catabolism  in  cells  in
the  early  stage  of  senescence  for  leafy  and  floral  vegetables.  It
can  be  toxic  to  plant  cells  and  is  a  useful  indicator  of  stress  in

modified-atmosphere  storage  of  fresh  produce[28,38,39].  Plants
synthesise  glutamine  from  ammonia  by  the  combined  activities  of
glutamine  synthetase  and  glutamate  synthase[40].  There  was
evidence  that  these  enzymes  were  upregulated  under  oxidative
stress (high O2 availability) and during postharvest senescence (time
of  storage),  thus  allowing  the  decomposition  of  ammonia  in  plant
tissue[41].  As  also  mentioned  above,  under  limited  O2 availability,
plants  accelerate  glycolysis  by  exhibiting  a  Pasteur  effect  that
increases  the  level  of  pyruvate,  followed  by  decarboxylation  of
pyruvate,  which  is  catalysed  by  pyruvate  decarboxylase  (PDC),
producing acetaldehyde, a precursor of ethanol[42].

ADH and lactase  dehydrogenase  (LDH)  also  involve  in  anaerobic
fermentation,  and  their  activities  increased  upon  anoxia  stress[37].
Limited O2 availability could also change pH regulation in the tissue,
possibly due to the stimulation of LDH, diverting carbon to lactate.
The formation of lactate causes a decrease in the pH, favouring the
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activity  of  PDC  and  the  ethanolic  fermentation  pathway[43,44].
In  principle,  ethanol  and  acetaldehyde  are  the  principal  two-step
products  of  fermentative  pyruvate  metabolism  and  are  among  the
most  abundant  volatile  metabolites  produced  by  yeast[45].  Both
compounds  have  strong,  characteristic  sensory  effects.  Acetalde-
hyde contributes green or overripe or oxidised apple notes and can
modulate  many  other  sensory  descriptors,  while  ethanol  is  the
dominant fermentation volatile and alters the overall  aroma matrix
and  perception[46].  Their  concentrations  and  interactions  strongly
shape  aroma  and  off-flavour  perception,  especially  in  the  minimal
process produce[45]. Because ethanol is abundant and acetaldehyde
is  a  reactive,  odour-potent  intermediate,  measuring  both  provides
an  efficient  sensory  proxy  for  fermentation  status,  quality  control,
and  early  detection  of  off-flavours[47,48].  The  mechanistic  relation-
ship  between  increased  levels  of  ethanol  and  ammonia  is  not  fully
understood,  besides  Kennedy  et  al.[42] suggested  that  the  dissoci-
ation of polyribosomes under anoxia alters polypeptide profiles.

Relationships  among  quality  parameters  were  assessed  using
Pearson's  correlation  coefficients  (Supplementary  Table  S1).  Colori-
metric  parameters  showed  the  strongest  interdependencies;  the
a*  value  (redness),  Hue  angle,  and ΔE were  very  strongly  intercor-
related,  indicating  that  these  metrics  largely  capture  the  same
dimension of  colour  change.  A strong positive  correlation was also
observed  between  weight  loss  and ΔE (r =  0.628),  suggesting  that
moisture loss and visual colour degradation progress in tandem, as
the  product  desiccates,  its  appearance  deteriorates  accordingly.
There  is  insufficient  evidence  for  the  association  specifically
between a*,  Hue  angle,  and ΔE in  fresh-cut  produce;  however,
multiple studies report coordinated shifts in colour coordinates with
biochemical  and  moisture  changes[49−51].  Among  the  antioxidant
parameters,  TPC  and  DPPH  were  strongly  correlated  (r =  0.835),
confirming that phenolic compounds are the principal contributors
to  antioxidant  capacity  in  this  sample.  A  decline  in  one  of  them
reliably  predicts  a  corresponding  decline  in  the  other.  Similarly,
kinetic and storage studies in fresh-cut fruits report that antioxidant
activity (DPPH) declines along with total phenols and AA[52,53].

A notable positive correlation was observed between ammonium
content  and  tissue  firmness.  Elevated  ammonium  typically  signals
physiological  stress  or  protein  catabolism;  this  association  implies
that  the  metabolic  conditions  driving  ammonium  accumulation

occur while the tissue retains structural integrity, possibly reflecting
an early or  intermediate stage of  senescence rather than advanced
deterioration.  Respiratory  activity  showed  a  significant  positive
correlation with acetaldehyde production (r = 0.359), linking higher
O2 consumption  to  the  generation  of  volatile  fermentation-related
compounds. Finally, ethanol and AA were moderately but meaning-
fully correlated (r = 0.545), suggesting that fermentative metabolism
and  vitamin  C  degradation  may  be  coupled  processes  occurring
under  the  same  physiological  conditions.  In  one  study,  treatment
with  1-MCP  combined  with  a  low-O2/high-CO2 CA  has  been  found
to prevent increase in ethanol and acetaldehyde while maintaining
AA and total phenolics in mangoes[50].

 Effect of low O2 in CA on volatile aroma
The  volatile  compounds  responsible  for  the  aroma  of  mint  are

listed  in Supplementary  Table  S2.  The  exposure  of  the  fiber
inside  the  glass  containers  allowed  for  the  detection  of  34  volatile
organic  compounds,  including  monoterpenes  (44.0%),  sesquiter-
penes (16%), some limonene-derived compounds (40.0%),  alcohols
(0.1%),  as  well  as  an  aldehyde  and  a  ketone  [(E)-2-hexenal;
3-octanone] and dimethyl sulfide. The major volatile components of
cut  spearmint,  as  determined  by  SPME  coupled  with  GC-MS,  were
D-carvone,  D-limonene, β-myrcene, β-bourbonene,  caryophyllene,
and  1,8-cineole.  This  proportion  is  comparable  to  the  data  from
another  work,  which  identified  carvone,  limonene,  and  myrcene  in
spearmint  oil[7].  Chauhan  et  al.[54] also  identified  the  essential  oil
profile of this plant during flowering in the north-western region of
India  and  found  carvone,  limonene,  and  1,8-cineole  as  major
components. These variations could be attributed to factors related
to  ecotype,  phenophases,  and  the  environment,  including  tempe-
rature, relative humidity, irradiance, and photoperiod[7,54].

Hierarchical  cluster  analysis  (HCA)  dendrogram  and  cluster
scattering  plot  demonstrate  a  cohesive  statistical  grouping  of
spearmint samples into three distinct clusters based on their volatile
and physiological profiles (Fig. 6a, b). Cluster 1, consisting of AIR D10
and AIR D15 samples, represents the most divergent quality profile,
branching  off  early  in  the  dendrogram  and  occupying  a  unique
position  in  the  lower-left  quadrant  of  the  scatter  plot.  This  sepa-
ration indicates that ambient air storage for 10 to 15 days results in a
physiological  state  significantly  different  from  fresh  or  treated
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samples,  likely  driven  by  advanced  senescence.  Cluster  2  serves  as
an  intermediate  group,  capturing  the  transition  from  fresh  charac-
teristics  toward  degradation  seen  in  mid-term  storage  (D5)  and
some  early  D10  treatments.  Finally,  Cluster  3  groups  all  Day  0  (D0)
samples  alongside  the  majority  of  the  1%,  5%,  and  10%  O2 treat-
ments. The tight distribution of these low-O2 samples near the initial
fresh state on the right side of the plot confirms the effectiveness of
MAP in preserving the chemical and physical integrity of spearmint
throughout the 15-day storage period.

The  integration  of  the  PCA  variable  plot  and  the  clustered
heatmap  (Fig.  7a, b)  illustrates  the  metabolic  shift  in  spearmint
aromatic profiles driven by storage duration and atmospheric condi-
tions. The PCA identifies Cluster 3 (orange vectors) as being charac-
terised  by  high  concentrations  of  "fresh"  terpene  hydrocarbons,
specifically β-pinene,  limonene,  and  sabinene,  which  define  the
baseline  quality  of  Day  0  and  effectively  preserved  MAP  samples.

Conversely,  as  samples  undergo  senescence,  most  notably  in  the
AIR D10 and AIR D15 treatments, there is a distinct transition toward
the  production  of  (E)-2-hexenal,  1-octen-3-ol,  and  D-carvone,  with
the latter acting as a primary marker for advanced degradation. The
heatmap  validates  these  findings  at  a  granular  level,  showing  that
while low-O2 MAP (1% and 5% O2) successfully maintains the inten-
sity  of  fresh  monoterpenes  like  1,8-cineole  and β-myrcene,  the
ambient air  and 10% O2 treatments experience a significant loss  of
these compounds and a concomitant spike in oxygenated monoter-
penes  and  fermentation  markers.  Ultimately,  both  visualisations
confirm  that  the  primary  axis  of  variance  (Dim1:  34.5%)  tracks  the
conversion  of  hydrocarbon  terpenes  into  degradation  products,
highlighting the efficacy of specific MAP conditions in arresting this
physiological decline.

D-carvone  and  limonene  are  the  two  chemical  components
responsible  for  the  flavour  and  aroma  of  spearmint[3,55],  while
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dimethyl  sulfide has  been reported to  be responsible  for  off-odour
and  off-flavour,  for  example,  in  leafy  vegetables  such  as  packed
rocket leaves[56−58] and in minimally processed baby spinach stored
under  CA  of  low  O2 and  high  CO2

[59].  In  spearmint,  D-carvone  and
trans-dihydrocarvone  are  the  primary  oxidation  products  of
limonene.  Spearmint  oil  glands  oxygenate  (−)-limonene  at  the
C6  position  to  produce  (−)-trans-carveol,  which  is  subsequently
oxidised to (−)-carvone; this carvone pathway yields carvone as the
dominant  monoterpene  in  spearmint  oil[60,61].  In  addition,  alcohols
and C6-aldhehydes are  usually  considered lipid  derivatives  and are
produced  by  enzymatic  reactions,  which  involved  membranes,
lipids, and unsaturated fatty acids such as linoleic and linolenic acids
through  the  lipoxygenase  (LOX)  pathway[62−64].  In  this  study,
acetaldehyde, in particular, spiked significantly in the AIR control by
Day 14. The other off-odours detected were (E)-2-hexenal, which can
impart  a  harsh,  grassy,  or  pungent  off-flavor  as  cell  membranes
break  down.  1-Octen-3-ol  is  known  for  its  "mushroom"  or  "musty"
odour, and this alcohol showed an upward trend in stored samples.
It  is  a  common  indicator  of  fungal  activity  or  lipid  oxidation  in
produce.

 Conclusions
This study describes postharvest quality changes during low O2 in

CA in combination with low-temperature storage of  cut  spearmint.
The  results  show  the  benefit  of  low  O2,  i.e.,  a  possibly  reduced
amount  of  O2 availability  triggers  oxidative  reactions.  As  a  result,
spearmint  under  low-O2 treatments  maintained  bioactive  com-
ponents,  while  volatile  aroma  was  preserved  until  the  9th  day  of
storage.  The  treatments,  however,  did  not  improve  physical  pro-
perties  (weight  loss,  firmness  and  colour).  Overall,  the  application
of MAP with low O2 could maintain the chemical quality of this cut
culinary  herb;  however,  optimisation  study  with  CO2 is  required  as
to improve the visual appearance.

 Author contributions

The  authors  confirm  their  contributions  to  the  paper  as  follows:
study  conception  and  design:  Sommano  SR,  Colelli  G;  data
collection:  Sommano  SR,  Amodio  ML,  Fatchurrahman  D;  analysis
and  interpretation  of  results:  Sommano  SR,  Amodio  ML;  draft
manuscript preparation: Sommano SR; writing – review and editing:
Sommano SR, Amodio ML, Colelli G. All authors reviewed the results
and approved the final version of the manuscript.

 Data availability

The data that support the findings of this study are available upon
request from the corresponding author (Sommano SR).

 Acknowledgments

This research was partially funded by Chiang Mai University.

 Conflict of interest

The authors declare that they have no conflict of interest.

 Supplementary information accompanies this paper online
at: https://doi.org/10.48130/fia-0026-0038.

Dates

Received 5 March 2026; Revised 31 March 2026; Accepted 15 June
2026; Published online 2 September 2026

References 

 Bakkali F, Averbeck S, Averbeck D, Idaomar M. 2008. Biological effects
of  essential  oils—a  review. Food  and  Chemical  Toxicology
46(2):446−475

[1]

 Tiwari  P. 2016. Recent  advances  and  challenges  in  trichome  research
and essential oil biosynthesis in Mentha arvensis L. Industrial Crops and
Products 82:141−148

[2]

 de Sousa Barros A, de Morais SM, Ferreira PAT, Vieira ÍGP, Craveiro AA,
et  al. 2015. Chemical  composition  and  functional  properties  of
essential  oils  from Mentha species. Industrial  Crops  and  Products
76:557−564

[3]

 Sameena  S,  Mukherjee  P,  Pramanik  P,  Chatterjee  P,  Dash  N. 2024.
Antimicrobial  activity  of  mint:  an  overview. Journal  of  Advances  in
Microbiology Research 5(1):01−03

[4]

 Biswas  AK,  Chatli  MK,  Sahoo  J. 2012. Antioxidant  potential  of  curry
(Murraya  koenigii L.)  and mint  (Mentha  spicata)  leaf  extracts  and their
effect  on  colour  and  oxidative  stability  of  raw  ground  pork  meat
during refrigeration storage. Food Chemistry 133(2):467−472

[5]

 Cantwell  MI,  Reid  MS. 1993. Postharvest  physiology  and  handling  of
fresh  culinary  herbs. Journal  of  Herbs,  Spices  &  Medicinal  Plants
1(3):93−127

[6]

 Curutchet  A,  Dellacassa  E,  Ringuelet  JA,  Chaves  AR,  Viña  SZ. 2014.
Nutritional and sensory quality during refrigerated storage of fresh-cut
mints (Mentha × piperita and M. spicata). Food Chemistry 143:231−238

[7]

 Majumder  J,  Sharangi  AB.  2024.  Advances  in  postharvest  technology
of  flowers,  medicinal,  and  aromatic  herbs.  In Recent  Advances  in
Postharvest Technologies, Volume 2: Postharvest Applications, ed. Benke-
blia N. Cham: Springer. pp. 247–276 doi: 10.1007/978-3-031-65816-7_9

[8]

 Løkke  MM,  Seefeldt  HF,  Edelenbos  M. 2012. Freshness  and  sensory
quality  of  packaged  wild  rocket. Postharvest  Biology  and  Technology
73:99−106

[9]

 Kirkin  C,  Mitrevski  B,  Gunes  G,  Marriott  PJ. 2014. Combined effects  of
gamma-irradiation and modified atmosphere packaging on quality of
some spices. Food Chemistry 154:255−261

[10]

 Bodbodak S, Rafiee Z. 2016. Recent trends in active packaging in fruits
and  vegetables.  In Eco-Friendly  Technology  for  Postharvest  Produce
Quality, ed. Siddiqui MW. London, UK: Academic Press. pp. 77–125 doi:
10.1016/B978-0-12-804313-4.00003-7

[11]

 Kader  AA. 1986. Biochemical  and  physiological  basic  for  effects  of
controlled  and  modified  atmospheres  on  fruits  and  vegetables. Food
Technology 40:99−104

[12]

 Hodges  DM,  Forney  CF. 2000. The  effects  of  ethylene,  depressed
oxygen and elevated carbon dioxide on antioxidant profiles of senesc-
ing spinach leaves. Journal of Experimental Botany 51(344):645−655

[13]

 Murdock  DH.  2002. Encyclopedia  of  foods:  a  guide  to  healthy  nutrition.
San  Diego,  CA:  Academic  Press www.nrb.net.in/Books/Encyclopedia
%20of%20Foods.%20A%20Guide%20to%20Healthy%20Nutrition%20
(%20PDFDrive.com%20).pdf

[14]

 Kubo  Y.  2014.  Ethylene,  oxygen,  carbon  dioxide,  and  temperature  in
postharvest physiology.  In Abiotic  Stress  Biology in Horticultural  Plants,
eds.  Kanayama  Y,  Kochetov  A.  Tokyo:  Springer.  pp.  17–33  doi:
10.1007/978-4-431-55251-2_2

[15]

 Sommano SR, Khamsaw P, Van Doan H, Cheewangkoon R, Amodio ML,
et al. 2022. Effect of elevated CO2 during low temperature storage on
the quality attributes of cut spearmint. Horticulturae 8(2):126

[16]

 Oms-Oliu  G,  Soliva-Fortuny  R,  Martín-Belloso  O. 2008. Physiological
and microbiological changes in fresh-cut pears stored in high oxygen
active packages compared with low oxygen active and passive modi-
fied  atmosphere  packaging. Postharvest  Biology  and  Technology
48(2):295−301

[17]

 Deza-Durand KM, Petersen MA. 2014. Volatile compounds of modified
atmosphere packaged cut iceberg lettuce: Effect of extremely low O2,

[18]

https://doi.org/10.48130/fia-0026-0038  

Sommano et al. Food Innovation and Advances 2026, 5(3): 457−467   Page 465 of 467

https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.1016/j.fct.2007.09.106
https://doi.org/10.1016/j.indcrop.2015.11.069
https://doi.org/10.1016/j.indcrop.2015.11.069
https://doi.org/10.1016/j.indcrop.2015.07.004
https://doi.org/10.1016/j.foodchem.2012.01.073
https://doi.org/10.1300/J044v01n03_09
https://doi.org/10.1016/j.foodchem.2013.07.117
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1007/978-3-031-65816-7_9
https://doi.org/10.1016/j.postharvbio.2012.06.004
https://doi.org/10.1016/j.foodchem.2014.01.002
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1016/B978-0-12-804313-4.00003-7
https://doi.org/10.1093/jexbot/51.344.645
https://www.nrb.net.in/Books/Encyclopedia%20of%20Foods.%20A%20Guide%20to%20Healthy%20Nutrition%20(%20PDFDrive.com%20).pdf
https://www.nrb.net.in/Books/Encyclopedia%20of%20Foods.%20A%20Guide%20to%20Healthy%20Nutrition%20(%20PDFDrive.com%20).pdf
https://www.nrb.net.in/Books/Encyclopedia%20of%20Foods.%20A%20Guide%20to%20Healthy%20Nutrition%20(%20PDFDrive.com%20).pdf
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.1007/978-4-431-55251-2_2
https://doi.org/10.3390/horticulturae8020126
https://doi.org/10.1016/j.postharvbio.2007.10.002
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038


season,  cultivar  and  storage  time. Food  Research  International
62:254−261
 Piazzolla F, Pati S, Amodio ML, Colelli G. 2016. Effect of harvest time on
table  grape  quality  during  on-vine  storage. Journal  of  the  Science  of
Food and Agriculture 96(1):131−139

[19]

 Santos J, Herrero M, Mendiola JA, Oliva-Teles MT, Ibáñez E, et al. 2014.
Fresh-cut  aromatic  herbs:  nutritional  quality  stability  during shelf-life.
LWT - Food Science and Technology 59(1):101−107

[20]

 de Aquino Brito Lima-Corrêa R, dos Santos Andrade M, da Silva MFdGF,
Freire  JT,  Ferreira  MC. 2017. Thin-layer  and  vibrofluidized  drying  of
basil leaves (Ocimum basilicum L.): analysis of drying homogeneity and
influence of drying conditions on the composition of essential oil and
leaf  colour. Journal  of  Applied  Research  on  Medicinal  and  Aromatic
Plants 7:54−63

[21]

 Sadowska  U,  Żabiński  A,  Szumny  A,  Dziadek  K. 2016. An  effect  of
peppermint  herb  (Mentha  piperita L.)  pressing  on  physico-chemical
parameters  of  the  resulting  product. Industrial  Crops  and  Products
94:909−919

[22]

 Cefola  M,  Amodio  ML,  Cornacchia  R,  Rinaldi  R,  Vanadia  S,  et  al. 2010.
Effect of atmosphere composition on the quality of ready-to-use broc-
coli  raab  (Brassica  rapa L.). Journal  of  the  Science  of  Food  and  Agricul-
ture 90(5):789−797

[23]

 Ricci I, Amodio ML, Colelli G. 2013. Influence of pre-cutting operations
on  quality  of  fresh-cut  artichokes  (Cynara  scolymus L.):  effect  of  stor-
age  time  and  temperature  before  cutting. Postharvest  Biology  and
Technology 85:124−131

[24]

 Miliauskas G,  Venskutonis PR,  van Beek TA. 2004. Screening of  radical
scavenging  activity  of  some  medicinal  and  aromatic  plant  extracts.
Food Chemistry 85(2):231−237

[25]

 Weatherburn  MW. 1967. Phenol-hypochlorite  reaction  for  determina-
tion of ammonia. Analytical Chemistry 39(8):971−974

[26]

 Pace B, Cefola M, Da Pelo P, Renna F, Attolico G. 2014. Non-destructive
evaluation  of  quality  and  ammonia  content  in  whole  and  fresh-cut
lettuce  by  computer  vision  system. Food  Research  International
64:647−655

[27]

 Cantwell M, Hong G, Nie X. 2010. Using tissue ammonia and fermenta-
tive  volatile  concentrations  as  indicators  of  beneficial  and  stressful
modified  atmospheres  for  leafy  and  floral  vegetables. Acta  Horticul-
turae 876:165−172

[28]

 Metsalu T, Vilo J. 2015. ClustVis: a web tool for visualizing clustering of
multivariate  data  using  Principal  Component  Analysis  and  heatmap.
Nucleic Acids Research 43(W1):W566−W570

[29]

 Kenigsbuch  D,  Chalupowicz  D,  Aharon  Z,  Maurer  D,  Aharoni  N. 2007.
The  effect  of  CO2 and  1-methylcyclopropene  on  the  regulation  of
postharvest  senescence  of  mint, Mentha  longifolia L. Postharvest  Biol-
ogy and Technology 43(1):165−173

[30]

 do  Nascimento  Nunes  MC,  Emond  JP. 2007. Relationship  between
weight  loss  and  visual  quality  of  fruits  and  vegetables. Proceeding  of
the Florida State Horticultural Society 120:235−245

[31]

 Koukounaras  A,  Siomos  AS,  Sfakiotakis  E. 2007. Postharvest  CO2 and
ethylene production and quality of rocket (Eruca sativa Mill.) leaves as
affected by leaf age and storage temperature. Postharvest Biology and
Technology 46(2):167−173

[32]

 Paul MV, Iyer S, Amerhauser C, Lehmann M, van Dongen JT, et al. 2016.
Oxygen sensing via the ethylene response transcription factor RAP2.12
affects  plant metabolism and performance under both normoxia and
hypoxia. Plant Physiology 172(1):141−153

[33]

 António C, Päpke C, Rocha M, Diab H, Limami AM, et al. 2016. Regula-
tion  of  primary  metabolism  in  response  to  low  oxygen  availability  as
revealed by carbon and nitrogen isotope redistribution. Plant Physiol-
ogy 170(1):43−56

[34]

 Pedreschi R, Lurie S. 2015. Advances and current challenges in under-
standing  postharvest  abiotic  stresses  in  perishables. Postharvest  Biol-
ogy and Technology 107:77−89

[35]

 Cukrov D, Brizzolara S,  Tonutti  P.  2019. Physiological and biochemical
effects of controlled and modified atmospheres. In Postharvest Physiol-
ogy  and  Biochemistry  of  Fruits  and  Vegetables,  ed.  Yahia  EM.  Witney,

[36]

Oxford,  UK:  Woodhead  Publishing.  pp.  425–441  doi: 10.1016/B978-0-
12-813278-4.00021-X
 Hansen ME,  Sørensen H,  Cantwell  M. 2001. Changes  in  acetaldehyde,
ethanol  and  amino  acid  concentrations  in  broccoli  florets  during  air
and  controlled  atmosphere  storage. Postharvest  Biology  and  Technol-
ogy 22(3):227−237

[37]

 Tudela JA,  Marín A,  Garrido Y,  Cantwell  M, Medina-Martínez MS, et al.
2013. Off-odour development in modified atmosphere packaged baby
spinach is an unresolved problem. Postharvest Biology and Technology
75:75−85

[38]

 Amodio  ML,  Colelli  G,  Cantwell  MI. 2018. Ammonia  accumulation  in
plant  tissues:  a  potentially  useful  indicator  of  postharvest  physiologi-
cal stress. Acta Horticulturae 1194:1511−1518

[39]

 Lea PJ, Miflin BJ. 2003. Glutamate synthase and the synthesis of gluta-
mate in plants. Plant Physiology and Biochemistry 41(6–7):555−564

[40]

 Wu Z, Yuan X, Li H, Liu F, Wang Y, et al. 2015. Heat acclimation reduces
postharvest  loss  of  table  grapes  during  cold  storage—analysis  of
possible  mechanisms  involved  through  a  proteomic  approach.
Postharvest Biology and Technology 105:26−33

[41]

 Kennedy  RA,  Rumpho  ME,  Fox  TC. 1992. Anaerobic  Metabolism  in
Plants. Plant Physiology 100(1):1−6

[42]

 Nakamura M, Noguchi K. 2020. Tolerant mechanisms to O2 deficiency
under  submergence  conditions  in  plants. Journal  of  Plant  Research
133:343−371

[43]

 Kulichikhin KY, Chirkova T, Fagerstedt K. 2009. Activity of biochemical
pH-stat  enzymes  in  cereal  root  tips  under  oxygen  deficiency. Russian
Journal of Plant Physiology 56:377−388

[44]

 Porat  R,  Fallik  E.  2008.  Production  of  off-flavours  in  fruit  and  vegeta-
bles  under  fermentative  conditions.  In Fruit  and  Vegetable  Flavour.
Witney,  Oxford,  UK:  Woodhead  Publishing.  pp.  150–164  doi:
10.1533/9781845694296.2.150

[45]

 Sileoni  V.  2011.  Study  of  innovative  methods  of  control  in  the  cereal
productive chain for the production of beer and spirits. Thesis. Univer-
sity  of  Bologna,  Bologna,  Italy https://amsdottorato.unibo.it/id/
eprint/3575/1/sileoni_valeria_tesi.pdf

[46]

 Stanzer D, Hanousek Čiča K, Blesić M, Smajić Murtić MS, Mrvčić J, et al.
2023. Alcoholic  fermentation  as  a  source  of  congeners  in  fruit  spirits.
Foods 12(10):1951

[47]

 Dumont A.  1994. Sensory  and  chemical  evaluation  of  riesling,  chardon-
nay and pinot noir fermented by different strains of Saccharomyces cere-
visiae.  Thesis.  Oregon  State  University,  U.S. https://ir.library.oregon-
state.edu/downloads/2n49t3942

[48]

 Peng  L,  Yang  S,  Chen  R,  Johnb  S,  Ye  J,  et  al. 2017. Physiological  and
quality  changes  of  postharvest  strawberries  at  different  storage
temperature and their relationships to fruit discoloration. International
Journal of Food and Nutritional Science 4:81−88

[49]

 Sivakumar  D,  Van  Deventer  F,  Terry  LA,  Polenta  GA,  Korsten  L. 2012.
Combination  of  1-methylcyclopropene  treatment  and  controlled
atmosphere  storage  retains  overall  fruit  quality  and  bioactive
compounds  in  mango. Journal  of  the  Science  of  Food  and  Agriculture
92(4):821−830

[50]

 Owoyemi  A,  Porat  R,  Lichter  A,  Doron-Faigenboim  A,  Jovani  O,  et  al.
2022. Large-scale,  high-throughput  phenotyping  of  the  postharvest
storage  performance  of  'rustenburg'  navel  oranges  and  the  develop-
ment of shelf-life prediction models. Foods 11(13):1840

[51]

 Sun J,  Li  Y,  Cao X,  Yao F,  Shi  L,  et  al. 2022. A film of chitosan blended
with ginseng residue polysaccharides as an antioxidant packaging for
prolonging the shelf life of fresh-cut melon. Coatings 12(4):468

[52]

 Tangpao T, Phuangsaujai N, Kittiwachana S, George DR, Krutmuang P,
et  al. 2022. Evaluation  of  markers  associated  with  physiological  and
biochemical  traits  during  storage  of  'Nam  Dok  Mai  Si  Thong'  mango
fruits. Agriculture 12(9):1407

[53]

 Chauhan RS, Kaul MK, Shahi AK, Kumar A, Ram G, et al. 2009. Chemical
composition of  essential  oils  in Mentha spicata L.  accession [IIIM(J)26]
from  North-West  Himalayan  region,  India. Industrial  Crops  and  Prod-
ucts 29(2–3):654−656

[54]

 de  Carvalho  CCCR,  da  Fonseca  MMR. 2006. Carvone:  why  and  how
should  one  bother  to  produce  this  terpene. Food  Chemistry
95(3):413−422

[55]

  https://doi.org/10.48130/fia-0026-0038

Page 466 of 467   Sommano et al. Food Innovation and Advances 2026, 5(3): 457−467

https://doi.org/10.1016/j.foodres.2014.02.017
https://doi.org/10.1002/jsfa.7072
https://doi.org/10.1002/jsfa.7072
https://doi.org/10.1016/j.lwt.2014.05.019
https://doi.org/10.1016/j.lwt.2014.05.019
https://doi.org/10.1016/j.lwt.2014.05.019
https://doi.org/10.1016/j.lwt.2014.05.019
https://doi.org/10.1016/j.lwt.2014.05.019
https://doi.org/10.1016/j.jarmap.2017.05.001
https://doi.org/10.1016/j.jarmap.2017.05.001
https://doi.org/10.1016/j.indcrop.2016.10.002
https://doi.org/10.1002/jsfa.3885
https://doi.org/10.1002/jsfa.3885
https://doi.org/10.1002/jsfa.3885
https://doi.org/10.1016/j.postharvbio.2013.05.011
https://doi.org/10.1016/j.postharvbio.2013.05.011
https://doi.org/10.1016/j.foodchem.2003.05.007
https://doi.org/10.1021/ac60252a045
https://doi.org/10.1016/j.foodres.2014.07.037
https://doi.org/10.17660/ActaHortic.2010.876.20
https://doi.org/10.17660/ActaHortic.2010.876.20
https://doi.org/10.17660/ActaHortic.2010.876.20
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1016/j.postharvbio.2006.08.003
https://doi.org/10.1016/j.postharvbio.2006.08.003
https://doi.org/10.1016/j.postharvbio.2006.08.003
https://doi.org/10.1016/j.postharvbio.2007.04.007
https://doi.org/10.1016/j.postharvbio.2007.04.007
https://doi.org/10.1104/pp.16.00460
https://doi.org/10.1104/pp.15.00266
https://doi.org/10.1104/pp.15.00266
https://doi.org/10.1104/pp.15.00266
https://doi.org/10.1016/j.postharvbio.2015.05.004
https://doi.org/10.1016/j.postharvbio.2015.05.004
https://doi.org/10.1016/j.postharvbio.2015.05.004
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/B978-0-12-813278-4.00021-X
https://doi.org/10.1016/S0925-5214(01)00093-X
https://doi.org/10.1016/S0925-5214(01)00093-X
https://doi.org/10.1016/S0925-5214(01)00093-X
https://doi.org/10.1016/j.postharvbio.2012.08.006
https://doi.org/10.17660/ActaHortic.2018.1194.211
https://doi.org/10.1016/S0981-9428(03)00060-3
https://doi.org/10.1016/j.postharvbio.2015.03.012
https://doi.org/10.1104/pp.100.1.1
https://doi.org/10.1007/s10265-020-01176-1
https://doi.org/10.1134/S102144370903011X
https://doi.org/10.1134/S102144370903011X
https://doi.org/10.1533/9781845694296.2.150
https://amsdottorato.unibo.it/id/eprint/3575/1/sileoni_valeria_tesi.pdf
https://amsdottorato.unibo.it/id/eprint/3575/1/sileoni_valeria_tesi.pdf
https://doi.org/10.3390/foods12101951
https://ir.library.oregonstate.edu/downloads/2n49t3942
https://ir.library.oregonstate.edu/downloads/2n49t3942
https://ir.library.oregonstate.edu/downloads/2n49t3942
https://doi.org/10.15436/2377-0619.17.1517
https://doi.org/10.15436/2377-0619.17.1517
https://doi.org/10.1002/jsfa.4653
https://doi.org/10.3390/foods11131840
https://doi.org/10.3390/coatings12040468
https://doi.org/10.3390/agriculture12091407
https://doi.org/10.1016/j.indcrop.2008.12.003
https://doi.org/10.1016/j.indcrop.2008.12.003
https://doi.org/10.1016/j.indcrop.2008.12.003
https://doi.org/10.1016/j.foodchem.2005.01.003
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038


 Mastrandrea  L,  Amodio  ML,  Pati  S,  Colelli  G. 2017. Effect  of  modified
atmosphere  packaging  and  temperature  abuse  on  flavor  related
volatile compounds of rocket leaves (Diplotaxis tenuifolia L.). Journal of
Food Science and Technology 54(8):2433−2442

[56]

 Nielsen T, Bergström B, Borch E. 2008. The origin of off-odours in pack-
aged rucola (Eruca sativa). Food Chemistry 110(1):96−105

[57]

 Mastrandrea L, Amodio ML, de Chiara MLV, Pati S, Colelli G. 2017. Effect
of temperature abuse and improper atmosphere packaging on volatile
profile  and  quality  of  rocket  leaves. Food  Packaging  and  Shelf  Life
14(Part A):59−65

[58]

 Díaz-Mula HM, Marín A, Jordán MJ, Gil  MI. 2017. Off-odor compounds
responsible  for  quality  loss  of  minimally  processed  baby  spinach
stored under MA of low O2 and high CO2 using GC–MS and olfactome-
try techniques. Postharvest Biology and Technology 129:129−135

[59]

 Bertea C, Schalk M, Mau CJD, Karp F, Wildung MR, et al. 2003. Molecu-
lar  evaluation  of  a  spearmint  mutant  altered  in  the  expression  of
limonene  hydroxylases  that  direct  essential  oil  monoterpene  biosyn-
thesis. Phytochemistry 64(7):1203−1211

[60]

 Sell  C.  2020.  Chemistry  of  essential  oils.  In Handbook  of  essential  oils.
Boca Raton, FL: CRC Press. pp. 161–189 doi: 10.1201/b19393-7

[61]

 Ho  CT,  Zheng  X,  Li  S. 2015. Tea  aroma  formation. Food  Science  and
Human Wellness 4(1):9−27

[62]

 Liang X, Qian R, Wang D, Liu L, Sun C, et al. 2022. Lipid-derived aldehy-
des: new key mediators of plant growth and stress responses. Biology
11(11):1590

[63]

 Vincenti S, Mariani M, Alberti JC, Jacopini S, Brunini-Bronzini de Caraffa
V, et al. 2019. Biocatalytic synthesis of natural green leaf volatiles using
the lipoxygenase metabolic pathway. Catalysts 9(10):873

[64]

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

Agricultural University,  Zhejiang University and Shenyang Agricultural
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/.

https://doi.org/10.48130/fia-0026-0038  

Sommano et al. Food Innovation and Advances 2026, 5(3): 457−467   Page 467 of 467

https://doi.org/10.1007/s13197-017-2685-6
https://doi.org/10.1007/s13197-017-2685-6
https://doi.org/10.1016/j.foodchem.2008.01.063
https://doi.org/10.1016/j.fpsl.2017.08.004
https://doi.org/10.1016/j.postharvbio.2017.03.018
https://doi.org/10.1016/j.phytochem.2003.09.002
https://doi.org/10.1201/b19393-7
https://doi.org/10.1201/b19393-7
https://doi.org/10.1201/b19393-7
https://doi.org/10.1016/j.fshw.2015.04.001
https://doi.org/10.1016/j.fshw.2015.04.001
https://doi.org/10.3390/biology11111590
https://doi.org/10.3390/catal9100873
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038
https://doi.org/10.48130/fia-0026-0038

	Introduction
	Materials and methods
	Plant material and CA treatments
	Physical attributes
	Texture
	CIE colour space and browning index

	Chemical attributes
	Volatile profile
	Vitamin C
	Antioxidant potential and total phenolic content

	Off-flavour attributes
	Ethanol, acetaldehyde, and ammonia content

	Statistical analyses

	Results and discussion
	Effect of low O2 in CA on quality attributes
	Effect of low O2 in CA on phytochemical attributes
	Effect of low O2 in CA on off-flavour attributes
	Effect of low O2 in CA on volatile aroma

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

