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The quality of postharvest fruit can be maintained 
by  cold storage because some metabolic activities 
are decreased under cold condition. However, inap-
propriate low temperature treatment could induce 

some physiological and biochemical disorders and 
changes in surface appearance (Lurie, Crisosto 2005) 
and lead to low temperature damage in fruit. For ex-
ample, the classic symptoms of fruit under cold con-
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Abstract: Exogenous polyamines can elevate postharvest fruit cold resistance and alleviate cold injury. However, 
the mechanism, by which polyamines mediate cold tolerance, is still to be explored. So in this paper, the conjugated 
polyamines in tonoplast and vacuole conformation were illuminated in the flesh cells of peach fruit subjected to cold 
stress, which were pretreated with exogenous putrescine. The results showed that under cold condition, fruit firmness 
decreased and flesh browning area increased, and vacuole conformation changed. The cold injury could be alleviated 
by pretreatment with exogenous putrescine, as judged by stabilization of the vacuole conformation, increased fruit 
firmness and reduced flesh browning area. Furthermore, the cold alleviation was coupled with the increases in the 
levels of covalently conjugated putrescine and non-covalently conjugated spermidine and spermine in the tonoplast. 
The results suggested that these conjugated polyamines in tonoplast and vacuole conformation might be involved 
in putrescine-mediated cold tolerance. The suggestion was further verified by applications with inhibitors, phenanthroline 
and methylglyoxal-bis (guanylhydrazone) (MGBG). Phenanthroline and MGBG could restrain the putrescine-induced 
increases in covalently and non-covalently conjugated polyamines mentioned above in the tonoplast, respectively, and 
increase flesh browning area, decrease fruit firmness and vacuole conformation stabilization. So, we can conclude 
that exogenous putrescine alleviates cold injury in peach fruit via elevating the contents of the polyamines conjugated 
to the tonoplast and thereby maintaining vacuole conformation.
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Sharma  et  al. 2017; Cao et  al. 2018; Ahmad, Ali 
2019). In the fruit pretreated with exogenous poly-
amine, the relationship between the cold resistance 
and the polyamines conjugated to tonoplast remains 
to be elucidated.

The plant vacuoles play pivotal functions in con-
trolling main protein localization and transport, reg-
ulating substance storage and transport, maintain-
ing cell turgor pressure, and responding to  abiotic 
stresses (Jiang et al. 2021). As same as the other bio-
membranes, tonoplast is composed of phospholip-
ids and proteins. The acidic proteins and phospho-
lipids with negative electric charges in tonoplast can 
be non-covalently conjugated to  free polyamines, 
which are positively charged at normal physiological 
pH (Lutts et  al. 2013). Furthermore,  glutamic acid 
residues of  the proteins in  tonoplast can be cova-
lently conjugated to free polyamines with transglu-
taminase catalyzing and phenanthroline can inhibit 
strongly transglutaminase activity (Del Duca  et  al. 
1995; Lutts et al. 2013). Under abiotic stresses, tono-
plast can play an important role in determining stress 
levels (Dietz et al. 2001) and vacuole conformation 
often changes abnormally (Tanaka  et  al. 2007; Bak 
et al. 2013). However, in the fruit pretreated with ex-
ogenous polyamine plus cold stress, the relationship 
between the  conjugated polyamines in  tonoplast 
and vacuole conformation is still not answered.

So, this research aimed to  explore the  mecha-
nism, by which exogenous putrescine pretreatment 
enhanced the  fruit cold resistance. The  novelty 
about this research was  to reveal that putrescine-
mediated cold tolerance might be related to  the 
polyamines conjugated to  the tonoplast and 
the vacuole membrane conformation. The hypoth-
esis was that putrescine pretreatment could elevate 
the  contents of  non-covalently conjugated sper-
midine and spermine, and conjugated putrescine 
in  tonoplast, and that  the conjugated polyamines 
could maintain the normal vacuole conformation. 
This research could contribute not only to the fruit 
industry in preserving fruit quality by  the exog-
enous putrescine application, but also to  the the-
ory knowledge of  polyamine-mediated tolerance. 
In the performed experiments, the cold injury pa-
rameters, the  free polyamine contents, the  activi-
ties of SAMDC and transglutaminase, polyamines 
conjugated to tonoplast, and the vacuole conforma-
tion were detected step by step. Inhibitors, MGBG 
and phenanthroline, which could reduce the con-
tents of  the polyamines conjugated to  tonoplast, 

dition often include the  decrease in  fruit firmness 
and the  increase in flesh browning area (Cao et al. 
2018). The  appearance of  cold damage is related 
to oxidative stress resulted from an elevated produc-
tion of reactive oxygen species (ROS) such as super-
oxide anion, hydrogen peroxide, hydroxyl radical, ni-
tric oxide, and peroxynitrite. The dramatic increase 
in  ROS leads to  lipid peroxidation and membrane 
degradation (Gill, Tuteja  2010). Due to  this phe-
nomenon, fruit quality is deteriorated significantly 
during postharvest cold storage and the shelf life is 
limited in the fruit industry. Therefore, to find ways 
to effectively mitigate cold damage is one of the aims 
in studying fruit subjected to cold stress (Rodriguez 
et  al. 2001). Exogenous polyamines, especially pu-
trescine application can alleviate fruit cold damage 
during cold storage and prolong the shelf life (Pal-
ma et al. 2015; Ahmad, Ali 2019).

Polyamines are regarded as  plant  growth sub-
stances and closely associated with environmental 
stresses (Liu et al. 2004; Yamaguchi et al. 2007; Fa-
rooq et al. 2009; Gupta et al. 2013). In plants, putres-
cine, spermidine and spermine are three main poly-
amines, which play important roles in abiotic stress 
responses in  maintaining conformation and func-
tion of biomacromolecules and organelles, scaveng-
ing directly active oxygen species, signaling, etc. 
(Gupta et al. 2013). Methylglyoxal-bis (guanylhydra-
zone) (MGBG) can inhibit effectively the conversion 
of putrescine to spermidine and spermine, because 
it can inhibit potently the activity of S-adenosylme-
thionine decarboxylase (SAMDC), which functions 
as  a  key enzyme catalyzing the  conversion (Lutts 
et al. 2013). Polyamines are well reported in allevi-
ating fruit cold injury (Palma  et  al. 2015; Ahmad, 
Ali 2019). For  example, the  exogenous putrescine 
application can regulate bioactive compounds, de-
crease the  activities of  cell wall softening enzymes 
and thereby preserve postharvest carambola quality 
(Ahmad, Ali 2019). For  another example, putres-
cine treatment can maintain zucchini fruit quality 
by  inducing the  accumulation of  betaine and pro-
line, the  expression of  fatty acid desaturase, and 
the changes in the biochemical γ-aminobutyric acid 
shunt pathway during cold storage (Palma  et  al. 
2015). So, it is increasingly interesting to  explore 
the mechanism, by which exogenous polyamines en-
hance fruit resistance against cold stress. However, 
only endogenous free polyamine function is well re-
ported (Koushesh Saba et al. 2012; Palma et al. 2014; 
Shi, Chan 2014; Palma et al. 2015; Cao et al. 2016; 
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were also applied in  the study to  further verify 
the hypothesis.

MATERIAL AND METHODS

Cultivar selection, fruit  harvest and treatment. 
Peach (Prunus persica Batsch) cultivar “Yuxian 3” 
cultivar was used in the experiment. This cultivar is 
bred by Academy of Agricultural Sciences of Henan 
Province of  China  and distributed in  North Chi-
na. The  ripe fruit of  the cultivar is large in  size, 
tastes  good and is popular with the  consumer, 
but it is a little cold-sensitive and unfitted for cold 
storage. Furthermore, preliminary experiments 
showed that  exogenous putrescine application 
could obviously prolong shelf life of the fruit under 
cold storage. Therefore, this cultivar was  selected 
in the research. Trees were planted in the orchard 
of Zhoukou Normal University (33"38'N, 114"40'E) 
and subjected to  standard horticultural practic-
es. The  experiment began in  2020 with the  trees 
at  age  5 years. In  2020, 2021 and 2022, although 
there were slight changes in  temperature, humid-
ity, precipitation, etc. in the experiment’s location, 
they could not affect  growth and development 
of  the peach fruit. After the  fruit were selected 
and treated, they were preserved in  an environ-
mental chamber with the same storage conditions. 
So, the  experimental outcomes in  the three years 
were not affected by  the climatic conditions. This 
research was repeated in three years and the results 
showed repeatability, so that the conclusion would 
be reliable. Every year, the selected 300 peach fruit 
were to  be uniform in  color, shape and size, and 
free of pest or disease injury, and gently transport-
ed to the lab. Then the fruit were randomly divided 
into 5 groups (60 fruit/group), which were subject 
to the following pretreatment, respectively. 

Control: Peach fruits were submerged into dis-
tilled  water without any reagent for  100 minutes, 
and then sampled immediately.

Cold treatment (TR1): Peach fruits were sub-
merged into distilled  water without any reagent 
for 100 min, and then preserved for 20 days at 4 °C.

Putrescine pretreatment and cold treatment 
(TR2): Peach fruits were submerged into a solution 
of 1 mM putrescine for 100 minutes, and then pre-
served for 20 days at 4 °C.

Putrescine, MGBG pretreatment and cold treat-
ment (TR3): Peach fruits were submerged into a so-

lution of putrescine (1 mM) and MGBG (0.2 mM) 
for 100 min, and then preserved for 20 d at 4 °C.

Putrescine, phenanthroline pretreatment and 
cold treatment (TR4): Peach fruits were submerged 
into a  solution of  putrescine (1 mM) and phenan-
throline (0.1 mM) for 100 min, and then preserved 
for 20 days at 4 °C.

Except the  control  group, the  treated materi-
als of  the four groups mentioned above were pre-
served in  an environmental  chamber with 78% 
relative humidity and 4 °C temperature. After pres-
ervation for 20 days, the peach fruits were sampled 
and tested.

Index of peach flesh browning area (IPFBA) as-
sesment. Peach fruits were selected at random, and 
cut near the  fruit stone by  two cut parallels. IPFBA 
was assessed by the way of Cao et al. (2016). By de-
tecting browning area  of cut surface, five brown-
ing  grades from 1 to  5 were used in  the study. 
The first grade: no browning area; the second grade: 
browning area  < 25%; the  third  grade: browning 
area  ≥ 25% and < 55%; the  fourth  grade: brown-
ing area ≥ 55% and < 75%; the fifth grade: browning 
area ≥ 70%. IPFBA was calculated with the formula: 
IPFBA = Σ [(the number of browning grade) × (the 
number of this grade)]/5 × (the number of total fruit 
tested).

Surface firmness detection. The  surface firmness 
of  peach fruit was  detected by  a  texture analyzer 
(Shimadzu Co., Nakagyo, Kyoto, Japan, Model: EZ-
Test/CE-346-51990). The  texture analyzer could 
detect the  penetration force, which was  needed 
to push a plunger into a fruit. The value of the fruit 
surface firmness was  the maximum penetration 
force to press a piston to puncture across fruit sur-
face. The unit was expressed in Newtons (N) and de-
termined for randomly selected fruit of every group.

Free polyamine detection. By  the way of  Du 
et al. (2022), free polyamine contents were estimat-
ed. 2 g of peach flesh tissue was ground with 5 mL 
perchloric acid (PCA, v/v, 6%), put in a  refrigera-
tor at 5 °C, preserved for 1 h and then centrifuged 
at 20 000 × g for 30 min. The supernatant was de-
rived with benzyol chloride. The benzoylated free 
polyamines were extracted with diethyl ether, dried 
with warm air and re-dissolved with methanol. Free 
polyamines were detected by  High Performance 
Liquid Chromatography (HPLC) (Waters 2695, 
USA) with C-18 reverse-phase column as  separa-
tion column, 254 nm as detecting wavelength and 
1, 6-Hexanediamine as  an internal standard. Unit 
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of the polyamine content was expressed in nmol/g 

fresh weight.
Purification of  the tonoplast and the  proteins 

in the tonoplast of the peach flesh cells. 10 g peach 
flesh tissue (fresh weight) was  ground with 20  mL 
hydroxyethyl piperazine ethiosulfonic acid-trisme-
tyl aminomethane (50 mM) buffer containing phe-
nylmethanesulfonyl fluoride (2 mM), dithiothreitol 
(1  mM), K2S2O5 (1 mM), sorbitol (250 mM), KCl 
(125 mM), polyvinyl pyrrolidone (1.5%, w/v) and bull 
serum albumin (BSA, 0.1%, w/v). Then the samples 
were filtered and filtrates were differentially cen-
trifuged step by  step at  different centrifugal  force 
(800× g, 1 000 × g, 50 000 × g). Subsequently, the pel-
let was operated with the way of Suzuki et al. (1999) 
to get purified tonoplast vesicles. The proteins in the 
purified tonoplast vesicles of peach flesh cell were pu-
rified in depth according to the way Du et al. (2022) 
and were estimated by the way of Bradford (1976).

Assessment of  the levels of  polyamines con-
jugated to  the tonoplast. By  the way of  Du et  al. 
(2022), polyamines conjugated to  the tonoplast 
were assessed. The tonoplast vesicles purified above 
were added into with PCA (5%, v/v) and centrifuged 
at 40 000 × g for 35 minutes. Non-covalently con-
jugated polyamines were contained in  the super-
natant. To  get covalently conjugated polyamines, 
PCA was  dropwise added into the  part of  above-
purified protein extract of  the tonoplast until PCA 
terminal concentration was up to 5%. Then, the so-
lutions were centrifuged at 45 000 × g for 20 min-
utes. Discard the  supernatant and re-suspend 
the  precipitate with prepared 5% PCA. Under seal 
condition, the  samples were hydrolyzed with 12 N 
HCl for 24 hours at 110 °C to release the covalently 
conjugated polyamines. Then, the hydrolysates were 
filtrated and the filtrates were dried with warm air. 
The  sediment was  dissolved in  prepared 5% PCA. 
The  solution contained the  covalently conjugated 
polyamines. After non-covalently and covalently 
conjugated polyamines were derivatized with ben-
zyol chloride, they were assessed by  HPLC same 
as  the free polyamines mentioned above. One unit 
of the conjugated polyamine content was indicated 
in nmol/mg protein.

Estimation of  SAMDC and transglutaminase ac-
tivities. By  radioisotope labeling technique, activi-
ties of SAMDC and transglutaminase were estimat-
ed. SAMDC activitie was  estimated via  assessing 
the  content of  released 14CO2 by  the way of  Kaur-
Sawhney and Shin (1982) and its unit was  indicat-

ed in  μL 14CO2/g fresh weight. Transglutaminase 
was estimated via assessing the content of converted 
putrescine by  the way of  Icekson and Apelbaum 
(1987) and its unit was expressed in nmol 3[H] pu-
trescine/(mg protein h).

Observation of  vacuole conformation. Peach 
flesh tissue was  immersed in  phosphate buffer 80 
mM (pH 7.3) and immobilized with  glutaralde-
hyde (3.5%, w/v) for 30 minutes. Then the flesh tis-
sue was  immobilized again with osmium tetroxide 
(1.2%, w/v) prepared with the same phosphate buffer 
as that mentioned above for 10 hours. Subsequently, 
the flesh tissue was embedded with agar 100 resin. 
Afterwards, it was cut into 70 to 90 nm ultrathin sec-
tions with a cryoultra-microtome (EM UC6 + FC6, 
Leica). The ultrathin section was stained with uranyl 
acetate solution and lead citrate 3% (w/v) prepared 
with water. Vacuole conformation was  observed 
with a transmission electron microscope (CM 100, 
Philips) by operation at 80 kV and the image was re-
corded with a  Bioscan CCD camera  using Digital 
Micrograph software.

Data analysis. In the research, the same sampling 
event was  repeated in  2020, 2021 and 2022 and 
three samples were taken for  the control and each 
treated  groups every year. So, the  data  reported 
in the figures were indicated as mean of 9 values ± 
S.E. The data were statistically analyzed by SPSS 21.0 
(SPSS Inc., Chicago, USA). The significant differenc-
es among the control and the treated materials were 
assessed with Duncan’s tests (P < 0.05).

RESULTS

Changes in IPFBA and peach fruit surface firm-
ness under cold, putrescine, MGBG and phen-
anthroline. Cold stress brought about a statistical-
ly significant increase in  IPFBA from 0.22 to 0.98 
(Figure 1A, from “e” to “a”, P < 0.05) and a signifi-
cant decrease in peach fruit surface firmness from 
11.5 to 3.1 N (Figure 1B, from “a” to “d”, P < 0.05), 
indicating that cold damage occurred in the peach 
fruit. Under cold stress, phenolic substances were 
oxidized into brown quinines by  phenol oxidase. 
So, the IPFBA of peach fruit increased. Cold stress 
might activate cell wall softening enzymes resulting 
in the decrease in fruit surface firmness. However, 
IPFBA declined significantly from 0.98 to 0.39 (Fig-
ure 1A, from “a” to “d”, P < 0.05, the same below) 
and surface firmness increased significantly from 
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3.1 to 10.1 N (Figure 1B, from “d” to “b”) in the fruit 
pretreated with exogenous putrescine under cold 
stress, suggesting that exogenous putrescine could 
alleviate the cold damage. We speculated that ex-
ogenous putrescine pretreatment could alleviate 
cold stress in peach fruit by elevating the contents 
of  conjugated polyamines in  tonoplast, leading 
to  the maintenance of  normal vacuole conforma-

tion. Therefore, conjugated polyamines in  tono-
plast and vacuole conformation were elucidated 
subsequently. Additionally, inhibitors, MGBG and 
phenanthroline were applied in the research to ver-
ify the  hypothesis. MGBG pretreatment could 
markedly reverse the effects of exogenous putres-
cine on IPFBA and fruit surface firmness from 0.39 
to 0.61 (Figure 1A, from “d” to “c”) and from 10.1 
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Figure 1. Changes in index of peach flesh browning area (IPFBA, A) and peach fruit surface firmness (B) under cold, 
putrescine, methylglyoxal-bis (guanylhydra zone) and phenanthroline treatment
Control – peach fruits were submerged into distilled water without any reagent for 100 minutes, and then sampled
Treatment 1: TR1 – peach fruits were submerged into distilled water without any reagent for 100 minutes, and then preserved 
for 20 days at 4 °C; treatment 2: TR2 – peach fruits were submerged into a solution of 1 mM putrescine for 100 minutes, and 
then preserved for 20 days at 4 °C; treatment 3: TR3 – peach fruits were submerged into a solution of 1 mM putrescine and 
0.2 mM MGBG for 100 min, and then preserved for 20 days at 4 °C; treatment 4: TR4 – peach fruits were submerged into 
a solution of 1 mM putrescine and 0.1 mM phenanthroline for 100 minutes, and then preserved for 20 days at 4 °C
The significant differences among the control and the treated materials were assessed with Duncan’s tests (P < 0.05) and were 
expressed over the columns by different lowercase letters. TR1, TR2, TR3 and TR4 in the following Figures mean the same 
as in Figure 1
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to 7.2 N (Figure 1B, from “b” to “c”), respectively. 
Pretreatment with phenanthroline exerted a  little 
more reversed effects on the two parameters than 
that with MGBG.

Changes in  free polyamines in  peach flesh 
under cold, putrescine and MGBG. It was  pref-
erential to understand the changes in free polyam-
ines in peach flesh before to explore the conjugat-
ed polyamines in  tonoplast of  flesh cells because 
the  levels of  conjugated polyamines are  greatly 
affected by  free polyamines. In  the experiment, 
3 main free polyamines, putrescine, spermidine 
and spermine, which are closely related to abiotic 
stresses, were assessed in  peach fruit flesh. Com-
pared with the  control, cold stress could  hardly 
bring about a change in free putrescine level (Fig-
ure 2A), while it increased free spermidine level 
from 53.2 to 83.2 nmol/g fresh weight (Figure 2B) 
and free spermine from 46.1 to 74.5 nmol/g fresh 
weight (Figure 2C). Furthermore, in the fruit pre-
treated with exogenous putrescine, the cold stress-
induced increases of free spermidine and spermine 
were markedly enhanced by  over 90% and 80%, 
respectively, indicating that  free spermidine and 
spermine were closely related to  fruit cold resist-
ance. Because free spermidine and spermine carry 
more positive charges than free putrescine, they 
can non-covalently conjugate to the phospholipids 
and acidic proteins in  tonoplast more easily than 
putrescine (Lutts et al. 2013). These non-covalent-
ly conjugated polyamines in  tonoplast might play 
important roles in  maintaining tonoplast confor-

mation and function. However, the  enhancement 
was substantially inhibited by MGBG, whereas free 
putrescine level was obviously elevated (Figure 2), 
indicating that  MGBG inhibited the  conversion 
from free putrescine to  spermidine and spermine 
by inhibiting SAMDC activity.

Changes in  the polyamines non-covalently 
conjugated to  tonoplast of  peach fruit cells un-
der cold, putrescine and MGBG. In  tonoplast, 
three non-covalently conjugated polyamines could 
be detected, with the  highest level of  spermidine, 
the  second level of  spermine and the  lowest level 
of  putrescine (Figure 3). Furthermore, the  level 
of  non-covalently conjugated putrescine kept al-
most constant under cold, putrescine and MGBG, 
indicating that  non-covalently conjugated putres-
cine  had little relationship with fruit cold resist-
ance. Nevertheless, non-covalently conjugated sper-
midine and spermine increased under cold stress, 
and with the  exogenous putrescine pretreatment, 
the cold-induced increases were markedly enhanced 
from 35.2 to 75.6 nmol/mg protein (Figure 3B, from 
“c” to  “a”) and from 26.9 to  62.5  nmol/mg protein 
(Figure 3C, from “c” to “a”), respectively. The result 
showed that non-covalently conjugated spermidine 
and spermine in  tonoplast were closely associated 
with fruit cold resistance. The  hypothesis was  fur-
ther verified by  the result with inhibitor MGBG. 
The  enhancement was  substantially inhibited with 
MGBG application (Figure 3), coupled with the de-
crease in  fruit cold resistance, as  judged by the in-
dexes of IPFBA and fruit surface firmness (Figure 1). 
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The  result implied not only that  MGBG affected 
the  levels of non-covalently conjugated spermidine 
and spermine by affecting the levels of free spermi-
dine and spermine, but also that MGBG decreased 
cold resistance via  decreasing the  levels of  non-
covalently conjugated spermidine and spermine 
in tonoplast.

Change in  covalently conjugated putrescine 
in tonoplast of peach fruit cells under cold, pu-
trescine and phenanthroline. Only covalently 
conjugated putrescine in  tonoplast could be de-
tected (Figure 4), while the other conjugated poly-
amines could not be found because their quanti-
ties might be too little. Compared with the control, 
in tonoplast of peach fruit cells under cold stress, 
the  level of  covalently conjugated putrescine in-
creased from 45.6 to  63.9  nmol/mg protein. Fur-
thermore, the  cold-induced increase was  mark-
edly enhanced from 63.9 to 120.1 nmol/mg protein 
(from “c” to  “a”) by  the pretreatment with exog-
enous putrescine, indicating that  covalently con-
jugated putrescine were closely related to  fruit 
cold resistance. The notion was further supported 
by the result with inhibitor phenanthroline. Phen-
anthroline could potently inhibit transglutaminase 
activity and thereby decrease the content of cova-
lently conjugated polyamines (Lutts et al. 2013). So, 
the  inhibitor was  used in  the experiment. In  this 
research, phenanthroline substantially inhibited 
the exogenous putrescine-induced increase in co-

valently conjugated putrescine in  tonoplast (Fig-
ure 4), coupled with the decrease in  fruit cold re-
sistance, as  judged by  the indexes of  IPFBA and 
fruit surface firmness (Figure 1).

Changes in  SAMDC and transglutaminase 
activities under cold, putrescine and inhibi-
tors. SAMDC, the pivotal enzyme in biosynthesis 
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of  free spermidine/spermine, can affect the  con-
tents of the polyamines non-covalently conjugated 
to  tonoplast. The  biosynthesis of  covalently con-
jugated polyamines in  tonoplast proteins can be 
directly catalyzed by transglutaminase. So, the ac-
tivities of  the two enzymes were additionally as-
sessed in this research. Compared with the control, 
in  the fruit under cold condition, both SAMDC 
and transglutaminase activities increased slightly 
(Figure 5) and the  increases were markedly en-
hanced by  89% (Figure 5A) and 172% (Figure 5B) 
by the pretreatment with exogenous putrescine, re-
spectively. These results suggested that exogenous 
putrescine increased the  levels of  free spermidine 
and spermine, and non-covalently conjugated 
spermidine and spermine in tonoplast by elevating 
SAMDC activity, and thereby  enhanced the  fruit 
cold resistance. In addition, exogenous putrescine 
increased the  level of  covalently conjugated pu-
trescine in tonoplast by elevating transglutaminase 
activity, and thereby enhanced the fruit cold resist-
ance. The  suggestions were supported by  the ap-
plication of inhibitors, MGBG and phenanthroline, 
The increases in SAMDC and transglutaminase ac-
tivities, which were mediated by exogenous putres-
cine, were inhibited by 37% and 46% with MGBG 
and phenanthroline pretreatments, respectively 
(Figure  5), coupled with the  decrease in  the fruit 
cold resistance (Figure 1).

Change in  vacuole conformation under cold, 
putrescine, MGBG and phenanthroline. In  the 
control of  peach flesh tissue, a  large central vacu-
ole could be observed in  the cells (Figure 6A). 
The vacuole was characterized with regular oval ap-
pearance, clear and smooth tonoplast border and 
high transparency, indicating a  normal fruit vacu-
ole conformation. Nevertheless, under cold stor-
age, the  normal central large vacuole disappeared 
and some small vacuoles were observed. These 
vacuoles could be characterized with uneven and 
vague borders, different sizes, irregular shapes and 
low transparency (Figure 6B), suggesting that  cold 
stress severely destroyed the  normal central large 
vacuole conformation. Pretreatment with exoge-
nous putrescine could prevent the  normal vacuole 
conformation from being destroyed by  cold stress 
to a great extent, because a central oval large vacu-
ole appeared again with clear and smooth tonoplast 
border and high transparency (Figure 6C), imply-
ing that exogenous putrescine alleviated cold injury 
in  vacuole conformation of  peach fruit cells. This 
alleviation phenomenon might be attributed to the 
increases in  non-covalently conjugated spermidine 
and spermine (Figure 3), and conjugated putrescine 
(Figure 4) in tonoplast, which were induced by ex-
ogenous putrescine. However, from figure 6D and 
figure 6E, it could be observed that the alleviation ef-
fect was suppressed to a different extent by the pre-
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treatment with MGBG or phenanthroline, hinting 
that these inhibitors aggravated cold injury in vacu-
ole conformation, which might be attributed to the 
decreases in  the activities of  SAMDC and trans-
glutaminase (Figure 5) and thereby  the desreases 
in non-covalently conjugated polyamines (Figure 3) 
and conjugated putrescine (Figure 4) in tonoplast.

DISCUSSION

Exogenous putrescine alleviated peach fruit 
cold injury. Although low temperature storage can 
prolong fruit preservation, fruit are often subjected 
to  cold stress (Lurie, Crisosto 2005). The  decrease 
in  fruit firmness and the  increase in  browning de-
gree are performances for  cold damage (Cao et  al. 
2016). So, from the changes in two parameters, IP-
FBA (Figure 1A) and fruit surface firmness (Figure 
1B), it could be deduced that harvested peach fruit 
were definitely subjected to cold stress. From the de-
crease in  fruit flesh browning area  and increase 
in  surface firmness, which were induced by  exog-
enous putrescine pretreatment (Figure 1), it can be 
concluded that exogenous putrescine alleviate peach 
fruit cold damage. This finding is in a good agree-
ment with the previous reports (Palma et al. 2015; 
Ahmad, Ali 2019; Hassan et al. 2020). 

Many agronomic techniques, including pretreat-
ment with exogenous plant growth regulator, are sup-
plied to prolong the postharvest storage life of vegeta-
ble and fruit, such as tomato (Min et al. 2020), potato 
(Tosetti et  al. 2021), zucchini (Palma  et  al.  2015), 
kiwifruit (Jiao 2021), carambola (Ahmad, Ali 2019), 
peach (Cao et  al. 2018), etc. Among these regula-
tors, polyamine application  has  been  widely  taken 
into attention (Palma et al. 2015; Ahmad, Ali 2019). 
Among three main polyamines, putrescine is more 

preferentially taken  into  consideration due to  its 
lower price. Therefore, exogenous putrescine could 
be applied in fruit preservation practices. For a dif-
ferent peach cultivar with different cold resistance, 
putrescine dose and processing time would be wor-
thy of further exploration and research. The present 
study can only provide theoretical support for hor-
ticulture practice. In  the present study, only cold-
sensitive peach cultivar was  used as  experimental 
material, so in  the future, the  effect of  exogenous 
putrescine on cold-resistance peach cultivar should 
deserve to be explored, too.

The mechanism by  which exogenous putrescine 
mitigates fruit cold injury deserves to be further ex-
plored. In this study, we found that exogenous pu-
trescine pretreatment alleviated cold stress in peach 
fruit by elevating the contents of non-covalently con-
jugated spermidine and spermine, as well as conju-
gated putrescine in tonoplast, leading to the mainte-
nance of normal vacuole conformation. The further 
discussion is as follows.

Free polyamines in flesh tissue and cold resist-
ance. Free polyamines in flesh tissue should be elu-
cidated before exploring the conjugated polyamines. 
No unanimous conclusion can be drawn regarding 
the  significance of  endogenous free putrescine ac-
cumulation under abiotic stresses (Du et al. 2023). 
It has well documented that endogenous free poly-
amines (for example, free putrescineare) are associ-
ated with cold tolerance (Galston 1983; Rodriguez 
et  al. 2001). Endogenous free putrescine build-up 
can cause injury and decrease plant resistance to en-
vironmental stresses because oxidation and degrada-
tion products of putrescine, such as H2O2, amido al-
dehyde and propylene aldehyde, can be cross-linked 
with proteins and nucleic acids, leading to  cell se-
nescence and apoptosis (Rodriguez et al. 2001; Jing 
et al. 2020). The present result showed that endog-

(A)(A) (B)(B) (C)(C) (D)(D) (E)(E)

Figure 6. Change in vacuole conformation under cold stress, putrescine and two inhibitors
(A) – Control; (B) – TR1; (C) – TR2; (D) – TR3; (E) – TR4; for TR1–4 and "Control" explanation see Figure 1
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enous putrescine level kept contant almost constant 
under cold, exogenous putrescine and MGBG. These 
differences might be attributed to  different treat-
ment periods and experimental materials, especially 
cultivar variation in tolerance.

In the  present experiment, putrescine pretreat-
ment increased the  contents of  endogenous free 
spermidine (Figure 2B) and spermine (Figure 2C), 
implying that the two free polyamines were involved 
in cold tolerance. The implication was further veri-
fied with the  following test of  inhibitor treatment. 
Inhibitor MGBG pretreatment inhibited the  in-
creases in free spermidine (Figure 2B) and spermine 
(Figure 2C) by  restraining the  activity of  SAMDC 
(Figure 5A), and simultaneously decreased the fruit 
cold tolerance (Figure 1). Since Spd and Spm carry 
more positive charges, they could be linked to bio-
macromolecules, such as acidic proteins and mem-
brane phospholipids, more easily than putrescine, 
and could play important roles under abiotic stress-
es (Dutra et al. 2013). Polyamines seem to regulate 
cell membrane proteins such as two major vacuolar 
cation channels and plasma membrane H+-ATPase 
(Pottosin et  al. 2021; Du et  al. 2022). Previous re-
search reveals that  the conversions of  free putres-
cine into free spermidine and spermine are the main 
pathway by which the spermidine and spermine lev-
els are elevated (Du et al. 2023). Therefore, we can 
infer that  endogenous free putrescine is converted 
into free spermidine and spermine by  SAMDC 
under cold and exogenous putrescine treatment. 
In  this sense, SAMDC should play a  key function 
in the context of peach fruit cold resistance.

Conjugated polyamines in tonoplast and cold resist-
ance. The polyamines in plants often function in the 
conjugated forms. Free polyamines with positive 
charges could be non-covalently conjugated to mem-
brane phospholipids and acidic proteins with negative 
charges by electrostatic force (Lutts et al. 2013). Be-
sides, free polyamines could be covalently conjugated 
to  the proteins in  bio-membranes (Del Duca  et  al. 
1995; Lutts et al. 2013). In this research, the chang-
es in  the conjugated polyamines in peach tonoplast 
were illustrated. Interestingly, exogenous putrescine 
pretreatment increased synchronously  the cold re-
sistance (Figure 1) and the  contents of  conjugated 
polyamines in  tonoplast, including non-covalently 
conjugated spermidine (Figure 3B) and spermine 
(Figure 3C), and covalently conjugated putrescine 
(Figure 4). From the results, it can be inferred that the 
three forms of polyamines might be involved in the 

tolerance of peach fruit to cold stress. The inference 
should be further verified by  the following experi-
mental testimonies with inhibitor pretreatments. In-
hibitor MGBG pretreatment restrained the SAMDC 
activity (Figure 5A), thereby decreased non-covalent-
ly conjugated spermidine (Figure 3B) and spermine 
(Figure 3C) contents in tonoplast, and simultaneously 
decreased fruit cold tolerance (Figure  1). Similarly, 
inhibitor phenanthroline pretreatment restrained 
transglutaminase activity (Figure  5B), thereby  de-
creased covalently conjugated putrescine content 
(Figure 4) in tonoplast, and simultaneously decreased 
fruit cold tolerance (Figure 1). 

Pottosin et  al. (2021) argued that  non-covalently 
conjugated polyamines in the tonoplast played an im-
portant role by regulating the activities of transport-
ers in tonoplast. Del Duca et al. (1995) have reported 
the  function of  covalently conjugated polyamines 
in chloroplasts. Therefore, we can infer that free sper-
midine and spermine are non-covalently conjugated 
to  phospholipids and acidic proteins in  tonoplast 
by electrostatic interaction, and that free putrescine 
is covalently conjugated to  proteins in  tonoplast 
by  transglutaminase under cold and exogenous pu-
trescine treatment. These conjugated polyamines play 
important roles in maintaining the conformation and 
function of the tonoplast and proteins in membrane 
to elevate the resistance of peach fruit to cold stress. 
Since transglutaminase catalyzes the  biosynthesis 
of  covalently conjugated putrescine, its function is 
obvious in the context of peach fruit cold resistance. 
In this study, the relationship between the conjugated 
polyamines and vacuole conformation was  focused 
on and discussed as follows.

Vacuole conformation and cold resistance. Vacu-
oles of plant cells are important multifunctional orga-
nelles for  regulating metabolism and reserving ions 
and metabolites, such as sugars and the other flavor-
related substances in fruit. The investigation of vacu-
ole is of great scientific significance and has potential 
applications in  horticulture practice. Plant  growing 
and developing are closely associated with the normal 
vacuole conformations. Plants are often subjected 
to  abiotic stresses, for  example, to  drought (Hassan 
et al. 2020), salt (Lutts et al. 2013), high temperature 
(Zhang et  al. 2023), etc. Vacuoles play pivotal roles 
in plant responses to abiotic and biotic stresses, and 
abiotic stresses often lead to  the change in  vacuole 
conformation (Tanaka et al. 2007; Bak et al. 2013; Ji-
ang et al. 2021). So, it is regarded as a performance 
of stress resistance to keep the normal vacuole confor-

file:///C:\Program%20Files\Youdao\Dict4\7.5.2.0\resultui\dict\?keyword=electrostatic
file:///C:\Program%20Files\Youdao\Dict4\7.5.2.0\resultui\dict\?keyword=force
file:///C:\Program%20Files\Youdao\Dict4\7.5.2.0\resultui\dict\?keyword=synchronously


108

Original Paper	 Horticultural Science (Prague), 51, 2024 (2): 98–110

https://doi.org/10.17221/87/2023-HORTSCI

mation. In this research, the normal vacuole confor-
mation was destroyed by cold stress (Figure 6B) and 
exogenous putrescine pretreatment could prevent 
the  abnormal vacuole conformation to  a  great  ex-
tent (Figure 6C) and elevating the  fruit cold resist-
ance (Figure 1), suggesting that it was vital to main-
tain the normal vacuole conformation in the context 
of peach fruit cold resistancewas required for peach 
fruit cold tolerance. The suggestion was further veri-
fied by the pretreatments with inhibitor, MGBG and 
phenanthroline, which reversed the  effects of  exog-
enous putrescine on maintaining vacuole conforma-
tion (Figure 6D, 6E) and on alleviating cold injury (Fig-
ure 1). The results of Hassan et al. (2020) have showed 
shown polyamine treatments could maintain vacuole 
conformation and thereby  alleviate wheat  seedling 
drought stress, which is consistent with the present 
findings. Then, the  next question is why exogenous 
putrescine pretreatment can maintain the  normal 
vacuole conformation under cold stress.

Vacuole conformation and conjugated poly-
amines to  tonoplast. Dutra  et  al. report (2013) 
that  non-covalently conjugated polyamines 
in  membranes are related to  the physical state 
of the membranes. Del Duca et al. (1995) have ex-
plored covalently conjugated polyamines in  thy-
lakoid membranes. However, the  relationship be-
tween vacuole conformation and the  conjugated 
polyamines to  tonoplast remains to  be answered. 
Interestingly, in the present study, we found that ex-
ogenous putrescine pretreatment not only pre-
vented the  abnormal vacuole conformation (Fig-
ure 6C), but also elevated markedly the  contents 
of  conjugated polyamines in  tonoplast, including 
non-covalently conjugated spermiding (Figure 3B) 
and spermine (Figure 3C), and covalently conju-
gated putrescine (Figure 4). The  result implied 
that  these conjugated polyamines in  tonoplast 
might be involved in maintaining vacuole confor-

mation. To  further verified the  finding, inhibitors 
MGBG and phenanthroline were applied in the ex-
periment. The  two inhibitors inhibited exogenous 
putrescine-induced increases in  non-covalently 
conjugated polyamines (Figure 3B, 3C) and cova-
lently conjugated polyamine (Figure 4), respective-
ly, and simultaneously reversed the effect of exog-
enous putrescine on vacuole conformation (Figure 
6D, 6E). The normal conformation of vacuole and 
the  proteins in  tonoplast are important for  fruit 
quality (Jiang et al. 2021). However, abiotic stress-
es often lead to  peroxidation of  membrane phos-
pholipid and denaturation of membrane proteins, 
which result in  the membrane phase transforma-
tion (Singer, Nicolson 1972). Del Duca et al. (1995) 
argued that  conjugated polyamines in  the large 
subunit of Rubisco could stabilize the protein con-
formation. Therefore, we can infer that exogenous 
putrescine pretreatment can maintain vacuole con-
formation by elevating the polyamines conjugated 
to tonoplast, which protect tonoplast phospholipid 
and proteins against peroxidation and denaturation 
in the context of peach fruit cold resistance.

CONCLUSION

Putrescine pretreatment alleviates cold stress via el-
evating the  contents of  non-covalently conjugated 
spermidine and spermine, and conjugated putrescine 
in tonoplast, and thereby maintains normal vacuole 
conformation. Therefore, putrescine-mediated fruit 
cold resistance involved in  these conjugated poly-
amines in tonoplast and maintenance of membrane 
conformations. To elucidate more clearly the novel 
mechanism of exogenous putrescine-mediated cold 
resistance, a sketch image was displayed in Figure 7. 
Undoubtedly, the present finding broadens the un-
derstanding of  polyamine function in  horticulture 
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field. However, in  the present research, we  have 
done an only modest exploration from the aspects 
of vacuole morphology and conjugated polyamines 
in  tonoplast. Therefore, three aspects of  the study 
should be addressed in the future. The first involves 
in exploring proper dose and duration of exogenous 
putrescine treatment for  a  different peach cultivar 
in  horticultural industry practice. The  second is 
related to  application of  14C-isotope-labeled exog-
enous putrescine and electron microscope autora-
diography technique, so that putrescine conversion 
would be exactly examined. The third aspect is asso-
ciated with gene knockout and recombination tech-
nology. These new comprehensive data in prospect 
should shed more interesting light on the arena.
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