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Polyamines play a key role in regulating fruit quality, but the comparative effects of the major 
polyamines—putrescine (Put), Spermine (Spm), and spermidine (Spd)—on strawberry fruit 
quality are still unclear. The current study sought to determine the effects of various 
polyamines to maximize the quality of the strawberry cv. Camarosa. The Pre-harvest 
experiment using varying amounts of Put, Spm, and Spd (0, 25, 50, 75, and 100 mg/L) was 
included in this investigation. In the post-harvest experiment, the ideal concentration 
determined in the initial trial was employed to submerge the fruits. Following that, these fruits 
were kept for 12 days, with samples being collected for examination on days 3, 6, 9, and 12. 
The application of polyamines, especially Spm, at 75 mg/L enhanced Chl a+b (35%), RWC 
(10%), fruit yield (40%), anthocyanin (36%), ascorbic acid (AsA, 33%), and DPPH scavenging 
activity (25%), while reducing the TSS/TA ratio at harvest by 24% compared with the 
untreated control. In the second experiment, the quality of the fruits decreased when they 
were stored. In fruits without polyamines, firmness (62%), anthocyanin (35%), and DPPH 
scavenging activity (29%) decreased by day 12 compared to the first day of storage. However, 
fruit weight loss (15.3%), fruit decay (24.7%), malondialdehyde (MDA, 75%), and TSS/TA 
(56%) all increased during storage. Polyamine treatments-particularly Spm-significantly 
reduced fruit decay, weight loss, MDA, and helped maintain antioxidant capacity, likely 
through enhanced membrane stability and modulation of ethylene-related senescence 
processes. Therefore, the application of Spm at 75 mg/L is recommended to enhance fruit 
yield and preserve strawberry fruit quality during storage. 
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INTRODUCTION 
Polyamines, including spermine (Spm), spermidine (Spd), and 
putrescine (Put), are organic compounds that play crucial roles in 
plant growth, development, and postharvest storage of fruits. They 
are essential for modulating plant responses to environmental stress, 
regulating gene expression, and influencing cellular functions [1]. 

Polyamines are involved in cell division and elongation, promoting 
the synthesis of DNA, RNA, and proteins. They also stabilize the 
structure of DNA and RNA, facilitating efficient transcription and 
translation processes [2]. Exogenous application of polyamines can 
enhance plant growth by promoting root and shoot development. 
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They interact synergistically with phytohormones like auxins, 
gibberellins, and cytokinins, regulating plant growth [2, 3].  
Polyamines play a crucial role in fruit storage by delaying 
senescence, a process that leads to aging and decay. They inhibit the 
biosynthesis of ethylene, a plant hormone that accelerates ripening 
and deteriorates fruit quality. Polyamines help regulate ethylene 
levels, extending the shelf life of fruits and preventing over-ripening. 
Polyamines compete with ethylene for the common precursor, S-
adenosylmethionine (SAM), thereby reducing the availability of 
SAM for ethylene biosynthesis. This results in a decrease in ethylene 
production, which helps delay the ripening process. Additionally, 
exogenous polyamines inhibit key enzymes involved in ethylene 
biosynthesis, further suppressing ethylene levels and extending shelf 
life [4, 5]. They also contribute to postharvest preservation by 
reducing oxidative stress and maintaining cell membrane integrity [3, 
4]. Oxidative stress, caused by reactive oxygen species (ROS), 
damages cellular components, leading to deterioration of texture and 
appearance. Polyamines, with their strong antioxidative properties, 
help scavenge ROS and mitigate damage, preserving cell membrane 
integrity and preserving fruit firmness, color, and overall quality [6]. 
By stabilizing cellular structures and protecting against oxidative 
damage, polyamines extend the marketable life of fruits, reduce 
postharvest losses, and ensure fruits retain their nutritional and 
sensory qualities [2]. Polyamines bind to phospholipids and 
membrane components, strengthening and preventing lipid 
peroxidation, which can damage the cell membrane. This helps 
maintain fluidity and stability, controlling water, ions, and other 
molecules. It also helps maintain cellular turgor, structural integrity, 
and fruit quality during postharvest storage. Exogenous polyamines 
mitigate oxidative stress, preserving membrane selective 
permeability, extending shelf life, and preserving fruit quality [7, 8]. 
Pre-harvest application of polyamines has been shown to influence 
plant growth and fruit quality in several crops, including jujube [9], 
black plum [10], and sesame [11], while post-harvest studies have 
reported beneficial effects on fruit quality and antioxidant capacity in 
papaya [12] and guava [13]. Strawberry (Fragaria × ananassa), 
despite its high nutritional value and commercial importance, is 
highly perishable and prone to rapid post-harvest deterioration. 
Although conventional storage methods such as temperature and 
humidity control can delay quality loss, they are often insufficient, 
highlighting the need for alternative and sustainable approaches to 
improve strawberry shelf life [14,15]. In strawberries, however, 
research on polyamines remains limited and fragmented, with most 
studies focusing on post-harvest treatments or individual polyamines 
rather than comprehensive comparative evaluations. For example, 
Jalali et al. [15] demonstrated that post-harvest application of Spm 
and Spd at relatively high concentrations (approximately 150–250 
mg/L) delayed senescence by reducing weight loss and decay, 
maintaining firmness, and enhancing antioxidant activity during 
storage. Similarly, Orman et al. [16] reported that post-harvest 
treatment of strawberry fruits with spermidine at concentrations 
equivalent to approximately 150–300 mg/L significantly preserved 
biochemical and quality traits during cold storage, with 2.0 mM 
identified as the most effective dose. However, the effects of 
polyamine concentrations below 100 mg/L remain unclear, and most 
previous studies have investigated only one or two polyamines, 
primarily under post-harvest conditions. 

Therefore, comparative information regarding the relative 
effectiveness and optimal concentrations of the three major 
polyamines—Put, Spm, and Spd—particularly under pre-harvest 
conditions, is still lacking. It is hypothesized that Spm may exert 
stronger physiological and protective effects than Put or Spd due to 
its higher positive charge density and greater capacity to stabilize 
cellular membranes and interact with macromolecules involved in 
stress regulation and senescence. To address this gap, the present 
study aimed to identify optimal concentrations of Put, Spm, and Spd 
for improving plant physiological traits, fruit yield, and antioxidant 
potential, and to subsequently evaluate their effects on post-harvest 
fruit quality and storage performance in strawberry cv. Camarosa 
under both pre- and post-harvest conditions. 

MATERIALS AND METHODS 
Experimental Treatments and Growth Circumstances 
This study comprised two experiments evaluating the effects of 
polyamines under pre- and post-harvest conditions. In the pre-harvest 
experiment, strawberry plants (Camarosa cultivar) were treated with 
three polyamines-Put, Spm, and Spd-each applied at four 
concentrations (25, 50, 75, and 100 mg/L), in addition to an untreated 
control, resulting in a total of 13 treatments (1 control + 3 polyamine 
types × 4 concentrations). Each pot contained one plant. The 
experiment was conducted in a greenhouse under average 
temperatures of 16 °C at night and 27 °C during the day, with a 
relative humidity of 65–70%. The seeds were grown in grow boxes 
with a 2:1 ratio of cocopeat to perlite, and the plants were nourished 
with Hogland nutritional solution. The experiment was designed in a 
completely randomized design (CRD) with three replicates for each 
treatment in 2023. A total of 13 treatments of these polyamines at 
different concentrations were used, which were sprayed on the leaves 
three times at 15-day intervals. The first spraying was conducted at 
the 4-leaf stage. For the first experiment, the following parameters 
were used: Chlorophyll (Chl) content, relative water content (RWC), 
fruit yield, total soluble solids (TSS), titratable acidity (TA), 
anthocyanin, ascorbic acid (AsA), and DPPH scavenging activity. 
In the second experiment, the optimal concentration identified from 
the first experiment was used to immerse the fruits. The treated fruits 
were then stored at 4 °C for 12 days, with samples collected on days 
1, 3, 6, 9, and 12 for analysis. The experiment was arranged in a 
factorial design based on a completely randomized design (CRD), 
with polyamine type at four levels (control, Put, Spd, and Spm) and 
storage time at five levels (days 1, 3, 6, 9, and 12), resulting in a total 
of 20 treatments (4 polyamine treatments × 5 storage times), each 
with three replicates. 

Chlorophyll Measurement  
Arnon's method [17] was used to quantify the amounts of Chl in 
leaves with three replicates. Fresh leaves weighing 0.1 g were ground 
using liquid nitrogen. After adding 10 mL of acetone (80%), a 
centrifuge was run for 10 min at 6000 rpm. All procedure steps were 
conducted under dim light to minimize Chl degradation. Sample 
absorbance was measured at wavelengths of 645 and 663 nm using a 
Shimadzu UV-160 spectrophotometer. The following formulas made 
use of the findings:  
Chl a (mg/g) = 12.7×A663−2.69×A645  
Chl b (mg/g) = 22.9×A645−4.68×A663  
Where: 
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A663 and A645 are the absorbance values at 663 nm and 645 nm, 
respectively. 

Determination of Relative Water Content (RWC) 
To calculate RWC, the developed leaves were utilized. Saturation 
weight (SW) was obtained by immersing the leaves in distilled water 
for a full day following the measurement of fresh weight (FW). To 
determine their dry weight (DW), the leaf samples were then dried 
for 24 h at 70 °C. In the end, the following equation was used to 
determine RWC [18]. 
 

RWC =
(FW−DW)
(SW− DW) × 100 

Yield, Weight loss, Decay, and Firmness of Fruits    
Fruit yield was calculated by measuring the weight of all fruits per 
plant [19]. 
The weight loss of a fruit over time is measured by weighing the fruit 
at its start, storing it under specific conditions, and weighing it 
regularly. The percentage weight loss can be calculated using the 
formula:  
Initial weight - Final weight - 100. This method helps in 
understanding the process of fruit decay and its impact on moisture 
and mass. 
Weight loss percentage= [(Initial Weight−Final Weight)/Initial 
weight] ×100 
Fruit decay was assessed visually by estimating the proportion of the 
fruit surface area affected by decay symptoms. Decay was expressed 
as a percentage of the decayed surface area relative to the total fruit 
surface area. 
A penetrometer (FT011 Fruit hardness Tester; Wagner Instruments, 
Italy) was used to measure the firmness of fruits. Fruit firmness was 
measured by inserting the penetrometer into two opposite sides of the 
fruit and recording the hardness values in kg cm⁻². This method helps 
identify the degree of decay or ripening based on changes in firmness 
over time [19].  

Preparation of Fruit Extraction  
Samples of fruit tissue were frozen using liquid nitrogen. After that, 
5 g of fruit tissue was homogenized in 10 mL of 50 mmol L–1 
phosphate buffer at pH 7.8. The homogenate was centrifuged for 20 
min at 4 °C at 15000 rpm to decide on further analysis. It was decided 
to collect the fruit extract [19].  

Anthocyanins Measurement  
Total anthocyanin content was determined using the pH differential 
method as described previously [20]. Two buffer systems were used: 
25 mM potassium chloride (KCl) buffer at pH 1.0 and 0.4 M sodium 
acetate buffer at pH 4.5. Fruit juice samples were first diluted with 
KCl buffer (pH 1.0) until the absorbance at 520 nm was within the 
linear range of the spectrophotometer, and the same dilution factor 
was then applied using sodium acetate buffer (pH 4.5). Absorbance 
was measured at 520 nm against distilled water as a blank. 
The absorbance difference (A) was calculated as: 
A=A520 (pH 1.0) − A520(pH 4.5) 
Total anthocyanin content was calculated as cyanidin-3-glucoside 
(C3G) equivalents using the following equation: 
Total anthocyanin (mg/L) = A×MW×DF×1000 / ε×l 
where A is the absorbance difference, MW is the molecular weight of 
cyanidin-3-glucoside (449.2 g mol⁻¹), DF is the dilution factor, ε is 

the molar extinction coefficient (26,900 L/mol/cm), and l is the path 
length of the cuvette (1 cm). Anthocyanin content was finally 
expressed as mg C3G per 100 g fresh weight (mg C3G 100 g/FW). 

 

Ascorbic Acid Measurement   
Ascorbic acid (vitamin C) was measured by titrating 2,6-
dichlorophenolindophenol. After 10 g of fruit flesh was digested with 
3% metaphosphoric acid, the mixture's volume was expanded to 100 
mL with the help of 3% metaphosphoric acid, and it was then filtered. 
To get a pale pink tint, 10 milliliters of filtered solution were titrated 
using dichlorophenol-indophenol. The quantity of ascorbic acid in 
mg 100/g of extract was determined using the pigment volume used 
in the titration [19]. 

Total Soluble Solids (TSS)  
Fruit juice droplets were placed in a refractometer to quantify TSS. 
Brix was measured, and the refractometer's calibration was done 
using distilled water prior to the measurement [21].  

Titration Acidity (TA) Determination  
TA was determined by titration following a standard method [21]. 
Briefly, 5 mL of fruit extract was diluted with 20 mL of distilled water 
in an Erlenmeyer flask. The solution was titrated with 0.1 N NaOH 
at 20 °C while continuously monitoring pH using a calibrated pH 
meter. The titration endpoint was identified by a sharp change in pH, 
corresponding to neutralization of organic acids. TA was calculated 
based on the volume of NaOH consumed during titration and 
expressed as grams of citric acid per 100 mL of fruit extract (%). A 
citric acid conversion factor of 0.064 was used, assuming citric acid 
as the predominant organic acid in strawberry fruit, which is 
consistent with previous reports on strawberry organic acid 
composition [21]. Standardization of the titration procedure and 
operator training were applied to ensure consistency and accuracy in 
endpoint determination. 
 

TA% =
Titre	(mL) × NaOH	Normality	(0.1) × Citric	acid	weight	(0.064)	

Volume	of	sample	for	titrate	(5	mL)
 

Data Analysis  
Following data collection, the SAS (version 9.3, SAS Institute, Cary, 
NC, USA) tool was used to analyze the data for factorial design. 
Duncan's multiple range test was used to compare the data means at 
a 5% probability level (P≤0.05). EXSTAT performed PCA, and 
CIMMiner created a heat map, which may be found at 
https://discover.nci.nih.gov/cimminer/home.do.  

RESULTS 

Pre-harvest Test  
This pre-harvest test of polyamines on strawberry plants included 
measurements of Chl, RWC, fruit yield and quality, and antioxidant 
capacity.  

Chlorophyll and Relative Water Content  
Polyamines significantly improve Chl content and RWC in plants, 
with Spm showing the most significant effects. Put, at concentrations 
of 25, 50, 75, and 100 mg/L, increased total Chl content by 13%, 
22%, 24%, and 16% compared to the untreated control. Spm, at the 
same concentrations, further amplified Chl content, resulting in 
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increases of 19%, 30%, 36%, and 20%, indicating its superior 
efficacy in promoting Chl accumulation (Table 1). Furthermore, 
polyamines, particularly Spm, significantly improved RWC of plants, 
a crucial indicator of their water status and overall health. The control 
plants had a water content of 81.6%, but when Spm was applied 
foliarly at 75 mg/L, the RWC increased to 90%, indicating the 
potential of polyamines in enhancing plant water balance (Table 1). 

Fruit Yield and Maturity Index  
Polyamines significantly increased fruit yield, with concentrations of 
75 mg/L showing the most significant effects. Put, Spm, and Spd 
significantly increased fruit yield by 36%, 40%, and 37%, 
respectively, compared to the control. Polyamines also affected the 
TSS: TA ratio, a maturity index used to assess fruit taste and texture 
quality. The most pronounced reductions were observed at 75 mg/L, 
with Put, Spm, and Spd lowering the TSS: TA ratio by 14%, 24%, 
and 18%, respectively. This suggests that while polyamines enhance 
fruit yield, they may also affect the balance between sweetness and 

acidity, potentially affecting the overall taste and texture of the fruit 
(Table 1).  
 
Anthocyanin, Ascorbic Acid, and DPPH Scavenging 
Activity  
The antioxidant capacity of strawberries increased significantly under 
polyamine treatments (Table 2). The greatest anthocyanin was 
achieved under 75 mg/L Spm with a 36% increase relative to the 
control, boosted by polyamines. Moreover, this concentration of Put 
and Spd resulted in increases of 17% and 15%, respectively, in 
comparison to the control. AsA followed a similar pattern, reaching 
its maximum at 75 mg/L Spm, 33% higher than the control. 
Following a 75 mg/L spraying of Put and Spd, fruits exhibited 
increases in AsA of 10% and 23%, respectively. At Put 
concentrations of 25, 50, 75, and 100 mg/L, DPPH scavenging 
activity increased by 8%, 14%, 15%, and 8%, respectively. Similarly, 
foliar application of Spm resulted in increases of 12%, 22%, 25%, 
and 16% at the corresponding concentrations (Table 2).

Table 1 Chlorophyll (Chl), relative water content (RWC), fruit yield, and total soluble solid (TSS)/ titratable acidity (TA) strawberry fruits under polyamines.  
Polyamine (mg/l) Chl a+b  (mg/g) RWC (%) Fruit yield (g/plant) TSS/TA 
Control 0.9 ± 0.06 e 81.7 ± 1.5 j 380 ± 17.6 f 12.3 ± 0.38 a 
Put 25 1.01 ± 0.05 d 83 ± 1.6 i 450 ± 17.6 e 11.4 ± 0.09 bc 
Put 50 1.09 ± 0.07 bcd 86.7 ± 1.5 def 473.3 ± 23.8 d 10.9 ± 0.24 bcd 
Put 75 1.1 ± 0.07 bcd 87 ± 1.2 de 516.7 ± 18 b 10.6 ± 0.07 d-g 
Put 100 1.03 ± 0.05 cd 85.7±1.5 fg 453.3 ± 22.3 e 11.5 ± 0.49 b 
Spm 25 1.06 ± 0.02 bcd 84.7 ± 1.8 gh 463.3 ± 18 de 10.6 ± 0.14 def 
Spm 50 1.16 ± 0.06 ab 89.3 ± 1.8 ab 496.7 ± 18.9 c 9.9 ± 0.21 g 
Spm 75 1.21 ± 0.07 a 90 ± 2.1 a 533.3 ± 23.8 a 9.3 ± 0.09 h 
Spm 100 1.1 ± 0.06 bcd 88.7 ± 1.5 bc 470.7 ± 26.1 d 10.4 ± 0.01 d-g 
Spd 25 1.07 ± 0.05 bcd 85 ± 1.6 gh 466.7 ± 14.8 de 10.8 ± 0.08 cde 
Spd 50 1.12 ± 0.08 abc 86.3 ± 1.2 ef 476.7 ± 12.2 d 10.1 ± 0 efg 
Spd 75 1.16 ± 0.05 ab 87.7 ± 1.5 cd 520 ± 21.2 ab 10 ± 0.16 fg 
Spd 100 1.09 ± 0.05 bcd 84.3 ± 1.7 h 480 ± 17.6 d 10.6 ± 0.12 def 

Small letters show the mean comparison and bars are standard errors (SE).   
 
Table 2 Anthocyanin, ascorbic acid (AsA), and DPPH scavenging activity strawberry fruits under polyamines.  

Polyamine (mg/l) Anthocyanin (mg /00 g) AsA (mg /100 g) DPPH scavenging activity (%) 
Control 45 ± 6.5 d 58 ± 2.1 h 54.7 ± 5.3 f 
Put 25 52.7 ± 3.9 bc 60.3 ± 2.4 h 59 ± 2.4 e 
Put 50 50.7 ± 1.9 bc 64 ± 3.1 g 62.7 ± 2.1cd 
Put 75 54 ± 2.1 bc 66.3 ± 2.7 fg 63 ± 2.4 cd 
Put 100 49.7 ± 1.8 c 65.7 ± 1.9 fg 59 ± 2.1 e 
Spm 25 53.3 ± 3.2 bc 69.7 ± 3.3 de 61.3 ± 1.8 de 
Spm 50 55.3 ± 1.5 b 74.3 ± 2.8 b 66.7 ± 2.7 ab 
Spm 75 61.3 ± 3.2 a 77.3 ± 2.4 a 68.3 ± 3.2 a 
Spm 100 55 ± 1.8 b 72.7 ± 3.4 bc 63.7 ± 2.7 bcd 
Spd 25 51.7 ± 1.5 bc 66 ± 2.1 fg 61.7 ± 1.9 de 
Spd 50 52.7 ± 1.9 bc 71.3 ± 1.8 cd 64 ± 2.9 bcd 
Spd 75 55.7 ± 2.9 b 71 ± 1.8 cd 65.7 ± 2.1 abc 
Spd 100 51.3 ± 2.2 bc 68 ± 2.9 ef 63.7 ± 2.4 bcd 

Small letters show the mean comparison and bars are standard errors (SE). 
 
Post-harvest Test  
The optimal polyamine concentration (75 mg/L) was chosen for fruit 
storage over a 12-day period in the post-harvest test.  

Weight Loss, Decay, and Firmness     
Throughout the storage period, fruit weight loss increased in all 
treatments; however, polyamine application significantly mitigated 
this reduction. In untreated fruits, the highest weight loss (15.3%) 
was observed on day 12 of storage. By contrast, on day 12, fruits 

treated with Put, Spm, and Spd exhibited 28%, 46%, and 41% lower 
weight loss, respectively, relative to the control, indicating a 
proportional reduction compared with untreated fruits (Fig. 1a). 
Furthermore, fruit decay accelerates during storage, although 
polyamines slow the process. The greatest degradation, 24.7%, was 
seen on day 12 without poluyamines. By using Put, Spm, and Spd on 
day 12, the decay was reduced by 34%, 46%, and 42%, respectively, 
in comparison to the control (Fig. 1b). Fruit firmness significantly 
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decreased over the storage period, with noticeable declines observed 
as the days progressed. Specifically, on days 3, 6, 9, and 12, firmness 
in fruits without polyamine treatment decreased by 13%, 32%, 41%, 
and 62%, respectively. This trend highlights the natural softening 
process that occurs during storage, leading to a substantial loss of 
firmness over time in untreated fruits. Polyamines significantly 
improved fruit firmness in fruits treated with Put, Spm, and Spd. 
These treatments increased firmness by 47%, 65%, and 58%, 
respectively (Fig. 1c).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Weight loss (a), decay (b), and firmness (c) of strawberry fruits under 
polyamines during storage. Small letters above the columns show the 
differences in mean comparison and bars are standard errors (SE).   
 
Total Soluble Solids and Titratable Acidity 
Polyamines reduced TSS, but storage time increased it. On day 12, a 
13% rise in TSS was recorded without the use of plyamines. TSS 
dropped when polyamines were applied. On day 12, the application 
of Put, Spm, and Spd reduced TSS in fruit storage by 9%, 12%, and 
10%, respectively (Fig. 2a). In contrast, TA had a reverse reaction, 
declining during storage but increasing as it reduced by 28% at the 
end of storage in comparison to the first day of the storage. 
Furthermore, Spm demonstrated a 10% rise in TA on day 12 in 
response to non-polyamine treatment (Fig. 2b).   

The ratio of TSS: TA increased noticeably during storage. In the 
absence of polyamine therapy, increases of 14%, 30%, 52%, and 
57% were seen on days 3, 6, 9, and 12 as compared to the control. 
TSS/TA in fruit storage decreased by 13%, 19%, and 14% for Put, 
Spm, and Spd, correspondingly, on day 12 (Fig. 2c).  
 
Anthocyanin and Ascorbic Acid  
During storage, fruits without polyamine treatment showed a 
significant decline in anthocyanin content, indicating a reduction in 
antioxidant capacity. In contrast, polyamine-treated fruits exhibited 
higher anthocyanin levels, with Put, Spm, and Spd resulting in 
increases of 10%, 14%, and 10%, respectively, by day 12 of storage 
(Fig. 3 a). AsA content in untreated fruits increased significantly by 
44% on day 3 compared with day 1; however, AsA levels 
subsequently declined and by day 12 were not significantly different 
from the initial storage values. In polyamine-treated fruits, AsA 
content was better maintained throughout storage and was 
significantly higher than in the control, with Put, Spm, and Spd 
increasing AsA levels by 13%, 17%, and 18%, respectively, on day 
12 (Fig. 3 b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Total soluble solids (TSS, a), titratable acidity (TA, b) and TSS/TA (c) 
of strawberry fruits under polyamines during storage. Small letters above the 
columns show the differences in mean comparison and bars are standard 
errors (SE).   

DPPH Scavenging as Activity and Malondialdehyde  
The study found that the antioxidant capacity of fruits during storage 
decreased by 28% compared to day 1 without polyamine treatment. 
However, the addition of polyamines like Put, Spm, and Spd 
increased the DPPH scavenging activity by 12%, 17%, and 15% 
compared to the control group. This suggests that polyamines can 
protect the antioxidant capacity of fruits during storage, potentially 
mitigating the decline in antioxidant activity (Fig. 4a). MDA levels 
in fruits increased during storage without polyamine treatment, 
indicating lipid peroxidation and oxidative stress. The highest MDA 
levels were observed on day 12 of storage without polyamine 
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treatment, indicating high levels of oxidative damage (75%) relative 
to the control. However, the use of polyamines effectively reduced 
MDA levels, indicating their protective effect against lipid 
peroxidation and oxidative stress. On day 12, Put decreased MDA 
levels by 17%, Spm by 23%, and Spd by 19% compared to the 
control group, indicating polyamines' protective effect against lipid 
peroxidation and oxidative stress, thereby preserving fruit integrity 
and quality (Fig. 4b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Anthocyanin (a) and ascorbic acid (AsA, b) of strawberry fruits under 
polyamines during storage. Small letters above the columns show the 
differences in mean comparison and bars are standard errors (SE).   
 
Heat Map 
The heat map analysis revealed clear clustering patterns among both 
storage duration and polyamine treatments. Fruits stored for 9 and 12 
days clustered separately from earlier storage periods and were 
characterized by higher weight loss, decay, TSS, and MDA levels, as 
indicated by warmer color intensities, reflecting advanced 
senescence and quality deterioration. In contrast, earlier storage days 
showed higher firmness, TA, anthocyanin, AsA, and DPPH 
scavenging activity, which clustered together and were represented 
by cooler color gradients. Trait-based clustering indicated a close 
association between weight loss and decay, while antioxidant-related 
traits grouped with firmness and TA, suggesting coordinated 

physiological responses during storage (Fig. 5a). Similarly, 
polyamine-treated fruits, particularly those treated with Spm, formed 
distinct clusters from the control and exhibited lower weight loss, 
decay, and MDA accumulation, along with better maintenance of 
firmness and antioxidant capacity, highlighting the protective role of 
polyamines during cold storage (Fig. 5b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 DPPH scavenging activity (a) and malondialdehyde (MDA, b) of 
strawberry fruits under polyamines during storage. Small letters above the 
columns show the differences in mean comparison and bars are standard 
errors (SE).   
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Heat map analysis of strawberry fruits during storage (a) under 
polyamines (b). WL: weight loss, TA: titratable acidity, TSS: total soluble 
solids, AA: antioxidant activity, AsA: ascorbic acid. MDA: malondialdehyde. 
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Principal Component Analysis  
PCA further clarified relationships among quality traits, storage time, 
and polyamine treatments (Fig. 6a, b). For storage duration, the first 
component (F1) explained 94.7% of the total variance, while the 
second component (F2) accounted for 4.6%, indicating that most 
variability in fruit quality was driven by storage-related changes. The 
high contribution of F1 reflects the strong, coordinated response of 
multiple traits to storage progression rather than data scaling issues. 
Storage days were primarily separated along F1, with day 6 
positioned near the origin, suggesting a transitional stage. 
Senescence-related traits (weight loss, decay, TSS, and MDA) 
showed strong positive loadings on F1, whereas firmness, TA, 
anthocyanin, AsA, and DPPH scavenging activity exhibited negative 
loadings, indicating inverse relationships. Similarly, in the PCA of 
polyamine treatments, F1 explained 98.9% of the variance and 
clearly separated the control from polyamine-treated fruits, 
highlighting the dominant influence of polyamines—particularly 
Spm—on maintaining fruit quality and antioxidant capacity. 
 

 
Fig. 6 Principal component analysis (PCA) of strawberry fruits during storage 
(a) under polyamines (b). WL: weight loss, TA: titratable acidity, TSS: total 
soluble solids, AA: antioxidant activity, AsA: ascorbic acid. MDA: 
malondialdehyde. 
 
DISCUSSION 

Pre-harvest 
The application of polyamines, particularly Spm at a concentration 
of 75 mg/L, significantly enhanced leaf Chl content in strawberry 
plants. This is due to several biochemical mechanisms. Firstly, 
polyamines stabilize Chl-protein complexes, which helps maintain 
higher Chl levels in the leaves. Secondly, it stimulates enzymes 
involved in Chl biosynthesis, such as δ-aminolevulinic acid (ALA) 
synthase, leading to increased Chl production [3]. Secondly, 
polyamines protect against oxidative stress by scavenging ROS, 

preserving chloroplast integrity and functionality. Spm can regulate 
antioxidant enzyme activity, allowing plants to maintain higher 
levels of Chl under stress conditions. Thirdly, polyamine, specially 
Spm enhances nitrogen assimilation, leading to increased nitrogen 
uptake and assimilation. It also activates nitrogen metabolism 
enzymes, enhancing nitrogen incorporation into Chl molecules [22]. 
Lastly, these polyamines regulate gene expression, influencing the 
expression of genes related to chloroplast development and Chl 
synthesis. Lastly, they inhibit Chl degradation, preventing its 
breakdown and increasing its accumulation in the leaves. Thus, foliar 
application of polyamines, particularly Spm, significantly 
contributes to the overall health and photosynthetic efficiency of 
strawberry plants [23]. In accordance with the findings of the current 
investigation, Zhao et al. [22] demonstrated the beneficial effects of 
polyamines on increasing Chl in wheat plants.  
Foliar-applied polyamines significantly improved RWC in 
strawberry leaves. This is due to its role in maintaining cellular turgor 
pressure, enhancing water retention, and regulating ion channels in 
plant cell membranes. Polyamines, particularly Spm, also stabilize 
cell membranes by interacting with membrane phospholipids and 
proteins, reducing membrane permeability and minimizing water 
loss [13, 24]. It also protects cell membranes from lipid peroxidation, 
ensuring fluidity and function. Polyamines regulate aquaporin 
activity, enhancing their efficiency in water uptake and transport 
within plant tissues. Under stress conditions, Spm can counteract the 
downregulation of aquaporin expression by upregulating genes or 
maintaining their activity [25]. Polyamines also reduce transpiration 
rates by influencing stomatal behavior and interacting with plant 
hormones like abscisic acid (ABA). This helps maintain higher RWC 
in the leaves and contributes to better water status and overall plant 
resilience, especially under stress conditions [13, 25]. The current 
study was supported by Tan et al. [26], who demonstrated the 
effective impact of Spm on enhancing RWC.  
Polyamines significantly improved fruit yield in strawberry plants. 
These mechanisms include promoting cell division and expansion, 
enhancing nutrient uptake, improving stress tolerance, and regulating 
plant hormonal balance. Stimulation of cell division is crucial during 
early fruit development, where rapid cell division determines the 
final size and number of [27]. Cell expansion is also promoted by 
modulating enzymes involved in cell wall loosening, leading to 
larger fruit sizes. Improved nitrogen uptake and assimilation are also 
enhanced by polyamines, particularly Spm, which plays a crucial role 
in nutrient uptake and assimilation. This leads to the growth and 
development of larger and more numerous fruits [28]. Polyamines 
can also upregulate the expression of nutrient transporter genes, 
enhancing the uptake of key nutrients such as potassium, phosphorus, 
and calcium. Polyamines enhance stress tolerance by acting as 
antioxidants, protecting plant cells from ROS damage, and 
maintaining water [10]. They interact with plant hormones like 
auxins, gibberellins, cytokinins, and ABA, ensuring optimal fruit 
development and yield. Polyamines also enhance photosynthetic 
efficiency, maintaining Chl content and optimizing energy 
utilization, making them an effective tool for improving fruit 
production [27,28].    
Fruit antioxidant capacity was better impacted by polyamines, 
specifically Spm. Polyamines are polycationic compounds that play 
crucial roles in plant growth and stress responses. Recent studies 
have shown that polyamines can significantly enhance the 
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antioxidant capacity of fruits by increasing levels of key antioxidant 
compounds such as anthocyanins and AsA, as well as improving 
DPPH radical scavenging activity [12]. Polyamines enhance 
anthocyanin production through several mechanisms, including 
activation of the phenylpropanoid pathway, gene expression 
modification, and interaction with stress response pathways. The 
increase in anthocyanin content in response to polyamine treatment 
may also be linked to their role in mitigating oxidative damage, as 
anthocyanins are effective scavengers of ROS [29]. Polyamines, 
particularly Spm, influence AsA biosynthesis through several 
mechanisms, including regulation of ascorbate biosynthetic 
enzymes, polyamine oxidation and H2O2 production, stabilization of 
cellular membranes, and improvement of DPPH scavenging activity 
[9]. The DPPH assay measures the ability of antioxidants to 
neutralize free radicals, and polyamines themselves can directly 
scavenge free radicals, including DPPH. Understanding these 
biochemical mechanisms opens up potential applications in 
agricultural practices to improve fruit quality and extend shelf life, 
ultimately benefiting human health through increased dietary 
antioxidant intake [30]. Overall, understanding these biochemical 
mechanisms opens up potential applications in agricultural practices 
to enhance fruit quality and extend shelf life, ultimately benefiting 
human health through increased dietary intake of antioxidants. 
Mishra et al. [12] showed that exogenous polyamine antioxidant 
compounds are present in black plum fruit.  

Post-harvest  
During the storage period of fruits, weight loss and decay can 
significantly reduce their quality and market value. These issues are 
primarily driven by physiological processes such as respiration, 
water loss, and microbial decay [6]. Polyamines have been shown to 
mitigate these adverse effects, thereby extending the shelf life of 
fruits. They play a crucial role in weight loss reduction by stabilizing 
cell membranes, regulating stomatal aperture, reducing respiration 
rates, and enhancing the fruit's natural defense mechanisms against 
pathogens [9]. Polyamines stabilize cell membranes by binding to 
phospholipids and interacting with membrane proteins, reducing 
permeability and minimizing water loss through transpiration. They 
also regulate stomatal aperture by modulating ion channels in guard 
cells, reducing transpiration rates and minimizing weight loss. 
Polyamines also reduce fruit rot, primarily caused by microbial 
infections, particularly by fungi and bacteria [31]. They exhibit direct 
antimicrobial properties by disrupting microbial cell membranes, 
interfering with microbial metabolism, and inhibiting the synthesis 
of nucleic acids and proteins. They can induce defense-related 
enzymes in fruits, such as chitinases, glucanases, and peroxidases, 
which degrade the cell walls of invading pathogens, preventing 
infection and decay [32]. Polyamines enhance lignin biosynthesis by 
upregulating phenylpropanoid pathway genes, acting as a barrier 
against microbial invasion, and regulate reactive oxygen species 
levels by modulating antioxidant enzymes [31]. In a related study, 
Jalali et al. [14] demonstrated the beneficial effects of applying 1.5 
mM Spm and Spd, which were the most effective treatments in 
reducing fruit deterioration and weight loss. Out of the three primary 
polyamines, Spm was shown to be more effective in this 
investigation.  
Fruit firmness is a crucial quality attribute that affects consumer 
preference and market value. During storage, fruits often undergo a 

natural softening process due to cell wall degradation, which is 
primarily driven by enzymatic activities that break down the 
structural components of the cell wall and middle lamella, including 
pectins, hemicelluloses, and cellulose [33,34]. Polyamines, specially 
Spm have been shown to counteract this softening process and 
maintain fruit firmness. Polyamines inhibit the activity of cell wall-
degrading enzymes, such as polygalacturonase (PG), pectin 
methylesterase (PME), cellulase, and β-galactosidase, by binding to 
enzyme molecules or substrates, preventing them from accessing 
their substrates [35]. They can also modulate gene expression, 
reducing the synthesis of these enzymes during storage, further 
contributing to the preservation of cell wall structure and fruit 
firmness. Polyamines stabilize cell wall structure by enhancing 
cross-linking of pectic substances, reducing solubilization of pectins, 
and maintaining intercellular adhesion [33]. They also influence 
calcium binding to pectin, reinforcing the cell wall structure and 
reducing its degradation during storage. Polyamines have antioxidant 
properties, scavenging reactive oxygen species, reducing oxidative 
damage, and maintaining fruit firmness. They also regulate hormonal 
pathways, particularly ethylene, which promotes ripening and 
softening processes. In summary, polyamines play a crucial role in 
preserving fruit firmness during storage [32]. 
During fruit storage, biochemical changes impact the taste, texture, 
and overall quality of the fruit. TSS and TA are key indicators of fruit 
quality. TSS is the concentration of sugars and other soluble 
substances, while TA measures the organic acid content in fruits. 
Typically, during storage, fruits exhibit an increase in TSS due to the 
conversion of starches to sugars and a decrease in TA as organic 
acids are metabolized. This ultimately affects the TSS/TA ratio, 
which determines fruit flavor and perceived sweetness [36]. TSS 
increases during storage due to the conversion of starches into 
simpler sugars, water loss, and the concentration of soluble solids, 
including sugars. Polyamines can inhibit sugar accumulation by 
modulating enzymes involved in carbohydrate metabolism, reducing 
the accumulation of sugars and reducing respiration rate [37]. They 
also help maintain lower TSS levels by decelerating metabolic 
processes. TA decreases during storage due to the metabolism of 
organic acids, such as citric acid and malic acid, which are often 
metabolized through the tricarboxylic acid (TCA) cycle to produce 
energy. Ethylene, a ripening hormone, accelerates the breakdown of 
organic acids, contributing to the decline in TA during storage. 
Polyamines can inhibit the metabolism of organic acids by 
interfering with enzymes involved in the TCA cycle, retaining higher 
acid levels and increasing TA during storage. The TSS/TA ratio is a 
key determinant of fruit flavor, reflecting the balance between 
sweetness and acidity. During storage, this ratio generally increases 
due to rising TSS and declining titratable acidity (TA), resulting in a 
sweeter taste profile [35]. In the present study, the reduction in 
TSS/TA observed following polyamine application is primarily 
associated with delayed fruit maturation and senescence, which is 
beneficial for extending storage life and maintaining post-harvest 
quality. Although a lower TSS/TA ratio may temporarily reduce 
perceived sweetness, it can contribute to improved firmness and 
controlled ripening, with potential implications for consumer 
acceptance depending on the marketing stage. Polyamines regulate 
the TSS/TA ratio by limiting sugar accumulation and preserving 
organic acids, and among them, Spm was more effective than Spd 
and Put, likely due to its higher positive charge density and greater 
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influence on sugar metabolism and organic acid preservation [11, 
14]. 
During fruit storage, antioxidant capacity declined due to the 
degradation of key antioxidant compounds like anthocyanins and a 
reduction in free radical scavenging activity. This decline is 
associated with the natural aging process, enzymatic degradation, 
and oxidative stress. Polyamines have been shown to counteract this 
decline by enhancing antioxidant capacity during storage. 
Anthocyanin degradation is primarily driven by oxidative reactions, 
where ROS are generated during cellular respiration and stress 
conditions [12]. Enzymes such as polyphenol oxidases (PPO) and 
peroxidases (POD) can catalyze the oxidation of anthocyanins, 
further contributing to their decline during storage. These enzymes 
are often activated by physiological stresses associated with storage, 
such as changes in temperature, light exposure, and ethylene 
production [38]. Reduction in DPPH scavenging activity is also a 
result of decreased levels of antioxidants, which are directly 
correlated with the levels of antioxidants like anthocyanins, AsA, and 
other phenolic compounds. As the storage period progresses, the 
levels of these antioxidants typically decrease due to oxidative 
degradation and metabolic consumption, leading to reduced DPPH 
scavenging activity [39]. Polyamines, particularly Spm and Spd, can 
help counteract the decline in antioxidant capacity during storage by 
inhibiting oxidative degradation, upregulating anthocyanin 
biosynthesis, inhibiting enzymes like PPO and POD, and enhancing 
DPPH scavenging activity [40]. They also interact with other 
antioxidant systems, such as the ascorbate-glutathione cycle, 
stabilizing and regenerating other antioxidants. Polyamines can also 
induce the expression and activity of endogenous antioxidant 
enzymes, such as superoxide dismutase, catalase, and ascorbate 
peroxidase, which play critical roles in detoxifying ROS and 
maintaining higher levels of antioxidant compounds. This enzymatic 
defense mechanism supports the overall antioxidant capacity of the 
fruit during storage [14, 39]. Comparably, Mishra et al. [12] showed 
that treating black plum fruit with exogenous polyamines increases 
the antioxidant components in the fruit, preserving its postharvest 
quality. 
AsA is a crucial antioxidant in fruits, protecting cells from oxidative 
stress and contributing to the nutritional quality of the fruit. During 
storage, AsA levels often show an initial increase followed by a 
gradual decrease due to various biochemical processes, including 
biosynthesis, oxidation, and degradation [41, 42]. The initial increase 
in AsA during storage is due to stress response activation, such as 
biosynthesis induction, respiration rate adjustment, and oxidation 
and degradation. Ascorbate oxidase activity, an enzyme that converts 
AsA to dehydroascorbic acid (DHA), becomes more active as storage 
progresses, leading to a net decrease in AsA levels [43]. Increased 
respiration rates and ethylene-induced ripening also contribute to a 
decline in AsA levels. Polyamines have been shown to enhance and 
stabilize AsA levels during storage. They can upregulate enzymes 
involved in the AsA biosynthesis pathway, promote continuous 
production of AsA, protect against oxidative degradation, inhibit 
ascorbate oxidase activity, and stabilize cellular structures. These 
actions help maintain higher levels of AsA throughout the storage 
period, preserving the antioxidant capacity and nutritional quality of 
the fruit [9]. 
MDA is a marker of oxidative stress and lipid peroxidation in plant 
tissues, including fruits. During storage, MDA levels often increase 

due to oxidative damage to cell membranes, leading to deterioration 
of fruit quality. The increase in MDA during storage is due to ROS 
accumulation, increased cellular metabolism, and depletion of 
antioxidants [44]. Polyamines can reduce MDA levels during storage 
by ROS, stabilizing cell membranes, enhancing antioxidant defense 
systems, and inhibiting ethylene biosynthesis. These properties help 
reduce the likelihood of ROS initiating lipid peroxidation and 
lowering MDA production. Polyamines also interact with 
phospholipids in cell membranes, reducing susceptibility to 
oxidative damage. Additionally, they can inhibit ethylene 
biosynthesis, thereby maintaining lower MDA levels during storage 
[12, 45]. Spm was more effective than Spd and Put in reducing MDA 
levels due to its higher polycationic nature and stronger interactions 
with negatively charged cell membrane components and reactive 
oxygen species. Its four amine groups provide greater ROS 
scavenging capacity, preventing oxidative damage and MDA 
formation. Spm's longer aliphatic chain stabilizes cell membranes 
and upregulates antioxidant enzymes, making it the most potent 
polyamine in lowering MDA levels. Zhang et al. [11] demonstrated 
the decrease in MDA when polyamine was applied to jujube fruit, 
which is similarly in parallel with no outcomes. Furthermore, Mishra 
et al. [12] demonstrated the same tendency with polyamines. 

CONCLUSION 
The study reveals that the application of polyamines, specifically 
spermine, putrescine, and spermidine, on strawberry yield and 
quality has shown significant differences in their effectiveness. 
Spermine treatment significantly increased fruit weight and justified 
soluble solids content, which are crucial indicators of fruit quality 
and consumer appeal. Post-harvest analyses showed that spermine-
treated strawberries showed improved firmness, reduced decay rates, 
and lipid peroxidation, extending the fruit's shelf life. The sustained 
antioxidant activity also enhanced resistance to oxidative stress, 
contributing to the overall longevity and quality of the strawberries 
during storage.  Putrescine and spermidine also provided some 
positive effects, but their impacts were less pronounced compared to 
spermine. These findings suggest that spermine's superior efficacy in 
enhancing strawberry agricultural productivity and post-harvest 
marketability could lead to optimized cultivation strategies, 
particularly in commercial strawberry production. By integrating 
spermine, particularly at 75 mg/L, into pre-harvest and post-harvest 
management practices, growers could achieve better economic 
returns, reduce spoilage losses, and meet consumer demands for 
high-quality strawberries with extended shelf life. This study 
positions spermine as a promising tool for advancing strawberry 
cultivation and other horticultural crops. 
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