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A B S T R A C T

Although much research has been performed to investigate the effects of storage conditions, such as mechanical 
damage and storage period, on the morphological and physiological properties of strawberry fruits, almost all of 
them have considered severe stress conditions. Finding fruit characteristics that exert significant changes even 
toward mild and moderate stress conditions can help provide valuable information about the fruit quality during 
storage. This study aims to investigate various characteristics of strawberry fruits during storage to determine 
which type of fruit characteristics exert such significant changes toward stress conditions. Identical strawberry 
samples were subjected to mechanical loading at three levels (1, 2, and 3 N) and then stored at 6 ◦C for 13 days. 
Morphological and physiological features, as well as the concentration of several microRNAs involved in 
strawberry storage, were measured at three-day intervals. The effects of mechanical loading on morphological 
and physiological characteristics were not significant, while their effects were significant on miR-164, miR-167, 
and miR-399a. Moreover, while low correlation coefficients were observed between the fruit morphophysio
logical traits (< 0.6) toward storage conditions, high correlations were obtained between the concentrations of 
microRNAs. Instead of measuring the morphological and physiological characteristics of fruits, whose behavior is 
not generally specific toward the stresses, the results show that microRNA concentrations, which can be 
measured by an electrochemical biosensor, provide us with noteworthy information about fruit quality during 
storage. These small non-coding molecules exhibited remarkable responses even in mild and moderate stress 
conditions, making them reliable markers of fruit quality assessment.

1. Introduction

Various characteristics of agricultural products change during the 
transportation process and the storage period. The measurement of such 
characteristics might be a suitable indicator of mechanical damage and 
storage quality during the storage period. The senescence and unfa
vorable storage conditions of many fruits such as strawberries are among 
the genetically regulated processes characterized by natural fruit 
degradation (Zhang & Zhang, 2018). This degradation occurs mainly in 
the form of a change in texture, flavor loss, changes in lycopene-type 
carotenoids, and sugar accumulation (Wang et al., 2017; Wang et al., 
2020). However, such fruit behaviors are not specific to the storage 
conditions. For example, various factors, such as storage at high tem
peratures, mechanical damages during transportation, etc. can result in 
similar changes in fruit texture (Asefpour Vakilian, 2019; Hashemi 
Shabankareh et al., 2023). Finding fruit characteristics that can act with 
high specificity toward the stressors during storage can be beneficial for 

those who want to know in what conditions fruits have been stored.
In the last decade, the investigation of post-storage quality factors of 

products has been carried out by investigating the concentration of 
microRNAs in products such as tomatoes, bananas, pears, and peaches 
(Ma et al., 2020). microRNAs are small non-coding RNA molecules in 
plants, animals, and some viruses that consist of about 17–23 nucleo
tides and have a significant effect on gene expression (Asefpour Vaki
lian, 2020). The gene and microRNA expression networks help fruit 
production and quality formation. Research has shown that miR-156/ 
157 as an essential microRNA is involved in almost all stages of fruit 
development (Wang et al., 2016). The target gene pathway of miR-156 
maintains the meristem status of fruit ovary tissues and thus regulates 
the early stages of development and determines the number of fleshy 
fruits. On the other hand, miR-160, which targets auxin response factors, 
regulates long-term embryo development and is essential for fruit set 
(Lin et al., 2015). Also, miR-397 regulates Arabidopsis seed number and 
lignin biosynthesis by targeting laccase (Wang et al., 2014).
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Growth of plants such as Arabidopsis is inhibited by reducing miR- 
172 activity through target gene overexpression or expression of miR- 
172-resistant AP2, resulting in smaller fruit (José Ripoll et al., 2015). 
Although miR-172 accumulation increases fruit size in Arabidopsis, the 
miR-172-AP2 module exhibits a different function in apples. Apple fruit 
development is negatively regulated by the overexpression of miR-172, 
leading to a significant reduction in fruit size (Yao et al., 2015). This is 
because the fruits of different plants grow from different tissues. In 
contrast to Arabidopsis and tomato fruits, both of which arise from 
ovaries (Yao et al., 2016), apple fruits are derived primarily from the 
hypanthium, which is assumed to consist of the fused bases of sepals, 
petals, and stamens, while the lower ovary turns into a nucleus. These 
studies show that the effect of specific microRNAs on fruit growth may 
be specific to fruit type and plant species. In tomatoes, research has 
revealed a novel role for miR-396 in regulating sepals and fruit size by 
targeting SlGRF, providing a new way to improve tomato fruit yield (Cao 
et al., 2016).

In addition to the size and shape of the fruits, other characteristics 
such as taste and color contribute to the market value of the fruits. Fruit 
flavor increases with the accumulation of primary metabolites (such as 
sugars and acids) and secondary metabolites (such as flavonoids and 
phenolics) (Wang et al., 2022). In strawberries, the presence of miR-399 
increases phosphate uptake (Bari et al., 2006), which increases fructose, 
glucose, and soluble solid content in ripening fruit (Wang et al., 2017). 
In persimmon, miR-395p-3p and miR-858b regulate bHLH and MYB, 
respectively, which simultaneously regulate structural genes of tannin 
biosynthesis (Luo et al., 2015). Fruit color during ripening can be ob
tained by determining chlorophyll or anthocyanin (Li et al., 2020). 
Texture is another main quality of fruit that is of interest to consumers 
(Kamal-Eldin et al., 2020). Studies show that miR-397a inhibits laccase 
(LAC) gene expression, resulting in reduced fruit quality, as the laccase 
enzymes are involved in the synthesis of lignin in the cell walls of fruits 
(Xue et al., 2019). Fruit softening also affects fruit tissue, where cell wall 
degradation occurs (Pose et al., 2019). microRNAs such as miR-479, 
miR-399 g, miR-397a, miR-3627-5p, and miR-2950, are involved in 
the softening of berries and grapes through regulating fruit softening- 
related target genes. Although thousands of short non-coding RNAs 
are identified in various organs of strawberry plants, some of them have 
been recognized as the most effective ones in regulating the fruit 
response toward senescence and quality loss during cold storage: miR- 
164, miR-167, miR-172, and miR-399a (Ma et al., 2020).

There are various methods for extracting microRNAs, including po
lymerase chain reaction (PCR), northern blotting, and biosensing-based 
spectroscopic and electrochemical techniques. The limitations in pre
vious microRNA extraction methods have led to the expansion of 
research on the use of biosensors (Turner, 2013). Biosensors have sig
nificant advantages such as high specificity, fast response, reproduc
ibility, and cost-effectiveness. According to these advantages, biosensors 
can replace conventional methods (Bazin et al., 2017). If it can be shown 
that mechanical loading and storage conditions have a significant effect 
on microRNA concentrations, then portable biosensors can be used to 
determine strawberry quality during storage without the need to 
transfer the samples to the laboratory and measure time-consuming 
morphological and physiological characteristics. Therefore, the 
research objective was to determine the significance of the effects of the 
treatments on the morphological, physiological, and biochemical char
acteristics of strawberry fruits to investigate if microRNAs can tell us 
something more than morphophysiological traits.

2. Materials and methods

2.1. Plant material and experimental design

Identical and full-red fresh strawberries (Fragaria ananassa L. var. 
Albion) variety were obtained from a research greenhouse near Gorgan 
City, Golestan province, Iran (36.84◦ N, 54.43◦ E) in Spring 2022, and 

transferred to the laboratory with full caution. For subjecting the 
strawberry samples to quasi-static loads, a universal testing machine 
(STM5, Santam, Tehran, Iran) equipped with compression platens was 
utilized. The compression platens allowed for the application of forces in 
two perpendicular directions on the lateral sides of the samples. Forces 
of 0 (control), 1, 2, and 3 N were applied at a speed of 0.015 m s− 1. The 
purpose of this treatment was to gain a better understanding of the 
changes in qualitative properties, color parameters, and concentration 
of microRNAs due to the application of mechanical force during the 
transportation and storage of strawberries. In the following, the samples 
were stored at a constant temperature of 6 ◦C for 13 days and the 
sampling to measure morphological, physiological, and microRNA 
characteristics was done with three-day intervals, i.e., at five storage 
periods (day 1, 4, 7, 10, and 13). All experiments were performed with 
20 replications. Considering the fact that four levels of mechanical 
loading were applied to the fruits and five storage periods were inves
tigated in this work, while the study was replicated with 20 replications, 
a total of 4 × 5 × 20 = 400 strawberry fruits were used in this study.

2.2. Measuring morphological traits

The images of strawberry samples were captured by a 12-megapixel 
mobile phone camera (iPhone 13 Pro Max, Apple, Cupertino, USA) from 
two sides in the ambient lighting conditions and a distance of 30 cm 
from the sample. After image acquisition, a sub-image with dimensions 
of approximately 250 × 150 pixels containing the red part of the 
strawberries was cut from each image, and the new images were pro
cessed by a program written in the MATLAB R2020b software envi
ronment (MathWorks, Natick, USA) and color information based on 
scale-invariant features was measured in each image.

The morphological characteristics of the samples included color 
characteristics in three models RGB, HSV, and L*a*b* (Table 1) as well 
as image texture including energy, entropy, and local homogeneity of 
the image. The gray-level co-occurrence matrix (GLCM) was used to 
calculate the textural characteristics of the images. As the elements of 
GLCM, P(k,l) is obtained by counting the number of pairs of pixels (x1, 
y1) and (x2,y2) that have gray values k and l. According to previous 
studies, three characteristics of image texture are more important than 
other characteristics (Asefpour Vakilian & Massah, 2017), which are: 
entropy, which shows the irregularity of the gray level of the image (Eq. 

Table 1 
Color models and features used in this work.

Color model Feature Equation

RGB R R = R/(R + G + B)
G G = G/(R + G + B)
B B = B/(R + G + B)

HSV H

H =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0◦ if M − m = 0

60◦

×

(
G − B
M − m

mod 6
)

if M = R

60◦

×

(
B − R
M − m

+ 2
)

if M = G

60◦

×

(
R − G
M − m

+ 4
)

if M = B 

where M = max(R,G,B) and m = min(R,G,B)
S

S =

⎧
⎨

⎩

0 if M = 0
M − m

M
if M ∕= 0

V V = M
L*a*b* L* L* = 116 × f(Y/Yn) − 16 * 

where f(t) =

{ ̅̅
t3

√
if t > 0.0089

7.787 × t + 0.1379 otherwise
a* a* = 500× (f(X/Xn) − f(Y/Yn) )

b* b*
= 200× (f(Y/Yn) − f(Z/Zn) )

* X, Y, and Z in the L*a*b* color model are the color stimulus considered, while 
Xn, Yn, and Zn describe a specified white achromatic reference illuminant.
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1) 

Entropy = −
∑

k

∑

l
P(k, l)log(P(k, l) ) (1) 

energy, which shows the darkness or lightness of the colors in the image 
(Eq. 2) 

Energy =
∑

k

∑

l
P2(k, l) (2) 

and local homogeneity, which shows the uniformity of adjacent colors in 
the image (Eq. 3). 

Local Homogeneity =
∑

k

∑

l

P(k, l)
1 + (k − l)2 (3) 

2.3. Measuring physiological traits

Physiological properties of strawberry samples, including firmness 
and total soluble solids, were measured according to existing laboratory 
protocols. The firmness of the samples was measured using a pene
trometer (FT327, QA Supplies, USA) in kg cm− 1. Total soluble solids 
were measured using a refractometer (MT-032ATC, Zebra Skimmers, 
USA).

2.4. Apparatus and chemicals for microRNA analysis

Electrochemical measurements were performed using a potentiostat 
introduced by Asefpour Vakilian and Massah (2018). The electro
chemical experiments were carried out at room temperature in a con
ventional three-electrode system including a modified gold as a working 
electrode, a platinum wire as a counter electrode, and an Ag/AgCl (3 M 
KCl solution) as a reference electrode, all with a diameter of 3 mm 
purchased from Metrohm (Herisau, Switzerland). The HPLC-purified 
sequences of oligonucleotides complementary to target microRNAs 
were purchased as thiolated probes from Pars Farzanegan Chemical 
Company (Tehran, Iran). Polyethylenimine (PEI) (MW ~ 25 kDa), silver 
nitrate, and phosphate-buffered saline (PBS) were of analytical grade (>
99 %) purchased from Merck & Co. (Rahway, USA).

2.5. Measuring the concentration of microRNAs

The microRNAs measured in this study are listed in Table 2. The 
method presented by Hakimian and Ghourchian (2020) was used for 
microRNA concentration measurements at femtomolar (fM) levels. Ac
cording to their method, when the microRNAs available in the samples 
are hybridized with complementary oligonucleotides immobilized onto 
the electrode surface, the negative charge near the electrode surface 
increases. This allows for the absorption of positively charged poly
ethyleneimine‑silver (PEI–Ag) nanoparticles as electroactive labels 
onto the microRNA/oligonucleotide hybrid. This increases the electric 
peak current proportional to the concentration of target microRNA hy
bridized onto the electrode surface (Fig. 1). To prepare PEI-Ag nano
particles, 100 mL of silver nitrate with a concentration of 10 mM and 1 
mL of 2 % (w/w) PEI were heated to boiling temperature while stirring. 
After boiling for 15 min, the color of the solution changed from colorless 
to green. After centrifuging the solution at 8000 ×g for 5 min, its sedi
ment was washed with deionized water by an ultrasonic homogenizer 

for 1 min (Kim et al., 2012). The thiolated probes were immobilized on 
the working electrode due to the presence of the thiolated group. For this 
purpose, 8 μL of the probe (1 μM) and 8 μL of PBS were mixed and 
poured onto the working electrode of the biosensor. Then, the electrode 
was dried under infrared light for 30 min and washed three times with 
deionized water.

In the next step, the total RNA content from strawberry juice was 
extracted using the Trizol protocol (Davis et al., 2006). The electrode 
was immersed in a solution consisting of PBS with a concentration of 0.1 
M at a temperature of 60 ◦C for 30 s, and immediately after that, 20 μL of 
the extracted total RNA was mixed with 20 μL of PBS and poured on the 
surface of the electrode to perform hybridization of the probe and target 
microRNA. Then, the electrode was dried under the infrared lamp and 
washed with deionized water. Finally, positively charged PEI-Ag nano
particles (1.8 μg in 6 μL of deionized water) were poured onto the sur
face of the electrode to be absorbed into the hybridized probe-target 
microRNA that had a negative charge. After drying and washing, a cyclic 
voltammetry curve was obtained in 2 mL of PBS (0.1 M) with sweeping 
the electric potential in the range of 600 to − 600 mV and a scan rate of 
150 mV s− 1. The higher the concentration of target microRNA in the 
sample was, the sharper the peak current observed during the cyclic 
voltammetry (Fig. 1).

2.6. Statistical analysis

After data collection, the analysis of variance was performed on all 
traits. Statistical operations including mean comparisons and measuring 
correlation coefficients between the traits were done using MATLAB 
R2020b software (MathWorks, Natick, USA) using Duncan’s method at a 
significance level of 1 %.

3. Results and discussion

3.1. Fruit morphological traits

Tables S1 to S4 in the Supplementary Information file show the re
sults of the analysis of variance obtained for image processing charac
teristics of strawberry samples. As shown in the tables, the interaction 
effects of the storage period and the mechanical loading applied to the 
samples were not significant. However, the individual effect of storage 
time on the average of the red band, the average of the blue band, and 
the energy of the image of the samples was significant (P < 0.01). Fig. 2
shows the average effect of the storage period on these traits. Over time, 
the mean of the red band has decreased and the mean of the blue band 
has increased. Also, a decrease in image energy was observed over time, 
which indicated the darkening of the samples over time. A decrease in 
image energy with plant growth has been shown in previous research 
(Asefpour Vakilian & Massah, 2017).

Based on the obtained results, the mechanical loading applied to the 
strawberry samples did not cause a specific response of the color char
acteristics in the RGB, HSV, and L*a*b* bands, as well as the image 
texture, indicating that the mechanical forces applied to the fruits 
cannot be investigated with the help of image processing characteristics 
during the studied storage period. Gao et al. (2018) used the finite 
element method combined with image processing to detect the me
chanical load applied to potatoes and reported that this method can 
determine the mechanical load on the samples when falling from a 
certain height. They used image processing to analyze finite element 
data and did not extract color features from the images. Afsharnia et al. 
(2017) used image processing to detect wear in blackberries due to 
mechanical load. They showed that the L*a*b* characteristics of the 
images decreased with increasing storage period. Most of the studies 
performed on specific detection of mechanical load or storage period are 
based on hyperspectral image processing. This type of processing has 
been successfully applied to fruits such as tomato (Sun et al., 2021), and 
peach (Zhang et al., 2022).

Table 2 
List of microRNAs measured in this work.

microRNA compound microRNA sequence

miR-164 5́-UGGAGAAGCAGGGCACGUGCA-3′
miR-167 5′-UGAAGCUGCCAGCAUGAUCU-3′
miR-172 5′-AGAAUCUUGAUGAUGCUGCAU-3′
miR-399a 5′-UGCCAAAGGAGAGUUGCCCUG-3′
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3.2. Fruit firmness

Table S5 in the Supplementary Information file shows the results of 
the analysis of variance obtained for strawberry firmness values. As 
shown in the table, the changes in tissue firmness due to the individual 
factor of storage period were significant (P < 0.01). However, me
chanical loading did not exert a significant effect. Also, the table shows 
that the interaction effect of mechanical loading and storage period had 
a significant effect on the firmness of strawberry fruits.

As shown in Fig. 3, the highest value of fruit firmness (1.54 kg cm− 1) 
was observed on the first day of storage after applying a loading force of 
1 N, while its lowest value (0.64 kg cm− 1) was observed on the last day 
of storage period (13th day) when applying a mechanical load of 3 N. 
Many researchers have also shown that the texture of agricultural 
products becomes softer during storage and loses its original quality 
(Hashemi Shabankareh et al., 2023). Although the current research 
showed that mechanical loading did not have a significant effect (P <
0.05) on the firmness of the samples, previous studies reported a sig
nificant decrease in the firmness (Wang et al., 2023). The reason might 
be due to the differences in the intensity of the mechanical force applied 
to the fruits. In various studies, the level of mechanical loading is 
generally considered in such a way that the damage to the fruit is visible, 
but the levels studied in this work were not so much that during the 
storage period, it could cause visible effects in the fruits. This highlights 
the need for some markers that can detect the behavior of the fruits 
toward mild to moderate stress conditions that, although seeming 
harmless to fruits at first, eventually reduce the fruit quality after a 
storage period.

3.3. Fruit total soluble solids

Table S6 in the Supplementary Information file shows the results of 
the analysis of variance obtained for the amount of total soluble solids. 
According to the table, changes in the amount of total soluble solids due 
to the storage period were significant (P < 0.01). The mechanical 
loading did not exert significant effects. However, the interaction of 
storage period and mechanical loading was also significant (P < 0.01). 
Fig. 4 shows the effects of mechanical loading and storage period. The 
highest total soluble solids (12.8 %) was observed after a storage period 
of 13 days. With the evaporation of moisture in agricultural products 
over time, total soluble solids in the samples increase. According to the 
figure, this increase is evident over time during the experiment.

3.4. Fruit miR-164 concentration

Table S7 in the Supplementary Information file shows the results of 
the analysis of variance obtained for the strawberry miR-164 concen
tration. As shown in the table, the changes in miR-164 concentration due 
to both individual factors of storage period and mechanical loading were 
significant (P < 0.01). Also, their interaction had a significant effect at 
the 1 % level on miR-164 concentration. The significant effects of the 
treatments on the concentration of this microRNA indicate that contrary 
to the morphological and physiological characteristics that were dis
cussed above, the miR-164 concentration has the ability to identify the 
post-harvest treatments examined in this research. Fig. 5 shows the ef
fects of mechanical loading and storage time on miR-164 concentration. 
This microRNA plays a role in determining the post-storage quality of 
strawberry fruit. The highest concentration (371 fM) was reported in the 
loading force of 3 N and the first day of storage. The lowest concen
tration of this microRNA (118 fM) was recorded in the loading force of 1 
N and on the 10th day of storage. The concentration of miR-164 
decreased significantly with increasing storage time.

The miR-164 sequence is a conserved family in plants. According to 
the miRBase database, this family includes three members in Arabi
dopsis, including miR-164a, miR-164b, and miR-164c. Also, it should be 
noted that miR-164a and miR164b have the same mature sequence. 
Increasing the concentration (expression) of miR-164a or miR-164b to a 
certain extent leads to disruption of the plant embryo pattern (Laufs 
et al., 2004). The miR-164c molecule is critical for petal development, as 
its mutant causes extra petals to form in premature flowers (Baker et al., 
2005). Also, in wild strawberry plants, three target genes for miR-164 
molecules have been identified by bioinformatics methods (Xia et al., 
2015). However, their biological signs and symptoms as well as their 
target genes in strawberries have not yet been fully identified (Zheng 
et al., 2019). In Arabidopsis, miR-164 can bind to six NAC target genes, 
some of which, such as CUC1 and CUC2, are responsible for controlling 
the proper number of plant organs (Baker et al., 2005). The balance 
between mi-R164a and CUC2 determines the number of plant leaves 
(Nikovics et al., 2006). Also, miR-164 constructs promote lateral root 
development in response to auxin (Guo et al., 2005). In the research 
conducted by Li et al. (2017), it was found that miR-164 has an essential 
role in strawberry fruit aging in response to storage at different tem
peratures by negatively affecting the expression of NAC domain tran
scription factor genes.

Fig. 1. The biosensing approach utilized for the microRNA concentration measurement.
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3.5. Fruit miR-167 concentration

Table S8 in the Supplementary Information file shows the results of 
the analysis of variance obtained for the miR-167 concentration. Ac
cording to the table, the changes in miR-167 concentration due to all 
individual factors and their interaction were significant (P < 0.01). In 
addition, the storage period had a greater effect on the miR-167 con
centration than the mechanical loading. Fig. 6 shows the effects of 
mechanical loading during the storage period on miR-167 concentra
tion. This figure shows that during the storage time, the concentration of 
this microRNA has decreased. The highest concentration (525 fM) was 
reported in the loading force of 0 N and the first day of storage. The 
lowest concentration of this microRNA (54 fM) was recorded in the 
loading force of 2 N and on the 13th day of storage. Research has shown 
that overexpression of miR-167 in tomato fruit effectively reduced 
electrolyte leakage, hydrogen peroxide content, malondialdehyde con
tent, and chilling index during the low-temperature storage period, and 

also caused more accumulation of ascorbic acid, proline, lycopene, and 
phenolics and preserved the activity of antioxidant enzymes (Li et al., 
2023), which indicates the direct effect of increasing this microRNA on 
increasing product quality. Also, in another research, it was reported 
that increasing the expression level of miR-167 in strawberry fruit in
creases its quality during cold storage (Xu et al., 2015). Similar to these 
results, in the present study, when the quality of the fruits decreased due 
to the increase in storage period, the concentration of this microRNA 
decreased remarkably.

3.6. Fruit miR-172 concentration

Table S9 in the Supplementary Information file shows the results of 
the analysis of variance obtained for miR-172. As shown, the changes in 
the concentration of miR-172 due to the individual factor of storage time 
were significant (P < 0.01). The individual factor of mechanical loading 
did not have a significant effect. Also, the interaction of loading force 
and storage period did not have a significant effect on the miR-172 
concentration. This indicates that the storage time had a greater effect 
on miR-172 concentration than the loading force. Fig. 7 shows the ef
fects of storage time on miR-172 concentration. In general, miR-172 
with the target gene crtISO plays a role in determining the post- 
harvest quality of strawberries. The highest concentration of miR-172 
(275 fM) was observed on the first day of storage. Although the lowest 
concentration of this microRNA (139 fM) was observed on the 10th day 
of storage, the values on the 10th and 13th days of the experiment were 
not different significantly. Therefore, it can be concluded that in general, 
the concentration of this microRNA decreased with increasing storage 
time. These results agree with the results of Gao et al. (2015) regarding 
the effects of ethylene treatment during the storage of tomatoes on miR- 
172 concentration.

Plant growth is inhibited by reducing miR-172 activity through 
target gene overexpression or miR-172-resistant AP2 expression, 
resulting in smaller fruit (José Ripoll et al., 2015). Although miR-172 
accumulation increases Arabidopsis fruit size, apple fruit development 
is negatively regulated by the overexpression of miR-172, leading to a 
dramatic reduction in fruit size (Yao et al., 2015). This is because the 
fruits of different plants grow from different tissues. These studies show 
that the effect of microRNAs on fruit growth is specific to fruit type and 
plant species. Table S9 shows that, unlike the two previously studied 
microRNAs, the changes in miR-172 concentration due to the treatments 
were not significant and did not show a specific response. This indicates 
that the specific response of microRNAs that are involved in the post- 
storage of fruits should be evaluated under different treatments to 
gain more knowledge about the role of microRNAs in the post-storage 
period.

3.7. Fruit miR-399a concentration

Table S10 in the Supplementary Information file shows the results of 
the analysis of variance obtained for the miR-399a concentration. Ac
cording to the table, the changes in the concentration of miR-399a due 
to all individual factors and their interaction were significant (P < 0.01). 
Fig. 8 shows the effects of mechanical loading during the storage period 
on miR-399a concentration. The highest concentration of miR-399a 
(1654 fM) was observed on day 13 of storage and a loading force of 3 
N. Its lowest concentration (213 fM) was observed on the first day of 
storage and a loading force of 0 N. The concentration of miR-399a 
increased during the storage period. In strawberries, the presence of 
miR-399 increases phosphate uptake (Bari et al., 2006), which increases 
fructose, glucose, and soluble solid content in ripening fruits (Wang 
et al., 2017). On the other hand, this microRNA is involved in fruit 
softening during the storage period.

Fig. 2. The effects of storage period on the (a) mean of the red band, (b) mean 
of the blue band, and (c) the image energy of the strawberry samples. Columns 
with the same letters do not have a significant difference (P < 0.01). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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Fig. 3. The effects of mechanical loading and storage period on the firmness of strawberry samples. Columns with the same letters do not have a significant dif
ference (P < 0.01).

Fig. 4. The effects of mechanical loading and storage period on the total soluble solids of strawberry samples. Columns with the same letters do not have a significant 
difference (P < 0.01).

Fig. 5. The effects of mechanical loading and storage period on the miR-164 concentration of strawberry samples. Columns with the same letters do not have a 
significant difference (P < 0.01).
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3.8. Correlation coefficients

Table 3 shows the absolute values of the correlation coefficients 
between the characteristics investigated in this work. It can be seen that 
there is no remarkable correlation in most of the traits, especially the 
morphological characteristics obtained from fruit image processing, 

where the correlation coefficient does not exceed 0.6. However, among 
microRNA concentrations measured in this study, the values of the 
correlation coefficient range from 0.6 to 0.9. The highest correlation 
coefficient (0.9) was observed between the concentrations of miR-164 
and miR-167. On the other hand, the correlation of microRNA concen
trations and the morphological and physiological traits is small. During 

Fig. 6. The effects of mechanical loading and storage period on the miR-167 concentration of strawberry samples. Columns with the same letters do not have a 
significant difference (P < 0.01).

Fig. 7. The effects of mechanical loading and storage period on the miR-172 concentration of strawberry samples. Columns with the same letters do not have a 
significant difference (P < 0.01).

Fig. 8. The effects of mechanical loading and storage period on the miR-399a concentration of strawberry samples. Columns with the same letters do not have a 
significant difference (P < 0.01).
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the experiments, samples treated by similar levels of treatments exerted 
rather large standard deviations in their morphological and physiolog
ical traits, while this standard deviation was remarkably lower for their 
microRNA concentrations. This can be the reason for low correlation 
coefficients between microRNA concentrations and other traits investi
gated in this work. The high correlation of the microRNAs with each 
other might be due to the specificity of the changes in concentrations of 
microRNAs that were studied as biochemical characteristics. However, 
many factors are effective in the changes of the morphological and 
physiological characteristics of the fruits and it seems that microRNA 
concentrations can provide stakeholders (e.g., exporters/importers, 
wholesale buyers, and warehouse managers) with more information 
than other characteristics to determine/identify the treatments applied 
to the fruits during the storage.

4. Conclusion

The fruit characteristics that show a more specific behavior than 
other characteristics toward storage treatments can be widely and even 
commercially used for the quality assessment of agricultural products. 
This is because in this situation, by measuring such specific character
istics, it is possible to increase the knowledge of suppliers and wholesale 
buyers of agricultural products regarding product quality. The F values 
obtained from the analysis of variance for the concentrations of miR- 
164, miR-167, and miR-399a compared to the values obtained for the 
morphological and physiological characteristics indicated a stronger 
effect of the treatments investigated in this work on changes in 
biochemical traits. This is an essential result of this research since 
instead of measuring conventional morphological and physiological 
characteristics whose changes might not be completely affected by 
stressors, it is possible to use the measurement of microRNAs as a 
measure of product quality. The electrochemical biosensor used in this 
work to measure the microRNA concentrations is a portable device and 
can be used by suppliers, or even wholesale buyers of agricultural 
products to determine the storage condition of the fruits without the 
need to transfer the fruit samples to the laboratory.
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José Ripoll, J., Bailey, L. J., Mai, Q. A., Wu, S. L., Hon, C. T., Chapman, E. J., & 
Yanofsky, M. F. (2015). microRNA regulation of fruit growth. Nature Plants, 1(4), 
1–9.

Kamal-Eldin, A., George, N., Sobti, B., AlRashidi, N., Ghnimi, S., Ali, A. A., & Hamed, F. 
(2020). Dietary fiber components, microstructure, and texture of date fruits (Phoenix 
dactylifera L.). Scientific Reports, 10(1), 1–11.

Kim, K., Lee, J. W., & Shin, K. S. (2012). Polyethylenimine-capped ag nanoparticle film as 
a platform for detecting charged dye molecules by surface-enhanced Raman 
scattering and metal-enhanced fluorescence. ACS Applied Materials & Interfaces, 4 
(10), 5498–5504.

Laufs, P., Peaucelle, A., Morin, H., & Traas, J. (2004). MicroRNA regulation of the CUC 
genes is required for boundary size control in Arabidopsis meristems. Development, 
131, 4311–4322.

Li, J., Lai, T., Song, H., & Xu, X. (2017). MiR164 is involved in delaying senescence of 
strawberry (Fragaria ananassa) fruit by negatively regulating NAC transcription 
factor genes under low temperature. Russian Journal of Plant Physiology, 64, 
251–259.

Li, L., Wang, X., Lv, J., Duan, W., Huang, T., Zhao, K., et al. (2023). Overexpression of 
sly-miR167a delayed postharvest chilling injury of tomato fruit under low 
temperature storage. Postharvest Biology and Technology, 204, Article 112420.

Li, X., Hou, Y., Xie, X., Li, H., Li, X., Zhu, Y., & Bian, S. (2020). A blueberry 
MIR156a–SPL12 module coordinates the accumulation of chlorophylls and 
anthocyanins during fruit ripening. Journal of Experimental Botany, 71(19), 
5976–5989.

Lin, Y., Lai, Z., Tian, Q., Lin, L., Lai, R., Yang, M., & Zhang, Z. (2015). Endogenous target 
mimics down-regulate miR160 mediation of ARF10,-16, and-17 cleavage during 
somatic embryogenesis in Dimocarpus longan Lour. Frontiers in Plant Science, 6, 956.

Luo, Y., Zhang, X., Luo, Z., Zhang, Q., & Liu, J. (2015). Identification and 
characterization of microRNAs from Chinese pollination constant non-astringent 
persimmon using high-throughput sequencing. BMC Plant Biology, 15(1), 1–18.

Ma, L., Shi, Y. N., Grierson, D., & Chen, K. S. (2020). Research advance in regulation of 
fruit quality characteristics by microRNAs. Food Quality and Safety, 4(1), 1–8.

Nikovics, K., Blein, T., Peaucelle, A., Ishida, T., Morin, H., Aida, M., & Laufs, P. (2006). 
The balance between the MIR164A and CUC2 genes controls leaf margin serration in 
Arabidopsis. Plant Cell, 18, 2929–2945.

Pose, S., Paniagua, C., Matas, A. J., Gunning, A. P., Morris, V. J., Quesada, M. A., & 
Mercado, J. A. (2019). A nanostructural view of the cell wall disassembly process 
during fruit ripening and postharvest storage by atomic force microscopy. Trends in 
Food Science & Technology, 87, 47–58.

Sun, Y., Pessane, I., Pan, L., & Wang, X. (2021). Hyperspectral characteristics of bruised 
tomatoes as affected by drop height and fruit size. LWT, 141, Article 110863.

Turner, A. P. F. (2013). Biosensors: Sense and sensibility. Chemical Society Reviews, 42(8), 
3184–3196.

Wang, C. Y., Zhang, S., Yu, Y., Luo, Y. C., Liu, Q., Ju, C., & Chen, Y. Q. (2014). MiR397b 
regulates both lignin content and seed number in Arabidopsis via modulating a 
laccase involved in lignin biosynthesis. Plant Biotechnology Journal, 12(8), 
1132–1142.

Wang, D., Ding, C., Feng, Z., Ji, S., & Cui, D. (2023). Recent advances in portable devices 
for fruit firmness assessment. Critical Reviews in Food Science and Nutrition, 63(8), 
1143–1154.

Wang, R., Shu, P., Zhang, C., Zhang, J., Chen, Y., Zhang, Y., & Liu, M. (2022). Integrative 
analyses of metabolome and genome-wide transcriptome reveal the regulatory 
network governing flavor formation in kiwifruit (Actinidia chinensis). New Phytologist, 
233(1), 373–389.

Wang, W. Q., Wang, J., Wu, Y. Y., Li, D. W., Allan, A. C., & Yin, X. R. (2020). Genome- 
wide analysis of coding and non-coding RNA reveals a conserved miR164-NAC 
regulatory pathway for fruit ripening. New Phytologist, 225(4), 1618–1634.

Wang, Y., Zhang, J., Cui, W., Guan, C., Mao, W., & Zhang, Z. (2017). Improvement in 
fruit quality by overexpressing miR399a in woodland strawberry. Journal of 
Agricultural and Food Chemistry, 65(34), 7361–7370.

Wang, Z., Wang, Y., Kohalmi, S. E., Amyot, L., & Hannoufa, A. (2016). Squamosa 
promoter binding protein-like 2 controls floral organ development and plant fertility 
by activating asymmetric leaves 2 in Arabidopsis thaliana. Plant Molecular Biology, 92 
(6), 661–674.

Xia, R., Ye, S., Liu, Z., Meyers, B. C., & Liu, Z. (2015). Novel and recently evolved 
microRNA clusters regulate expansive F-BOX gene networks through phased small 
interfering RNAs in wild diploid strawberry. Plant Physiology, 169, 594–610.

Xu, X., Ma, X., Lei, H., Yin, L., Shi, X., & Song, H. (2015). MicroRNAs play an important 
role in the regulation of strawberry fruit senescence in low temperature. Postharvest 
Biology and Technology, 108, 39–47.

Xue, C., Yao, J. L., Qin, M. F., Zhang, M. Y., Allan, A. C., Wang, D. F., & Wu, J. (2019). 
PbrmiR397a regulates lignification during stone cell development in pear fruit. Plant 
Biotechnology Journal, 17(1), 103–117.

Yao, J. L., Tomes, S., Xu, J., & Gleave, A. P. (2016). How microRNA172 affects fruit 
growth in different species is dependent on fruit type. Plant Signaling & Behavior, 11 
(4), 417–427.

Yao, J. L., Xu, J., Cornille, A., Tomes, S., Karunairetnam, S., Luo, Z., & Gleave, A. P. 
(2015). A micro RNA allele that emerged prior to apple domestication may underlie 
fruit size evolution. The Plant Journal, 84(2), 417–427.

Zhang, F., Li, B., Yin, H., Zou, J., & Ouyang, A. (2022). Study on the quantitative 
assessment of impact damage of yellow peaches using the combined hyperspectral 
technology and mechanical parameters. Journal of Spectroscopy, 2022, Article 
7526826.

Zhang, Y., & Zhang, N. (2018). Imaging technologies for plant high-throughput 
phenotyping: A review. Frontiers of Agricultural Science and Engineering, 5(4), 
406–419.

Zheng, G., Wei, W., Li, Y., Kan, L., Wang, F., Zhang, X., et al. (2019). Conserved and 
novel roles of miR164-CUC 2 regulatory module in specifying leaf and floral organ 
morphology in strawberry. New Phytologist, 224(1), 480–492.

M. Sharbati et al.                                                                                                                                                                                                                               Food Chemistry: Molecular Sciences 10 (2025) 100250 

9 

http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0005
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0005
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0005
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0010
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0010
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0010
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0015
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0015
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0020
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0020
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0020
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0025
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0025
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0025
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0030
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0030
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0030
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0035
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0035
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0040
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0040
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0040
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0045
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0045
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0050
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0050
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0050
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0050
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0055
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0055
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0055
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0060
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0060
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0060
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0065
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0065
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0065
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0070
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0070
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0070
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0075
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0075
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0075
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0080
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0080
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0080
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0085
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0085
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0085
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0085
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0090
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0090
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0090
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0095
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0095
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0095
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0095
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0100
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0100
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0100
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0105
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0105
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0105
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0105
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0110
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0110
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0110
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0115
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0115
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0115
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0120
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0120
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0125
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0125
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0125
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0130
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0130
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0130
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0130
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0135
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0135
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0140
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0140
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0145
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0145
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0145
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0145
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0150
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0150
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0150
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0155
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0155
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0155
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0155
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0160
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0160
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0160
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0165
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0165
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0165
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0170
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0170
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0170
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0170
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0175
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0175
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0175
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0180
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0180
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0180
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0185
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0185
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0185
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0190
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0190
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0190
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0195
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0195
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0195
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0200
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0200
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0200
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0200
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0205
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0205
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0205
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0210
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0210
http://refhub.elsevier.com/S2666-5662(25)00011-5/rf0210

	What do microRNA concentrations tell us about the mechanical damage and storage period of strawberry fruits?
	1 Introduction
	2 Materials and methods
	2.1 Plant material and experimental design
	2.2 Measuring morphological traits
	2.3 Measuring physiological traits
	2.4 Apparatus and chemicals for microRNA analysis
	2.5 Measuring the concentration of microRNAs
	2.6 Statistical analysis

	3 Results and discussion
	3.1 Fruit morphological traits
	3.2 Fruit firmness
	3.3 Fruit total soluble solids
	3.4 Fruit miR-164 concentration
	3.5 Fruit miR-167 concentration
	3.6 Fruit miR-172 concentration
	3.7 Fruit miR-399a concentration
	3.8 Correlation coefficients

	4 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


