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Agricultural products may deteriorate due to various reasons during storage
and transportation, resulting in serious losses. However, the mechanism of
deterioration is complex, and many mechanisms are currently unclear. In
recent years, the rapid development of omics technologies, such as genomics,
proteomics, transcriptomics, and metabolomics, has led to breakthroughs in
exploring the mechanism of product quality changes during the storage and
transportation of agricultural products, and also help to understand molecular
mechanisms. By using omics technology to gain a deeper understanding of
the changes in agricultural products during storage and transportation, more
efficient, environmentally friendly, and resource saving storage and transportation
methods can be developed, providing a research foundation for the sustainability
of China's agricultural food system. In addition, research on omics technology has
provided theoretical support for screening more suitable storage methods and
transportation conditions. This review presents the potential application omics
technologies in agricultural product storage and transportation. The application
examples of omics technology in the storage and transportation process of
agricultural products were discussed. Finally, the prospects indicate that omics
technology has unlimited potential.
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Introduction

Agricultural products may undergo adverse changes during storage and transportation for
various reasons, resulting in a decline in quality. The sale of these deteriorated products
potentially endangers the health of consumers. But if these products cannot be sold, it will cause
serious losses. According to data, the overall production of agricultural products in China for
2019 amounted to 1.98 billion tons. Notably, the production of fresh agricultural products
exceeded 1.1 billion tons. The loss of fresh agricultural products can reach 20-30% due to
improper transportation and storage (Commnews.cn, 2020). According to the Ministry of
Agriculture experts, the postpartum loss rates of grain, potatoes, fruits, and vegetables in China
are 7-11%, 15-20%, 15-20%, and 20-25%, respectively. The economic loss exceeds 300 billion
yuan, equivalent to the waste of over 70 thousand hectares of farmland input and output (Hua
and Lou, 2012). The economic waste resulting from these losses is significant. Therefore, how to
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reduce agricultural product loss and quality decline during storage
and transportation is worth considering.

Strengthening the monitoring of changes in the quality of
agricultural products during storage and transportation can effectively
minimize losses in the storage and transportation process. The
traditional methods of monitoring the quality changes of agricultural
products during storage and transportation mainly include sensory
testing, chemical testing, and biological testing. The sensory inspection
of agricultural products involves an examination of sensory properties.
This process can effectively detect product quality issues, allowing for
early problem detection and resolution. However, a sensory inspection
limits to evaluating the appearance and quality of agricultural
products and is dependent on personal experience, making
quantitative analysis challenging. This research should only be used
for preliminary screening and processing of agricultural products
experiencing quality changes, as the results are speculative. The
primary purpose of chemical inspection is to determine and monitor
changes in the nutritional components of agricultural products, such
as carbohydrates, lipids and proteins, during storage and
transportation. However, chemical inspection generally has a slow
reaction speed and cannot conduct large-scale analysis, which requires
a long time to achieve the expected experimental results. Biological
testing mainly involves microbial analysis of agricultural products.
Traditional microbial analysis can only detect the number of
microorganisms present, and identification of microorganisms limited
to the genus level (Jiang et al., 2022). Moreover, the traditional
microbiological testing methods are complex and time-consuming.
They also require a controlled experimental environment to study the
transcription of all genes at the global level. These technologies have
some shortcomings to some extent. Future monitoring methods will
require higher sensitivity, faster detection, and greater precision to
address these shortcomings. Therefore, the development of new
monitoring technologies is of great significance.

Biochip technology is one of the emerging monitoring
technologies, in the monitoring of the storage and transportation
process of agricultural products, spoilage microorganisms are quickly
detected through their cells, proteins, genes, and other biological
components, and prevention measures are taken. With the rapid
development of detection and analysis technology in the field of life
sciences, biochip technology has shown broad application prospects
in microbial detection due to its high throughput, high sensitivity, and
high specificity (Ma et al., 2018). In addition, the use of infrared
spectroscopy (IRS) technology to detect changes in the quality of
agricultural products has gradually become a popular research
direction. Infrared spectroscopy analysis has a wide range of
applications and can be used for quality analysis of dairy products,
composition analysis of tea and cocoa, as well as quality changes in
meat, fruits, and vegetables. The application of shortwave infrared
reflectance spectroscopy to online detect the content of fat, water, and
protein in beef or pork has the characteristics of convenience, speed,
and accuracy, making it the preferred method for meat quality
inspection at present. Currently, near infrared spectroscopy (NIRS)
technology is also commonly used to monitor the changes in the
composition of agricultural products during storage and
transportation. Near infrared (NIR) spectroscopy technology can
provide fast and non-destructive methods to estimate the freshness of
various foods based on changes in NIR region characteristic spectra
(Lee et al, 2017). In the process of storage and transportation,
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near-infrared spectroscopy technology can quickly analyze the
moisture and nutritional components of agricultural products, but the
scope of analysis is limited. In the field of food and agricultural
products in China, there is still significant space for improvement in
the application research of this technology, and there is still a certain
distance from entering the stage of comprehensive promotion and use.

The emergence of omics technology provides new ideas for
monitoring quality changes during the storage and transportation of
agricultural products. Omics technology refers to a collection of high-
throughput methods for measuring different molecular components
in biological samples, which are divided into genomics technology,
transcriptomics technology, proteomics technology, and metabolomics
technology according to the different measured molecular
components. The study of omics technology has led to multi-omics
integration and new omics technology development for studying
specific substances. Their relationship is shown in Figure 1. Omics
technology is a popular research topic due to its high throughput,
short cycle, high sensitivity, high accuracy, and real-time dynamic
monitoring capabilities.

Each omics has unique advantages and plays crucial role in
studying changes in quality during the storage and transportation of
agricultural products. For example, using proteomics to qualitatively
and quantitatively analyze the protein of post-harvest fruits and
vegetables, identify the important proteins and their functions in the
process of fruit and vegetable maturation and senescence, and conduct
in-depth research on the regulation mechanism of exogenous
treatment of fruit maturation and senescence, stress resistance, and
more, which has significant implications for guiding post-harvest
preservation of fruits and vegetables during storage and transportation.
Combining multiple omics technologies is a popular topic in research.
For example, Guo et al. (2022) conducted a study on the quality of
litchi pulp at stored room temperature utilizing transcriptomics,
proteomics, and metabolomics. Changes in sugar and acid content
and composition resulted in starch loss during storage and
transportation. In addition, the degradation of polysaccharides softens
the texture and reduces the nutritional value. This study aimed to
investigate the physiological changes occurring in litchi fruit pulp
when stored at room temperature serving as a basis for litchi fruit
preservation and as a reference for future study of carbohydrate
metabolism of litchi fruit. Cigliano et al. (2022) studied a long-lasting
tomato variety by examining protein-coding genes and microRNA
expression, DNA methylation patterns, and histone modifications in
distinct post-harvest phases. Multi-omics data integration helped to
reveal the molecular mechanisms responsible for prolonging shelf-life.
The findings indicated that the down-regulation of the ripening
regulatory factor MADS-RIN and genes associated with ethylene
reaction and cell wall degradation were consistent with the delayed
softening of the fruit. Large-scale epigenome reprogramming after
fruit harvest may lead to delayed fruit senescence through multi-
omics technology. In short, omics technology is a valuable tool for
researching the storage and transportation of agricultural products.
The unique advantage of omics technology compared to other
technologies is that it can be used to explore the mechanism of quality
changes, thereby preventing the quality decline of agricultural
products during storage and transportation and identifying more
suitable storage and transportation methods.

Firstly, previous research reviews on the application of omics
technology in the field of agricultural products have mainly focused
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FIGURE 1
Understanding the Central Rule of Combining omics Technology.

on the safety of agricultural products. However, little attention has
been paid to the application of omics technology in the storage and
transportation process of agricultural products. This review
comprehensively summarizes the applications of various omics
technologies in the storage and transportation process of agricultural
products, with a focus on the discussion of applications. This article
provides a hierarchical introduction to the application of various
learning techniques in the storage and transportation process of
agricultural products based on the connections between each group
of learning, and provides corresponding research publication with
examples. Finally, it provides prospects for future development.
Therefore, this will help to understand the application of omics
technology for quality analysis in agricultural product storage and
transportation. Additionally, it may trigger a new revolution in
understanding the mechanisms behind changes in agricultural
product quality.

Application of genomics in the storage
and transportation of agricultural
products

Genomics is the original omics. Other genomics, such as
transcriptomics and proteomics, belong to post-genomics. The
primary use of genomics technology is to detect the target genome
through gene sequencing technology and conduct follow-up research.
One of the more common methods is whole-genome sequencing. The
basic steps of this method are shown in Figure 2. The application of
genomics in the storage and transportation of agricultural products
has achieved mature development. In recent years, there have been
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relatively few studies on genomics applications in the storage and
transportation of agricultural products. There are two main ideas for
the application of genomics technology. The first is to use gene
sequencing technology to measure the genomes of bacteria and fungi
and to deeply understand these microorganisms that affect agricultural
product storage and transportation from the genetic level, and also the
quality changes of agricultural products during the storage and
transportation process. Researchers need to find effective strategies to
deal with microorganisms, prevent agricultural products from
deteriorating during storage and transportation, and ensure the
quality and safety of these products. Ramirez et al. used genomics and
transcriptomics methods to study ostreatus stored at 4°C for 7 days
after various treatments and analyzed the collection of expressed
sequence tags (EST) obtained from cutting Pleurotus ostreatus. A
detailed picture of the life characteristics of ostreatus is provided.
These findings contribute to our understanding of post-harvest
mushroom decay and provide theoretical support for future storage
and transportation (Ramirez et al, 2011). Aflatoxin is a strong
carcinogen that can easily pollute grains. Yu et al. launched the
aflatoxin genomics project intending to devise methods to manage
aflatoxin pollution in pre-harvest crops and post-harvest grain storage.
They identified the genes involved in aflatoxin biosynthesis, regulation
and pathogenicity, enabling a better understanding of the mechanism
of aflatoxin formation at the genetic level and preventing the
contamination of agricultural products during storage (Yu et al., 2008).

Through gene regulation, genomic technology is also used to
improve agricultural product varieties and extend storage life. Wu
et al. identified gene markers based on quantitative trait loci (QTLs)
and developed a genomic-assisted prediction (GAP) model for apple
flesh firmness and brittleness retention. The research found the key
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The basic route of whole-genome sequencing.

genes that reduce flesh firmness and firmness, and provided insights
into regulating flesh firmness and firmness retention to improve
storage performance. The GAP model can help improve the quality of
apples (Wu et al,, 2021a). Anderson et al. used modern genomic
methods to identify key genetic characteristics associated with
resistance to yield-limiting factors such as cassava mosaic disease
(CMD), cassava bacterial blight (CBB), drought, and acid soil to
cultivate high-quality cassava that can overcome these challenges.
Approximately 23,000 ESTs have been currently developed from
various cassava tissues and genotypes. A deeper understanding of
genes will also help to reduce the loss caused by deterioration during
storage (Anderson et al., 2004).

Genomics technology is also of great significance in the storage
and transportation of fermented products. Clostridium tyrobutyricum
has been recognized as the primary cause of late-blowing defects in
cheese, resulting in massive economic losses in the dairy industry.
Podrzaj conducted the first study on the comparative genomics of
Bacillus casei associated with LBD. Importantly, this study highlights
the extensive genetic diversity of Tyrobacillus casei, which may help us
understand the diversity of the putrefaction potential of T. casei in
cheese and provide clues for further exploration of the genetic module
underlying the putrefaction ability of this species. Thus, it also helps
2022).
Lactic acid bacteria (LAB) is a common bacterial group that inhabits

to improve the storage performance of cheese (Podrzaj et al.,

fermented vegetables and can produce beneficial organic acids. Okoye
et al. performed whole-genome sequencing and comparative genomics
on five LAB species. The results revealed the main LBA carbohydrate-
active enzymes, putative operons, and unique mobile genetic elements.
The metabolic pathway of organic acid biosynthesis identified the key
genes encoding specific enzymes required for organic acid
metabolism. The research provides theoretical support for using this
pathway in processing and storage (Okoye et al., 2022). Genome
sequence analysis provides fascinating insights into the evolution of
microorganisms that lead to the decline of agricultural product quality
during storage, as well as the mechanisms that lead to the growth of
pathogenic bacteria. It is very likely to be used to predict the possibility
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of new microorganisms in the storage and transportation process in
the future, and it also provides a direction for the genetic modification
of agricultural products.

Application of transcriptomics in the
storage and transportation of
agricultural products

Transcriptomics refers to the study of gene transcription and the
overall regulation of transcription in cells, which mainly focuses on
RNA level. It is an essential means to study cell phenotype and
function. The detection technology used in transcriptomics is similar
to genomics, except that the detection object has changed from DNA
to RNA. Transcriptomics technology can explore the mechanism of
fruit deterioration in agricultural products during storage and
transportation, considering different harvesting methods and
conditions. In particular, the effect of a chilling injury on fruit can
reveal potential mechanisms for preventing it through transcriptome
technology. Banana fruit is prone to chilling injury (CI) during cold
storage, resulting in quality decline and commodity loss. The
mechanism behind chilling injury reduction through hot water
treatment (HWT) is currently unclear. Si et al. analyzed the
transcriptome of banana peel, revealing the mechanism of using hot
water to alleviate chilling injury of bananas during cold storage by
using transcriptome, which enriched the theoretical basis of using hot
water to reduce chilling injury of fruit during storage and
transportation (Si et al., 2022). Cold storage can prolong the storage
time of blueberries to more than 60 days, but it will cause chilling
injury. Zhang et al. used transcriptome analysis to fully reveal the
chilling injury mechanism of blueberries when subjected to cold
stress. They identified forty-five cold-induced transcription factor
(TF) families containing 1,023 TFs. The study revealed the mechanism
of the low-temperature chilling injury, which is necessary for
preventing such injury during storage (Zhang F. et al., 2020). The
omics technology also helps in understanding the changes in nutrient
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levels in fruits under different storage conditions, allowing for the
selection of a more suitable storage method. Wang et al. used
transcriptomics to analyze nectarine fruits stored at different
temperatures and observed that the differentially expressed genes
(DEGs) accumulated very high in starch and sucrose metabolism and
the biosynthesis of terpene skeleton. This study explained the
molecular mechanism underlying changes in sugar and carotenoid
levels in nectarine fruit during storage at varying temperatures. The
findings provide theoretical support for the quality maintenance of
nectarine during storage (Wang et al., 2022). Ultraviolet-C (UV-C)
radiation can be used as an effective way to prolong the shelf life of
fruit. Zhou et al. studied the changes of UV-C-treated peaches with
transcriptome and proteomics methods to better understand the role
of UV-C treatment in regulating the metabolic pathway of peach fruit
during cold storage. Proteomics and transcriptomics found peach
genes and enzymes involved in acid and sugar changes and the general
molecular mechanism of sugar, acid, and phenolic substances in
response to UV-C changes (Zhou et al., 2020).

Furthermore, in terms of agricultural product storage and
transportation, transcriptome technology is often used to clarify the
mechanism of microbial infection to better prevent microbial
pollution of agricultural products during storage and transportation.
The characteristics of genes and metabolites in peach fruit following
post-harvest by Monilinia fructicola are currently unclear. Cheng et al.
used transcriptomics and metabonomics to explore the gene
expression profile and different metabolites of peach infected by
M. fructicola at different stages; and also proposed the molecular
framework of peach systemic resistance, indicating the complex
defense response of peach to M. fructicola infection (Cheng et al.,
2023). To reveal the gene and adaptive pathway of S. enterica serovar
Typhimurium in low water activity foods, Crucello et al. inoculated the
bacteria on four kinds of low Aw foods, stored at25°C for 24h and 72h
and studied the transcriptome of S. enterica serovar Typhimurium with
RNA-Seq. The results revealed the genes that play a key role in the
dehydration reaction of Salmonella and the pathway they participated
in, showing that the gene regulation in the first 24h was mainly
affected by the food substrate itself and the following adaptation to low
water activity was the same in different samples (Crucello et al., 2019).
Penicillium digitatum is one of the important pathogens that cause the
loss of citrus during storage and transportation after harvest. Yang
etal. explored the infection mechanism of P. digitatum by conducting
transcriptome sequencing and bioinformatics analysis, and found
genes associated with pathogenic factors. In this study, a simple
blueprint of the infection mechanism was displayed (Yang et al., 2019).

Table 1 is a publication review on the application of genomics and
transcriptomics technology in the storage and transportation of
agricultural products. As seen in Table 1, agricultural products such
as fruits, meat, herbs, vegetables, fermented products, and more use
genomics and transcriptomics technology during storage and
transportation. Genomics and transcriptomics can be used to explore
the mechanism of microbial deterioration. The quality change of
agricultural products and the interaction mechanism between
agricultural products and microorganisms are very complex topics.
The use of transcriptome technology or genomics technology alone
cannot effectively explore these mechanisms. It is necessary to
combine various omics technologies. Utilization of genomics and
transcriptome technologies for exploring microorganisms at the DNA
and RNA levels can provide a more comprehensive understanding of
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the deterioration mechanism of agricultural products caused by
microbial action during storage and transportation. Thus, this can
help develop preventive measures and reduce agricultural product loss
during storage and transportation. Genomics and transcriptome can
also be used to study the chemical composition changes caused by
different storage conditions during the storage and transportation of
agricultural products and screen the most appropriate storage and
transportation conditions. Transcriptome technology is often used
with other omics technologies, such as metabonomics and proteomics
(as indicated in Table 1), to enable agricultural product storage and
transportation examination at both the gene and molecular levels.
Genomic sequence analysis provides useful insights into the evolution
of microorganisms that result in a decline in the quality of agricultural
products during storage, as well as the mechanisms that lead to the
evolution of pathogenic bacteria. Moreover, it is highly likely to
be used to predict the possibility of new microorganisms appearing
during storage and transportation in the future and also provides
direction for gene transformation of agricultural products. There is
much related literature about the application of transcriptome in the
storage and transportation of agricultural products, but their
application in the storage and transportation of agricultural products
is still in the development stage.

Application of proteomics in the
storage and transportation of
agricultural products

Proteomics technology considers proteomics crucial because it
plays a significant role in analyzing and processing large-scale proteins
(Dutta et al., 2022). The in-depth study of proteome analysis has
resulted in significant improvements in protein analysis methods. The
new protein analysis technology will provide a comprehensive food
protein composition database, including some minor components that
traditional protein analysis methods may overlook. Proteomics
technology has significant advantages over some traditional protein
analysis techniques. For example, the Kjeldahl method has complex
pre-treatment and severe reagent consumption. The Biuret method
has low sensitivity and complex operation, making it difficult to use
for automated instrument analysis. Although the UV absorption
method is simple to operate, it is susceptible to interference. If nucleic
acids and other substances that absorb ultraviolet radiation appear in
the sample, the results will be greatly disturbed and not very accurate.
Proteomics technology does not require complete hydrolysis of
proteins, has simple pre-treatment, low reagent consumption, and
automated analysis. It can analyze a large number of samples at once.
In addition, proteomics technology can be qualitative and quantitative,
with little external interference, and accurate analysis results.
Proteomics is used to monitor agricultural products during storage
and transportation, which can help us better understand the changes
in the quality of agricultural products. During food transportation and
further
modification (nePTM), such as the Maillard reaction, often occurs,

storage, non-enzymatic  post-translational ~ protein
increasing the complexity of the food proteome. Proteomics will
fundamentally accelerate the acquisition of new knowledge in food
and nutrition science while also assisting in understanding the
complex interactions between various components in food storage

and transportation. Therefore, this provides a technical and
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TABLE 1 Some publications on the application of genomics and transcriptomics technology in the storage and transportation of agricultural products.

Sample

Cassava

Omics method

Genomics

Main purpose of the study

Cultivate high-quality cassava that can overcome diseases such as
cassava mosaic disease (CMD), cassava bacterial blight (CBB),

drought, and acidic soil.

Reference

Anderson et al. (2004)

Tomtato

Genomics

Explore the microorganisms that affect tomato spoilage during storage
and transportation, as well as the changes in tomato chemical

composition during storage and transportation.

Kayode and Afolayan (2014)

JIKO (a herbal preparation)

Genomics

Confirm the identity of multidrug-resistant bacteria that contaminate

JIKO during storage and transportation.

Kereakede et al. (2021)

Apple

Genomics

Explore the key genes that reduce apple firmness and providing
insights for regulating apple firmness and maintaining firmness to

improve storage performance.

Wau et al. (2021a)

Cheese

Genomics

Explore the genetic modules of the spoilage ability of Bacillus casei
strains and their mechanisms of spoilage, in order to improve the

storage performance of cheese.

Podrzaj et al. (2022)

Peach

Genomics

Clarify the distribution, morphology, and pathogenic characteristics of
peach brown rot pathogens in Shandong Province during storage and

transportation.

Li et al. (2023)

Citrus

Transcriptomics

Explore the molecular mechanism of Penicillium fingertip infection in

citrus and discovering genes related to pathogenic factors.

Yang et al. (2019)

Blueberry

Transcriptomics

Reveal the chilling injury mechanism of blueberries under cold stress.

Zhang L. et al. (2020)

Lotus root

Transcriptomics

Reduce browning of lotus root peel during long-term storage and
long-distance transportation, and elucidate the functions of single

genes and browning related metabolic pathways.

Worarad et al. (2021)

Beef

Transcriptomics

Explore potential biomarkers that affect the pressure of short distance
transportation in cattle to ensure the quality of beef during storage and

transportation.

Zhao et al. (2021)

Banana

Transcriptomics

Explore the mechanism of hot water reducing the chilling injure of

banana during cold storage.

Si et al. (2022)

Ostreatus

Genomics transcriptomics

Explore the mechanism of microbial action during the rotten process

of ostreatus.

Ramirez et al. (2011)

Citrus

Transcriptomics proteomics

Provide a comprehensive proteomics and transcriptomics explanation

for the coordination of citrus low-temperature (LT) stress response.

Yun et al. (2012)

Tea

Transcriptomics metabolomics

Explore the mechanism of the effect of low temperature transportation

on the preservation effect of tea.

Chen et al. (2023)

Peach

Transcriptomics metabolomics

Explore the characteristics of genes and metabolites infected with

trichomonas after harvesting peach fruit.

Cheng et al. (2023)

methodological prerequisite for the wide application of proteomics in
food science (Pischetsrieder and Baeuerlein, 2009).

Proteomics can be considered the subject of large-scale analysis of
proteins in specific biological systems. The main idea of using
proteomics technology to analyze the quality changes in food during
storage and transportation is to monitor any changes in specific
proteins that may occur during these processes. Proteomics based on
mass spectrometry (MS) has been recognized as an indispensable tool
for accurately identifying and quantifying thousands of proteins from
complex protein samples, and has been used in most proteomic
studies (Carrera, 2021). Proteomics recognition and analysis of
proteins and peptides involves an easy and simple experimental
procedure. The first step is to isolate proteins from the samples to
be tested. The second step is to identify and quantify proteins with
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significant differences in expression. The third step is to select the
protein for validation on this basis and then conduct the bioinformatics
analysis. There are 3 kinds of strategies: bottom-up, top-down, and
middle-down. The bottom-up approach analyzes proteolytic peptides.
The top-down method measures the intact proteins. The middle-down
strategy analyzes larger peptides resulting from limited digestion or
more selective proteases. Before MS analysis and database searching,
one or more protein or peptide fractionation techniques can be applied
(Zhang et al., 2013).

Protein is a crucial nutrient of animal food. Changes in protein
during animal food storage and transportation are necessary when
examining quality change. The meat quality of animals will change
during transportation. By utilizing proteomics technology, it is
possible to investigate and determine suitable transportation methods,
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including assessing the necessity of providing food and drink during
transportation, and evaluating the impact of both long and short-
distance transportation on product quality. Deters et al. divided 36
cattle into three groups to study the impact of cattle transport on beef
quality. The CON group: no transit and ad libitum access to feed and
water. DEPR group: no transit but deprived of feed and water for 18h.
TRANS group: trans 1790 km and no access to feed or water for 18 h.
Proteomics and metabolomics analysis were performed on the treated
tissue samples immediately, allowing for the selection of the most
suitable method of beef transportation (Deters and Hansen, 2022).
The stress responses of animals will affect the quality of animal
products. Proteomics can provide theoretical references for changes
in meat quality during transportation and provide insight into the
mechanism of adverse effects caused by stress reactions. Luca et al.
used LC-MS to identify proteins that indicate molecular processes
underpinning transport stress. They analyzed the proteomic response
of pigs of the same genetic line to transport stress (short circuit or long
route transport), and identified 1,464 proteins. Among these, 66
proteins were discovered to distinguish between short-circuit and
long-route transport pigs. This study explored the molecular process
of pig adaptation to transport stress through proteomics technology
(Di Luca et al,, 2022). Ramell et al. divided dairy cows into three
groups, and raised them under good, semi-good, and tough
conditions. The analysis of cow serum is proteomic in different
environments showed that living in a challenging environment with
limited access to food and human care may cause oxidative stress in
cows. This stress could potentially lead to cow mastitis and negatively
affect milk production. An oxidative stress response is the primary
physiological adaptation in cows under different production systems,
as determined by proteomic analysis (Marco-Ramell et al,, 2012). Lou
et al. used 4D label-free quantitative (4D-LFQ) proteomics to study
the proteomic changes in the longissimus dorsi muscle of Qinchuan
beef during different storage periods. Additionally, high-performance
liquid chromatography was used to detect changes in energy
substances and to explore the energy metabolism mechanism of
Qinchuan beef during cold storage and its impact on meat quality
(Luo et al,, 2021). Thus, this shows the potential of proteomics as a
theoretical reference for studying the mechanism of meat quality
changes during storage. Li et al. used proteomics to study the effect of
cold stress on the composition, structure, and physical properties of
the gel of muscle fibrillar protein (MP) of Procambarus clarkii,
providing a theoretical reference for the quality change of crayfish
during cold chain transportation (Li et al., 2022a). Xu et al. performed
a proteomic analysis and comparison between normal meat and pale,
soft, exudative (PSE) meat, and found proteins that may be related to
PSE (Zequan et al., 2021).

Proteomics provides detailed information on the molecular
mechanism of fruit quality changes. Some studies have shown that the
resistance inducer based on chitosan can cause the defense reaction of
strawberry fruit and prevent its oxidation during storage. The
molecular mechanism of the resistance inducer of chitosan is still
unclear. Dynamic proteomics provides a better understanding of the
interaction mechanism between the strawberry resistance inducer and
chitosan and is also a potential candidate for the fruit preservation and
storage inducer (Ban et al., 2018). Hypoxia is a common occurrence
in fruit post-harvest logistics, and it can significantly affect the storage
performance of fruit. Here, Li et al. studied the dynamic changes of
mitochondrial morphology in living citrus fruit cells, and revealed
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that hypoxia induced by wax treatment strongly triggered
mitochondrial fission and fragmentation. The study characterized the
proteomic changes of mitochondria after waxing and identified 167
key proteins related to the hypoxia response. These proteins were
primarily involved in the metabolism of fatty acids, amino acids, and
organic acids. It provides theoretical support for the post-harvest
quality degradation of citrus fruit caused by hypoxia (Li et al., 2022b).

Application of metabolomics in the
storage and transportation of
agricultural products

Metabolomics is a method used to detect changes in metabolites
weight < 1,500 Da)
Metabolomics is crucial component of systems biology as an extension

within  (molecular biological  systems.
of other ‘omics’ (Ferrocino and Cocolin, 2017). Agricultural product
components interact during storage and transportation, and are
susceptible to external factors. All compounds in agricultural products
interact physically and chemically, changing their acceptability, safety,
and shelf life. Therefore, a deeper understanding of the interaction and
change mechanisms of agricultural product components enables
improved control over the storage and transportation of agricultural
products. Metabolomics is the study of systematic chemical
components, which provides a systematic and comprehensive method
for determining, quantifying, and identifying final product
characteristics (Kushalappa et al., 2008). The mechanism of the
application of metabolomics in the storage and transportation of
agricultural products is based on the composition and changes of
metabolites during the storage and transportation process of
agricultural products, to study their metabolic pathways and
mechanisms of action, and then understand the principle of
deterioration. Alternatively, differential metabolites that can represent
the occurrence of deterioration can be screened out through the
differences in metabolites, and preventive measures can be taken in
advance to predict the deterioration of agricultural products through
the detection of these metabolites. Metabolomics can be divided into
non-targeted and targeted metabolomics based on the research
objectives. Their most common detection methods are LC-MS, GC-
MS, and NMR, each with advantages and disadvantages. They are
often combined to discover differential metabolites and in-depth
research and analysis of subsequent metabolic sub-biomarkers.
Metabolomics has been widely recognized as a powerful, efficient,
and sensitive analytical tool in food science (Utpott et al., 2022). In
recent years, some applications of metabolomics technology in the
storage and transportation of agricultural products are shown in
Table 2. Metabolomics is commonly used to understand the
mechanism of quality changes in agricultural products during storage
and transportation, and to study the factors influencing these changes.
Jujube fruit is prone to mechanical damage during storage and
transportation, which degrades its quality. Zhang et al. studied
morphology and endogenous metabolism of jujube at three
developmental stages after partial compression simulating mechanical
injury. The results showed that the pH of Jujube fruit increased after
partial extrusion, and the phenol content decreased, which was proved
by further metabonomic analysis. According to the study,
metabonomics analysis can provide in-depth insights into the impact
of mechanical damage on fruit nutrition and health benefits during
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TABLE 2 Some publications on the application of metabolomics technology in the storage and transportation of agricultural products.

Sample Omics method Main purpose of the study Reference

Scallop Metabolomics Explore the physiological changes in scallops during semi-anhydrous living- Chen et al. (2015)
preservation to optimize storage and transportation conditions.

Tomtato Metabolomics Explore the relationship between tomato metabolic status and different storage | Vokota et al. (2019)
conditions.

Sausages Metabolomics Reveal the most common bacteria causing sausage spoilage and obtain the Han et al. (2021)
main non volatile metabolites of sausages.

Litopenaeus vannamei Metabolomics Explore the response mechanism of Litopenaeus vannamei exposed to cold Xu et al. (2022)
stress during live transport.

Pear Metabolomics Reveal the mechanism of hypobaric treatment on energy metabolism in Xu and Li (2023)
vibration-injured ‘Huangguan’ pears.

Jujube Metabolomics Explore the impact of mechanical damage during storage and transportation Zhang et al. (2023)
on jujube nutrition and health.

Pepper Metabolomics, transcriptomics Explore the effects of gene expression patterns and molecular regulatory Sun et al. (2021)
mechanisms on the storage and transportation of peppers.

Tomtato Metabolomics, transcriptomics Evaluate the improvement of genetic engineering on the metabolome of Ewas et al. (2022)
tomato fruits, and obtain tomatoes with better preservation effects.

Sugarbeet Metabolomics, transcriptomics Explore the metabolites of sugarbeet with good, medium and poor storage Gippert et al. (2022)
quality during storage, so as to further explore the potential mechanism of
quality change during storage.

Apple Metabolomics, transcriptomics Explore the impact of seasons on the softening of Royal Gala apples, and used Favre et al. (2023)
it to predict the subsequent storage performance of apple batches.

storage and transportation (Zhang et al., 2023). Yokota et al. studied
the factors affecting the quality of agricultural products by storing
harvested tomatoes under different conditions, such as normal
oxygen, hypoxia, and improved carbon dioxide and oxygen
concentration. The tomatoes were stored at 25°C for 8 days. During
the storage period, the metabolites of tomatoes were determined by
metabolomics. The metabolites were affected by oxygen and carbon
dioxide, indicating that metabolomics could effectively reveal the
relationship between fruit metabolic status and different storage
conditions to select an effective storage method for transportation
(Yokota et al., 2019). Zhu et al. used non-targeted metabolomics to
study the effect of freeze-drying on the metabolites of raw milk. The
metabolomics of milk powder stored at three temperatures (room
temperature, 4°C, —20°C) were analyzed using NMR and MS-based
techniques. The research shows that freeze-drying is an effective
drying method for extending the shelflife of milk. In terms of storage,
the metabolites of milk powder remained stable at 4°C. However,
while stored at room temperature, significant changes in metabolites
occur. The results provide a basis for further research on milk
metabolomics and offer a theoretical analysis for storing milk powder
at different temperatures (Zhu et al., 2020). Besides, Han et al.
developed a low-temperature sausage model and coated the surface
with natural casing. After 12 days of storage at 20°C, the metabolomics
analysis of sausages was conducted. After 4 days, the most common
bacteria causing the deterioration of sausages was Beauveria bassiana.
The main nonvolatile metabolites were also obtained. These results
provide useful information for optimizing sausage storage conditions
(Han et al., 2021).

It is difficult to analyze the regulatory mechanism of physiological
processes systematically and comprehensively using a single data set
due to biological processes of complexity and holistic nature. The joint
analysis of multiple groups can jointly explore the potential regulatory
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network mechanism in the organism, providing more evidence for the
mechanism of the organism. Transcriptomics can predict the change
in gene expression. Metabolites are the end product of gene
transcription in organisms affected by internal and external factors
and can directly reflect physiological phenomena in organisms.
Metabolomics can study the functional changes of these genes. The
combination of transcriptomics and metabolomics can further
understand the mechanism of cell physiological activities at the
molecular and biochemical levels. The combination of transcriptomics
and metabolomics can be used to screen more suitable varieties of
agricultural products for storage and transportation. Ewas et al.
compared the metabolome and transcriptome of SIMXI1 transgenic
tomato and wild tomato to evaluate how genetic engineering can
improve the metabolome of tomato fruit. The results showed that the
character improvement obtained by the SIMX1 genome has the
potential for use in molecular breeding programs, resulting in changes
to fruit size and yield, inducing secondary metabolites that promote
health, improve fungal resistance, and ultimately extend the shelf life
of fruit (Ewas et al., 2022). Apple fruit softening depends on the
maturity at harvest and a series of orchard and environmental factors.
Favre et al. investigated the effect of seasons on the softening of Royal
Gala apples. The apples harvested four times, very early (HI), early
(H2), commercial (H3), and late (H4), were stored at 0.5°C for
100 days and then analyzed by metabolomics and transcriptomics. The
data showed that the pre-harvest pressure significantly influenced
post-harvest softening, and 10 harvest biomarkers were identified that
could be used to predict the long-term storage performance of fruit
batches (Favre et al., 2023). On the other hand, the combination of
transcriptomics and metabolomics is used to explore the quality
change mechanism of agricultural products and provide theoretical
support for optimizing storage conditions. Sugarbeet, a crucial raw
material in sucrose production, often needs to be stored before sucrose
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can be produced. During the storage period, the yield and quality of
sugar may decrease. Obtaining post-harvest metabolic information
through omics technology helps to improve the storage quality.
Gippert et al. used metabonomics and transcriptomics technology to
study the primary and secondary metabolites of sugarbeet with
varying storage quality (good, medium, and poor) during the storage
process to explore the potential mechanism of quality change during
storage (Gippert et al., 2022). In short, metabolomics has unlimited
development potential and is a useful tool for studying the internal
mechanism of biology.

Application of other omics in the
storage and transportation of
agricultural products

In addition to the above four major omics, other omics
technologies play a significant role in the agricultural storage and
transportation of products. These include lipidomics, flavoromics,
glycomics, and more. Lipidomics, flavoromics, glycomics from
metabolomics, and lipids, sugars, and amino acids are all metabolites.
The relationship between these omics techniques and metabolomics
is shown in Figure 3.

Lipidomicis a systematic study of all lipids in cells, tissues, or
organisms developed from metabolomics. It mainly studies the type,
distribution, function, and interaction with other biomolecules of
thousands of lipids, and their dynamic changes in physiological
metabolism and pathological state; its analytical technology is similar
to metabolomics. Lipidomic can be used as a new method to evaluate
the freshness of agricultural products during storage and
transportation. Lipids have a wide variety of species in plants and play
a crucial role in the biological metabolism of plants; therefore, lipids
characteristics may indicate the freshness of harvested vegetables.
Zainal et al. clarified the changes in the lipid group of stored cabbage
and identified the fresh lipid molecules. They stored cabbage at 5°C,
10°C, and 20°C, respectively, and analyzed the lipid content of its
leaves using HPLC-MS. The cumulative respiratory CO2 production
was measured too. Four lipid molecules were screened as potential
freshness markers. The results of this study show that lipidomic
analysis can be used as an effective way to evaluate the freshness of the
whole cabbage during storage and transportation (Zainal et al., 2022).
In addition, lipidomic is significant in revealing the quality change
mechanism of agricultural products during storage and transportation.

10.3389/fsufs.2023.1249199

Low-temperature storage is the main method to maintain the quality
and commercial value of fruits after harvest. However, pitting may
occur during cold storage, especially during the shelf life. Wang et al.
analyzed the potential relationship between pitting and membrane
lipid metabolism of blueberries during cold storage within the shelf
life using membrane lipidomic. Based on the results of the other
characteristics and metabolites determination, the changes observed
in blueberry phospholipids during storage are due to cold stress. This
study shows that lipidomic can help in revealing the deterioration
mechanism (Wang et al., 2019). Lipidomics relies on the advanced
analysis platform of modern instruments such as MS, which has high
sensitivity and selectivity, and lipids are also an essential component
of food. Lipidomic methods offer unparalleled advantages in food
safety and quality assurance revealing the interaction between diet and
lipid metabolism, tracing food sources, and analyzing food
ingredients. Additionally, these methods can distinguish quality
changes and detect food adulteration during storage and
transportation (Wu et al., 2021b).

Flavoromics is a group technology to analyze the basis of flavor
substances and is a crucial part of systematic flavor research. It
originates from metabolomics but is different from metabolomics. It is
based on metabolomics to conduct targeted and comprehensive
analysis of all flavor-related metabolites. The integrated metabolomics -
flavoromics method is applicable for describing seasonal and ripening
changes in fruits. Aung et al. evaluated the micromolecules of two
mango varieties in two seasons by metabolomics and flavor omics. The
results show that there are different biomarkers at different ripening
stages, and the biomarker compounds at different changing stages are
also identified, providing new insights into the different ripening stages
of the two mango varieties in two seasons and the subsequent
preservation measures (Lin Aung et al., 2021). Flavoromics has high
accuracy, wide application range, high efficiency, and rapid analysis,
and it can automatically establish models, creating full automation of
data processing very convenient. For example, using flavor omics
technology to predict the changes in food quality during storage and
transportation, Gelinas and others used non-targeted LC-MS flavor
omics chemical analysis to analyze the flavor instability of Rebaudioside
A (Reb A) in acidified beverages stored at 35°C for 6 weeks. A high-
quality orthogonal partial least squares analysis model with good
prediction ability was developed based on the chemical data and the
d-value from the quadrant sensory panel test, and the significant flavor
change of aging beverages was tested. The results showed that
degradation products directly affect the flavor stability of Reb A in
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acidified beverages (Gelinas et al., 2022). Changes in flavor are also
crucial indicator of food quality. Although flavor genomics research
has just started, its advantages cannot be underestimated.

Glycome is also a crucial nutrient in food. Glycomics is a
discipline that studies the composition and function of glycoprotein
chains. Glycomics, similar to proteomics, is significant in food science
but still in its infancy. The number of relevant publications on
glycomics in the field of food is small, but there are new publications
every year, which indicates that glycomics has great and expected
growth potential in food science (Tang et al., 2022). There are few
articles on glycomics technology in food storage and transportation.
Due to the high throughput and specificity of glycomics technology,
it can efficiently monitor the changes in carbohydrate substances in
animals during transportation, thereby reflecting the animal
transportation status, and allowing for the selection of a more suitable
animal transportation mode.

Lipidomics has a clear goal of understanding metabolic mechanisms
through systems biology, identifying specific biomarkers that affect the
quality of agricultural products during storage and transportation, and
providing an effective and standardized measurement. Its processing
process is stable, sensitive to changes, and efficient in data analysis (Zhu
etal,, 2020). Flavomics establishes the relationship between the chemical
analysis of flavor compounds and sensory science. This method is well
suitable for processing large data sets involved in chemical analysis
methods, advanced chemometrics, and data mining programs due to
the development of modern high-resolution analysis technology and
new data analysis capability. Therefore, it can be used for rapid and large
batch determination and is suitable for various foods (pork, beef,
mutton, fish, seafood, and their products) and drinks (wine, tea, honey,
dairy products, beverages, and more). A variety of sample types, such
as cigarettes, essence, and spices, are potentially new ways to monitor
changes in the quality of agricultural products during storage and
transportation. For glycomics, glycomics of a cell reflects various events
occurring at the molecular level in the cell. It is possible to develop
highly specific recognition methods that can provide detailed
information by utilizing the vast diversity of glycans. On the one hand,
it can explore the molecular mechanisms of changes in agricultural
products during storage and transportation at the cell molecular level
while quickly identifying characteristic molecules that affect agricultural
product storage and transportation during the detection process and
taking preventive measures in advance. As agricultural products are a
source of carbohydrates, glycomics has a wide range of applications. In
summary, the development of new omics technologies has made omics
analysis more targeted and can help individuals obtain the necessary
information more effectively. These technologies can be combined and
used to gain a more comprehensive perspective, and their applications
in the storage and transportation of agricultural products have
enormous potential.

Discussion

Each omics technology plays an important role in the research
of agricultural product storage and transportation, they have both
connections and unique advantages. Genomics delves into the
microorganisms that cause deterioration of agricultural products,
explores the mechanisms and growth patterns of spoilage bacteria
that cause deterioration of agricultural products, predicts potential
new microorganisms, and takes preventive measures in advance to
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prevent deterioration of agricultural products during storage and
transportation. In addition, research on genomes has provided
direction for genetically modified agricultural products, improving
them through gene regulation to obtain longer shelf life agricultural
products. Genomics technology has a fast sequencing speed and a
large coverage, which can comprehensively study the changes that
occur during the storage and transportation of agricultural products.
However, sequencing all genomes in agricultural products can
obtain a huge amount of data, followed by tedious data analysis work
such as gene annotation, which is relatively complex to process.
Transcriptomics studies the sum of mRNA at a certain point in time.
During the storage and transportation of agricultural products,
transcriptome research can reveal the changes in nutritional
composition under different storage and transportation conditions,
select suitable storage and transportation conditions. However, only
studying transcriptome to reveal the changes in agricultural products
during storage and transportation is not comprehensive enough. It
is still necessary to use it in conjunction with metabolomics and
proteomics to more comprehensively reveal the mechanism of
agricultural product deterioration. Proteomics focuses on all
proteins, revealing how do changes in proteins occur during the
storage and transportation of agricultural products, which helps to
understand the mechanism of quality changes in agricultural
products during storage and transportation. The high complexity
and dynamism of proteomics determine that proteomics research
faces more difficulties and challenges than other omics. For example,
the study of proteomics is more complex than nucleic acid in terms
of protein extraction, purification, and result analysis. Besides, in
terms of current technology, the study of proteomics cannot achieve
the high throughput and completeness as genomics research. The
metabolites analyzed by metabolomics are a mixture of large and
small molecules. Metabolomics studies the results that have already
occurred, infers the mechanism of quality changes in agricultural
products during storage and transportation through differences in
metabolites, and selects appropriate storage and transportation
methods to extend the shelf life of agricultural products. However,
metabolomics technology requires a large amount of data, that
means it will require a lot of time and effort to process, and requires
high proficiency and experience from technical personnel. Besides,
the repeatability and stability of metabolomics data need to
be further improved. Glycomics, Lipidomicis and Flavoromics
techniques are extensions of metabolomics techniques, which are
more targeted than metabolomics.

Omics technology is widely used in the food field. Due to its high
sensitivity and throughput, this technology is often used for food safety
detection. Omics technology can effectively detect harmful substances
in food and can also be used as an identification technology. The omics
technology can help researchers better understand the mechanism that
affects the quality of agricultural products and help individuals truly
understand what is happening in the food-based system. Thus, this also
determines its significant role in storing and transporting agricultural
products. In recent years, the research on the application of omics
technology in the storage and transportation of agricultural products
has increased significantly annually showing the great scientific
significance of omics technology in the storage and transportation of
agricultural products. The loss of agricultural products during storage
and transportation has become an important obstacle to food security
and sustainable environmental development in developing countries.
Omics technology, a new technology emerging in modern times,
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compared to other analytical methods, it is more efficient and fast. It
can analyze a large number of samples at once and match the
corresponding database, saving time and reagents, and has sustainable
value. Omics technology studies the quality changes that occur during
the storage and transportation of agricultural products, offering new
ideas for selecting more suitable storage and transportation methods.
Proper food storage and transportation methods can reduce the loss in
the process of storage and transportation, reduce the deterioration of
quality in the process, and make consumers more comfortable with
consumption. For example, proteomics has been applied in the field of
farm animal science to monitor the internal performance of livestock
during storage and transportation, while also further understanding
the molecular processes of meat substrate changes. Reduced waste
caused by spoilage during storage and transportation (D'Alessandro
and Zolla, 2013). Sun et al. revealed the biological mechanisms related
to cow milk production through comprehensive metabolomics,
metagenomics, and transcriptomics analysis, providing a new
understanding and potential improvement strategies for ensuring the
quality of milk and reducing waste during storage and transportation
in the future storage and transportation (Sun et al., 2020). Paradiso
et al. proposed a omics method to evaluate the role of oxidation and
secondary compounds in food lipids. The omics method of oxidation
product analysis provides new insights into the oxidation process,
which may help deepen insight into unresolved oxidation issues and
select more targeted transportation methods (Paradiso et al., 2018). In
addition, they can also reduce transportation costs and prevent the
psychological burden on consumers caused by over-packaging to keep
products fresh. For example, in the post harvest supply chain,
physiological disorders, fungal decay, and their combination can
reduce the quality of fresh carrots. The use of omics methods can reveal
the optimal combination of sustainable treatment methods to prevent
carrot spoilage during storage and transportation (Papoutsis and
Edelenbos, 2021). Appropriate pre-treatment for storage and
transportation reduces transportation costs and eliminates the need for
excessive packaging in subsequent sales to reduce losses. It can be said
that omics technology has contributed to the sustainable development
of China’s agricultural and food systems. At present, the main idea of
many applications is to use omics technology as an effective means to
explore the quality change mechanism in the storage and transportation
process, to improve the storage performance of agricultural products.
However, the quality change in the storage and transportation process
is complex, involving various fields. Some require exploration at the
genetic level, while some analysis of metabolite changes. A single omics
technology cannot fully explain some internal mechanisms. Future
attention should be placed on research on the application of multiple
group combinations. However, due to differences in the representation
of different omics datasets, especially for three or more omics data
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