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The phenomena of global warming has led to an increase in the average air temperature in temperate
climates. Springtime frost damage is becoming more common, and after a period of dormancy, damage
to buds, blooms, and developing fruits is greater significant than damage from low winter temperatures.
Peaches are a crucial crop among moderate fruits. Spring frost damage in peaches can have a negative effect
on crop growth, yield, and quality. It is noteworthy that these plants have evolved defenses against spring
frost damage while being exposed to a variety of low temperatures in the early spring. In this current review,
recent research advancements on spring frost damage avoidance in peaches were deliberated. Addition-
ally, adaptive mechanisms of peach, such as deacclimation and reacclimation, were emphasized. Moreover,
the emerging advancements using various omics approaches revealed the peach physiology and molecular
mechanisms comprehensively. Furthermore, the use of chemical products and understanding the spring
frost mechanisms through the use of environmental chamber temperature stimulation and infrared ther-
mography studies were also discussed. This review is essential groundwork and paves the way to derive and
design future research for agronomists and horticulturalists to overcome the challenges of spring frost dam-
age avoidance and crop management in these circumstances.

Keywords: Environmental chamber, Infrared thermography, Multi-omics, Prunus persica, Spring frost dam-
age

Introduction

Due to abnormal climate conditions caused by global
warming, air temperatures have been increasing worldwide.
Over the past 50 years, the earth’s temperature has climbed
by 0.9°C, and it is expected to continue to do so (Lu et al.,,
2020). Consequently, irregular temperature changes, both
high and low, have been occurring frequently all over the
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globe. This climate change affects various industries, includ-
ing agriculture and it further causes variations in the phenol-
ogy of plants. A meteorological occurrence known as spring
frost (often referred as late frost or late spring frost) arises
during the spring season as a result of a sudden drop in tem-
perature to freezing or almost freezing levels after the trees
have begun to bud or blossom. Their buds, blooming flow-
ers, young fruitlets, and fruit set can be severely impacted by
this occurrence, leading in a low yield and severe economic
losses for farmers (Chen et al., 2016; Lee et al, 2021; Li et al,,
2016). In addition, the frost tolerance of flower buds is vul-
nerable as the phenological stage increases (Spiers, 1978).
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Therefore, flower buds that have already lost their tolerance
can undergo more damage by sudden low temperatures in
coming late spring.

The average temperature of early spring (February and
March), when plant growth resumes, has increased by
~2-4°C in the last 10 years (Park and Shin, 2022). The tem-
perature rises in this period advances flowering date by
inducing premature deacclimation (DA) of temperature fruit
trees. According to field practices, the peach flowering date
has advanced by 11.1 days over the past three decades (Lee
et al,, 2021; Li et al., 2016), whereas the apple flowering date
has advanced by 2.7 days each decade over the past 20-25
years (Eccel et al., 2009). This scenario clearly depicts that
temperate fruit trees, particularly peaches might be severely
exposed to spring frost conditions for a long period of time.

While these changes occur, plants activate adaptive and
defensive pathways as survival strategies. Plants develop a
cold acclimation (CA) mechanism that improves their toler-
ance during exposure to low-temperature (Miura and Furu-
moto, 2013). DA, the opposite phenomenon of CA, is driven
mainly by warm temperatures and is a process of losing tol-
erance (Pagter and Arora, 2013; Pagter et al,, 2017). This phe-
nological phenomenon fluctuates strongly and is influenced
by changes in environmental factors such as low or warm
temperatures (Drogoudi et al., 2020).

Peach (Prunus persica Batch) is a member of the Rosaceae
family and the third temperate fruit. Peaches are among
the most economically significant, nutrient-rich temperate
fruits in terms of farmed surface area, right behind the apple
and pear. Although China is the primary center of diversity,
it is widely dispersed throughout the entire globe. Accord-
ing to the Food and Agriculture Organization (http://www.
fao.org/faostat/en/#data/QGC; accessed on August 3, 2023)
report, China is the leading nectarine producer, whereas
South Korea produces about 192,094 metric tons of peaches
annually (Food and Agriculture Organization, 2021). In ad-
dition, peaches are a crucial model plant in the Rosaceae
family because they have access to a wide range of genomic
resources and genetic viewpoints that are beginning to influ-
ence the evolution of new cultivars (Arus et al., 2012; Byrne et
al, 2012; Muthuramalingam et al., 2022). Due to recent frost
damage to temperature-sensitive fruit trees, the productivity
has been reduced (Chen et al, 2023; Lee et al., 2021; Muth-
uramalingam et al., 2022; Wolfe et al., 2018). Indeed, poor
production of peach (P. persica), apricot (P. armeniaca L.), and

sweet cherry (P. avium L) production is detrimental to farm-
ers and consumers. Therefore, preparations for countermea-
sures should be made to address issues with frost damage.

In addition, a variety of passive and active methods exist to
minimize the harmful effects of frost. For instance, wind ma-
chines, heaters, real-time frost warming systems, and sprin-
klers belong to active methods (Ribeiro et al., 2006; Snyder
and Davis, 2000; Wisniewski et al., 2016; Wolfe et al.,, 2018).
Although these methods can have quick effects, they have
disadvantages, such as being costly and having a limited
range of protection. Moreover, they can expose us to haz-
ards such as noise, fire, and environmental pollution. The use
of appropriate cultivars, covering plants, and the application
of chemical products are examples of passive approaches
that, in contrast, are preemptive and have relatively long-
lasting benefits (Liu and Sherif, 2019). Additionally, the selec-
tion of appropriate sites for new plantings, using cultural and
management approaches, and altering the crop’s physical
environment are all crucial passive methods for prevent-
ing or minimizing frost damage (Ribeiro et al.,, 2006; Wolfe
et al,, 2018). To use these methods, knowledge of the plant
metabolism in response to low-temperature and chemical
information must be possessed. Additionally, an investiga-
tion of the reproducibility of the effects produced by using
these methods is demanded. Apart from active and passive
methods, there are several advanced techniques that can be
used to prevent frost damage in peaches.

A mild spring frost can actually help with natural fruitlet
thinning, which is important for many peach cultivars due
to their high flower density, whereas a late spring frost may
completely kill a peach crop (Milatovic¢ et al., 2010; Schupp
et al,, 2008). There is limited research on peach tolerance to
natural frost due to its unpredictable nature. Based on the
survival of ovaries in recently bloomed flowers, evaluation
of 17 peach/nectarine and 8 Japanese plum cultivars follow-
ing a natural frost at a temperature of about —3°C revealed
significant genotype-to-genotype variation in frost tolerance
during bloom. The peach cultivars Junegold and Coronet, as
well as the plum cultivars Bruce and Santa Rosa, are among
those that are most tolerant of frost. On the other hand, the
plum cultivar Ozark Premier, the nectarine cultivar Fantasia,
and the peach cultivar Loring were among the cultivars least
susceptible to frost (Rieger et al,, 1991).

Consequently, more efforts are needed to seek solutions
that can adequately address complex aspects such as pre-
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vention effect, environment, cost, space constraints, danger-
ousness, reproducibility, etc. in the current situation where
the risk of frost damage to major temperate fruit trees is
gradually increasing. In this review, we have discussed recent
research advancements of the current spring frost protection
techniques that are being used to understand the mecha-
nism of freezing tolerance in peach plants. In addition, this
review also delineates the treatment technology to minimize
or prevent spring frost damage to whole peach trees.

DA and Reacclimation of Temperate Fruit
Trees against Climate Change in Winter and
Spring

According to Johnson and Howell (1981), freezing injury in
temperate fruit trees is caused by exposure to extremely low
temperatures during the winter or by spring frost after the
trees have broken dormancy. Most fruit trees from temper-
ate regions for winter survival increase their freezing toler-
ance by gradual exposure to low temperatures in autumn, a
phenomenon known as CA (Thomashow, 1999). As opposed
to CA, DA is a loss of acclimated freezing tolerance due to
warm temperatures, phenological changes, and reactivation
of growth (Kalberer et al., 2006). After chilling requirements
have generally been met, they undergo DA and lose their
freezing tolerance in spring (Weiser, 1970). Reacclimation
(RA) is a process that deacclimated plants, re-exposed sub-
sequently to cold temperatures, regain some or most of the
lost freezing tolerance (Kalberer et al., 2006). However, due
to recent irregular temperature patterns, abrupt increases in
temperature during DA, driven mainly by temperature, can
drastically decrease freezing tolerance within a few days (Saxe
et al, 2001) and the subsequent low temperature could be
lethal. Therefore, for winter and early spring survival, freezing-
tolerant trees' capacities to withstand DA during transient
warm spells and to RA as low temperatures return are crucial
(Kalberer et al., 2006). Additionally, mild springtime tempera-
tures can promote budburst and ontogenetic growth, and
once this development starts, tissues are unable to regain
their ability to respond to cold temperatures (Pagter and
Arora, 2013; Saxe et al.,, 2001). Temperate fruit trees should
ideally be deacclimated as slowly or as late as possible dur-
ing periods of unseasonably warm spring weather in order
to minimize the danger of frost harm (Rowland et al., 2005).
Therefore, modern cultivars must not only be exceptionally

robust to extremely low temperatures but also flexible to
unforeseen changes in temperature or be able to avoid un-
predictable temperature patterns by going into deeper and
longer dormancy. The process by which trees lose or regain
their freezing tolerance in the late winter and early spring,
however, is still largely unknown.

The physiological, biochemical, and molecular mecha-
nisms of CA have been extensively studied (Thomashow,
1998; Welling and Palva, 2006; Wisniewski et al., 2003),
whereas less is known about DA and/or RA (Kalberer et al,,
2006; Pagter and Arora, 2013). Relatively more studies on
protein changes during CA, DA, and RA have tended to be
more quantitative and/or qualitative.

It is known that modifications in the carbohydrate content
and the activation of associated genes protect membranes
against damage brought on by freezing. It is well known
that the concentration of soluble carbohydrates fluctuates in
temperate perennials as they acclimate to the cold. During
this time, the content of free sugars in the tissues increases
by many times as starch is converted into soluble sugars
(Parker, 1963). In most woody plants, sucrose is the most
prevalent and often accumulated free sugar in response to
low temperature (Guy et al., 1980). However, one of the most
prevalent sugars in peaches is sorbitol (Gonzalez-Rossia et al.,
2008). Some woody plants commonly acquire lower levels of
glucose and fructose (Améglio et al., 2004; Wong et al., 2003).
Additionally, it has been noted that the signal transduction
system in plants is impacted by sucrose and glucose (Ander-
son et al,, 2005). Most investigations on DA have found a link
between rising air temperatures, changes in freezing toler-
ance, and soluble carbohydrates (Kasuga et al., 2007; Morin
et al, 2007; Pagter et al., 2011). Among the many enzymes
and genes involved in carbohydrate metabolism, 3-amylase
triggered by low temperature is mostly engaged in the
breakdown of starch in plants (Kossmann and Lloyd, 2000).
-amylase expression was strongly related to changes in sea-
sonal cold hardiness in blueberry and peach (Lee et al,, 2012;
Shin, 2013). Furthermore, repetitive down- and up-patterns
of B-amylase expression were seen in response to repeated
DA and RA in peaches (Shin, 2013). Additionally, because
changes in soluble sugars were clearly associated with DA
(Morin et al., 2007; Pagter et al., 2011), sucrose metabolism-
related enzymes like sucrose synthase and/or invertase in
conjunction with B-amylase would be suitable for gene ex-
pression studies.
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According to Anchordoguy et al. (1987), some temper-
ate fruit trees have defense mechanisms that include the
capacity to synthesize the proteins that protect cellular
components (such as enzymes and structural proteins) from
the drying effects brought on by temperature extremes and
water scarcity. Storage proteins build up in huge amounts
in the autumn and start to break down as spring growth
begins (Wisniewski et al., 2004). Although the accurate func-
tion of dehydrins has not been verified yet, they have been
accepted as one of the most important proteins related to
CA and DA (Allagulova et al., 2003; Close, 1996, 1997; Marian
et al,, 2004; Szlachtowska and Rurek, 2023). Dehydrins are
hypothetical proteins that operate as stress-response media-
tors in plant defense mechanisms against salinity, drought,
low temperature, and dehydration (Allagulova et al., 2003;
Close, 1996, 1997; Marian et al., 2004; Szlachtowska and
Rurek, 2023). In addition, dehydrins are divided into groups
based on structural traits, such as the presence of conserved
sequences known as the Y, S, and K segments (Allagulova et
al,, 2003). One class of proteins, the dehydrins, is especially
linked to qualitative and quantitative variations in seasonal
CA and DA (Arora and Wisniewski, 1994; Arora et al., 1992;
Wisniewski et al., 2006). Several plant species have been
found to contain and exhibit cryoprotective properties (Wis-
niewski et al,, 1999; Zhang et al,, 2011). The number of barks
dehydrins in Hydrangea paniculata decreased during DA, but
this was preceded by a large rise in bark water content (Pag-
ter et al., unpublished data). They proposed that during DA,
rehydration might serve as a stimulus for the planned dis-
persion of proteins related to desiccation, such as dehydrins
(Pagter and Arora, 2013). Recent studies established that DA
and RA treatments simulating erratic temperature patterns
due to climate change were strongly correlated with expres-
sion of dehydrin proteins in azalea and peach (Kalberer et al,,
2007; Shin, 2013) and dehydrin genes (PpDhn1, PpDhn2, and
PpDhn3) in peach (Shin, 2013).

Omics Approaches to Prevent/Avoid Spring
Frost Damage

In recent years, drastic climatic changes have made
temperature fluctuations, a crucial factor impacting plant
growth and productivity. Several studies have examined
the genes that enable rice, soybean, and other food crops
to adapt to their local environments. However, few studies

have investigated major fruit crops, including the domesti-
cated peach (Cao et al,, 2016; Li et al., 2021; Obata and Fernie,
2012; Yu et al,, 2020). In the field, crops must contend with a
variety of temperatures that constitute a serious threat to the
production of agricultural food, including high temperatures
(heat stress), cold temperatures (chilling stress), and freezing
temperatures (Muthuramalingam et al., 2022; Raza et al.,
2019). Most importantly, chilling stress has affected many
temperate flowering and fruiting species, including peaches,
by causing them to bloom earlier (Fan et al., 2010). Improv-
ing plant output requires an understanding of how plants
respond to environmental changes, adjust to them, and
survive temperature differences. Examining the ways that
plants have enhanced their stress tolerance and survival
mechanisms can offer insightful information and creative
ideas for creating crops that are climate-resilient, helping to
reduce the harmful effects of temperature stress. Modern
biotechnological technologies like omics approaches, in-
cluding genomes, transcriptomics, proteomics, and metabo-
lomics, are being employed to do this. These methods have
emerged as the most promising and cutting-edge ones for
increasing crop productivity and ensuring the security of
the world's food supply (Yang et al., 2021). Moreover, these
methods have also been used to increase the tolerance of
different plant species to freezing and/or cold stress (Fig. 1).

Use of Genomics to Prevent Spring
Frost Damage

Physiological functions, chemical makeup, biological pro-
cesses, gene sequences, structures, and their functional an-
notation are all revealed through genomic exploration of an
organism's genome (Muthuramalingam et al., 2019). The first
wave of genomics emerged in the 1970s, and next genera-
tion sequencing (NGS) has maintained this growth.

Genome sequencing has recently advanced to third-
generation sequencing technologies (Xiao and Zhou, 2020).
Finding the genes and their roles in responding to stress
stimuli is made possible by functional genomics. With the
aid of genomics and genome data available in bioinformatic
repositories, researchers can now dissect various promising
approaches like transcriptomics, proteomics, metabolo-
mics, and genome engineering or genome editing (CRISPR/
Cas) system to gain detailed insights into complex stress-
responsive traits and develop more resilient crops that can
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Fig. 1. Understanding and prevention of spring frost by omics approaches in peaches.

withstand climate fluctuations. The peach genome was
sequenced in 2010 and released in 2013 with the develop-
ment of the sequencing techniques (International Peach
Genome Initiative et al., 2013). Investigating the genes linked
to various biochemical pathways, such as stress responses
like freezing tolerance, can be done utilizing this sequenc-
ing information. Numerous mapping techniques have been
created, including RNA-seq, conventional quantitative trait
loci (QTL) mapping, and QTL-seq analysis, which can quickly
discover candidate genes inside significant QTL. QTLs as-
sociated with chilling injury have been identified in multiple
linkage groups with diverse levels of reliability (Hernandez
Mora et al., 2017). Some of the QTLS are associated with pre-
dictive molecular markers that are used in breeding. Fan et
al. (2010) reported that a strong QTL for chilling requirement
and blooming time was found to be localized near PpDAM6
in peach. Several transcription factors (TFs) were among
the potential genes, including the ethylene responsive TF4
(ERF4), three genes encoding NAC TFs, the bZIP TF (bZIP61),

and the MYP TF transparent testa 2 (TT2). According to Pons
et al. (2014), a different TF (TT19) may be implicated in peach
cell wall composition, susceptibility to chilling, and antho-
cyanin accumulation. Another effective way for locating the
potential genes and their relationships to peach freezing
stress tolerance is genome-wide association studies (Cao et
al, 2016). Additionally, two peach promoters that are cold-in-
ducible have been discovered. These promoters, Ppbec’ and
Ppxero2, respectively, code for the enzymes endochitinase
(C2131) and dehydrin (C254), and they are heterologously
controlled at low temperatures (Tittarelli et al,, 2009). Several
investigations have been conducted to determine which
regions of the genome are responsible for peach freezing
damage. A small number of the populations produced, com-
pared to field crops like grains and vegetables, become a
limitation of tree fruit genomic investigations. Furthermore,
many studies were performed before the recent release of a
genome-wide single nucleotide polymorphisms array and
a new version of genome mapping. However, despite these
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restrictions, there are still a number of inferences that can be
made. Majority of studies established that LG4 includes a re-
gion that affects the tendency of fruits to develop mealiness
(Calle and Wiinsch, 2020; Rawandoozi et al., 2020). Similarly,
LG5 has a location that influences both mealiness and inter-
nal browning. Although the identified candidate genes on
these loci are suggestive, but further research is necessary to
tie them along with various aspects of chilling injury. Since,
the number of genes present in each locus, it is also possible
that other genes are involved in addition to, or rather than,
the candidate genes mentioned. The genetic investigations
are therefore intriguing; further study is required to connect
their results to the emergence of chilling injury.

Transcriptomics in Prevention and
Understanding of Spring Frost Damage

Transcriptomics is a powerful method to quantify gene
expression in a specific cell or tissue. It provides insights into
the regulatory pathways and candidate genes that contrib-
ute to the resilience of peach under environmental stress
conditions, which can be useful for crop breeding (Niu et al,,
2020). Advanced technologies such as serial analysis of gene
expression and microarrays have made it possible to obtain
comprehensive transcriptome information through high-
throughput analysis. To evaluate differential gene expression
(DGEs), RNA-seq sequencing is commonly used. A relatively
newer technique called digital gene expression is used to
quantify gene expression (Wang et al,, 2009). RNA-seq tech-
nique is a low cost, high-throughput sequencing method for
analyzing large quantities of transcriptome data.

Studies found that cold-treated fruit mesocarp tissues
had DGE patterns when cold-responsive genes in peach
fruit were profiled transcriptionally using DNA microarrays
(Ogundiwin et al., 2008; Vizoso et al., 2009). Generally, low
temperature leads to change gene expression and increase
the production of metabolites that protect the cells against
damage. Dehydration responsive element-binding factor 1
(DREB1) and C-repeat-binding factor (CBF), which are both
involved in one of these pathways, are members of the
APETALA2/ethylene-responsive (AP2/ERF) TF superfam-
ily (Li et al., 2020). The AP2/ERF TFs bind to the C-repeat/
dehydration-responsive element in the promotors of cold-
regulated genes that contribute to abiotic stress tolerance
(Xie et al,, 2022). Moreover, the higher level of dehydrins,

which are regulated by the CBF/DREB1 TFs, serves as a mark-
er of cold tolerance. In peaches, dehydrin PpDhn1 is linked
with low temperature tolerance, water deficiency, and short
photoperiod (Wisniewski et al., 2006). Peach productivity is
significantly impacted by spring frost damage, which is also
a significant environmental constraint. Peach gene expres-
sion dramatically alters in response to low temperature stress
in the bark tissues of peaches (Renaut et al., 2008). The CBF
family of TFs, for instance, is involved in the low temperature
response. Liang et al. (2013) reported that the expression of
the CBF family members PpCBF1/5/6 was relatively higher
during chilling injury-delaying temperature storage and
then declined after transfer to shelf-life conditions. Accord-
ing to Wisniewski et al. (2012), transgenic ‘M.26’ apples over-
expressing a peach CBF gene (T166) displayed significantly
higher levels of cold tolerance compared to transgenic ‘M.26'
apples with silenced native CBF genes (T186). In addition, a
novel peach CBF TF was expressed ectopically in apple (Malus
domestica) resulted in increased cold hardiness and short
day-induced dormancy (Artlip et al., 2014).

NGS technology has revolutionized the genomic and tran-
scriptomic approaches to biology by enabling large-scale
parallel sequencing at low costs (Gupta and Verma, 2019).
These platforms significantly contribute to exploring mo-
lecular mechanisms in plant metabolism. For the analysis of
non-model organisms, DGE tag profiling created by Illumina
Inc., is a widely used and cost-efficient method for transcrip-
tome studies in plants. Transcriptomics can assist to unravel
many mysteries related to gene expression and it will be pos-
sible to understand the molecular mechanisms associated
with stress responses.

Proteomics Uses in Spring Frost Avoidance

Proteomics is a robust technique that enables the investi-
gation and detection of global changes in the plant protein
structure and abundance caused by developmental and
environmental signals (Liu et al., 2019; Mathabe et al., 2020).
The proteomic analyses of various plant species in response
to cold stress have been well-studied, including watermelon,
grape, wheat, winter turnip rape, cucumber, and Petunia.
However, it is still unclear how the proteomics of peach trees
respond to cold stress, and the identification of key proteins
associated with the cold tolerance of peach trees is rarely
reported. Therefore, a comprehensive understanding of the
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proteomic mechanisms underlying cold tolerance in peach-
esis crucial.

Using differential gel electrophoresis (DIGE), a study by
Nilo et al. (2010) revealed numerous proteins involved in the
alterations in peach metabolism during cold storage and the
subsequent ripening that led to the development of chill-
ing injury. Under low-temperature stress conditions, 2,575
differentially expressed proteins in cold-tolerant and cold-
sensitive peach cultivars were found using the isobaric tags
for relative and absolute quantification (iTRAQ) technique.
Among the 2,575 differentially expressed proteins, 399 and
322 showed significantly differential accumulation within
cold-tolerant and cold-sensitive peach cultivars, respectively,
which facilitates breeding peach cultivars with enhanced cold
tolerance (Li et al., 2021). Renaut et al. (2008) investigated the
protein changes in the bark tissues of peaches in response
to low temperatures and short photoperiods using the DIGE
method. Dehydrins are important dehydration-inducible
proteins that are produced under a variety of developmental
processes and are induced by cold stress. Peach PoDHNT has
been reported to increase during low temperature condi-
tions (Artlip et al,, 2016). Another study reported that peach
dehydrin PCA60 acts as an antifreeze protein in response to
cold stress to prevent intracellular ice formation (Herman et
al, 2006). The findings revealed that the proteins subjected
to significant alterations were linked to responses to stress
carbohydrate, hormone production, and cellular metabolism
and suggesting that thaumatin-like proteins play a protec-
tive role in maintaining the structure of cell walls against
freezing injury. Additionally, according to other studies,
peaches elevated in thaumatin-like proteins during storage
(Dagar et al., 2010; Nilo et al., 2010). It has been determined
that this protein may have served as an antifreeze protein in
preventing chilling harm to the plants. Additionally, a total of
131,435 spectra were found using a combination of shotgun
proteomics with 1D-gel SDS-PAGE (sodium dodecyl sulfate
polyacrylamide gelelectrophoresis) and LC/MS-MS (liquid
chromatography - mass spectrometry) analysis, which could
be linked with existing stress tolerance datasets to produce
freeze-tolerant datasets (Nilo-Poyanco et al, 2021).

Metabolomics in Spring Frost Study

Metabolomics is an interdisciplinary field within systems
biology that is involved with various functions (Arbona et al.,

2013). Research has shown that metabolic networks are es-
sential for plant growth and development, especially when
several environmental conditions are present (Salam et al.,
2023). As the intermediates or by-products of several enzy-
matic reactions, metabolites operate as useful surrogates
for tissue biochemical activity. With the aid of modern tech-
nology, it is almost possible to analyze tens to hundreds of
metabolites in intricate biological samples (Patti et al., 2012).
Several techniques can be used to examine the metabolic
components in fruit cells such as HPLC (high performance
liquid chromatography), UPLC (ultra-high-performance lig-
uid chromatography), and GC-MS (gas chromatograph-mass
spectrometer). Peach has been the subject of several meta-
bolic investigations using GC-MS and derivatized materials.

Metabolomic study on chilling injury in peach exhibited
the role of sugar levels, sucrose, glucose-6-phosphate,
raffinose, galactinol, and membrane stabilizers such as
polyamines in protection against freezing damage. A me-
tabolomic study of peach branches exposed to cold stress
identified a set of important cold-responsive metabolites.
The identified metabolites, such as flavonoids, soluble sug-
ars, and lignin, including galactose, manninotriose, glucose,
luteolin, and coniferin, were found to play important roles in
1-year-old peach branches in response to cold. The findings
concluded that the galactose metabolism, phenylpropanoid
biosynthesis, and flavonoids biosynthesis pathways were as-
sociated with the low temperature tolerance of peaches (Li
etal, 2023).

The Use of an Environmental Chamber for
Spring Frost Simulation

Frost events can be highly changeable and hard to fore-
cast (Lamichhane, 2021). Therefore, creating artificial condi-
tions to mimic radiant frost injury has attracted significant
interest and effort (Frederiks et al., 2012). However, the
temperature of ice nucleation and the freezing pattern of
the whole plant can be very different under artificial and
natural field conditions (Wisniewski et al,, 2014). As a result,
environmental chambers may be unable to replicate the
type of frost damage seen in the field (Gusta and Wisniewski,
2013). Convective freezing chambers have one of the most
significant problems in that it is impossible to recreate the
conditions that lead to plant radiant heat loss on cold, clear
nights (Wisniewski et al., 2014). Convectively cooled plants
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are absent dew and ice, which results in supercooling of
plants (Aston and Paton, 1973). Therefore, several attempts
have been conducted to develop radiantly cooled chambers
that more accurately reflect spring frost (Aston and Paton,
1973). Marcellos (1981) demonstrated a small room with a
radiation sink that produced a form of frost on the surfaces
of wheat plants inside the container, allowing researchers
to examine how plants respond to radiation frost. The frost-
producing chamber created by Phillips (1984) could not
replicate a true natural frost environment because the leaf
temperature dropped too quickly, which was not consistent
with temperature variations in the environment. Soil-Plant-
Atmosphere-Research (SPAR) units provide a natural solar
radiation environment and temperature, humidity, and CO,
concentration can be precisely controlled (Reddy et al., 2001).
The Soil-Fruit-Daylit-System (SFDS) chamber, according to
the same manufacturer, will also be able to simulate the frost
environment by meeting the radiant frost conditions, as it
can use natural light and precisely control the environment.

Infrared Thermography Study in Plants under
the Low Temperatures

Since infrared (IR) radiation was discovered in 1800, ad-
vances in the technology to detect and photograph IR have
resulted in major improvements in a variety of scientific
disciplines (Livingston, 2018). Any object that is warmer
than absolute zero emanates IR radiation (Speakman and
Ward, 1998). IR measuring devices acquire IR rays emitted by
objects, convert them into electronic signals, and generate
thermograms to obtain thermal information that is not vis-
ible to the human eye (Usamentiaga et al,, 2014). Therefore,
IR thermography is applied in various fields such as medical/
veterinary medicine and the inspection field (Bogue, 2013;
Lahiri et al., 2012). In addition, IR measuring is a non-contact
measurement process which makes it non-destructive to tar-
get, unlike the use of sensors that are required to be injected
or inserted into the subject (Usamentiga et al., 2014) and
thermography simultaneously enables temperature records
across a sample (Harrap and Rands, 2021).

The latent heat produced when water phase is converted
to ice is the basis for the use of thermography in plant freez-
ing research. Thermal energy that is released as the tem-
perature drops below freezing is known as latent heat (Kaya
and Kosa, 2017; Livingston et al.,, 2018). Therefore, if the IR

camera traces the location where heat energy is generated, it
is possible to determine where the ice first occurred, and the
process and speed of ice propagation (Wisniewski et al, 2008).
Ceccardi et al. (1995) first reported that ice formation on the
surface of the excised jojoba leaves was visualized using IR
camera. However, due to the poor resolution of the cam-
era, it was difficult to confirm the exact formation point or
tissue status. In a study by Wisniewski et al. (1997), the loca-
tion where freezing begins in plants was visually confirmed
through freeze inoculation. In addition, when the freezing
of potatoes and cauliflower was monitored, it was reported
that the area where the ice started was the point where the
thermocouple was used (Fuller and Wisniewski, 1998). In rye-
grass, the freeze pattern confirmed that the roots were fro-
zen first, and then the crown, lower shoots, and leaves were
last frozen (Stier et al.,, 2003). Livingston et al. (2018) investi-
gated the freezing of wheat under natural conditions and
reported that it froze first from the oldest leaves and from
the base of the plant. Although thermography has a limita-
tion in that it is impossible to image the interior of plants, it
has provided many insights into the freezing and pattern of
particular tissues at the whole plants.

Chemical Products-Mitigation Technology
and Their Applications to Prevent Frost
Damage

Chemical crop protection product research is still ongo-
ing to find less expensive, easier to apply, and more effec-
tive replacements for the current treatments (Smith, 2019).
Chemical compounds used to prevent frost damage can
be separated into two groups based on their mode of ac-
tion (Roman-Figueroa et al., 2021). One effective method for
reducing temperature stress is proper plant nutrition, which
also helps plants be more tolerant to temperature stress
(Waraich et al., 2012). According to several research, adding
nitrogen exogenously in the form of nitric oxide increases
cold tolerance and lessens damage (Pakkish and Tabatabaie-
nia, 2016; Zhu et al,, 2010). Potassium also protects against
low temperatures by regulating osmotic potential, reducing
electrolyte leakage, and reducing the freezing point of the
cell solution (Valizadehkaji and Nikoogofter Sedghi, 2020;
Webster and Ebdon, 2005). Finally, applying calcium can
reduce stress-related lipid peroxidation and damage to plant
membranes, raise the activity of antioxidant enzymes, and
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improve plant resilience to stress (Juice et al., 2006; Khan et
al, 2010). A crop’s ability to withstand abiotic stress might,
however, be severely impacted by some differences in nutri-
ent levels or application times (Kathpalia and Bhatla, 2018).
Pseudomonas syringae promotes ice formation at high sub-
zero temperatures using ice-nucleating proteins attached
to bacteria’s outer membrane in order to get nutrients from
plants (Lindow et al,, 1982). For this reason, a bactericide such
as a Bordeaux mixture was used for frost damage protection
(Yadollahi, 2011).

Plant growth regulators (PGRs) are defined as natural
substances or synthetic compounds which can affect plant
development and metabolic processes (Rademacher, 2015).
The use of PGRs for freezing protection has long been con-
sidered through mechanisms that decrease susceptibility
to abiotic stresses or delay in flowering (Rademacher, 2015;
Rieger, 1989). The application of exogenous paclobutrazol
inhibits the synthesis of gibberellin and enhances freezing
tolerance by accumulating proline, soluble protein, and sug-
ars (Yang et al., 2020). Abscisic acid has been reported to be
effective in drought stress accompanied by freezing stress
by treating citrus trees (Melgoza et al., 2014). In addition, eth-
ephon not only increases the freezing tolerance of reproduc-
tive buds but also delays flowering (Liu and Sherif, 2019).

Recently, nanotechnology has been used as an effective
tool to solve various problems in the agricultural field (Us-
man et al.,, 2020). Chitosan nanoparticles which were used to
increase the cold stress resistance of banana plants showed
high permeability and solubility, resulting in the increased
level of osmoprotectant and enhancing antioxidant enzyme
activity (Wang et al., 2021). Nanocellulose has been used in
many industrial fields such as cosmetics and drug coating by
utilizing agricultural by-products (Lam et al., 2012). Recently,
it has been used as a coating material to increase the survival
and germination rate of seeds (Xu et al,, 2020). This suggests
the possibility that nanoparticle compounds can be effective
in protecting against frost damage through environmental
condition control and proper agricultural management ap-
plication.

Conclusion

Crop growth, production, and quality for peach crops are
all significantly impacted by spring frost damage. This in-
depth review focuses on P. persica and how their DA and RA

adaptation mechanisms by cold signaling reveal the impact
of temperature. However, it is still challenging to identify
the molecular and physiological pathways causing spring
frost damage to peach plants. Therefore, taking measures to
mitigate the risk of frost damage is necessary. Prioritizing ad-
vanced research techniques that can avoid and/or prevent
the risk of frost damage in peaches is crucial. Advancements
in multi-omics approaches will aid in understanding the
complex spring frost machinery in natural field conditions.
In addition, the use of chemical products, environmental
chambers, and IR thermography analyses can be used to
understand spring frost damage physiology and prevent it.
By applying these techniques, farmers can help ensure an ef-
fective and profitable peach crop.
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