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ABSTRACT

Plant antifreeze proteins (AFPs) are special proteins that can protect plant cells from ice crystal damage in
low-temperature environments, and they play a crucial role in the process of plants adapting to cold environ-
ments. Proteins with these characteristics have been found in fish living in cold regions, as well as many plants
and insects. Although research on plant AFPs started relatively late, their application prospects are broad, leading
to the attention of many researchers to the isolation, cloning, and genetic improvement of plant AFP genes.
Studies have found that the distribution of AFPs in different species seems to be the result of independent evolu-
tionary events. Unlike the AFPs found in fish and insects, plant AFPs have multiple hydrophilic ice-binding
domains, and their recrystallization inhibition activity is about 10-100 times that of fish and insect AFPs.
Although different plant AFPs have the characteristics of low TH and high RI, their DNA and amino acid
sequences are completely different, with small homology. With in-depth research and analysis of the character-
istics and mechanisms of plant AFPs, not only has our understanding of plant antifreeze mechanisms been
enriched, but it can also be used to improve crop varieties and enhance their freezing tolerance, yield, and quality
through genetic engineering. In addition, the study of plant AFPs also contributes to our understanding of
freezing resistance mechanisms in other organisms and provides new research directions for the field of biotech-
nology. Therefore, based on the analysis of relevant literature, this article will delve into the concepts, character-
istics, research methods, and mechanisms of plant AFPs, summarize the latest research progress and application
prospects of AFPs in plant, and provide prospects for the future development of AFP gene research.
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1 Introduction

Low temperature is an abiotic stress factor that plants face, which not only harms their growth and
development but also restricts their geographical distribution and crop yield. In recent years, with global
climate change and the frequent occurrence of extreme weather events, low-temperature stress has
become a global natural disaster, posing a threat to crop growth and survival, causing significant losses in
agricultural production, and presenting arduous consequences for the introduction and planting of plants
in landscaping. Therefore, unraveling the cold tolerance mechanism is of acute significance in crop
improvement via traditional plant breeding/genetic engineering approaches to confer cold resilience in
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susceptible genotypes. Low-temperature stress occurs when the environmental temperature remains
consistently below the optimal temperature for plant growth, including chilling (0°C-15°C) and freezing
stress (<0°C) [1]. Chilling stress refers to the threat posed by temperatures above zero degrees to plants,
where ice does not form inside the cells, but it can cause membrane rigidification, destabilize protein
complexes, and impair photosynthesis. Freezing stress refers to the damage or even death of cells caused
by temperatures below zero degrees. Both types of stress have adverse effects on plant growth and
development [2]. Different species have different tolerances to low temperatures. For cold-sensitive
plants, even a slight temperature decrease can cause severe damage, and some may experience a
reduction in yield of more than 50%. Low temperatures not only severely damage plant growth but can
also lead to plant death, resulting in huge losses in production. Therefore, plants have developed various
mechanisms to cope with low-temperature stress through morphological, physiological, biochemical, and
molecular processes, including gene expression, enzyme activity, and metabolic homeostasis. To
withstand the stress of cold, temperate plants have developed an adaptive response called cold
acclimation, where their freezing tolerance is enhanced after exposure to lower non-freezing temperatures.
Different plants also exhibit varying levels of freezing tolerance. To protect cells from the formation of
ice within and between cells under freezing temperatures, plants produce various compounds, including
plant AFPs.

AFPs were initially discovered as specific proteins in the serum of marine fish from the Antarctic and
Arctic regions that can bind to ice crystals. They prevent the formation of ice nuclei in body fluids,
enabling fish to adapt to low-temperature conditions [3]. Plant AFPs were discovered for the first time in
winter rye, and research results indicate that AFPs extracted from rye leaves can alter the shape of ice
crystals, similar to AFPs found in fish and insects. Currently, more than 60 different plant species have
been found to possess AFPs, including monocotyledonous plants, dicotyledonous plants, and
gymnosperms. AFP binds to small ice crystals, inhibiting their growth and recrystallization. By enhancing
freeze tolerance and frost resistance, AFPs contribute to increasing species diversity in some of the most
harsh and barren environments [4].

AFPs bind to ice crystals and alter their growth. These proteins exhibit significant diversity in their
structures [5]. Plant AFPs also possess low thermal hysteresis (TH) and high recrystallization inhibition
(RI) properties. The study of AFP proteins can be applied in areas such as cryopreservation and plant
breeding, enhancing agricultural productivity and resilience to risks. This makes it highly valuable for
research purposes. This article will provide a comprehensive review of the characteristics, structures,
functions, and applications of plant AFPs. The article will also explore the regulatory mechanisms of
plant AFPs, highlight the latest advancements in research, and discuss their applications across various
fields. Furthermore, it will provide insights into the future directions of plant AFP research and development.

2 Molecular Characteristics of Plant Antifreeze Proteins

Unlike AFPs found in animals, plant AFPs do not function as cryoprotectants in cold adaptation.
Instead, they serve as a part of the protein-ice interaction in plants. In general, plant AFPs have a lower
TH temperature of approximately 0.1°C—0.5°C and a higher ice recrystallization inhibition (IRI) effect
compared to fish, insect, and bacterial-type AFPs, which typically range from 2°C-13°C. However, there
are also reports suggesting that plant AFPs can exhibit higher TH. (Dicentra cucularia; Daucus carota;
Hemerocallis fulva; Populus deltoides; Quercus alba; and Triticum aestivum). AFP molecules with low
TH and high IRI seem to possess evolutionary adaptability in plants. The low TH allows for more
controlled growth of ice crystals, while the high RI enables AFPs to function even at very low
concentrations [6].

Furthermore, AFPs are dual-function proteins in cells, as some AFPs are homologous to pathogenesis-
related proteins and possess both antifreeze and hydrolytic activities [7]. Jasmonic acid (JA) and ethylene
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play important roles in regulating plant freeze tolerance. When plants are subjected to non-freezing stress
conditions, the application of ethylene and jasmonic acid can still lead to the accumulation of antifreeze
active substances (Fig. 1). Some AFPs have dual activities, both antifreeze and antimicrobial properties,
which are related to their homology with certain pathogenesis-related proteins. Heterologous expression
of AFP genes in freeze-sensitive plants can enhance the freezing tolerance of the host plants [8].
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Figure 1: Mechanism of production of plant AFPs: These three pathways regulate gene expression so that
AFPs accumulate and transport them to the apoplast

Research has revealed that the specificity of amino acid sequences, double-helical structures, and ice-
binding units of AFPs in plants correlates with the observed freezing tolerance in plants. Cold
acclimation of winter rye (Lolium perenne) leaves led to the isolation and purification of AFPs from the
extracellular matrix, making them the earliest discovered plant-derived AFPs. After isolation and
purification, these AFPs exhibited the ability to modify ice crystal growth. Sugars and AFPs isolated
from wintergreen (Ammopiptanthus mongolicus) leaves are the primary substances involved in the
freezing tolerance physiological process of winter plants. Wintergreen AFPs exhibit thermal hysteresis
activity, allowing them to regulate ice crystal growth [9,10]. Obtaining AFPs from carrot (Daucus carota)
roots and introducing their cDNA into tobacco (Nicotiana tabacum) allows for the cloning of genes that
encode plant-derived AFPs and opens up avenues for studying these genes in the plant genome. This
research holds great significance in the field of cloning genes involved in plant freezing resistance,
contributing to a better understanding of plant anti-freezing mechanisms.

3 Mechanisms of Antifreeze Proteins in Regulating Plant Freezing Tolerance

Different plants may have different forms of AFPs, but they all share functional mechanisms such as
thermal hysteresis activity (THA), modification of ice crystal growth morphology, and RI effects. They
can regulate the state of the cytoplasmic solution and inhibit the growth activity of ice crystals in the
solution. They achieve this by hindering the pathways of ice crystal growth, thus inhibiting the process of
recrystallization. Different AFPs exhibit different TH values at the same concentration.
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3.1 Thermal Hysteresis

In general, the freezing point of a solution (such as NaCl, sucrose solution, etc.) is the temperature at
which the vapor pressures of the solid and liquid phases are in equilibrium. Therefore, the freezing point
should be equal to the melting point. Because AFPs primarily affect the process of ice formation and
have little effect on the melting process, they lower the freezing point below the melting point. The
difference between the freezing point and melting point is known as TH, Therefore, in the presence of
AFPs, the freezing point of cellular fluid is further lowered, thereby avoiding the formation of ice crystals
to some extent. This enhances the plant’s ability to withstand cold temperatures and improves its cold
tolerance. AFPs are approximately 500 times more effective than any other known solute molecules in
lowering the freezing temperature [11,12]. The property of AFPs is known as the thermal hysteresis effect.

3.2 The Effect of Modifying Ice Crystal Growth Morphology

In low-temperature environments, ice crystals change their growth morphology due to the influence of
AFPs. They transition from growing as flattened elliptical shapes into hexagonal prisms. As the
concentration of AFPs increases and the duration of their action lengthens, the morphology of ice crystals
tends to become needle-like.

3.3 The Effect of Inhibiting Recrystallization

At the freezing point of a solution, small ice crystals in the solution gradually disappear and aggregate
into larger ice crystals, causing damage to the structure of plants’ tissues. The addition of AFPs can inhibit the
recrystallization phenomenon of ice crystals in the solution and promote uniform distribution of small ice
crystals. The IRI effect of AFPs can protect cells from mechanical rupture and death. At very low
concentrations, typically below 0.1 pg/mL, AFPs can inhibit ice recrystallization, resulting in smaller and
more uniform ice crystal sizes. This helps to reduce damage to plants [13]. Additionally, in terms of
protecting organisms from damage, the IRI effect may be more important than the TH effect, especially
in freeze-tolerant plants and insects. Inhibiting ice recrystallization is somewhat easier than inhibiting ice
crystal growth, and it requires lower concentrations of AFPs.

4 Identification and Expression Pattern Analysis of Plant Antifreeze Proteins

Plant antifreeze gene engineering primarily focuses on the extraction, purification, and identification
aspects. For example, it involves the introduction of regulatory protein genes and studying their effects on
plant growth and antifreeze activity. Most plant AFPs are distributed in the bark of woody plants, root
tissues of herbaceous plants, and leaves. Traditional methods such as grinding and stirring are commonly
used for extracting AFPs from bark, and root tissues. However, a permeation centrifugation method is
typically employed for extracting AFPs from leaves. After extraction, AFPs can be purified using
conventional techniques such as ultrafiltration (UF), column chromatography, ion exchange, ammonium
salt precipitation, as well as classical methods like ice-affinity chromatography. Additionally, mass
spectrometry can be employed for identification purposes. Recently, several AFPs have been isolated and
characterized, and five full-length AFP cDNAs have been cloned in higher plants [14]. The antifreeze
activity of AFPs is typically assessed using methods such as nanoliter osmometry, differential scanning
calorimetry (DSC), sucrose sandwich plate assay, and capillary assay to evaluate their impact on ice
crystal growth [15]. In a recent study, a colorimetric assay based on the color change of a solution
containing freeze-unstable gold nanoparticles (AuNPs) was developed to investigate the characteristics of
AFPs. This method utilizes the interaction between AFPs and AuNPs to modulate the color of the solution.

To predict and analyze AFPs based on different principles, experts have developed various computer
tools such as AFPredictor, AFP-Pred, TargetFreeze, iAFP-Ense, afpCOOL, AFP-CMBPred, and AFP-
LSE [14]. For instance, the substantial differences in the sequence and structure of AFPs pose challenges
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for researchers in their identification. afpCOOL, as a tool, enables rapid computer-based detection of AFPs.
Users only need to provide the relevant protein sequence in FASTA format and Position-Specific Scoring
Matrix (PSSM) to utilize afpCOOL [16]. The ability to accurately record the temperature at which ice
nucleation occurs is crucial for studying biological ice nucleation. Recently, a novel computational
method called AFP-LXGB has been proposed. This method utilizes the composition of dipeptides (DPC),
grouped amino acid composition (GAAC), segmented position-specific scoring matrix-autocorrelation
transform (Sg-PSSM-ACT), and pseudo-position-specific scoring matrix three-slice (PseTS-PSSM) to
predict AFPs. Compared to the state-of-the-art methods, AFP-LXGB has shown an improvement in
accuracy ranging from 3.70% to 4.09%. These results confirm the accuracy of AFP-LXGB in predicting
AFP gene expression and regulatory mechanisms [17].

While the discovery of plant AFPs occurred around the same time as insect AFPs, the low TH activity of
plant AFPs has not received sufficient attention from researchers. As a result, research on their structure and
ice-binding sites has almost stagnated. The discovery of the carrot (Daucus carota) antifreeze protein
(DcAFP) has brought hope to researchers. DcAFP exhibits a TH activity that is not very low and also
possesses strong RI activity. Researchers have attempted to conduct in-depth studies on plant AFPs using
DcAFP as a starting point. However, the relatively large molecular weight of DcAFP has posed
limitations on the progress of these studies. With the discovery of another plant AFP, Lolium perenne
antifreeze protein (LpAFP), research on plant AFPs has regained momentum (Table 1).

LpAFP exhibits similar characteristics of low TH activity and high RI activity. Moreover, it has a
relatively small molecular weight, consisting of only 118 amino acid residues. This is comparable in size
to fish AFPs and insect AFPs, making it suitable for studying its structure and ice-binding sites. The
theoretical three-dimensional structure of LpAFP is a highly regular right-handed B-helix composed of
circular repeats. Each circular repeat on the helix contains 14 to 15 amino acid residues. The interior of
the helix consists of a hydrophobic core composed of conserved Val residues and a bend formed by
conserved Asn residues. The “double-sided adhesive mode” was first proposed to explain the high RI
activity of LpAFP. LpAFP possesses two ice-binding sites located on opposite sides of the B-helix
structure. This allows LpAFP to simultaneously bind to two adjacent ice crystals, thereby inhibiting the
growth of both crystals and ultimately preventing recrystallization from occurring. LpAFP functions like
a double-sided adhesive, simultaneously binding to two ice crystals and preventing their growth. Since
the discovery of LpAFP, a series of studies have been conducted on it. The coding gene of DcAFP was
cloned from a cultivated carrot species in China [18,19]. Compared to the sequence published in
GenBank, there were four nucleotide differences, but only one amino acid difference. The in vitro
expression product exhibited high THA. The predicted theoretical three-dimensional structure of DcAFP
consists of a highly regular right-handed B-helix. Each B-loop of the helix is composed of 24 amino acid
residues from the leucine-rich repeat (LRR) motif, with two [B-folds and a short 310-helix. This
arrangement of secondary structures, known as “fold-fold-helix,” is consistent with the overall structure
of DcAFP [19].

5 Molecular Mechanisms of Plant Antifreeze Proteins

Different AFPs act in different ways. AFPs inhibit the formation of ice crystals by binding to the water-
ice interface. There are roughly three common mechanisms of action of AFPs: mechanism of rigid-body
energetics, mechanism of ice crystal adsorption inhibition, and mechanism of thermal hysteresis kinetics.
In the mechanism of rigid-body energetics, AFPs can fill the pathways of ice crystal growth, causing
them to stop growing. In the mechanism of ice crystal adsorption inhibition, AFPs interact with the
surface of ice crystals, inhibiting their growth. Winter plants produce AFPs that can adsorb onto the
surface of ice crystals and alter their growth. The thermal hysteresis kinetics refers to the phenomenon
where the higher the concentration of AFP in solution, the greater the TH effect (Fig. 2).
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Table 1: Identification and molecular characterization of plant AFPs

Plant source Publication Molecular Subcellular Trait characteristics References
date weight localization
Ammopiptanthus 1992 50 kDa Cytoplasm  Secondary structure: 11% a- [9,10]
mongolicus helix, 34% anti-parallel B-sheet,
55% random coil; THA: 0.35°C
(5 mg/mL).
Prunus persica 1999 60 kDa Cytoplasm, THA: 0.06°C. [20]
plastid and
nucleus
Daucus carota 1999 36 kDa Apoplast N-glycosylation; THA: 0.35°C— [21]
0.65°C.
Hippophae 2012 41 kDa Apoplast The AFPs from purified leaves [22]
rhamnoides and berries showed higher IRI
activity.
Forsythia 2005 20 kDa Cytoplasm  When pH is 7, the antifreeze [23]
suspensa activity is the best.
Picea asperata 1996 7-80 kDa Intercellular THA: 2.0°C (400 lg/mL). [24]
Mast. spaces
Lolium perenne 1992 29 kDa Apoplast May have evolved an ice-binding [25]
site (IBS) with low antifreeze
activity.
Triticum 1998 11.2 kDa Apoplast THA: 0.169°C (5 mg/mL). [26]
aestivum
Chimonanthus 2011 33 kDa Apoplast THA: 0.52°C. [27]
praecox
Solanum 1994 67 kDa Apoplast Unusually high glycine content [28]
dulcamara (23.7 mol%).
Brassica rapa 2020 38 kDa Nucleus and Inhibition of recrystallization [29]
cytoplasm  activity.
Ligustrum 2005 20.2— Cytoplasm  The ASX-rich structure of AFPs [30]
lucidum 66.1 kDa gives them frost resistance.
Musa rubinea 2016 40.6 kDa  Apoplast Low temperature resistance [31]
(below —5°C).
Saussurea 2014 25.7kDa  Apoplast Accumulation of AFPs in [32]
involucrata rhizome under low temperature
stress.
Chaetoceros 2010 292 kDa - 16-fold higher THA of [33]
neogracile recombinant mature Cn-AFP

compared to premature Cn-AFP.

(Continued)
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Table 1 (continued)

Plant source Publication Molecular Subcellular Trait characteristics References
date weight localization
Bromus inermis 2000 33.2 kDa Apoplast iCHT]1 transcripts accumulated [34]

with increasing cold acclimation
time (4°C and 10°C).

Raphanus sativus 2009 1.32 kDa  Apoplast The activity of tubers and leaves [35]
was 0.20 +/—0.03 and 0.18
+/-0.02°C.

Rhodiola 2000 29-50kDa Apoplast Inhibition of recrystallization [36]

tangutica activity.

Secale cereale 1992 19-36 kDa Apoplast AFPs exhibit less TH than polar [37]
fish (about 0.6°C) or insects
(5°C).

IRI Change ice crystal morphology
Antifreeze peptides (-)AFP(+)
I o m v

Layers of ice structures

AFP
Ice crystal growth

pathway

TH=Tm-Tr Local freezing point drop

Mechanism of action of antifreeze proteins

Figure 2: Mechanism of action of AFPs: AFPs rely on binding at the water-ice interface to inhibit the
formation of ice crystals, and the specific mechanism of action is shown in the figure

5.1 Mechanism of Rigid-Body Energetics

AFPs exist as tiny particles in solution and interact with ice crystals and water during the process of ice
crystal growth. Due to the difference in surface energy between AFPs-ice and AFPs-water, water molecules
tend to reduce the surface area to minimize interfacial energy. Therefore, when AFPs bind to the surface of
ice crystals, the ice-water interface area decreases, leading the system to reach equilibrium. Water molecules
push AFPs on the surface of ice crystals, causing them to form an ice lattice in the solution. When the
temperature drops below the supercooling point of the water solution, significant crystallization pressure
is generated. However, due to the matching of AFPs with the ice crystal structure, the crystallization
pressure exerted by water molecules keeps the AFPs in balance on the surface of the ice crystal,
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preventing them from advancing further. Therefore, ice crystal growth only occurs in the supercooled state
where it can engulf these particles, leading to a decrease in the freezing point.

5.2 Mechanism of Ice Crystal Adsorption Inhibition

Under low-temperature conditions, AFPs exhibit selective adsorption and bind to the surfaces of ice
crystals after mixing with them. AFP molecules bind to water molecules on the surface of ice crystals,
causing the covered areas to cease growing, while the uncovered regions continue to advance, resulting in
a circular surface and increased surface curvature. When the ratio of the ice crystal surface area to its
volume exceeds the thermodynamic value for spontaneous ice growth, the growth of ice crystals is
inhibited, resulting in a decrease in the freezing point. In this process, AFPs continuously adsorb onto the
surface of ice crystals until the ice crystals are melted due to external influences, at which point AFPs
detach from the ice crystal surface. The higher the concentration of AFPs, the better their effectiveness.
Research has shown that the accumulation rate of AFPs is not limited by diffusion but rather by
adsorption kinetics. Mass transfer limitations do not affect the biological function of AFPs [38]. The
adsorption inhibition mechanism has been widely accepted in current AFP research. Recent studies have
utilized super-resolution techniques combined with cryogenic imaging to investigate the interfacial
dynamics between individual AFPs and ice crystal surfaces, providing direct evidence for the adsorption
and inhibition mechanisms of AFPs [39]. Indeed, this mechanism can be used to calculate the extent of
freezing point depression caused by AFPs adsorbing onto the surface of ice crystals.

5.3 Mechanism of Thermal Hysteresis Kinetics

Research has shown that THA is correlated with the concentration of AFPs. AFPs can interact with ice
crystal planes and adsorb onto the surface of ice crystals, lowering the freezing point on the ice crystal surface
and raising the melting point within the ice crystal, thereby generating TH. The increase in TH is directly
proportional to the square of protein concentration. Different types of AFPs generate different levels of
TH at the same concentration. AFPs also can shape the crystal morphology of ice surfaces and influence
the growth structure of ice crystals in solution. Under the influence of active AFPs, ice crystals tend to
grow along the c-axis direction. In the absence of AFPs in the solution, ice crystals tend to grow larger
and exhibit a flattened disc shape as the temperature decreases. The freezing point and melting point of
the ice are equal under these conditions.

6 Applications of Antifreeze Proteins in Everyday Life

6.1 Application of Antifreeze Proteins in Agricultural Breeding

Plant AFPs are commonly used in agriculture as biostimulants and germination promoters [40].
Additionally, due to their ability to exhibit TH, they can also be used to prevent damage from mild frosts
that commonly occur in early autumn and late spring to frost-sensitive crops [41,42]. Therefore, the
expression of highly active AFPs allows them to remain frozen at temperatures close to —5°C. Over
the past two decades, the effectiveness of this concept has been tested in various studies involving the
production of transgenic plants (such as Arabidopsis and several crop plants) expressing different AFPs.
Similarly, some AFPs derived from transgenic plants may expand the growth season and geographical
range of crops like potatoes (Solanum tuberosum), rapeseed (Brassica rapa) leaves, and wheat (Triticum
aestivum). However, various studies have reported limited effects of AFPs on plant crops, thus further
research is greatly needed.

6.2 Application of Antifreeze Proteins in the Food Industry

Common cryoprotectants such as glycerol, sugars, and Dimethyl sulfoxide (DMSO) can be toxic to
certain plant tissues and can lower the freezing point depending on their concentration. The reduction of
freezing points by AFPs is non-colligative and does not significantly alter melting points regardless of
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concentration [43]. Previous studies have reported that low concentrations of AFPs effectively inhibit ice
recrystallization. AFPs are highly sought after for their unique abilities and environmentally friendly
nature, making them suitable for cryopreservation, biotechnology, and food industries. Adding AFPs to
cells, organs, and tissues of plants and animals has been proven to improve cryopreservation efficiency.
In terms of food applications, AFPs enhance the texture of ice cream and the quality of cured meat [44].
Plant-based meat (PBM), as a new substitute for animal meat, often encounters quality issues during
commercial transportation and home storage due to freeze-thaw cycles. To minimize the degradation of
PBM performance caused by these freeze-thaw cycles, recent research involves the heterologous
expression of DcAFP and its deglycosylated mutant DcAFP-n294¢g in Pichia pastoris x33 yeast, where
recombinant antifreeze proteins (rAFPs) pretreatment results in a smoother and flatter surface of high-
moisture protein extrudates. Deglycosylated DcAFP as a novel and effective cryoprotectant for meat
substitutes shows potential for future applications [45].

6.3 Application of Antifreeze Proteins in Biotechnology

Introducing genes encoding AFPs through metabolic engineering is another promising strategy for
enhancing the freezing tolerance of transgenic animals and plants [38]. Numerous studies have attempted
to develop freezing-tolerant plants and animals by overexpressing AFP genes in other cold-sensitive
organisms. It has been reported that many species have produced transgenic plants overexpressing fish
AFPs, including Arabidopsis, tobacco, tomato, and potato. Recently, success in this field has significantly
increased and has been used to alter plant genetics for the development of higher-quality foods and fruits
[46]. Similarly, some AFPs derived from transgenic plants may expand the growth season and
geographical range of crops like potatoes, rapeseed, and wheat. These genetically modified plants may
provide food security for humans shortly after climate change. Therefore, further research is urgently
needed. In the medical field, AFPs are useful for cryopreservation of organs, embryos, and oocytes,
improving the efficiency of cryogenic storage [47]. Compared to synthetic cryoprotectants like DMSO,
using AFP as a cryoprotectant can reduce damage and death rates of stored organs, cells, and tissues [48].

7 Summary and Outlook

AFPs are a group of proteins expressed in vertebrates, invertebrates, plants, bacteria, and fungi that
protect organisms from the effects of deep freezing temperatures. Indeed, AFPs have potential industrial,
medical, and agricultural applications in various fields. However, their application is hindered by high
costs [49]. Plant AFPs can be classified into two main types: structural and non-structural AFPs. The
molecular structure and functional mechanisms of structural AFPs have been extensively studied and
explored. In contrast, research on non-structural AFPs is still in its early stages.

In recent years, one of the primary challenges in AFP research has been how to produce a large quantity
of AFPs while maintaining their stability. Currently, research in this area is mainly focused on the following
directions: (1) Enhancing the natural production of AFPs in plants through genetic engineering techniques.
(2) Expressing exogenous AFP proteins in microbes or other hosts and purifying AFPs through methods like
engineered bacterial fermentation. (3) Utilizing chemical synthesis methods to produce AFP proteins. The
future research directions mainly include the following aspects: (1) Further optimizing the production and
extraction techniques of AFPs to reduce costs and increase yield. (2) Utilizing modern gene editing
technologies to develop novel and efficient AFPs for widespread applications. (3) Exploring the
applications of AFPs in medicine and biomaterials, such as in the development of artificial organs and
biomedical materials.

In addition to the technical challenges and future directions mentioned above, AFP gene research also
faces the following issues: (1) The functionality and regulatory mechanisms of AFP genes may vary among
different plant species. Therefore, it is necessary to research multiple species to gain a more comprehensive
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understanding of the functions and regulatory mechanisms of 4AFP genes. (2) Although AFP genes have been
proven to enhance plant freezing tolerance, the extent of improvement is still relatively small. Therefore,
there is a need to search for more effective cryoprotective genes and strategies, as well as explore how to
combine multiple cryoprotective genes to enhance freezing tolerance. (3) The roles and regulatory
mechanisms of AFP genes in various aspects of plant growth and development still require further
investigation. (4) Despite significant progress in AFP gene research over the past few decades, there is
still a need for broader international collaboration to accelerate research progress and improve the level
and quality of research. Research on these issues will help explain the mechanisms of AFPs in plant
freezing tolerance and provide a solid foundation for utilizing plant physiology and genetic engineering
techniques to enhance plant freezing resistance.
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