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Abstract: The study aimed to evaluate the cold tolerance of various peach cultivars un-
—20, —25, =30, and —35 °C). A
comprehensive assessment of their responses to cold was performed by integrating LT50

der diverse low-temperature conditions (—5, —10, —15,

values with membership functions and evaluating local adaptability among the selected
peach cultivars. The findings revealed that as temperatures dropped, electrical conductivity
(REC), malondialdehyde (MDA), and hydrogen peroxide (H,O,) levels initially rose, then
fell, and subsequently increased once more. Soluble sugar (SS) and soluble protein (SP)
concentrations peaked at —25 °C and showed a significant negative correlation with semi-
lethal temperature (LT50). The expression of free proline varied among different samples.
Combining physiological analyses with field adaptation correlation assessments, it was
found that “Ziyan Ruiyang’ exhibited a relatively low LT50 value of —29.67 °C and a mem-
bership function degree of 0.76, suggesting robust field adaptation abilities. At the same
time, ‘Ganlu Shumi’” demonstrated stable trends in HyO, and MDA levels, maintaining
them at relatively low concentrations; it also had the lowest LT50 value, the highest mem-
bership function score, and the highest survival rate. Consequently, this cultivar could be a
valuable resource for enhancing cold resistance under low-temperature stress. In summary,
by correlating LT50 values with membership functions and observing local adaptability
in these peach cultivars, we have established reliable data that can serve as a basis for
identifying potential cross-breeding parents to develop new cold-resistant varieties.

Keywords: peach; membership function; field identification; cold resistance

1. Introduction

Peach (Prunus persica) is a highly esteemed fruit, and China serves as a major producer
of this crop. According to data from the United Nations Food and Agriculture Organiza-
tion (FAO), the area allocated for peach cultivation in China reached 825,000 hectares
in 2021, resulting in a production volume of approximately 16.0165 million tonnes
(https:/ /www.abeedata.com/home/article /detail /id /20990, accessed on 23 October 2024).
The abundance of solar and thermal resources constitutes one of the key factors contributing
to the production of high-quality peaches. Gansu Province, situated in northwest China,
benefits from rich solar and thermal resources along with substantial temperature varia-
tions between day and night. These conditions provide natural advantages for producing
premium-quality peaches. However, low winter temperatures represent one of the primary
challenges hindering the development of the peach industry in this region. Therefore,
selecting cold-resistant peach varieties emerges as one of the most effective strategies to
mitigate freezing damage [1].
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Gansu Province is one of the origins of peach cultivation, boasting abundant peach
resources and a diverse array of varieties. It serves as a crucial area for the preservation,
evolution, and cultivation of peach germplasm resources in China. However, in the Hexi
Corridor area of Gansu Province, its average absolute minimum temperature can easily
cause frost damage to the cultivated species introduced every year [2]. Through long-term
natural selection and artificial cultivation, this region has developed a group of local peach
cultivars characterized by strong cold resistance, which represent valuable germplasm
material for improving peach varieties and enhancing resistance breeding [3,4]. In this
study, seven outstanding peach varieties from the Hexi Corridor in Gansu Province were
selected as experimental materials to observe physiological and biochemical indices as
well as adaptability. Evaluating their cold resistance holds significant importance for the
utilization of germplasm resources and the breeding of superior cold-resistant varieties.

The cold resistance of fruit trees induced by low-temperature stress is a complex phys-
iological and biochemical process reflected through various physiological and biochemical
indices [5]. The conductivity method is a conventional technique employed to assess the
freezing resistance of in vitro tissues. This method offers several advantages, including
good fitting accuracy and simplicity, making it widely applicable across different plant
species to effectively quantify their cold resistance [6,7]. Typically, the Logistic equation is
an essential formula that links relative conductivity and semi-lethal temperature (LT50).
The Logistic equation determines the LT50 of plants by fitting the relationship between
relative conductivity and temperature. Thus, measures can be adopted to ensure the safety
of plants during winter [8]. Hydrogen peroxide (H,O;) is one of the reactive oxygen species
(ROS) generated during the metabolic processes within plant cells [9]. As a signaling
molecule, H,O; plays a crucial role in regulating plant growth and development while
also aiding in stress responses [10]. Excessive accumulation of HyO, can lead to damage
to biological macromolecules as it reacts with intracellular lipids, proteins, and DNA,
resulting in oxidative damage and disruptions in cellular metabolism that may ultimately
harm plants [11]. At the same time, H,O, enhances plants’ osmoregulatory capacity by
regulating levels of osmoregulatory substances such as proline and soluble sugars; this
mechanism contributes significantly to improving their tolerance against low-temperature
stress [12]. MDA serves as an indicator of lipid peroxidation within plant cell membranes,
and its concentration can indirectly reflect the extent of membrane system damage and the
stress resistance of plants. Under stressful conditions, the antioxidant mechanisms in plants
become activated to eliminate ROS present in their systems [13]. When these antioxidant
defenses are insufficient to maintain homeostasis, an accumulation of excessive ROS occurs,
leading to membrane lipid peroxidation and subsequent production of malondialdehyde
(MDA). Numerous studies have demonstrated that the cold tolerance of plants can be
assessed by measuring MDA activity, which is regarded as a final product of lipid perox-
idation [14,15]. Under low-temperature stress, plant roots sustain damage that impairs
water absorption capacity, resulting in reduced water status, stomatal conductance, and
photosynthetic efficiency [16]. Through osmotic regulation processes, plants actively accu-
mulate various organic or inorganic solutes such as soluble sugars, soluble proteins, and
proline. This accumulation enhances cellular fluid concentration while lowering osmotic
potential, consequently improving water uptake ability and bolstering cold resistance,
thereby facilitating survival in low-temperature environments [17]. For instance, under
conditions of low-temperature stress, exogenous application of salicylic acid has been
shown to enhance the activity of antioxidant enzymes within seed embryos. This treatment
mitigates damage induced by cold stress through increased levels of reduced glutathione
along with osmoregulatory substances, including proline, soluble proteins, and soluble
sugars [18]. However, plant cold resistance is a quantitative trait influenced by numer-
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ous factors. Therefore, evaluating multiple cold resistance indices can mitigate the errors
associated with relying on a single index. The average membership function degree [19]
was calculated using a specific formula to assess the differences in cold resistance among
plants, thereby reducing the original correlations among the indices and enhancing the
reliability of the evaluation metrics. This comprehensive identification method provides a
more thorough and accurate reflection of plants” actual cold resistance capabilities.

When plants overwinter, they are susceptible to frost damage under natural condi-
tions. The field identification method assesses the cold resistance of plants by evaluating,
comparing, and classifying the organs and tissues of frozen specimens according to spe-
cific standards [20]. Generally, the cold resistance of deciduous fruit trees is evaluated
based on the degree of freezing damage observed in their branches. For instance, Cui [21]
et al. employed this method to select apricot germplasm resources exhibiting strong cold
resistance. Similarly, Gao [22] et al. utilized it to compare the cold resistance among
five grape rootstocks introduced into the Shihezi area. The field identification method is
both straightforward and objective, allowing for an evaluation of cold resistance across
large-scale and extensive groups. Although it is a traditional technique, varieties selected
through this method are considered highly accurate and reliable when tested within a
natural environment. At present, studies on peach’s low-temperature stress mostly focus
on the determination of physiological indicators and then screening cold-resistant varieties
by membership function or semi-lethal temperature. There are still few studies on the com-
prehensive analysis of plant cold resistance by combining physiological and biochemical
data (laboratory data) with field test data.

In this study, we measured the relative electrical conductivity (REC), the concentration
of osmotic regulating substances (including soluble sugars, soluble proteins, and proline),
as well as the concentrations of malondialdehyde and hydrogen peroxide in seven peach
varieties subjected to different temperature gradients. The cold resistance of these varieties
in the laboratory was evaluated comprehensively by the membership function method. Ad-
ditionally, their adaptability to cold resistance in field environments was assessed through
cultivation in open fields located in cold regions. Then, combined with laboratory data
and field data, the best cold-resistant peach varieties were screened. This comprehensive
analysis not only focuses on the theoretical mechanism but also emphasizes the application
of cold resistance in practical agricultural production and provides a theoretical basis for
cultivating new cold-resistant varieties and selecting suitable cultivars.

2. Material and Methods
2.1. Overview of the Experimental Site

The field test site is situated within the experimental demonstration base for new
peach varieties in Tuanjie Village, Wenshu Town, Jiayuguan City (East longitude: 98°24/,
North latitude: 39°40’). The altitude of the site is 1650 m, with an annual average sunshine
duration of 2634 h. The average annual temperature is recorded at 6.9 °C, while the extreme
minimum temperature can drop to —31.6 °C. The annual effective accumulated temperature
of >10 °C totals 3064 °C (The sum of the daily effective cumulative temperature we selected,
daily effective accumulated temperature = the average temperature of the day (more than
15 °C) —10 °C), and the frost-free period lasts for approximately 130 days [23]. Annual
precipitation averages between 82 and 86 mm, and irrigation facilities are available to
support cultivation. The soil organic matter content is 0.92%, and the pH value is 8.7.

2.2. Plant Materials
Six peach varieties, ‘Ziyan Ruiyu’, ‘Ziyan Ruiyang’, ‘Ziyan Ruiqiu’, ‘Ganlu Shumi’,
‘Ganlu Qiumi’, and ‘Ganlu Shuangmi’, were selected as the experimental materials, which
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are Gansu local cold-resistant resources offspring. The control variety used in this study
was ‘Qingpi Liguang’ (Gansu local resources). The branches were sampled from the Gansu
Academy of Agricultural Sciences Peach Germplasm Repository, located in Gansu province,
China. All the resources’ rootstocks consisted of Honghua Shantao (P. davidiana Franch). On
15 January 2022 (Figure 1), a total of 80 branches of equal length (25-30 cm) and diameter
(0.8-1.0 cm) were collected from all sides of five-year-old trees. The branches were cleaned
using distilled water, and their shoot scissors were sealed with paraffin wax. Each branch
was divided into eight groups, and each group was carefully wrapped with gauze and
plastic bags for protection during subsequent treatments. The groups were randomly
assigned to seven adjustable temperature incubators, set to temperatures of —5 °C (control),
—10°C, —15°C, —20°C, —25 °C, —30 °C and —35 °C. The cold treatment lasted for 12 h,
and the cooling or heating rate was 4 °C/h. After cold exposure, the middle parts of the
branches (excluding flower and leaf buds) were sampled promptly and frozen in liquid
nitrogen before being stored at —80 °C until further use (electrolyte leakage measurements
excluded freezing effects). Branch materials were obtained from three different trees as
independent biological replicates.

A

Figure 1. Growth status of experimental plants. (A) Images of the peach blossom period, taken on
27 April 2024. (B) Pictures of the dormant period, taken on 25 November 2024.

2.3. Test Methods

Physical and Chemical analysis: REC is representative of membrane integrity and is
determined with a conductometer [24]. In the Logistic equation: y = k/(1 + ae™®), y
is the relative conductivity, t represents the treatment temperature, k is the saturation
capacity of the relative conductivity, and a and b are the equation parameters. In order
to determine the values of a and b, the equation is linearized, and the values of a and b
and the correlation coefficient r are obtained by linear regression. If the second derivative
of the Logistic equation is equal to zero, the inflection point t = Ina/b of the curve can be
obtained, and the value of t at this time is the semi-lethal temperature (LT50). The hydrogen
peroxide (H,O,) detection kit provided by Suzhou Keming Biotechnology Co., Ltd. was
used to determine the H,O, content by spectrophotometry. Lipid peroxidation levels are
an indicator of oxidative stress, and MDA levels are determined by the thiobarbiturate
(TBA) reaction [25]. Anthrone colorimetry is used to determine the level of soluble sugars
that indicate carbohydrate metabolism [26]. Soluble protein concentrations were assessed
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using the coomassie blue staining method [27]. Proline (Pro) concentrations, which signal
osmoregulation, were evaluated using the sulfosalicylate-acid ninhydrin method [28].

Survival rate and Freezing damage index: Seedlings exhibiting uniform growth were
selected for planting using “Prunus davidiana” as rootstock in 2019 spring. Each variety was
planted with a total of 40 specimens per plot. The survival rate and freezing damage index
statistics for three consecutive years from 2021 to 2023 are calculated as follows:

Survival rate = number of surviving plants/number of planted plants x 100%.
X S1+2x52+3x53+4 x54+5 x S5)/(Number of branches investigated x 5) x 100%.

Among them, S1, S2, S3, 54, and S5 are the number of new shoots representing levels
0-5. The lower the freezing damage index, the lighter the degree of damage.

Damage levels:

Level 0: No stripping, no impact on yield.

Level 1: Less than 1/3 one-branch stripping, no impact on yield.

Level 2: Less than 1/2 one-branch stripping, slight effects on yield.

Level 3: Less than 3/4 one-branch stripping, medium effects on yield.

Level 4: All one-branch stripping, serious effects on yield.

Level 5: All one-branch stripping, the trunk is damaged, no yield.

2.4. Statistical Analysis

Excel 2010 and SPSS Statistics 24.0 software were used for data collation and prelimi-
nary statistical analysis, and Origin 2018 64Bit was used for mapping. Three independent
biological replicates were used for each experiment. Duncan’s multivariate range test
was used to discriminate and statistically distinguish the mean values. A p-value less
than 0.05 was considered statistically significant, and all data points are expressed as
mean =+ standard error.

3. Results
3.1. REC and LT50 Under Various Low-Temperature Induction Conditions

As illustrated in Figure 1, the REC of seven varieties exhibited a gradual increase
with decreasing treatment temperatures above —20 °C. Most varieties experienced a slight
decline at —25 °C, followed by a rapid increase in REC as the temperature continued to
drop. The highest REC was recorded at —35 °C. Notably, the inflection point for ‘Ziyan
Ruiyu” occurred at —20 °C, while the remaining six varieties displayed their inflection
points at —25 °C. Furthermore, five peach varieties did not exceed 50% relative conductivity
when subjected to —25 °C. Quantitatively, the average REC at —35 °C was found to be
166.55% higher than that observed at —5 °C (see Figure 2).

The REC measurements obtained from various low-temperature treatments, in con-
junction with the LT50 derived from the Logistic equation, serve as effective indicators for
assessing plant sensitivity and adaptability to cold stress. Fundamentally, a lower LT50
value signifies greater tolerance of a given plant to cold stress. A comprehensive analysis of
LT50 values across seven peach source branches revealed a range from —32.24~—27.24 °C.
The lowest correlation coefficient (R?) was 0.76, indicating a strong positive correlation be-
tween REC and LT50, which was statistically significant at p < 0.05 (Table 1). The observed
differences in cold resistance among various resources highlight the genetic and physi-
ological diversity within peach species, carrying important implications for agricultural
practices across different climatic zones.
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Figure 2. Changes in relative electric conductivity of seven varieties of peach under different low

temperatures. Data are mean + SE (n = 3), and different letters indicated significant differences
among different varieties (p < 0.05, Duncan test).

Table 1. Logistics equation of the relative electric conductivity and the median lethal temperature
(LT50) of seven peach varieties.

Variety

Sequence of

Ganlu Shumi
Ziyan Ruiyang
Ganlu Qiumi
Ziyan Ruiqiu
Ganlu Shuangmi
Qingpi Liguang
Ziyan Ruiyu

i . . )
Logistics Equation LT50/°C R Cold Resistance

Y =100/ (1 + 4.04 e~01253x) —32.24 0.92 1

Y =100/(1 + 5.65 e~ 0-1904x) —29.67 0.84 2

Y =100/ (1 + 4.90 e ~0:1652x) —29.58 0.87 3

Y =100/ (1 + 4.79 e~ 0-1669x) —28.73 0.96 4

Y =100/(1 + 3.68 e ~0:1293x) —28.50 0.76 5

Y =100/(1 + 3.95 e~ 0-0487x) —28.19 0.88 6

Y =100/(1 + 5.37 e0:1922x) —27.24 0.96 7

Note: R? is the size of the correlation, with 0.7-0.9 indicating a significant correlation and above 0.9 indicating an
extremely significant correlation.

3.2. Changes in Lipid Membrane Peroxides (HyO,, MDA) Content

The analysis of HyO; levels in annual shoots revealed a general trend characterized
by an initial increase, followed by a decrease and then another rise. The first peak was
observed at —15 °C (Figure 3A). At this temperature, the varieties ‘Ganlu Shumi’, ‘Ganlu
Qiumi’, ‘Ganlu Shuangmi’, and ‘Qingpi Liguang’ exhibited their highest H,O, content.
Most varieties experienced a decline at —20 °C; however, the variety of ‘Ziyan Ruiyu’
demonstrated a rapid increase in HyO, levels at this temperature, reaching a maximum of
44.34 umol g~ ! at —30 °C a value that is 2.60 times greater than that recorded at the control
temperature. At —25 °C, H,O, content continued to decrease with further reductions in
temperature, while most varieties displayed their second peak at —30 °C; notably, ‘Ziyan
Ruiyu’, “Ziyan Ruiyang’, and ‘Ziyan Ruiqiu” achieved their highest concentrations. At
—20 °C, the HyO; levels for ‘Ganlu Shumi’, ‘“Ziyan Ruiqiu’, and ‘Ziyan Ruiyang’ remained
consistently low throughout the observation period.
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Figure 3. Changes of HyO, and MDA contents in six peach varieties at different low temperatures.
(A,B) represent HyO, and MDA content, respectively. Data are mean + SE (n = 3), and different
letters indicated significant differences among different varieties (p < 0.05, Duncan test).

The MDA content in annual shoots revealed a general trend characterized by an initial
increase, followed by a decrease, and then another rise (Figure 3B). Seven varieties showed
no significant difference in MDA content at —5 °C. When the temperature was higher
than —20 °C, the MDA content of “Ziyan Ruiyu’ reached its peak, and it decreased under
the low-temperature stress of —25 °C. As the temperature decreased, the MDA content
increased sharply at —30 °C, and the MDA content of ‘Ziyan Ruiyang’, ‘Ganlu Shumi” and
‘Ganlu Qiumi’ remained at a low level. The MDA content of ‘Ziyan Ruiyang’ and ‘Ganlu
Shuangmi’ was relatively stable. Therefore, the overall performance was that the higher
the LT50 of peach resources, the higher the MDA level after low-temperature stress, and
more MDA was accumulated during the low-temperature treatment process.

3.3. Changes of SS, SP, and Contents of Proline(Pro) Under Different Low-Temperature Inductions

The results of SS under low-temperature induction are presented in Figure 4A. As
the temperature decreased, the SS content in annual peach branches exhibited a trend of
initially increasing and then decreasing. At —5 °C, there was no significant difference
in SS content among all varieties (p > 0.05). Subsequently, the SS content increased with
further decreases in temperature, experienced a slight decline at —20 °C, reached its peak
at —25 °C, and then gradually decreased thereafter. Under the low-temperature stress of
—25 °C, ‘Ganlu Qiumi” exhibited the highest SS content among the six varieties at 48.07%,
which is 2.07 times greater than that of the control group (—5 °C). Conversely, ‘Ziyan Ruiyu’
displayed the lowest SS content among these varieties at 35.93%, which is still 1.49 times
higher than that observed in the control group (-5 °C).

The results of the SP content are presented in Figure 4B. During the low-temperature
treatment, the soluble protein content of six peach varieties exhibited a trend of initially
increasing and then decreasing as the temperature decreased. All varieties reached their
peak SP content at temperatures ranging from —25 °C to —20 °C. Notably, ‘Ganlu Qiumi’
and ‘Ganlu Shuangmi’ maintained higher levels of soluble protein under low-temperature
stress. The initial temperatures for ‘Ziyan Ruiyang’ and ‘Ganlu Qiumi’ were recorded as
the lowest, measuring 44.21 mg g~ ! and 51.53 mg g~ !, respectively; however, these two
varieties demonstrated the highest increase rates at —25 °C, with increases of 66% and 69%,
respectively. In contrast, ‘Ziyan Ruiyu” exhibited the smallest increase at only 12%.
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Figure 4. Changes in soluble sugar content, soluble protein, and free proline in six varieties at different
low temperatures. (A—C) respectively represent the content of soluble sugars, soluble proteins, and
proline. Data are mean =+ SE (n = 3), and different letters indicated significant differences among
different varieties (p < 0.05, Duncan test).

In the process of low-temperature stress, the proline (Pro) content of six peach shoots
showed an ascending-descending-ascending trend (Figure 4C). When the temperature was
higher than —15 °C, the Pro content of all six varieties showed an increasing trend, and the
content of ‘Ziyan Ruiyu’ increased faster. When low-temperature stress was —25~—20 °C,
the Pro contents of ‘Ziyan Ruiyang’ and ‘Ziyan Ruiqiu’ decreased, and the other five
varieties all increased. After —30 °C, the Pro content of all varieties generally increased
with the decrease in temperature, and the changing trend of ‘Ganlu Shuangmi’ was the
most significant. Pro content increased by 12.90% when —35 °C compared with —30 °C.

3.4. Correlation Analysis Between Physiological and Biochemical Indices and LT50

The electrical conductivity of annual branches subjected to various temperature
stresses was measured, and the low-temperature LT50 for each variety was determined
using the Logistic equation. This analysis facilitated the identification of cold resistance
among different peach varieties. We used SPSS to conduct a correlation analysis between
the eight physiological and biochemical indicators of cold resistance (REC, H,O,, MDA, SS,
SP, Pro) measured in this study and the LT50.

From the correlation matrix (Table 2) of the derived antifreeze index correlation co-
efficients, it can be seen that LT50 is significantly positively correlated with REC, MDA
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content, and H,O, content (p < 0.01), with correlation coefficients of 0.824, 0.752, and 0.833,
respectively. It is significantly negatively correlated with SS, SP and Pro content (p < 0.01),
with correlation coefficients of —0.874, —0.733, and —0.878, respectively.

Table 2. The correlation analysis of physiological and biochemical indexes for cold resistance of

peaches.
Indexes X1 X, X3 Xy X5 Xe LT50
X1 1
X2 0.890 ** 1
X3 —0.889 ** 0.835 ** 1
Xy —0.778 ** —0.708 * —0.794 ** 1
X5 —0.756 ** 0.903 ** 0.887 ** —0.933 ** 1
X 0.835 ** 0.520 * 0.587* —0.840 ** 0.581* 1
LT50 0.824 ** —0.874 ** —0.733 ** 0.752 ** —0.878 ** 0.833 ** 1
Note: * represents the significant level of p < 0. 05; ** represents the significant level of p < 0.01. The variables X;—-X¢
represent six physiological and biochemical indicators (Xi: ELI, X;: SS, X3: SP, X4: MDA, Xs: Pro, Xg: HyO3).
3.5. Evaluation and Analysis of Cold Resistance in Peach Resources (Varieties) Using the Mean
Membership Function Method
Calculate the membership functions of the six physiological and biochemical indica-
tors that are significantly correlated with cold resistance at —25 °C for seven peach cultivars
(Table 3). The average membership function method was employed for a comprehensive
evaluation of these indices. The results indicated that the average membership function
values of the seven identified peach resources (varieties) ranged from 0.21 to 0.91, demon-
strating considerable variation in cold resistance among them. Notably, the cold resistance
of ‘Ganlu Qiumi’, “Ziyan Ruiyang’, ‘Ganlu Shumi’, and ‘Ziyan Ruiqiu’ surpassed that of
the control variety of ‘Qingpi Liguang’.
Table 3. Identification results of cold resistances of peach resources.
Variety REC MDA H,0, Pro Sp Ss Subordinative Ordel: of Cold
Level Resistance
Ganlu Qiumi 0.77 0.90 0.81 1.00 1.00 1.00 091 1
Ziyan Ruiyang 1.00 0.40 0.74 1.23 0.77 0.43 0.76 2
Ganlu Sunmi 0.35 1.00 1.00 0.30 0.51 0.57 0.62 3
Ziyan Ruiqiu 0.73 0.00 0.44 212 0.01 0.41 0.62 4
Qingpi Liguang 0.52 0.27 0.20 0.64 0.28 0.18 0.35 5
Ganlu Shuangmi 0.00 0.50 0.07 0.00 0.78 0.53 0.31 6
Ziyan Ruiyu 0.22 0.51 0.00 0.53 0.00 0.00 0.21 7

3.6. Observation of Adaptability of Different Peach Varieties

The freezing damage indexes among different varieties under low-temperature stress
vary greatly (Figure 5). The freezing damage indexes of ‘Ganlu Shumi” and ‘Ziyan Ruiyang’
were below 20%, with “Ziyan Ruiyang’ exhibiting the lowest freezing damage index at
17.74%, which was 3.13% lower than that of the control variety, ‘Qingpi Liguang’, a differ-
ence that is statistically significant. Following this, ‘Ganlu Shumi’ had a freezing damage
index of 18.52%. Both varieties of ‘Ziyan Ruiyang” and ‘Ganlu Shumi’ were significantly
lower in their freezing damage indexes compared to other varieties, and in terms of survival
rate, both varieties demonstrated resilience with a survival rate of 100%, indicating strong
cold resistance. Varieties such as ‘Ganlu Qiumi” and ‘Ziyan Ruigiu’ followed closely behind,
with their freezing damage indexes remaining below 30% and survival rates recorded at
90% and 100%, respectively, thus showcasing robust cold resistance performance (Table 4).
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Table 4. Cold resistance test of seven peach varieties (resources) in the Jiayuguan area.

Variety Name Strip Index (%) Survival Rate (%)
Ganlu Sunmi 1852 +1.38 d 100 a
Ganlu Qiumi 20.16 £ 1.53 cd 90b
Ganlu Shuangmi 38.48 +3.21b 76 ¢
Ziyan Ruiyang 17.74 £ 0.85d 100 a
Ziyan Ruiqiu 2233+ 111c 100 a
Ziyan Ruiyu 81.35+5.24a 40d
Qingpi Liguang 20.87 = 0.54 c 100 a

Note: Different lowercase English letters indicate significant differences (p < 0.05).

3.7. Correlation Analysis of Freezing Damage Index, LT50, and Membership Function Across
Various Peach Varieties

The analysis of field adaptability among peach varieties revealed that a smaller freez-
ing damage index of peaches correlates with a higher survival rate of the trees (Figure 6).
The Pearson product-moment correlation coefficient method was employed to conduct a
correlation analysis involving the peach’s freezing damage index, LT50 (the semi-lethal
temperature), and the average degree of membership function.

The findings indicated a positive correlation between the freezing damage index and
semi-lethal temperature LT50, with a correlation value reaching 0.62. Specifically, as the
freezing damage index decreased, the semi-lethal temperature also decreased, suggesting
enhanced cold resistance in these trees. Conversely, there was a negative correlation
between the freezing damage index and the average degree of membership function, with
a phase relation value of —0.7. This indicates that as the freezing damage index decreases,
the average degree of membership function increases. Furthermore, it was observed that
LT50 also exhibits a negative correlation with the average degree of membership function;
as LT50 decreases, there is an increase in this degree of membership function, further
signifying improved cold resistance among various peach cultivars.
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Figure 6. Correlation analysis of stripe index, LT50, and membership function of different peach varieties.

4. Discussion

The impact of low temperatures on trees and their internal changes is a complex phe-
nomenon that encompasses physiological, structural, and biochemical levels [29]. By mea-
suring the physiological and biochemical indicators of peach trees under low-temperature
induction, we can identify feasible identification indicators that are of great significance for
judging the occurrence and severity of fruit tree frost damage, selecting breeding parents
for hybrid breeding, and cultivating new cold-resistant varieties. Plant responses to low
temperatures are primarily manifested at the cellular membrane level, which serves as a
critical site for both cold injury and penetration responses. The cell membrane is composed
of a phospholipid bilayer interspersed with various proteins. Its structural integrity and
fluidity are essential for normal cellular function; however, exposure to low temperatures
diminishes membrane fluidity. This reduction leads to the formation of intracellular ice
crystals and a decrease in the rate of biochemical reactions, ultimately affecting substance
transport and signal transduction [30,31]. The conductivity method is an approach used
to assess the freeze tolerance of isolated tissues. The permeability of membranes, along
with ion channel functionality, can be reflected through REC measurements [32]. Notably,
REC exhibits an S-shaped increase as temperature decreases; this trend can be accurately
modeled using the Logistic equation. The inflection point on this fitted S-shaped curve
corresponds to the critical temperature approximately aligned with LT50 thresholds be-
low which physiological metabolism undergoes significant alterations, placing plants in a
semi-lethal state characterized by irreversible damage [33]. This relationship quantitatively
illustrates how temperature influences water dynamics alongside cold resistance mech-
anisms [34]. In this study, the REC demonstrates a gradual increase as the temperature
decreases above —25 °C. At approximately —25 °C, there is a slight decrease followed by a
rapid increase, resulting in an “S” shaped curve throughout the process. This trend aligns
with the findings of Reynolds [35] et al., which indicate that varieties exhibiting strong cold
resistance tend to have lower relative conductivity. The LT50 serves as a physiological index
for assessing plant cold resistance; specifically, a lower LT50 signifies greater cold tolerance
in plants. When temperatures fall below LT50, cellular tissues are susceptible to rapid
freezing, and subsequent freeze damage occurs. The application of this method across
various plant species can accurately and intuitively reflect their levels of cold resistance [36].
Liu [37] et al. evaluated the cold resistance of 82 peach varieties using the conductivity
method and concluded that the critical temperature for cold resistance in dormant annual
peach branches ranged from —27.0 °C to —19.0 °C. The tested varieties in this study com-
prised local resources from Gansu or their hybrid varieties, all demonstrating LT50 values
below —27 °C, indicates that the local resources of Gansu have strong resistance to cold,
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which is a characteristic formed by their long-term adaptation to low temperatures and
has the potential for inheritance, making them suitable as parental materials for breeding
cold-resistant varieties.

H,O, plays a crucial role as a signaling molecule involved in regulating various
physiological processes within plants. Typically, HyO; is eliminated through diverse
enzymatic systems present in plants; however, under stress conditions, alterations occur in
enzyme activity leading to HyO;, accumulation. Concurrently, HyO; can react with other
cellular molecules, resulting in membrane lipid peroxidation products such as MDA [38].
MDA serves as a marker of oxidative stress, and both MDA and H;O, play critical roles in
the antioxidative stress response and cellular protection mechanisms in plants. An increase
in MDA content indicates that cells are undergoing oxidative stress [39]. Furthermore,
MDA is a byproduct of polyunsaturated fatty acid accumulation; excessive levels can
compromise membrane integrity and impair cellular function. In this study, the H,O,
content across all peach varieties decreased at temperatures ranging from —30 to —25 °C
with decreasing stress temperature, followed by a reduction in MDA content at —35 to
—30 °C. This observation is consistent with Wang's findings [40], which reported an overall
increase in MDA content at —25 °C. These results suggest that as the LT50 threshold is
approached, the functionality of the plant enzymatic system becomes constrained, leading
to a progressive accumulation of H,O, that surpasses the regulatory capacity of plants.
Consequently, this culminates in elevated levels of MDA and heightened oxidative stress.

Under low-temperature stress, plants actively accumulate a variety of organic and
inorganic substances to enhance cellular fluid concentration, reduce osmotic potential, and
mitigate excessive water loss from cells. SS, SP, and Pro are classified as osmotic regulatory
substances; the accumulation of them can effectively prevent damage caused by low tem-
peratures [41]. In this study, the levels of SS and SP exhibited an initial increase followed
by a subsequent decrease, peaking at —25 °C. This observation suggests that the elevation
in SS and SP content plays a crucial regulatory role in enhancing the cold resistance of
peach trees [42]. However, when the temperature is further lowered (below —25 °C) and
causes cell damage (with significant increases in MDA and REC), the soluble sugar content
decreases; below —30 °C, the SS content of most varieties decreases, indicating that the
accumulation of SS and SP at the semi-lethal temperature of low-temperature stress is the
highest, thus playing a protective role. These findings are consistent with those reported
by Xing [43] et al. regarding oxidative damage reduction in Cabernet Sauvignon grapes.
Among osmoregulatory substances, Pro accumulation is recognized as a physiological
adaptation mechanism for plants under low-temperature stress. This process activates sig-
nal transduction pathways such as proline synthetase synthesis under cold stimulation and
promotes the conversion of glutamic acid or glutamine to proline [44]. The accumulation of
Pro functions as an osmoregulatory agent that protects cells stabilizes protoplasmic colloids
and metabolic processes within tissues, lowers the freezing point, and prevents cell dehy-
dration. Additionally, it can alleviate oxidative stress induced by low temperatures through
the synthesis of antifreeze proteins [45]. In this study, fluctuations in proline content were
observed under cold stress, reflecting trends of Pro accumulation noted in rapes [46] and al-
monds [47] under similar low-temperature conditions. These findings suggest that various
osmoregulatory substances play distinct roles in peach plants’ responses to environmental
stress. SS accumulated during the early stages of low-temperature stress may form pro-
tective compounds via metabolic pathways associated with glucose metabolism, thereby
enhancing cold resistance [48]. Furthermore, SP increased water content in branches while
simultaneously reducing freezing-induced cracking and mortality of protoplasts due to
low temperatures [49]. By analyzing the correlation between physiological and biochemical
indices and LT50, it was determined that LT50 exhibited a positive correlation with REC,
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MDA content, and HyO; levels (p < 0.01) while showing a negative correlation with SS
content, SP levels, and free Pro concentrations. Consequently, increases in REC, as well
as MDA and H;O, concentrations, are likely primary contributors to cellular oxidative
damage and membrane disruption under low-temperature stress. The elevation of SS, SP,
and Pro indicates enhanced plant adaptability to cold stress conditions, which subsequently
improves survival rates.

The fuzzy membership function method was employed to calculate the weighted
average values of measurement indices, thereby providing a comprehensive and system-
atic reflection of the evaluation criteria. Luo [50] et al. used the membership function
method to evaluate the cold resistance of fresh grape varieties and concluded that this
method is superior to the single index evaluation method and can fully reflect the actual
cold resistance of grapes. Building on this methodology, Wang [40] utilized six physio-
logical indices as evaluation criteria for branch cold resistance in grapes, conducting a
thorough analysis and classification of their cold resilience. In this study, we applied the
membership function method to comprehensively evaluate the cold resistance of seven
peach varieties. The varieties identified as exhibiting significant cold resistance included
‘Ganlu Qiumi’, “Ziyan Ruiyang’, ‘Ganlu Shumi’, and ‘Ziyan Ruiqiu’, all demonstrating
an average membership function degree exceeding 0.6. Furthermore, these cold-resistant
varieties were validated through comparisons with LT50 assessments. While all selected
varieties exhibited notable cold resilience, variations were observed in their ranking order
based on this criterion. In our previous study on cold resistance of local peach varieties in
Gansu province, LT50 and average membership function [51] were used from physiological,
biochemical, and anatomical perspectives using REC, MDA, Pro, SP, SS, cork layer ratio,
and xylem thickness/cortical thickness (X/C) as indicators. Peach resources with strong
cold resistance under cold conditions were comprehensively evaluated, and the overall re-
sults were consistent with field performance. However, there were still differences in some
resources, indicating that although the comprehensive identification method effectively
improved the screening efficiency and reduced the bias related to a single index, the cold
resistance of peaches could not be accurately judged by laboratory indicators alone. It is
still a meaningful research direction to find a convenient, fast, and accurate cold resistance
identification method in future studies.

Cold resistance is a complex physiological process influenced by numerous factors,
making it challenging to comprehensively and objectively assess the cold resistance of
plants through any single physiological index. Although our early test indicators are labora-
tory results [51], the cold resistance results will eventually be applied to actual production,
and it is the final significance of the evaluation of cold resistance resources. Therefore, in
addition to the laboratory physiological index, a field investigation of cold resistance of
varieties was added to mutually confirm the accuracy of the two methods. To provide
a more convenient and accurate reference for the identification of peach cold resistance
in the future. In the cultivation conditions of the Hexi Corridor, the absolute minimum
temperature can reach —35 °C [52]. Common cultivars often struggle to survive winter in
the Jiayuguan area, where local resources are frequently compromised by low temperatures
and freezing events. Consequently, this region serves as an ideal site for field identification
of cold resistance, with freezing damage indexes as indicators of fruit tree resilience. In this
study, various cultivars were evaluated in the Jiayuguan area, revealing differing degrees
of freeze damage among their branches. A comprehensive analysis of field adaptability
and LT50 demonstrated a significant positive correlation between the freezing damage
index and LT50; specifically, a lower freezing damage index corresponded to a smaller
LT50. These findings suggest that fruit trees exhibiting high freezing damage indexes are
more susceptible to winter sap flow loss, which can lead to increased water loss from their
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branches [53]. The highest survival rate was observed at the lowest freezing damage index
for ‘Ziyan Ruiyang’ and ‘Ganlu Shumi’. When compared to the control variety ‘Qingpi
Liguang’, ‘Ganlu Shumi” exhibited a higher LT50 value; however, it also displayed a lower
freezing damage index along with reduced survival rates in freezing conditions. The results
were inconsistent with Amuti et al. analysis of the difference between the extraction rate
and cold resistance [54]. We suspect that this may be because the physiological adaptability
of Amomum villosum (soil conditions, environmental factors, management) is relatively
weak; therefore, its survival rate is lower under variable climate conditions, thus forming
characteristics related to environmental adaptation. The correlation results of LT50 and
membership function showed a negative correlation, but the correlation was not significant;
hence, the comprehensive evaluation results were not completely consistent. The LT50 of
‘Ganlu Shumi’” was the lowest at —32.24 °C, showing the strongest cold resistance, which
was different from the membership function results. Wang et al. and Ma et al. also showed
a similar situation in peach and wine grape studies [55,56]. Both the field adaptability
index (freezing damage index) and the laboratory membership function index can help
to understand the growth performance of fruit trees under different environmental con-
ditions, and the significant negative correlation between the two indexes indicates that
membership function can be an important evaluation index reflecting the field adaptability
of peach. Therefore, both LT50 assessments and membership function methodologies can
be employed to evaluate cold resistance in ‘Ziyan Ruiyang” and ‘Ganlu Shumi’, with ‘Ziyan
Ruiyu’ demonstrating inferior cold resistance among them. The results indicated that
LT50, membership function evaluation, and field adaptability observation could quickly
determine the cold resistance of peach varieties and further improve the screening criteria
on the basis of previous screening. However, due to limitations related to experimental
materials and control conditions, discrepancies may arise when compared to actual cold
resistance observed in peach varieties. Additionally, given the complex environmental
factors present at introduction sites, relying solely on these methods may not fully capture
outcomes related to field adaptability. In future research work, we will further verify the
cold resistance of the two varieties. The cold resistance of the branches is an important
factor determining the overall viability of plants. The cold resistance of the flower buds
of peach trees is usually lower than that of the branches, and the common problem in
cold areas is that the branches freeze and the flower buds fall off. Therefore, the study of
branch cold tolerance under low-temperature stress can provide basic data and theoretical
support for the subsequent study of flower bud cold tolerance. We hope to understand the
physiological changes of branches under low-temperature conditions through in-depth
study and lay a foundation for further flower bud research. By studying the molecular
response of peach varieties to low-temperature stress, we hope to develop more effective
identification techniques.

5. Conclusions

In this study, we systematically evaluated the physiological responses of cold-resistant
peach varieties under low-temperature stress. By integrating LT50 assessments, member-
ship function methods, and observations of peach variety adaptability, we conducted a
comprehensive evaluation of various indices to quantify the cold resistance capabilities of
different cultivars. The cold-resistant peach varieties ‘Ziyan Ruiyang’ and ‘Ganlu Shumi’
demonstrated significant physiological adaptability under low-temperature conditions
and were able to mitigate damage caused by low temperatures through the regulation
of endogenous substance synthesis. This research provides a theoretical foundation for
breeding cold-resistant peach trees and underscores the importance of physiological indices

in assessing plant stress resistance.
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