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Abstract: Low-temperature stress is one of the factors affecting the growth and development of
peanuts. Currently, biochemical detection technologies for crop freeze damage are well established.
In the context of rapid development in optical sensing technology and smart agriculture, non-
destructive crop freeze damage detection based on such technologies has gained increasing attention.
The accurate detection, early warning, and targeted control of crop cold damage are particularly
important. In this study, 70 peanut germplasm resources were collected and used for the research
objectives. Indoor low-temperature seedling identification was conducted at 25 °C (the control group)
and 5 °C (low-temperature stress group) for 7 days. Photosynthetic fluorescence values in leaves,
as well as 13 indicators (Fo, Fm, Fv, Fv/Fm, Fv'/Fm’, ®PSII, NPQ, qP, Rfd, Pn, Gs, Ci, and Tr),
were analyzed for their responses to low-temperature stress. The results showed that under low-
temperature stress, the Pn and Ci of peanut seedlings exhibited an ascending trend, while Tr and other
indicators showed a decreasing trend compared to the control group. Based on the relative coefficients
of resistance to low temperature for each individual indicator, a comprehensive non-destructive
evaluation of cold resistance was conducted using methods such as principal component analysis,
cluster analysis, and stepwise regression. Through principal component analysis, the 13 individual
physiological indicators were transformed into 3 comprehensive indicators. The 70 peanut varieties
were divided into 4 categories based on their resistance to low temperature: sensitive materials,
moderately sensitive materials, moderately cold-tolerant materials, and cold-tolerant materials.
Additionally, a mathematical model for evaluating cold resistance in peanuts was established.

Keywords: peanut; low temperature; germplasm resources; seedling stage

1. Introduction

Peanuts (Arachis hypogaea L.) serve as a primary source of high-quality plant protein
and vegetable oil globally and are extensively cultivated in tropical and subtropical re-
gions [1]. According to data from the Food and Agriculture Organization (FAO) of the
United States Department of Agriculture, in 2020, the global peanut cultivation area was
27,171 thousand hectares, a 2.2% increase compared to the previous year [2]. In China,
the peanut cultivation area was 4730.83 thousand hectares [3]. The protein content in
peanut kernels ranges from 24% to 36%, with a protein digestibility coefficient of over 90%.
Peanuts contain essential nutrients such as the eight essential amino acids, riboflavin, and
vitamin E. Additionally, peanuts have an oil content ranging from 38% to 60%, higher
than that of soybeans, rapeseed, and cottonseed [4-6]. However, against the backdrop of
global climate change, extreme weather events such as low temperatures and droughts are
becoming increasingly frequent. Peanuts are warm-weather crops and require relatively
high temperatures throughout their growth stage.
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Low temperature is an important factor affecting plant growth; peanut sowing seedlings
often encounter low-temperature weather [7]. Peanut is native to the tropics and more
sensitive to low temperature, especially peanut in the sprouting stage after the transition to
the autotrophic growth stage. In this stage, if cold damage affects the growth of peanut
seedling leaves, low temperature reduces the rate of cell division and elongation, resulting
in the yellowing of peanut seedling leaves in the growth stage and wilting, and it will
directly damage the plant’s photosynthetic mechanism, resulting in the weakening of
photosynthesis in the leaves and affecting the accumulation of photosynthetic products
in peanut seedlings [8-10]. Temperature is a key factor determining the distribution of
peanuts in different regions. The optimum growth temperature for peanuts is between
25 °C and 30 °C, with plant growth inhibited when temperatures drop below 12 °C [11].
Low-temperature stress limits seed emergence, seedling growth, and the development of
kernels and reduces the yield production and kernel quality [10].

Low temperature is a limiting factor for peanut cultivation and production. Under
low-temperature stress, the dynamic balance of light quanta absorbed by the photosystem
and those assimilated by CO; is disrupted, resulting in a large accumulation of reactive
oxygen species in the photosynthesis system, which disrupts the photosystem and thus
reduces photosynthetic capacity [12]. With the reduced transport capacity of photosynthetic
substrates and reduced CO, uptake, the low temperature of spring sowing leads to a
decrease in the accumulation of root, stem, and leaf matter in peanut seedlings. The
seedling survival rate decreases, and growth is slow [13,14].

Therefore, developing peanut varieties with strong cold resistance is crucial for peanut
cultivation and production as well as genetic improvement for cold resistance [15]. Cur-
rently, the evaluation and identification of crop cold resistance in China primarily rely
on long-term field observations, which are labor-intensive and time-consuming. Non-
destructive high-throughput phenotypic analysis based on phenomics is an emerging
technology used to assess genetic diversity in various traits and facilitate selection in
breeding programs [16-19].

Building on previous research, this study attempts to investigate the variations in
parameters like photosynthetic rate and chlorophyll fluorescence in peanut seedlings under
low-temperature stress during the seedling stage. The objective is to understand the
mechanisms through which low temperatures affect peanut growth and photosynthesis
and identify peanut varieties resistant to low temperatures through non-destructive, high-
throughput experimental methods [20-22].

Low-temperature stress affects plant photosynthesis through electron transfer, pho-
tophosphorylation, and photoinhibition [10]. The study of chlorophyll fluorescence char-
acteristics is one method to explore damage in plants [23-25]. Currently, chlorophyll
fluorescence analysis technology has made certain progress in plant photosynthesis phys-
iology, plant stress physiology, and crop yield potential prediction [26]. Fluorescence
signal indicators contain rich information on changes in photosynthetic processes and are
regarded as detection indicators for the relationship between plant photosynthesis and
the environment [27]. Changes in chlorophyll fluorescence parameters are closely related
to various processes of photosynthesis, influencing the formation of plant leaf internal
structure, destroying the integrity and functionality of chloroplasts, significantly reducing
parameters such as Fm, Fv, Fv’/Fm’, ®PSII, qP, and Rfd, leading to fluctuations in plant
photosynthetic rates. Therefore, chlorophyll fluorescence parameters can partly reflect
the plant photosynthetic capacity and are important parameters for evaluating plant cold
tolerance. These parameters have been applied for cold tolerance evaluation in various
plants such as oats [28], wheat [29], chrysanthemums [30], and cassava [31].

Plant cold tolerance is a comprehensive reflection of a series of trait indicators. Select-
ing appropriate evaluation indicators and suitable evaluation methods is a prerequisite for
assessing plant cold tolerance. The method of comprehensive evaluation with multiple
indicators has been widely used in the study of plant cold resistance. Therefore, to avoid the
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one-sidedness and uncertainty of a single evaluation method, a comprehensive evaluation
of low temperature resistance is more reliable.

In this study, 70 peanut varieties were subjected to treatments of low temperature
(5 °C) and normal temperature (25 °C). A total of 13 indicators, including photosynthetic pa-
rameters and chlorophyll fluorescence parameters of peanut leaves under low-temperature
treatment, were determined using non-destructive high-throughput methods. The photo-
synthetic characteristics of peanut seedlings under low-temperature stress were assessed,
and the correlation analysis was conducted using the cold resistance coefficients of these
indicators. Principal component analysis, subordinate function analysis, and cluster anal-
ysis were employed to comprehensively assess the cold resistance of peanut varieties.
The objective was to select peanut varieties with strong cold resistance, identify the main
indicators for cold resistance evaluation, and establish a mathematical model for evaluating
peanut cold resistance. This study provides a reference for the non-destructive breeding of
cold-resistant peanut varieties.

2. Materials and Methods
2.1. Experimental Materials

Seventy local main peanut varieties were used as experimental materials, provided by
Fujian Academy of Agricultural Sciences and Quanzhou Institute of Agricultural Sciences.
The specific material information is detailed in Table 1.

Table 1. Information on the peanut variety for testing.

Number Variety Number Variety Number Variety Number Variety
1 JJZLQ 19 JH8H 37 FH3H 55 FHS8H
2 ZPGB 20 HH9006 38 PJ1H 56 MH11H
3 ZAGM 21 SY162 39 YY93 57 MH12H
4 ZPGHS 22 JH21 40 PJ16H 58 PH25
5 TADJR 23 MH4H 41 LH243 59 PHA45
6 JY13 24 MH5H 42 LH7H 60 MH11
7 LY9H 25 QH538 43 QH7H 61 FH13
8 J7116 26 JH37 44 PH23 62 LH138
9 JY2H 27 QH627 45 PH21 63 LH250

10 HY5H 28 QH726 46 FHS8H 64 QH27
11 HA 29 QHS829 47 PH31 65 H557
12 HY7418 30 PJ2H 48 LH13 66 QGHIH
13 PTKZ 31 MH11H 49 KH1H 67 QH551
14 PY3H 32 LH243 50 PJ1H 68 QH10H
15 YY2H 33 PJj16H 51 QH2197 69 QH646
16 SY5H 34 FH4H 52 MH13H 70 QH24H
17 HH1H 35 YY93 53 QH7H

18 JH10H 36 QH2197 54 PH6H

This experiment was carried out in a small thin-film greenhouse and a containerized
plant factory at the Digital Institute of Fujian Academy of Agricultural Sciences. Thirty
uniform and plump seeds were selected, soaked in 3% hypochlorite solution for 30 min,
rinsed with deionized water, and then placed in soil for incubation at room temperature.
Seedlings were grown to the four-leaf stage and transplanted into nutrient pots (30 cm
high, 30 cm diameter at the mouth, and 25 cm diameter at the bottom). In this experiment,
a randomized block design was employed. Peanut seedlings at the three-leaf-one-heart
stage were divided into two groups. One group was transferred to a container-type plant
factory where the temperature was set at 5 °C, with a light/dark cycle of 16 h/8 h, a
red-to-blue light ratio of 7:3, a photosynthetic photon flux density of 250 pmol/(m?-s), and
a relative humidity of 70-80%. The other group, with the same developmental progress,
served as the control and was transferred to another container-type plant factory, where
all environmental conditions were kept the same except for the temperature, which was
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set at 25 °C. To eliminate the influence of position factors on the experimental results, the
arrangement order of seedling pots was randomly adjusted every 2 days. After 7 days of
treatment, the photosynthetic and fluorescence parameters of the leaves were collected,
with three replications for each treatment and three plants per replication.

2.2. Measurement of Photosynthetic Parameters

After 7 days of low-temperature treatment, five pots of peanut plants with similar size
were selected. Using a portable photosynthesis analyzer LI-6400TX produced by LI-COR in
the Lincoln, NE, USA, the net photosynthetic rate (Pn), transpiration rate (Tr), intercellular
CO; concentration (Ci), and stomatal conductance (Gs) of each peanut plant were measured
on a clear morning between 9:00 and 11:30. The measurement was conducted on fully
expanded trifoliate leaves, with the leaf chamber temperature set at 5 °C, light intensity at
1000 umol/(m~2-s~1), and leaf chamber CO, concentration at 350 pmol (mol~1).

2.3. Measurement of Chlorophyll Fluorescence Parameters

A chlorophyll fluorescence imager (FC800-D, Photon System Instruments (PSD), Brno,
Czech Republic) was used for measurement. First, the test samples (whole live plants)
were adapted to dark conditions in the greenhouse for 30 min. Subsequently, in the
Fluorcam10 system, the Satu rating pulse value was set to 5250 umol/(m?-s) and Actinic
Light2 to 422 pmol/(m?-s). Then, the samples were put into the imager to measure the real-
time initial fluorescence value (Fo), maximum photochemical efficiency of PSII (Fv/Fm),
effective photochemical quantum yield of PSII (Fv’/Fm’), actual photochemical efficiency of
PSII (®PSII), non-photochemical quenching coefficient (NPQ), and steady-state fluorescence
decline rate (Rfd). The distance between the sample and the lens was set at 30 cm during
the measurements.

2.4. Evaluation of Cold Tolerance and Data Analysis

The chlorophyll fluorescence imaging parameters were analyzed using Fluorcam?,
and the original data were processed and related charts were created using Excel. Principal
component analysis and correlation analysis were performed using SPSS 27.0, while cluster
analysis was conducted using Origin 2021.

(a) To eliminate differences between the basic traits of different varieties, the relative
values of traits (cold resistance coefficient) were used to evaluate cold tolerance:

Processing value

CTC =
Contrast value

x 100% (1)

(b) In principal component analysis, the orthogonal rotation method was used to rotate
the data and establish a comprehensive index equation, as follows:

Cl(m) = i [Bi x Prin(m)i](m =1,2,3;i=1,2,3) )
i=1

where CI(m) is the comprehensive index value, Bi is the standardized value of the individual

index relative coefficient, and Prin(m)i is the characteristic vector of the comprehensive index.

(¢) According to fuzzy mathematics principles, the membership function method was
used to convert various indicators into membership function values (y):

Xj—min(Xj) . N
(max) — min(X) (i=12,...... ) 3)

wXj) =%

where 31(Xj) is the membership function value of the i-th measurement indicator; Xj is the
cold resistance coefficient of the i-th indicator; min(X) and max(X) are the maximum and
minimum values of the i-th indicator.

(d) The comprehensive evaluation value of cold tolerance based on the membership
function is as follows:

—(=1,2,...... n) 4)
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D= i[y(X,- W) (i=1,23...... ,1)] 5)
i=0

where W; is the weight coefficient of the i-th indicator, indicating the importance of the
indicator, Pi denotes the contribution rate of the i-th comprehensive indicator (the eigen-
value or contribution rate of the indicator), and D represents the overall evaluation value
of cold tolerance.

(e) Utilizing the European distance and WPGMA method, cluster analysis was conducted
based on the comprehensive D values of peanut germplasms to categorize cold
tolerance levels.

(f)  With the D value as the dependent variable and evaluation indicators as the indepen-
dent variables, stepwise regression analysis was performed to establish a regression
model for evaluating cold tolerance during the seedling stage.

3. Results
3.1. Phenotypic Analysis of Traits Associated with Low-Temperature Peanuts

According to the phenotypic analysis of peanut multi-spectral fluorescence exchange
parameters under low-temperature conditions in Table 2, the chlorophyll fluorescence
dynamics method is an important non-destructive measurement method for plants, with
commonly used indicators such as Fo, Fm, Fv, Fv/Fm, Fv’/Fm’, ®PSII, NPQ, qP, and
Rfd. After 7 days of low-temperature stress, peanut seedling leaf parameters including
Fm, Fv/Fm, Fv’'/Fm’, ®PSII, NPQ, qP, and Rfd gradually decreased, while Fo increased
(Table 3). Compared to the control (CK) treatment, after 7 days of low temperature,
the peanut seedling leaf parameters Fm, Fv, Fv/Fm, Fv’/Fm’, ®PSII, NPQ, qP, and Rfd
decreased by 120%, 229%, 65%, 80%, 126%, 83%, 27%, and 116%, while Fo increased by
22%. Notably, Fv, Fm, Fv/Fm, and Rfd exhibited significant variations, with coefficients
of variation of 39%, 27%, 17%, and 17%, respectively, whereas Fo, Fv'/Fm’, ®PSII, and
qP displayed smaller changes as well as lower coefficients of variation (12%, 7%, 8%,
and 4%, respectively).

Table 2. Variation analysis of physiological indices under low-temperature stress.

Variable Temperature  Minimum Maximum Mean SD CV%
. 25°C 1249.463 2206.307 1590.929 218473  13.73%
° 5°C 801.350 2846.093 2042.223 528.654  25.89%
. 25°C 8045.873 12274147  10,269.390  961.162 9.36%
m 5°C 1183.123 7731.283 4677340 1715342  36.67%
. 25°C 6659.653  10,567.807  8678.461 903364  10.41%
v 5°C 381.777 5518.060 2635117  1299.857  49.33%
. 25°C 0.780 0.870 0.844 0.022 2.56%
v/rm 5°C 0.287 0.733 0.513 0.099 19.26%
By /T’ 25°C 0.527 0.797 0.701 0.076 10.91%
v/m 5°C 0.230 0.550 0.390 0.071 18.17%
oS 25°C 0.167 0.550 0.380 0.096 25.31%
5°C 0.080 0.303 0.168 0.050 29.57%
NPQ 25°C 0.617 2.957 1.349 0.562 41.63%
5°C 0.183 1.220 0.736 0.249 33.87%
P 25°C 0.303 0.700 0.534 0.097 18.21%
1 5°C 0.290 0.677 0.421 0.080 19.08%
Réd 25°C 1.440 3.660 2.392 0.397 16.59%
5°C 0.407 1.883 1.107 0.368 33.25%
. 25°C 1.963 24.681 12.246 5212 42.56%
n

5°C 0.274 4.429 2.072 1.104 53.26%
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Table 2. Cont.
Variable Temperature =~ Minimum  Maximum Mean SD CV%
G 25°C 0.039 0.768 0.319 0.160 50.18%
s 5°C 0.009 0.234 0.070 0.044 62.47%
Gi 25°C 235.342 372.906 310.201 29.978 9.66%
! 5°C 273.030 547.263 364.288 49.071 13.47%
T 25°C 0.733 7.259 3.627 1.691 46.61%
r 5°C 0.094 2.158 0.858 0.482 56.15%

Note: Fo: initial fluorescence; Fm: maximum fluorescence yield; Fv: variable fluorescence; Fv/Fm: PSII maxi-
mum light quantum efficiency; Fv’/Fm’: PSII effective light quantum yield; ®PSII: PSII actual photo-quantum
efficiency; NPQ: non-photochemical burst; qP: photochemical burst; Rfd: fluorescence attenuation ratio; Pn: net
photosynthetic rate; Gs: stomatal conductance; Ci: intracellular CO; concentration; Tr: transpiration rate.

Table 3. Principal component analysis of low-temperature resistance coefficient.

. Principal Principal Principal Comprehensive .
Indicator Componl:ent 1 Componrt,ant 2 Componr(,ent 3 Evalur;tion Value Weight
Fo 0.2062 —0.1211 0.3542 0.1603 7.29%
Fm 0.3721 —0.1177 0.1223 0.2120 9.64%
Fv 0.3817 —0.1113 0.0803 0.2108 9.59%
Fv/Fm 0.3878 —0.0453 0.0284 0.2193 9.98%
Fv’/Fm’ 0.3577 —0.0712 —0.2132 0.1491 6.78%
PPSII 0.3330 —0.0804 —0.3168 0.1126 5.12%
NPQ 0.1375 0.0173 0.5632 0.1928 8.77%
qP 0.2822 —0.0570 —0.3103 0.0899 4.09%
Rfd 0.3123 —0.0563 0.2905 0.2241 10.19%
Pn 0.2446 0.4303 —0.0540 0.2290 10.42%
Gs 0.0738 0.6098 0.0701 0.1952 8.88%
Ci —0.1212 —0.0551 0.4469 0.0042 0.19%
Tr 0.0901 0.6154 0.0340 0.1989 9.05%
Eigenvalue 6.140 2421 2.063
Variance Explained Ratio 47.23% 18.63% 15.87%
Cumulative Contribution % 47.230 65.856 81.722

Photosynthetic gas exchange parameters are commonly used to reflect plant photosyn-
thetic efficiency, including Pn, Gs, Ci, and Tr. After 7 days of “simulated low-temperature
stress in late spring”, peanut seedling leaf parameters Pn, Gs, and Tr showed a decreasing
trend, while Ci increased. The results indicated (Table 2) that compared to the CK treatment,
after 7 days of low-temperature stress, leaf parameters Pn, Gs, and Tr decreased by 491%,
356%, and 323%, respectively, while Ci increased by 15%. Following 7 days of treatment at
5 °C, the photosynthetic fluorescence values of 70 peanut germplasms exhibited varying
degrees of reduction, indicating significant differences in the trends of various physiological
indices of different peanut varieties under long low-temperature growth.

3.2. Correlation Analysis of Individual Index Cold Resistance in Peanut Seedlings

Correlation analysis was performed on the cold resistance coefficients of 70 peanut
varieties across 13 indicators. The analysis illustrated in Figure 1 revealed that Fo exhibited
highly significant positive correlations (p < 0.01) with Fm, Fv, Fv/Fm, Fv’/Fm’, NPQ, and
Rfd. Similarly, Fm showed highly significant positive correlations with Fv, Fv/Fm, ®PSI],
NPQ, gP, Rfd, and Pn, while Fv displayed highly significant positive correlations with
Fv/Fm, Fv'/Fm’, ®PSII, NPQ, qP, Rfd, and Pn. Furthermore, Fv/Fm indicated highly
significant positive correlations with Fv’/Fm’, ®PSII, NPQ, P, Rfd, and Pn yet a highly
significant negative correlation with Ci. Additionally, Fv’/Fm’ exhibited highly significant
negative correlations with ®PSII, qP, Rfd, Pn, and Ci, as well as a highly significant negative
correlation with Ci. Moreover, ®PSII demonstrated highly significant positive correlations
with gP, Rfd, and Pn but a highly significant negative correlation with Ci. NPQ showed
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highly significant positive correlations with qP, Rfd, and Pn yet a highly significant negative
correlation with Ci. Additionally, qP exhibited a highly significant positive correlation
with Rfd but a significant correlation with Ci. There were also highly significant positive
correlations between Pn and Gs and Tr yet a highly significant negative correlation between
Pn and Ci. A highly significant positive correlation was observed between Ci and Tr. Due
to the existence of certain correlations among various indicators (Figure 1), the overlap
of indicator information affects the results of cold resistance identification. Given the
significant influence of multiple indicators on peanut cold resistance, further principal
component analysis is necessary for a more accurate evaluation of peanut cold resistance.

1
FO T-. i . - -
Fm 0.73 wok 2 % 3 . kil 0.8
FV e L - - 06
Fv/Fm 095  Fv/Fm gy - i o
— 0.4
Fv'/Fm' 082 087 091 Fv/Fm' S b i L
02
dPSII 065 | 071 075 086 |®PSI o o e
P 0.57 | 0.64 | 092 qP e = S0
q - 02
Rfd 069 | 073 | 0.74 0.75 Rfd i
— -04
Pl’l Pn *%
Gs 0.66 Gs -0.6
i (e
Ci i 08
Tr 071 098 I

O P DL’ O
0 & K QA\Q Q.E\Q@ &Q% & X & X

* p<=0.05 ** p<=0.01

Figure 1. Correlation analysis of low-temperature resistance coefficient.

3.3. Principal Component Analysis of Individual Indicators

Principal component analysis was conducted on the cold resistance coefficients of
13 individual physiological indicators for peanuts (Table 3). The first three principal compo-
nents had contribution rates of 47.23%, 18.63%, and 15.87%, respectively, with a cumulative
contribution of 47.23%, 65.86%, and 81.72%. When the cumulative contribution rate of
the principal components exceeds 80%, these three components can effectively represent
the majority of information from the original 13 indicators, enabling a comprehensive
evaluation of the cold resistance of peanuts. From the table, it is evident that for the
first principal component, the indicator Ci has a negative impact with loadings ranging
between —0.121 and 0.388; Fv/Fm and Fv’/Fm’ are high positive loading indicators with
loadings of 0.388, 0.382, and 0.372, respectively. The indicators that negatively affect the
second principal component include Fo, Fm, Fv, ®PSII, Fv'/Fm’, qP, Rfd, and Ci, with
loadings between —0.0453 and —0.1211. Gs and Tr are high positive loading indicators
with loadings of 0.6098 and 0.6154, respectively. The third principal component displays
negative impacts from indicators such as Pn, Fv’/Fm’, qP, and ®PSII, with loadings rang-
ing from —0.054 to —0.3168. Additionally, Ci activity and NPQ activity are high positive
loading indicators, with loadings of 0.4469 and 0.5632, respectively. By multiplying the
comprehensive score coefficients corresponding to the 13 fluorescence indicators with the
variance contribution rates of each component and summing them, weights were calculated.
A higher calculated result indicates a stronger positive impact on peanut cold resistance
and thus a better indicator for evaluating peanut cold resistance. On this basis, the ranking
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of evaluation indicators for peanut cold resistance can be determined. The top ten optimal
evaluation indicators for peanut cold resistance are Pn, Fv/Fm, Rfd, Fm, Fv, Tr, Gs, NPQ,
Fo, and Fv'/Fm’.

From Figure 2, it can be observed that the same comprehensive indicator falls into
a function value range between 0 and 1. In terms of Principal Component 1 of the com-
prehensive indicator, the U(X;) value for variety 70 is maximal at 1, while variety 49 has
a minimal U(X;) value of 0. This indicates that under Principal Component 1, variety
70 exhibits the strongest cold resistance, while variety 49 displays the weakest cold resis-
tance. Similarly, varieties 70, 43, and 60 have the strongest cold resistance under Principal
Components 2, 3, and 4, respectively, whereas varieties 39, 35, and 26 have the weakest
cold resistance. Based on the membership function values of different comprehensive
indicators for each variety, along with the weights of these indicators, the overall evaluation
value of cold resistance for each variety, denoted as D, is calculated. The magnitude of
D represents the strength of each variety’s cold resistance. Variety 70 (QH24H) has the
highest D value of 0.773, while variety 49 (KH1H) has the lowest D value of 0.115. It can
be therefore inferred that variety 70 exhibits the strongest cold resistance, while variety
49 displays the weakest cold resistance.

25

05

0.01 |~

0.001 -

Figure 2. Cluster analysis of cold resistance coefficients of comprehensive indicators. Note: cold-
tolerant (CT); cold-intolerant (CI).

To better categorize the cold resistance of peanuts, systematic cluster analysis was
performed on D values, dividing the cold resistance (A = 1.0) of 70 peanut germplasms
into 4 classes (Figure 2). Specifically, Class 1 is classified as highly cold-resistant, encom-
passing three peanut germplasms with D values ranging from 0.687 to 0.773. Class 2
is categorized as moderately cold-resistant, with D values ranging between 0.419 and
0.629 and including 35 materials. Class 3 is identified as mildly cold-resistant, with D val-
ues ranging from 0.247 to 0.410 and containing 28 materials. Finally, Class 4 is considered
non-cold-resistant, with D values ranging from 0.115 to 0.202 and containing five materials.

As indicated in Figure 3, almost all the processes involved in plant photosynthesis
can be expressed using chlorophyll fluorescence parameters. To investigate the variation
patterns of chlorophyll fluorescence parameters in peanut seedlings during the adapta-
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tion to low-temperature stress, this study employed a chlorophyll fluorescence imaging
system to measure the chlorophyll fluorescence parameters of cold-tolerant peanut vari-
ety 70 (QH24H) and cold-sensitive peanut variety 49 (KH1H) (Figure 3). From the fluores-
cence in situ imaging of Fv/Fm, it can be observed that after 7 days of low-temperature
stress, the leaf fluorescence color of variety 70 (QH24H) changed from orange-red to light
green, whereas that of variety 49 (KH1H) transitioned from orange-red to blue-green. The
color change of Fv'/Fm’ to blue-green in parallel with the decrease in Fv/Fm indicates a
more significant reduction in Fv/Fm value for variety 49 (KH1H) under low-temperature
stress, suggesting a more severe damage to the PSII reaction center. $PSII represents the
actual photochemical efficiency of PSII. Under low-temperature stress, ®PSII decreased by
558% and 187% for varieties QH24H and KH1H, respectively. Variety QH24H exhibited
higher cold resistance, with its leaves appearing lighter and deeper green compared to
KH1H after being subjected to 5 °C for 7 days. The photochemical quenching coefficient
gN is an index used to measure the ability of capturing photon energy for photochemical
reactions, that is, the light energy conversion efficiency of plants. Under low-temperature
stress, variety 49 (KH1H) showed a significant decline after treated for 7 days at 5 °C, while
variety 70 (QH24H) presented a slow downward trend, and the fluorescence image was
similar to that of the control group. NPQ represents the plant’s thermal dissipation ability
and reflects a self-protection mechanism in plants. Under low-temperature stress, the NPQ
of variety 70 (QH24H) showed an ascending trend, while variety 49 (KH1H) exhibited a
significant decrease, indicating that cold-resistant varieties can better dissipate excess light
energy by increasing NPQ. Conversely, the self-protective thermal dissipation mechanism
of temperature-sensitive varieties was severely disrupted.

QH24H KHIH QH24H KHI1H
L 8 s 3 # # % & = 9 :% 0.85
FV/Fm " az ” a s a 8 2 . s .
8 85 s 8 Y ® 9 o
poEm TS 3 32 )
B P 8 NY B 2o o
L8P 3 sy B Y =y o
OPSII a LS.
8 8P 38PN &g 2.
%’o % ,‘. a9 g“!a ﬁ - ’%2‘ @ : N
qN ‘

8 8 9 2 98 &t s 8 o

NPQ 288 % 38 B8 &8 . o2

8 & !‘ S 9 a L A a & eo
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(a) Control subjects (b) Coercive group

Figure 3. Pseudo-color image of chlorophyll fluorescence parameter ®PSII in peanuts under low-
temperature stress.
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3.4. Establishment of Regression Equation and Screening of Identification Indicators

From the correlation analysis, as shown in Table 3, it is evident that the indicators
Fv/Fm, ®PSII, Rfd, Pn, Gs, Ci, and NPQ exhibit highly significant correlations with the
comprehensive evaluation value (D) of cold tolerance. Therefore, these seven indicators are
considered as independent variables, while D is regarded as the dependent variable. A step-
wise regression analysis was performed to establish the regression model for evaluating
the cold tolerance of peanut seedlings.

Y= —0130+0.046 X X1 0296 x Xo + 0112 x X5 + 0231 x X4 + 0126 x Xs+
0.047 x Xg -+ 0.076 x X7 + 0.092 x Xg, (R2 = 0.998, p = 0.000 < 0.05)

Y is the predicted value of cold tolerance evaluation, X; represents Fo, X, repre-
sents Fv/Fm, X3 represents ®PSI, X, represents Rfd activity, X5 represents Pn activity, X4
represents Ci activity, Xy represents Gs, and Xg represents NPQ.

An analysis of the prediction accuracy (EA) of the regression equation reveals that
under the influence of low temperatures, when peanut seedlings are almost wilted, the
values of all indicators approach zero, resulting in Y < 0. In such cases, the sample can be
directly classified as cold-sensitive. When Y > 0, only 1 sample has a prediction accuracy
below 90%, while the average prediction accuracy of the remaining 69 samples reaches
97.4% (Table 4). The prediction accuracy of these 70 samples is above 95%, demonstrating
that the vast majority of materials have a deviation of less than 5% between predicted and
actual values. This proves that the selected indicators have a significant impact on the cold
tolerance of seedlings, and this mathematical model can be used for the non-destructive
assessment of cold tolerance indicators for peanut seedlings.

Table 4. Prediction accuracy analysis of regression equation for evaluating cold tolerance of 70 peanut

samples.
PZ D Y Y-D EA PZ D Y Y-D EA

PH21 0.350 0.372 0.022 0.938 SYSH 0.425 0.430 0.005 0.987
QH24H 0.502 0.527 0.025 0.950 TADJR 0.569 0.571 0.002 0.997
FH8H 0.460 0.466 0.006 0.988 MH12H 0.531 0.519 0.012 0.978
YY93 0.441 0.446 0.005 0.989 PX16H 0.444 0.403 0.041 0.908
SY162 0.498 0.504 0.006 0.988 QH627 0.498 0.495 0.003 0.993
PTKZ 0.384 0.390 0.006 0.985 MHI11H 0.446 0.435 0.010 0.977
JHSH 0.373 0.391 0.018 0.952 JH10H 0.408 0.407 0.000 0.999
PH31 0.473 0.478 0.005 0.989 LH7H 0.619 0.613 0.006 0.990
FH4H 0.410 0.421 0.011 0.974 QH2197 0.593 0.583 0.010 0.983
YY2H 0.357 0.369 0.012 0.968 JY2H 0.571 0.557 0.014 0.976
PH23 0.474 0.489 0.015 0.969 JH37 0.512 0.504 0.008 0.985
FH3H 0.432 0.435 0.004 0.992 JJZLQ 0.269 0.253 0.016 0.941
HHI1H 0.571 0.566 0.004 0.992 PH45 0.171 0.161 0.010 0.940
PY3H 0.522 0.528 0.006 0.988 JY13 0.115 0.103 0.012 0.892
LH243 0.491 0.476 0.015 0.970 LY9H 0.181 0.180 0.000 0.998
PX16H 0.409 0.411 0.002 0.994 HY5H 0.349 0.355 0.007 0.981
PX1H 0.583 0.598 0.015 0.974 QH27 0.202 0.199 0.003 0.985
QH646 0.466 0.469 0.003 0.993 MH5H 0.335 0.353 0.018 0.945
PX2H 0.687 0.676 0.011 0.984 MH11H 0.556 0.558 0.002 0.996
HH9006 0.503 0.487 0.015 0.969 LH250 0.419 0.434 0.015 0.964
QH726 0.710 0.690 0.020 0.971 FHSH 0.339 0.345 0.005 0.985
LH243 0.427 0.425 0.002 0.995 QH2197 0.517 0.526 0.009 0.982
ZAHM 0.274 0.270 0.005 0.983 MH4H 0.564 0.567 0.002 0.996
QH829 0.277 0.279 0.003 0.991 PX1H 0.437 0.439 0.002 0.996
ZPHHS 0.247 0.243 0.004 0.983 QH538 0.382 0.394 0.012 0.969
PH25 0.298 0.296 0.002 0.994 LH138 0.304 0.308 0.004 0.988
YY93 0.334 0.337 0.003 0.992 QH7H 0.332 0.333 0.001 0.998
QH7H 0.477 0.502 0.025 0.948 H557 0.356 0.375 0.019 0.948
ZPGB 0.398 0.397 0.001 0.997 MH11 0.351 0.353 0.002 0.995




Agronomy 2024, 14, 1699 11 of 14
Table 4. Cont.

Pz D Y Y-D EA PZ D Y Y-D EA
PH6H 0.495 0.513 0.019 0.962 QH10H 0.308 0.324 0.015 0.951
HY7418 0.369 0.378 0.009 0.975 FH13 0.200 0.206 0.006 0.971
QH551 0.399 0.390 0.009 0.977 MH13H 0.469 0.492 0.022 0.952
J7116 0.363 0.363 0.000 0.999 LH13 0.287 0.258 0.029 0.899
JH21 0.556 0.560 0.004 0.993 QHH1H 0.506 0.510 0.004 0.991
HA 0.629 0.654 0.025 0.960 KH1H 0.773 0.734 0.039 0.950

Note: PZ is the variety, D is the cold tolerance index, Y is the predicted value, Y-D is the absolute value of the cold
tolerance index over the predicted value, and EA is the evaluation accuracy.

4. Discussion
Exploration and Utilization of Cold Tolerance Resources in Peanut Germplasm

Peanut is an important oilseed and economic crop with a preference for warm con-
ditions, making it sensitive to temperature changes [32]. Therefore, the selection and
breeding of peanut germplasms with strong cold tolerance is particularly crucial, especially
in light of the increasing frequency of extreme cold climate events globally [33]. In the
southern regions of China, spring is often accompanied by continuous occurrences of late
frosts, which can significantly impact the growth and production of peanuts [34]. It is
therefore essential to identify peanut germplasms suitable for low-temperature conditions
in high-altitude regions.

The present study has revealed that under simulated conditions of extreme cold
temperatures at 5 °C, various indicators of different peanut germplasms, such as Fm, Fv,
Fv/Fm, Fv'/Fm’, ®PSII, NPQ, qP, Rfd, Pn, Gs, and Tr, exhibited a decreasing trend com-
pared to the control group, consistent with the findings of previous research by Li et al. [35].
The 70 peanut germplasm samples demonstrated differences across multiple indicators.
A variation coefficient over 10% indicates significant variations in traits among germplasm
resources, as noted in studies by Huang [36] and Liu [37]. In this study, the variation
coefficient for 13 indicators of peanut germplasms ranged from 2.56% to 62.47%, suggesting
that peanuts primarily rely on processes such as photosynthesis and respiration in leaves
to counteract external abiotic stress under low-temperature conditions.

The photosynthetic process in plants is highly sensitive to temperature, and the disrup-
tion of carbon balance due to inhibited photosynthesis is a major cause of plant death [38,39].
Low temperatures directly affect the synthesis of chlorophyll in plants and the activity of
photosynthetic organs, indirectly impacting photosynthesis through the diffusion resis-
tance of stomata to CO, and water stress. In this study, both the stomatal conductance (Gs)
and transpiration rate (Tr) of peanut varieties in the low-temperature group significantly
decreased under low-temperature stress, indicating a marked reduction in stomatal open-
ing and impaired normal gas exchange in peanut seedlings. This ultimately affected the
plant’s photosynthetic rate, with the cold-tolerant peanut varieties exhibiting significantly
lower reduction than the cold-sensitive ones. Under adverse stress conditions, chlorophyll
fluorescence parameters have been widely used as effective indicators to evaluate the
extent of damage to the photosynthetic system [40]. In this experiment, indicators such as
Fv/Fm, ®PSII, and gP in the low-temperature group of peanut varieties showed varying
degrees of decline, suggesting that the photosynthetic system of peanut seedlings was
differently affected by low-temperature stress, leading to a significant decrease in light
energy utilization efficiency. Notably, the impact was much lower on the cold-tolerant
peanut varieties compared to the cold-sensitive ones. Therefore, the results of this study in-
dicate that non-destructive parameters such as chlorophyll fluorescence and photosynthetic
detection are effective for screening cold-tolerant peanut breeding.

Low temperatures can cause various effects on plants, including delayed structural
development, disrupted physiological metabolism, reduced photosynthetic efficiency, and
cell membrane damage leading to the leakage of cell ions and soluble substances [29].
Among these effects, photosynthesis is the most sensitive process to low temperatures.
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Photosynthetic rate, as an important parameter for studying plant light, also serves as a
crucial indicator reflecting the plant’s growth status, stress resistance, and productivity [30].
Therefore, photosynthetic parameters can be used as one of the indicators for studying
plant responses to low-temperature stress. Pn, Gs, and Tr plant leaves were applied as
indicators for cold resistance [31].

Crop cold resistance is influenced by various factors such as genetics and the envi-
ronment, making it challenging to assess accurately using a single indicator. However,
introducing too many indicators can increase experimental errors and complexity. In this
study, statistical methods like principal component analysis, membership function, and
cluster analysis were employed [41]. These methods are commonly used for plant resis-
tance evaluation [42]. Due to the different responses of indicators to low temperatures,
directly evaluating resistance based on the membership function values of each indicator
may lead to misjudgments in the low-temperature tolerance of some germplasm. Therefore,
it is necessary to assign different weights to each indicator prior to evaluation [43,44].
Through cluster analysis, this study identified three highly cold-resistant and five highly
cold-sensitive materials. The findings provide reference for breeding cold-resistant peanut
varieties and studying the mechanisms of cold resistance in peanuts.

A model for peanut seedling cold resistance was constructed based on the cold resis-
tance index (D) of 70 materials and the relative values of the 13 indicators. This model
simplifies the evaluation of 13 indicators into 8, making the operation simpler and enhanc-
ing prediction accuracy. The model, constructed using a representative set of 70 peanut
germplasm samples combined with cluster analysis to categorize cold resistance levels, can
accurately predict the cold tolerance of unknown peanut germplasm resources.

5. Conclusions

In this study, 70 peanut varieties were subjected to treatments of low temperature
(5 °C) and normal temperature (25 °C). Photosynthesis and fluorescence indices were
used as evaluation metrics for the non-destructive identification of the cold tolerance of
peanut seedlings. This study identified three highly cold-tolerant varieties (QH24H, SY162,
and JH8H) and five highly cold-sensitive varieties (MH13H, QHH1H, PX1H, LH13, and
KH1H). The findings provide insights for breeding cold-tolerant peanut varieties and
investigating the mechanisms of cold resistance in peanut seedlings. Based on statistical
methods, an evaluation model specifically tailored for peanut seedling cold resistance was
developed. We demonstrated in this study that fluorescence spectroscopy, when analyzed
together with photosynthetic feature extraction, provides a new avenue for rapid and
non-destructive crop chilling injury monitoring, which is essential for the development of
smart and precision agriculture.
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