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Abstract: Salt stress is a limiting factor affecting the growth, development, and yield of peanuts.
Breeding improvement is a possible solution to overcome salt stress. The salt tolerance of 57 peanut
cultivars in Northeast China was identified using indoor simulation at the germination stage, the
seedling stage, and field natural identification. At the germination stage, 75 mM NaCl was the most
suitable screening concentration, and the seed vitality index of 57 cultivars was analyzed using the
membership function and cluster analysis. Among these cultivars, 11 were identified as salt-tolerant
and 19 were salt-sensitive during germination. In the seedling stage, six salt tolerance coefficients
(STCs) showed significant correlation. A gray relational analysis was used in combination with evalu-
ation grading, resulting in the identification of 14 salt-tolerant cultivars and 12 salt-sensitive cultivars.
In the field screening, a comprehensive analysis was conducted using a principal component analysis
of nine indices, including agronomic characteristics, yield characteristics, and SPAD. This analysis led
to the determination of three comprehensive indices. The weighted membership function was used
for comprehensive evaluation. Finally, three salt-tolerant cultivars and four salt-sensitive cultivars
suitable for planting in Northeast China were screened out to provide an excellent germplasm for
researching the salt-tolerant mechanism of peanuts.

Keywords: salt tolerance screening; comprehensive evaluation; whole growth period; genetic resources

1. Introduction

Peanuts (Arachis hypogaea L.) are an important source of high-quality plant protein
and vegetable oils. They is mainly distributed in tropical, subtropical, and warm temperate
regions [1]. As one of the four major peanut-producing areas, Northeast China has seen
significant developments in planting area and yield. Because the pollution risk of aflatoxin
is significantly lower than that in other producing areas, Northeast China has become a
recognized high-quality peanut production base [2]. However, the growth and development
of peanuts are often limited by abiotic stresses, such as extreme temperatures, droughts,
soil salinization, and heavy metal pollution [3,4]. The salinization of soils is considered
to be one of the most significant environmental problems in the world [5]. Salinity affects
one billion hectares of cultivated agricultural ground worldwide and 33% of irrigated
agricultural land. The extent of cultivated land affected by salt stress and the magnitude of
its impact have consistently shown an upward trend over the years [6]. Most of China’s
salinized land is scattered across the northeast, north, and northwest [7]. Salt stress is one
of the major factors limiting land use and food production. Peanuts, a crop moderately
sensitive to salt, have been cultivated primarily on infertile lands in arid and salinized areas
because of the lack of arable land [8].
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Genetic improvement in salt tolerance is an effective measure to alleviate salt stress [9].
Developing salt-tolerant cultivars and expanding arable land are crucial for the advance-
ment of sustainable and industrialized green agriculture [10,11]. Using the quantitative trait
locus (QTL) to understand superior traits is an effective strategy for cultivar improvement
and can quicken the development of tolerant/resistant cultivars that are able to withstand
abiotic stresses [12]. QTL mapping has been widely used to study abiotic stress tolerance
in crops [13,14]. The salt tolerance of plants is a polygenic trait that is controlled by several
QTLs [15,16]. Wang et al. [17] argued that the QTL gSNC11 plays a vital role in the salt
tolerance of rice and can be used to enhance the salt tolerance of rice varieties through
marker-assisted selection (MAS). Using biotechnological and genetic techniques, such as
transgenic and gene engineering, can improve cultivation methods and enhance the salt
tolerance of tamarisk [18], cotton [19], and poplar [20]. Certainly, there are many appli-
cations in oilseed crops. Hamwieh and Xu [21] showed that a major salt-tolerant QTL
with a large dominant effect accounted for 68.7% of the total variance in the STR scale
for soybean. Li et al. [22] used 490 accessions of sesame (Sesamum indicum) to conduct a
genome-wide analysis of salt stress tolerance. There were 132 significant single-nucleotide
polymorphisms (SNPs), which were further found to be associated with nine QTLs under
salt stress. A total of 18 unique QTLs controlling two to four traits were detected by Zhang
et al. [23] using a meta-analysis. Six novel and unique QTLs were detected for salt-alkali
tolerance and yield-related traits. Based on a comparison with QTLs previously identified
for yield-related traits, seven co-localized regions on A09 and A10 were identified.

The breeding of salt-tolerant cultivars forms the basis for genetic improvement in salt
tolerance [24]. Appropriate evaluation methods and identification indices are the key to
rapid and accurate screening of salt-tolerant cultivars. In order to select new cultivars,
it is important to have an effective selection criterion [25]. There are many different
criteria and indicators that can be utilized to evaluate the salt tolerance of crops. Hussain
et al. [26] set three salinity levels; determined seven indices, such as plant height, number
of branches per plant, number of panicles per plant, and panicle length; and identified
the salt tolerance of six contrasting quinoa cultivars using static environmental variance
(S?) and dynamic Wricke’s ecovalence (W?). Alam et al. [27] screened salt tolerance at
the seedling stage under 200 mM NaCl. They divided 27 tomato genotypes into 5 key
clusters using a principal component analysis and clustering with a percentage reduction
in growth parameters. Saniora was the most salt-tolerant genotype, and P.Guyu was the
most sensitive. To evaluate 20 diverse alfalfa cultivars at the seedling stage, principal
components, membership functions, and cluster and stepwise regression analyses were
used with the salt tolerance coefficients of 14 traits [28]. The shoot fresh weight, the ratio of
the shoot fresh weight to the root fresh weight, the shoot dry weight, and the ratio of K* to
Na* in the shoot were used as indicators of salt tolerance in alfalfa seedlings grown under
a 150 mM NacCl treatment.

Various cultivars exhibit varying degrees of sensitivity to environmental conditions,
making the selection or enhancement of local cultivars more appropriate for natural culti-
vation conditions in a given area than introducing foreign cultivars [29]. This can funda-
mentally solve the problem of saline—alkali soil and improve crop yield and quality [30].
Moreover, crops phenotypes are always critical to consider in domestication and breed-
ing [31]. Salt-tolerant cultivars may be used as a genetic resource for crop breeding to
ensure yield stability in the future [32,33]. Previous studies have primarily concentrated
on a single research evaluation index, which has been criticized for its lack of objective
evaluation. Moreover, previously, identification was based on a single growth period in
the field or an entire growth period in the field. In recent years, the detrimental effects of
salt stress on peanut production in Northeast China have become increasingly severe. Our
objective was to identify salt-tolerant peanut cultivars that are suitable for this region to
provide an excellent germplasm for the research of the salt-tolerant mechanism of peanuts
through the assessment of the germination index, seedling morphological index, agronomic
characteristics in the field, and yield characteristics. To achieve this, a total of 57 peanut
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cultivars, predominantly cultivated in Northeast China, were utilized as the experimental
materials in this research. Multivariate statistical methods such as correlation analysis,
cluster analysis, gray relation analysis, membership function analysis, and principal com-
ponent analysis were used to evaluate salt tolerance at the germination stage, seedling
stage, and field growth stage.

2. Materials and Methods
2.1. Plant Material

A total of 57 peanut cultivars mainly planted in Northeast China were collected for
salt tolerance identification (Table S1). SN1, SN3, SN5, SN8, SN16, and SN40 were used
to screen the NaCl concentration during germination. All the seeds were provided by
the Peanut Research Institute of Shenyang Agricultural University. The methodological
framework is shown in Figure S1.

2.2. Experimental Design
2.2.1. Screening of Salt Tolerance of Peanuts during Germination

The seed germination test was conducted in a biochemical incubator (SHP-150, Shang-
hai Sumsung Laboratory Instrument Co., Ltd., Shanghai, China). Sodium hypochlorite
(NaClO) solution (1%) was used to sterilize the surface of full seeds of uniform size for
10 min after soaking in 50 mM, 75 mM, and 100 mM NaCl solutions for 10 h. Distilled
water was used as the control (0 mM). The seeds were placed neatly in a Petri dish covered
with double-layer of wet filter paper. The seeds were covered with wet gauze and cultured
in the dark, during which time the concentration was verified using the weighing method
at 28 °C for 10 days. Each treatment was set to repeat 3 times, each with 30 seeds.

2.2.2. Screening of Salt Tolerance of Peanuts at the Seedling Stage

The experiment took place in a solar greenhouse at the experimental base of Shenyang
Agricultural University (41°50" N; 123°34’ E), Liaoning Province, China. NaClO (1%) was
used to sterilize the surface of the full seeds of uniform size for 10 min. The seeds which
germinated neatly were sown in vermiculite pots after soaking in distilled water solutions
for 10 h. After removing the cotyledons, the seedlings with the same growth were carefully
removed and transferred into hydroponic boxes containing 1/2 Hoagland solution (PH0424,
Phygene, Fuzhou, China). The new nutrient solution was replaced every 3 days, while
reductions in volume were supplemented daily with distilled water. We separated the
seedlings into two groups when the peanut seedlings grew to the three-leaf and one-heart
stage. One group was hydroponically grown in 1/2 Hoagland solution supplemented
with 200 mM NaCl. The other group was grown in 1/2 Hoagland solution supplemented
without NaCl. Each treatment was set to repeat 3 times.

2.2.3. Screening of Salt Tolerance of Peanuts in the Field

The experiment was carried out at the experimental field of Shenyang Agricultural
University (41°82' N; 123°56’ E), Liaoning Province, China during 2021-2022. Seed sowing
was carried out on 20 May 2021 and 18 May 2022, and harvesting was carried out on
28 September 2021 and 25 September 2022. The region has a temperate semi-humid
continental climate, with the annual mean temperature ranging between 6.2 and 9.7 °C
and rainfall ranging between 600 and 800 mm (Figure 1). The soil type was brown loam.
The basic physicochemical properties of the soil were as follows: soil organic matter,
15.4 g kg~!; available phosphorus, 27.50 mg kg~!; available potassium, 117.9 mg kg~ !;
alkaline hydrolysable nitrogen, 96.7 mg kg~!; and soil pH, 6.5. Before sowing, the soil
salinity concentration was adjusted to 2.5 g kg~! NaCl with a partition to simulate the
0.25% NaCl (moderately salinized) soil level in the field [8]. The cultivation layer of
the experimental field was calculated to be 20 cm. The fertilization level used was the
conventional fertilization level (75 kg N ha—1, 120 kg P05 ha=1, 170 kg KO ha—1) with
traditional field management. Each plot was 1 m in length, with 0.6 m row spacing and



Horticulturae 2024, 10, 147

40f18

10 cm between the plants in each row. Using a randomized block design, each treatment
was set to repeat 3 times. The field experiment utilized the average values of 2021 and 2022.

— PRCP —TAVG  ---- TMIN - TMAX
40 150
2021 2022

5 120 -
< g
g - 90 'g
© ARV 2
s y T ) o
3 b i \ ¥ 60 >
= : R U It g
z ; 1 Y ! :‘::,’ i M ': H \“" 30 =

_10 ol Jlil I ‘ . | H A | 1 'l H ]' l [ | !l

May Jun Jul Aug Sep Oct May Jun  Jul Aug Sep Oct

Figure 1. Air temperature and precipitation in the growing season of intercropping in 2021 and 2022.
PRCEP, precipitation; TAVG, average temperature of hourly values; TMIN, minimum temperature;
TMAX, maximum temperature.

2.3. Index and Method
2.3.1. Determination of Seed Vitality Index

Based on the method of Ahn et al. [34], the seeds were recorded daily as they germi-
nated. The length of the radicle was measured with a ruler. The germination potential,
germination rate, germination index, and vigor index were measured.

number of total germination seeds after 3 d

Germinatio npotential (%) = umber of seeds x 100 (1)
Germination rate (%) — total germination after 7 d < 100 )
number of seeds
Germination index (%) = ) _ Gt/Dt 3)
Vigor index = S x germination rate 4)

Within Equation (3), Gt represents the germination numbers on day t, and Dt repre-
sents the corresponding germination days. Within Equation (4), S represents the average
radicle length of each germinated seed.

2.3.2. Determination of Seed Morphological Index

The peanut seedlings were removed from the trays after eight days of cultivation. All
the seedlings were washed with tap water and blotted dry on filter paper. The hypocotyl
length and radicle length were measured using a ruler. The diameter of the hypocotyl
and radicle were measured with a vernier caliper. The weight of the fresh material was
recorded, and then the material was oven-dried at 80 °C to a constant weight, and the dry
weight was recorded.

2.3.3. Determination of Seedling Morphological Index

The growth state of the peanut seedlings was observed and scored according to the salt
tolerance morphological grade of peanut seedlings (Table 1). Plant height was measured
with a ruler. Calculation of leaf area was carried out using the method of specific leaf
weight. The fresh weights of shoot and root were recorded, and then the material was
oven-dried at 80 °C to a constant weight, and the dry weight was recorded.
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Table 1. Criteria for determining morphological grade of salt-tolerant peanut seedlings.

Level Plant Morphological Description

1 Seedlings grew normally and had no symptoms of salt injury
Seedling growth was normal; only one leaf showed slight chlorosis
Seedling growth was slightly inhibited, with 10% chlorosis of seedling leaves
30% chlorosis of seedling leaves
60% chlorosis of seedling leaves
The leaf tips of seedlings were withered and yellow
Seedlings leaves were completely withered or curled
Whole plant was dead or near death

OO U = WN

2.3.4. Investigation of Agronomic Characteristics in the Field

The seedling emergence counts were recorded daily and used to calculate the total
emergence percentage and relative emergence percentage. Five young leaves were collected
from three randomly selected plants per cultivar in the flower and needle stage to measure
soil and plant analyzer development (SPAD) values using a SPAD-502Plus chlorophyll
meter (Konika Minolta, Tokyo, Japan). Then, the lateral branch length, plant height, and
stem dry weight were measured.

2.3.5. Determination of Yield Characteristics

At maturity, the yield traits were investigated for three randomly selected plants. The
yield per plant, hundred-pod weight, hundred-grain weight, and full-pod number per
plant were investigated and averaged.

2.4. Data Analysis and Statistics

The data were collated and analyzed using Microsoft Excel 2016. A correlation analysis,
cluster analysis, and principal component analysis of the resulting data were performed
using GraphPad Prism 8.0.2 and R v3.4.4. The calculation formula is as follows:

STCs = ;Niﬂ (5)
control
ca=yr, [Bi x prin(m)j] (j=1,2,3,...,n) (6)

where Xnac1 and Xcontrol are the values of the traits for different peanut cultivars evaluated
under NaCl and water. STCs are the salt tolerance coefficients, CI is the comprehensive
index value, B; is the standardized value of the STCs for each index, and prin(m); is the
coefficient of the CI value.

The STCs of 57 peanut cultivars were evaluated using a membership function analysis:

Xj —Xmin .
n(X) = X X (G=1,23,...,n) (7)
where (X)) is the membership function value of the j index, X is the STC of the jth index,
Xmax 18 the maximum value of Xj, and Xy is the minimum value of X;.

Based on principal component analysis, the field index of 57 cultivars was calculated
according to Formula (9), and the comprehensive evaluation value of the peanut field was
calculated according to Formula (10). Wj is the ratio of the jth comprehensive indicator’s
contribution to the total contribution of all comprehensive indicators, and Pj is the contri-
bution of the jth comprehensive indicator. The formula of the comprehensive evaluation
method is as follows:

Clj — Clin
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W = E, P (G=1,2,3...,n) )
D= Z;:l [1(CI) x W] (j=1,2,3,...,n) (10)
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3. Results
3.1. Evaluation of Stress Tolerance during Peanut Germination
3.1.1. Determination of NaCl Stress Concentration during Germination

The hypocotyl length, hypocotyl diameter, radicle length, fresh weight of shoot, and
dry weight of shoot all decreased with the increases in concentration under the stress of
0 mM, 50 mM, 75 mM, and 100 mM NaCl. The hypocotyl diameter was not significantly dif-
ferent at 50 mM (—5.77-24.80%), but it significantly decreased under 75 mM (16.08-32.73%)
and 100 mM (25.90-47.32%). The hypocotyl length, hypocotyl diameter, fresh weight, and
dry weight of the shoots all decreased at 50 mM, but the difference was only significant at
75 mM NaCl. Therefore, 75 mM NaCl was selected as the screening concentration during
germination (Figure 2).
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Figure 2. Morphological indices of peanut germination at different NaCl concentrations.
(a) Hypocotyl length; (b) hypocotyl diameter; (c) free weight of shoot; (d) radicle length; (e) radicle
diameter; (f) dry weight of shoot. Different lowercase letters indicate significant (p < 0.05) differences
among the four treatment concentrations for the same cultivar. The different colored columns repre-
sent different cultivars chosen at random. A, cultivar; B, concentration. ns indicates no significant
difference. * and ** indicate significant differences at p = 0.05 and 0.01, respectively.

3.1.2. STCs of Germination Characteristics under 75 mM NaCl

The germination characteristics of 57 peanut cultivars showed a decreasing trend under
NaCl stress. Differences were observed among the different peanut cultivars. The relative
germination rate ranged from 0.710 to 1.000. The change ranges of the relative germination
potential, relative germination index, and relative vigor index were 0.449-1.000, 0.445-0.883,
and 0.122-0.876, respectively. Some distinct variations were observed between the cultivars,
and the variation coefficient ranged between 6.701% and 37.797% (Table 2). These results
show that there was wide genetic diversity among the tested materials. The tested indices
were sensitive to NaCl treatment, but the salt tolerance of the different peanut cultivars
under NaCl treatment differed; therefore, it was evaluated comprehensively.
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Table 2. Germination characteristics of 57 peanut cultivars under NaCl stress.

Relative Relative Relative Relative Vigor
Indicator Germination Germination Germination Index 8
Rate Potential Index
Max 1.000 1.000 0.883 0.876
Min 0.710 0.449 0.445 0.122
Mean 0.942 0.838 0.746 0.360
CV (%) 6.701 15.661 11.826 37.797

3.1.3. Analysis of Membership Function during Germination

The germination characteristics of the different peanut cultivars were affected by
75 mM NaCl stress. To better assess the effect of the different indices on the peanut germina-
tion period, a membership function analysis was performed to comprehensively evaluate
the salt tolerance of the peanut germplasms at the germination stage. The membership
function values of each index at the germination stage are shown in the bar chart (Figure 3).
The cultivars exhibiting the greatest salt tolerance, as determined by their D value, were
positioned at the highest rank. The D value of SN55 was the largest (0.844), followed by
that of SN1 (0.837). The salt-sensitive cultivars ranked lower, with the D value of SN11
ranking as the lowest (0.188), followed by that of SN44 (0.206).

SN47
SN8
SN48

Value
1.00

0.75

1 0.50
1 . 0.25
] 0.00

r:TiETTEﬁJ% if%%;f;%;?:ﬁ?ﬁﬁ%
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Figure 3. Clustering heat map and membership function of germination characteristics. p is the
membership function value of a single index, x1 is the relative germination potential, x2 is the
relative germination rate, X3 is the relative germination index, and x4 is the relative vigor index.
The column chart on the right represents the average membership function value (D value).
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The germination characteristic membership function analysis and cluster analysis
of the heatmap data indicated that the 57 peanut cultivars could be grouped into three
categories (Figure 3), with SN38, SN35, SN44, SN49, SN33, SN56, SN54 SN46, SN11, SN40,
and SN39 forming one group. These are salt-sensitive cultivars with a weak relative
germination potential, a low relative germination rate, a small relative germination index, a
poor relative vigor index, and a position at the bottom of the overall ranking. SN28, SN15,
SN52, SN42, SN22, SN26, SN9, SN43, SN30, SN2, SN6, SN34, SN18, SN19, SN51 SN17,
SN55, SN1, and SN5 can be divided into another group, with a strong relative germination
potential, a high relative germination rate, and a high relative germination index. The
comprehensive ranking of this group is high, and they are salt-tolerant cultivars.

3.2. Evaluation of Stress Tolerance at the Seedling Stage
3.2.1. Grade Salt Damage to Peanut Leaves under NaCl Stress at the Seedling Stage

In the screening stage of the seedling development, the salt-tolerance levels were
determined by assessing the shape of the seedlings. The height of the lollipop column
indicates the evaluation grade (Figure 4). A higher score indicates a greater impact on
peanut seedlings of a particular cultivar under NaCl stress, resulting in more severe damage.
That is to say, the response to NaCl is sensitive, which is represented by blue lollipop circles,
represented by SN27, SN38, and SN50. Similarly, the smaller the value, the less the cultivar
is affected by NaCl. These cultivars are represented by the red lollipop circles and are
salt-tolerant. Among them, SN1, SN17, and SN29 demonstrated the strongest resistance.
The morphological characteristics of the different cultivars of peanuts with salt tolerance
were readily observable.

@ salt-tolerance Moderate Salt-sensitive

6.0

4.0

20} | Ye®

0.0

Figure 4. Lollipop chart of salt tolerance grade under NaCl stress of 57 peanut cultivars at the seedling
stage and their morphological characteristics.

3.2.2. STCs of Peanuts under NaCl Stress at the Seedling Stage

Only when considering the grade of appearance may one-sidedness occur. Thus,
in this research, the 6 morphological indices of 57 cultivars in the seedling stage were
measured, and the STCs were calculated (Table S2). A histogram is used to show the
frequency distribution of six STCs among the cultivars (Figure 5). The distribution ranges
of the relative plant height and relative shoot dry weight ranged from 50% to 105% and 20%
to 100%, respectively, in 70-90% and 55-70% of the cultivars. The relative fresh weight of
the shoots and roots was distributed between 20% and 120% in 60-90% and 40-70% of the
cultivars, while the relative leaf area and relative dry weight of root had distribution ranges
of 40-70% and 40-80%. Using a Pearson correlation analysis, we examined the correlations
between the different indicators. All the indices were significantly correlated with each
other. The correlation coefficient between the relative root fresh weight and relative root
dry weight was as high as 0.94 (Figure 5). Then, we nondimensionalized the above data
using the initial value method. The difference sequence value was calculated, and the gray
correlation coefficient was obtained. The GCD (gray correlation degree) was calculated
and sorted. The top 15 cultivars were classified as salt-tolerant, and the bottom 15 were
determined to be salt-sensitive cultivars (Table 3). Finally, we utilized a combination of
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these two methods to obtain the ultimate salt tolerance classification. There were 14 salt-
tolerant cultivars at the seedling stage, SN1, SN3, SN4, SN5, SN7, SN 8, SN 9, SN11, SN17,
SN21, SN22, SN23, SN26, and SN29, and 12 salt-sensitive cultivars: SN13, SN15, SN27,
SN30, SN33, SN38, SN39, SN42, SN49, SN50, SN51, and SN53 (Table S3).

. RPH 1
. 0.8
i LR 06
* I
L 0.4
T SFW
y N
0.55 \ L 0.2
*kk s \ 7,,;‘
L RRFW r 0
s 5 ‘ [ 0.2
L-0.4
056 | orr | o0s2 ‘
-0.6
DW
0.94 0.61 ‘ 0.8
*%* k% Fk%k *k% s
DU 30 60 90 120 -1

Figure 5. Correlation analysis and frequency distribution histogram at the seedling stage for pheno-
types of 57 peanut cultivars under NaCl stress. RPH, relative plant height; RLA, relative leaf area;
RSFW, relative shoot fresh weight; RRFW, relative root fresh weight; RSDW, relative shoot dry weight;
RRDW, relative root dry weight. The diagonal graphs are histograms of the frequency distribution.
The abscissa represents the relative value, the ordinate represents the frequency of each group, and
the black solid line in the figure represents the normal distribution curve. *, **, and *** indicate
significant differences at the p = 0.05, 0.01, and 0.001 levels, respectively.

Table 3. GCD of STCs of 57 peanut cultivars under NaCl stress.

Cultivar GCD Order Cultivar GCD Order Cultivar GCD Order
SN1 0.5077 4 SN20 0.4076 25 SN39 0.3850 53
SN2 0.4011 34 SN21 0.4888 6 SN40 0.4098 24
SN3 0.4363 13 SN22 0.5075 5 SN41 0.4123 21
SN4 0.4695 8 SN23 0.5361 3 SN42 0.3854 51
SN5 0.4333 14 SN24 0.4029 30 SN43 0.4301 16
SN6 0.4102 23 SN25 0.4067 26 SN44 0.3923 42
SN7 0.4420 12 SN26 0.4496 9 SN45 0.3954 41
SN8 0.4813 7 SN27 0.3858 50 SN46 0.4126 20

SN9 0.4322 15 SN28 0.4200 17 SN47 0.3830 55
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Table 3. Cont.
Cultivar GCD Order Cultivar GCD Order Cultivar GCD Order
SN10 0.4047 29 SN29 0.6471 1 SN48 0.4025 32
SN11 0.4478 10 SN30 0.3850 52 SN49 0.3819 57
SN12 0.3901 44 SN31 0.3967 39 SN50 0.3824 56
SN13 0.3887 47 SN32 0.3955 40 SN51 0.3893 45
SN14 0.4116 22 SN33 0.3891 46 SN52 0.3984 37
SN15 0.3832 54 SN34 0.4472 11 SN53 0.3862 48
SN16 0.3994 36 SN35 0.3976 38 SN54 0.4007 35
SN17 0.6083 2 SN36 0.4017 33 SN55 0.3860 49
SN18 0.4059 27 SN37 0.4056 28 SNb56 0.4170 19
SN19 0.4027 31 SN38 0.3909 43 SN57 0.4182 18
3.3. Evaluation of Stress Tolerance of Peanuts in the Field
3.3.1. Correlation Analysis of Nine Indicators of STCs of Peanut Cultivars under NaCl
Stress in the Field
In the field screening part of this study, the agronomic characteristics in the field, the
field characteristics of each cultivar were determined, and the STCs were calculated. The
agronomic characteristics in the field and yield characteristics of the 57 peanut cultivars
were inhibited under NaCl stress. Some distinct variations were observed between the
cultivars, and the variation coefficient ranged between 6.042% and 36.605% (Table 4).
Table 4. Agronomic characteristics and yield characteristics of 57 peanut cultivars under NaCl stress !
Indicator x1 X2 X3 x4 x5 X6 X7 %8 x9
Max 0.952 0.988 0.970 0.972 1.078 1.176 1.034 1.231 1.060
Min 0.111 0.398 0.413 0.239 0.476 0.462 0.300 0.321 0.757
Mean 0.480 0.652 0.652 0.713 0.765 0.775 0.748 0.776 0.924
CV (%) 36.605 18.123 17.674 26.444 19.446 20.003 23.763 24.732 6.042

1 x1, relative yield per plant; x2, relative hundred-pod weight; x3, relative hundred-grain weight; x4, relative
full-pod number per plant; x5, relative lateral branch length; x6, relative plant height; x7, relative seedling
emergence rate; x8, relative stem dry weight; x9, relative SPAD.

To better understand the characteristics of the tolerance coefficient, a correlation
analysis was subsequently conducted. The results show that there were different degrees
of correlation among the nine STCs (Figure 6). There was a very significant positive
correlation between the relative yield per plant and the measured indices, except for the
relative emergence rate and relative SPAD value. The correlation between the relative yield
per plant and relative 100-pod weight was the strongest, being as high as 0.915 (p < 0.01).
Except for the relative emergence rate and relative stem dry weight, the relative SPAD
value was significantly negatively correlated with the measured biological indices and had
the greatest correlation with the relative yield per plant (r = —0.373).

3.3.2. Eigenvectors, Contribution Rate, and Weight of Principal Components of Peanut
Cultivars under NaCl Stress in the Field

A principal component analysis was performed to make up for the deficiencies of
a single-index evaluation. The characteristic values of the three principal components
were greater than 1, and the cumulative contribution rate was 69.323%. As a result, the
original nine characteristics could be transformed into three new independent comprehen-
sive indices to evaluate and judge the field salt tolerance of the peanut cultivars. These
three principal components represent most of the information contained in the original
characteristics. The first principal component had the highest contribution rate of 36.612%,
including the relative yield per plant, relative hundred-pod weight, relative hundred-grain
weight, and relative full-pod number per plant. The contribution rate of the second prin-
cipal component was 21.020%, including the relative lateral branch length, relative plant
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height, and relative seedling emergence rate. The contribution rate of the third principal
component was 11.690%, including the relative stem dry weight and relative SPAD (Table 5).

x1 x2 x3 x4 x5 X6 X7 x8 x9

Mantel’s r.sign

B O *1 —Negative
——Positive
%2
Mantel’s p
x3 —P <0.05
-—-P>=0.05
x4 Mantel's r.abs
— <01
x5 —01-03
— >=03
x6  Pearson’sr
0.9
x7 0.6
0.3
*x8 0.0

.—0.3

x9

Figure 6. Correlation analysis of field traits of 57 peanut cultivars under NaCl stress. x1, relative
yield per plant; x2, relative hundred-pod weight; x3, relative hundred-grain weight; x4, relative
full-pod number per plant; x5, relative lateral branch length; x6, relative plant height; x7, relative
seedling emergence rate; x8, relative stem dry weight; x9, relative SPAD. Red line indicates a
positive correlation, blue line indicates a negative correlation; solid line indicates p < 0.05; dashed
lines indicate p >= 0.05.

Table 5. Eigenvectors, contribution rates, and weights of principal components of field traits 2.

Principle Factor cn CI2 CI3
Eigenvalue 3.295 1.892 1.052
Contribution ratio (%) 36.612 21.020 11.690
Cumulative contribution ratio (%) 36.612 57.632 69.323
Eigenvector x1 0.958 0.132 0.056
X2 0.931 —0.079 —0.015
x3 0.833 0.049 0.023
x4 0.539 0.489 0.142
x5 0.181 0.932 0.033
X6 0.040 0.920 —0.105
x7 —0.196 0.327 —0.226
x8 0.127 —0.041 0.861
%9 —0.460 —0.060 0.498

2 %1, relative yield per plant; x2, relative hundred-pod weight; x3, relative hundred-grain weight; x4, relative
full-pod number per plant; x5, relative lateral branch length; x6, relative plant height; x7, relative seedling
emergence rate; x8, relative stem dry weight; x9, relative SPAD.

3.3.3. Comprehensive Evaluation of Peanut Cultivars under NaCl Stress in the Field

The membership function values of these three principal components were calculated
according to a formula. The heatmap was plotted, and a cluster analysis was then per-
formed. The membership function values of the same comprehensive index varied from
0.000 to 1.000. The closer the value was to 0 (tending to blue), the worse the comprehensive
salt tolerance under the NaCl conditions. The closer the value was to 1 (tending to red),
the higher the comprehensive salt tolerance under the NaCl conditions. For example, for
SN21, the membership function value pu(CI2) of the second comprehensive index was 0.000,
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indicating that SN21 had the worst salt tolerance according to the second comprehensive
index (Figure 7).

Figure 7. Clustering heat map of membership function of the field index of 57 peanut cultivars. p is
the membership function value.

The comprehensive D value of each cultivar was calculated according to the weight
ratio. The comprehensive salt tolerance evaluation of the 57 peanut cultivars in the field was
clustered. The first group included 16 cultivars, SN1, SN2, SN4, SN9, SN10, SN12, SN15,
SN17, SN18, SN19, SN32, SN35, SN37, SN43, SN48, and SN54, which were salt-tolerant
cultivars, and the second group included 27 cultivars, SN3, SN5, SN6, SN7, SN8, SN11,
SN16, SN20, SN22, SN23, SN24, SN26, SN29, SN31, SN33, SN34, SN36, SN38, SN39, SN40,
SN41, SN42, SN44, SN46, SN47, SN49, and SN50 which were salt-sensitive cultivars. The
other 14 belonged to the third category.

3.4. Evaluation and Comparison of Salt Tolerance of Different Peanut Cultivars at the Germination
and Seedling Stages and in the Field

A Venn diagram was drawn using indoor simulation at the seedling stage, the germi-
nation stage, and natural identification in the field (Figure 8). The cultivars with the same
resistance were counted. Three peanut cultivars were salt-tolerant, SN1, SN9, and SN17,
in the germination stage, seedling stage, and in the field. There were four salt-sensitive
peanut cultivars: SN33, SN38, SN39, and SN49. Eight peanut cultivars showed strong
salt tolerance in the germination stage only, SN6, SN28, SN30, SN34, SN42, SN51, SN52,
and SNb55, which did not show tolerance in the seedling stage or in the field. SN5, SN22,
and SN26 showed strong salt tolerance at the germination and seedling stages but did not
show the same results in the field. There were 17 peanut cultivars that were salt-sensitive
in the field only. There were only three and six cultivars that were salt-sensitive in the
germination stage and seedling stage alone, respectively.



Horticulturae 2024, 10, 147

13 of 18

3 0
8 7 3 6
3 4
5 1 4 2
7 17
(a) (b)

Figure 8. Venn diagram of salt tolerance screening results at different growth stages. (a) Salt tolerance;
(b) salt sensitivity. Different colors represent different growth stages: blue, germination stage; pink,
seedling stage; green, in the field.

4. Discussion
4.1. Screening of Peanut Salt Tolerance

Seed germination, an important aspect in crop growth and development and a crucial
factor in determining productivity, is severely affected by salt stress [35]. Strong salt toler-
ance in the germination stage lays a good foundation for later growth and development [36].
This study demonstrated a decreasing trend in the length and diameter of the hypocotyls,
radicles, and dry and fresh weights of the shoots with increasing salt concentrations. At the
salinity level of 50 mM NaCl, the relative shoot fresh weight was 52.807-77.047%, while
at 100 mM Na(l, it ranged from 9.130% to 14.035%. These negative effects of salinity on
the seed germination of legume seeds may be due to the reduction in water potential due
to salinity, which in turn leads to changes in crop hormones and enzyme activities [37,38].
Previous research has shown that the inhibition of seed germination is due to an increase in
seed water potential, which hinders the further absorption of water from the environment
with a lower water potential [39]. This was also observed in our study. The screening of
salt-tolerant cultivars during germination is particularly important. Liu et al. [40] showed
that the germination characteristics of all varieties/lines were inhibited under 0.5% and
0.75% NaCl stress. In this research, as the salt concentration increased, a decreasing trend
in the germination characteristics in all the cultivars was observed. The difference was
significant at a 75 mM NaCl concentration. We selected this concentration as the screening
concentration during the germination period. This was also the same as the concentration
of NaCl used in previous studies on germination [41].

Salt stress is more severe at the germination stage, emergence stage, and seedling
stage [42]. Liu et al. [40] believe that 0.5% NaCl stress leads to a more significant difference
in salt tolerance among peanut cultivars at the germination stage. Ding et al. [43] took the
membership function values of five traits as a comprehensive index during the germination
stage under 200 mM NaCl stress to screen 23 highly salt-tolerant and 38 salt-tolerant culti-
vars. Moreover, the germination index showed the highest correlation with salt tolerance.
Choudhary et al. [44] screened 314 wheat lines under lab conditions to evaluate their salt
tolerance, determining that the root length, shoot length, fresh weight, and dry weight were
the main indicators of salt tolerance at 150 and 200 mM NaCl concentrations. Du et al. [45]
combined 15 phenotypic indices, a diversity analysis, a correlation analysis, a principal
component analysis, and a cluster analysis to comprehensively evaluate 110 peanut lan-
draces. There were some differences in the salt tolerance and screening concentration
among the different peanut cultivars. Previous research focusing on a single evaluation
index lacked objective evaluation, while others considered a single period or the whole
growth period in the field. He et al. [46] combined the pot experiment with the field experi-
ment to explore the response of 50 rapeseed varieties with different genetic backgrounds to
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nitrogen. The results showed two different growth patterns that developed in response
to high nitrogen and low nitrogen. In other words, in the evaluation of tolerance, a single
planting mode should not be chosen. This research was carried out using a combination
of indoor simulation and field natural identification. The salt tolerance of peanuts was
evaluated comprehensively using multivariate statistical methods. The screening results
require follow-up experiments.

4.2. Evaluation Index of Peanut Salt Tolerance

Different character indices can reflect crop salt tolerance; therefore, there are many
indices used to evaluate and screen crop salt tolerance. Liu et al. [40] used the germination
potential, germination rate, and germination index as indices to screen the salt tolerance
of peanuts during germination. The differences in the germination rate and vigor index
indicated different tolerances during germination [47]. In order to eliminate differences
among the basic characteristics of different cultivars, the relative germination potential,
relative germination rate, relative germination index, and relative vigor index were used as
screening indices to identify salt tolerance during germination. Zhang et al. [19] hypothe-
sized that plant fresh weight, plant height, and main stem height were the best indicators
of the salt tolerance of peanuts. There was no significant difference in the plant height
between salt-tolerant peanuts and salt-sensitive peanuts, but the dry matter mass decreased
by 37.3% and 41.6%, respectively [8]. Under salt stress, crops with large dry matter ac-
cumulation have stronger salt tolerance [48]. Salt treatment led to a significant decrease
in peanut yield, and the performance of peanut cultivars with different tolerances was
different. The number of pods of TG37A (salt-sensitive peanuts) and GG2 (salt-tolerant
peanuts) decreased by 13% and 6%, respectively. Additionally, the 100-pod weight was
73% and 94% of that of the control, respectively, indicating that the salt-tolerant cultivars
could maintain a higher yield. At the same time, the SPAD decreased significantly and the
TG37A decreased more significantly after stress exposure [49]. It has been reported that the
leaf gas exchange parameters and SPAD value were significantly decreased by salt stress,
and the decrease was different in different cultivars [50]. This may be due to the decrease
in intercellular carbon dioxide concentration (Ci) or chlorophyll degradation or enzyme
activity due to partial stomatal closure [51]. In this research, nine important indices related
to the salt tolerance of peanuts were determined in a field experiment. The results showed
that different indices had different sensitivities to NaCl stress. Additionally, there was a
significant correlation among the nine indices. An analysis of the principal components
based on fewer integrated indicators can maximize the retention of information derived
from more original variables, which is helpful in evaluating the salt tolerance grade more
objectively and accurately [52]. In this research, the nine indices were transformed into
three independent comprehensive indices via a principal component analysis, which could
explain 69.32% of the phenotypic variation.

4.3. Evaluation of Peanut Salt Tolerance and Grouping of Cultivars

The evaluation of crop salt tolerance is mainly carried out to study crops’ response to
salt stress in terms of their morphological, physiological, and biochemical characteristics,
which means that a single index can only reflect a certain aspect. To evaluate a crop’s
salt tolerance more comprehensively and accurately, a multivariate statistical analysis
can be used to evaluate each evaluation method. Sivakumar et al. [53] used a principal
component analysis to evaluate 13 indices of 6 tomato germplasm sources for salt tolerance.
It was confirmed that the dry weight contributes more to the distinction between salt-
tolerant and salt-sensitive germplasm via a principal component analysis. In recent years,
the methods of correlation analysis, membership function analysis, principal component
analysis, and cluster analysis have been widely used in the evaluation of the salt tolerance
of rice [54], sunflowers [55], alfalfa [28], and peas [37]. In this study, there was wide genetic
diversity among the tested materials, with some distinct variations observed between
the cultivars. The 75 mM NaCl concentration was used as the screening concentration
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during the germination period, and then the relative germination rate, relative germination
potential, relative germination index, and relative vigor index were calculated. The salt
tolerance of the different peanut cultivars under NaCl treatment was different, so it was
evaluated comprehensively. The value of the membership function was calculated and
accompanied by a cluster analysis to identify salt tolerance in the germination period.
According to the membership function analysis and cluster analysis of the heatmap data
of the germination characteristics, the 57 peanut cultivars could be grouped into three
categories. A cluster analysis is more reliable than traditional methods [56]. The salt
tolerance coefficient, relative plant height, relative leaf area, relative shoot fresh and dry
weight, relative root fresh and dry weight, and grade score could be used as simple and
intuitive identification indices. There was a significant correlation between the grade
score and the salt tolerance coefficient, which is consistent with the results of previous
studies [57]. It was shown that the screening results are reliable. Then, a gray relational
analysis was carried out to nondimensionalize all the salt-tolerance coefficients (STCs), and
the correlation degree was calculated in order to quantify the salt tolerance of the peanut
seedlings. The results of the two analysis methods were summarized to determine the
cultivars that showed salt tolerance and salt sensitivity at the seedling stage.

In the field screening part of this research, the yield per plant, hundred-pod weight,
hundred-grain weight, full-pod number per plant, lateral branch length, plant height,
seedling emergence rate, stem dry weight, and SPAD value of each cultivar were deter-
mined, and the STCs were calculated. There were different degrees of correlation among
the nine STCs. Correlations among indicators lead to an overlap of information provided
by the evaluation indicators [28]. It was necessary to use multivariate statistical algorithms
to further analyze the salt tolerance. Nine field characteristics were transformed into three
new independent comprehensive indices to evaluate and determine the field salt tolerance
of the peanut cultivars. The principal component membership function value and the
comprehensive D value were calculated, which consider not only the importance of each
index but also the interaction between them and thus can more accurately evaluate the salt
tolerance of peanuts in the field.

5. Conclusions

It was determined that 75 mM NaCl was the most appropriate concentration for
screening during peanut germination. The 57 peanut cultivars were divided into three
categories based on a membership function analysis and cluster analysis. There were
11 cultivars with salt tolerance and 19 cultivars with salt sensitivity during germination.
According to the salt tolerance morphological score at the seedling stage, the top 15 cultivars
were determined according to those that demonstrated the highest salt tolerance at the
seedling stage. A gray relational analysis was used to comprehensively evaluate the
salt tolerance coefficient, and there was a significant correlation between the results and
the scoring results. Finally, 14 salt-tolerant cultivars and 12 salt-sensitive cultivars were
determined at the seedling stage. Additionally, three principal components were identified
during the field identification process. By employing a principal component-weighted
membership function and cluster analysis, a total of 16 salt-tolerant cultivars and 27 salt-
sensitive cultivars were identified. Furthermore, based on the results obtained at the
germination stage, seedling stage, and field identification, three peanut cultivars exhibiting
salt tolerance (Nonghua 5 (SN1), Nonghua 18 (SN9), Huayu 25 (SN17)) were identified,
while four peanut cultivars (Fuhua 10 (SN33), Fuhua 23 (SN38), Fuhua 24 (SN39) and
Shitouqi (SN49)) were identified as salt-sensitive. The identification of these cultivars can
serve as a valuable reference for breeding and improving the germplasm of salt-tolerant
peanuts in Northeast China. In our next study, these selected cultivars will be utilized to
investigate the underlying mechanisms involved in the response to salt stress.
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