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Abstract: Currently, developing cotton cultivation in saline—alkali soils is a vital focus for
restructuring the cotton industry in China. The seedling stage, specifically the three-leaf
stage, is a crucial period for assessing the salt tolerance of cotton. This research examined
430 natural populations of upland cotton, including 45 semi-wild germlines of Gossypium
purpurascens. We measured the phenotypic responses of salt stress injury on seedlings
as well as potassium (K), calcium (Ca), sodium (Na), and magnesium (Mg) concentra-
tions in the roots, stems, and leaves following a 72 h exposure. The comprehensive salt
tolerance index (CSTI) was determined using a membership function, principal compo-
nent analysis, and cluster analysis based on 48 phenotypic traits related to salt tolerance.
The results revealed significant variations in the phenotypic traits of the ion group under
salt stress. Salt stress greatly affected the relative contents of Mg, K, and Ca ions in the
aboveground parts of cotton, and correlations were observed among the 48 indices. The
CSTI was calculated using seven principal component indexes, identifying 30 salt-tolerant,
114 weakly salt-tolerant, 39 salt-sensitive, and 4 highly sensitive materials based on cluster
analysis. Among the 45 G. purpurascens cotton resources, 28 were weakly salt-tolerant,
while 17 were salt-sensitive. Through TMT (Tandem Mass Tag)-based quantitative anal-
ysis, we identified 3107 unique peptides among 28,642 detected peptides, resulting in
203,869 secondary mass spectra, with 50,039 spectra successfully matched to peptides.
Additionally, we identified several salt tolerance-related pathways (carbon metabolism;
glutathione metabolism; the biosynthesis of amino acids, etc.) and proteins classified within
the CAZy (Carbohydrate-Active EnZYme) family and expansin proteins. The results of
this study concerning salt-tolerant materials provide a crucial theoretical foundation for
the identification and evaluation of salt-tolerant breeding parents in cultivated cotton.

Keywords: upland cotton; Gossypium purpurascens; TMT-based proteome; salt-tolerant
proteins; differential enrichment; biological pathways
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1. Introduction

Soil salinity is one of the principal abiotic stresses restricting the development of
modern agriculture, which will generally lead to a 15~20% reduction in crop yield and qual-
ity [1,2]. According to statistics, about 20% of arable land in more than 100 countries around
the world is affected by salinization [1,3]. China has approximately 3.69 x 107 hectares of
salinized land, representing roughly 5.01% of its total arable land. The ability of a plant to
grow and complete its life cycle in saline environments depends on its inherent salt toler-
ance, which differs notably among various species and developmental stages [4]. Therefore,
screening and breeding salt-tolerant crop varieties is a crucial way to deal with the threat
of soil salinization. Recent research on crop salt tolerance reveals that salinity disrupts cell
membrane permeability through osmotic stress and ion toxicity. This results in oxidative
stress and metabolic imbalances, leading to bud rot, root rot, leaf desiccation, and reduced
yield [5]. The impact of salt stress on crops varies at different growth stages, with the
seedling stage being particularly sensitive. Likewise, the salt tolerance levels of different
genotypes differ significantly, both at various growth stages and within the same stage [6].
The salt tolerance at the budding stage was significantly higher than at the seedling stage,
making it more practical to study salt tolerance during the seedling stage [7,8].

Upland cotton (Gossypium hirsutum L.) is characterized by its extensive cultivation
area and superior yield potential, making it the predominant species within the global
cotton industry [9,10]. Semi-wild and upland cotton cultivated varieties have a genetic
affinity and many excellent traits such as disease and insect resistance, drought resistance,
and salinity tolerance [11]. Semi-wild cotton (Gossypium hirsutum L. purpurascens) is a
perennial species native to Hainan. Population genetic analyses indicate that this taxon
may have originated along the coastal regions of Mexico [12]. At present, there are few
studies on the identification and screening of salt-tolerant materials of wild and semi-
wild species of upland cotton. The reduction in arable land and competition between
grain and cotton have shifted cotton cultivation practices. Cotton farming is increasingly
concentrated in saline-alkali soils, offering significant development opportunities [13].
Saline-alkali stress significantly impacts the absorption and transport of mineral elements
in crops. This effect primarily arises from the high concentration of salts in the soil, which
leads to ion competition. As a result, the absorption of essential ions in cotton plants is
hindered, causing mineral nutrient stress. This stress ultimately disrupts the balance of ion
homeostasis in the crops [14]. Research increasingly focuses on how ionic toxicity affects
other ions [1]. More than 15% of China’s cotton fields are saline—alkali cotton areas, mainly
distributed in the Huang-Huai-Hai Plain and the Southern Xinjiang region [15]. Assessing
salt tolerance in cotton germplasms is essential for identifying superior varieties with high
tolerance and sensitive types. This approach will enhance genetic diversity and is crucial for
optimizing cotton production and ensuring the sustainability of the national cotton industry
amid rising soil salinity. At present, the research on the identification of salt tolerance
of crop materials is mainly focused on soybean [16], peanut [17], rice [18], wheat [19],
mung bean [20], and cabbage [21]. Research on identifying and assessing salt tolerance in
upland cotton germplasm resources, particularly for non-edible cash crops, remains limited.
Existing studies face several challenges, including an excess of identification indicators
without standardized methodologies. Additionally, there is a scarcity of comprehensive
and representative germplasm materials, along with an absence of systematic evaluations
of salt tolerance across recognized upland cotton varieties.

Recent advancements in proteomic methods have established them as effective tech-
niques for revealing proteomic profiles, thereby enhancing our understanding of plant
physiological adaptations to stress [22-24]. Additionally, comparative proteomics offers
enhanced insights into the molecular mechanisms governing stress responses in plants
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exhibiting varying degrees of stress sensitivity when subjected to challenging environmen-
tal conditions [25,26]. Two-dimensional gel electrophoresis (2-DE) is the main proteomic
technique used to identify differentially abundant proteins (DAPs) in alfalfa leaves and
roots under abiotic stress, including drought, salinity, and heat treatment [27-30]. The
2-DE-based proteomic approaches encounter challenges in achieving efficient protein
identification and precise quantification [31]. The advancement of proteomics has led to
significant improvements in quantitative proteomics, particularly using Tandem Mass Tags
(TMTs). This approach enhances both the identification of a more significant number of
proteins and the accuracy of their quantification [32,33]. TMTs, or Tandem Mass Tags, are a
class of stable isotope-coded chemical labels designed for the multiplexed quantification
of peptides. These tags enable the simultaneous assessment of relative protein abundance
across two distinct samples, facilitating comparative proteomic analysis through mass
spectrometry [34].

In this study, 430 excellent germplasms (including 45 samples of G. purpurascens) with
a wide range of geographical origins and rich genetic diversity were selected as materials,
seedlings were raised by sand culture method, and salt stress treatment was carried out
at the seedling stage (three-leaf and one-heart stage) [35]. Phenotypic assessments of
potassium (K), calcium (Ca), sodium (Na), and magnesium (Mg) were conducted in roots,
stems, and leaves following a 72 h exposure to salt stress. The resulting phenotypic
alterations under stress conditions were documented. Subsequently, the distribution and
performance variations in the ion groups across different tissues within the population
were statistically analyzed using mathematical membership functions, principal component
analysis, a comprehensive salt tolerance index, and cluster analysis.

2. Results
2.1. Classification of Salt Damage Symptoms at Seedling Stage in 430 Upland Cotton Populations

In the artificial climate room, 430 germplasms from various upland cotton populations,
sourced from multiple geographical locations, were grown in sand culture. Once the plants
reached the three-leaf and one-heart stage (seedling stage), they were subjected to salt stress
treatment [36]. Data were recorded for salt levels before treatment and after salt treatment
at different time points (0 h, 48 h, 72 h, 96 h, 10 days) to observe plant phenotypic changes
in populations. Based on the salt damage performance of this group at all time points, the
degree of salt tolerance was categorized into five grades: Al, A2, A3, A4, and A5 (Figure 1).
Al is a highly salt-tolerant material, and A5 is a highly sensitive material. The phenotypic
characteristics of salt damage symptoms and the number of corresponding materials of
each grade are shown in Table 1. The results showed that 430 natural populations included
2 salt-resistant materials (A1), 93 salt-tolerant materials (A2), 199 weakly salt-tolerant
materials (A3), 92 salt-sensitive materials (A4), and 44 highly sensitive materials (A5).
Among the materials examined, those exhibiting weak salt tolerance phenotypes were
the most prevalent, comprising nearly 50% of the total. Additionally, the second category
of materials, characterized by moderate salt tolerance, represented 21.63% of the overall
sample. Phenotypic results showed that the genetic diversity of the 430 upland cotton
populations was rich, which reflected the diversity of the materials as well as the clustering
results based on genotyping (SNP) (Supplementary Figure S1).
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Figure 1. Phenotypic characteristics of different materials at different time points in response to salt
stress (0.4% NaCl) under salt stress: (A) salt-resistant materials, (B) salt-tolerant materials, (C) weakly
salt-tolerant materials, (D) salt-sensitive materials, and (E) high-sensitivity salt materials. Bar = 18 cm
(cup height).
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Table 1. Grading criteria for salt tolerance of cotton seedlings after salt stress (salt damage phenotype).

Grade

Salt-Tolerant Grade Phenotypic Characteristics Number of Materials  Frequency (%)

Al

Salt-resistant

No wilting occurred after salt stress

treatment. On the 10th day after salt

stress, the growth was still normal, 2 0.47
and there were basically no

symptoms of salt damage.

A2

Salt-tolerant

There was no obvious wilting of
leaves 6 h after salt stress. A few
leaves appeared wilted or drooping at
96 h after salt stress. On the 10th day
after salt stress, a few leaves

showed yellowing.

93 21.63

A3

Weakly salt-tolerant

There was no obvious wilting of
leaves 6 h after salt stress. After salt
stress, about half of the leaf area
appeared wilted or drooped at 96 h.
On the 10th day after salt stress, about
half of the leaves turned yellow.

199 46.28

A4

Leaf wilting was obvious at 96 h after
salt stress. On the 10th day after salt

Salt sensitivity stress, most of the leaf area dried up 92 21.39

and lost water, and the growth was
seriously hindered.

A5

Leaf wilting was obvious at 96 h after
salt stress. On the 10th day after salt

Highly sensitive stress, the plants were severely 44 10.23

damaged, and the leaves and stems
were basically completely wilted.

2.2. Variation Analysis of Salt Tolerance Coefficient-Related Traits in Ionomics at Seedling Stage of
430 Upland Cotton Populations

The average values of three biological replicates were analyzed and compared using
ionome phenotypic data from inductively coupled plasma mass spectrometry. Table S1
shows the descriptive statistics of 48 traits related to Ca, K, Mg, and Na in different parts
(leaves, roots, stems, aerial parts, whole plant, and root-shoot ratio) of 430 upland cotton
under salt stress. The variation range of 48 traits was 27.71~168.14%. Firstly, 34 indicators
with an average value of less than 1 were screened out from all indicators, indicating that
the phenotypic values of these 34 traits decreased compared with the control group under
salt stress. The coefficient of variation in the 34 traits ranged from 27.71~157.56%, among
which the coefficients of variation in RISC-S_R-CavsNa, RISC-Sh_R-Ca/Na, RISC-Sh_R-
Mg/Na, ST_S_Ca/Na and RISC-Sh_R-K/Na were more significant, which were 157.56%,
128.28%, 108.01%, 91.82%, and 77.53%, respectively. The results showed that there were
large differences between these indicators among different upland cotton varieties. The
coefficient of variation in the five indexes of ST_Sh_Mg (27.71%), ST_AIl_Mg (27.87%),
ST_S_Mg (29.29%), ST_L_Mg (30.22%), and ST_Sh_K (31.86%) was small, indicating that
these indicators had little influence among different materials. Additionally, this study
found that, among the five traits with a large coefficient of variation, K, Ca, and Mg were
transferred from the roots to the stem or shoot, while four traits retained Na. This suggests
that the roots of this group have a rich and diverse ability to intercept sodium and transport
nutrient ions. Nine of the 13 traits with an average value over 1 were linked to Na ions,
suggesting a negative correlation with salt tolerance.
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The analysis of the 430 upland cotton germplasm lines reveals significant variation in
salinity tolerance traits, highlighting substantial genetic diversity within the population.
The observed salt tolerance coefficients across different indices indicate diverse responses to
salt stress among genotypes. This suggests that reliance on a singular index for evaluating
salt tolerance in cotton varieties (lines) is insufficient. Each trait exhibits unique reactions to
saline conditions, underscoring the complexity of assessing salt tolerance comprehensively.
This analysis of the 430 upland cotton germplasm lines reveals significant variation in
salinity tolerance traits, highlighting substantial genetic diversity within the population.
The observed salt tolerance coefficients across different indices indicate diverse responses to
salt stress among genotypes. This suggests that reliance on a singular index for evaluating
salt tolerance in cotton varieties (lines) is insufficient. Each trait exhibits unique reactions
to saline conditions, underscoring the complexity of assessing salt tolerance comprehen-
sively [37]. Following exposure to salt stress, all ion-related traits, except sodium (Na),
exhibited a decline in their salt tolerance coefficients across all examined tissues. Notably,
the K/Na, Ca/Na, and Mg/Na indices in the five tissue types (root, stem, shoot, leaf, and
overall) demonstrated heightened sensitivity to salinity conditions. In contrast, the salt
tolerance coefficients for Ca and Mg ions across various tissues showed relatively minimal
impact from salt stress.

2.3. Correlation Analysis of 430 Traits Under Salt Stress at Seedling Stage of Upland Cotton

The relative values (salt tolerance coefficients) of 48 ionome-related traits were an-
alyzed by TBtools-II software (v2.056), as shown in Figure 2. The findings indicated a
robust correlation between the salt tolerance coefficients of various plant tissues assessed
under identical conditions. From an ionic perspective, the salt tolerance coefficient for
sodium ions Na exhibited a significant relationship with K, Ca, and Mg ions. The ratios of
K(Ca,Mg)/Na displayed low or negative correlations with the salt tolerance coefficient of
selective transport and a significant negative correlation with the salt tolerance coefficient
from the K(Ca,Mg)/Na ratio. In examining the root-to-shoot ratios of various ions, the salt
tolerance coefficients for K, Ca, and Mg reveal that the K ion’s root/shoot ratio strongly
correlated with the Na ion salt tolerance coefficient.

Additionally, there was a significant positive correlation between the salt tolerance
coefficient of the Mg root/shoot ratio and the salt tolerance of Na in the leaf tissues
(including stems and other aerial parts). Furthermore, there were notable correlations with
the salt tolerance coefficients for the selective transport of Ca/Na from stem to leaf and for
K/Na from root to stem. The salt tolerance coefficient of K/Na in leaves, roots, stems, aerial
parts, and whole plants strongly correlates with the salt tolerance coefficients of Ca/Na and
Mg/Na. Additionally, it was positively correlated with the K ion salt tolerance coefficient in
those same plant parts. In contrast, it negatively correlated with sodium ions’ salt tolerance
coefficient in leaves, roots, stems, aerial parts, and whole plants. The correlation analysis
results in Table S2 indicate that this study’s indicators were interrelated and consistent,
revealing significant redundancy in the information provided. Consequently, it is essential
to streamline the index system by employing principal component analysis to consolidate
these metrics effectively.
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Figure 2. Heat map of the correlation between salt tolerance coefficients of 48 ionome-related traits.
Note: *, ** and *** represented p-value < 0.05, <0.01, <0.001, respectively.

2.4. Analysis of Significant Differences in Salt Tolerance Coefficient Between G. purpurascens
Cotton and Cultivated Upland Cotton

The salt tolerance coefficients of 385 cultivated upland cotton cultivars and 45 semi-
wild cotton cultivars (G. purpurascens) were analyzed across different tissues (Figure 3).
Additionally, the Ca, K, Mg, and Na ion concentrations in these tissues were examined
using GraphPad Prism 9.0.0 software (Supplementary Figure S2). The selective transport
coefficient, expressed as K(Ca,Mg)/Na, was also evaluated from root-to-shoot, stem-to-leaf,
and root-to-stem (Supplementary Figure S3). The boxplot results revealed that the salt
tolerance coefficients, specifically the K/Na and Ca/Na ratios, were significantly higher
in the leaves, stems, shoots, and whole plants compared to G. purpurascens. However,
no differences were observed in the roots. The Mg/Na ratio was significantly higher
in the leaves, stems, shoots, and whole plant of upland cotton than G. purpurascens. In
contrast, the content in the roots of cultivated upland cotton was significantly lower than
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G. purpurascens. It was suggested that G. purpurascens was more sensitive to salt stress than
upland cotton (Figure 3). There was no significant difference in the salt tolerance coefficients
of Na and K ion content in the roots of G. purpurascens compared to cultivated upland
cotton. The contents of K, Mg, and Na ions in the leaf, stem, aerial part and whole plant of
G. purpurascens were significantly higher than in upland cotton (Supplementary Figure S2).
In comparing the salt tolerance coefficients of ion-selective transport, the RISC values from
root-to-shoot, root-to-stem, and stem-to-leaf of cultivated upland cotton were significantly
higher than those of G. purpurascens. This indicates that, after experiencing salt stress, the
transport capacity of seedling roots to different parts of the plant was stronger in cultivated
upland cotton than in the G. purpurascens population (Supplementary Figure S4). The
findings indicate that the salt tolerance observed in upland cotton genotypes is generally

superior to that of G. purpurascens.
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Figure 3. Significant differences in the salt tolerance coefficient indexes of K/Na, Ca/Na and Mg/Na
ion ratios between the two varieties in different parts. Note: ns, * and *** represented p-value > 0.05,

<0.05, <0.001, respectively.
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2.5. Principal Component Analysis of 430 Offspring Cotton Traits Under Salt Stress at
Seedling Stage

To reduce the redundancy of the data, the original index was replaced with fewer
principal components, and the principal component analysis was carried out on each
index. The eigenvalues of each principal component factor, the load matrix to the original
index, and the contribution rate to the phenotype are shown in the table. According to the
PCA, the cumulative contribution rate exceeds 80%. Therefore, the first seven principal
component factors were selected, with the following contribution rates: 29.38%, 17.09%,
9.38%, 7.50%, 6.39%, 5.55%, and 5.13%. The cumulative contribution rate of these factors
reached 80.43%, effectively representing most of the information from the 48 indicators.
Table S3 showed that the principal component factor F1 was primarily associated with the
magnesium-to-sodium (Mg/Na) salt tolerance coefficients in the shoots, whole plants, and
leaves of the upland cotton population. The principal component factor F2 was mainly
related to the selective transport coefficients of the ion ratios Mg/Na, K/Na, and Ca/Na as
they move from the roots to the stem and from the roots to the shoots. Principal component
factor F3 primarily influences the salt tolerance coefficient of K in the shoots, whole plants,
stems, and leaves. Principal component factor F4 was mainly associated with the salt
tolerance coefficients of Mg in the shoots and stems. The principal component factor F5
was primarily associated with the salt tolerance coefficients of K and Mg ions in the roots
and the salt tolerance coefficient of the Na ion root-to-shoot ratio and other related traits.
Principal component factor F6 was closely linked to the salt tolerance coefficients of Ca
ions in the roots and the whole plant and the Ca/Na ratio in the roots and the entire plant.
Principal component factor F7 was linked to the salt tolerance coefficients of Ca in the
plant’s stems and aerial parts, the Ca/Na ratio, and the salt tolerance from root-to-stem
and aerial parts. This factor also showed a close relationship with the selective transport
coefficient of K and the salt tolerance coefficient of Na from the stem to the leaf. In summary,
48 salt tolerance-related indices from 430 upland cotton populations were consolidated
into 7 independent comprehensive indices through principal component analysis for the
subsequent evaluation and analysis of salt tolerance.

2.6. Evaluation of Salt Tolerance at Seedling Stage of 430 Upland Cotton Populations

The membership function values for the seven composite indexes were calculated
using the principal component values of various cotton genotypes, as indicated by
Formula (9). Subsequently, the weights of these seven composite indexes were deter-
mined based on the contribution rates of the principal component factors, according to
Formula (11). The contribution rates for the seven principal component factors were as
follows: 0.365,0.212, 0.117, 0.093, 0.079, 0.069, and 0.064, respectively. After determining the
comprehensive index’s membership function values and weights, the CSTI value for the
overall evaluation of salt tolerance was calculated using Formula (12). Afterwards, the salt
tolerance of 430 upland cotton germplasms was ranked based on the CSTI values (Table S4).
The results showed that, among the 430 germplasms of upland cotton populations, the top
10 varieties with the highest CSTI were K126 (Xiaoxian 133 long-staple), K069 (Ejing 92),
K142 (Jinmian 2), K055 (Xinxian-Lu), K143 (Chirpan 996), K202 (E901), K120 (Zhong 521),
K194 (Ganzao 032), K260 (Jinmian 34), and K244 (Bao 2367). The bottom 10 with a low
salt tolerance index were K379 (Yinshan No. 6), K328 (N73DeltapineNGF), K323 (108F),
K329 (Zhong 21371), K327 (FH682), K324 (Sizimian 453), K325 (gL2gl3), K290 (Bukhara
No. 6), K010 (Jinmian 27 (Yuan 2918)), and K011 (AC-241).

Based on the CSTI values of various upland cotton varieties, we used the shortest
distance method in systematic cluster analysis to categorize these varieties (Figure 4). As a
result, 430 upland cotton varieties were classified into five distinct grades (Table 2): L1. The
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first grade consists of salt-resistant varieties, with only one identified variety exhibiting
a high CSTI value of 5.633; L2. The second grade includes 71 varieties categorized as
salt-tolerant, with CSTI values ranging from 3.652 to 5.108; L3. Third grade varieties were
classified as having weak salt tolerance, comprising 220 varieties with CSTI values from
2.503 to 3.629; L4. The fourth grade grouping contains 119 salt-sensitive varieties, with
CSTI values between 1.563 and 2.478; L5. Finally, the fifth grade consisted of 19 highly
sensitive varieties, exhibiting CSTI values that fall within the range of 0.411 to 1.495.
This classification framework aids in identifying and understanding the salt tolerance
capabilities of different varieties, which is crucial for agricultural and ecological applications
in saline environments. Out of the 45 germplasms of G. purpurascens examined, all exhibited
weak salt tolerance or were classified as salt-sensitive and highly sensitive. More than half
of the germplasms, approximately 62.22%, demonstrated weak salt tolerance, while 37.78%
were identified as salt-sensitive or highly sensitive materials. Among the 430 germplasms,
67.67% of the CSTI materials were classified as salt-tolerant or weakly salt-tolerant, while

approximately 32.09% were identified as salt-sensitive or highly sensitive materials.

0.2

Figure 4. Cluster map of 430 upland cotton germplasms based on CSTI values.
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Table 2. Classification and frequency of salt tolerance grades in cotton seedlings under salt stress.

Grade Salt Resistance CSTI ﬁ:;?:lzf Frequency (%) (I;,;Ogg::(i:;n(;f)
L1 Salt-resistant (SR) 5.633 1 0.23 0
L2 Salt-tolerant (ST) 3.652-5.108 71 16.51 0
L3 Weakly salt-tolerant (WST) 2.503-3.629 220 (28) 51.16 12.73
L4 Salt sensitivity (SS) 1.563-2.478 119 (15) 27.67 12.61
L5 Highly sensitive (HSS) 0.411-1.495 19 (2) 4.42 10.53

Additionally, a correlation was found between CSTI values and the salt tolerance
coefficients of 48 indexes (Table S2). There was a significant correlation between the
relative Ca content in shoots and the relative Ca content in the entire plant, as well as
between the K content in shoots and the whole plant. The relative Na content in leaves was
also significantly correlated, with all correlations exceeding 0.5. Other correlations were
significant but lower; these included the relative Ca content in stems, K content in leaves
and stems, Mg content in leaves, stems, shoots, and the whole plant, and Na content in
stems, shoots, and the whole plant. These correlations all exceeded 0.4 but were less than
0.5. Among the 48 evaluated indicators, the 15 highlighted indicators significantly influence
the salt tolerance assessment during the seedling stage of upland cotton. Therefore, under
the same conditions, these 15 indicators can be regarded as essential indicators for the rapid
evaluation of salt tolerance of upland cotton germplasms.

2.7. Salt Tolerance Identification Results of 430 Upland Cotton Germplasms

The analysis of salt damage phenotypes at the seedling stage, in combination with the
ionomic evaluation and grading of 430 germplasm accessions, enabled a cross-comparative
assessment of salt-tolerant varieties (Table 3). The 430 germplasm materials were catego-
rized into five grades based on their salt response: salt resistance, salt tolerance, weak salt
tolerance, salt sensitivity, and high sensitivity. Within this classification, Al to A5 represent
the phenotypic results of salt damage, while L1 to L5 indicate the clustering results based on
ion group analysis. The salt tolerance of 430 upland cotton germplasms was evaluated, and
the corresponding varieties are listed in Table S4. We discovered 30 salt-tolerant varieties
using two methods. These include Ejing 92, Jinmian 2, Chirpan 996, and E901. These
varieties represent 42.3% of the materials classified by ionome and 32.3% of the materials
classified by salt damage phenotype. A total of 114 weakly salt-tolerant varieties, including
Jinmian 49, Nongdamian 7, and Yuzao 275, account for 51.8% of the ionomic classification
and 57.3% of the salt damage phenotypic classification. A total of 39 salt-sensitive varieties,
including Taiyuan 02-47, Jimian 11, Zhanjiang Jinzhou Jialumian 2, and Kuaiche Express,
account for 32.8% and 42.4% of the ionomic classification and salt damage phenotypic
classification, respectively. There were four corresponding high-sensitivity salt varieties,
including Z37 less, Jinmian 27 (Yuan 2918), Bukhara 6, and Yinshan 6, which accounted
for 21.1% and 9.1% of the ionomic phenotypic evaluation and salt damage phenotypic
classification, respectively. Even if the varieties did not correspond to both methods si-
multaneously, there was still some reference value for assessing salt tolerance through
ionomic cluster evaluation or phenotypic classification of salt damage. For example, of the
19 materials classified by ionomic cluster evaluation, 16 were identified as salt-sensitive or
highly sensitive varieties, including highly sensitive varieties and special island landraces,
such as Jialu-7, which exhibited salt damage.
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Table 3. Phenotypic evaluation of ion group and cross-grading statistics of salt damage phenotype.

Phenotypic Grading Al A2 A3 A4 A5 Total
L1 1 1
L2 30 37 4 71
L3 1 47 114 38 20 220
L4 1 16 43 39 20 119
L5 4 11 4 19
Total 2 93 199 92 44 430

A total of 187 exhibited salt tolerance, representing 43.5% of the total, out of 430 ana-
lyzed upland cotton materials. This assessment was based on two methodologies: ionomic
phenotypic evaluation and salt damage phenotype classification. The results concerning
salt tolerance from these materials are highly reliable, providing valuable insights for
selecting and breeding superior varieties with enhanced adaptability.

2.8. Quantitative Proteomic Responses to Salt Stress

LC-MS/MS analyzed the samples, and 3107 proteins were identified (Supplementary
Table S5). A total of 28,642 peptides were identified, with 203,869 total secondary mass
spectra, of which 50,039 were matched to peptides (24.54% spectral utilization rate).

The relative quantification of reliable proteins yielded expression data for all 3107 pro-
teins (Supplementary Table S6). A heatmap was generated to visualize expression changes
in the same protein across samples before and after stress (Figure 5A). Results showed
good reproducibility among the three biological replicates within each treatment group but
significant differences between the control (C) and stress (S) groups. Correlation analysis of
12 samples showed over 95% correlation among replicates in the same treatment group but
lower correlation between C and S groups, particularly for salt-tolerant samples (Figure 5B).
Functional annotation of the 3107 identified proteins was conducted using Gene Ontology
(GO), the Kyoto Encyclopedia of Genes and Genomes (KEGG), and Cluster of Orthologous
Groups (COG) databases to elucidate their functional characteristics. A total of 2834, 1752,
and 1758 functional proteins were annotated in GO, KEGG, and COG databases, respec-
tively, with 1183 proteins identified in all three categories (Figure 5C). Pfam was employed
to annotate 3107 protein sequences (refer to Figure 5D), facilitating insights into their struc-
tural and functional characteristics. The RNA binding (RRM/RBD/RNP motif) family had
the most members (57) involved in RNA metabolism (splicing, transport, translation, and
stability). Additional families associated with plant stress resistance encompass the Protein
Kinase domain (32), Glutathione S-transferase N-terminal domain (29), Ras superfamily
(29), WD repeat domain (G-beta repeat) (28), and UDP-glucuronic acid and UDP-glucose
transferases (27).

We selected two standard sample pairs for comparative evaluation in the final analysis.
The fold change was determined by calculating the ratio of the mean quantitative values of
all replicates for each protein within the compared pairs. The statistical significance was
determined using a t-test (p-value < 0.05). The criteria for differential screening included
a fold change threshold of >2 or <0.5. Results regarding the differential protein analysis
are presented in Figure 5E,F. Salt stress resulted in 137 differentially expressed proteins
in the salt-tolerant control material (Z9) (59 up-regulated, 78 down-regulated), and 209 in
the salt-tolerant material (E9) (137 up-regulated, 72 down-regulated). E9 showed more
up-regulated than down-regulated proteins, while Z9 showed the opposite. This suggests
that the more resistant material (E9) actively responds to salt stress by increasing the
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activity of resistance-related proteins to enhance immunity while also reducing “activity”
(down-regulating proteins) to withstand the adverse environment.
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Figure 5. Protein identification from TMT proteomics: (A) heatmap of all protein expression levels,
(B) correlation of 12 samples, (C) database annotation of all proteins, (D) Pfam database comparison,
(E) volcano plot of differentially expressed proteins in Z9, and (F) volcano plot of differentially
expressed proteins in E9.
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2.9. Enrichment of DAPs by KEGG Pathway and Identification of Salt Tolerance-Related Proteins

Under Salt Stress

Up- and down-regulated proteins from both materials were compared. E9 had more
uniquely up-regulated proteins (101) than Z9 (27) (Figure 6A). Since both materials are
salt-tolerant, their differentially expressed proteins are considered salt tolerance-related.
A total of 164 proteins were up-regulated (101 + 32 + 4 + 27), and 130 were down-
regulated (56 + 58 + 16). KEGG pathway enrichment analysis was performed on these
salt tolerance-related proteins (Supplementary Table S7). The top 15 KEGG pathways are
shown (Figure 6B), with each bar representing a pathway and showing the number of up

(left) and down-regulated (right) proteins.
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Figure 6. Analysis of differentially expressed protein data: (A) Venn diagram showing the intersection
of up- and down-regulated differentially expressed proteins in the two materials before and after
stress, (B) the top 15 KEGG pathways of up- and down-regulated proteins, and (C) the heatmap of
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Figure 6B shows that the main enriched pathways (p < 0.05) were metabolic pathways
(MPs), the biosynthesis of amino acids (BBA), glutathione metabolism (GM), and carbon
metabolism (CM) (ranked by the number of up-regulated proteins). Heatmaps of expres-
sion levels of all up-regulated proteins in these KEGG pathways were generated. Some
salt tolerance-related proteins and other potentially related proteins were also identified
as members of the CAZy (Carbohydrate-Active enZYme Database) family. Heatmaps
showing their expression in the 12 samples of both materials were generated (Figure 6C;
Supplementary Table S8). Most of these proteins showed a sharp increase in expression
after salt stress in E9, with a smaller rise in Z9, reflecting the more substantial salt tolerance
of E9. The coordinated up-and down-regulation of these 304 identified salt tolerance-related
proteins contributes to adaptation to salt stress.

3. Discussion

Soil salinization is a global problem that restricts crop production [38]. Therefore,
exploring crop tolerance to salt stress can identify valuable variants and genes associated
with salt tolerance, which is essential for addressing the conflict between salinized land and
arable land [39,40]. Research indicates that the optimal phase for assessing salt tolerance in
cotton germplasms occurs during the seedling and flowering and boll development stages.
Salinity stress is particularly critical during the early seedling period, specifically at the
three-leaf and one-heart stages. Seedlings are germinating and differentiating, with small
bolls and tender tissue, making this stage highly susceptible to salinity effects [41,42].

This study investigated 430 natural populations of upland cotton, including 45 semi-
wild germlines of G. perpurascens. We measured the phenotypic responses of K, Ca, Na,
and Mg concentrations in the roots and stems after exposure to a 0.4% salt stress. In the
past decade, there has been no study on the relationship between key ion absorption,
transport, and salt tolerance after salt stress in large groups of cotton germplasm resources.
Numerous studies have indicated that a salt concentration of 0.4% represents the thresh-
old for phenotypic differentiation in cotton seedlings during the seedling stage [35,43].
This experiment focused on Ca, K, Mg, and Na ions in cotton leaves, roots, stems, and
shoots. It analyzed the relative content of these ions in different parts of the plant using
the membership function method and principal component analysis. A total of 48 indices
were collected, including the salt tolerance coefficients for four ions in various parts of the
plant. Additionally, we analyzed the salt tolerance ratios of K/Na, Ca/Na, and Mg/Na in
different regions. We also measured the selective transport coefficients from the root to the
stem, from the stem to the leaf, and from the root to the shoot, consistent with the previous
findings [44—46]. Research revealed that salt stress affects nutrient uptake in crops, caus-
ing deficiencies. Salt-tolerant cotton effectively absorbs K, Ca, and Mg, blocking sodium
transport to leaves, which helps it thrive in saline conditions. Maintaining a K/Na balance
is vital for its salt tolerance [45,46]. In addition, these inorganic ions play a critical role in
enhancing the salt tolerance of plants. Specifically, ions such as Na*, K*, Cl~, Ca?*, and
Mg?* contribute significantly to the physiological processes that enable plants to withstand
saline environments. Their presence helps maintain osmotic balance, supports cellular
functions, and aids in various metabolic activities essential for plant survival under salt
stress [8,47,48]. Moreover, the impact of salt stress on plants encompasses ionic stress,
deficiencies in mineral elements, osmotic stress, and other mechanisms [43—45]. Another
research study also indicated that reconstructing the ion homeostasis mechanism under
saline-alkali stress is crucial to enhancing plant salinity tolerance [43]. The phenotypic
changes due to salt damage in all varieties were graded before and after salt stress. The
results of ionome phenotypic clustering were analyzed to identify reliable salt-tolerant
and salt-sensitive cotton germplasms. In alignment with our results, researchers systemat-
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ically classified 346 mung bean genotypes based on economic clustering and associated
phenotypic variations [20].

A total of 48 traits, including Ca, K, Mg, and sodium Na salt tolerance coefficients, were
analyzed across 430 distinct germplasm materials. This suggests a rich genetic diversity
among the examined germplasms, highlighting their potential for further exploration and
utilization in breeding programs following the prior research [49,50]. The analysis of the
CSTl indicated that the relative contents of Ca, K, Mg, and Na in the leaf tissues were the
most closely correlated with salt tolerance. This evaluation focused on three tissues from
the aerial parts of the plant: the stem, the aerial parts, and the leaves. Likewise, research on
watermelon at the seedling stage also verified that Na, Ca, and Mg contents were related to
salt tolerance [51]. We assessed CSTT's efficacy in evaluating salt tolerance in 430 upland
cotton seedlings using 48 specific indices during the seedling phase. These materials were
categorized into five grades based on their salt tolerance: salt-resistant, salt-tolerant, weakly
salt-tolerant, salt-sensitive, and highly sensitive. This classification provides an objective
assessment of the salt tolerance levels within the germplasm population. A comparative
analysis of salt damage in different plant varieties showed that more than fifty percent
of the weakly salt-tolerant varieties in the third grade had significant overlap between
pre- and post-salt stress treatments. This suggests a consistent response pattern to salt
stress among the evaluated materials. Likewise, the second grade of salt tolerance and
the fourth grade of salt sensitivity represented over a third of their respective categories.
Notably, the high sensitivity and high salt tolerance grades exhibited minimal to no overlap
between the two assessment methods. Despite the limited number of materials in the
first and fifth grades, this does not eliminate the possibility of more significant variation
among the highly salt-tolerant or highly sensitive materials themselves. In alignment with
our results, the researchers classified wheat and rice into five distinct categories based on
their tolerance to salt, ranging from highly tolerant to highly susceptible [52,53]. In the
CSTI cluster evaluation, 62.22% of the 45 samples showed weak salt tolerance, while the
rest were salt-sensitive or highly sensitive, primarily in phenotypic classifications A3, A4,
and A5. Among 430 upland cotton samples, 67.67% were either salt-tolerant or weakly
tolerant, with the remainder identified as sensitive. Both grading methods revealed varying
degrees of salt tolerance, from weak to high sensitivity, consistent with ionomic phenotypic
evaluations. Previous researchers also used CSTI values to select salt-tolerant and salt-
sensitive genotypes in cotton, wheat, and chickpea [54-56]. Preliminary assessments
indicate that the salt tolerance exhibited by the 45 G. purpurascens germplasms during
the seedling stage is inferior to that of the 385 cultivated upland cotton populations. The
primary classification of these germplasms ranges from weak salt tolerance to significant
salt sensitivity, with many displaying pronounced sensitivity to saline conditions. The
current findings contradict our earlier prediction regarding the high salt tolerance and
early identification of G. purpurascens, which we attributed to its native habitat [40]. This
inconsistency may stem from the choice of control materials and the limitations of the
existing indoor neutral salt stress testing protocol [40].

Using TMT-based quantitative analysis, 3107 and 28,642 peptides were identified,
with 203,869 secondary mass spectra, of which 50,039 were matched to peptides. Among
them, 130 proteins were modulated by salt stress in both cotton varieties (Figure 6A). An
analysis of key DAPs and their primary involvement pathways was conducted utilizing the
KEGG database. The results revealed significant proteomic-level differences in the salinity
stress responses between the two cotton varieties. A comprehensive analysis identified
73 distinct metabolic pathways, with the four most significantly enriched categories among
the differentially expressed proteins (DEPs) being metabolic pathways (MP), the biosyn-
thesis of amino acids (BBA), glutathione metabolism (GM), and carbon metabolism (CM)
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(Figure 6B). Prior research has forecasted numerous peptide transporters and receptors
within plant systems [57,58]. The scarcity of bioactive peptides in plants could be attributed
to the limited utilization of peptidomic methodologies within plant science research [59].
At present, there is a lack of a comprehensive and reliable database for the annotation of
plant peptides. The proteolytic cleavage of precursor proteins represents a crucial mecha-
nism for generating these peptides [60,61]. The examination of precursor proteins using
GO and the KEGG can provide insights into the origin and potential biological roles of
associated peptides. KEGG analysis showed that DEP precursor proteins in leaf tissues
were mainly linked to metabolic pathways, the biosynthesis of amino acids, glutathione
metabolism, and carbon metabolism. All pathways are crucial for plant growth and mate-
rial accumulation, and plant stress responses are closely coordinated with growth-related
processes [62]. Following exposure to saline stress, plants exhibit a series of physiological
and biochemical adjustments that facilitate acclimatization to harsh conditions. This in-
volves the modulation of metabolic pathways and changes in gene expression, enabling
the plants to maintain homeostasis and optimize physiological function under osmotic
stress. The functions of DAP precursor proteins were linked to plant resistance to salt stress,
indicating their role in cotton seedling resilience. The findings demonstrate a significant
enrichment of proteins related to the starch and sucrose metabolic pathway in leaf tissues
exposed to salt stress, highlighting the critical role of these metabolic pathways in plant
responses to saline conditions. Carbohydrates function as energy reserves in the form of
polysaccharides like starch and disaccharides such as sucrose. These compounds play a
critical role in supporting metabolic processes and are vital for the physiological survival
of plants [63,64].

A total of 2834, 1752, and 1758 functional proteins were annotated in the GO, KEGG,
and COG databases, respectively, with 1183 proteins common to all three (Figure 5C). Pfam
annotated 3107 protein sequences (Figure 5D), revealing insights into their structural and
functional traits. The RNA binding (RRM/RBD/RNP motif) family contained the most
members, linked to RNA metabolism. Other families related to plant stress resistance
included the Protein Kinase domain, Glutathione S-transferase N-terminal domain, Ras su-
perfamily, WD repeat domain, and UDP-glucuronic acid/glucose transferases. Remarkably,
each gene family that we identified has been documented in previous research as playing a
crucial role in enhancing salinity tolerance across a range of crop species. This connection
reinforces the validity of our findings, suggesting a well-established link between these
gene families and the ability of plants to withstand saline environments [65-67]. Moreover,
salt tolerance-related proteins were also identified as CAZy family members and Expansin
proteins. Most of the genes of this family exhibited a sharp increase in expression patterns,
revealing that these genes are involved in the salt tolerance of cotton. A significant number
of members within the CAZy family have been previously documented to play a role in
salt tolerance mechanisms across various crop species [68-74]. Likewise, members of the
expansin gene family play a crucial role in helping plants tolerate salt stress. These genes
are involved in various physiological processes that enable plants to adapt to high salinity
environments, contributing to their overall resilience and survival [75,76].

The DEGs and proteins DEPs were subjected to functional enrichment analyses using
GO, COG, and KEGG pathways. Additionally, detailed expression profiling was per-
formed. This study establishes a robust framework for advancing our understanding
of the molecular mechanisms underlying cotton’s response to salt stress. Subsequent
research can be tailored to create experimental conditions that thoroughly examine the
entire growth cycle of plants in an authentic saline-alkali environment. This approach will
comprehensively understand how various factors influence plant development in such
challenging conditions.
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4. Materials and Methods
4.1. Experimental Material

A selection of 430 upland cotton germplasm resources, showcasing diverse geograph-
ical origins and well-documented resequencing genome backgrounds, was utilized for
this study. Among these, 385 accessions were sourced from the national mid-term cotton
germplasm bank, which involved a rigorous selection process from over 3000 candidates.
This selection was guided by extensive phenotypic characterization and purification efforts
across multiple years, emphasizing traits such as disease resistance, heat tolerance, salinity—
alkali resilience, high yield, and quality characteristics. The 45 semi-wild germlines of
G. purpurascens are precious germplasm resources collected by the research team from the
coastal islands of China (Guangdong Jinzhou Island and Techeng Island, Hainan Island
and Xisha Islands) over many years.

4.2. Experimental Design

The ionome determination experiment was carried out in the artificial climate chamber
of Zhengzhou Scientific Research Center, Cotton Research Institute, Chinese Academy of
Agricultural Sciences from 2021 to 2022. The chamber had a day and night photoperiod
of 14 h/10 h, a light intensity of more than 12,000 lumens, and a relative humidity of
60-70%. Each variety was cultivated in 6 pots, with 4 plants per pot. For sampling, every
8 plants constituted a biological replicate, resulting in 3 replicates for each variety. After
soaking and disinfecting the cotton seeds in a 15% sodium hypochlorite solution, they
were rinsed with deionized distilled water (ddH;O) three times. The seeds were placed
in a constant-temperature climate chamber for 24 h before planting. They were cultivated
using the sand and water cultivation method, maintaining a ratio of 8:1. After the cotton
seedlings grew to the three-leaf one-heart stage, the seedlings with consistent growth were
selected and treated with two NaCl concentrations of 0% (control) and 0.4% (salt treatment).
In order to prevent the salt shock effect, the salt was added gradually three times [35]. After
72 h of treatment, the roots, stems (including petioles), and leaves (including cotyledons
and true leaves) were packed into paper bags and dried in an oven at 105 °C for 20 min
and then dried at 80 °C for 48 h. Their dry weight (g, DW) was accurately measured, and
the ion content was determined.

The phenotypic classification experiment of salt stress was carried out in 2023 and was
based on the validation experiment results of ion group experiments. The seedling planting
method and salt stress concentration in this experiment were consistent with those of the
ionome determination test. Still, the salt stress time was extended from three days (72 h)
to 10 days (the basic death stage of salt-sensitive materials). The salt damage of plants at
different time points (0 h, 48 h, 72 h, 96 h, 10 day) was graded before and after salt stress.

4.3. Measurement Indicators and Methods

The Thermo Scientific XSeries 2 Inductively Coupled Plasma Mass Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) was employed to assess the salt-tolerant
phenotype of an upland cotton population by quantifying the concentrations of potassium
(K), calcium (Ca), sodium (Na), and magnesium (Mg) ions in roots, stems, and leaves
following a 72 h exposure to salt stress.

4.3.1. Preparation of Sample Solution

Before each batch of samples was prepared, they were dried and accurately weighed,
and the dried samples were crushed to below 40 mesh. First, take the roots and leaves with
a known exact weight and place them in a beaker. Set the beaker on a plate heater and
gradually heat it to completely dry and carbonize the material. Afterwards, add 1-2 mL of
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concentrated sulfuric acid dropwise, ensuring even soaking, and place the beaker back on
the plate heater to heat slowly until all sulfuric acid vapors are removed. Next, transfer the
beaker to a muffle furnace set at 550 °C for complete ashing. After the beaker has cooled to
room temperature, add 2 mL of nitric acid to dissolve the contents thoroughly. Transfer
the solution entirely into a 50 mL centrifuge tube. Then, rinse the beaker with 48 mL of
ultrapure water to ensure all material was recovered. Finally, dilute the sample solution,
and shake it well. If the absorption values of K, Na, Ca, and Mg are outside the linear range,
the batch must be diluted. To do this, accurately measure 1 mL of the sample solution,
and place it in a 100 mL centrifuge tube. Then, add 99 mL of a 1.5% nitric acid solution to
dilute the sample. Shake the tube to ensure the sample was well mixed during the two-step
dilution process.

4.3.2. Measurement Method
(1) Determination Method of Sample Solution

The sample injection tube was immersed in the test solution for analysis. After the
analysis, the tube was rinsed with a 1.5% nitric acid solution before proceeding with
the following sample. When the high-concentration solution was lower than the low-
concentration solution during the assay, rinse the sample injection tube with a 1.5% nitric
acid solution for 5 min.

(2) Determination of Two-Step Dilution Sample Solution

The sample injection tube was placed in the two-step dilution sample solution for
determination. After the determination was completed, the sample injection tube was
rinsed with 1.5% nitric acid solution, and the two-step dilution sample solution was
continued. When transitioning from a high-concentration solution to a low-concentration
solution during the assay, rinse the sample injection tube with 1.5% nitric acid solution for
5 min.

4.3.3. Standard Curve

The reagent blank solution and six standard solutions, each with varying concentra-
tions, were injected separately. The readings for the elements potassium, sodium, calcium,
and magnesium were recorded, resulting in a series of response values. These values were
then linearly regressed against the injection concentrations (in ppm) to create a standard
curve. The standard curve method was used to calculate the elemental content of potas-
sium, sodium, calcium, and magnesium. The relative content of each ion was measured in
mmol/ (g, DW).

Absolute ion content = Relative content x Dry weight (DW) in mmol

The calculation formula for the determination of the sample solution:

g ) __ Sample concentration (ppm) x 50

Sample content (kg Weighing volume /1000

Sample diluted in the 2nd step ( g ) _ Sample concentration (ppm) x 50 x 100

kg Weighing volume /1000

The relative content of each ion was measured in mmol/(g, DW).

Absolute ion content = Relative content x Dry weight (DW) in mmol
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To remove the influence of different material genotypes, the salt tolerance coefficient
(ST) was introduced to measure the salt tolerance of cotton seedlings. The ST measures the
ratio of the phenotypic value under salt stress to that of the control.

4.4. Phenotypic Data Calculation

The calculation indicators for ion group-related traits primarily include the relative
content of four ions: Ca, K, Mg, and Na. This relative content is expressed in mol/(kg, DW)
units and converted to mmol/(g, DW). Additionally, comparisons were made between
Kvs. Na, Ca vs. Na, and Mg vs. Na in various tissues or parts of cotton. Other important
metrics include the salt tolerance coefficient (ST), which is dimensionless, the ion transport
selectivity coefficient (ISC), and the relative selectivity transport coefficient (RISC), which
is dimensionless. These coefficients were evaluated for transport from underground to
aboveground parts, stem to leaf, and root to stem. The calculation formula is as follows:

Relative content of the four ions:

~ Na/K/Ca/Mg (mg or mmol)

RC= Sample dry weight DW(g) M
Salt tolerance coefficient of each index:
ST — Relatlvle content of salt treatment group < 100 o)
Relative content of the control group
Selectivity coefficient of ion transport:
ISC — Sh_R(X — Na) = Above ground parts(X — Na)/Root(X — Na) 3)
ISC — L_S(X — Na) = Leaf(X — Na) /Stem(X — Na) 4)
ISC — S_R(X — Na) = Stem(X — Na) /Root(X — Na) (5)
Relative selectivity transport coefficient of ions:
RISC — Sh_R(X — Na) ©
= Salt treatment ISC — Sh_R(X — Na) /Control ISC — Sh_R(X — Na)
RISC — L_S(X — Na) -
= Salt treatment ISC1 — L_S(X — Na) /Control ISC — L_S(X — Na)
RISC — S_R(X — Na
( ) ®)

= Salt treatment ISC — S_R(X — Na) /Control ISC — S_R(X — Na)

where X represents any of the three ions K, Ca, and Mg, and ISC is calculated using the
relative content of the ions. The relative selectivity transport coefficient of ions (RISC) is the
salt tolerance coefficient of the ion-selective transport coefficient (ISC).

Membership function values of the indicator:

U(Xr) = (Xe = Xmin)/ Xppax — Xmin) T = 1,2, 3, ..., n )

U(Xr) = Xmax = Xr)/ Xpax = Xmin)r = 1, 2,3, ..., n (10)

X: represents the r-rd composite indicator; Xpin represents the minimum value of the
r-th composite indicator; and Xmax represents the maximum value of the r-th composite
metric. When the salt tolerance index was positively correlated with the salt tolerance ability
of the germplasm, Equation (9) was used. When the salt tolerance index was negatively
correlated with the salt tolerance capacity of the germplasm, Equation (10) was used.
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Weights of the indicator:

Pr

W,=———
' r=1Pr

r=1223...,n (11)
W; indicates the importance of the r-rd composite indicator among all composite
indicators, i.e., the weight; Pr represents the contribution rate of the r-rd comprehensive
index of each cotton variety obtained by principal component analysis.
Comprehensive salt tolerance index (CSTI):

CSTI=Y " [U(X;)xH,x W,]r =1,2,3,...,n (12)

The CSTI value (comprehensive salt tolerance index) is the salt tolerance evaluation
value of different cotton varieties under salt stress conditions. H; represents the load of the
r-rd composite index of each cotton variety obtained by principal component analysis.

4.5. TMT Quantitative Proteomics

Two upland cotton materials were selected from a population of 430 upland cotton
lines: the salt-tolerant variety Ejing92 (K069; E9) and the salt-tolerant control variety
79807 (K372; Z9). The 29807 material was developed through pedigree breeding techniques,
with extensive characterization and analysis conducted by researcher Ye Wuwei at the
Cotton Research Institute of the Chinese Academy of Agricultural Sciences. This work has
been documented over several years, mainly focusing on methodologies for identifying
salt tolerance within cotton germplasms. This genetic material is conserved within the
gene bank at the Cotton Research Institute and is presently being disseminated by the
project team focused on the characterization of stress resistance in cotton varieties. This
study identified and selected the salt-tolerant variety Ejing92 based on a comprehensive
assessment of its salt stress phenotypic response and ionomic profile.

4.5.1. Growth Conditions and Treatment

Cotton seedlings were grown using the sand culture method in an artificial climate
chamber until they reached the three-leaf and one-heart stage. A high-concentration NaCl
solution of 0.4% (4.0 g NaCl/1 kg sand) was used for salt stress treatment. The solution
without NaCl was the control (0%, CK). The true leaves of both materials were collected
after 12 h of salt stress and from the control group. All samples had three replicates, with
3-5 seedlings per replicate. The samples were stored in liquid nitrogen at —80 °C.

4.5.2. Protein Extraction and Digestion for Proteomic Sequencing Analysis

The sample was resuspended in a lysis buffer comprising 7 M of urea (Bio-Rad,
Hercules, CA, USA), 2 M of thiourea (Sigma-Aldrich, St. Louis, MO, USA), and 0.1% CHAPS
(Bio-Rad). Subsequently, the tissue was mechanically disrupted using three titanium
dioxide abrasive beads at 70 Hz for 120 s. This was followed by centrifugation at 5000x g
for 5 min at 4 °C to clarify the lysate. The final supernatant was collected and stored at
—80 °C until used. The Bradford protein assay measured the total protein concentration.
In total, 200 pg of total protein from each sample was incubated with 5 uL of 200 mM of
reducing reagent at 55 °C for 1 h. Then, 5 uL of 375 mM of lodoacetamide was added and
incubated for 10 min at room temperature in the dark. Next, 200 pL of a 100 mM dissolution
buffer (AB Sciex, Foster City, CA, USA) was added and centrifuged at 12,000 x g for 20 min.
The sample was digested in trypsin for 14 h at room temperature and then lyophilized and
redissolved with a 100 mM dissolution buffer for labeling.
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4.5.3. TMT Labeling

After the incubation of TMT reagents, 41 uL of absolute ethyl alcohol was added to
the TMT reagent (0.8 mg/tube), and the mixture was mixed well. Next, 41 uL of the TMT
reagent was added to 100 pug of the digested sample. The combination was then oscillated,
centrifuged, and incubated for 1 h at room temperature. Following this, 8 uL of a 5%
quenching reagent was added to terminate the reaction, and the mixture was incubated for
an additional 15 min. Finally, the samples were stored after lyophilization.

4.5.4. Peptide Identification by Nano UPLC-MS/MS

The peptide fractions obtained were reconstituted in 20 uL of buffer A (comprising
0.1% formic acid and 2% acetonitrile), followed by centrifugation at 12,000 rpm for 10 min.
Subsequently, 10 pL of the resulting supernatant was injected into a nano UPLC-MS/MS
system, which included a Nanoflow HPLC system (EASY-nLC 1000, Thermo Scientific,
Waltham, MA, USA) coupled with an Orbitrap Fusion Lumos mass spectrometer (Thermo
Scientific). The sample was loaded onto Acclaim PepMap100 C18 column and then sepa-
rated by an EASY-Spray C18 column. The mass spectrometer was configured for positive
ion detection, utilizing a source voltage of 2.1 kV. Full MS scans were conducted using
the Orbitrap over a mass-to-charge (/z) range of 300 to 1500, achieving a resolution of
120,000. In the MS/MS analysis, the 20 most abundant ions exhibiting multiple charge
states were chosen for higher energy collisional dissociation (HCD) fragmentation, uti-
lizing data from a single full MS scan. The database used in this experiment was the
Gh-TM-1_CRI (https:/ /www.cottongen.org/species/Gossypium_hirsutum/CRI-AD1_v1;
accessed on 20 June 2024) database. The resulting MS/MS data were processed using
Proteome Discoverer 1.4.

4.5.5. Protein Identification

Protein identification parameters were established: precursor ion mass tolerance
was set to £15 ppm, while fragment ion mass tolerance was maintained at +0.5 Da.
A maximum of two missed cleavages were allowed. Static modifications included car-
boxyamidomethylation (57.021 Da) of cysteine residues. For dynamic modifications, the
oxidation of methionine residues was accounted for (+15.995 Da). After analyzing the
primary data, only those entries with a p-value < 0.05 and a differential ratio > 2 were
subjected to further analysis.

4.6. Data Processing

All data were processed and statistically analyzed using Microsoft Excel and IBM
SPSS Statistics 26 software. For the principal component analysis, the key traits related to
salt tolerance in the upland cotton ionome phenotype were standardized. A correlation
matrix was created and evaluated, which allowed us to obtain characteristic values and
relative contribution rates. Additionally, the factor scores for each principal component
across the different varieties were calculated [77,78]. The CSTI was employed in cluster
analysis as the distance metric for germplasms within the test population. The shortest
distance method was utilized as the clustering technique to create the cluster dendrogram
of the germplasm resources [77,79].

5. Conclusions

This study assessed the salt tolerance of 430 cotton germplasm resources at a 0.4% NaCl
concentration. We transformed 43 individual indexes into 7 new comprehensive indexes
using correlation analysis, principal component analysis, a comprehensive membership
function, and cluster analysis. Based on this analysis, we determined the overall salt
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tolerance values for the 430 cotton germplasms. Correlation analysis showed that the
relative content of K/Ca/Mg/Na in stems and leaves was closely related to salt tolerance.
Based on the CSTI value, the germplasm was categorized into five groups. The phenotypic
classification of salt damage after salt stress at the seedling stage for all varieties was
reassessed. Ultimately, 30 salt-tolerant, 114 weakly salt-tolerant materials, 39 salt-sensitive
materials, and 4 highly sensitive materials were identified. Using TMT-based quantitative
analysis, 3107 and 28,642 peptides were identified, with 203,869 secondary mass spectra,
of which 50,039 were matched to peptides. Moreover, salt tolerance-related proteins were
also identified as CAZy family members. This methodology will facilitate a thorough
investigation into the interplay of diverse environmental and physiological factors that
impact plant development under adverse conditions.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
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