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Abstract: Cottonseeds, rich in high-quality protein and fatty acids, represent a vital plant- 14 

derived feedstuff and edible oil resource. To systematically investigate genetic variation 15 

patterns in nutritional quality and screen superior germplasm, this study analyzed 26 nu- 16 

tritional quality traits and 8 fiber traits across 259 upland cotton (Gossypium hirsutum L.) 17 

accessions using multivariate statistical approaches. Results revealed significant genetic 18 

diversity in cottonseed nutritional profiles, with coefficients of variation ranging from 19 

3.42% to 26.37%. Moreover, with advancements in breeding periods, the contents of pro- 20 

tein, amino acids, and the proportion of unsaturated fatty acids (UFA) increased, while 21 

oil content and C16:0 levels decreased. Correlation analyses identified significant positive 22 

associations (p < 0.05) between protein, amino acids, UFA and most fiber traits, except for 23 

seed index (SI), fiber micronaire (FM), and fiber elongation (FE). Through a principal com- 24 

ponent analysis-fuzzy membership function (PCA-FMF) model, 13 elite accessions (F > 25 

0.75) with high protein content, high UFA proportion, and excellent fiber quality were 26 

identified. These findings provide both data-driven foundations and practical germplasm 27 

resources for value-added utilization of cottonseed and coordinated breeding for dual- 28 

quality traits of nutrition and fiber. 29 

Keywords: Gossypium hirsutum L.; Cottonseed; Nutritional quality; Fiber quality; Com- 30 

prehensive evaluation 31 

 32 

1. Introduction 33 

Cotton (Gossypium spp.), as one of the world's most important economic crops, serves 34 

as the cornerstone of the global textile industry [1]. Cottonseed, the primary byproduct of 35 

cotton production, yields approximately 1.65 kg of cottonseed per 1 kg of cotton fiber 36 

produced [2]. Rich in high-quality protein and oil, cottonseed ranks as the second-largest 37 

plant protein source and fifth-largest oilseed crop globally [3,4]. Cottonseed protein boasts 38 

a balanced amino acid profile, containing all eight essential amino acids (EAA) required 39 

by humans, and exhibits multiple physiological functions including antioxidant, antihy- 40 

pertensive, and immune-enhancing properties [5]. Defatted cottonseed meal, with a crude 41 

protein content of 43.5%-47.0%, is a widely utilized plant protein source, second only to 42 
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soybean meal in nutritional value, and serves as a premium protein feed ingredient [6]. 43 

Furthermore, cottonseed protein concentrate produced through low-temperature extrac- 44 

tion, de-phenolization, and moderate de-sugarization processes, which is free from aller- 45 

genic antigens, significantly enhances the economic value of cottonseed protein and can 46 

effectively replace fish meal and soybean protein [7,8]. Cottonseed oil, abundant in UFA 47 

and vitamin E, demonstrates multiple biological functions including antioxidant, anti-in- 48 

flammatory, anticancer, and wound-healing properties, and its regular consumption con- 49 

tributes to cardiovascular health maintenance [9]. Additionally, cottonseed oil finds ap- 50 

plications in producing biodiesel, lubricants, and hydraulic oils [10]. With rapid global 51 

population growth and rising living standards, the demand for protein and oil resources 52 

continues to escalate [11], necessitating the development of novel protein and oil sources. 53 

Therefore, enhancing the comprehensive utilization value of cottonseed and breeding cot- 54 

ton varieties with superior nutritional quality holds significant strategic importance. 55 

Cottonseed nutritional quality exhibits significant genetic variation both between 56 

and within species. Hinze et al conducted a comprehensive analysis of 2,256 samples from 57 

33 cotton species, revealing extensive variation ranges in protein and oil content within 58 

upland cotton (Gossypium hirsutum L.) and sea island cotton (Gossypium barbadense L.) [12]. 59 

As the most widely cultivated cotton species in the world, upland cotton accounts for 60 

approximately 90% of global cotton production [13]. Furthermore, Hu et al. [4] quantified 61 

protein and oil content in 318 upland cotton accessions, revealing variation ranges of 62 

34.04%-45.68% for protein content and 27.19%-39.89% for oil content. Additionally, gas 63 

chromatography analysis of five major fatty acids in 196 cultivars confirmed highly sig- 64 

nificant genotypic variation (p < 0.01), with an average variation index of 4.55% across 65 

fatty acid components [14]. These consistent findings highlight the rich genetic diversity 66 

in cottonseed nutritional quality, providing a crucial germplasm foundation for genetic 67 

improvement and value-added utilization [15]. 68 

 69 

Cottonseed protein and oil are present in the ovule, while fibers develop from tri- 70 

chomes, which are single-celled protuberances of the ovule epidermis [16]. A potential 71 

correlation may exist between the cottonseed nutritional quality and the fiber trait. Camp- 72 

bell et al conducted measurements of traits in 82 American cotton germplasms across mul- 73 

tiple environments, finding a positive correlation between cottonseed protein content and 74 

fiber traits such as lint yield, lint percentage (LP), Fiber micronaire (FM), while the cotton- 75 

seed oil content was positively correlated with seed index (SI) and fiber strength (FS) [17]. 76 

Similar results were reported by Hu et al, who found a positive correlation (r = 0.65, p < 77 

0.05) between cottonseed protein content and LP [4]. Conversely, studies have reported a 78 

negative correlation between lint yield and cottonseed protein content, as well as a nega- 79 

tive correlation between cottonseed oil content and SI [18], along with a positive correla- 80 

tion between cottonseed oil content and traits such as lint yield, fiber length (FL), fiber 81 

uniformity (FU), and fiber strength (FS) [19]. Discrepancies exist in the results reported by 82 

different studies. Thus, the relationship between these two traits remains to be further 83 

elucidated. As the two main products of cotton production, the synergistic improvement 84 

of fiber and cottonseed is crucial for enhancing the overall economic benefits of cotton. 85 

 86 

Proteins and oils are not only essential nutritional components required by humans 87 

and animals, but also important strategic resources that promote economic growth, and 88 

support sustainable development [20]. Cottonseed, as a high-quality source of plant pro- 89 

tein and oil, holds potential to alleviate global food security issues through cultivating 90 

new varieties with excellent nutritional quality and improving their comprehensive utili- 91 

zation rates. However, the high-value utilization of cottonseed currently faces two major 92 

bottlenecks: 1) a lack of systematic foundational data support, 2) insufficient screening of 93 



Foods 2025, 14, x FOR PEER REVIEW 3 of 17 
 

 

high-quality germplasm resources, hindering efforts to meet the demands of targeted 94 

breeding and comprehensive utilization. Although preliminary evaluations of the nutri- 95 

tional qualities exist, many studies focus primarily on protein and oil content. This study 96 

utilizes 259 upland cotton germplasms as experimental materials to systematically evalu- 97 

ate 26 nutritional quality traits (including protein, oil, 16 amino acids, and 8 fatty acids) 98 

and 8 fiber quality traits (3 fiber yield traits and 5 fiber quality traits). By employing mul- 99 

tivariate statistical analysis methods, we comprehensively investigate the variation char- 100 

acteristics and distribution patterns of cottonseed nutritional quality. Furthermore, 101 

through correlation analysis between nutritional components and fiber quality traits, 102 

combined with a principal component analysis-fuzzy membership function (PCA-FMF) 103 

comprehensive evaluation model, we aim to identify germplasm resources with superior 104 

comprehensive traits. These findings provide critical data support and a theoretical foun- 105 

dation for the high-value utilization of cottonseed and the development of new cotton 106 

varieties with enhanced nutritional and fiber quality. 107 

  108 
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2. Materials and Methods 109 

2.1. Materials and Field Experiment Design  110 

A total of 259 upland cotton accessions were selected for the experiment (Table S1), 111 

including 40 accessions from the Yangtze River Basin (YZR), 95 accessions from the Yel- 112 

low River Basin (YER), 28 accessions from the northern extra-early-maturing cotton region 113 

(NER), 58 accessions from the northwest inland region (NIR), 15 landraces (LAN), and 23 114 

foreign accessions (FOR). All accessions were provided by the Cotton Research Institute, 115 

Chinese Academy of Agricultural Sciences. In the 2023 cotton-growing season, they were 116 

planted at the Anyang experimental station, Henan (36°10′N, 114°38′E). Each accession 117 

was planted in a single 5 m long row with a row spacing of 0.8 m and an isolation path of 118 

1 m between plots. Field management followed local standard practices. 119 

 120 

2.2 Sample Pretreatment 121 

At maturity, 50 normally developed cotton bolls were collected from the middle sec- 122 

tion of plants for each accession. After being natural air drying, the samples were pro- 123 

cessed using a ginning machine processed to separate the cotton fibers from the cotton 124 

seeds. The seeds were then manually delinted to obtain kernels. An IKA mill (IKA-Werke 125 

GmbH & Co. KG, Staufen, Germany) was used to grind the cottonseed kernels to a fine- 126 

ness of 60 mesh (250 μm). All samples were dried in a constant-temperature drying oven 127 

at 45°C until they reached constant weight (difference between consecutive weighing ≤ 128 

0.1%) and subsequently were then stored in a desiccator for future use. 129 

 130 

2.3 Determination of Cottonseed Protein and Oil 131 

In this study, the Kjeldahl method and Soxhlet extraction method were used to de- 132 

termine the protein content and oil content of cottonseeds from 259 cotton accessions. Pro- 133 

tein content was determined as follows: precisely weigh 0.5000 g of cotton kernel powder, 134 

and add a mixed catalyst (K₂SO₄: CuSO₄·5H₂O = 7:0.8) along with 10 mL of concentrated 135 

sulfuric acid. Digest the mixture at 420°C for 40 minutes until the solution turns a trans- 136 

parent blue-green. Transfer the digested solution to a Kjeldahl nitrogen analyzer (FOSS 137 

Analytical A/S, Hillerød, Denmark), alkalize it with 40% NaOH, and distill the solution. 138 

Absorb the distillate using 2% boric acid, and titrate with standard hydrochloric acid until 139 

a pink endpoint is reached. Record the titration volume. Include a blank control for each 140 

batch of samples. The nitrogen-to-protein conversion factor used is 6.25. 141 

Oil content was determined as follows: First, dry the cotton kernel powder at 105°C 142 

until a constant weight is achieved. Accurately weigh 2.0000 g of the dried sample, wrap 143 

it in pre-dried and weighed filter paper, and place it in a Soxhlet extractor. Use petroleum 144 

ether (boiling range: 30–60°C) as the extraction solvent, and perform the extraction in a 145 

50°C water bath for 10 hours. After extraction, dry the filter paper package at 105°C until 146 

a constant weight is achieved. Calculate the oil content using the mass-difference method.  147 

 148 

2.4 Determination of Cottonseed Amino Acids 149 

Amino acid contents were determined using post-column derivatization ion ex- 150 

change chromatography with ninhydrin on a Hitachi L-8900 amino acid analyzer (Hitachi, 151 

Ltd., Tokyo, Japan): Weigh 5.000 g (±0.001 g) of homogenized cotton kernel powder, mix 152 

with 6 mol/L HCl, and hydrolyze at 110 ℃ for 24 h. Filter the hydrolysate, dilute to 50 mL, 153 

and analyze. Instrument conditions: column temperature 57 ℃, reactor temperature 135 154 

℃, buffer flow rate 0.4 mL/min, and ninhydrin flow rate 0.3 mL/min. Inject the mixed 155 

amino acid standard and sample solutions. Amino acid concentrations were quantified 156 

using the external standard method. Analyze each sample in duplicate and average the 157 

results. Amino acid content was calculated based on dry weight. Analyze a standard sam- 158 

ple every 10 samples for quality control. 159 
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 160 

2.5 Determination of Cottonseed Fatty Acids 161 

In this study, the fatty acid composition of 259 cotton accessions was analyzed using 162 

an Agilent 6890N gas chromatograph (Agilent Technologies, Inc., Santa Clara, CA, USA). 163 

The procedure was as follows: 0.1000 g of cotton kernel powder was hydrolyzed with 5 164 

mL of 6 mol/L HCl in an 80°C water bath for 40 min. After hydrolysis, 10 mL of 95% 165 

ethanol was added, and the sample was extracted three times with an ether-petroleum 166 

ether (1:1) mixture. Combine the organic phases, concentrate under nitrogen at 40°C, and 167 

dry to obtain the fat extract. Transesterify the extract with 8 mL of 2% NaOH-methanol 168 

solution at 80°C ± 1°C for 30 min to produce fatty acid methyl esters (FAMEs). FAMEs 169 

were analyzed using a DB-23 capillary column (60 m × 0.25 mm × 0.25 μm) with the fol- 170 

lowing conditions: injector temperature 250°C, detector temperature 280°C, and column 171 

temperature programmed from 100°C to 240°C at 4°C/min, holding for 15 min. High-pu- 172 

rity nitrogen was used as the carrier gas at 1.0 mL/min with a split ratio of 50:1. Fatty acids 173 

were identified by retention time and quantified using the area normalization method. 174 

Analyze each sample in duplicate. Include a quality control sample every 20 samples. 175 

 176 

2.6 Determination of Yield and Fiber Quality Traits of Upland Cotton 177 

To comprehensively evaluate fiber traits, the fiber characteristics of 259 cotton 178 

germplasms were measured prior to analyzing cottonseed nutritional quality. The follow- 179 

ing traits were assessed: first, the weight of 20 bolls (BW), LP, and SI were determined 180 

using an electronic balance. Additionally, 20 g fiber samples from each accession were 181 

randomly selected and sent to the Cotton Quality Supervision and Inspection Center of 182 

the Ministry of Agriculture and Rural Affairs (Anyang, China) for professional testing. 183 

The tested fiber quality traits included FL, FU, FS, FM, and fiber elongation (FE). Each 184 

sample was analyzed in triplicate, and the average value was used to minimize experi- 185 

mental error. 186 

 187 

2.7 Comprehensive Evaluation of Upland Cotton Quality 188 

To comprehensively evaluate the 259 upland cotton accessions, a PCA-FMF model 189 

was employed to calculate comprehensive scores (F value) based on 26 cottonseed nutri- 190 

tional quality traits and 8 fiber quality traits. First, principal component analysis (PCA) 191 

was used to reduce the dimensionality of the original trait data. Extract principal compo- 192 

nents (PCs) with eigenvalues greater than 1. Calculate the contribution rate (CRi) of each 193 

PC and its weight coefficient (Wi): Wi = CRi / ΣCRi. Next, the fuzzy membership function 194 

(FMF) method was applied to normalize the PCs. The principal component scores (Xi) for 195 

each accession were normalized as: U (Xi) = (Xi-Xmin) / (Xmax-Xmin), where Xmin and 196 

Xmax are the minimum and maximum scores for that PC, respectively. the F value for 197 

each accession was calculated using the formula: F = Σ(Ui × Wi). This study selects the top 198 

5% of F values as superior germplasm. 199 

 200 

2.8 Data Statistical Analysis 201 

Basic statistical analysis was conducted using IBM SPSS Statistics 25 (IBM, Armonk, 202 

NY, USA). Describe the distribution characteristics of all traits using descriptive statistics 203 

(mean ± standard deviation). A one-way analysis of variance (ANOVA) combined with 204 

Tukey's post-hoc test was employed to determine the significance of differences between 205 

groups (p < 0.05). Calculate the Pearson correlation coefficient matrix to explore relation- 206 

ships among cottonseed nutritional qualities and fiber traits. Perform PCA using the fac- 207 

toextra package in R Studio (version 4.2.1). Basic visualizations, including histograms and 208 

box plots, were created using OriginPro 2022 (Originlab Corporation, Northampton, MA, 209 

USA). 210 
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3. Results 211 

3.1 Descriptive Analysis of Nutritional Quality of Upland Cotton Seeds 212 

In the 259 cotton germplasms, cottonseed protein, oil, 16 amino acids, and 8 fatty 213 

acids were identified (Table S2). The results indicate that the primary components of cot- 214 

tonseed are protein (Figure 1A) and oil (Figure 1B), collectively accounting for 76.46% of 215 

total cottonseed kernel weight. A significant negative correlation was observed between 216 

cottonseed protein content and oil content, with a correlation coefficient of r = -0.947 (p < 217 

0.01) (Figure 1C). Protein is the most abundant component in cottonseed, with an average 218 

content of 44.00% and a variation range of 35.32%-53.48%. Among the 16 detected amino 219 

acids, 8 are EAA, and 8 are non-essential amino acids (NAA) (Figure 1D). Glu, Arg, and 220 

Asp are the three most abundant amino acids, accounting for 8.19%, 5.02%, and 3.60% of 221 

the cottonseed kernel, respectively, with variation ranges of 6.32%-9.68%, 3.54%-6.60%, 222 

and 2.78%-4.48%. Lys, a common limiting amino acid in plant-based feeds, has a content 223 

range of 1.48% to 2.12%. The coefficient of variation (CV) for the 16 amino acids ranges 224 

from 7.79% to 13.07%, with Asp, Tyr, Phe, His, Arg, and Pro showing CVs exceeding 10%. 225 

Oil is the second major component of cottonseed, with an average content of 32.46% and 226 

a variation range of 25.35%-41.16%. Among the 8 fatty acids (Figure 1E), saturated fatty 227 

acids (SFA: C14:0, C16:0, C18:0, C20:0) averaged 26.73%, while unsaturated fatty acids 228 

(UFA: C16:1, C18:1, C18:2, C18:3) averaged 73.12% (Figure 1F). C18:2 is the predominant 229 

fatty acid in cottonseeds, accounting for 55.92% of the total fatty acids, with a variation 230 

range of 49.20%-69.10%. Next in abundance are C16:1 (22.88%) and C18:1 (16.41%). The 231 

CV for the 8 fatty acids ranges from 3.42% to 26.37%, with C18:2 and C14:0 showing higher 232 

CVs of 26.37% and 13.74%, respectively. Overall, the nutritional quality traits of cotton- 233 

seed exhibit rich genetic variation across the 259 germplasms. 234 

 235 
Figure 1 Descriptive analysis of nutritional quality of 259 upland cotton accessions. 236 

Frequency distribution of protein content (A) and oil content (B) in cottonseeds; Correla- 237 

tion Analysis of protein content and oil content in cottonseeds. Multiple comparisons of 238 

amino acid content (D), fatty acid proportion (E), and proportion of saturated and unsatu- 239 

rated fatty acids (F) in cottonseeds. Different lowercase letters indicate significant differ- 240 

ences at the p < 0.05 level. EAA: Essential amino acids, NAA: non-essential amino acids, 241 

Asp: Aspartic Acid, Thr: Threonine, Ser: Serine, Glu: Glutamic Acid, Gly: Glycine, Ala: 242 

Alanine, Val: Valine, Met: Methionine, Ile: Isoleucine, Leu: Leucine, Tyr: Tyrosine, Phe: 243 

Phenylalanine, Lys: Lysine, His: Histidine, Arg: Arginine, Pro: Proline, PRO: Protein, 244 

C14:0: Myristic Acid, C16:0: Palmitic Acid, C16:1: Palmitoleic Acid, C18:0: Stearic Acid, 245 
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C18:1: Oleic Acid, C18:2: Linoleic Acid, C18:3: α-Linolenic Acid, C20:0: Arachidic Acid, 246 

UFA: Unsaturated fatty acids, SFA: Saturated fatty acids. 247 

 248 

3.2 Analysis of Differences in Nutritional Quality of Cottonseeds among Different geo- 249 

graphical sources and Breeding periods 250 

To investigate the distribution and variation of cottonseed nutritional quality across 251 

different cotton-growing regions and breeding periods. Accessions were classified by ge- 252 

ographical origin (6 groups: YZR, LAN, FOR, YER, NER, NIR) and breeding period (4 253 

groups: foreign introduction, 1953-2000, 2001-2010, 2011-2022). By comparing protein, oil, 254 

amino acid content, and fatty acid composition among these groups, significant differ- 255 

ences were observed among upland cotton accessions from different geographical origins. 256 

Among 26 traits, 23 exhibited highly significant differences (p < 0.05); C14:0, C18:0, and 257 

C16:1 showed no significant variation (Table S3). FOR accessions exhibited the highest oil 258 

content at 35.58% (Figure 2A) and SFA proportion (27.15%) compared to other regions. 259 

However, these accessions had lower protein content, total amino acid content and C18:2 260 

proportion. NIR accessions had the highest protein (45.65%) and all 16 amino acids. Alt- 261 

hough their oil content was lowest (30.75%), their C18:2 proportion was highest (56.34%). 262 

Overall, the NIR and YER accessions exhibited higher protein, amino acid content and 263 

C18:2 proportion, while FOR, LAN, YZR, and NER accessions had higher oil content (Fig- 264 

ure 2C), which is a noteworthy finding. Significant differences were also found among 265 

breeding periods (Table S4). Among 26 traits, 23 differed significantly (p < 0.05); C14:0, 266 

C18:1, and C18:3 showed no significant differences. (p < 0.05). Cottonseed nutritional qual- 267 

ity changed systematically with breeding advancement: protein, amino acids, and UFA 268 

proportion increased, while oil content and C16:0 proportion decreased (Figure 2B, D). 269 

The proportion of SFA also decreased, whereas the proportion of UFA increased. Varieties 270 

bred after 2000 had significantly higher protein and amino acid content compared to ear- 271 

lier varieties, but their oil content and proportion of C16:0 were significantly lower (Figure 272 

2D).  273 
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 274 
Figure 2 Analysis of nutritional quality differences in 259 upland cotton accessions 275 

by geographical sources and breeding period. Multiple comparisons of protein content 276 

and oil content in cottonseeds from different geographical origins (A) and different breed- 277 

ing periods (B). Heatmap of 26 cottonseed nutritional quality traits by geographical ori- 278 

gins (C) and breeding period (D). Red indicates high content; blue indicates low content. 279 

Intensity reflects magnitude. Different lowercase letters indicate significant differences at 280 

the p < 0.05 level. 281 

 282 

3.3 Phenotypic Variation of Fiber Quality 283 

Fiber is the primary product of cotton production. To clarify the basic variation in 284 

fiber yield and fiber quality traits, 3 fiber yield traits (LP, BW, SI) and 5 fiber quality traits 285 

(FL, FS, FU, FE, FM) were measured (Table S1). All traits exhibited normal distributions. 286 

CVs ranged from 1.46% (FU) to 13.34% (BW); four traits had CV > 10%. Yield traits showed 287 

greater variation (all CV > 10%) than quality traits, with BW ranging from 71.41 g to 163.63 288 

g. Among quality traits, only FM had CV > 10% (Table S5). 289 

 290 

3.4 Correlation Analysis of Cottonseed Nutritional Quality and Fiber Traits 291 

To explore the interrelationships between cottonseed nutritional quality and fiber 292 

traits, correlation analysis among cottonseed nutritional quality, and fiber traits across 259 293 

accessions revealed significant intra- and inter-group correlations (Figure 3). Among cot- 294 

tonseed nutritional quality traits, Protein content was positively correlated with all 16 295 

amino acids, with correlation coefficients ranging from 0.57 to 0.85 (p < 0.01). Interestingly, 296 

protein content also exhibited weak positive correlations with the proportion of C18:2 (r 297 

= 0.26) and C18:3 (r = 0.25), respectively (p < 0.01). Due to the positive correlation between 298 
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protein and amino acids, oil content showed significant negative correlations with all 299 

amino acids. In the relationships between cottonseed nutritional quality and fiber traits, 300 

protein content was positively correlated with five fiber traits (FL, FS, FU, LP, BW; r = 301 

0.13–0.47), The highest correlation was observed with LP (r = 0.47). Oil content was posi- 302 

tively correlated with SI, with a correlation coefficient of 0.44. LP exhibited significant 303 

positive correlations with all 16 amino acids, with correlation coefficients ranging from 304 

0.19 to 0.53. Among them, His showed the highest correlation with LP. As the predomi- 305 

nant fatty acid, C18:2 demonstrated positive correlations with BW, LP, FL, FS, and FU. 306 

 307 

Figure 3 Correlation analysis of 26 nutritional quality traits and 8 fiber traits. Lower 308 

triangle: Pearson correlation coefficients; upper triangle: significance levels (*: p < 0.05, **: 309 

p < 0.01). Negative correlations are denoted in blue, positive correlations in red, with color 310 

intensity and circle size proportional to the strength of the correlation coefficient. 311 

  312 

3.5 Comprehensive Evaluation of Cotton Germplasm Resources 313 

To identify elite cotton germplasm, we implemented a PCA-FMF integrated model 314 

for comprehensive evaluation and cluster analysis of all accessions. PCA revealed that 315 

PC1 and PC2 accounted for 57.07% of the total variation. PC1 was positively correlated 316 

with protein content and all amino acid content but negatively correlated with oil content 317 

and seed index. PC2 was primarily influenced by C18:2, C16:0, C20:0, FL, and FS (Figure 318 

4A, Table S6). Using the PCA-FMF model, a comprehensive evaluation was conducted on 319 

259 cotton accessions, the F value ranged from 0.185 (Shaanmian 4) to 0.878 (Xinluzao 29), 320 

with an average of 0.539, and 58.59% of accessions exceeded the average F value. (Table 321 

S1); The F value was significantly positively correlated with protein, all amino acids, 322 

C18:2, C18:3, BW, LP, FL, FS, FU, and FM, while it was significantly negatively correlated 323 
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with oil content, relative content of C18:1, and SI (Table S7). Further cluster analysis of the 324 

34 traits divided the 259 accessions into four groups, with 24, 49, 95, and 91 accessions in 325 

each group, respectively (Figure 4B,). Among the four groups, all 30 traits except for C14:0, 326 

C20:0, FM, and FE showed significant differences (p ＜ 0.05) (Table S8). Group 1 and 327 

group 2 were similar, consisting mainly of accessions from the YZR, FOR, and LAN with 328 

older breeding periods. These groups had higher oil content, C16:0, and SI compared to 329 

the other groups, but exhibited poorer protein, amino acid, and fiber yield and quality 330 

traits. The varieties in the group 3 and 4 showed similar phenotypes, both having superior 331 

protein, all amino acid, C18:1, C18:2, and BW. Compared with group 3, accessions of 332 

group 4 had optimal LP, FL, FS, and FU. Overall, group 4 demonstrated superior compre- 333 

hensive traits (Figure 4C). To screen for germplasm resources with both excellent cotton- 334 

seed nutritional quality and fiber quality, selecting the top 5% based on F value identified 335 

13 elite accessions (e.g., Xinluzao29, Xinluzao28, Xinluzao48, Chuang0712, Xinluzao16, 336 

SkgZhong156, Xinluzao24, Shiyuan345, Xinluzhong2, Zhongmian113, Simian3, Jinghua- 337 

mian116, Zhongjiangmian8) with high protein, amino acid, UFA proportion excellent fi- 338 

ber quality and yield (Figure 4D). 339 

 340 

 341 
Figure 4 Comprehensive evaluation of 259 cotton germplasms. PCA (A) and cluster 342 

analysis (B) of 26 cottonseed nutritional quality traits and 8 fiber traits. (C) Comparative 343 

analysis of all traits across four groups of accessions. (D) Frequency distribution of com- 344 

prehensive evaluation F values. 345 

4. Discussion 346 

4.1 Cottonseed as an Important Source of Protein and Oil 347 

Proteins and oils are indispensable resources for humans and the livestock industry. 348 

As society and the livestock sector develop rapidly, coupled with constraints on soybean 349 

production, protein and oilseed resources are facing shortages [21]. Cotton is not only the 350 

main source of natural fiber, but its cottonseeds also harbor abundant nutrients [22]. En- 351 

hancing the comprehensive utilization rate of cottonseeds can help mitigate food security 352 
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problems. In this study, a systematic evaluation was carried out on the protein and oil 353 

content, as well as the amino acid and fatty acid components of cottonseeds from 259 up- 354 

land cotton accessions. The results showed that the dominant components in cottonseeds 355 

were proteins and oils. The protein content accounted for 44% of the weight of cottonseed 356 

kernels. Compared with soybeans, the total protein content of cottonseeds was equivalent 357 

or slightly higher [23]. The composition and proportion of amino acids were the key fac- 358 

tors affecting its nutritional value and applications. The amino acid composition of cot- 359 

tonseed protein was relatively balanced. The contents of glutamic acid and arginine were 360 

significantly higher than those in soybean protein, while the content of lysine was rela- 361 

tively low [24]. Through deep-processing methods such as de-oiling and enzymatic hy- 362 

drolysis, cottonseed meal can obtain high-concentration cottonseed protein concentrate, 363 

which has higher economic value [7]. In terms of oils, the average oil content of upland 364 

cotton was 32.46%, slightly higher than that of soybeans, and the content of unsaturated 365 

fatty acids was similar. The content of linoleic acid in cottonseed oil was relatively high 366 

[25]. Compared with rapeseed oil, cottonseed oil contained almost no erucic acid, while 367 

the content of oleic acid was higher than that in cottonseed oil, but the content of linoleic 368 

acid was lower [26]. Traditional research believed that the toxic substance gossypol in 369 

cottonseeds limited its effective utilization in feed and edible oil [27]. However, modern 370 

de-phenolization processes were quite mature and could effectively remove excessive 371 

gossypol [28]. Recent research has also shown that low concentration gossypol had good 372 

broad-spectrum resistance to animal viruses [21]. Although cottonseed was a by-product 373 

of the cotton production process, its production level was also high. The cottonseed yield 374 

accounted for 60% of the total cotton production. According to data, from 2019 to 2022, 375 

approximately 166.29 million tons of cottonseeds were produced globally 376 

(https://www.fao.org/faostat/zh/#data/FBS). All these indicate that cottonseed, as a poten- 377 

tial resource for proteins and oils, had good development prospects. 378 

 379 

4.2 Wide Variation in Nutritional Quality of Upland Cotton Seeds 380 

Upland cotton is currently the most widely cultivated cotton species, accounting for 381 

99% of China's cotton planting area. Despite its relatively narrow genetic background 382 

compared with other wild and semi-wild cotton varieties [29], it exhibits extensive varia- 383 

tion in nutritional quality. Compared with other diploid cotton species, it boasts the high- 384 

est oil content and the second highest protein content [12]. Although the reported varia- 385 

tion ranges of cottonseed protein and oil contents differ across studies, the general ranges 386 

of cottonseed protein and oil contents are approximately 31.92%-55.13% and 22.91%- 387 

41.98%, respectively [22,30,31], which are basically consistent with the results of our study. 388 

These disparities can be attributed to multiple factors, including sample types [32], deter- 389 

mination methods [17], and calculation approaches. In certain research, protein and oil 390 

contents were computed relative to the weight of cottonseeds with shells [33]. This prac- 391 

tice led to comparatively lower measured values. Nevertheless, the reported ranges for 392 

protein and oil contents remained at 15.26% and 14.66% respectively [12]. In this study, 393 

we not only examined the protein and oil contents of upland cotton germplasms but also 394 

conducted a detailed evaluation and analysis of the amino acid and fatty acid components. 395 

The average variation index of the 26 nutritional quality component indicators was 10%, 396 

and the coefficient of variation of 8 indicators exceeded 10%, indicating more intense var- 397 

iation in these components. This shows that there is extensive variation in the nutritional 398 

quality traits of cottonseeds in upland cotton, which can provide germplasms and parents 399 

for different industrial demands and breeding. Through correlation analysis, we found 400 

that there were significant positive correlations among the various amino acids in cotton- 401 

seeds. Although the correlation of methionine was slightly weaker, it still exceeded 0.6. 402 

This phenomenon has also been observed in soybeans, peanuts, and avocados [34,35,36]. 403 
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This positive correlation phenomenon may be linked to the amino acid biosynthesis path- 404 

way in seeds. Amino acids are mainly synthesized from the intermediate products of the 405 

tricarboxylic acid cycle [37]. α-ketoglutarate can be converted into glutamic acid, and the 406 

amino group of glutamic acid can generate different amino acids under the action of var- 407 

ious transaminases [38]. This process is regulated by glutamine synthetase and glutamate 408 

synthase [40]. The relatively low correlation between methionine and other amino acids 409 

may be mainly due to its status as a sulfur-containing amino acid [41]. C16:0, C18:1, and 410 

C18:2 are the three main fatty acids in cottonseed oil, accounting for 95.21% of the total 411 

fatty acids. C18:2 is the most abundant fatty acid, with a content of 55.92%, which is con- 412 

sistent with the reports of Hu et al. [4] and Zhuang et al. [22]. The relationships among 413 

fatty acids are intricate. Overall, there is a significant negative correlation between satu- 414 

rated and unsaturated fatty acids, and C18:1 and C18:2 show a significant negative corre- 415 

lation. This is because under the action of stearoyl-acyl-carrier-protein desaturase, satu- 416 

rated fatty acids are dehydrogenated to form unsaturated fatty acids [42], and the biosyn- 417 

thesis of linoleic acid takes oleic acid as a substrate and is formed under the action of fatty 418 

acid desaturase [43], creating a competitive relationship. 419 

 420 

4.3 Influence of Breeding Process on Cottonseed Nutritional Quality 421 

Long term natural variation and artificial selection have led to differences in the 422 

adaptability of cotton in different ecological environments [44]. Understanding the 423 

changes in key agronomic traits among different regions is crucial for the cultivation of 424 

new varieties. Our analysis revealed significant geographical and temporal differences in 425 

cottonseed nutritional quality, closely tied to Chinese cotton breeding history. The breed- 426 

ing history of Chinese cotton has gone through stages from introducing foreign accessions 427 

to cultivating early-stage accessions. These early-stage accessions were mainly planted in 428 

the YZR and the YER [29]. Subsequently, the cotton planting area gradually shifted from 429 

southern China to northwestern China, and the varieties in the northwestern inland re- 430 

gion developed rapidly [44]. Early accessions (foreign, landraces, early cultivars) had 431 

higher oil but lower protein/amino acids. Recent NIR varieties showed increased protein 432 

and C18:2, but decreased oil and C16:0. There is an association between the clustering 433 

results, geographical origin, and breeding trends, there are geographical distribution dif- 434 

ferences among different subgroups. This shift may relate to changing cultivation pat- 435 

terns, potentially involving fatty acids degradation for water production under drought 436 

stress in arid regions [45]. 437 

 438 

4.4 Simultaneous Improvement of Cottonseed Nutritional Quality and Fiber Quality 439 

Fibers and cottonseeds are the two main products of the cotton production process. 440 

Fibers develop from the single cell trichome protrusions on the ovule, and there is an in- 441 

separable relationship between them. We found protein positively correlated with LP and 442 

fiber quality traits, while the oil content was significantly positively correlated with the 443 

SI, which is consistent with previous reports [4,39]. Additionally, this study also found 444 

that C18:2 was positively correlated with LP and fiber quality traits excluding FE. Re- 445 

search has shown that ectopic overexpression of BnFAD2 in cotton increases seed C18:2 446 

content while enhancing LP. The redirected carbon flux, driven by FAD2 expression, pri- 447 

oritizes fiber development over oil biosynthesis in seeds [39]. Recent research has also 448 

found that GhD53 inhibits fiber elongation by suppressing the transcription of the 449 

GhFAD3 gene, which controls the biosynthesis of C18:3, and exogenous application of 450 

C18:3 can increase FL [46,47]. Interestingly, although early breeding focused on fiber yield, 451 

quality, disease resistance [1], neglecting cottonseed, our study found cottonseed nutri- 452 

tional quality co-varied with breeding trends and converged with fiber quality traits. This 453 
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suggests inadvertent selection of seed nutritional traits when selecting for fiber, implying 454 

potential linkage or pleiotropy. 455 

 456 

4.5 Application and Breeding Prospects of Cottonseed Nutritional Quality 457 

In summary, cotton breeding advancements have continuously improved fiber yield 458 

and quality, accompanied by a gradual increase in cottonseed protein content. However, 459 

enhancing seed oil content has become increasingly challenging. With the constrained de- 460 

velopment of China's soybean industry, the exploitation of cottonseed protein has gar- 461 

nered growing attention [21]. Cottonseed protein demonstrates broad application pro- 462 

spects in animal feed. Processed cottonseed protein concentrate contains over 60% protein 463 

substantially higher than commonly used cottonseed meal, enabling partial substitution 464 

of high-end proteins like soybean meal and fish meal in feed formulations [7,27]. Mean- 465 

while, ongoing research into gossypol has uncovered its antiviral properties, holding 466 

promise for livestock applications [21] and potentially elevating cottonseed utilization 467 

value. Notably, cottonseed protein is generally deficient in lysine [24], making genetic en- 468 

gineering mediated supplementation a promising target for future breeding programs. 469 

5. Conclusions 470 

This study assessed 26 nutritional traits of cottonseeds and 8 fiber traits across 259 upland 471 

cotton germplasms. Protein and oil emerged as the primary components, making up 472 

76.46% of the kernel weight. Among the 16 detected amino acids, 8 are EAA. UFA domi- 473 

nated the fatty acid profile, with C18:2 being the most abundant at 55.92%. Nutritional 474 

quality varied noticeably by geographical region and breeding period. Additionally, sig- 475 

nificant positive correlations were found between nutritional traits (protein, amino acids, 476 

C18:2) and key fiber traits such as LP and FL. 13 elite accessions with superior combined 477 

performance were identified. These findings provide valuable data and theoretical sup- 478 

port for high-value cottonseed utilization and the synergistic breeding of varieties with 479 

both excellent nutritional and fiber qualities. 480 
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Abbreviations 502 

The following abbreviations are used in this manuscript: 503 

PCA-FMF principal component analysis-fuzzy membership function 

CV Coefficient of Variation 

ANOVA A one-way analysis of variance 

FAMEs Fatty Acid Methyl Esters 

YZR Yangtze River Basin 

YER Yellow River Basin 

NER Northern extra-early-maturing cotton region 

NIR Northwest inland region 

LAN Landraces 

FOR Foreign 

Asp Aspartic Acid 

Thr Threonine 

Ser Serine 

Glu Glutamic Acid 

Gly Glycine 

Ala Alanine 

Val Valine 

Met Methionine 

Ile Isoleucine 

Leu Leucine 

Tyr Tyrosine 

Phe Phenylalanine 

Lys Lysine 

His Histidine 

Arg Arginine 

Pro Proline 

PRO Protein 

C14:0 Myristic Acid 

C16:0 Palmitic Acid 

C16:1 Palmitoleic Acid 

C18:0 Stearic Acid 

C18:1 Oleic Acid 

C18:2 Linoleic Acid 

C18:3 α-Linolenic Acid 

C20:0 Arachidic Acid 

UFA Unsaturated fatty acids 

SFA Saturated fatty acids 

EAA Essential amino acids 

NAA Non-essential amino acids 

BW Boll weight 

LP Lint percentage 

SI Seed index 

FL Fiber length 

FU Fiber uniformity 

FS Fiber strength 
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FM Fiber micronaire 

FE Fiber elongation 
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