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Abstract:  

The study systematically analyzed the diversity, correlation, and comprehensive performance of phenotypic 

traits at both seedling and flowering stages using 62 wild Cardamine enshiensis germplasm resources. The 

results showed that: the phenotypic traits exhibited substantial variation, with coefficients variation (CV) 

ranging from 10.61% to 30.88%, while seedling-stage traits generally displayed greater variability than 

flowering-stage traits; plant height, leaf length, and leaf width at the seedling stage were significantly 

positively correlated with those at the flowering stage (r = 0.77-0.82), indicating that early growth can 

predict later performance; the selenium content results showed that the leaves of Cardamine enshiensis 

contained selenium levels as high as 3,695.71 μg/kg; cluster analysis grouped the resources into three 

distinct types, the third group exhibiting exceptionally high biomass potential; principal component analysis 

(PCA) extracted three principal components, cumulatively explaining 79.12% of the total variation. Based 

on comprehensive evaluation scores, 10 elite resources with robust growth, high tillering ability, and strong 

selenium accumulation were identified. This study provides the theoretical foundation and material basis for 

breeding high-yield, selenium-enrich C. enshiensis varieties. 

Keywords: Cardamine enshiensis; Phenotypic traits; Cluster analysis; Principal component analysis; 

Comprehensive evaluation 

1. Introduction 

Cardamine enshiensis, commonly known as ―wild 

rapeseed‖ (Shi et al., 2015), is an annual or 

perennial herbaceous plant belonging to the 

family Brassicaceae (Flora of China, 1987). It 

was first discovered in 1981 in Yutangba, Xintang 

Township, Enshi Prefecture, Hubei Province, 

within a region characterized by selenium-rich 

soils. This species represents the first selenium 

(Se) hyperaccumulator identified and reported in 

China (Lei et al., 2015) and is endemic to the 

country. Under natural conditions, the selenium 

concentration in its dried leaves can reach 1427 

mg/kg, while under artificial cultivation with 

exogenous selenium supplementation, the 

selenium content in dry matter exceeds 9000 

mg/kg, demonstrating an exceptional capacity for 

selenium accumulation (Shao et al., 2016; Rao et 

al., 2020). 
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In addition to its remarkable selenium-enriching 

ability, C. enshiensis is rich in proteins, vitamins, 

polysaccharides, flavonoids, amino acids, and 

cellulose (Xu, 2023; Ma et al., 2023; Lin et al., 

2022). Through years of domestication and 

cultivation, large-scale artificial planting of C. 

enshiensis has been successfully established. 

Furthermore, it has been approved by the National 

Health Commission of China as a leafy vegetable 

ingredient, allowing its inclusion in the 

management of edible plant resources (Technical 

Regulations for the Production of Cardamine 

enshiensis, 2022). Consequently, C. enshiensis 

holds significant potential as a selenium-enriched 

food source and as a plant-based selenium 

supplement, contributing to selenium 

biofortification and functional agriculture. 

However, systematic evaluation of this species 

remains limited, which constrains its genetic 

improvement and large-scale utilization. 

Phenotypic characterization serves as the 

fundamental approach for identifying, classifying, 

evaluating, and selecting breeding materials from 

plant germplasm resources. For instance, Duan et 

al. (2023) classified 296 pear germplasms into 

five categories—excellent, good, moderate, poor, 

and very poor—based on systematic cluster 

analysis of fruit lenticel traits, including size, 

density, and surface morphology. Peng et al. 

(2025) evaluated 148 garlic germplasms for 

agronomic traits and identified 37 superior 

genotypes suitable for cultivation in Hubei 

Province. Similarly, Leng et al. (2021) and Li et 

al. (2023) identified 20 elite garlic accessions 

from Guizhou and 5 superior garlic and green 

garlic germplasms, respectively, through 

comparable phenotypic assessments. Zhi et al. 

(2025) analyzed phenotypic characteristics in 96 

peony cultivars and identified 10 elite varieties, 

including ‗Yubanbai‘ and ‗Daojin,‘ exhibiting 

superior overall performance. Zhang et al. (2025) 

conducted phenotypic and nutritional evaluations 

of 235 tillering onion germplasms, selecting 10 

outstanding cultivars for commercial promotion. 

Additionally, phenotypic analyses have been 

successfully employed to identify superior 

germplasms in crops such as soybean, barley, 

chestnut, and Lolium multiflorum, offering 

valuable insights for resource utilization and 

breeding (Di et al., 2023; Gao et al., 2023; Guo et 

al., 2022; Sun et al., 2016). 

In 2022, C. enshiensis was officially approved as 

a leafy vegetable by the National Health 

Commission of China, and selenium 

concentrations in its leaves have been reported to 

exceed those in the entire plant. Therefore, 

evaluation of leaf-related phenotypic traits is 

essential for the identification of superior 

selenium-rich germplasms. In this study, 62 wild 

C. enshiensis accessions were investigated. Leaf-

related traits at the seedling and full-bloom stages 

were characterized, and leaf selenium content was 

quantitatively determined. Multiple analytical 

methods were employed to screen for germplasms 

with both high yield potential and superior 

selenium accumulation capacity, providing a 

theoretical foundation for the breeding of new 

high-selenium cultivars of C. enshiensis. 

2. Materials and Methods 

2.1 Plant Materials 

All C. enshiensis germplasm resources used in 

this study were obtained from the Enshi Academy 

of Agricultural Sciences (Hubei, China). For the 

convenience of subsequent analyses, each 

accession was assigned a unique code consisting 

of the abbreviation ―Ce‖ (derived from the Latin 

name) followed by a sequential Arabic numeral. 

In total, 62 C. enshiensis accessions were 

evaluated and characterized. Detailed information 

on these germplasm resources is provided in 

Table 1. 
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Table 1 Cardamine enshiensis germplasm resources 

New 

ID 

Original 

ID 

Geographic Origin New 

ID 

Original ID Geographic Origin 

Ce02 CYY 

G25 

Shuanghe, Enshi, Hubei 

Province 

Ce33 S20 Shuanghe, Enshi, Hubei 

Province 

Ce03 CYY 

P13 

Shuanghe, Enshi, Hubei 

Province 

Ce34 S21 Shuanghe, Enshi, Hubei 

Province 

Ce04 CYY 

P15 

Shuanghe, Enshi, Hubei 

Province 

Ce35 S23 Shuanghe, Enshi, Hubei 

Province 

Ce05 CYY 

P16 

Shuanghe, Enshi, Hubei 

Province 

Ce36 S25 Shuanghe, Enshi, Hubei 

Province 

Ce06 CYY 

P24 

Shuanghe, Enshi, Hubei 

Province 

Ce37 S27 Shuanghe, Enshi, Hubei 

Province 

Ce07 CYY P3 Shuanghe, Enshi, Hubei 

Province 

Ce38 S28 Shuanghe, Enshi, Hubei 

Province 

Ce08 CYY P6 Shuanghe, Enshi, Hubei 

Province 

Ce39 S29 Shuanghe, Enshi, Hubei 

Province 

Ce09 CYY-

1010 

Shuanghe, Enshi, Hubei 

Province 

Ce40 S3 Shuanghe, Enshi, Hubei 

Province 

Ce10 CYY-

1014 

Shuanghe, Enshi, Hubei 

Province 

Ce41 S30 Shuanghe, Enshi, Hubei 

Province 

Ce11 CYY-

102 

Shuanghe, Enshi, Hubei 

Province 

Ce42 S31 Shuanghe, Enshi, Hubei 

Province 

Ce12 CYY-

1022 

Shuanghe, Enshi, Hubei 

Province 

Ce43 S32 Shuanghe, Enshi, Hubei 

Province 

Ce13 CYY-

1023 

Shuanghe, Enshi, Hubei 

Province 

Ce44 S33 Shuanghe, Enshi, Hubei 

Province 

Ce14 CYY-

104 

Shuanghe, Enshi, Hubei 

Province 

Ce45 S34 Shuanghe, Enshi, Hubei 

Province 

Ce15 CYY-

108 

Shuanghe, Enshi, Hubei 

Province 

Ce46 S36 Shuanghe, Enshi, Hubei 

Province 

Ce16 CYY-

109 

Shuanghe, Enshi, Hubei 

Province 

Ce47 S4 Shuanghe, Enshi, Hubei 

Province 

Ce17 CYY-12 Shuanghe, Enshi, Hubei 

Province 

Ce48 S5 Shuanghe, Enshi, Hubei 

Province 

Ce18 S0-1 Shuanghe, Enshi, Hubei 

Province 

Ce49 S6 Shuanghe, Enshi, Hubei 

Province 

Ce19 S0-4 Shuanghe, Enshi, Hubei 

Province 

Ce50 S8 Shuanghe, Enshi, Hubei 

Province 

Ce20 S0-6 Shuanghe, Enshi, Hubei 

Province 

Ce51 S9 Shuanghe, Enshi, Hubei 

Province 

Ce21 S0-7 Shuanghe, Enshi, Hubei 

Province 

Ce52 SH-1 Shuanghe, Enshi, Hubei 

Province 

Ce22 S1-1 Shuanghe, Enshi, Hubei 

Province 

Ce53 SH-2 Shuanghe, Enshi, Hubei 

Province 

Ce23 S1 Shuanghe, Enshi, Hubei 

Province 

Ce54 SH-3 Shuanghe, Enshi, Hubei 

Province 

Ce24 S10 Shuanghe, Enshi, Hubei 

Province 

Ce55 SH-4 Shuanghe, Enshi, Hubei 

Province 

Ce25 S11 Shuanghe, Enshi, Hubei 

Province 

Ce56 SH-5 Shuanghe, Enshi, Hubei 

Province 
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Ce26 S12 Shuanghe, Enshi, Hubei 

Province 

Ce57 SH-6 Shuanghe, Enshi, Hubei 

Province 

Ce27 S13 Shuanghe, Enshi, Hubei 

Province 

Ce59 Hong Shuanghe, Enshi, Hubei 

Province 

Ce28 S14 Shuanghe, Enshi, Hubei 

Province 

Ce60 Hong10.4 Shuanghe, Enshi, Hubei 

Province 

Ce29 S15 Shuanghe, Enshi, Hubei 

Province 

Ce61 Ming Wei Shuanghe, Enshi, Hubei 

Province 

Ce30 S17 Shuanghe, Enshi, Hubei 

Province 

Ce64 Chang10.4 Shuanghe, Enshi, Hubei 

Province 

Ce31 S18 Shuanghe, Enshi, Hubei 

Province 

Ce65 Chang Bo Shuanghe, Enshi, Hubei 

Province 

Ce32 S2 Shuanghe, Enshi, Hubei 

Province 

Ce66 ZZPZ Shuanghe, Enshi, Hubei 

Province 

 

2.2 Phenotypic Trait Investigation 

2.2.1 Agronomic Trait Survey 

Phenotypic traits were investigated at both the 

seedling and full-flowering stages of C. 

enshiensis. Plant height, leaf length, leaf width, 

and petiole length were measured using a 

measuring tape, while the number of tillers per 

plant was recorded during the full-flowering 

stage. For each accession, six healthy plants of 

uniform growth were randomly selected for 

measurements, and the mean values were used for 

subsequent statistical analyses. Field 

management, including pest and disease control, 

irrigation, and fertilization, was conducted 

following standard agronomic practices. 

2.2.2 Determination of Fresh Leaf Selenium 

Content 

In agricultural production, the leaves of C. 

enshiensis at the seedling stage are primarily 

consumed or processed, and previous studies have 

shown that selenium concentrations in leaves are 

higher than those in whole plants. Therefore, 

fresh leaves collected during the seedling stage 

were used for selenium content determination. 

For each accession, leaves from eight plants were 

combined to form one composite sample. Three 

parallel measurements were performed, and the 

mean value was used for further analysis. 

Selenium concentration was determined using the 

hydride generation atomic fluorescence 

spectrometry (HG-AFS) method as specified in 

the national standard GB 5009.93–2017, 

following microwave-assisted acid digestion for 

sample pretreatment. 

2.3 Data Processing and Statistical Analysis 

Raw data were organized and summarized using 

Microsoft Excel 2022, and basic descriptive 

statistics—including minimum, maximum, mean, 

standard deviation, and coefficient of variation—

were calculated for each phenotypic trait. Cluster 

analysis, correlation analysis, and principal 

component analysis (PCA) of agronomic traits 

were conducted using SPSS version 27.0. 

Following the method described by Di et al. 

(2023), comprehensive germplasm evaluation was 

performed based on PCA-derived eigenvectors. 

Specifically, all phenotypic data were first 

standardized, and the standardized values of each 

accession were multiplied by the corresponding 

eigenvectors of each principal component to 

obtain principal component scores. Subsequently, 

weighted comprehensive scores were calculated 

for each accession by summing the scores across 

all principal components, using their respective 

variance contribution rates as weighting 

coefficients. 

3. Results and Analysis 

3.1 Phenotypic Diversity of Cardamine 
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enshiensis Germplasm Resources 

Significant variation was observed among the 62 

C. enshiensis germplasm resources in terms of 

phenotypic traits, with coefficients of variation 

(CVs) ranging from 10.61% to 30.88% (Table 2). 

The traits were ranked by their CVs in descending 

order as follows: seedling-stage leaf width > 

seedling-stage plant height > seedling-stage leaf 

length > seedling-stage petiole length > 

flowering-stage leaf length > flowering-stage 

petiole length > flowering-stage leaf width > 

flowering-stage plant height > tiller number. 

Seedling-stage leaf width exhibited the highest 

variability (CV = 30.88%), with a range of 2.62–

8.60 cm and a mean of 5.13 cm. In contrast, tiller 

number showed the lowest variability (CV = 

10.61%), ranging from 5.00 to 8.20 with an 

average of 6.37. Notably, the CVs of seedling-

stage plant height, leaf length, leaf width, and 

petiole length were all greater than those of the 

corresponding flowering-stage traits, indicating 

that phenotypic variation was higher at the 

seedling stage. Overall, the broad range of 

phenotypic diversity suggests abundant genetic 

variability within the C. enshiensis germplasm 

resources.

 

Table 2 Phenotypic traits diversity analysis of Cardamine enshiensis germplasm resources 

Trait Max Min Mean SD CV (%) 

Seedling plant height / cm 11.54  2.68  7.29  2.24  30.73  

Flowering plant height / cm 62.04  33.22  47.63  6.23  13.07  

Seedling Length of leaves / cm 6.94  2.20  4.02  1.18  29.27  

Flowering Length of leaves / cm 8.73  4.02  6.19  1.49  24.14  

Seedling Width of leaves / cm 8.60  2.62  5.13  1.58  30.88  

Flowering Width of leaves / cm 12.30  6.98  10.36  1.39  13.46  

Seedling Length of Petiole / cm 8.09  2.42  5.17  1.38  26.63  

Flowering Length of Petiole / cm 11.40  3.74  7.50  1.46  19.48  

Number of tillers 8.20  5.00  6.37  0.68  10.61  

 

3.2 Correlation Analysis of Phenotypic Traits 

To assess the relationships among the phenotypic 

traits of C. enshiensis, correlation analysis was 

performed (Fig. 1). Significant and extensive 

correlations (P < 0.01) were detected among most 

growth indicators. Specifically, seedling-stage 

plant height was strongly and positively 

correlated with seedling leaf length, leaf width, 

and petiole length, as well as with flowering-stage 

plant height, leaf length, and leaf width (r = 0.53–

0.85). Flowering-stage plant height was 

significantly correlated with seedling leaf length, 

width, and petiole length, and flowering leaf 

length and width (r = 0.44–0.65). Seedling leaf 

length and width were highly correlated (r = 

0.97), and flowering leaf length was significantly 

correlated with seedling leaf width, seedling 

petiole length, and flowering leaf width (r = 0.38–

0.81). Furthermore, seedling leaf width showed a 

significant positive correlation with seedling 

petiole length and flowering leaf width (r = 0.40–

0.77), while flowering leaf width was 

significantly correlated with seedling petiole 

length (r = 0.42). Notably, significant positive 

correlations were found between seedling and 

flowering stages for plant height, leaf length, and 

leaf width, with correlation coefficients of 0.77, 

0.82, and 0.77, respectively. These findings 

suggest that phenotypic performance at the 

seedling stage can serve as a reliable indicator of 

plant vigor and morphological traits at later 

growth stages. 
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Fig 1 Phenotypic traits correlation analysis of Cardamine enshiensis germplasm resources 

Note：* indicates a significant correlation at the 0.05 (P < 0.05) level, and ** indicates a highly significant 

correlation at the 0.01 (P < 0.01) level. 

 

3.3 Cluster Analysis of Phenotypic Traits 

Cluster analysis of the nine phenotypic traits was 

conducted using Ward‘s method based on squared 

Euclidean distance (Fig. 2). When the distance 

threshold was set to 5, the 62 C. enshiensis 

accessions were classified into three distinct 

groups. Cluster I contained 16 accessions 

(25.81%), Cluster II included 24 accessions 

(38.71%), and Cluster III comprised 22 

accessions (35.48%). 

The three clusters differed markedly in overall 

biomass and growth vigor. In Cluster I, the mean 

seedling plant height, leaf length, and leaf width 

were 4.64 cm, 2.80 cm, and 3.44 cm, respectively; 

at the flowering stage, the mean plant height, leaf 

length, and leaf width were 41.42 cm, 4.66 cm, 

and 8.88 cm. In contrast, Cluster III exhibited the 

strongest growth, with mean seedling plant 

height, leaf length, and leaf width of 9.56 cm, 

5.26 cm, and 6.81 cm, and flowering-stage plant 

height, leaf length, and leaf width of 53.50 cm, 

7.77 cm, and 11.63 cm, respectively. These 

results indicate that Cluster III possessed the 

greatest biomass and most vigorous growth, 

exhibiting the most favorable comprehensive 

phenotypic performance among all groups. 
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Fig 2 Cluster analysis of phenotypic traits of Cardamine enshiensis germplasm resources 

 

3.4 Selenium Accumulation Capacity in C. 

enshiensis Leaves 

The selenium concentrations in fresh leaves of C. 

enshiensis varied substantially among 

germplasms, ranging from 7.18 µg/kg to 3695.71 

µg/kg (Fig. 3). Twenty-seven accessions 

exhibited selenium contents below 100 µg/kg, 

twenty accessions had selenium contents between 

100 µg/kg and 300 µg/kg, and fifteen accessions 

(24.19%) exceeded 300 µg/kg. Among these, 

seven accessions contained 300-500 µg/kg, five 

contained 500-1000 µg/kg, and three exceeded 

1000 µg/kg. Notably, the selenium concentrations 

in the leaves of accessions Ce05 and Ce08 were 

1364.91 µg/kg and 1490.45 µg/kg, respectively, 

while Ce66 exhibited the highest selenium 

accumulation capacity, reaching 3695.71 µg/kg. 

These results demonstrate wide variation in 

selenium enrichment ability among C. enshiensis 

germplasms, indicating considerable potential for 

selecting high-selenium accessions. 
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Fig 3 Analysis of Selenium Content in Fresh Leaves of Cardamine enshiensis germplasm resources 

Note: Pink indicates resources with selenium content below 100 µg/kg. Red indicates resources with 

selenium content between 100 µg/kg and 300 µg/kg. Yellow indicates resources with selenium content 

between 300 µg/kg and 500 µg/kg. Blue indicates resources with selenium content above 500 µg/kg. 

 

3.5 Principal Component Analysis of 

Phenotypic Traits and Selenium Content 

Principal component analysis (PCA) was 

conducted on ten traits of the 62 C. enshiensis 

accessions. The Kaiser-Meyer-Olkin (KMO) 

value was 0.737, and Bartlett‘s test of sphericity 

was significant (P < 0.01), confirming the 

suitability of the dataset for PCA (KMO > 0.5, P 

< 0.05). All communalities were above 0.5, 

indicating that most variables were well 

represented by the extracted factors. According to 

the criterion of eigenvalues > 1, three principal 

components were extracted, accounting for a 

cumulative variance contribution of 79.12%. 

Principal Component 1 (PC1) had an eigenvalue 

of 5.021 and explained 50.213% of the total 

variance, mainly representing seedling plant 

height (0.916), flowering plant height (0.802), 

seedling leaf length (0.923), flowering leaf length 

(0.871), seedling leaf width (0.942), flowering 

leaf width (0.837), and seedling petiole length 

(0.553). Principal Component 2 (PC2) had an 

eigenvalue of 1.554 and explained 15.54% of the 

variance, primarily representing flowering petiole 

length (0.949). Principal Component 3 (PC3) had 

an eigenvalue of 1.337 and explained 13.37% of 

the variance, mainly associated with tiller number 

(0.677) and leaf selenium content (0.841). 

3.6 Comprehensive Evaluation of Phenotypic 

Traits and Selenium Enrichment Capacity 

Using the eigenvector coefficients derived from 

PCA (Table 4), principal component function 

expressions were constructed. For instance, the 

function for PC1 was: 

 

                                                                          
          

 

where   –    represent the standardized values 

of seedling plant height, flowering plant height, 

seedling leaf length, flowering leaf length, 

seedling leaf width, flowering leaf width, seedling 

petiole length, flowering petiole length, tiller 

number, and leaf selenium content, respectively. 

Similarly, PC2 and PC3 were expressed as:
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A comprehensive evaluation function was then 

constructed using the variance contribution rates 

of each component as weights:            

                          .

 

Table 4 Phenotypic traits principal component analysis of Cardamine enshiensis germplasm 

resources 

 

Traits 

Principal components 

PC1 PC2 PC3 

Seedling plant height cm 0.916 -0.07 0.068 

Flowering plant height cm 0.802 0.02 0.285 

Seedling Length of leaves cm 0.923 0.142 -0.135 

Flowering Length of leaves cm 0.871 0.158 -0.087 

Seedling Width of leaves cm 0.942 0.088 -0.136 

Flowering Width of leaves cm 0.837 0.12 -0.11 

Seedling Length of Petiole cm 0.553 -0.75 0.015 

Flowering Length of Petiole cm 0.036 0.949 0.167 

Number of tillers 0.178 -0.136 0.677 

Leaf selenium content μg/Kg -0.007 0.003 0.841 

Eigenvalue 5.021 1.554 1.337 

Variance contribution rate % 50.213 15.54 13.368 

Cumulative contribution rate % 50.213 65.752 79.12 

 

The comprehensive evaluation index (          ) 

was calculated for all 62 accessions, with higher 

scores indicating superior overall performance. 

The top 10 accessions (Fig. 4) exhibited scores 

ranging from 1.41 to 2.46. Their mean flowering 

plant height was 55.20 cm, mean flowering leaf 

length was 7.82 cm, mean flowering leaf width 

was 11.63 cm, mean tiller number was 6.78, and 

mean leaf selenium content was 657.93 µg/kg 

(Table 5). Among these, accession Ce43 achieved 

the highest comprehensive score (2.46), followed 

by Ce41 (2.10). Accessions Ce05, Ce66, and 

Ce22 also demonstrated strong performance, with 

scores of 1.67, 1.65, and 1.61, respectively, 

combining vigorous growth with high selenium 

accumulation capacity. These elite accessions can 

serve as valuable breeding materials for 

developing high-yield, selenium-enriched C. 

enshiensis cultivars, providing a theoretical basis 

for future breeding programs. 

 

Table 5 Top 10 of Cardamine enshiensis germplasm resources with comprehensive evaluation 

Acce

ssion 

ID 

Seedli

ng 

plant 

height 

/cm 

Flower

ing 

plant 

height 

/cm 

Seedli

ng 

Length 

of 

leaves 

/cm 

Flow

ering 

Leng

th of 

leave

s/cm 

Seed

ling 

Widt

h of 

leave

s/cm 

Flowe

ring 

Width 

of 

leaves 

/cm 

Seedli

ng 

Length 

of 

Petiole 

/cm 

Flower

ing 

Length 

of 

Petiole 

/cm 

Nu

mb

er 

of 

tille

r 

Leaf 

seleniu

m 

content 

/μg/Kg 

comp

rehen

sive 

score 

Ra

nk 

Ce43 11.4 59.02 6.42 7.95 8.02 11.92 3.51 11.2 7.2 215.54 2.46 1 

Ce41 10.9 54.90 6.94 8.26 8.52 12.11 5.02 8.84 6 99.08 2.10 2 

Ce31 11.54 54.55 5.96 8.73 8.6 11.74 4.85 9.16 6 14.95 2.01 3 

Ce50 10.02 54.29 6.3 7.90 8 11.56 5.99 8.5 6.8 32.86 1.79 4 

Ce05 10.6 50.58 6.16 6.12 7.76 11.33 4.40 8.72 7.2 1364.91 1.67 5 
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Ce66 9.46 62.04 3.38 7.76 4.3 10.67 7.3 9.14 7 3695.71 1.65 6 

Ce22 9.4 58.84 5.52 7.43 7.24 11.84 7.72 5.96 7.2 783.76 1.61 7 

Ce10 10.2 52.82 5.96 7.75 7.92 12.30 4.73 4.73 7.6 149.56 1.50 8 

Ce07 8.76 53.11 5.5 8.49 6.86 11.34 4.09 10.28 6 190.13 1.44 9 

Ce42 10.64 51.85 5.26 7.77 6.74 11.45 5.00 9.02 6.8 32.78 1.41 10 

 

 

Fig 4 Images of the top 10 Cardamine enshiensis seedling-stage based on comprehensive score 

 

4. Discussion 

A higher coefficient of variation among 

germplasm resources indicates a greater degree of 

phenotypic diversity. The results of this study 

revealed abundant phenotypic variation among 

Cardamine enshiensis accessions, with 

coefficients of variation ranging from 10.61% to 

30.88%. Notably, the variation coefficients of 

seedling-stage traits were generally higher than 

those of flowering-stage traits, suggesting 

stronger phenotypic plasticity during early growth 

and providing valuable guidance for directional 

selection at the seedling stage. The highly 

significant positive correlations between plant 

height, leaf length, and leaf width at the seedling 

and flowering stages (r > 0.76) indicate that early 

growth performance can effectively predict 

phenotypic expression in later stages. 

Numerous studies have confirmed the exceptional 

selenium (Se) accumulation capacity of C. 

enshiensis. Under natural conditions in Enshi, the 

selenium concentrations in leaves (>1400 mg/kg) 

and whole plants (200–816 mg/kg) are 

remarkably high (Shi et al., 2015; Wu et al., 2023; 

Zhu et al., 2019). Xiang (2006) further 

demonstrated differential Se distribution within 

the plant, with the middle leaves containing 

significantly more Se than upper or lower leaves. 

Even in the absence of exogenous selenium 

supplementation, Cardamine hirsuta was able to 

accumulate substantial Se from the environment, 

with Se concentrations in roots and leaves 

reaching (38.5 ± 4.5) mg/kg and (28.1 ± 3.2) 

mg/kg dry weight, respectively. In the present 

study, several C. enshiensis accessions (e.g., 

Ce66, Ce05, and Ce08) exhibited strong Se 

accumulation ability. However, the underlying 

molecular mechanisms, such as the roles of Se 

transporters and related gene expression, remain 

unclear. Future studies integrating transcriptomic 

and metabolomic analyses are needed to elucidate 

the molecular basis of Se hyperaccumulation in 

this species. 

Principal component analysis (PCA) and 

comprehensive scoring approaches have been 

widely applied in evaluating germplasm resources 

and selecting elite breeding materials. For 
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example, Zhang et al. (2022) employed PCA and 

cluster analysis to classify 260 persimmon 

(Diospyros kaki) accessions into several breeding 

groups (flattened, spherical, oblong, and large-

fruited types), meeting different selection goals. 

Zhu et al. (2025) performed comprehensive 

phenotypic evaluation of 124 okra (Abelmoschus 

esculentus) accessions, identifying early-maturing 

and high-yielding elite germplasm for new 

cultivar development. Lin et al. (2025) assessed 

seven agronomic traits and yield components of 

winter wheat in Xinjiang, finding that the number 

of effective spikes, grains per spike, and spikelets 

per spike were key yield-determining factors. 

Similarly, PCA-based comprehensive evaluations 

have been successfully applied to rice quality 

traits, cucumber fruit quality, and Chinese kale 

agronomic characteristics (Jiang et al., 2025; 

Wang et al., 2025; Cao et al., 2025). 

In this study, a PCA-based comprehensive 

evaluation model was constructed using ten 

phenotypic traits of C. enshiensis. The model 

integrated three core dimensions—biomass at the 

seedling and flowering stages, petiole 

development at flowering, and the coordination 

between tillering capacity and Se accumulation—

to quantitatively assess the comprehensive 

potential of each accession. High-ranking 

accessions such as Ce43, Ce41, and Ce66 

exhibited superior plant architecture, high tillering 

capacity, and strong Se enrichment ability, 

validating the reliability of the model and 

providing valuable candidates for breeding high-

yield and Se-rich cultivars. In particular, 

accession Ce66 demonstrated both high biomass 

and extremely high Se accumulation, highlighting 

its potential as a key parental line in future 

breeding programs. Considering that phenotypic 

traits are jointly regulated by genetic and 

environmental factors, combining molecular 

markers with phenotypic evaluation in future 

studies will further clarify the genetic diversity 

and population structure of C. enshiensis 

germplasm resources. 

Overall, this study provides a multidimensional 

phenotypic assessment that elucidates the 

diversity patterns and breeding potential of C. 

enshiensis. The established comprehensive 

selection model and identified elite germplasm 

offer both theoretical foundations and practical 

guidance for the development of Se-enriched 

functional cultivars. 
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