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Abstract: Studies on the diversity within and among cabbage (Brassica oleracea L. var. capitata L.), 

cauliflower (Brassica oleracea var. botrytis), and Chinese cabbage (Brassica rapa L. ssp. pekinensis) var-

iants are essential for the development of healthy diets. However, most studies on them have been 

limited to a single species, with little integrated analysis between them. In this study, the diversity 

within and among these species and varieties is assessed by determining the contents of 15 major 

characteristic nutrients, antioxidants, and minerals in 12 varieties of cabbage, 9 varieties of cauli-

flower, and 12 varieties of Chinese cabbage cultivated under the same conditions. The results show 

that there are significant differences in the compositional distributions of cabbage, cauliflower, and 

Chinese cabbage. Cabbage has the highest contents of soluble sugars (27.73 mg·kg−1 FW), flavonoids 

(5.90 mg·g−1 FW), and Fe (46.90 mg·kg−1 DW). Cauliflower is an ideal source of soluble protein 

(603.04 mg·kg−1 FW), polyphenols (1.53 mg·g−1 FW), glucosinolates (25.27 μmol·g−1 FW), and Cu (4.25 

mg·kg−1 DW). Chinese cabbage is rich in vitamin C (0.45 mg·g−1 FW) and minerals (K, Ca, Mg, P, 

Mn, and Zn, at 9206.67 mg·kg−1 DW, 3297.00 mg·kg−1 DW, 3322.79 mg·kg−1 DW, 5614.78 mg·kg−1 

DW, 15.36 mg·kg−1 DW, and 21.87 mg·kg−1 DW, respectively). There is a correlation between the 

quality, antioxidant properties, and minerals of the three species. In principal component analysis, 

a wide distribution of cabbage varieties and a high degree of overlap with the confidence ellipse of 

cauliflower are observed, indicating that certain cabbage varieties share compositional characteris-

tics with cauliflower. These findings provide a reference for selecting varieties with higher nutri-

tional value and antioxidant properties, as well as breeding new varieties. 

Keywords: cruciferous; component characteristic; species assessment; dietary reference; diversity 

analysis 

 

1. Introduction 

As some of the most important leafy vegetables, cruciferous species are widely cul-

tivated and consumed throughout the world. Most cruciferous vegetables can be eaten 

fresh or cooked; the leaves can be used as animal feed; and the seeds can be used to pro-

duce edible oils [1]. They are important components of a healthy diet, supplying a multi-

tude of health-related micronutrients and phytochemicals [2,3]. Furthermore, with in-

creasing attention being paid to healthier lifestyle choices, the consumption of cruciferous 

vegetables is increasing. According to the statistics of the Food and Agriculture Organi-

zation of the United Nations, cruciferous vegetable crops covered more than 0.48 M ha in 

2020 (FAOSTA, 2020), and this is expanding rapidly year on year, especially for cabbage, 

Chinese cabbage, and cauliflower. Many cruciferous varieties with different shapes and 

colors have been bred and cultivated in recent years, and their sizes, shapes, weights, and 

Citation: Wang, J.; Liu, Z.; Dou, J.; 

Lv, J.; Jin, N.; Jin, L.; Li, Z.; Zhang, 

B.; Tang, Z.; Yu, J. A Comparative 

Study on the Nutrients, Mineral  

Elements, and Antioxidant  

Compounds in Different Types of 

Cruciferous Vegetables.  

Agronomy 2022, 12, 3121. 

https://doi.org/10.3390/ 

agronomy12123121 

Academic Editor: Vincenzo Candido 

Received: 29 October 2022 

Accepted: 6 December 2022 

Published: 8 December 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Agronomy 2022, 12, 3121 2 of 14 
 

 

textures are often very different. Owing to differences in their breeding parents, the nu-

tritional elements and phytochemicals of such varieties are also different [4]. 

Chemical component analysis has shown that the majority constituents of cruciferous 

vegetables are carbohydrates, comprising approximately 90% of their dry weight, of 

which nearly 70% are low-molecular-weight carbohydrates and 30% is dietary fiber [5]. 

Different studies have shown that the enrichment of high-quality protein, minerals, vita-

mins, and antioxidant compounds, especially organosulfur phytochemicals and other 

phytochemicals, improves public health [6–10]. With the development of natural phyto-

chemicals as potential chemoprophylaxis agents, it is now known that the water-soluble 

vitamin C (VC), the lipid-soluble vitamin E, flavonoids, carotenoids, phenolics, and glu-

cosinolates, all of which are present in cruciferous vegetables, are involved in the body’s 

first and second lines of defense against oxidative stress [8,11,12]. As a result, they play 

significant roles in the prevention of chronic conditions, such as hypertension, diabetes, 

and neurodegenerative disorders [13,14]. Therefore, moderate intake of cruciferous vege-

tables is an economical and side-effect-free method for slowing the progression of these 

diseases or for the prevention of complications. Furthermore, phenolics, flavonoids, and 

glucosinolates are all diverse secondary plant metabolites and influence the sensory char-

acteristics of vegetables, such as taste and flavor [15,16]. 

The contents of nutritional material, mineral elements, and antioxidant compounds 

in cruciferous vegetables vary with growth conditions, environmental stress, stage of ma-

turity, post-harvest storage method, and variety. Different studies have shown that vari-

ety is the most important factor affecting the contents of these substances [5,17–20]. Thus, 

the determination of such compounds in different types of Chinese cabbage, cabbage, and 

cauliflower aids in the analysis of cruciferous crop quality. However, few studies have 

addressed the VC, soluble proteins, soluble sugars, mineral elements, phenolics, flavo-

noid, and glucosinolates contents in different cruciferous species [5,19,21]. Although these 

studies reported the nutrient compositions and contents for certain cruciferous families, 

there remains little information on their phytochemical characteristics and biological ac-

tivities [22,23]. In addition, the extraction procedures and methods used in these studies 

were not identical, so it is difficult to compare their results. 

Most of these studies only conducted compositional analysis of different varieties of 

a single species, while there are few studies that performed a comparative analysis be-

tween different crops [24,25]. Therefore, we determined the contents of VC, polyphenols, 

flavonoids, glucosinolates, soluble proteins, soluble sugars, nitrates, and minerals in dif-

ferent species of Chinese cabbage, cabbage, and cauliflower cultivated under the same 

conditions and compared them to determine the dominant nutrients in each species and 

variety and performed a comparative analysis of the antioxidant properties and nutri-

tional quality of each species. The aim was to assess the contribution of 15 substances from 

the three crops to dietary balance and to identify the dominant components of each crop. 

Furthermore, our research could provide a reference for the future selection of cabbage, 

Chinese cabbage, and cauliflower varieties and to provide a basis for further research on 

the nutritional optimization of cruciferous crops. 

2. Materials and Methods 

2.1. Materials and Field Management 

In total, 12 different Chinese cabbage varieties (3 green mini, 3 green upright, 3 green, 

3 purple), 9 cauliflower varieties (3 purple, 3 green, 3 white), and 12 cabbage varieties (3 

purple, 3 green oblate, 3 green bull heart, 3 green round) were collected at the harvest 

stage from Yuzhong, Gansu province, China (35°85’ N, 104°12’ E). The region belongs to 

the temperate semi-arid continental climate; the average altitude, annual temperature, av-

erage annual precipitation, evaporation are 1790 m, 6.6 °C, 300~400 mm, 1343 mm, respec-

tively. The test field has a gentle topography and a basically uniform fertility level; the 

soil type is yellow cotton soil, and the basic physical and chemical properties of the soil 
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are shown in Table 1. The test material (Table 2) was sown on 25 July 2021, at 30 days of 

seedling age, 40 cm apart and 25 cm apart in rows, and each crop was harvested at the 

optimal harvesting period. A randomized zonal design was used with 3 replications of 10 

plants each for a total of 30 plants of each variety. Three plants of the same size, similar 

maturity, and free of diseases and pests were selected from each variety for subsequent 

trials. 

Table 1. Basic physical and chemical properties of soils. 

Total Ni-

trogen 

(g·kg−1) 

Total Phos-

phorus  

(g·kg−1) 

Total Potas-

sium  

(g·kg−1) 

Nitrogen 

Alkali 

Digestion  

(mg·kg−1) 

Fast-Acting  

Phosphorus 

(mg·kg−1) 

Fast-Acting 

Potassium 

(mg·kg−1) 

Organic Mat-

ter  

(g·kg−1) 

pH 
EC 

(ms·c m−1) 

0.522 0.894 15.1 76.317 116.8 232.5 13.93 8.03 0.231 

Table 2. Information on the varieties examined in this study. 

Cultivars Abbreviations Species Leaf Balls/Curds Types 

Luyizihong Cab_1 Cabbage purple purple 

Xinhonglu Cab_2 Cabbage purple purple 

Tianzi 17 Cab_3 Cabbage purple purple 

GA1826 Cab_4 Cabbage green green oblate 

Lixia287 Cab_5 Cabbage green green oblate 

Zhuixia Cab_6 Cabbage green green oblate 

Zhenniu Cab_7 Cabbage green green bull heart 

Jianmei Cab_8 Cabbage green green bull heart 

Jianfeng Cab_9 Cabbage green green bull heart 

Fugui Cab_10 Cabbage green green round 

Weigan 105 Cab_11 Cabbage green green round 

Sijibao Cab_12 Cabbage green green round 

GSS-07 Cau_1 Cauliflower white white 

Yunyiqingeng Cau_2 Cauliflower white white 

Youmei 88 Cau_3 Cauliflower white white 

Xiulv Cau_4 Cauliflower green green 

Fuzhi Cau_5 Cauliflower green green 

Yanxiu Cau_6 Cauliflower green green 

Zijian 1 Cau_7 Cauliflower purple purple 

Ziyu 90 Cau_8 Cauliflower purple purple 

Zihonghua Cau_9 Cauliflower purple purple 

Ziyi Chi_1 Chinese cabbage purple purple 

Zibao 5 Chi_2 Chinese cabbage purple purple 

Qianbaocai Chi_3 Chinese cabbage purple purple 

Qiuhuan Chi_4 Chinese cabbage green green 

HC104 Chi_5 Chinese cabbage green green 

Wanqiu Chi_6 Chinese cabbage green green 

Quanmei 102 Chi_7 Chinese cabbage green green upright 

Jincui Chi_8 Chinese cabbage green green upright 

NX0010 Chi_9 Chinese cabbage green green upright 

Minixiaoqiao Chi_10 Chinese cabbage green green mini 

Zhongwa 1 Chi_11 Chinese cabbage green green mini 

Jiaowa Chi_12 Chinese cabbage green green mini 



Agronomy 2022, 12, 3121 4 of 14 
 

 

2.2. Sample Preparation 

For uniform sampling, the heads of all the materials were cut into very small blocks. 

A portion of each sample was weighed, wrapped in tin foil, and stored at −80 °C for sub-

sequent determination; the other portion was placed in an envelope and heated in an oven 

at 105 °C for 15 min, after which the temperature was set to 80 °C until the leaves were 

completely dry. Subsequent measurement of relevant indices was completed in Gansu 

Agricultural University. Table 3 lists each of the indices analyzed, along with abbrevia-

tions used in the tables and figures and the units in which they are expressed.  

Table 3. Compositional characteristics, abbreviations used, and expression units for cabbage, cauli-

flower, and Chinese cabbage varieties considered in this study. 

Leaf Balls/Curds Composition Trait Abbreviations Units 

Soluble protein SP mg·kg−1 FW 

Nitrate NI mg·kg−1 FW 

Soluble sugar SS mg·kg−1 FW 

Vitamin C VC mg·g−1 FW 

Flavonoid FL mg·g−1 FW 

Polyphenol PO mg·g−1 FW 

Glucosinolate GLS μmol·g−1 FW 

Macronutrients (Potassium, Calcium,  

Magnesium, Phosphorus) 
K, Ca, Mg, P mg·kg−1 DW 

Micronutrients (Copper, Iron, Manganese, Zinc) Cu, Fe, Mn, Zn mg·kg−1 DW 

2.3. Determination of Antioxidant Indices 

2.3.1. Vitamin C 

Fresh samples were weighed (0.5 g), and 1.5 mL 2% oxalic acid was added for grind-

ing. Then, 0.5 mL 30% zinc sulfate and 0.5 mL 15% potassium ferrocyanide were added, 

and the samples were stained with 2,6-dichlorophenolate to determine VC content [26]. 

2.3.2. Polyphenol 

First, lyophilized samples were weighed (0.2 g) and homogeneously extracted for 10 

h in 10 mL 50% methanol. The sample volume was increased with 50% methanol to 25 

mL, after which the Folin phenol reagent was added, and the sample was shaken, placed 

in a 50 °C constant temperature water bath for 30 min protected from light, and subjected 

to UV–Vis measurement at 760 nm to determine the polyphenol content [27].  

2.3.3. Flavonoids 

Lyophilized samples were weighed (0.2 g), and 10 mL 50% methanol was added for 

homogenized extraction for 10 h. Next, 25 mL 50% methanol and 0.5 mL NaNO2 were 

added, and the sample was reacted for 5 min. Then, 0.5 mL 10% Al (NO3) 3 was added, 

and 2 mL 4% NaOH was added 6 min later. After 10 min, the flavonoid content was de-

termined by UV–Vis measurement at 510 nm [27]. 

2.3.4. Glucosinolates 

Fresh samples were accurately weighed (0.1 g), placed in a 10 mL test tube set in a 

boiling water bath for 10 min, then, after adding 8 mL boiling distilled water, set in the 

boiling water bath for a further 10 min. The volume of water was brought to 10 mL after 

cooling to room temperature, and the sample was filtered. Then, 2 mL of the filtrate was 

taken into a 10 mL cuvette tube; 4 mL of 0.15% sodium carboxymethyl cellulose was 

added; and 2 mL of 8 mmol/L palladium chloride color development solution was added 

after shaking at 22 ± 3 °C for 2 h, and the glucosinolate content was measured at 540 nm 

[28]. 
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2.4. Determination of Quality Indices 

2.4.1. Soluble Sugars 

Fresh samples were weighed (0.2 g) and placed in a 20 mL test tube. Then, 10 mL 

distilled water was added, and extraction was performed with heating in a boiling water 

bath for 30 min. After a two-time extraction, the extract was filtered into a 25 mL volumet-

ric flask to volume, and the filtered liquid was used to determine the soluble sugar content 

using the anthrone method [29]. 

2.4.2. Soluble Proteins 

The Coomassie Brilliant Blue method was used to determine soluble protein [30]. 

Fresh samples were weighed (0.5 g) and quickly ground to a homogenate in 5 mL ul-

trapure water. This was poured into a centrifuge tube and centrifuged at 10,000 rpm for 

10 min. Finally, 1 mL of the supernatant was aspirated, poured into a test tube, and 5 mL 

of Coomassie Brilliant Blue G-250 solution was added. The sample was mixed well and 

subjected to colorimetric analysis at 595 nm after standing for 2 min. 

2.4.3. Nitrates 

The nitrate content was measured using the salicylic acid method [31]. First, fresh 

samples were weighed (3.0 g) and placed in a test tube, followed by the addition of 10 mL 

distilled water. Then, the tube was placed in a boiling water for 30 min, and the extract 

was filtered into a 25 mL volumetric flask to volume. Then, 0.1 mL of the filtered super-

natant was pipetted into a test tube; 0.4 mL of 5% salicylic acid sulfuric acid solution was 

added; and the sample was left at room temperature for 20 min after thorough mixing. 

Then, 9.5 mL of 8% NaOH solution was added slowly, and, after cooling to room temper-

ature, the absorbance value at 410 nm was measured. 

2.5. Determination of Mineral Elements 

Dry samples were weighed (0.5 g) and transferred to a 100 mL conical flask, after 

which 10 mL H2SO4 was added carefully. Then, the conical flask was shaken gently to let 

the sample react with H2SO4. After the reaction was completed, the mixture was placed 

on a 300 °C hot plate, and 20 mL H2O2 was added slowly over time to the conical flask. 

After the liquid was processed, it was used to determine the contents of K, Ca, Mg, Cu, 

Fe, Zn, and Mn using an atomic flame absorption spectrophotometer (ZEEnit 700p,Jena, 

Germany), while the content of the non-metallic element P was determined using an an-

timony molybdenum resistance colorimetric method (double-beam UV–Vis spectropho-

tometer TU-1990) [32]. 

2.6. Data Analysis 

Data analysis was performed using Microsoft Excel 2010 to calculate the mean 

(Mean) and coefficient of variation (CV) for each component. IBM SPSS Statistics version 

26.0 (IBM Corp., Armonk, NY, USA) was used to perform a one-way ANOVA test (as-

suming an equal variance of LSD and a Duncan significance level of p ≤ 0.05), and standard 

errors (SE) were calculated [33]. Principal component analysis (PCA), correlation analysis, 

and cluster analysis (heatmaps with dendrograms) were performed and visualized using 

Origin 2022b (Originlab Corporation, Northampton, MA, USA) [24]. 
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3. Results 

3.1. Differences among Species for Leaf Ball and Curd Composition Profile 

The ANOVA results show that all evaluated components are significantly different 

for the three species (Tables 4–6). In terms of nutritional quality (Table 4), soluble sugars 

are most abundant in cabbage. The contents of soluble proteins and nitrates are the highest 

and lowest in cauliflower, respectively. The soluble protein content of cauliflower is 1.41-

fold that of the other two species, while its nitrate content is 0.45-fold and 0.57-fold that of 

Chinese cabbage and cabbage, respectively. As shown in Figure 1, the soluble protein per-

centage is over 65% for all three species and reaches 84% in cauliflower, while the soluble 

sugar contents are all very low at ~3%. 

Table 4. Mean ± standard error (SE), range, and coefficients of variation (CVs) for the quality traits 

in the species analyzed. Species means with different letters are significantly different at p ≤ 0.05. 

Traits 

Cabbage Cauliflower Chinese Cabbage 

Mean ± SE CV (%) Range Mean ± SE 
CV 

(%) 
Range Mean ± SE CV (%) Range 

Soluble protein (mg·kg−1 

FW) 

424.69 ± 

15.07 b 
6.15 304.72–569.01 

603.04 ± 

3.41 a 
0.98 540.91–638.55 

426.95 ± 5.89 

b 
2.39 232.56–569.01 

Nitrate (mg·kg−1 FW) 
163.32 ± 6.76 

b 
7.17 68.27–261.11 

93.92 ± 2.09 

c 
3.85 54.06–146.45 

207.78 ± 0.88 

a 
0.73 114.36–340.61 

Soluble sugar (mg·kg−1 FW) 27.73 ± 0.56 a 3.51 23.36–31.66 
22.31 ± 0.58 

b 
4.51 13.35–28.64 

17.50 ± 0.62 

c 
6.14 14.43–22.08 

Table 5. Mean ± standard error (SE), range, and coefficients of variation (CVs) for the antioxidant 

traits in the species analyzed. Species means with different letters are significantly different at p ≤ 

0.05. 

Traits 
Cabbage Cauliflower Chinese Cabbage 

Mean ± SE CV (%) Range Mean ± SE CV (%) Range Mean ± SE CV (%) Range 

Vitamin C (mg·g−1 FW) 0.42 ± 0.01 a 3.67 0.17–0.70 0.37 ± 0.01 b 4.09 0.21–0.61 0.45 ± 0.01 a 4.44 0.28–0.56 

Flavonoid (mg·g−1 FW) 5.90 ± 0.06 a 1.70 1.46–12.95 2.96 ± 0.25 b 14.68 0.24–6.68 1.87 ± 0.07 c 6.23 0.61–6.49 

Polyphenol (mg·g−1 FW) 1.06 ± 0.01 b 2.38 0.31–1.97 1.53 ± 0.02 a 2.10 1.01–2.22 0.91 ± 0.01 c 1.10 0.57–1.39 

Glucosinolate (μmol·g−1 FW) 
13.40 ± 0.68 

b 
8.74 5.83–24.51 

25.27 ± 0.83 

a 
5.71 17.91–33.08 

12.56 ± 0.66 

b 
9.11 8.15–16.23 

Table 6. Mean ± standard error (SE), range, and coefficients of variation (CVs) for the mineral ele-

ments in the species analyzed. Species means with different letters are significantly different at p ≤ 

0.05. 

Traits 
Cabbage Cauliflower Chinese Cabbage 

Mean ± SE CV (%) Range Mean ± SE CV (%) Range Mean ± SE CV (%) Range 

K (mg·kg−1 DW) 
4624.45 ± 

16.14 c 
0.60 

3306.67–

6173.33 

4764.44 ± 

24.48 b 
0.89 

3146.67–

6773.33 

9206.67 ± 

45.01 a 
0.85 

7506.67–

11640.00 

P (mg·kg−1 DW) 
4020.10 ± 

21.26 c 
0.92 

3051.13–

5915.81 

4726.61 ± 

68.53 b 
2.51 

3449.59–

6378.23 

5614.78 ± 

25.87 a 
0.80 

4531.84–

8095.07 

Ca (mg·kg−1 DW) 
2384.72 ± 

15.27 b 
1.11 

1722.67–

3321.00 

1891.52 ± 

13.02 c 
1.19 

1563.67–

2566.67 

3297.00 ± 

20.84 a 
1.09 

2828.00–

3890.00 

Mg (mg·kg−1 DW) 
2737.33 ± 

13.94 b 
0.88 

2302.20–

3548.00 

2454.25 ± 

11.91 c 
0.84 

1747.00–

3160.00 

3322.79 ± 

10.23 a 
0.53 

2799.90–

4026.00 

Cu (mg·kg−1 DW) 3.56 ± 0.05 b 2.66 2.15–4.51 4.25 ± 0.01 a 0.54 1.84–5.69 
2.12 ± 0.02 

c 
1.51 1.06–4.76 

Fe (mg·kg−1 DW) 46.90 ± 0.27 a 1.01 20.62–75.92 31.98 ± 0.19 c 1.04 19.11–62.30 
44.02 ± 0.37 

b 
1.44 20.33–119.54 

Mn (mg·kg−1 DW) 6.06 ± 0.06 b 1.82 3.48–10.83 5.42 ± 0.11 c 3.56 2.80–7.28 
15.36 ± 0.13 

a 
1.47 8.28–26.46 
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Zn (mg·kg−1 DW) 
19.33 ± 0.20 

b 
1.81 14.61–25.43 21.62 ± 0.32 a 2.58 18.52–26.16 

21.87 ± 0.58 

a 
4.60 16.58–27.11 

 

Figure 1. Stacked bar plots showing relative abundances (%) of different quality, antioxidant, and 

mineral compounds over the total amount of each category present in each of the three species eval-

uated (cabbage, cauliflower, and Chinese cabbage). The definition for each trait abbreviation can be 

found in Table 3. 

In terms of antioxidants (Table 5), Chinese cabbage has the highest VC content. The 

flavonoid content is highest in cabbage, being 1.99-fold and 3.16-fold that in cauliflower 

and Chinese cabbage, respectively. As shown in Figure 1, the flavonoid content is more 

than 55% for all three species and reaches 80% in cabbage. In addition, the contents of 

polyphenols and glucosinolates are both highest in cauliflower at ~1.5-fold those in cab-

bage and Chinese cabbage. 

Regarding the contents of different mineral elements (Table 6), it was found that the 

contents of macro-elements (K, Ca, Mg, and P) and trace elements (Mn and Zn) are highest 

in Chinese cabbage. K and P are more than 25% abundant in all three species (Figure 1), 

while Cu and Fe show the highest contents in cauliflower and cabbage, respectively. The 

percentages for Fe in cabbage, cauliflower, and Chinese cabbage are all higher than 50% 

(Figure 1), followed by those of Zn, which are all higher than 25%. 

3.2. Correlation Analysis 

The correlation heatmap (Figure 2) shows the relationships among cabbage, cauli-

flower, and Chinese cabbage regarding quality, antioxidant properties, and minerals. The 

correlation coefficient represents the strength of the correlation between the two, and we 

considered strong correlation by setting the threshold to 0.5. We found that soluble sugars 

and soluble proteins are strongly positively correlated with flavonoids and glucosinolates, 

respectively. Mg has a strong positive correlation with VC, whereas nitrates are strongly 
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negatively correlated with glucosinolate content. In addition, both K and Mn are strongly 

negatively correlated with soluble sugars. K and Ca exhibit strongly negative correlations 

with flavonoids and polyphenols, respectively. Both Fe and Ca are strongly negatively 

correlated with glucosinolate. 

 

Figure 2. Heatmap showing Pearson correlation analysis between parameters of quality, antioxidant 

properties, and minerals. The values are Pearson correlation coefficients (⁎ correlation is significant 

at p ≤ 0.05). The size and color depth of the colored circles correspond to the strength of the correla-

tion, ranging from weak (small ball, blue) to strong (large ball, red). The full name of each trait 

abbreviation can be found in Table 3. 

3.3. PCA 

The first two principal components of the PCA explain 57.5% of the observed vari-

ance contribution, with principal component 1 (PC1) and principal component 2 (PC2) 

accounting for 33.8% and 23.7% of the total variance, respectively (Figure 3A,B). Soluble 

sugars, soluble proteins, nitrates, glucosinolates, polyphenols, flavonoids, and Cu are pos-

itively correlated with PC1 and have loading values greater than 0.2, indicating that these 

substances are major components of PC1. Soluble sugars, soluble proteins, nitrates, VC, 

polyphenols, flavonoids, glucosinolates, K, P, Zn, Mn, and Mg are positively correlated 

with PC2, with VC, polyphenols glucosinolates, Mg, P, and Zn loading values greater than 

0.2, indicating that these substances can be used as the primary basis for evaluating PC2. 

However, K, Mn, and Ca are negatively correlated with PC1. In addition, Fe and PC2 are 

negatively correlated. 
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Figure 3. PCA loading plots (A) and score plots (B) evaluated in this study based on the first two 

principal components. The first and second principal components account for 33.8% and 23.7% of 

the total variation, respectively. Depending on the species, these materials are represented by dif-

ferent symbols and colors: the red squares represent cabbage; the green circles represent cauliflower; 

and the purple triangles represent Chinese cabbage. Ellipses group the accessions of each species at 

a 95% confidence level. The full name of each trait can be found in Table 3. 

PCA clearly separates the 33 varieties evaluated into three groups that match the cor-

responding species (Figure 3B). Most of the cabbage and cauliflower varieties are plotted 

in the lower right quadrant of the score plot, with positive values for PC1 and negative 

values for PC2, while a small proportion of the cabbage and cauliflower varieties are clus-

tered in the upper right quadrant, corresponding to positive values for PC1 and PC2. Most 

of the Chinese cabbage varieties are distributed in the upper left quadrant of the score 

plot, with negative values for PC1 and positive values for PC2, while a few varieties are 

plotted in the lower left quadrant, with negative values for both PC1 and PC2. The cab-

bage varieties are more widely distributed and occupy three quadrants, while the cauli-

flower and Chinese cabbage varieties are more narrowly distributed, indicating that the 

variability of cabbage is higher than that of cauliflower and Chinese cabbage. Cabbage 

overlaps with the confidence ellipses of cauliflower and Chinese cabbage to various de-

grees, but with cauliflower to a greater extent and with Chinese cabbage to a lesser extent. 

This shows that the compositional characteristics of some cabbage varieties are more sim-

ilar to those of cauliflower. 

3.4. Cluster Analysis 

The multivariate clustering heatmap in Figure 4 shows three main clusters for these 

varieties, in which the clusters for cabbage and cauliflower are more chaotic, and individ-

ual cultivars do not cluster into counterpart species, indicating that there are fewer differ-

ences in compositional characteristics between cabbage and cauliflower. In addition, the 

cluster analysis classified the observed parameters into two main categories. The upper 

cluster groups together minerals (except Cu and Zn), VC, and nitrate. The lower cluster is 

composed of polyphenols, flavonoids, sulfatide, soluble sugars, soluble proteins, Cu, and 

Zn. Among the diversities of each species, the Chinese cabbage variety Chi-9 has the high-

est average Fe content, while its soluble protein content is the lowest. In addition, the 

highest flavonoid content is observed for the cabbage cultivar Cab-3. 
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Figure 4. Heatmap representing the hierarchical clustering of the 33 varieties studied based on their 

leaf ball and curd composition profiles. Columns represent the varieties, and rows represent the 

traits evaluated. Unit variance scaling was applied to rows. Both rows and columns are clustered 

using correlation distance and average linkage. The scale of the color intensity is shown in the top 

right corner, and it represents a proportional value of the compound content. The full definition for 

each trait abbreviation can be found in Table 3. 

4. Discussion 

Cruciferous vegetables have attracted much attention in recent years due to their po-

tential therapeutic properties [34]. Some phytoconstituents in vegetables play important 

roles in quality and nutritional value. Studies have shown that nutrients related to plant 

health, such as soluble sugars, soluble protein, nitrate, and minerals, are also closely re-

lated to human dietary health, and their levels are important reference indicators for peo-

ple to make informed health choices [35]. Leafy vegetables have been reported to be one 

of the major sources of nitrates, but excessive intake of nitrate is harmful to human health, 

so it is necessary to understand the nitrate contents of foods and adopt the recommended 

dietary patterns [36]. In this study, significant differences in the nutritional contents of 

different species were detected, and the nutritional value of cauliflower was better than 

that of Chinese cabbage and cabbage, having only had higher soluble protein content than 

that of Chinese cabbage and cabbage but also a lower nitrate content than that of Chinese 

cabbage and cabbage. It has been reported that the effect of variety in cauliflower has 

overwhelmed other quality determinants in terms of antioxidant capacity and nitrate ac-

cumulation [37]. 

Studies have shown that long-term or regular consumption of vegetables rich in sec-

ondary metabolites, such as flavonoids, polyphenols, vitamins, carotenoids, minerals, glu-

cosinolates, and anthocyanins, can help prevent the occurrence of some chronic diseases, 
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such as cancer and cardiovascular conditions [38,39]. The main compounds that contrib-

ute to the antioxidant activity of the crop itself and in humans vary considerably among 

the three species. This is due to the contents of antioxidant substances as associated with 

species and variety. Radish sprouts have a higher polyphenol content and antioxidant 

activity compared to broccoli and kale [40]. Because plants have different genetic back-

grounds, they show differences in health-promoting properties [41]. Compared to cab-

bage and cauliflower, Chinese cabbage is rich in VC, and the selection of Chinese cabbage 

varieties high in VC means that it not only promotes consumer health, but it also has su-

perior sensory qualities. Cauliflower has been shown to be rich in total polyphenols and 

glucosinolates, which is consistent with our findings [42,43]. Studies have shown that the 

antioxidant activity of cauliflower is linearly related to polyphenol content, and the glu-

cosinolates it contains also exhibit high antioxidant capacities [44,45]. The results of this 

study show that the contents of polyphenols and glucosinolates in cauliflower are signif-

icantly higher than those in Chinese cabbage and cabbage. 

Vegetables are considered the most economical and sustainable dietary source of mi-

cronutrients, such as vitamins and minerals [46]. Studies have shown that the human body 

requires multiple mineral elements, which are essential for maintaining physiological ac-

tivity and metabolism in bone, blood, and tissues [47]. Our study found that eight mineral 

elements, i.e., K, Ca, Mg, P, Cu, Fe, Mn, and Zn, are significantly differentially abundant 

in Chinese cabbage, cauliflower, and cabbage, and minerals are extremely abundant in 

Chinese cabbage. There are differences in the dynamic uptake of elements in the soil by 

different vegetables and crops [48]. Interestingly, we also found that the K contents of all 

the Chinese cabbage varieties tested are significantly higher than those in all the varieties 

of cabbage and cauliflower. This is due to the different adaptation of different species to 

their environments during growth [49,50].  

Using correlation analysis, we found that there are some intrinsic correlations among 

the components, and the differences in the correlation degrees are obvious. Studies have 

shown that plants have evolved complex sensing and response mechanisms in response 

to changes in the availability of mineral nutrients, enabling the monitoring of various nu-

trient concentrations [51]. Li et al. conducted an analysis of VC, reducing sugar, crude 

fiber, and protein contents in 41 Chinese cabbage varieties and found a positive relation-

ship between VC content and reducing sugar content, while other nutrients did not show 

a correlation [52]. In the determination of cabbage quality, if a parent with high levels of 

soluble solids is selected for composition, a cabbage variety with high VC may be obtained 

[53]. However, among the antioxidants in cauliflower, total phenols are more related to 

antioxidant activity than VC and total flavonoids, indicating that although they all influ-

ence antioxidant activity, the degree varies [54]. 

Principal component and cluster analyses were performed for each species and vari-

ety, and we found that the intensity of variation was higher in cabbage than in cauliflower 

and Chinese cabbage, and significant differences were also observed among different va-

rieties within the same species. Huang et al. speculated that the nutritional quality differed 

significantly between different types of cauliflower varieties and that the nutritional qual-

ity of colored cauliflower was higher than that of white cauliflower, with purple cauli-

flower having the highest quality [55]. Accordingly, consumers considering their daily 

diets should construct meals with proper pairings according to the dominant nutrients of 

each species, and the soluble sugars, flavonoids, VC, Fe, and K contained in cabbage and 

Chinese cabbage should be used to make up for the deficiency of cauliflower in these as-

pects. 

In summary, it is essential for consumers and producers aiming to increase dietary 

nutrient intake to have clear information on micro- and macronutrient contents in Chinese 

cabbage, cabbage, and cauliflower.  
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5. Conclusions 

The comprehensive study of edible organ components conducted in this paper pro-

vides insights into the accumulation of substances in cabbage, cauliflower, and Chinese 

cabbage grown under the same cultivation conditions. The results indicate the existence 

of quality diversity within and among the three species. Based on our results, it was de-

termined that combined and integrated consumption patterns of cabbage, Chinese cab-

bage, and cauliflower would be favorable for a balanced diet because of their complemen-

tary nutritional values and functional properties. In this way, it was determined that cau-

liflower is superior to cabbage and Chinese cabbage in terms of nutritional value and an-

tioxidant activity, as it has significantly higher soluble protein, polyphenol, and glucosin-

olate contents than those of the other two species and the lowest nitrate content. Cabbage 

is an ideal source of soluble sugars, flavonoids, and Fe. In addition, Chinese cabbage is an 

excellent source of VC and minerals. There is an intrinsic correlation between the contents 

of the components. Cabbage shows higher variability than the other two species, and 

some varieties are more similar to cauliflower in terms of compositional characteristics.  
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