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Introduction
People are increasingly concerned about the nutritional value 

of the foods they consume, and consequently the best cultivation 
practices are needed to produce crops that contain high functional 
nutrients [1]. Various postharvest approaches, including low-
temperature storage, biochemical treatments and controlled 
atmosphere storage, have been used to slow the respiration rate,  

 
delay ripening or senescence, and extend shelf life while preserving 
quality. The most commonly used strategy to maintain the freshness 
of horticultural products is low-temperature storage [2]. Wucai 
(Brassica campestris L. ssp. chinensis var. rosularis Tsen et Lee.) 
belongs to non-heading Chinese cabbage with the beautiful shape 
and high nutritional value [3]. This crop originated from China 
and distributed mainly along Yangtze–Huai River basin where it is 
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ARTICLE INFO abstract

Leafy vegetables are one of the main sources of nutrients to human health. The aim of 
this study was to investigate the changes in antioxidant capacity and quality in one type 
leafy vegetable. Wucai (Brassica campestris L.) is originated from China and now is planted 
world around. In present study, two genotypes with purple leaf (PW-2) or green leaf (GW-
13) were sampled during postharvest storage for 6 days. Our results showed that low tem-
perature could effectively delay nutrient decline in the leaf. As increasing of storage days, 
total chlorophyll (Chl) content was markedly decreased at 25℃ or 4℃ in two genotypes, 
while its content was always higher in PW-2 than in GW-13 when exposed to 4℃. Carot-
enoids (Car) contents of two genotypes were firstly decreased and then gradually accu-
mulated as storage days prolonged. When preserved at 4℃, electronical conductivity (EC) 
of PW-2 was lower than GW-13 after 6d storage, which attributed to higher anthocyanin 
content and total antioxidant capacity (T-AOC). The results showed that low temperature 
could effectively alleviate nutrient decline in the leaf. The quality of wucai stored at 4℃, 
such as vitamin C (Vc), total free amino acid and total soluble sugar were higher than those 
stored at 25℃. Additionally, these quality indices in PW-2 were significantly higher than 
those in GW-13. It suggested that the nutritional quality of PW-2 could be maintained more 
than that of GW-13 after postharvest, which demonstrated that low-temperature storage is 
a useful approach to enhance the content of total soluble sugar, Vc, total phenol (TP), total 
free amino acid and cellulose and extend the shelf-life of wucai.
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generally cultivated in late fall or winter [4]. It has been given the 
laudatory name “leaf peony” because of its beautiful shape. Wucai 
tastes fresh and crisp and is also called the “vitamin” vegetable due 
to its high Vc content and the presence of other trace nutrients, such 
as carotene, calcium, iron, phosphorus, and zinc [5].

It is also understood that wucai possesses free sugars, organic 
acids, amino acids and lipids which are natural components of 
many vegetables and they play an important role in maintaining 
vegetable quality and determining nutritive values in the diet [3]. 
Numerous epidemiological studies indicate that the consumption 
of Brassicaceae vegetables is linked to a reduced incidence of cancer 
and cardiovascular diseases. These beneficial effects have been 
partly credited to the metabolite which has antioxidant activities 
[6]. However, there are large differences in nutrient substance 
content between wucai genotypes with different leaf color. The 
purpose of this study was to investigate the quality and antioxidant 
activity of two genotypes wucai (green leaf and purple leaf) stored 
at ambient and low temperatures, focusing on the physiological 
properties, nutritional quality and antioxidant capacity.

Materials and Methods

Plant Materials and Storage Conditions

Two wucai genotypes, GW-13 (green leaf) and PW-2 (purple 
leaf), were sampled as representative varieties with different 
leaf color. They have been selected through many generations of 
systematic breeding, obtained stable genetic characters with better 
quality and higher yield under favorable conditions. The seeds were 
obtained from the Vegetable Genetics and Breeding Laboratory at 
Anhui Agricultural University, China. Seeds were sown in nursery 
substrate and then moved into a phytotron, which was maintained 
at 25 ± 1℃ (day) and 18 ± 1℃ (night) (light/dark 14/10h) with the 
relative humidity of 70 % and 300μmol m-2 s-1 photosynthetically 
active radiation. After 3 weeks, the seedings with four or five true 
leaves of uniform size were randomly divided into four groups for 
treatments. The four low-temperature treatments were as follows:

a)	 PW-2, storage at 25℃ for 6days;

b)	 PW-2, storage at 4℃ for 6days;

c)	 GW-13, storage at 25℃ for 6days;

d)	 GW-13, storage at 4℃ for 6days.

Samples were collected at 2, 4 and 6d. Wucai from initial 
harvest were used as 0d sample. Three replicates were employed 
for the next analysis.

Quantification of Content of Chl, Car and Anthocyanin

The Chl and Car contents were determined according to the 
method described by Zou et al. [7] with some modifications. Fresh 
leaves (0.2g) were extracted for 24h in the dark at 4℃ in 25ml 

brown volumetric flask of extract buffer (acetone: ethanol: water = 
4.5: 4.5: 1). The absorbance at 649, 665, and 470 nm was measured 
after filtration. Chl concentration was calculated using the following 
formula: Chl a = 13.95 A665 – 6.88 A649; Chl b= 24.96 A649 – 7.32 A665; 
Chl a + b = Chl a + Chl b; Car = (1000 × A470 – 2.05 × Chl a –114.8 × 
Chl b) / 245. Fresh leaves (1g) were cut into fragments and placed in 
test tube with 10ml 0.1M HCl. The solution was filtered after being 
extracted for 4 h in incubator at 32℃. The absorbance was read 
by spectrophotometer at 530nm, and 0.1M HCl was used as blank 
control. When the absorbance is 0.1, the anthocyanin concentration 
is called one unit to compare the relative content of anthocyanin. 
Multiply the measured absorbance by 10 to represent the unit of 
relative concentration of anthocyanins.

Determination of EC, TP and T-AOC

Electrolyte leakage was represented by electronic conductivity 
(EC) in present study. It was measured according to the method 
described by Bajji et al. [8] with some modifications. The leaf disks 
(11mm in diameter) were placed in a 20ml test tube containing 
12ml of deionized water at 25℃ for 30min. The conductivity 
(EC1) of the solution was measured with a Thermo Orion STARA-
HB conductivity meter (Thermo Orion., Waltham, MA, USA). The 
tubes were then heated in boiling bath for 30min. After the tubes 
cooled, solution conductivity (EC2) was measured with an electrical 
conductivity meter. EC was calculated according to the formula: 
EC = EC1/EC2. TP content was measured according to the method 
described as plant total phenol reagent kit (Cat # BC1340, Beijing 
Solarbio Science & Technology Co., Ltd, China). T-AOC was measured 
according to the method described as T-AOC reagent kit (Cat # 
BC1310, Beijing Solarbio Science & Technology Co., Ltd, China).

Determination of Vc, Total Free Amino Acid, Total Soluble 
Sugar and Cellulose

The oxalic acid method was measured for the determination 
of Vc levels in wucai leaves [9]. The reaction solution was used to 
assay Vc content using reversed-phase high-performance liquid 
chromatography. The total free amino acid profile was obtained 
using an amino acid analyzer (High-speed Amino Acid Analyzer 
L-8900, Hitachi High-Technologies Corporation, Tokyo, Japan). 
Soluble sugar content was measured by the method of anthrone-
sulfuric acid colorimetry. Fresh leaves (0.2g) were minced and 
placed in test tube with 10ml of distilled water, then boiled for 30 
min. The extract was filtered and treated with anthrone and sulfuric 
acid to react in a boiling water bath for 1 min, then cooled to room 
temperature and read at wavelength of 630 nm. Cellulose content 
was measured by the method of anthrone ethyl acetate. Dry sample 
(100mg) was digested with 60% sulphuric acid for 30min in ice 
bath. The solution was treated with 2% anthrone and concentrated 
sulfuric acid in a test tube, boiled for 10 min and cooled to room 
temperature, then read at wavelength of 620nm.
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Statistical Analysis

The data were expressed as the mean ± SD in three replications. 
Statistical analysis was processed with SPSS 19.0 software (SPSS, 
Chicago, CA, USA), using Duncan’s multiple range test at the p < 0.05 
level of significance. Sigmaplot v10.0 (Systat Software Inc., San Jose, 
CA, USA) was used for plotting the results.

Results and Discussion

Pigment Content

The Chl a+b content of four treatments exhibited declined 
trends with the increasing of storage period (Figure 1A). However, 
Chl a+b content was decreased slowly when stored at 4℃. The Chl 
a+b content was decreased by 50.40% in PW-2 after 6d at 25℃ 
compared to the control, while it was decreased by 59.71% in GW-
13. The level of Chl reduction depends on the variety, production 

system, cultural practices, storage duration, and temperature [10]. 
The content of Car was increased with the increase of storage time 
after stored 2d (Figure 1B). After stored at 25℃ for 6d, Car content 
of PW-2 and GW-13 reached its peak level, which was increased 
by 53.34% and 67.07% than that stored at 4℃, respectively. Car 
content of PW-2 and GW-13 exhibited firstly decline and then 
obviously accumulated, which might be due to the significant water 
loss. In our study, the reduction of pigment in two wucai genotypes 
stored at 4℃ was significantly lower than that stored at 25℃. It 
suggested low temperature storage significantly slowed down the 
plant senescence, which was like the previous report in Dendrobium 
officinale and Psidium guajava [2,11]. Leaf softening and leaf 
surface decay were observed to a certain extent after storage for 6d 
(Figure 1C-1H). The present results indicated that the Chl content 
of wucai leaf was gradually reduced during storage process, which 
can be verified by the color version in two genotypes.

Figure 1: 
A.	 Changes in the content of Chl a+b,
B.	 Car and leaf color (C—H) in two wucai genotypes during postharvest storage at different temperatures. Values represent 
the mean ± SE (n = 3). Letters indicate significant differences at P<0.05 according to Duncan’s multiple range tests.
C.	 0d PW-2,
D.	 6d 4℃ PW-2, 
E.	 6d 25℃ PW-2,
F.	 0d GW-13,
G.	 6d 4℃ GW-13, and
H.	 6d 25℃ GW-13 (H).
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Analyses of EC, TP, Relative Anthocyanin Concentration 
and T-AOC

EC enables cell membrane injury to be assessed when plants 
are subjected to cold stress [12]. The EC in two wucai genotypes 
stored at 4℃ and 25℃ were increased with storage period 
prolonged (Figure 2A), which indicated plasma membrane 
was degraded gradually during storage. At 6d, the EC of GW-13 
was 4.53-fold compared with the control at 25℃, while it was 
3.59-foldcompared with the control at 4 ℃ in PW-2. Increased rates 
of solute and electrolyte leakage occur in a variety of chilled tissues 
and have been used to evaluate membrane damage following 
chilling [13]. In our study, the EC of two wucai genotypes stored 
at 0d and 2d was no significantly difference when they stored at 
different temperature (4℃or 25℃). Furthermore, the EC of GW-
13 was significantly higher than that of PW-2 at 6d under different 
conditions, which showed the damage degree of membranes in GW-
13 was higher than that in PW-2. It indicated PW-2 genotype had 
stronger membrane stability when subjected to 4℃ storage, which 
facilitated to resist oxidative stress.

The TP content of PW-2 was always higher than that of GW-13 
at 0, 2 and 4d under all storage conditions (Figure 2B). Compared 
to 25℃, the TP content in PW-2 and GW-13 stored at 6d were 
decreased at 4℃, but it was declined more sharply in GW-13. 
Furthermore, at 6d, the TP content of PW-2was markedly higher 
than that of GW-13 at 4℃. It indicated antioxidant capacity of 
PW-2 was higher than that of GW-13. In this study, the content of 
TP in wucai stored at 25℃ was increased with the storage period 
increased, while was increased first then decreased which stored 
at 4℃ (Figure 2B). The presence of phenols point to the existence 
of an antioxidant activity of the biological system, especially 
regarding their oxidation–reduction properties [10]. The relative 
anthocyanin concentration in PW-2 was higher than that in GW-
13 even under normal condition (Figure 2C). For the PW-2, the 
relative anthocyanin concentration was decreased with the storage 
period increased, but when it stored at 4℃, the down trend was 
slower compared with it stored at 25℃. After stored 6d, the relative 
anthocyanin concentration of PW-2 stored at 4℃ was 49.31% 
higher than it stored at 25℃.

Figure 2: 
A.	 Changes in the value of EC,
B.	 TP,
C.	 relative anthocyanin and
D.	 T-AOC in two wucai genotypes during postharvest storage at different temperatures. Values represent the mean ± SE (n 
= 3). Letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.
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The contents of anthocyanin and TP are important indices 
to evaluate antioxidant capacity of plants [13]. As is well-known 
that anthocyanin shave antioxidant capability and have been 
considered as therapeutic agents due to their beneficial health 
effects including preventing or lowering the risk of cardiovascular 
disease, inflammation, diabetes, and cancer [14]. Our observations 
on relative anthocyanin concentration suggested that the relative 
anthocyanin concentration in PW-2 was 6.79 times higher than GW-
13 (Figure 2C). It should be the reason that leaf color of two wucai 
genotypes was significantly different. The relative anthocyanin 
concentration of two wucai was decreased with the storage period 
increased, and 4℃ storage was conducive to alleviating anthocyanin 
degradation. Similar results as ours were observed in toon sprout 
[15] and Japanese parsley [16], suggesting that low temperature 
storage could alleviate pigment degradation of wucai and keep its 
good leaf color and nutrient value.

T-AOC of PW-2 and GW-13 reached peak value after at 2d, then 
they exhibited decrease trends with the storage period increased 
(Figure 2D). And the T-AOC of both genotypes at 4℃ was significantly 
higher than at 25℃. Obviously, the T-AOC in PW-2 at 25℃ or 4℃ 
showed significant increases than that in GW-13. Antioxidant is an 
important step to prevent aging, because free radicals or oxidants 
will decompose cells and tissues, affect metabolic function, and 
cause different health problems [17]. If excessive oxidative free 
radicals can be eliminated, many free radical-induced and aging-

related diseases can be prevented. In our study, the T-AOC of PW-2 
was stronger than GW-13 (Figure 2D). And both change trends 
were rose firstly then declined, which was same to the previous 
report in wheat [18] and grape [19].

Quality Changes in two Genotypes Wucai

The contents of Vc, free amino acids, cellulose and total soluble 
sugar are four important indices to evaluate characteristics of 
plants. The Vc content of PW-2 was always higher than that in GW-
13 at all storage conditions (Figure 3A). Furthermore, compared 
to 25℃, the Vc content was enhanced when it was stored at 4℃, 
which suggested that storage temperature may have a noteworthy 
impact on Vc levels. Vc is one of the most important nutritional 
quality parameters in crops and is an essential nutrient for the 
human body, owing to its beneficial roles as an antioxidant and 
enzyme cofactor in human health [20]. More than 90 % of the Vc 
in human diets is supplied by fruits and vegetables, particularly by 
leafy vegetables [20]. The present study also showed a high amount 
of Vc in wucai, especially in PW-2 (Figure 3A). Tsaniklidis et al. 
[21] reported both attached fruits and cold treated fruits retain 
their Vc levels suggesting that harvesting time is a crucial point for 
Vc concentration. The Vc content was decreased with the storage 
period increased in PW-2 and GW-13. Akan et al. [22] also reported 
Vc is easily oxidized owing to ascorbic acid oxidase, phenolase and 
peroxidase enzymes. Therefore, the declined Vc content might be 
attributed to oxidative stress during storage.

Figure 3: 
A.	 Changes in the content of Vc,
B.	 free amino acid,
C.	 cellulose and
D.	 total soluble sugar content in two wucai genotypes during postharvest storage at different temperatures. Values represent 
the mean ± SE (n = 3). Letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.
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The free amino acids content in PW-2 was significantly lower 
than that in GW-13 before storage (Figure 3B). The content of free 
amino acids in two wucai genotypes reached its lowest level after 
stored for 2d, and they were increased gradually with the storage 
period increased. Free amino acids content in two wucai genotypes 
stored at 4℃ was higher than that was stored at 25℃ at 6d. They 
are components of key molecules in higher plants, which not only 
provide nitrogen, but also have osmoregulation influences on 
physiological metabolism [23]. Vegetables are good sources of all 
essential amino acids required for humans, but some vegetables 
may contain the trace amounts of essential amino acids [24]. In our 
study, the content of free amino acids in GW-13 was higher than 
that in PW-2, significantly (Figure 3B). The trends of free amino 
acid in two wucai genotypes were decreased firstly then slowly 
increased in entire postharvest storage period, indicating amino 
acids functioned as osmolyte responding oxidative stress [25]. 
Furthermore, we observed that 4℃ could slow down free amino 
acids loss during storage period.

The cellulose content of PW-2 was significantly higher than 
that in GW-13 under normal condition (Figure 3C). The cellulose 
content of PW-2 andGW-13 were increased with the storage period 
prolonged. This was consistent with previous research on green 
asparagus (Asparagus officinalis) [25]. In the whole storage period, 
the cellulose content of PW-2 was always higher than that of GW-
13 under whatever the storage conditions. Previous studies have 
confirmed that could function as structural elements of the cell 
wall, as well as a form of energy storage. That was attributed to 
an oxidation crosslinking reaction among cellulose, hemicellulose, 
and polyphenols that occurs during postharvest storage. The cross 
linking reaction led to the incorporation of lignin, which prevented 
freezing damage and cell collapse [2]. The combination of cellulose, 
cross-linking hemicelluloses and interpenetrating pectin provides 
strength and rigidity to the plant cell walls, which make it highly 
resistant to mechanical and chemical degradation [26].

The total soluble sugar content was decreased with the storage 
period prolonged (Figure 3D). The content of total soluble sugar 
in two wucai genotypes that stored at 4℃ was markedly higher 
than that at 25℃. In the whole storage period, the total soluble 
sugar content in PW-2 was always higher than GW-13. Likewise, 
there is reportedly an increase in the content of total soluble sugar 
with cold temperatures in Allium cepa L. [17], Toonasinensis [15] 
and Dendrobium officinale [2]. Soluble total sugar is considered 
important factors related to chilling adaptation in plants and 
fruits, and it has recently been proposed that sugars can act as 
real ROS scavengers in plants, especially when present at higher 
concentrations [27].

Conclusion
In summary, PW-2 performed better than GW-13 in morphology 

after low temperature. Our results demonstrated that there were 
significant differences in antioxidant capacity and quality between 

the two wucai genotypes. The content of TP, anthocyanin and 
T-AOC in PW-2 was significantly higher than those in GW-13 before 
storage. And the content of Vc, total soluble sugar and cellulose in 
PW-2 were significantly higher than those in GW-13. It showed the 
antioxidant capacity and nutritional quality of PW-2 could be kept 
higher than that of GW-13. PW-2 Chl content was higher than that 
of GW-13 in the 4℃ storage environment, but the content of the 
Car is under the two wucai genotypes had the same change trend. 
And antioxidant capacity of two wucai genotypes that stored at 4℃ 
was higher than those stored at 25℃. In addition, the content of Vc, 
total soluble sugar, cellulose, TP, T-AOC and anthocyanin PW-2 were 
significantly higher than those in GW-13 under 4℃ storage. The EC 
of PW-2 was always lower than GW-13 during storage. Therefore, 
low temperature storage is used as an approach to enhance the 
content of T-AOC total soluble sugar, Vc, TP, total free amino acid 
and cellulose and extend the shelf-life of wucai.
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