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Abstract 

Background: Although hormesis induced by heavy metals is a well-known phenomenon, the involved biological 
mechanisms are not fully understood. Cadmium (Cd) is a prevalent heavy metal in the environment. Exposure of Cd, 
via intake or consumption of Cd-contaminated air or food, poses a huge threat to human health. Chinese cabbage 
pakchoi (Brassica chinensis L.) is widely planted and consumed as a popular vegetable in China. Therefore, study-
ing the response of Chinese cabbage pakchoi to Cd- stressed conditions is critical to assess whether cabbage can 
accumulate Cd and serve as an important Cd exposure pathway to human beings. In this study, we investigated the 
influence of Cd stress on growth, photosynthetic physiology, antioxidant enzyme activities, nutritional quality, ana-
tomical structure, and canopy temperature in Chinese cabbage pakchoi. A partial least squares (PLS) model was used 
to quantify the relationship between physical and chemical indicators with Cd accumulation in cabbage, and identify 
the main controlling factors.

Results: Results showed that Cd stress significantly inhibited cabbage’s growth and development. When Cd stress 
was increased, the phenotypic indicators were significantly reduced. Meanwhile, Cd stress significantly enhanced the 
oxidative stress response of cabbage, such as the activities of catalase (CAT), superoxide dismutase (SOD), peroxidase 
(POD), ascorbate peroxidase (APX), and the content of malondialdehyde (MDA) in leaves. Such a change tended 
to increase fenestrated tissues’ thickness but decrease the thickness of leaf and spongy tissues. Moreover, Cd stress 
significantly increased soluble sugar, protein, and vitamin C contents in leaves as well as the temperature in the plant 
canopy. The PLS model analysis showed that the studied phenotypic and physicochemical indicators had good 
relationships with Cd accumulation in roots, shoots, and the whole plant of cabbage, with high coefficient of determi-
nation  (R2) values of 0.891, 0.811, and 0.845, and low relative percent deviation (RPD) values of 3.052, 2.317, and 2.557, 
respectively. Furthermore, through analyzing each parameter’s variable importance for projection (VIP) value, the SOD 
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activity was identified as a key factor for indicating Cd accumulation in cabbage. Meanwhile, the effects of CAT on Cd 
accumulation in cabbage and the canopy mean temperature were also high.

Conclusion: Cd stress has significant inhibitory effects and can cause damage cabbage’s growth and development, 
and the SOD activity may serve as a key factor to indicate Cd uptake and accumulation in cabbage.

Keywords: Cadmium, Chinese cabbage pakchoi (Brassica chinensis L.), Physiological traits, Canopy temperature, PLS 
model

Background
Soil pollution by heavy metals is a major global issue 
[1]. In recent decades, with the rapid urbanization and 
development of mining and metal smelting as well as 
the application of pesticides and fertilizers, heavy metals 
are continuously released into the environment, leading 
to their accumulation in the soil [2]. Among heavy met-
als, cadmium (Cd) is the most widely distributed pollut-
ant in the environment, which threatens the health of 
plants and animals [3, 4]. Cd is a non-essential trace ele-
ment and has several characteristics like strong toxicity, 
high mobility, great undegradability, concealment, etc. 
[5, 6] . Moreover, Cd can easily be absorbed and enriched 
by plants and further enter the food chain, threatening 
human health [7]  . Previous studies have shown that Cd 
can induce a series of diseases when entering the human 
body, such as causing chronic toxicity and serious dam-
age to kidneys and even neurological and immune sys-
tems [8]. Moreover, plants can also produce a series of 
stress responses to Cd contamination, such as oxidative 
stress response, imbalance of enzyme activities and plant 
signaling substances, which impair photosystems, alter 
enzyme activities, deteriorate quality, and damage cells, 
eventually affecting plant physiological and biochemi-
cal processes and inhibiting plant growth and develop-
ment [9–11]. It is believed that a low concentration of 
Cd can cause acute damage to plant growth and devel-
opment, like thin and dwarf plants, chlorotic leaves, and 
delayed fertility [12, 13]. This will ultimately lead to yield 
loss and quality deterioration, and further cause serious 
environmental and social problems. Therefore, Cd stress 
has become a major concern in the field of environmen-
tal pollution, and it is a burning issue to seek an effective 
strategy to mitigate Cd pollution in the environment.

Cadmium, with high biotoxicity, is an active heavy 
metal in natural ecosystems [14, 15]. When Cd enters 
the soil, it is mainly deposited in the topsoil and dete-
riorates soil quality, yet rarely migrates downward to 
the deep soil [16, 17]. In addition, Cd can easily become 
bioavailable and be absorbed by plant roots. Accumu-
lation of Cd in plants significantly affects their normal 
growth and development [18]. To date, three main pos-
sible mechanisms were proposed to explain Cd toxicity 
in plants: (i) generation of reactive oxygen species; (ii) 

displacement of different proteins, including transcrip-
tion factors and enzymatically active cofactors; and 
(iii) denaturation or inactivation of proteins by bind-
ing to free radicals [19, 20, 6]. When Cd accumulates 
in plant roots via cortical tissues to a certain amount, it 
will cause severe damage to root tip cells, inhibit their 
multiple enzyme activities, and reduce their nutrient 
uptake and transport capacity [21]. Meanwhile, when 
Cd is transported from roots to shoots, it will also gen-
erate seriously toxic effects (e.g., lipid peroxidation and 
enhanced malondialdehyde (MDA) generation) [22], 
which will also stimulate the plants’ antioxidant capac-
ity in response to Cd stress and enhance their oxidative 
enzyme activities (e.g., superoxide dismutase (SOD), 
peroxidase (POD), and catalase (CAT) [23, 24]. Many 
previous studies revealed that Cd stress can directly 
or indirectly cause toxic effects on plants and disturb 
a series of physiological and biochemical processes in 
plants. Cd stress may also interfere with the uptake, 
utilization, and translocation of essential nutrients, 
inhibit photosynthetic pigment synthesis, and reduce 
the electron transfer in photosystem I [25–27]. There-
fore, control of Cd contamination in the environment 
requires an in-depth understanding of how plants 
respond to Cd stress, including: (i) resolving the shift 
of plant growth, development, and physiological and 
biochemical characteristics under Cd stress; (ii) clarify-
ing the plant’s response to Cd stress and the tolerance 
mechanism; and (iii) identifying the key influencing 
factor of Cd stress in plants.

At present, heavy metal contamination in vegetables 
has become a serious threat to food safety, and about 70% 
of Cd ingested by humans comes from edible vegetables 
[28, 29]. Among vegetables, leafy vegetables are widely 
grown and consumed in China. However, the Cd absorp-
tion and enrichment in leafy vegetables are extremely 
high, which are much higher than those of eggplant, 
beans, and root vegetables [30]. Thus, Cd contamination 
in leafy vegetables is a major concern. Chinese cabbage 
pakchoi (Brassica chinensis L.), a green leafy vegetable 
with good taste and low-calorie content, is widely grown 
in China and highly favored by consumers. Hence, to con-
trol the migration of Cd into the food chain and to ensure 
the quality and safety of agricultural products, it is of high 
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importance to mitigate the Cd content in vegetables such 
as Chinese cabbage pakchoi. Unlike other plants [31–33], 
studies on Cd stress in Chinese cabbage pakchoi were 
rarely reported, and Chinese cabbage’s physiological and 
ecological responses to Cd stress are largely unknown. 
Moreover, the response of Chinese cabbage pakchoi to 
different Cd stress still needs to be further clarified in 
detail. Accordingly, this study was designed to systemati-
cally reveal the influence of Cd stress on Chinese cabbage 
pakchoi’s growth, photosynthetic physiology, antioxidant 
enzyme activities, nutritional quality, anatomical struc-
ture, and canopy temperature, through laboratory hydro-
ponic experiments. A partial least squares (PLS) model 
was employed to quantify the relationship between 
physical and chemical indicators with Cd accumulation 
in Chinese cabbage pakchoi. Moreover, the main control-
ling factor for Cd toxicology and resistance in Chinese 
cabbage pakchoi was identified.

Results
The effects of cd stress on cabbage growth
Cadmium stress significantly inhibited the growth and 
development of cabbage. The phenotypic indicators con-
tinuously decreased with increasing Cd concentrations in 
the hydroponic solution. Moreover, the inhibitory effect 
of Cd stress tended to increase with cabbage develop-
ment (Fig. 1). Compared with the control (0 µmol/L Cd), 
plant height (-40.0%), leaf number (-31.3%), leaf area 
(-59.8%), root dry weight (-53.1%), and shoot dry weight 
(-66.3%) significantly decreased in the treatment groups.

The effects of cd stress on cd accumulation in cabbage
At different growth stages, Cd accumulation in cab-
bage roots and shoots showed a first increasing then 

decreasing trend with increasing Cd concentrations 
in the hydroponic solution, and a peak value of Cd 
accumulation (~ 100 µmol/plant) was observed 
under high Cd stress conditions. By contrast, Cd 
accumulation in shoots showed an obvious cumula-
tive effect, with a value of 76.4, 144.0, and 129.9 µg/
plant at the four-, six-, and eight-leaf stages, respec-
tively. Similarly, the cumulative proportion of shoot 
Cd also showed a first increasing then decreasing 
trend when continuously lifting the Cd stress, and 
the highest value was observed under the Cd con-
centration of 100 µmol/plant (Fig. 2). This indicates 
that light to high Cd stress can enhance Cd accu-
mulation in cabbage. However, when the Cd stress 
level exceeds the Cd tolerance range of cabbage, it 
can cause irreversible damage to the plant and lead 
to plant death.

The effects of cd stress on photosynthetic parameters 
in cabbage
The photosynthetic parameters (e.g., Pn, Gs, Ci, and Tr) 
continuously decreased under low Cd stress; by contrast, 
the decrease of those parameters slowed down under 
high Cd stress, and a “plateau” state was finally obtained 
(Fig. 3). For Pn, its average value in the control (0 µmol/L) 
was 13.7 µmol·m− 2·s− 1, but only 3.1 µmol·m− 2·s− 1 in the 
treatment (200 µmol/L). Similarly, the average value of 
Gs in the control (0 µmol/L) and treatment (200 µmol/L) 
were 0.38 and 0.07 mol·m− 2·s− 1, respectively; and Ci and 
Tr in the control (0 µmol/L) and treatment (200 µmol/L) 
were 559.4 and 271.5 µmol/mol; and 3.42 and 0.92 
mmol·m− 2·s− 1, respectively. The differences in the noted 
parameters between the control and treatment groups 
were significant.

Fig. 1 Effect of Cd stress on growth status in Chinese cabbage pakchoi treated with 0, 10, 20, 50, 100, and 200 μmol/L Cd at four-leaf, six-leaf and 
eight-leaf stage, respectively. Values are presented as mean ± standard deviation (n =5)
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The effects of cd stress on antioxidant enzyme activities 
in cabbage
The antioxidant enzyme activity in plants is an impor-
tant indicator to reflect the plant’s adaptation to exog-
enous stress. Compared with the control (0 µmol/L), 
the CAT, SOD, POD, APX activities and the MDA 
content in cabbage leaves significantly increased to 
a “plateau” state with the continuous increase of Cd 
concentrations, and the inflection point was 100 
µmo/L Cd stress. The mean values of CAT were 17.9, 

50.4, 77.0, 108.5, and 123.8 nmol/min/g for the con-
trol (0 µmol/L), low (10 and 20 µmol/L), medium (50 
µmol/L), high (100 µmol/L), and severe (200 µmol/L) 
Cd stress, respectively. Moreover, the mean values of 
SOD were 100.3, 143.2, 231.6, 257.9, and 278.2 U/g in 
the noted groups, respectively; and the mean values of 
MDA were 18.3, 23.4, 29.3, 35.3, and 37.3 noml/g in 
the noted groups, respectively. In addition, other indi-
cators such as POD and APX shared a similar trend 
(Fig.  4). These results indicate that exogenous Cd 
stress can effectively activate the antioxidant enzyme 

Fig. 2 Effect of Cd stress on Cd accumulation (ug/plant) and proportion (%) of different parts (shoot and root) in Chinese cabbage pakchoi treated 
with 0, 10, 20, 50, 100, and 200 μmol/L Cd at four-leaf, six-leaf and eight-leaf stage, respectively. Values are presented as mean ± standard deviation 
(n =5). Different letters on the column represent significant differences in different treatments by LSD comparison at P <0.05
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Fig. 3 Effect of Cd stress on (a) photosynthetic rate (Pn), (b) stomatal conductance (Gs), (c) intercellular  CO2concentration (Ci), (d) transpiration rate 
(Tr) in Chinese cabbage pakchoi treated with 0, 10, 20, 50, 100, and 200 μmol/L Cd at four-leaf, six-leaf and eight-leaf stage, respectively. Values are 
presented as mean ± standard deviation (n =5)

Fig. 4 Effect of Cd stress on the activities of (a) CAT, (b) SOD, (c) POD, (d) APX and the content of (e) MDA in Chinese cabbage pakchoi treated 
with 0, 10, 20, 50, 100, and 200 μmol/L Cd at four-leaf, six-leaf and eight-leaf stage, respectively. Values are presented as mean ± standard 
deviation (n =5)
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activities in cabbage plants and enhance their antioxi-
dant response capacity.

The effects of cd stress on quality indicators in cabbage
Figure  5 clearly shows that exogenous Cd stress signifi-
cantly increased the content of soluble sugar, protein, and 
vitamin C in cabbage. The average soluble sugar contents 
were 30.3, 60.8, 81.9, 102.5, 103.4, and 106.8 mg/g under 0, 

10, 20, 50, 100, and 200 µmol/L Cd stress, respectively. The 
average vitamin C values under the noted 6 Cd stress were 
32.9, 37.9, 41.4, 43.0, 43.9, and 43.9 mg/100 g, respectively.

The effects of cd stress on anatomical characteristics 
in cabbage
Cd stress significantly affected the anatomical character-
istics of cabbage leaves (Table 1). Under low Cd stress, the 

Fig. 5 Effect of Cd stress on the content of (a) soluble sugar, (b) soluble protein and (c) vitamin C in Chinese cabbage pakchoi treated with 0, 10, 20, 
50, 100, and 200 μmol/L Cd at four-leaf, six-leaf and eight-leaf stage, respectively. Values are presented as mean ± standard deviation (n =5)

Table 1 Effect of Cd stress on the anatomical quantity characteristics in Chinese cabbage pakchoi treated with 0, 10, 20, 50, 100, 
and 200 µmol/L Cd at four-leaf, six-leaf and eight-leaf stage, respectively. Values are presented as mean ± standard deviation (n = 5). 
Different letters on the column represent significant differences in different treatments by LSD comparison at P < 0.05

Growth stage Cd-treatment 
(µM)

Leaf thickness (µm) Upper 
epidermal 
thickness (µm)

Lower 
epidermal 
thickness (µm)

Palisade mesophyll 
thickness (P) (µm)

Spongy mesophyll 
thickness (S) (µm)

P/S

Four- leaf stage 0 302.2a 18.4a 19.1a 87.0c 120.5a 0.73d

10 260.3b 18.1a 17.6a 91.3c 95.4b 0.98 cd

20 259.8b 17.7ab 15.1b 111.4b 93.8b 1.22c

50 246.1b 15.5ab 14.6b 117.0b 93.4b 1.27c

100 210.9c 15.0b 14.3b 122.0b 70.6c 1.74b

200 169.4d 14.7b 11.4c 137.0a 56.4c 2.46a

Six- leaf stage 0 275.8a 26.6a 21.1a 100.3c 104.1a 0.99d

10 274.1a 26.2a 20.6a 103.4c 102.1a 1.02 cd

20 268.3a 24.5ab 19.3a 112.3bc 98.3ab 1.20bc

50 253.9ab 24.0ab 16.6b 124.9ab 96.0ab 1.31b

100 239.3bc 22.6ab 15.7b 127.9a 95.3ab 1.35ab

200 228.1c 21.6b 12.1c 137.4a 90.4b 1.53a

Eight- leaf stage 0 303.3a 37.5a 29.2a 101.9c 122.7a 0.84e

10 286.5b 31.5b 27.6a 128.2b 115.9a 1.12de

20 282.3b 28.8b 19.2b 139.5ab 110.4a 1.27 cd

50 264.3c 21.1c 17. 5bc 134.0ab 88.0b 1.53bc

100 256.3c 19.9c 15.7c 143.5ab 77.4bc 1.92ab

200 203.7d 16.2d 15.5c 146.7a 65.1c 2.29a
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thickness of leaf and spongy tissues was higher, but the 
thickness of palisade tissues was lower, compared to the 
control. Under high Cd stress, the cell arrangement was 
not in order, resulting in a decreased cell gap. Meanwhile, 
the thickness of leaf and spongy tissues decreased, but 
the thickness of palisade tissues increased. These analyti-
cal results revealed that the average thickness of leaf, pal-
isade, and spongy tissues were 293.8, 96.4, and 115.8 μm 
in the control (0 µmol/L), respectively; 271.9, 114.3, 
and 102.7  μm under low Cd stress (10 and 20 µmol/L), 
respectively; 254.8, 125.3, and 92.5  μm under moderate 
Cd stress (50 µmol/L), respectively; and 200.4, 140.4, and 
70.6  μm under severe Cd stress (200 µmol/L), respec-
tively, where the differences were further enhanced. In 
addition, the P/S (palisade vs.spongy tissues) ratio of cab-
bage also increased significantly from 0.85 to 0 µmol/L to 
2.09 at 200 µmol/L (Table 1).

The effects of cd stress on temperature characteristics 
in cabbage
When cabbage was subjected to exogenous Cd stress, 
it showed many changes: (i) plant was thin; (ii) leaves 
became wilted and yellowed; (iii) physiological charac-
teristics were reduced; (iv) stomatal opening was days 
regulated; (v) transpiration was reduced. These changes 
could lead to an obvious increase in the temperature of 
the plant canopy (Fig.  6).  shows that the mean canopy 
temperature of cabbage increased from 18.3, 20.5, and 
18.7  °C in the control (0 µmol/L) to an average of 21.2, 

23.3, and 20.3 ℃ in the treatment at the four-, six-, and 
eight-leaf stages, respectively. The differences were signif-
icant. Meanwhile, at different growth stages, changes in 
the maximum and minimum temperatures among differ-
ent Cd treatments shared the same trend as the average 
temperature (Fig. 6).

Main controlling factors identified by the PLS model
Performance of the constructed PLS model
After clarifying the influence of exogenous Cd stression 
cabbage, a PLS model was used to analyze the relation-
ship between the determined parameters with Cd accu-
mulation in roots, shoots, and the whole plant at different 
growth stages (Table 2). The results illustrated that there 
was a good relationship between the physical and chemi-
cal parameters with Cd accumulation in different parts of 
cabbage during the reproductive growth period  (R2> 0.80; 
RPD > 2.0). Hence, the constructed PLS model was very 
stable and accurate. In conclusion, the PLS-based quanti-
tative analysis model constructed in this study is feasible 
to explain the regression relationship between differ-
ent physicochemical parameters with Cd accumulation 
in cabbage, which is also helpful to reveal the key sensi-
tive factor indicating the changes of Cd accumulation in 
cabbage.

Main factors influencing Cd accumulation in cabbage
To further identify the main controlling factors influ-
encing Cd accumulation in different tissues of cabbage, 

Fig. 6 Effect of Cd stress on the infrared thermal image features in Chinese cabbage pakchoi treated with 0, 10, 20, 50, 100, and 200 μmol/L Cd at 
four-leaf, six-leaf and eight-leaf stage, respectively
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the VIP values of 30 physicochemical parameters vs. Cd 
accumulation in roots, shoots, and the whole plant were 
quantitatively calculated using the VIP analysis in the 
PLS model (Fig.  7). A high VIP value indicates that the 
tested parameter has a strong influence and high tight-
ness. Based on these analyses, SOD was identified to 
be the most sensitive factor affecting the response of 
Cd accumulation in roots, shoots, and the whole plant, 
followed by APX. Meanwhile, CAT also had a strong 
influence on Cd accumulation in roots, and the average 
canopy temperature had a strong influence on Cd accu-
mulation in shoots.

Discussion
Cd is classified as a human carcinogen by the United 
Nations Environment Programme (UNEP) due to its high 
toxicity, widespread contamination, and high mobility in 
the natural environment. When excessive Cd is accumu-
lated in plants, it will inhibit the root and plant growth 
[34]; disrupt cell membrane structure and function [35]; 
inhibit photosynthesis and respiration [36]; impair the 
synthesis of chlorophyll, soluble sugar, and protein [37]; 
reduce enzyme activities [38]; and induce oxidative stress 
in plants [39]. These negative influences ultimately lead 
to physiological/metabolic disorders and even the death 
of plants [40]. Many previous studies have shown that Cd 
stress can inhibit the growth of plant roots and stems, 
which can result in several outcomes: (i) dwarf plants; 
(ii) slow growth; (iii) leaf curling, deforming, and yellow-
ing; and (iv) biomass drop [41]. Our results showed that 
Cd application reduced the growth of Chinese cabbage 
pakchoi, as evident from a significant decrease in plant 
phenotypic indicators (Fig.  1 and Fig. S2). The result in 
this study indicates that cabbage is very sensitive to Cd 
stress, and severe Cd stress can cause serious damage to 
the plant.

When roots absorb and accumulate a certain amount 
of Cd, it will not only significantly affect their metabolic 
activities but also inhibit the transport of nutrients from 
roots to shoots. Moreover, when Cd accumulates a cer-
tain amount in shoots, it will cause the destruction of 
chlorophyll systems, leading to a dramatic decrease in 
the photosynthetic rate and chlorophyll status [42, 4]. 
In addition, Cd stress was suggested to significantly 
influence the electron transfer in the mitochondrion 
and chloroplast, possibly via causing chloroplast swell-
ing and deformation, disintegration of cystoid, increase 
of starch granules, and loose and disordered arrange-
ment of mitochondrial basal lamellae in plants [11, 36]. 
It has also been pointed out that Cd stress can effectively 
inhibit photosynthetic processes such as light energy 
uptake, energy conversion, Rubisco’s enzyme carboxy-
lation reaction, and  CO2 diffusion in leaves (Sagardoy 
et al., 2010; Wi et al., 2020) [43, 44]. These may explain 
the rapid decrease in chlorophyll synthesis and the pho-
tosynthetic rate in plants under Cd stress. Here we found 
that photosynthetic indicators (i.e., Pn, Gs, Ci, and Tr) 
(Fig.  3) and chlorophyll contents (i.e., Chl-a, Chl-b, and 
Car) (Fig. S1) significantly decreased under Cd stress in 
cabbage, and the inhibitory effect tended to increase with 
increasing Cd concentrations. Our results are consistent 
with many previous findings in Indian mustard [45]  and 
wheat [46]. This is mainly due to the fact that Cd stress 
disrupts the balance between formation and removal of 
reactive oxygen species in photosystem I in chloroplasts, 
which results in a dramatic decrease in chlorophyll con-
tents [47].

With regard to the antioxidant defense system in 
plants, abundant reactive oxygen radicals are generated 
when exposed to exogenous stress such as Cd. This will 
prompt the peroxidation of unsaturated fatty acids in 
the cell membrane, resulting in the formation of large 
amounts of MDA [48, 49]. Our results presented in this 

Table 2 Effect of Cd stress on the plant temperature characteristics (maximum, minimum and average temperature) in Chinese 
cabbage pakchoi treated with 0, 10, 20, 50, 100, and 200 μmol/L Cd at four-leaf, six-leaf and eight-leaf stage, respectively. Values 
are presented as mean ± standard deviation (n =5). Different letters on the column represent significant differences in different 
treatments by LSD comparison at P < 0.05

Cd-treatment (µM) Four-leaf stage Six-leaf stage Eight-leaf stge

Maximum Minimum Average Maximum Minimum Average Maximum Minimum Average

CK 20.0c 16.5c 18.3d 21.15d 19.8e 20.5a 16.9a 18.7bc 18.7bc

10 µM 20.6bc 17.2bc 18.9 cd 22.4c 18.8c 20.6d 21.0ab 16.2a 18.6bc

20 µM 20.6bc 18.0b 19.3bcd 22.1bc 19.0c 20.6d 20.7bc 17.3a 18.9b

50 µM 21.1ab 18.4b 19.8bc 22.7b 20.4b 21.5c 20.1bc 16.0a 18.1c

100µM 21.7a 18.4b 20.1b 23.9a 20.3b 22.1b 20.1bc 16.4a 18.3bc

200 M 22.0a 20.4a 21.2a 24.1a 22.5a 23.3a 21.0c 19.6b 20.3a
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study (Fig. 4) are consistent with this theory. In addition, 
the protective enzyme system in plants also serves as an 
important defense mechanism for plants to cope with 
adverse stresses. The activated antioxidant systems (i.e., 
SOD, POD, CAT, and APX) are able to efficiently remove 
the free radicals produced by Cd stress in plants, pre-
venting membrane lipid peroxidation. Enhancing antioxi-
dant enzyme activity is an important strategy to alleviate 
stress in crops. The presence of exogenous Cd at a cer-
tain concentration in the growth medium may stimulate 
the activity of antioxidant enzymes to eliminate excessive 
ROS, such as  H2O2, to improve plant growth [50] (Fig. 4 
and Table S1). In peroxisomes purified from pea leaves, 
Cd produced an increase of the  H2O2 content and imbal-
ances in the activity of antioxidative enzymes [51]. Par-
ticularly, the formed superoxide radical  (O2•−) is mainly 
scavenged by SOD, and  H2O2 by POD and CAT. The 
changes in those enzymes’ activities can reflect the resist-
ance of plants [52, 53] found that the elevated Cd stress 
enhanced SOD and POD activities in maize seedlings, 
but high concentrations of Cd inhibited APX activity. 
Similarly, we also found that SOD, POD, APX activities 
(Fig. 4) and  H2O2 content (Table S1) in cabbage increased 
significantly with the increase in Cd concentrations, yet 
those indicators dropped to a plateau state under severe 
Cd stress (200 µmol/L). Our results are in line with the 
findings by Guo et  al. (2019)[46] and Romero-Puertas 
et al. (2004) [54]  that Cd treatment effectively increased 
MDA and  H2O2 and content as well as SOD, POD, and 
CAT activities in wheat leaves, favoring the detoxifica-
tion of Cd contamination. Additionally, GSH and GSSG 
are important antioxidants which can maintain the intra-
cellular redox balance and protect the plasma membrane 
from oxidation [55]. They are essential for the synthesis 
of phytochelatin which can form heavy metal- phytochel-
atin complexes and play an important role in the seques-
tration and segregation of heavy metal detoxification 
[56]. In our study, the GHS and GSSG content in Chinese 
cabbage pakchoi leaves were also increased significantly 
with the increase in Cd concentrations (Table S1). Fur-
thermore, the increased content of GSH and GSSG con-
tent suggested that ROS is scavenged through the GSH 
cycle to protect plants from increasing concentration of 
Cd. Increased GSH and GSSG can also chelate Cd and be 
transported to vacuole to reduce Cd toxicity.

The anatomical structure of leaves shows the adapta-
tion and evolution of the plant, reflecting the adapta-
tion strategy to the environment [57]. Previous studies 
revealed that when plants suffer from exogenous stress 
such as pollution, drought [58], salt damage [59]    and 
other extreme weather conditions [60], their leaf anatomy 
shows significant stress responses, including increased 
palisade tissue thickness and reduced mesophyll 

thickness. In addition, plants can prompt their adaption 
to the external environmental changes via regulating 
their physiological and morphological structural features, 
such as mesophyll thickness and leaf epidermal tissues’ 
structure, reflecting the evolutionary adaptive responses 
to a specific habitat [61, 62]    reported that when plants 
were under the stress of exogenous pollutants, leaf cuti-
cle and palisade tissues became thickened but spongy 
tissues became thinned. The increase of palisade tissue 
thickness can significantly improve the light energy utili-
zation efficiency of the plant. This is mainly owing to the 
close relationship between crop leaf anatomy and their 
photosynthetic capacities [63]. In this study, we found 
that exogenous Cd stress significantly altered the leaf 
anatomical properties, i.e., the leaf thickness and spongy 
tissue thickness significantly decreased but the palisade 
tissue thickness significantly increased with increasing 
Cd concentrations (Table 1). This is in line with the pre-
vious findings [63]. In addition, we also identified that 
photosynthetic efficiency in cabbage leaves significantly 
decreased with increasing Cd concentrations. Changes 
in photosynthetic efficiency in the crop are the most 
critical factor affecting crop biosynthesis and develop-
ment, which are closely related to crop canopy tem-
perature [64]. Higher temperatures may enhance crop 
growth, mainly through extending the growing season. 
However, extreme high temperature can cause cell dam-
age and death and decreased growth as well as affect-
ing quality, production, and photosynthetic efficiency 
[65, 60]  . Therefore, the appropriate temperature is the 
key to maintain the normal metabolic development and 
photosynthesis of the crop [66]. In contrast, either too 
high or too low temperature is detrimental to the bio-
synthesis and development of the crop [67]. Our results 
showed that with increasing Cd concentrations, the phys-
icochemical indicators of Chinese cabbage pakchoi were 
significantly inhibited. Then respiration and transpira-
tion were dramatically influenced. As a result, the mean 
canopy temperature of cabbage significantly increased 
with increasing Cd stress (Fig. 6 and Table 2 ). Previous 
studies reported that Gs allows the exchange of  CO2 and 
 H2O, accompanied by photosynthesis and transpiration. 
Cd can regulate Gs to increase transpirational water loss 
from leaves under Cd stress conditions. The flow of water 
by transpiration drives the transport rates of nutrients, 
while the evaporative water loss from the plant surface 
removes the heat energy dissipated from absorbed but 
unconverted light during photosynthesis. The removal 
of heat energy increases with the transpiration rate (Tr), 
which reduces the temperature of the photosynthetic 
organ. This is the underlying mechanism of the decrease 
in canopy temperature in cabbage under Cd stress.
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The PLS modeling results showed that the physical 
and chemical indicators of cabbage had good quantita-
tive regression relationships with Cd accumulation in the 
root, shoot, and whole plant (Table 3). This indicates that 
all the variables have a similar response to Cd stress. In 

addition, the quantitative analysis of VIP-PLS showed 
that SOD is the most critical factor affecting Cd accu-
mulation in all parts of cabbage (Fig. 7). SOD is believed 
to be the main enzymatic antioxidant defense system of 
plants. It usually serves as the first defense line to remove 
the abundant reactive oxygen species produced by plants 
under Cd stress. SOD is known to catalyze the dismuta-
tion of superoxide, which can effectively protect plant 
cells and organs by enhancing the tolerance of plants to 
Cd stress [68, 69]. Previous reports illustrated that when 
plants are under heavy metal stress, they will produce 
oxidative stress response, resulting in the accumulation 
of considerable reactive oxygen species in plant cells. 
On the one hand, oxidative stress can cause the peroxi-
dation of membrane lipids. This will directly affect the 
integrity of the membrane, induce damages in DNA, pro-
teins, lipids, and other functional macromolecules, and 
may even lead to apoptosis. On the other hand, oxidative 

Table 3 Accuracy evaluation of the PLS model describing 
the relationship between the above measured indicators and 
Cd accumulation in root, shoot and total in Chinese cabbage 
pakchoi

a RPD = the standard deviation /RMSE.

Model accuracy Root Cd 
accumulation

Shoot Cd 
accumulation

Total Cd 
accumulation

R2 0.891 0.811 0.845

RMSE 26.483 30.922 56.438

RPDa 3.052 2.317 2.557

Fig. 7 The VIP value for each indicator resulting from the PLS model and identifying the main controlling factors for (a) root Cd accumulation, (b) 
shoot Cd accumulation and (c) total Cd accumulation prediction in Chinese cabbage pakchoi
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stress can inhibit photosynthesis. Heavy metal stress 
tends to induce reduced photosynthesis and even wilting 
or death in plants. SOD plays a critical role in scaveng-
ing reactive oxygen species in plants, and oxidative stress 
of plants can be further alleviated by the involvement of 
other antioxidant enzymes. When exposed to exogenous 
stress, the antioxidant enzyme activity can be regulated 
to some extent by applying certain exogenous substances, 
which is quite helpful to enhance plant resistance [70–
72].Therefore, the role of SOD in the defense response 
of plants to Cd is crucial. Enhancement of SOD activ-
ity in cabbage through certain measures is promising to 
improve plant tolerance to Cd. The relative research will 
provide novel insights for bioremediating Cd-contami-
nated soil.

Conclusion
In this study, we systematically investigated the influence 
of Cd stress on cabbage growth, photosynthetic physi-
ology, antioxidant enzyme activities, nutritional qual-
ity, anatomical structure, and canopy temperature. The 
results showed that Cd stress could significantly affect 
the growth and development of cabbage. With increas-
ing Cd concentrations, the phenotypic indicators were 
significantly reduced. Cd stress significantly inhibited 
photosynthetic/ physiological processes in cabbage and 
simultaneously reduced chlorophyll contents and pho-
tosynthetic rates in leaves. In addition, with the increase 
of Cd stress, the oxidative stress response in cabbage was 
stimulated. Leaf CAT, SOD, POD, APX activities and 
MDA,  H2O2, GSH and GSSG content were significantly 
increased. In terms of leaf anatomy, Cd stress signifi-
cantly reduced the thickness of leaves and spongy tissues 
but increased the thickness of palisade tissues. The PLS 
modeling illustrated that SOD was the key controlling 
factor for the change of Cd accumulation in roots, shoots, 
and the whole plant. Meanwhile, the effect of CAT on Cd 
accumulation in roots was quite high, which was also 
true for the influence of mean canopy temperature on Cd 
accumulation in shoots. Our findings in this study pro-
vide important theoretical support and references for the 
mechanical elucidation of Cd stress’ influence on cabbage 
physiology, and point out the direction for developing an 
efficient and eco-friendly method to remediate soil Cd 
pollution.

Materials and methods
Experimental materials and design
Chinese cabbage pakchoi (Brassica chinensis L.) seeds 
were purchased from Shanghai ShenGeng agricultural 
development Co., Ltd. The purchased cabbage has the 
following characteristics: total growth period of about 
150 days; highly adaptable across China; good quality; 

30 cm tall; 30 cm spreading; about 500 g per plant; high 
yield (about 4000 kg per 666.7  m2).

The experimental research and field studies on plants 
(either cultivated or wild), including the collection of 
plant material, are comply with relevant institutional, 
national, and international guidelines and legislation. 
Hydroponic experiments were carried out in the hydro-
ponic laboratory of Henan Agricultural University. 
Before the experiment, cabbage seeds were soaked in 15% 
 H2O2 for 15 min, washed with distilled water, soaked in 
warm water at 30 ℃ for 20 min, and then evenly placed in 
a special seedling tray with a small amount of water. The 
seeds were firstly cultured in an incubator under constant 
temperature (i.e., 25 ℃) for 120  h, and then transferred 
to an artificial climate chamber. When cabbage seeds 
grew to the two-leaf-and-a-bud stage, identical seedlings 
were selected and transplanted into 1/8 Hoagland nutri-
ent solution in black plastic boxes for the following cul-
tivation. The plastic boxes were covered with black foam 
plates with small uniform holes, which are able to hold 
the planted seedling well. During the cultivation, the 
nutrient solution was gradually adjusted to 1/4-, 1/2-, 
and full-strength Hoagland solution at an interval of 3 
days. The hydroponic experiments were performed in an 
artificial climate chamber with 16 h/ 8 h light/dark condi-
tions. The temperature and relative humidity were main-
tained at 20 ℃ and 55-65%, respectively.

When the seedling grew to the three-leaf stage, full-
strength Hoagland solution with 6 Cd concentrations 
(0, 10, 20, 50, 100, and 200 µmol/L, Cd in the form of 
 CdCl2·2.5  H2O) was utilized. Low (10 and 20 µmol/L), 
medium (50 µmol/L), high (100 µmol /L), and severe (200 
µmol/L) Cd stress were systematically considered in this 
study. Hoagland solution was replaced every 3 days, while 
the solution pH was controlled around 6.0 during the 
cultivation (Fig. S2). Each treatment had five replicates.

Data acquisition
Growth indicators
The plant height of cabbage was measured at four-, six-, 
and eight-leaf stages using a ruler to an accuracy of 
0.1 cm. Leaf area was measured non-destructively using 
a digital camera [73]. The above- and below-ground fresh 
biomass were weighed firstly and then dried in an oven at 
105 °C for 30 min to stop the cell metabolism. The plant 
tissues were then dried at 70 °C until a constant weight, 
and weighed.

Determination of photosynthetic parameters
Photosynthetic activities were measured at four-, 
six-, and eight-leaf stages, using a LI-6800 photosyn-
thesis measurement system. The measurement was 
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performed on the first fully expanded leaf. The param-
eters included photosynthetic rate (Pn), stomatal con-
ductance (Gs), intercellular  CO2 concentration (Ci), and 
transpiration rate (Tr). The light intensity was set at 1200 
µmol·m− 2·S− 1, and a  CO2 buffer cylinder was adopted to 
ensure a stable gas flow.

Thermal imaging assessment of the plant
To investigate the potential influencing mechanism 
of Cd on cabbage growth and development, a Fluke 
TiX650 infrared thermal camera was further used to 
test the canopy temperature under different Cd stress. 
The camera has a spatial resolution of 0.87 mRad (i.e., 
640 × 480 pixel focal plane array and 32 × 24 field 
of view lens). The thermal resolution of the camera 
reaches 0.025 ℃ at an ambient temperature of 30 ℃. 
During measurement, the camera was fixed at a height 
of 1.0 m above the canopy, and a photographed obser-
vation angle of 45° was used. Four photographs were 
taken for each replicate, and the canopy temperature 
was calculated and analyzed using SmartView software.

Cd concentration and accumulation in cabbage
Approximately 10.0 mg of dried and ground plant sam-
ples were weighed and placed into a digestion tube. The 
sample was digested with a mixture of concentrated 
 HNO3 and  HClO4 (3:1, v/v). The Cd concentration in 
the digestion solution (µg/L) was analyzed by an atomic 
absorption spectrophotometer (AAS, ZEEnit70d0, 
Analytikjena, Germany). And then, Cd concentration 
(µg/kg) and accumulation (µg/plant) in different tissues 
of cabbage (i.e., roots and shoots) were calculated.

Determination of chlorophyll contents and antioxidant 
enzyme activities
The fully expanded leaves of cabbage were collected in 
each sampling. The chlorophylls were extracted with 
acetone. Chlorophyll contents (i.e., Chl-a, Chl-b, and 
Car) in the extract were measured by the spectrophoto-
metric method; CAT activity by the iodometric method; 
SOD activity by the Azo blue tetrazole method; POD 
activity by the guaiacol method; and MDA content by 
the thiobarbituric acid method. The  H2O2 content was 
measured with the method of Sergiev et al. [74], while 
glutathione (GSH) and oxidized glutathione (GSSG) 
content was determined following the method of Mur-
shed et al. [75]. In addition, the determination of ascor-
bate peroxidase (APX) activity followed the method 
proposed by Nakano and Asada [76].

Determination of quality indicators
After the measurement of physiological and biochemi-
cal parameters in cabbage, fresh leaves were collected 
for quality indicator determination. The soluble sugar, 
protein, and vitamin C contents were analyzed by the 
anthrone colorimetric method, the Coomassie blue 
method, and titration with 2-6-dichlorophenol-indo-
phenol, respectively.

Anatomical analysis
During each sampling, the first fully expanded leaf of 
cabbage was selected. A small piece of leaf with a size of 
1 cm×3 cm was cut at about 0.5 cm apart from the main 
vein and immediately fixed and embedded to make trans-
verse leaf sections, which were dyed with toluidine blue. 
The slices were photographed by an OLYMPUS BH2 
microscope with a 200x lens, and five views were selected 
for each sample. A series of parameters (including leaf 
thickness, upper epidermal thickness, lower epidermal 
thickness, palisade mesophyll thickness, and spongy 
mesophyll thickness) was measured using Image-Pro 
Plus 6.0 software. The effects of Cd stress on the anatomi-
cal structure of cabbage leaves were analyzed.

Statistical analyses
After clarifying the characteristics of Cd accumulation (a 
dependent variable) and cabbage’s physicochemical indi-
cators (independent variables, 30 variables in total) under 
different Cd stress, a PLS model was employed to quantify 
the relationship between the two kinds of variables, and 
the key factor affecting the change of Cd accumulation 
was identified. By combining the PLS model with classical 
correlation analysis, multiple linear regression analysis, 
and principal component analysis, the dimensionality of 
factor analysis will be greatly reduced, which will also be 
helpful to reveal the key controlling factor from multiple 
variables. We then constructed a highly robust analysis 
model, following a previous report [77]. The coefficient of 
determination  (R2), root mean square error (RMSE), and 
relative percent deviation (RPD) between the observed 
and predicted values were used to assess the performance 
of the PLS model. Higher  R2 and RPD and lower RMSE 
values indicate a more stable and accurate model. The 
variable importance for projection (VIP) in the PLS model 
was adopted to identify the key controlling factor. This is 
because VIP can quickly, intuitively, and quantitatively 
reflect the importance of each variable in its prediction 
of the dependent variable. When VIP approaches 1.0, the 
analysis indicates that the variable is more sensitive and 
may pose a big influence [78].
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The raw data input and analysis were performed in 
Excel 2007 software. Analysis of variance (ANOVA) was 
performed by SPSS 20.0 software. Quantitative assess-
ment of the model accuracy and selection of key fac-
tors were achieved using the PLS plug-in unit in Matlab 
R2012a. All figures were plotted by Origin 2019 software.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 022- 03966-2.

Additional file 1: Fig S1. Effect of Cd stress on (a) Chl-a, (b) Chl-b, (c) Chl-
a+b and (d) Car content in Chinese cabbage pakchoi leaves treated with 
0, 10, 20, 50, 100, and 200 μmol/L Cd at four-leaf, six-leaf and eight-leaf 
stage, respectively. Values are presented as mean ± standard deviation 
(n =5). Fig S2. Photographs of Chinese cabbage pakchoi under different 
Cd stress conditions. Table S1. Effect of Cd stress on  H2O2, GSH and GSSG 
content in Chinese cabbage pakchoi leaves treated with 0, 10, 20, 50, 100, 
and 200 μmol/L Cd at four-leaf, six-leaf and eight-leaf stage, respectively. 
Values are presented as mean ± standard deviation (n =5). Different 
letters on the column represent significant differences in different treat-
ments by LSD comparison at P <0.05.

Acknowledgements
We would like to express our gratitude to the anonymous reviewers for their 
valuable comments.

Author’s contributions
Lantao Li: Conceptualization, Methodology, Writing – review & editing, Visu-
alization. Binglin Guo: Data curation, Writing – original draft. Chenchen Feng 
and Haitao Liu: Validation, Writing – review & editing. Di Lin: Conceptualiza-
tion, Supervision, Validation Writing – review & editing. The author(s) read and 
approved the final manuscript.

Funding
This research was funded by the National Natural Science Foundation of China 
(41907323), the Key Scientific and Technological Project of Henan Province 
(222102320078), and the special fund for young talents in Henan Agricultural 
University (30500726 and 30500427).

Availability of data and materials
All data generated or analyzed during this study are included in this article 
and available from the corresponding author on reasonable request, and all 
data during this study are included in this published article and its supple-
mentary information files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 College of Resources and Environment, Henan Agricultural University, 
450002 Zhengzhou, China. 2 College of Forestry, Henan Agricultural University, 
No. 63 Nongye Road., Jinshui District, 450002 Zhengzhou, China. 

Received: 15 September 2022   Accepted: 28 November 2022

References
 1. Rizwan M, Ali S, Abbas T, Zia-ur-Rehman M, Hannan F, Keller C, Al-Wabel 

MI, Ok YS. Cadmium minimization in wheat: a critical review. Ecotoxicol 
Environ Saf. 2016;130:43–53.

 2. Zhu G, Xiao H, Guo Q, Zhang Z, Zhao J, Yang D. Effects of cadmium 
stress on growth and amino acid metabolism in two Compositae plants. 
Ecotoxicol Environ Saf. 2018;158:300–8.

 3. Seshadri B, Bolan NS, Wijesekara H, Kunhikrishnan A, Thangarajan R, Qi 
F, Matheyarasu R, Rocco C, Mbene K, Naidu R. Phosphorus-cadmium 
interactions in paddy soils. Geoderma. 2016;270:43–59.

 4. El Rasafi T, Oukarroum A, Haddioui A, Song H, Kwon EE, Bolan N, Tack 
FMG, Sebastian A, Prasad MNV, Rinklebe J. Cadmium stress in plants: a 
critical review of the effects, mechanisms, and tolerance strategies. Crit 
Rev Environ Sci Technol. 2022;52:675–726.

 5. Goncalves JF, Antes FG, Maldaner J, Pereira LB, Tabaldi LA, Rauber R, 
Rossato LV, Bisognin DA, Dressler VL, de Moraes Flores EM, Nicoloso FT. 
Cadmium and mineral nutrient accumulation in potato plantlets grown 
under cadmium stress in two different experimental culture conditions. 
Plant Physiol Biochem. 2009;47(9):814–21.

 6. Zhou Z, Wei C, Liu H, Jiao Q, Li G, Zhang J, Zhang B, Jin W, Lin D, Chen G, 
Yang S. Exogenous ascorbic acid application alleviates cadmium toxicity 
in seedlings of two wheat (Triticum aestivum L.) varieties by reducing 
cadmium uptake and enhancing antioxidative capacity. Environ Sci Pollut 
Res. 2022;29(15):21739–50.

 7. Kushwaha A, Rani R, Kumar S, Gautam A. Heavy metal detoxification 
and tolerance mechanisms in plants: implications for phytoremediation. 
Environ Reviews. 2016;24(1):39–51.

 8. Clemens S, Aarts MGM, Thomine S, Verbruggen N. Plant science: 
the key to preventing slow cadmium poisoning. Trends Plant Sci. 
2013;18(2):92–9.

 9. DalCorso G, Farinati S, Maistri S, Furini A. How plants cope with cadmium: 
staking all on metabolism and gene expression. J Integr Plant Biol. 
2008;50(10):1268–80.

 10. Shahid MA, Balal RM, Khan N, Zotarelli L, Liu GD, Sarkhosh A, Fernandez-
Zapata JC, Nicolas M, Garcia-Sanchez JJ, F. Selenium impedes cadmium 
and arsenic toxicity in potato by modulating carbohydrate and nitrogen 
metabolism. Ecotoxicol Environ Saf. 2019;180:588–99.

 11. An TT, Huang D, Wang H, Zhang Y, Chen Y. Research advances in plant 
physiological and biochemical mechanisms in response to cadmium 
stress. Chin Bull Bot. 2021;56(3):347–62.

 12. Cho UH, Seo NH. Oxidative stress in Arabidopsis thaliana exposed 
to cadmium is due to hydrogen peroxide accumulation. Plant Sci. 
2005;168(1):113–20.

 13. Rizwan M, Ali S, Adrees M, Ibrahim M, Tsang DCW, Zia-ur-Rehman M, 
Zahir ZA, Rinklebe J, Tack FMG, Ok YS. A critical review on effects, toler-
ance mechanisms and management of cadmium in vegetables. Chemos-
phere. 2017;182:90–105.

 14. Waalkes MP. Cadmium carcinogenesis. Mutat Research-Fundamental Mol 
Mech Mutagen. 2003;533(1–2):107–20.

 15. Zhao H, Guan J, Liang Q, Zhang X, Hu H, Zhang J. Effects of cadmium 
stress on growth and physiological characteristics of sassafras seedlings. 
Sci Rep. 2021;11(1):1–11.

 16. Chaney RL, Reeves PG, Ryan JA, Simmons RW, Welch RM, Angle JS. An 
improved understanding of soil cd risk to humans and low cost methods 
to phytoextract cd from contaminated soils to prevent soil cd risks. Biom-
etals. 2004;17(5):549–53.

 17. Fahad S, Hussain S, Khan F, Wu C, Saud S, Hassan S, Ahmad N, Gang 
D, Ullah A, Huang J. Effects of tire rubber ash and zinc sulfate on crop 
productivity and cadmium accumulation in five rice cultivars under field 
conditions. Environ Sci Pollut Res. 2015;22(16):12439–49.

 18. Soudek P, Petrova S, Vankova R, Song J, Vanek T. Accumulation of heavy 
metals using Sorghum sp. Chemosphere. 2014;104:15–24.

 19. Farooq H, Asghar HN, Khan MY, Saleem M, Zahir ZA. Auxin-mediated 
growth of rice in cadmium-contaminated soil. Turkish J Agric Forestry. 
2015;39(2):272–6.

 20. Jia YH, Han YY, Liu J, Gao F, Liang Q, Yu P, Liu CJ, Zhang X, Su BW, et al. 
Physiological adaptations to cadmium stresses and cadmium accumula-
tion in lettuce J. J Agro-Environ Sci. 2018;37(8):1610–8.

 21. Tai Z, Yin X, Fang Z, Shi G, Lou L, Cai Q. Exogenous GR24 alleviates Cad-
mium Toxicity by reducing Cadmium Uptake in Switchgrass (Panicum 
virgatum) Seedlings. Int J Environ Res Public Health. 2017;14(8):852.

https://doi.org/10.1186/s12870-022-03966-2
https://doi.org/10.1186/s12870-022-03966-2


Page 14 of 15Li et al. BMC Plant Biology          (2022) 22:571 

 22. Wang Z, Li Q, Wu W, Guo J, Yang Y. Cadmium stress tolerance in wheat 
seedlings induced by ascorbic acid was mediated by NO signaling path-
ways. Ecotoxicol Environ Saf. 2017;135:75–81.

 23. Gill SS, Tuteja N. Reactive oxygen species and antioxidant machin-
ery in abiotic stress tolerance in crop plants. Plant Physiol Biochem. 
2010;48(12):909–30.

 24. Mittler R. ROS are good. Trends Plant Sci. 2017;22(1):11–9.
 25. Fernandez R, Fernandez-Fuego D, Bertrand A, Gonzalez A. Strate-

gies for cd accumulation in Dittrichia viscosa (L.) Greuter: role of the 
cell wall, non-protein thiols and organic acids. Plant Physiol Biochem. 
2014;78:63–70.

 26. Wang Y, Jiang X, Li K, Wu M, Zhang R, Zhang L, Chen G. Photosynthetic 
responses of Oryza sativa L. seedlings to cadmium stress: physiological, 
biochemical and ultrastructural analyses. Biometals. 2014;27(2):389–401.

 27. Dutta S, Mitra M, Agarwal P, Mahapatra K, De S, Sett U, Roy S. Oxidative 
and genotoxic damages in plants in response to heavy metal stress and 
maintenance of genome stability. Plant Signal Behav. 2018;13(8).

 28. Pulford ID, Watson C. Phytoremediation of heavy metal-contaminated 
land by trees-a review. Environ Int. 2003;29(4):529–40.

 29. Zhang D, Hu XY, Yin J, Zhang YY, Chen W. Cadmium accumulation and 
vegetable quality of edible parts of stem vegetables admium accumula-
tion and vegetable quality of edible parts of stem vegetables growing in 
suburban farmlands. Chin J Appl Environ Biology. 2015;21(2):188–94.

 30. Wang DH, Wang GL, Fan CH. Effects of soil cadmium stress on seed 
germination, physiological charac teristics and cadmium accumulation of 
pakchoi. J Agro⁃Environment Sci. 2021;37(8):1610–8.

 31. Chao Y-Y, Kao CH. Heat shock-induced ascorbic acid accumulation in 
leaves increases cadmium tolerance of rice (Oryza sativa L.) seedlings. 
Plant Soil. 2010;336(1):39–48.

 32. Ali B, Qian P, Jin R, Ali S, Khan M, Aziz R, Tian T, Zhou W. Physiological and 
ultra-structural changes in Brassica napus seedlings induced by cadmium 
stress. Biol Plant. 2014;58(1):131–8.

 33. Rizwan M, Ali S, Adrees M, Rizvi H, Zia-ur-Rehman M, Hannan F, Qayyum 
MF, Hafeez F, Ok YS. Cadmium stress in rice: toxic effects, tolerance 
mechanisms, and management: a critical review. Environ Sci Pollut Res. 
2016;23(18):17859–79.

 34. Belimov AA, Safronova VI, Tsyganov VE, Borisov AY, Kozhemyakov AP, 
Stepanok VV, Martenson AM, Gianinazzi-Pearson V, Tikhonovich IA. 
Genetic variability in tolerance to cadmium and accumulation of heavy 
metals in pea (Pisum sativum L.). Euphytica. 2003;131(1):25–35.

 35. Zhou M, Zheng S, Liu R, Lu J, Lu L, Zhang C, Liu Z, Luo C, Zhang L, Wu Y. 
Comparative analysis of root transcriptome profiles between low- and 
high-cadmium-accumulating genotypes of wheat in response to cad-
mium stress. Funct Integr Genom. 2019;19(2):281–94.

 36. Vaculik M, Pavlovic A, Lux A. Silicon alleviates cadmium toxicity by 
enhanced photosynthetic rate and modified bundle sheath’s cell chloro-
plasts ultrastructure in maize. Ecotoxicol Environ Saf. 2015;120:66–73.

 37. Kaya C, Ashraf M, Alyemeni MN, Ahmad P. Responses of nitric oxide and 
hydrogen sulfide in regulating oxidative defence system in wheat plants 
grown under cadmium stress. Physiol Plant. 2020;168(2):345–60.

 38. Shi G, Cai Q, Liu C, Wu L. Silicon alleviates cadmium toxicity in peanut 
plants in relation to cadmium distribution and stimulation of antioxida-
tive enzymes. Plant Growth Regul. 2010;61(1):45–52.

 39. Romero-Puertas MC, Terron-Camero LC, Angeles Pelaez-Vico M, Olmedilla 
A, Sandalio LM. Reactive oxygen and nitrogen species as key indicators of 
plant responses to cd stress. Environ Exp Bot. 2019;161:107–19.

 40. Sandalio LM, Dalurzo HC, Gomez M, Romero-Puertas MC, del Rio LA. 
Cadmium-induced changes in the growth and oxidative metabolism of 
pea plants. J Exp Bot. 2001;52(364):2115–26.

 41. Nazar R, Iqbal N, Masood A, Khan MIR, Syeed S, Khan NA. Cadmium toxic-
ity in plants and role of mineral nutrients in its alleviation. Am J Plant Sci. 
2012;3:1476–89.

 42. Anjum SA, Tanveer M, Hussain S, Ullah E, Wang L, Khan I, Samad RA, 
Tung SA, Anam M, Shahzad B. Morpho-Physiological growth and yield 
responses of two contrasting maize cultivars to Cadmium exposure. 
Clean-Soil Air Water. 2016;44(1):29–36.

 43. Sagardoy R, Vazquez S, Florez-Sarasa ID, Albacete A, Ribas-Carbo M, Flexas 
J, Abadia J, Morales F. Stomatal and mesophyll conductances to CO2 are 
the main limitations to photosynthesis in sugar beet (Beta vulgaris) plants 
grown with excess zinc. New Phytol. 2010;187(1):145–58.

 44. Wi SH, Lee HJ, An S, Kim SK. Evaluating growth and photosynthesis of 
Kimchi cabbage according to extreme weather conditions. Agronomy. 
2020;10(12):1846.

 45. Mobin M, Khan NA. Photosynthetic activity, pigment composition and 
antioxidative response of two mustard (Brassica juncea) cultivars differing 
in photosynthetic capacity subjected to cadmium stress. J Plant Physiol. 
2007;164(5):601–10.

 46. Guo J, Qin S, Rengel Z, Gao W, Nie Z, Liu H, Li C, Zhao P. Cadmium stress 
increases antioxidant enzyme activities and decreases endogenous 
hormone concentrations more in Cd-tolerant than Cd-sensitive wheat 
varieties. Ecotoxicol Environ Saf. 2019;172:380–7.

 47. Zhou WB, Qiu BS. Effects of cadmium hyperaccumulation on physi-
ological characteristics of Sedum alfredii Hance (Crassulaceae). Plant Sci. 
2005;169(4):737–45.

 48. Wei S, Zhou Q, Wang X, Zhang K, Guo G, Ma LQ. A newly-discovered 
Cd-hyperaccumulator Solatium nigrum L. Chinese Science Bulletin. 
2005;50(1):33–8.

 49. Gusman GS, Oliveira JA, Farnese FS, Cambraia J. Mineral nutrition and 
enzymatic adaptation induced by arsenate and arsenite exposure in let-
tuce plants. Plant Physiol Biochem. 2013;71:307–14.

 50. Zhou J, Zhang C, Du B, Cui H, Fan X, Zhou D, Zhou J. Effects of zinc 
application on cadmium (cd) accumulation and plant growth through 
modulation of the antioxidant system and translocation of cd in low-and 
high-cd wheat cultivars. Environ Pollut. 2020;265:115045.

 51. Romero-Puertas MC, McCarthy I, Sandalio LM, Palma JM, Corpas FJ, 
Gómez M, del Río LA. Cadmium toxicity and oxidative metabolism of pea 
leaf peroxisomes. Free Radic Res. 1999;31(Suppl.):25–32.

 52. Rahoui S, Chaoui A, El Ferjani E. Membrane damage and solute leakage 
from germinating pea seed under cadmium stress. J Hazard Mater. 
2010;178(1–3):1128–31.

 53. Ekmekci Y, Tanyolac D, Ayhan B. Effects of cadmium on antioxidant 
enzyme and photosynthetic activities in leaves of two maize cultivars. J 
Plant Physiol. 2008;165(6):600–11.

 54. Romero-Puertas MC, Rodríguez-Serrano M, Corpas FJ, Gomez MD, Del Rio 
LA, Sandalio LM. Cadmium-induced subcellular accumulation of  O2·– and 
 H2O2 in pea leaves. Plant Cell Environ. 2004;27(9):1122–34.

 55. Apel K, Hirt H. Reactive oxygen species: metabolism, oxidative stress, and 
signal transduction. Annu Rev Plant Biol. 2004;55:373–99.

 56. Shi Y, Liu Y, Li H, Pei H, Xu Y, Ju X. Phytochelatins formation kinetics and 
cdinduced growth inhibition in Lolium perenne L. at elevated  CO2 level 
under cd stress. Environ Sci Pollut Res. 2021;28:35751–63.

 57. Hetherington AM, Woodward FI. The role of stomata in sensing and driv-
ing environmental change. Nature. 2003;424(6951):901–8.

 58. Buckley TN, John GP, Scoffoni C, Sack L. How does Leaf anatomy Influence 
Water Transport outside the Xylem? Plant Physiol. 2015;168(4):1616–35.

 59. Parihar P, Singh S, Singh R, Singh VP, Prasad SM. Effect of salinity stress 
on plants and its tolerance strategies: a review. Environ Sci Pollut Res. 
2015;22(6):4056–75.

 60. Sim HS, Jo JS, Woo UJ, Jo WJ, Moon YH, Lee JG, Lee HJ, Wi Sh, Kim SK. 
Abscisic acid, carbohydrate, and Glucosinolate metabolite profiles in 
Kimchi cabbage treated with extremely high temperatures and chitosan 
foliar application. Sci Hort. 2022;304:111311.

 61. Körner C. Alpine Plant Life: Functional Plant Ecology of High Mountain 
Ecosystems. Berlin: Springer; 2021. p. 247–258.

 62. Qin X, Sun N, Ma L, Chang Y, Mu L. Anatomical and physiological 
responses of Colorado blue spruce to vehicle exhausts. Environ Sci Pollut 
Res. 2014;21(18):11094–8.

 63. Wei XP, Pan XY, Zhao CM, Wang GX, Deng JM. Response of three 
dominant shrubs to soil water and groundwater along the oasis-desert 
ecotone in Northwest China. Russian J Ecol. 2008;39(7):475–82.

 64. Brunel-Muguet S, D’Hooghe P, Bataille M-P, Larre C, Kim T-H, Trouverie J, 
Avice J-C, Etienne P, Duerr C. Heat stress during seed filling interferes with 
sulfur restriction on grain composition and seed germination in oilseed 
rape (Brassica napus L.). Front Plant Sci. 2015;6:213.

 65. Seo IH, Lee HJ, Wi SH, Lee SW, Kim SK. Validation of an air temperature 
gradient using computational fluid dynamics in a semi-open type green-
house and determination of kimchi cabbage physiological responses to 
temperature differences. Horticulture, Environment, and Biotechnology. 
2021;62(5):737–50.

 66. Hermida-Carrera C, Kapralov MV, Galmes J. Rubisco Catalytic Properties 
and temperature response in crops. Plant Physiol. 2016;171(4):2549–61.



Page 15 of 15Li et al. BMC Plant Biology          (2022) 22:571  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 67. Yamori W, Suzuki K, Noguchi K, Nakai M, Terashima I. Effects of Rubisco 
kinetics and rubisco activation state on the temperature dependence 
of the photosynthetic rate in spinach leaves from contrasting growth 
temperatures. Plant Cell and Environment. 2006;29(8):1659–70.

 68. Zhou C, Zhu C, Fu H, Li X, Chen L, Lin Y, Lai Z, Guo Y. Genome-wide inves-
tigation of superoxide dismutase (SOD) gene family and their regulatory 
miRNAs reveal the involvement in abiotic stress and hormone response 
in tea plant (Camellia sinensis). PLoS ONE. 2019;14(10).

 69. Wei J, Xu C, Li K, He H, Xu Q. Progress on superoxide dismutase and plant 
stress resistance. Plant Physiol J. 2020;56(12):2571–84.

 70. Ramani HR, Mandavia MK, Dave RA, Bambharolia RP, Silungwe H, Garaniya 
NH. Biochemical and physiological constituents and their correlation in 
wheat (Triticum aestivum L.) genotypes under high temperature at differ-
ent development stages. Int J Plant Physiol Biochem. 2017;9(1):1–8.

 71. Siuksta R, Bondzinskaite S, Kleizaite V, Zvingila D, Taraskevicius R, Mock-
eliunas L, Stapulionyte A, Mak K, Cesniene T. Response of Tradescantia 
plants to oxidative stress induced by heavy metal pollution of soils from 
industrial areas. Environ Sci Pollut Res. 2019;26(1):44–61.

 72. AbdElgawad H, Zinta G, Hamed BA, Selim S, Beemster G, Hozzein WN, 
Wadaan MAM, Asard H, Abuelsoud W. Maize roots and shoots show 
distinct profiles of oxidative stress and antioxidant defense under heavy 
metal toxicity. Environ Pollut. 2020;258:113705.

 73. Jullien A, Mathieu A, Allirand J-M, Pinet A, de Reffye P, Cournede P-H, 
Ney B. Characterization of the interactions between architecture and 
source-sink relationships in winter oilseed rape (Brassica napus) using the 
GreenLab model. Ann Botany. 2011;107(5):765–79.

 74. Sergiev I, Alexieva V, Karanov E. Effect of spermine, atrazine and combina-
tion between them on some endogenous protective systems and stress 
markers in plans. Comptes Rendus de I’ Academie Bulgare des Sciences. 
1997;51(2):121–4.

 75. Murshed R, Lopez-lauri F, Sallanon H. Effect of water stress on antioxi-
dant systems and oxidative parameters in fruits of tomato (Sola-
numl ycopersicon L. cv. Micro-tom). Physiology  and Molecular Biol-
ogy of Plants. 2013;19(3):363–78.

 76. Nakano Y, Asada K. Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 
1981;22:867–80.

 77. Li L, Chang L, Ji Y, Qin D, Fu S, Fan X, Guo Y, Shi W, Geng S, Wang Y. 
Quantification and dynamic monitoring of nitrogen utilization efficiency 
in summer maize with hyperspectral technique considering a non-
uniform vertical distribution at whole growth stage. Field Crops Research. 
2022;281:108490.

 78. Li L, Wang S, Ren T, Wei Q, Ming J, Li J, Li X, Cong R, Lu J. Ability of models 
with effective wavelengths to monitor nitrogen and phosphorus status 
of winter oilseed rape leaves using in situ canopy spectroscopy. Field 
Crops Research. 2018;215:173–86.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Growth, physiological, and temperature characteristics in chinese cabbage pakchoi as affected by Cd- stressed conditions and identifying its main controlling factors using PLS model
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	The effects of cd stress on cabbage growth
	The effects of cd stress on cd accumulation in cabbage
	The effects of cd stress on photosynthetic parameters in cabbage
	The effects of cd stress on antioxidant enzyme activities in cabbage
	The effects of cd stress on quality indicators in cabbage
	The effects of cd stress on anatomical characteristics in cabbage
	The effects of cd stress on temperature characteristics in cabbage
	Main controlling factors identified by the PLS model
	Performance of the constructed PLS model
	Main factors influencing Cd accumulation in cabbage


	Discussion
	Conclusion
	Materials and methods
	Experimental materials and design
	Data acquisition
	Growth indicators
	Determination of photosynthetic parameters
	Thermal imaging assessment of the plant
	Cd concentration and accumulation in cabbage
	Determination of chlorophyll contents and antioxidant enzyme activities
	Determination of quality indicators

	Anatomical analysis
	Statistical analyses

	Acknowledgements
	References


