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Abstract
Cadmium pollution is severe in cucumber, although grafting is an effective method to improve its stress
tolerance. Pumpkin is the commonly-used grafting rootstock for cucumber, and the breeding of rootstock
with cadmium tolerance plays a vital role in the safe production of cucumber. However, there are no
reports on rootstocks speci�c for cadmium tolerance. In this study, the rootstock of a pumpkin cross
combination and its parents were used for the study of cadmium stress. The results indicated that under
the 24mg·L− 1cadmium stress, the relative conductivity of cross combination decreased by
35.86%~36.31% compared with the parents. When the concentrations of cadmium stress were 8 mg·L− 

1and 16 mg·L− 1, respectively, the peroxidase (POD) activity of cross combination was higher than those
of the parents. The subcellular distribution of cadmium in the root systems of the cross and the 041 − 1
parent was in the cell wall �rst, followed by the cytoplasm and organelle, while that in the root system of
360-3 parent was in the cell wall �rst, followed by the organelle and cytoplasm. Under cadmium stress
with the 24mg·L− 1concentration, the transfer coe�cient of cross was signi�cantly lower than that of the
parents. The cross initiated the activity of membrane protective enzyme POD under cadmium stress,
relieved the damage to membrane, and reduced the toxicity of cadmium through the accumulation of
cadmium in the cell wall that blocked its entrance to the cytoplasm. This study provides a theoretical
foundation to breed cadmium-tolerant rootstocks for melon vegetables.

Introduction
As one of the eight most toxic heavy metals in soil pollution, cadmium has a half-life as long as 10 ~ 35
days, which cannot be degraded by microorganisms and exists in soil for long time (Li et al.2017; Zheng
et al.2006). Previous research (Shang et al.2018) indicated that the point-location standard-exceeding
ratio of heavy metals in the arable soil of �ve major grain producing areas in China reached as high
as21.49%, whereas the increase in proportion of Cd pollution was the most signi�cant. It increased from
1.32–17.39% during twenty some years. Recently, greenhouse vegetables have been the leading industry
for farmers. Chen et al.( Chen et al.2012a) found that the cadmium pollution in soil of greenhouse
vegetable �elds in Xinxiang city had reached as high aslevel6, which had already been severely polluted.
The soil of vegetable �elds in the regions that included Beijing (Xu et al.2017; Suo et al.2016),
Nanjing(Chen et al. 2013) and Hebei(Zhao et al. 2019) were polluted by heavy metals to differing extents,
whereas the cadmium pollution was most serious. Cadmium-polluted soil can not only affect the normal
growth of crops, which leads to a decrease in crop yields and quality but can also be absorbed by the
human body through food chain, which results in a serious threat to national food safety and human
health.

Cucurbit vegetables are not only nutritious and delicious but also improve the diet and human health (XIA
et al. 2010). However, when heavy metals are severe or exceed the standard for cultivated soil, the edible
parts of melons easily accumulate heavy metals (Wang et al. 2018). The content of cadmium in
cucumbers in China has reached as high as0.43mg·kg− 1(Li et al. 2017), far higher than the limiting
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standard of cadmium in vegetables (0.2mg·kg− 1), which is regulated in the National Food Safety
Standards (GB2672-2017). Research (Youssef et al. 2008; Dimttrios et al. 2013) indicated that grafting
could relieve the toxicity of heavy metals to the aboveground parts to some extent. The effects of grafting
using different kinds of rootstocks on the content of cadmium in watermelon fruit (Huang et al. 2013)
indicated that when using four different kinds of rootstocks, including cucurbit, wild watermelon, China
pumpkin and India-China hybrid pumpkin, to graft watermelon, the content of cadmium in fruits of
grafted seedlings through the use of China pumpkin and India-China hybrid pumpkin as rootstocks was
the lowest, while in roots, it was the highest. Pumpkin was used as the common rootstock for grafting in
melons, and the breeding of cadmium-resistance rootstocks plays a key role in the safe production of
melon vegetables. However, to our knowledge, this is the �rst report of research on cadmium-tolerant
speci�c rootstocks.

In this study, the cadmium-tolerant rootstock resource previously screened included China pumpkin
inbred lines 360-3 and 041 − 1, as well as their cross combination (360-3×041 − 1), were used as
experimental materials. The effects of cadmium stress on their growth, development, physiological
property and cadmium accumulation characteristics were studied, and the defense responses of 360-
3×041 − 1 and its parents, including those of 360-3 and 041 − 1 to cadmium, were discussed. This
provided a theoretical foundation for the breeding of cadmium-tolerant rootstock for melon vegetables.

Experimental Materials And Methods
Experimental Materials and Experimental Design

China pumpkin inbred lines 360-3 and 041-1, as well as their cross combination (360-3×041-1) used in
this study were provided by the Pumpkin Research Group in the College of Horticulture and Gardening,
Henan Institute of Science and Technology, Xinxiang, China.

The experiment was conducted in the cultivation laboratory in the College of Horticulture and Gardening
at the Henan Institute of Science and Technology between June 25 and August 30, 2020.The substrate
culture was applied with a pot bottom diameter of 8.5cm, a pot opening diameter of 12cm and a depth of
10.8cm. The substrate utilized a 3:1:1 ratio of peat, vermiculite and perlite. One kilogram of three-nutrient
compound fertilizer was added per cubic substrate, and 0.2kg carbendazim was added per cubic
substrate for sterilization. Thus, the water content in substrate reached as high as 70%.

Pumpkin seeds with large grains and an even size were selected and soaked for 7 minutes in warm water
that was between 55ºC and 60℃. After cooling to room temperature, they were soaked in distilled water
for 6-8 hours. Germination was accelerated in an incubator with a temperature of 25~28℃. After the
white bud became exposed, the seeds were sown in one plant per pot. When two cotyledons of seedlings
were expanded, a solution without Cd2+was used as the control, while cadmium sulfate solutions with
Cd2+mass concentration of 8, 16 and 24mg·L-1wereapplied on July 9, 12, 15, 20 and 23. The dosage for



Page 4/26

each plant was 10mL, which was watered near the plant root system using a pipette, and the various
indices were determined on August 10.

The Determination Method of Test Items

The determination of plant height, stem diameter and biomass

Three plants were randomly selected in each treatment and used to determine the plant height and stem
diameter. A tape was used to measure the aboveground height (from the plant base to growing point),
and a Vernier caliper was used to measure the stem diameter (from the stem base to the half part of two
cotyledons). The seedlings were washed with tap water and then three times with distilled water. The
plants were divided into the aboveground and below ground parts (all parts contained root hairs) using
scissors, dried for 30 minutes at105℃to remove the water and then dried at 70℃ until a constant weight
was reached. The dry weight was then measured.

Measurement of relative conductivity, the activities of superoxide dismutase, POD and catalase, as well
as the content of malondialdehyde in pumpkin seedling leaves

The measurement on relative conductivity was conducted as described by Dresler et al.(2014). The
activities of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), as well as the content of
malondialdehyde (MDA) were measured as described by Li et al.(2000), which their concentrations had
increased slightly.

Measurement ofthe morphological indices and activity of root system

The morphological indices of root system were measured as follows: Three seedlings were randomly
selected in each treatment, and their root systems were washed and cleaned with tap water. The roots
were placed on root plate of a root scanner (EPSON perfection 4990 PHOTO, EPSON Co., Ltd., Beijing,
China) for scanning. After processing the photos of scanned root system, various parameters, including
the total root length, total projected area, root surface area, the average diameter of root system, total root
volume and root tip number, were obtained through an analysis using professional root analytics
software (Win RHIZO Pro 2007, Regent Instruments, Quebec City, Canada) on March 13, 2007.

The TTC method was applied to measure the activity of root system as previously described (Li H
S.2000).

Measurement ofthe photosynthetic characteristics of pumpkin seedling leaves

A LI-6400 portable photosynthesis measurer (LI-COR, Lincoln, NE, USA) was utilized tomeasurethe
photosynthetic characteristics of pumpkin seedling leaves.

Measurement of the cadmium contents in each organ of pumpkin seedling.
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Three pumpkin seedlings were randomly selected in each treatment. Dried samples of approximately 0.2g
of the stems, leaves and root systems were weighed and ground in a mortar. A volume of 7ml of
concentrated nitric acid and 2ml of hydrogen peroxide were added in a digestion tank and placed in a
digestion instrument at 165℃at 5w for 30 – 60 minutes until the solution was clari�ed, and no impurities
remained. The digested solution was transferred to a 50ml polytetrachloro ethylene beaker, and the acid
was removed on a 170ºC hot plate. The chlorine was removed until it was nearly dry, and 0.5% nitric acid
was used to dilute the sample to 10ml in a centrifuge tube. The mass concentration of cadmium in the
samples was measured using an Optima 2100 DV inductively coupled plasma atomic emission
spectrometer (ICP-AES) (Perkin Elmer, Waltham, MA, USA)( Chen et al. 2012b).

Transfer coe�cient % = heavy metal content in different part/heavy mental content in root system * 100
(Wassenaar et al. 2020)

Isolation and analysis of the subcellular components in pumpkin seedling root system

The method of Song et al.(Song et al. 2011) was utilized and slightly improved. In each treatment, the
root systems of three seedlings were randomly selected, cut into pieces and mixed. A total of 0.3g fresh
samples were taken and ground in a mortar at 4ºC. A volume of 5mL of homogenate was added, and the
components consisted of 250 mmol·L-1 sucrose, 50 mmol·L-1 Tris-HCl (pH 7.5) and 1 mmol·L-1 DTT),
transferred into a centrifuge tube and centrifuged at 3 000 r·min-1 for 1 minute. The precipitate comprised
the cell wall components. The supernatant was taken and centrifuged at 14500 r·min-1 for 45 minutes,
and the precipitate was organelles, while the supernatant was cytoplasm. The centrifuged cell wall and
organelle components were digested again. Diluted nitric acid with a mass ratio of 0.5% was used to
dilute the sample to 10mL, and the cytoplasm components were directly diluted in avolumetric �ask for
measurement.

Statistical analysis

The experimental results were analyzed used Data Processing system 7.55 software (DPS7.55) and
Microsoft Excel 2007 (Redmond, WA, USA), and a Duncan analysis was applied for difference analysis.
All experiments were performed and analyzed separately with at least three biological replicates.

Results
The effects of cadmium stress to the growth and development of pumpkin cadmium-tolerant rootstock
resource and cross combination

The plant seedlings had a sensitive response to cadmium stress, and the phenomena included a
physiological metabolic disorder, as well as slowed growth and development (Wang et al. 2020). Table 1
shows that with the increased mass concentration of cadmium stress, the growth of 360-3×041 − 1 and
its parents were suppressed to different levels. Only under conditions without the addition of cadmium,
was the plant height of 360-3×041-1signi�cantly lower than that of the male parent. With the increase in
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mass concentration of cadmium stress, there was a non-signi�cant difference on the seedling growth
compared with those of the parents.

Table 1
The effects of cadmium stress on the plant height and stem diameter of pumpkin seedlings.

concentration of cadmium
stress(mg·L− 1)

Plant height(cm) Stem thickness(mm)

360-3 041 − 1 360-
3×041 − 
1

360-3 041 − 1 360-
3×041 − 
1

ck 10.83 ± 
0.74b

13.60 ± 
0.73a

10.27 ± 
0.65b

5.07 ± 
0.46a

4.94 ± 
0.41a

4.80 ± 
0.05a

8 10.57 ± 
1.52a

10.97 ± 
0.33a

11.97 ± 
1.05a

3.66 ± 
0.34b

4.40 ± 
0.27a

4.35 ± 
0.24ab

16 11.50 ± 
0.82a

12.17 ± 
0.97a

12.50 ± 
0.82a

4.21 ± 
0.20a

3.94 ± 
0.51a

4.08 ± 
0.38a

24 10.80 ± 
0.64a

12.03 ± 
0.70a

11.70 ± 
0.91a

4.20 ± 
0.18a

3.87 ± 
0.74a

3.96 ± 
0.30a

Note: Different lowercase letters indicate signi�cant differences between different materials under the
same stress Concentration (P < 0.05), the same below.

Table 2 shows that under the cadmium stress with a higher mass concentration of 24mg·L− 1, the
biomass of aboveground parts of 360-3×041-1increased by 5.28%~11.44% compared with those of the
parents, while the biomass of belowground parts increased by 37.88%~15.19% compared with those of
the parents.

Table 2
The effects of cadmium stress on the biomass of pumpkin seedlings.

concentration of cadmium
stress(mg·L− 1)

Aboveground shoot dry weight(g) Underground root dry weight(g)

360-3 041 − 1 360-
3×041 − 
1

360-3 041 − 1 360-
3×041 − 
1

ck 1.349 ± 
0.07ab

1.404 ± 
0.26a

0.953 ± 
0.10b

0.110 ± 
0.03a

0.096 ± 
0.04a

0.060 ± 
0.01a

8 0.556 ± 
0.13a

1.369 ± 
0.05b

1.324 ± 
0.05b

0.039 ± 
0.01a

0.119 ± 
0.01a

0.117 ± 
0.06a

16 1.182 ± 
0.07a

1.240 ± 
0.13a

1.112 ± 
0.22a

0.084 ± 
0.01b

0.112 ± 
0.01a

0.109 ± 
0.01a

24 1.268 ± 
0.19a

1.198 ± 
0.06a

1.335 ± 
0.11a

0.079 ± 
0.01a

0.066 ± 
0.01a

0.091 ± 
0.01a
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The effects of cadmium stress on membrane lipid peroxidation and membrane protective enzyme activity
in pumpkin cadmium-tolerant rootstock resource and cross combination

Figure 1 shows that the conductivity of 360-3×041 − 1 and its parent leaves �rst increased, decreased and
then increased again with the increase in mass concentration of cadmium stress. Under the same
concentration of cadmium stress, there were signi�cant differences between various varieties. When the
mass concentration of cadmium stress reached its maximum, the relative conductivity of 360-3×041 − 1
was signi�cantly lower than those of the parents, which decreased by 35.86%~36.31%.

Figure 2 shows that with the increase in concentration of cadmium stress, the content of MDA in seedling
leaves of 360-3×041 − 1 and its parents generally increased. This indicated that cadmium stress resulted
in damage to the leaves of three materials to some extent. The content of MDA in 360-3×041-1was only
signi�cantly higher than that of the female parent under conditions without cadmium stress, while under
the cadmium stress with mass concentration of 8 ~ 24mg·L− 1, there was a non-signi�cant difference in
the content of MDA between 360-3×041 − 1 and its parents.

As membrane protective enzymes, SOD, POD and CAT can oxidize and decompose the reactive oxygen
species (ROS) into non-toxic water and oxygen, thus, reducing the toxicity of heavy metals to plants(Zhao
et al. 2019). Figure 3 shows that under the cadmium stress with a higher mass concentration of 24mg·L− 

1, SOD activity of 360-3×041 − 1 was signi�cantly higher than that in the male parent 041 − 1 (Fig. 3A).
Under the cadmium stress with mass concentrations of8mg·L− 1 and 16mg·L− 1, the POD activity of 360-
3×041 − 1 was higher than those of the parents, whereas at the concentration of 16mg·L− 1, it differed
signi�cantly compared with the male parent 041 − 1 (Fig. 3B). Under the cadmium stress with different
mass concentrations, CAT activity of 360-3×041 − 1 was always between that of the parents, which had
not reached signi�cant differences (Fig. 3C).

The effects of cadmium stress on the root system growth of pumpkin cadmium-tolerant rootstock
resources and cross combination

The plant root system is the organ that suffers �rst from cadmium toxicity, and the activity of root system
is one of the key indices that represents the growth status and activity level of pumpkin seedling root
systems (Ba et al. 2017). Figure 4 shows that under cadmium stress with different mass concentrations,
there were signi�cant differences on the root system activity between 360-3×041 − 1 and the parents.
With the increase in mass concentration of cadmium stress, the root systems of 360-3 and 041 − 1 were
all damaged to differing levels, and the root system activities also decreased. However, the root system
activity of 360-3×041-1increased with the increase in mass concentration of cadmium stress. When the
mass concentration of cadmium stress reached 16mg·L− 1 and 24mg·L− 1, the root system activity of 360-
3×041 − 1 was signi�cantly higher than those of the parents and increased by 18.80%~22.05% and 89.85 
~ 91.45% compared with those of the parents, respectively.
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After scanning with the root system scanner, the root system pictures were used to observe the root hair
numbers of 360-3×041 − 1 and its parents under cadmium stress with different concentrations. It was
found that with the increase in concentration of cadmium stress, the root hair numbers of 360-3 and 041-
1obviously decreased. The root hair numbers of 360-3×041-1decreased under the stress with a
concentration of 8mg·L− 1, while it increased under the cadmium stress with higher concentrations, and it
was higher than those of the parents (Fig. 5).

With the increase in mass concentration of cadmium stress, the total root length, total projected area, root
surface area, total root volume and root tip number of 360-3×041 − 1 and its parents decreased, while the
average diameter of root system tended to �rst increase and then decrease(Fig. 6A-F). Under conditions
without cadmium stress, the total root length, total projected area, root surface area, total root volume
and root tip number of 360-3×041 − 1 were between those of the parents, and the differences were
signi�cant (Fig. 6A-F). With the increase in mass concentration of cadmium stress, with the exception
that the total root length of 360-3×041 − 1 was lower than those of the parents at a concentration of
8mg·L− 1 (Fig. 6A), the total root length, total projected area, root surface area, total root volume and root
tip number were all higher than those of the parents under cadmium treatment with other mass
concentrations. However, the differences were not signi�cant (Fig. 6A-F), and the root system growth
showed super-parent heterosis.

The effects of cadmium stress on the photosynthetic characteristics of pumpkin cadmium-tolerant
rootstock resources and cross combination

Figure 7 shows that under cadmium stress with different mass concentrations, the net photosynthetic
rate of 360-3×041 − 1 and its parents tended to �rst decrease and then increase, and the net
photosynthetic rate of 360-3×041 − 1 was always higher than those of its parents (Fig. 7A). However, the
differences were not signi�cant. The stomatal conductance of 360-3×041 − 1 and its parents reached
their maximum under cadmium stress with a concentration of 8mg·L− 1.With the increased mass
concentration of cadmium stress, the stomatal conductance of 360-3×041 − 1 was always higher than
those of its parents and signi�cantly higher than that of its male parent 041 − 1 (Fig. 7B). The
transpiration rate of 360-3×041 − 1 was always lower than those of its parents, except that under
conditions without cadmium stress, it was signi�cantly lower than that of 041 − 1.There were non-
signi�cant differences compared with those of the parents under the cadmium treatment with other mass
concentrations (Fig. 7C). With the increase in mass concentration of cadmium stress, the intercellular
carbon dioxide of 360-3×041 − 1 was higher than those of its parents, whereas it was signi�cantly higher
than that of the male parent 041 − 1 at the concentrations of 16mg·L− 1 and 24mg·L− 1 (Fig. 7D).

The effects of cadmium stress on cadmium accumulation characteristics and subcellular distribution of
pumpkin cadmium-tolerant rootstock resources and cross combination

As shown in Fig. 8, under the cadmium stress with different mass concentrations, the root system of 360-
3×041 − 1 and its parents were the part that had the highest accumulation of cadmium, followed by the
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stems and leaves. The cadmium distribution rule in each organ of 360-3×041 − 1 and 360-3 was root > 
stem > leaf, while in 041 − 1, it was root > leaf > stem. Compared with the parents, with the exception that
the accumulation of cadmium in the root system of 360-3×041 − 1 was lower than those of its parents
under stress with a concentration of 8mg·L− 1, it was higher than those of both parents under the
cadmium treatments at other mass concentrations. Under the cadmium stress with higher mass
concentrations, the accumulation in root system of 360-3×041-1increased.The proportions that were
distributed in the in stems and leaves were lower than those of its parents. Simultaneously, the
accumulation of cadmium in leaves was also reduced.

In Table 3, the subcellular distribution of cadmium mass concentration in pumpkin seedling roots under
cadmium stress with different mass concentrations was analyzed. Table 3 shows that there were
signi�cant differences in the subcellular distribution of the mass concentration of cadmium in the root
systems between different materials. In 360-3×041 − 1 and its parents, most cadmium accumulated in
the cell walls, followed by the cytoplasm and organelles. In contrast, the subcellular distribution rule of
cadmium mass concentration in the root system of 360-3×041 − 1 and 041 − 1 seedlings was cell wall > 
cytoplasm > organelle, while it in the 360-3 seedlings, it was cell wall > organelle > cytoplasm.

Table 3
The effects of cadmium stress on the subcellular distribution of cadmium mass concentration in

pumpkin seedling roots.
concentration
of cadmium
stress(mg·L− 1)

cell wall cytoplasm organelle

360-3 041 
− 1

360-
3×041 
− 1

360-3 041 
− 1

360-
3×041 
− 1

360-
3

041 
− 1

360-
3×041 
− 1

ck 0.61 
± 
0.21a

0.42 
± 
0.17a

0.44 ± 
0.15a

0.66 ± 
0.15a

0.37 
± 
0.28b

0.30 ± 
0.16b

0.94 
± 
0.15a

0.32 
± 
0.17b

0.29 ± 
0.22b

8 2.33 
± 
0.43a

0.93 
± 
0.11b

0.72 ± 
0.11b

0.98 ± 
0.14a

0.57 
± 
0.32b

0.44 ± 
0.16b

1.80 
± 
0.23a

0.52 
± 
0.27b

0.18 ± 
0.11c

16 2.92 
± 
0.25a

1.01 
± 
0.29c

2.21 ± 
0.59b

2.32 ± 
0.21a

0.34 
± 
0.22b

0.52 ± 
0.27b

2.06 
± 
0.35a

0.55 
± 
0.14b

0.30 ± 
0.08b

24 2.89 
± 
0.11a

1.01 
± 
0.22c

2.44 ± 
0.35b

0.57 ± 
0.18ab

0.42 
± 
0.10b

0.80 ± 
0.21a

1.98 
± 
0.27a

0.26 
± 
0.19b

0.27 ± 
0.20b

The effects of cadmium stress on cadmium transfer coe�cient of pumpkin cadmium-tolerant rootstock
resource and cross combination

Figure 9 shows that with the increase in mass concentration of cadmium stress, the transfer coe�cient
of 360-3 tended to decrease �rst and then increase, while both041-1 and 360-3×041-1exhibited a
tendency to decrease. In addition, the decrease in 360-3×041 − 1 was more signi�cant, whereas it was
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obviously lower than 360-3 with the maximum mass concentration of cadmium stress. Under the lower
mass concentration of cadmium stress, the transfer capacities to the aboveground parts in 041 − 1 and
360-3×041 − 1 were much higher, while both decreased under a higher mass concentration of cadmium
stress. The cadmium transfer capacity in 360-3×041 − 1 was signi�cantly lower than those of its parents.
Most cadmium was �xed in the roots, which limited its transport to the aboveground parts.

Discussion
Cd in the soil can enter into a plant through absorption by the roots, which generates toxicity to plants
and thus, affects their growth. There are some differences on the cadmium tolerance in different varieties
even in the different tissues of the same plant, and the growth of more tolerant plants was less affected
by toxicity (Zhao et al. 2015). Previous research (Xiang et al. 2020; GAO et al. 2020; Zhang et al. 2013)
indicated that cadmium stress had different degrees of suppression on seed germination, seedling
growth (plant height and stem diameter) and dry weight. In this study, with the increase in mass
concentration of cadmium stress, the plant height and stem diameter of 360-3, 041 − 1 and 360-3×041 − 1
were suppressed, but no signi�cant effects occurred. In addition, no signi�cant cadmium toxicity
symptom appeared during growth. Under cadmium stress with a higher mass concentration of 24mg·L− 1,
the biomass of aboveground parts of 360-3×041-1increased by 5.28%~11.44% compared with those of
the parents, while the biomass of belowground parts increased by 37.88%~15.19% compared with those
of the parents. However, the differences were not signi�cant. This indicated that all three materials had a
stronger tolerance to cadmium, and there was a non-signi�cant difference on the growth between
different materials, which might be related to parents that also had a higher tolerance to cadmium.

The heavy metal stress with a high mass concentration will lead to the generation of abundant reactive
oxygen species (ROS) in the plant cells, which will result in membrane lipid peroxidation caused by
unsaturated acids in the plasma membrane (PM)and thus, increased its permeability(Chen et al. 2014; Lei
et al. 2018) The cell PM is the main part of the plant that is damaged by stress. Generally, the relative
conductivity, namely the permeability of PM, is used to re�ect the extent of plant injury under stresses
(Xia et al. 2009). As the �nal product of membrane lipid peroxidation, MDA is an important index that
re�ects its effects. It can cause damage to proteins by generating covalent complexes, which could be
involved in the damage to tissues during aging (Traverso et al. 2004; Hodges et al. 2009).
Zhao(2015)found that with the increase in mass concentration of cadmium stress, as well as the
extension of its duration, the membrane permeability of corn leaves was increased, which resulted in an
increase in the relative conductivity in leaves and thus, affected the growth and development of corn.
Heavy metal stress also leads to an increase in the content of MDA in many plants, which caused the
imbalance of system to generate and eliminate the ROS in plants(Khatun et al. 2008; Gajewska et al.
2008). SOD, CAT and POD are the important membrane protective enzymes to eliminate the reactive
oxygen in plants under stress.SOD can effectively eliminate O2− in plants and transform it into H2O2with
a weaker oxidizing capacity, and then it will be decomposed into H2O and O2 through the activities of
POD (Zhao et al. 2015). Thus, this process will reduce the damage of membrane lipid peroxidation. In this
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study, with the increase in mass concentration of cadmium stress, the conductivity in leaves of 360-
3×041 − 1 and its parents all tended to �rst increase, then decrease and increase again. Under the
cadmium stress with the highest mass concentration of 24 mg·L− 1, the relative conductivity in 360-
3×041 − 1 was signi�cantly lower than those of its parents. Under cadmium stress with different mass
concentrations, the content of MDA tended to increase. Under cadmium stress with amass concentration
of 8 ~ 24mg·L− 1, there were non-signi�cant differences in the content of MDA between 360-3×041 − 1 and
its parents. With the increase in mass concentration of cadmium stress, the activity of SOD tended to �rst
decrease and then increase. Under cadmium stress with a mass concentration of 24mg·L− 1, the activity
of SOD in 360-3×041 − 1 was signi�cantly higher than that of the male parent, while it had a non-
signi�cant difference compared with the female parent. At the concentration of 8mg·L− 1 and 16mg·L− 1,
the activity of POD in 360-3×041 − 1 was higher than those of its parents, while it had a signi�cant
difference compared with that of the male parent at 16mg·L− 1. Under cadmium stress with different
mass concentration, the activity of CAT in 360-3×041 − 1 had non-signi�cant differences compared with
its parents. The increase in SOD activity initiates and enhances the protective capability of the PM, which
can transform highly toxic ROS to H2O2, which has a weaker oxidizing capacity, and further stimulate the
increase in activity of POD(He et al. 2015). This indicated that the capacity to eliminate oxygen radicals
in 360-3×041 − 1 was higher than those of its parents, where as POD played a key role in relieving
cadmium stress, which was consistent with the results of Wan et al.( 2015).

The effects of soil stresses to root system are the most direct. The disruption in growth of the root system
will directly affect the supply of nutrients and water to the aboveground parts of plants. The root system
growth has plasticity, and it can adapt to stresses by changing the root con�guration parameters under
heavy metal stresses (JIA et al. 2008). Previous research (Srinivasarao et al. 2004; Chen et al. 2014;
Mauchamp et al. 2001; He et al. 2015; Lin et al. 2001) indicated that under stresses, the growth of plant
roots was suppressed; the root activity was decreased, and the changes in root system included the
inhibitory effects on total root length, total root surface area, root volume and root tip number. In this
experiment, under cadmium stress with different mass concentrations, the root growths of 360-3, 041 − 1
and 360-3×041 − 1 were suppressed to differing extents. With the increase in mass concentration of
cadmium stress, the root activities of parents 360-3 and 041-1gradually decreased, while that of 360-
3×041-1tended to increase, which was signi�cantly higher than those of its parents under cadmium
stress at higher mass concentrations. Through the observation of root hair numbers and analysis of root
morphological indices in 360-3×041 − 1 and its parents, this indicated that with the increase in degree of
cadmium stress, the root hair numbers in 360-3 and 041-1decreasedsigni�cantly.The root hair numbers in
360-3×041-1increased under cadmium stress with a higher concentration, and it was greater than those
of the parents. The total root length, total projected area, root surface area and root tip numbers in 360-
3×041 − 1 seedlings were all higher than its parents. This indicated that under cadmium stress, the
growth of pumpkin seedling roots was suppressed. The degree of inhibition in 360-3×041 − 1 was lower
than those of its parents 360-3 and 041 − 1, and the growth of root system presented super parent
heterosis.
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Photosynthesis has a close relationship with crop growth and yield (Zhou et al. 2015), which renders it
one of the important indices to evaluate plant productivity and adapt ability (Suo et al. 2020). The net
photosynthetic rate (Pan R Z .2012)is one of the important indices to evaluate photosynthesis and is
represented as the accumulation of dry matter in plant leaves. In this study, under the cadmium stress
with different mass concentrations, the net photosynthetic rate of 360-3×041-1was always higher than
that of its parents and presented super parent heterosis, which indicated that its photosynthetic capacity
was higher than that of its parents. The stomatal conductance in 360-3×041 − 1 was higher than its
parents under cadmium stress with higher mass concentrations, which had signi�cant differences
compared withthe male parent 041-1and increased by 3.37%~24.32% and 6.45%~28.57%, respectively,
compared withboth parents. The transpiration rate in 360-3×041 − 1 was always lower than those of its
parents, and the differences compared with the parents were not signi�cant. In summary, under the
growth conditions with cadmium stress, the photosynthetic metabolic capacity of 360-3×041 − 1
presented super parent heterosis, which was consistent with the results of Zhao et al. (Zhao et al. 2020).

Liu et al.(2017)indicated that Chinese Pennisetum with strong cadmium tolerance had characteristics,
such as a developed root system, whereas the root is the key organ for cadmium accumulation. With the
increase in cadmium mass concentration, the absorption of cadmium in root system was signi�cantly
higher than that in the aboveground parts. However, the cell wall of subcellular components in root
system plays a key role in the inhibition of transport of cadmium from the roots to stems (Xue et al.
2014). In this experiment, under cadmium stress with different mass concentrations, the distribution rule
of cadmium in the 360-3 and 360-3×041 − 1 seedlings was root > stem > leaf, while in the041-1 seedlings,
it was root > leaf > stem. The subcellular distribution rule of cadmium mass concentration in 360-3×041 − 
1 and 041 − 1 seedling roots was cell wall > cytoplasm > organelle, while in the 360-3 seedling roots, it was
cell wall > organelle > cytoplasm. This indicated that the root system was the main organ for cadmium
accumulation in 360-3×041 − 1 and its parents, and most was absorbed by cell walls in the root system.

Long et al.(2014)found that the difference in content of cadmium in rice grains was related to the root
absorption and transfer to aboveground parts. Therefore, the screening of rice varieties with cadmium
tolerance focus more intensively on the transfer coe�cient of cadmium in grains, and the transfer
capacity was decided by the rice genotypes. Previous research(Liu et al. 2017; Zhou et al. 2019; Gao et al.
2019; Zhang et al. 2015;) indicated that the plant root system with a transfer coe�cient of less than 1
was the main organ for cadmium accumulation. The poorer the transfer capacity of cadmium from the
root system to aboveground parts, the lighter the cadmium toxicity in the aboveground parts, and the
stronger the ability to repair the damage from soil cadmium pollution. Under cadmium stress with
different mass concentrations, the cadmium transfer coe�cient of 360-3tended to �rst decrease and then
increase, while those of 041 − 1 and 360-3×041-1tended to decrease with the increase in mass
concentrations of cadmium stress. Under stress with higher mass concentrations, the transfer coe�cient
of 360-3×041-1decreased by 31.57%~65.33% compared with its parents, and it had a signi�cant
difference compared with that of the male parent041-1. This indicated that under cadmium stress with a
certain mass concentrations, the cadmium transfer capacity of 360-3×041 − 1 to the aboveground parts
was lower than those of its parents. Most were �xed to the roots, which could be owing to the massive
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accumulation of cadmium in the root cell walls, thus, reducing the toxicity to other organelles and its
transfer.

Conclusions
The cross combination (360-3×041 − 1) had a higher defense capability compared withits parents under
cadmium stress with a certain mass concentrations.Cadmium accumulated in the roots andto a high
extent in the cell walls of root system. The transfer capability to aboveground parts was lower than those
of its parents, and the cadmium toxicity to aboveground parts was lower than those of its parents. The
net photosynthetic rate was always higher than its parents and presented super parent heterosis. The
capacity of eliminating reactive oxygen species in 360-3×041 − 1 was higher than those of its parents,
whereas the activity of POD played a keyrole in relieving the stress owing to cadmium.

Declarations
Author Contributions:

Bi-Hua Chen and Huai-Xia Zhang designed the experiments, Wei-Li Guo, Jun-Guo Zhou and Xin-Zheng Li
analyzed the data, Bi-Hua Chen wrote the manuscript. Bi-Hua Chen and Huai-Xia Zhang performed the
experiments, Wei-Li Guo revised the manuscript. Jun-Guo Zhou and Xin-Zheng Li provided the
reagents/materials/analysis tools. All authors have read and approved the �nal manuscript.

Funding:

We highly appreciate the financial support of the funding from Major public welfare projects of Henan
province (No. 201300111300), and the National Natural Science Foundation of China (No. 2004161).

Data availability: All data generated or analyzed during this study were included in this manuscript.

Compliance with ethical standards

Con�ict of interest: The authors declare that they have no con�ict of interest.

Ethical approval: All authors declared that they had no known competing �nancial interests or personal
relationships that seemed to affect the work reported in this article. All authors followed the ethical
responsibilities of this journal.

Consent to participate and publish: All authors participated and approved the �nal manuscript to be
published.

References



Page 14/26

1. Ba QS, Zhang GS, Ma C, Li GP, Song YX, Fu ZL, Chen C (2017) Physiological effects of nitric oxide on
the growth and development of wheat roots under cadmium stress. Plant Science Journal
35(03):398–405. doi:10.11913/PSJ.2095-0837.2017.30398

2. Chen AW, Zeng GM, Chen GQ, Liu L, Shang C, Hu XJ, Lu LH, Chen M, Zhou Y, Zhang QH (2014)
Plasma membrane behavior, oxidative damage, and defense mechanism in Phanerochaete
chrysosporium under cadmium stress. Process Biochemistry 49(4):589–598.

3. Chen BH, Yang HL, Li XZ, Zhou JG (2012a) Heavy metal accumulation characteristics and pollution
assessment of vegetable soils in plastic shed in Xinxiang. Chinese Journal of Soil Science
43(04):967–971

4. Chen BH, Yang HL, Zhou JG,et.al (2012b) Effect of cultivating years of vegetable �eld on soil heavy
metal content and enzyme activity in plastic shed. Transactions of the Chinese society of agricultural
engineering 28(1):213–218. doi:10.3969/j.issn.1002-6819.2012.01.038

5. Chen JR, Liu D, Wu JS, Li S, Yan WB, Peng DL, Ye ZQ, Wang HL (2014) Seed germination and metal
accumulation of Moso bamboo (Phyllostachys pubescens) under heavy metal exposure. Acta
Ecologica Sinica 34(22):6501–6509. doi:10.5846/stxb201312132944

�. Chen Y, Huang B, Hu WY, Yang L, Q,Mao MC (2013) Heavy metals accumulation in greenhouse
vegetable production systems and its ecological effects. Acta Pedologica Sinica 50(04):693–702.
doi:10.11766/trxb201210140412

7. Dimttrios S, Georgia N, Pantelis B (2013) Impact of grafting and rootstock genotype on cation uptake
by cucumber (Cucumis sativus L.) exposed to Cd or Ni stress. Scientia Horticulturae 149(149):86–
96. https://doi.org/10.1016/j.scienta.2012.06.030

�. Dresler S, Hanaka A, Bednarek W, Maksymiec W (2014) Accumulation of low-molecular-weight
organic acids in roots and leafsegments of Zea mays plants treated with Cadmium and Copper. Acta
Physiologiae Plantarum 36(6):1565–1575. doi:10.1007/s11738-014-1532-x

9. Gajewska E, Sklodowska M (2008) Relations between tocopherol, chlorophyll and lipid peroxides
contents in shoots of Ni-treated wheat. J Plant Physiol 164:364–366

10. GAO HP, ZHENG Z, LIU C, et.al (2020) Effects of cadmium and lead stress on seed germination,
seedling growth and heavy metal accumulation of mulberry. Journal of Anhui Agricultural Sciences
48(11):131–136

11. Gao YN, Liu Q, Liu X, Wang QZ (2019) Tolerance to cdmium and lead and their cross-contamination
and accumulation effect in panicum virgatum. Journal of Domestic Animal Ecology 40(02):56–64.
doi:10.3969/j.issn.1673-1182.2019.02.011

12. He JY, Ren YF, Wang YY, Li ZJ (2011) Root morphological and physiological responses of rice
seedlings with different tolerance to cadmium stress[J]. Acta Ecologica Sinica 31(02):522–528,
doi:cnki:sun:stxb.0.2011-02-025

13. Hodges DM, DeLong JM, Forney CF, Prange-Planta RK (1999) Improving the thiobarbituric acid-
reactive-substances assay for estimating lipidperoxidation in plant tissues containing anthocyanin
and other interfering compounds. Planta 207:604–611. doi:10.1007/s004250050524



Page 15/26

14. Huang YP, Xing NL, Fu YJ, Wang YE, Yan LY, Ying QS, Wuang YH (2020) In�uences of cadmium
content in watermelon fruit grafted by different type of rootstocks. Acta Agriculturae Shanghai.
36(04):60–64, doi:10. 15955∕j. issn1000-3924. 2020. 04. 11

15. JIA Y B, YANG X E, FENG Y, Ghulam J (2008) Differential response of root morphology to potassium
de�cient stress among rice genotypes varying in potassium e�ciency. Journal of Zhejiang
University. (05):427–434,doi:10.1631/jzus.B0710636

1�. Khatun S, Ali MB, Hahn E, Paek KY (2008) Copper toxicity in Withania somnifera:growth and
antioxidant enzymes responses of invitro grown plants. Environmental Experimental Botany 64:279–
285. doi:10.1016/j.envexpbot.2008.02.004

17. Lei ZH, Wei X, Y,Chen Y (2018) Effects of Cadmium on Seed Germination and Seedling Growth of
Melon. Journal of Agricultural Catastrophology 8(01):38–40

1�. Li HS (2000) Principles and techniques of plant physiological and biochemical experiments [M].First
Edition. Beijing:Higher Education Press

19. Li SH, Wen ZG, Chen YR et al (2017) Current Status and Countermeasures of Heavy Metal Pollution
in Vegetables in China. Jiangsu Agricultural Sciences 44(8):231–235. doi:10.15889/j.issn.1002-
1302.2016.08.066

20. Li YJ, Zhang ZG, Kuang ZC, Chen HD (2017) Research progress in remediation of cadmium
contaiminated soils by planting potton. China Cotton 44(04):8–10. doi:10.11963/1000-
632X.lyjchd.20170330. 2

21. Lin RZ, Wang XR, Luo Y, Du WC, Guo HY, Yin DQ (2007) Effects of soil cadmium on growth, oxidative
stress and antioxidant systems in wheat seedlings (Triticum aestivum L.).Chemosphere. 69(1):89–
98, doi: 10.1016/j.chemosphere.2007.04.041

22. Liu DL, Sun QX, Shao J, Chen MH, Zhang H (2017) Effects of Cd concentrations on
growth,photosynthetic indices and bioconcentration of two Pennisetum during different growth
stages. Pratacultural Science 34(01):84–93. doi:

23. Long XL, Xiang XC, Xu YF, Su WL, Kang CF (2014) Absorption, transfer and distribution of Cd in
indica and japonica rice under Cd stress. Chinese Journal of Rice Science 28(02):177–184.
doi:10.3969/j.issn.10017216.2014.02.009

24. Mauchamp A, Mesleard F (2001) Salt tolerance in Phragmites austra Lis populations from coastal
Mediterranean marshes. Aquat Bot 70(1):39–52. doi:10.1016/S0304-3770(00)00140-6

25. Pan RZ (2012) Plant Physiology. Beijing:Higher Education Press

2�. Shang EP, Xu EQ, Zhang HQ, Huang CH (2018) Spatial-temporal trends and pollution source analysis
for heavy metal contamination of cultivated soils in �ve major grain producing regions of China.
Environmental Science 39(10):4670–4683,. doi:10.13227/j.hikx.20182139

27. Song AL, Li P, Li ZHJ,et al.(2011)Characterization of plant growth, cadmium uptake and its
subcellular distribution in pakchoi exposed to cadmium stress. Environmental Chemistry,
30(6):1075–1080,doi: cnki:sun: hjhx.0.2011-06-004



Page 16/26

2�. Srinivasarao CH, Benzioni A, Eshel A, Waisel Y (2004) Effects of salinity on root morphology and
nutrient acquisition by Faba Beans (Vicia faba L.). J Indian Soc Soil Sci 52:184–191

29. Suo LN, Liu BC, Zhao TK, Wu Q, An ZZ (2016) Evaluation and analysis of heavy metals in vegetable
�eld of Beijing. Transactions of the Chinese Society of Agricultural Engineering 32(09):179–186,.
doi:10.11975/j.issn.1002-6819.2016.09.025

30. Suo RZ, Wang MJ, Zhao TQ, Wang N, Liu XJ, Liu JW (2020) Comparison of photosynthetic
characteristics and cluster analysis in Glycine soja and strains from Glycine soja × Glycine max
cross. Chinese Journal of Oil Crop Sciences 42(02):255–263. doi:10.19802/j.issn.1007-
9084.2019115

31. Traverso N, Menini S, Maineri EP, Patriarca S, Odetti P, Cottalasso P, Marinari UM, Adelaide Pronzato
M (2004) Malondialdehyde, a lipoperoxidation-derived aldehyde, can bring about secondary
oxidative damage to proteins. Journals of Gerontology Series A:Biological Sciences Medical
Sciences 59:890–895. https://doi.org/10.1093/gerona/59.9.B890

32. Wan ZD, Gao TP, Zhou YX, Wang YD, Chang GH, Ju TZ, Yang YL, Zhang Q (2020) Seed germination,
bud growth and heavy-metal accumulation of Suaeda salsa. Chinese Journal of Biotechnology
36(03):493–507. doi:10.13345/j.cjb.190571

33. Wang HH, Wang C, Zhang MH, Pu YL, Li T, Jia YX (2018) Study on tolerance and accumulation
ability of cadmium in pumpkin seedlings for rootstocks. Acta Botanica Boreali-Occidentalia Sinica
38(12):2257–2266. doi:10.7606/j.issn.1000-4025.2018.12.2257

34. Wang ZW, Li H, Liang SH, et.al (2020) Effects of cadmium on growth and some physiological of
oriental melon seedlings. Acta Agriculturae Boreali-Sinica 35(01):81–88.
doi:10.7668/hbnxb.20190467

35. Wassenaar PNH, Verbruggen EMJ, Cieraad E, Peijnenburg WJGM, Martina GV (2020) Variability in
�sh bioconcentration factors: In�uences of study design and conse-quences for regulation.
Chemosphere 239:124731,. doi:10.1016/j.chemosphere.2019.124731

3�. Xia HL, Cheng WW, Chi XY (2009) Effects of Cd stress on the growth and physiological properties of
sugarcane. Soil Fertilizer Sciences in China 01:42–45

37. XIA Y (2010) "Getting rich early shuttle" radio program introduction. Farmer Technology Training
05:27–28

3�. Xiang J, Pan S, K,Wu CX, Wu CF, Lu RH, Lin LJ (2020) Comparative study on cadmium accumulation
characteristics of different cowpea materials. Journal of Henan Agricultural Sciences. 49(04):114–
119. doi:10. 15933 / j. cnki. 1004–3268. 2020. 04. 016

39. Xu L, Lu AX, Tian XQ, He HJ, Yin JW (2017) Accumulation characteristics and risk assessment of
heavy metals in typical greenhouse vegetable bases. Scientia Agricultura Sinica 50(21):4149–4158,.
doi:10.3864/j.issn.0578-1752.2017.21.009

40. Xue M, Zhou Y, H,Yang ZY, Lin BY, Yuan JG, Wu SS (2014) Comparisons in subcellular and
biochemical behaviors of cadmium between low-Cd and high-Cd accumulation cultivars of



Page 17/26

pakchoi(Brassica chinensis L.). Frontiers of Environmental Science&Engineering 8(2):226–238.
doi:10.1007/s11783-013-0582-4

41. Youssef R, Mariateresa C, Elvira R, Elvira R, Giuseppe (2008) Grafting of cucumber as a means to
minimize copper toxicity. Environmental&Experimental Botany 63(1):49–58,doi:.
10.1016/j.envexpbot.2007.10.015

42. Zhang CL, Guo J, Lee DK, Anderson E (2015) Growth responses and accumulation of cadmium in
switchgrass (Panicumvirgatum L.) and prairie cordgrass (Spartinapectinata Link). Rsc Advances
5(102):83700–83706. doi:10.1039/C5RA13073E

43. Zhang XA, Li MY, Wang ZH, Tang HR, Zhang X, Q,Zuo J (2013) Effects of heavy metals and saline-
alkali on seedlings growth, physiological-biochemical of Oryehophragmus violaeeus. Acta
Prataculturae Sinica 22(02):187–194

44. Zhao HB, Li LL, Liang TN, Zhang YX, Huang FL, Cao QG (2019) Advances in plant response to heavy
metal copper and cadmium stress. Journal of Anhui Agricultural Sciences 47(21):14–16,.
doi:10.3969/j.issn.0517-6611.2019.21.005

45. Zhao HW, Su SM, Liu W, Gu JL, Shi XP, Liu YM, Geng YL (2019) Application effect analysis on
cadmium repairment techniques in facilities vegetable. Environmental Science Technology
42(S2):14–19,. doi:10.19672/j.cnki.1003-6504.2019.S2.003

4�. Zhao RJ, Zhou ZY (2020) Comparison of photosynthetic parameters of sorghum hybrid jiza 319 and
its parents. Journal of Northeast Agricultural Sciences 45(02):9–12. doi:10.16423/j.cnki.1003-
8701.2020.02.003

47. Zhao XW, Cao YH, Li YH, Pan GT, Lin HJ (2015) The variational study of physiological characteristics
and translocation ability of maize seeding with Cd stress.Acta Agriculturae Boreali-Sinica.
30(06):119–127, doi:10.7668/hbnxb.2015.06.018

4�. Zheng SY, Shang XF (2006) Research progress of soil cadmium pollution. Anhui Agricultural Science
Bulletin 12(5):43–44

49. Zhou JH, Cheng K, Zheng JY, Liu ZQ, Shen WB, Fan HB, Jin ZN (2019) Physiological and biochemical
characteristics of Cinnamomum camphora in response to Cu and Cd-contaminated soil. Water Air
Soil Pollution 230(1):15–25. doi:10.1007/s11270-018-4048-y

50. Zhou M, Wu YH, Liu XX, Chen J, Zheng T, Zhang SY, Li JW, Li RQ, Liu P (2019) Effects of cadmium
stress on physiological responses and cadmium enrichment in helianthus tuberous L. Journal of Soil
Water Conservation 33(02):323–330,. doi:10.13870/j.cnki.stbcxb.2019.02.049

Figures



Page 18/26

Figure 1

Effect of cadmium stress on relative electrical conductivity of pumpkin seedling leaves. Bars with dif-
ferent letters indicate signi�cant differences at p  0.05. Mean values and SDs for three replicates are
shown.
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Figure 2

The effects of cadmium stress on the content of MDA of pumpkin seedling leaves. Bars with different
letters indicate signi�cant differences at p  0.05. Mean values and SDs for three replicates are shown.
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Figure 3

The effects of cadmium stress on the membrane protective enzyme in pumpkin seedling leaves. Bars
with different letters indicate signi�cant differences at p  0.05. Mean values and SDs for three rep-licates
are shown.
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Figure 4

The effects of cadmium stress on root activity of pumpkin seedlings. Bars with different letters indicate
signi�cant differences at p  0.05. Mean values and SDs for three replicates are shown.
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Figure 5

The root system scanning pictures after processing.
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Figure 6

The effects of cadmium stress on the root morphological indexes of pumpkin seedlings. Bars with
different letters indicate signi�cant differences at p  0.05. Mean values and SDs for three replicates are
shown.
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Figure 7

The effects of cadmium stress on photosynthetic characteristics of pumpkin seedlings. Bars with dif-
ferent letters indicate signi�cant differences at p  0.05. Mean values and SDs for three replicates are
shown.
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Figure 8

The proportion for mass concentration of cadmium in roots, stems and leaves of pumpkin seedlings
under cadmium stress.
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Figure 9

The effects of cadmium stress on cadmium transfer coe�cient of pumpkin cadmium-tolerant root-stock
resource and cross combination. Bars with different letters indicate signi�cant differences at p  0.05.
Mean values and SDs for three replicates are shown.


