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Abstract: Heavy metal (HM) contamination poses a serious threat to safe crop production and human
health, and different maize inbred lines respond differently to cadmium (Cd) stress. However, the
morphological and physiological characteristics of maize inbred lines seedlings are not clear under
Cd stress. In this study, we analyzed the agronomic traits and physiological and biochemical indices
of inbred maize seedlings under Cd stress in the seedling stage using the inbred lines Kui3, CML118,
Mo17, B73, and B77 as the materials. These five inbred maizes were treated with five different
concentrations of Cd (0, 1, 3, 5, and 7 mg L−1, respectively) were applied and the indices of the
maize seedlings determined on day 15. The aboveground and belowground biomass of five maize
inbred lines seedlings showed a decreasing trend under Cd stress. Leaf relative water content and
SPAD values also decreased, but the overall decrease in relative water content was small, and the
differences were not significant. Surprisingly, Cd stress affected the activities of superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT), leading to enhanced mem-brane lipid peroxidation.
The cadmium content varied greatly between varieties under Cd stress, but all of them had lower
Cd content above ground than below ground, and the varieties with the highest and lowest transfer
coefficients were Mo17 (0.33–0.83) and B73 (0.06–0.44), respectively. Kui3 had the greatest difference
in soluble protein content under Cd stress, which showed a de-creasing trend, and the soluble sugar
content was significantly decreased in general compared to that of CK. The soluble sugar content
was higher than CK under Cd treatment, and the proline content of the maize seedlings of all of the
inbred lines showed an increasing trend compared to CK. Overall, there were significant genotypic
differences in the Cd stress response to Cd toxicity in the maize inbred lines seedlings, and, in general,
this study helps us to understand the mechanism of maize inbred lines seedlings response to Cd
stress. It provides a theoretical basis for the se-lection and breeding of varieties, and food safety.
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1. Introduction

Due to economic development and the irrational use of fertilizers in agriculture [1],
heavy metal pollution has emerged as a serious and prominent issue [2]. Cd is considered
to be one of the most hazardous heavy metals as it is high in biotoxins and can be easily
transported [3,4]. On the one hand, Cd is easily dissolved in soil through surface or
groundwater leaching, making it difficult to naturally degrade or manage. On the other
hand, Cd is easily absorbed by plant roots and enters the human body through the food
chain [5–8]. Although the amount of Cd absorbed by humans is not high, even very low
concentrations can pose fatal risks to humans due to its long half-life [9]. For instance,
Cd can lead to disorders of calcium metabolism in the human body, which can result in
osteoporosis, cartilage disease, and bone pain [10]. It can also significantly increase the risk
of developing kidney cancer, lung cancer, and prostate cancer [11,12].
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Numerous studies have demonstrated that Cd exposure in plants triggers the pro-
duction of substantial amounts of reactive oxygen species (ROS), and under Cd stress,
the overaccumulation of ROS in plants leads to peroxidative damage [13–15], ultimately
resulting in cell death. Plants have evolved antioxidant mechanisms to counteract ox-
idative stress, which include both non-enzymatic substances and antioxidant enzyme
defenses. Non-enzymatic substances mainly include ascorbic acid (ABA) and glutathione
(GSH) [16,17], whereas antioxidant enzyme defense systems mainly comprise SOD, POD,
CAT, and ascorbate peroxidase (APX). SOD catalyzes the dismutations of O2

− to O2 and
H2O2, while CAT reduces hydrogen peroxide to water: 2H2O2 = O2 + 2H2O. Thus, the cell
is protected from the H2O2 poison. SOD, POD, CAT, and other enzymes work together to
defend against reactive oxygen species or other peroxide radicals that can harm the cell
membrane system. Within a certain Cd concentration, these enzymes have a protective
effect on the plant. However, high Cd concentrations can also harm these enzymes. Proline,
soluble sugars, and soluble proteins in plants serve as osmoregulators and antioxidants,
helping to mitigate heavy-metal-induced damage to plant cells [18,19]. These are crucial
mechanisms for the adaptation of plants to abiotic stresses.

Cd enters the plant body and accumulates to a certain extent, inhibiting plant respira-
tion and photosynthesis. This weakens the enzyme activity in the plant body and reduces
the content of plant soluble protein and soluble sugar, resulting in slow growth, leaf yellow-
ing, delayed climacteric period, etc. [20,21], which seriously affect crop yield, quality, and
safety. When maize seedlings are subjected to Cd stress, plant growth is inhibited, leaves
turn yellow and curl, aboveground biomass is significantly reduced, and Cd’s inhibition of
the root is the most obvious [22,23]. The plant cannot carry out normal photosynthesis and
transpiration, thus inhibiting the growth and development of the plant [24–27].

Maize is one of the world’s most important cereal crops. In recent years, the sown area
has tended to stabilize, laying the foundation for the development of China’s plantations,
animal husbandry, and industry. Continuous improvement in the yield and quality of
maize is conducive to the stable development of the national economy. It has been found
that maize itself has a strong enrichment effect on Cd, which makes the problem of the
contamination of the maize production process by Cd increasingly prominent [28]. Most
of the studies on the effects of Cd on maize have focused on biomass, enzyme activity,
and chlorophyll content. However, the morphological and physiological characteristics
of maize inbred lines seedlings remain unclear under Cd stress. The aim of this study
was to simulate the effects of different Cd concentrations on the growth of maize inbred
lines seedlings, to investigate the effect of different Cd concentrations on the growth of
maize inbred lines seedlings. Therefore, the objectives of this study were: (1) to examine
the Cd content in both aboveground and belowground maize seedlings; (2) to investigate
differences in growth, photosynthetic capacity, and antioxidant properties in maize inbred
lines under Cd stress in both aboveground and belowground maize seedlings; and (3) to
gain a better understanding of maize inbred lines seedlings tolerance mechanisms in
response to Cd stress. It provides a theoretical basis for the selection and breeding of
varieties and food safety.

2. Materials and Methods
2.1. Maize Material Culture Conditions and Cd Treatment

Selection and breeding of the superior maize inbred lines Kui3, CML118, Mo17, B73,
and B77 were used in this study. The seeds were soaked in 5% H2O2 for 15 min, then
washed 3 times with distilled water. Then, they were sown on filter paper and kept at
a constant temperature of 28 ◦C in light-avoiding environmental conditions. After 24 h,
the dewy-white maize seeds were selected and sown in the maize seedling box. The box
was set up to grow 100 seedlings. The day and night temperatures were set to (28 ± 1)
and (22 ± 1) ◦C. Light intensity was set at 20,000 Lux light and dark times of 16 h and
8 h, respectively.



Agronomy 2024, 14, 379 3 of 19

Cd stress was applied after it entered the one-leaf–one-heart stage, with the Cd2+

donor being Cd chloride (CdCl2 2.5H2O). In this experiment, a total of five inbred maize
lines were tested, and five Cd treatment levels were set: 0, 1, 3, 5, and 7 mg L−1, with 0
being control (CK). After 15 d of stress, samples were taken from the control group and
each treatment group, and the indices were determined.

2.2. Measurement Items and Methods
2.2.1. Growth Indicators

Plant height: Six seedlings were randomly selected and the height from the base of the
stem to the growing point was measured using a straightedge with an index value of 1 mm
and averaged.

Leaf area: The leaf length and maximum width of the 3rd unfolded leaf from the
top of the maize seedling were measured, and the leaf area of a single leaf was calculated
according to the following formula: length × width × 0.75.

Aboveground part of the seedling’s dry and fresh weight: The aboveground part of
the seedling was placed on the balance and its fresh weight was measured; then, it was put
into the oven at 105 ◦C to dehydrate for 0.5 h and dried at 75 ◦C until a constant weight
was reached. Then, we measured its dry weight.

Relative water content: We took the 2nd leaf from the bottom of the maize seedling
and measured its fresh weight. Then, we fully immersed it in deionized water, removed
it after 2 h, and blotted the water on the surface of the leaf and then weighed it, which
was recorded as the absorbed weight. Finally, we placed the leaf in the oven at 75 ◦C and
dried it and measured its dry weight. Relative moisture content = (fresh weight − dry
weight)/(absorbed weight − dry weight) × 100%.

2.2.2. Measurement of Physiological and Biochemical Indicators

The chlorophyll content (SPAD value) was measured using a handheld chlorophyll
meter, the SPAD-502PLUS. For the determination of SPAD values, the meter was used
to measure the upper, middle, and lower sections of the 2nd leaf from the bottom of the
seedling, with an average taken from three replications for each treatment.

Antioxidant enzyme activity: Approximately 0.5 g of maize leaf and root samples
was taken, to which was added a precooled phosphate buffer of 50 mmol L−1 PH 7.8. The
samples were ground into homogenate in an ice bath and centrifuged at 10,000 r/min
for 20 min at 4 ◦C. The supernatant was stored in a refrigerator for the determination of
enzyme activity [29].

SOD activity: nitroblue tetrazolium (NBT) photochemical method [30]. The super-
natant is the crude extract of SOD. We took a transparent test tube and added 0.1 mL
of extraction solution, 1.5 mL of phosphate buffer (50 mmol L−1), 0.3 mL of EDTA-Na2
solution (0.1 mmol L−1), 0.3 mL of riboflavin solution (0.02 mmol L−1), 0.3 mL of nitroblue
tetrazolium solution (0.75 mmol L−1), 0.3 mL of methionine solution (130 mmol L−1), and
0.5 mL of distilled water, which were mixed for the assay tube. The light control tube
was prepared by adding 1.5 mL of phosphate buffer (50 mmol L−1), 0.3 mL of EDTA-Na2
solution (0.1 mmol L−1), 0.3 mL of methionine solution (130 mmol L−1), 0.3 mL of riboflavin
solution (0.02 mmol L−1), 0.3 mL of nitroblue tetrazolium solution (0.75 mmol L−1), and
0.6 mL of distilled water. The dark control tube (with the same composition as the light
control tube) was placed in the dark and protected from light, and the remaining test tubes
were placed under 4000 Lux fluorescent lamps to develop the color reaction for 20 min.
After the reaction, the dark control tube was used as a blank control to adjust to zero,
and the absorbance of the measurement tube and the light control tube was measured at
560 nm.

POD activity: Guaiacol method [31]. The supernatant is the crude extract of POD. We
took 3 mL of reaction solution and added the enzyme extract. We measured the absorbance
at 470 nm, which was read every 30 s for a total of 5 times.



Agronomy 2024, 14, 379 4 of 19

CAT activity: UV absorption method [31]. The supernatant is the crude extract of
CAT. We took a new test tube and added 0.2 mL of enzyme solution and 0.3 mL of H2O2
(0.1 mol L−1). We measured the absorbance at 240 nm, which was read every 30 s for a
total of 5 times.

MDA (Malondialdehyde) content: Thiobarbituric acid method. We pipetted 1 mL
of supernatant and added 2 mL of 0.6% TBA solution, which was mixed well and then
heated in a boiling water bath for 30 min. It was cooled quickly (ice bath) and then
centrifuged for 10 min. We used the supernatant to determine the absorbance at 600, 532,
and 450 nm wavelengths [32].

Proline content: Ninhydrin color development method [33]. We took 0.5 g of maize
seedling leaf sample in a test tube, added 3% sulfosalicylic acid solution 5 mL, and heated
in a boiling water bath for 10 min while shaking the test tube constantly. After cooling, it
was filtered into a clean test tube. We pipetted 2 mL of proline extract into a new test tube
and added acid ninhydrin reagent and glacial acetic acid, 2 mL each. It was heated in a
boiling water bath for 30 min, the solution was cooled, and 4 mL of toluene was added.
It was shaken for 30 s and then allowed to rest. Then, we added the upper layer of the
solution to a 5 mL centrifugal tube, centrifuged it at 10,000 r/min for 5 min, and then took
the solution to be measured in absorbance at 520 nm. Toluene solution was used as the
blank control. The amount of proline was calculated from the standard linear equation,
and the content of proline in the sample was calculated.

Soluble sugar content: Anthrone method. We accurately weighed 0.5 g of fresh maize
seedling leaves into a large test tube, added 15 mL of distilled water, heated in a boiling
water bath for 20 min, removed and cooled, filtered into a 50 mL volumetric flask, rinsed the
residue with distilled water several times, and then condensed it to the scale line. We drew
1 mL of each sample from the volumetric flask, added 5 mL of anthrone reagent, shook
them quickly, and heated the glucose for 10 min in a boiling water bath. We performed the
same treatment for the test standard curve. We calculated the amount of soluble sugar from
the standard linear equation and calculated the content of soluble sugar in the samples.

Soluble protein content: Coomassie brilliant blue staining [34]. We took 0.5 g of maize
seedling leaves, added 2 mL of phosphate buffer into a precooled mortar, ground it into a
homogenous slurry with a small amount of quartz sand, transferred it to a centrifuge tube,
and added buffer until the amount reached 5 mL, centrifuged it at 3000 r/min for 10 min.
Then, we took 1 mL of soluble protein extract into a clean tube, added 5 mL of Coomassie
brilliant blue solution, shook well, and left it for 2 min. The absorbance was measured by
UV spectrophotometer at 595 nm. We calculated the amount of soluble protein from the
standard linear equation and calculated the content of soluble protein in the sample.

2.2.3. Determination of Cd Content in Maize above Ground and below Ground under
Different Treatments

After 15 d of Cd treatment, the lower aboveground and belowground parts were
sampled. The belowground parts were soaked in a 20 mmol L−1 solution of EDTA-Na2
for 15 min and then rinsed with distilled water. They were then oven-dried at 105 ◦C for
30 min, together with the aboveground parts. The aboveground and belowground samples
were dried at 75 ◦C until they reached constant weight, ground and crushed, and then, we
weighed 0.25 g of the lower belowground part and 0.25 g of the lower aboveground part.
Then, 0.25 g of the lower belowground and aboveground sample were weighed, digested
in a mixture of HNO3-HClO4 (4:l, v:v) at 220 ◦C until the solution became transparent,
and cooled to room temperature. Then, the digested solution was diluted with ultrapure
water and filtered through 0.22 µm membranes. Finally, the measurements were performed
using a PerkinElmer PinAAcle 900T atomic absorption (AA) spectrometer (PerkinElmer
Inc., Shelton, CT, USA)

Translocation factor (TF) = Cd content aboveground in plant/Cd content belowground
in plant.
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Aboveground Cd accumulation = Aboveground dry weight × Aboveground
Cd content.

Belowground Cd accumulation = dry weight of the lower root × Belowground
Cd content.

2.2.4. Root Scanning

The overall root morphology was scanned by an EPSON scanner and then analyzed
for total root length, total root surface area, total root volume, and mean root diameter by
using Win Rhizo Rot Photo (version 2.0.2) analysis software.

2.3. Statistical Analysis

The results are presented as mean values ± standard errors/standard deviations.
Data were processed and analyzed using Excel 2019, SPSS 25.0. One-way analysis of
variance (ANOVA) and Duncan’s multiple comparison test (p < 0.05) were used for
statistical treatment.

3. Results
3.1. Impact of Cd Stress on Maize Seedling Growth

After 15 d of incubation, compared with control maize seedlings, we observed that Cd
had a significant inhibitory effect on the growth and development of the maize seedlings
with increasing Cd concentrations (Figure 1). Cd-treated maize plants showed symptoms of
wilting and marginal yellowing on the leaves, as well as dwarfing of plant growth, etc. The
symptoms were aggravated with the Cd concentration, resulting in scorching, yellowing of
the old leaves, and blackening of the root system.

In terms of biomass, for all Cd treatments, the addition of Cd treatment suppressed
aboveground dry fresh weight and belowground dry fresh weight of maize in all lines
compared to the control. Moreover, the root–crown ratio increased significantly with
increasing Cd stress concentration in all lines (Figure 1; Table 1), with the strongest increase
in root–crown ratio observed in B77.

Table 1. Effect of different Cd treatments on growth.

Lines Treatment
(mg L−1)

Shoot Fresh
Weight

(mg)

Root Fresh
Weight

(mg)

Shoot Dry
Weight

(mg)

Root Dry
Weight

(mg)
Root/Shoot

Kui3 0 1362.80 ± 69.96 a 775.40 ± 42.56 a 121.70 ± 8.56 a 76.80 ± 5.62 a 636.78 ± 41.03 b
1 1094.60 ± 60.44 b 740.30 ± 40.67 ab 91.60 ± 4.45 b 61.40 ± 3.46 b 672.97 ± 30.79 b
3 944.70 ± 46.23 bc 605.50 ± 12.87 bc 88.90 ± 2.89 b 65.70 ± 1.39 b 740.23 ± 11.82 ab
5 835.30 ± 77.35c 492.00 ± 87.38 c 81.20 ± 7.98 b 64.60 ± 0.70 b 834.16 ± 81.29 a
7 808.00 ± 18.41 c 563.40 ± 35.40 c 87.70 ± 1.23 b 58.20 ± 4.58 b 666.03 ± 56.09 b

CML118 0 979.20 ± 131.74 a 545.00 ± 34.13 a 95.10 ± 11.12 a 53.00 ± 2.55 a 587.93 ± 63.75 b
1 701.30 ± 62.84 b 489.70 ± 47.80 a 70.90 ± 6.19 b 52.10 ± 4.68 b 745.37 ± 63.11 ab
3 548.10 ± 59.18 bc 363.80 ± 18.40 b 61.80 ± 4.72 bc 44.20 ± 2.76 ab 733.39 ± 68.16 ab
5 420.70 ± 55.01 c 316.10 ± 33.07 b 47.60 ± 5.96 cd 37.80 ± 3.05 b 875.45 ± 153.85 ab
7 321.90 ± 14.14 c 292.60 ± 17.75 b 40.30 ± 2.53 d 36.60 ± 3.85 b 932.00 ± 120.75 a

Mo17 0 857.40 ± 48.39 a 807.10 ± 64.82 a 91.40 ± 3.97 a 70.30 ± 7.41 a 761.91 ± 58.98 b
1 686.10 ± 73.92 b 595.60 ± 39.18 b 61.60 ± 7.84 b 58.80 ± 3.93 ab 1000.76 ± 94.81 a
3 511.10 ± 15.54 c 564.90 ± 55.37 b 54.60 ± 2.87 b 56.80 ± 4.41 b 1047.54 ± 76.77 a
5 475.80 ± 34.8 c 519.90 ± 42.87 b 51.50 ± 2.90 b 55.20 ± 2.12 b 1083.08 ± 60.38 a
7 474.70 ± 34.34 c 513.60 ± 26.96 b 47.10 ± 3.60 b 50.70 ± 1.39 b 1111.54 ± 90.50 a

B73 0 1346.00 ± 84.12 a 714.80 ± 56.21 a 123.50 ± 7.32 a 68.90 ± 4.77 a 575.85 ± 69.01 b
1 1229.10 ± 83.55 a 697.30 ± 87.81 ab 111.70 ± 7.45 a 65.50 ± 7.91 ab 578.32 ± 40.15 b
3 937.90 ± 33.10 b 604.10 ± 58.95 ab 94.50 ± 4.08 b 60.10 ± 5.54 ab 648.17 ± 73.52 b
5 934.10 ± 63.02 b 604.00 ± 49.47 ab 84.90 ± 5.58 b 59.50 ± 5.48 ab 703.95 ± 57.78 ab
7 565.10 ± 33.07 c 513.40 ± 16.20 b 60.50 ± 2.55 c 51.30 ± 0.44 b 855.05 ± 31.21 a
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Table 1. Cont.

Lines Treatment
(mg L−1)

Shoot Fresh
Weight

(mg)

Root Fresh
Weight

(mg)

Shoot Dry
Weight

(mg)

Root Dry
Weight

(mg)
Root/Shoot

B77 0 1223.20 ± 111.05 a 640.90 ± 29.69 a 95.40 ± 4.70 a 65.00 ± 5.15 a 697.33 ± 81.21 a
1 1164.30 ± 94.68 a 591.60 ± 29.83 a 95.00 ± 3.54 a 60.60 ± 2.46 a 640.19 ± 30.61 a
3 1136.10 ± 53.40 a 489.20 ± 42.19 b 88.80 ± 4.98 ab 55.00 ± 4.40 ab 636.76 ± 79.22 a
5 807.40 ± 47.94 b 431.50 ± 25.79 b 76.50 ± 3.45 b 49.10 ± 2.34 bc 649.33 ± 44.16 a
7 567.50 ± 48.19 c 381.40 ± 16.91 c 58.70 ± 5.50 c 43.10 ± 2.61 c 778.86 ± 100.52 a

Note: Different lowercase letters indicate significant differences between treatments (p ≤ 0.05); the same
applies below.
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manifestation of which is the difference in leaf area as an external characteristic. In this 
study, the leaf area of all maize lines decreased with increasing concentration of Cd, 
reaching a significant level compared to the control (Figure 2). Especially in the 7 mg L−1 
treatment, the leaf area of seedlings decreased abruptly, with the largest decrease in Mo17 
(−75.97%), followed by CML118 (−75.65%). The relative water content of plant leaves is 
one of the indicators of the plant’s own water retention capacity, and all of the maize 

Figure 1. Response of maize seedlings to exposure to 15 d Cd stress. From top to bottom are the
different concentrations of Cd treatments. In order: 0 (CK), 1, 3, 5, and 7 mg L−1. From left to right
are the different varieties. In order: Kui3, Mo17, CML118, B73, and B77. Maize seedlings under Cd
stress treatment showed yellowing and curling of leaves and blackening of roots, as well as inhibition
of seedling growth. Different varieties were not uniformly damaged under Cd stress.
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3.2. Impact of Cd Stress on Maize Blades

Cd stress induces obvious external morphological changes, the most intuitive mani-
festation of which is the difference in leaf area as an external characteristic. In this study,
the leaf area of all maize lines decreased with increasing concentration of Cd, reaching a
significant level compared to the control (Figure 2). Especially in the 7 mg L−1 treatment,
the leaf area of seedlings decreased abruptly, with the largest decrease in Mo17 (−75.97%),
followed by CML118 (−75.65%). The relative water content of plant leaves is one of the
indicators of the plant’s own water retention capacity, and all of the maize seedlings under
Cd stress treatments reduced the relative water content of leaves compared with the control,
although the magnitude was smaller (Figure 3).
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Figure 3. Effects of Cd stress on relative water content of maize seedlings. Note: Different lowercase
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3.3. Effect of Cd on Root Morphological Traits

The root morphology of control (0 mg L−1) and Cd-treated plants was investigated by
using a root scanner. It was found that the inhibitory effect was further enhanced with the
increase in Cd stress concentration, resulting in an abnormal root system of maize seedlings
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Kui3, CML118, and Mol7. It appeared that low concentrations promote the growth of
total root length, but the total root length of CML118 was inhibited to the highest extent.
The high concentration of Cd treatment caused structural abnormalities in the maize root
system, roughly reducing the total root length, average diameter, root surface area, and
root volume of the seedling root system of five maize varieties. This impeded growth and
development (Figure 4; Table 2). Surface area, root volume of the seedling root systems
of the five maize cultivars, and growth and development were also impeded (Figure 4;
Table 2).
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CML118, B73, and B77. From left to right are the different concentrations of Cd treatments. In order:
0 (CK), 1, 3, 5, and 7 mg L−1.



Agronomy 2024, 14, 379 9 of 19

Table 2. Effects of different concentrations of Cd on root structure of maize.

Lines
Treatment RL RD SA RV
(mg L−1) (cm) (cm) (cm2) (cm3)

Kui3 0 759.17 ± 87.22 a 1.29 ± 0.22 a 30,601.08 ± 6048.20 a 267,947.13 ± 95,851.08 ab
1 780.29 ± 122.77 a 1.35 ± 0.14 a 32,998.30 ± 5986.54 a 314,624.65 ± 101,084.07 a
3 457.49 ± 53.59 a 1.45 ± 0.09 a 20,381.30 ± 2646.48 ab 171,209.33 ± 29,402.98 ab
5 271.75 ± 35.87 a 1.28 ± 0.09 a 10,699.13 ± 1752.38 b 77,263.45 ± 16,943.58 b
7 420.69 ± 10.31 a 1.52 ± 0.27 a 19,858.77 ± 3538.09 ab 195,720.43 ± 73,297.12 ab

CML118 0 640.91 ± 92.25 b 1.01 ± 0.13 b 19,355.30 ± 2672.21 a 130,650.78 ± 25,961.96 a
1 442.76 ± 34.11 ab 1.29 ± 0.09 ab 17,637.38 ± 1719.65 ab 141,580.28 ± 20,126.45 a
3 409.70 ± 80.53 ab 1.26 ± 0.06 ab 16,410.11 ± 3664.43 ab 130,575.44 ± 39,205.36 a
5 214.18 ± 41.4 ab 1.54 ± 0.17 ab 10,875.39 ± 3046.29 b 96,855.92 ± 38,513.72 a
7 184.15 ± 25.97 a 1.91 ± 0.50 a 9761.01 ± 1461.29 b 92,493.01 ± 33,422.47 a

Mo17 0 320.86 ± 30.28 b 1.19 ± 0.09 b 11,793.15 ± 1278.11 a 82,311.92 ± 14,694.72 ab
1 253.84 ± 26.92 a 1.62 ± 0.05 a 12,565.18 ± 1356.32 a 108,211.69 ± 15,877.74 a
3 187.25 ± 10.18 ab 1.33 ± 0.10 ab 7707.00 ± 815.80 b 52,205.94 ± 8313.46 bc
5 164.82 ± 15.03 b 1.26 ± 0.13 b 6598.41 ± 1260.84 b 43,316.70 ± 13,194.67 c
7 122.11 ± 16.53 b 1.28 ± 0.10 b 4904.98 ± 911.39 b 30,046.59 ± 7463.56 c

B73 0 635.53 ± 73.71 b 0.95 ± 0.07 b 18,654.92 ± 2104.86 b 11,8703.15 ± 21,136.51 b
1 552.99 ± 42.97 a 1.61 ± 0.05 a 27,930.21 ± 2435.96 a 266,296.66 ± 33,287.42 a
3 405.96 ± 42.92 a 1.45 ± 0.11 a 18,969.81 ± 3340.87 b 152,477.86 ± 38,490.31 b
5 362.09 ± 24.09 ab 1.29 ± 0.15 ab 14,398.89 ± 2023.66 b 105,023.35 ± 30,631.84 b
7 307.59 ± 30.31 a 1.43 ± 0.21 a 14,141.16 ± 3241.42 b 118,651.97 ± 48,260.56 b

B77 0 635.72 ± 92.05 a 1.39 ± 0.17 a 25,700.37 ± 2733.05 a 216,865.12 ± 28,226.93 a
1 557.89 ± 66.87 a 1.22 ± 0.05 a 20,992.72 ± 2428.58 ab 160,270.98 ± 33,610.14 a
3 441.92 ± 55.45 a 1.25 ± 0.07 a 17,126.24 ± 2651.07 b 138,125.06 ± 40,348.61 ab
5 368.53 ± 32.91 a 1.30 ± 0.15 a 15,556.21 ± 2719.56 b 125,692.55 ± 33,952.36 ab
7 235.84 ± 34.53 a 1.08 ± 0.05 a 7861.72 ± 1162.25 c 46,404.89 ± 7928.91 b

RL: total root length; RD: root average diameter; SA: root surface area; RV: root volume. The same applies below.
Note: different lowercase letters indicate significant differences between treatments (p ≤ 0.05).

3.4. Effect of Cd Stress on SPAD Value

Cd stress treatment significantly inhibited maize leaf chlorophyll synthesis and photosyn-
thesis, and leaf SPAD values were lower than those of CK after Cd treatment (Figure 5). Except
for Mo17, which showed an upward trend compared with CK under 1 mg L−1 treatment, the
others all exhibited a downward trend, with Mol7 experiencing the smallest overall decrease
and Kui3 experiencing the largest overall decrease under Cd stress and Cd concentration
treatments, respectively, followed by B77, although the difference was not significant.
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3.5. Effects of the Protective Enzyme System and MDA Content under Cd Stress

The protective enzymes and MDA in the maize seedlings were affected by Cd stress
treatment (Figure 6a–d). POD activity was higher than CK in all cases compared with the
control (Figure 6a). SOD varied with the Cd stress concentration (Figure 6b). Kui3 had
lower SOD activity than CK under the 1 and 3 mg L−1 treatments, and SOD in the leaves
of all other varieties had an increasing trend compared with CK. CAT activity of Kui3 had
a decreasing, then increasing, and then decreasing trend under cadmium concentration
treatments (Figure 6c). The trend was the same in CML118 and B77, which were decreasing
and then increasing, and in Mo17, which was first increasing and then decreasing, while
B73 was a stepwise increase and reached the highest value at 7 mg L−1 concentration
treatment. MDA is a product of cell membrane lipid peroxidation. Its content can be used
as a measure of the damage of membrane lipid peroxidation. The aboveground MDA
content of B73 was lower than CK under the treatment of Cd stress (Figure 6d), indicating
that B73 has a low degree of membrane lipid peroxidation. Therefore, it has a strong ability
to tolerate Cd, which helps to maintain normal physiological activities.

Figure 6. Effect of Cd stress on activities of (a,e) POD, (b,f) SOD, (c,g) CAT, and (d,h) MDA in maize.
Aboveground on the left, belowground on the right. Different letters indicate significant differences
at p < 0.05.

The trend of the effects of protective enzymes and MDA in the belowground part of the
maize seedlings under Cd stress treatment was not consistent with that in the aboveground
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part (Figure 6e–h). Compared to the control, the overall POD activity of all varieties except
B77 was higher than that of Mo17 (Figure 6e). With the increase in Cd concentration, the
seedlings produced a stress response, and the POD activity was enhanced to remove a
large amount of H2O2 produced by the seedling body. The SOD activity of B73 was lower
than that of CK under Cd treatments at concentrations of 1 mg L−1 and 3 mg L−1. The SOD
activity of B77 was lower than that of CK at a concentration of 1 mg L−1. The SOD activity
of all other varieties was higher than that of CK under stress (Figure 6f). This may be
because reactive oxygen species cannot be removed in time to inhibit enzyme activity, thus
damaging the cells. Under Cd stress conditions, the CAT content in the maize seedlings
increased substantially to reach the maximum value and there was a significant difference
(p < 0.05). The seedlings’ own CAT enzyme activity increased significantly to improve
Cd tolerance. However, the fact that the activity of B73 at a concentration of 1–3 mg L−1

decreased (Figure 6g) may be due to the deepening of the degree of oxidation of membrane
lipids, resulting in cellular damage and inhibition of the activity of CAT. B77 in the Cd stress
concentration treatments showed no significant differences, while the other inbred maize
lines for testing had significant differences (p < 0.05) under different Cd concentrations.
The MDA content of CML118 and B77 was lower than that of CK under the treatment of
7 mg L−1 Cd concentration, which inhibited the MDA content.

3.6. Effects of Osmoregulatory Capacity under Cd Stress

The level of soluble protein responds to the strength of cellular metabolic activities
under Cd stress conditions. Maize seedlings will produce anti-heavy-metal proteins due
to the stress response to reduce their damage (Figure 7a). The increase in soluble protein
content is conducive to the cells’ ability to carry out normal physiological activities. In the
Cd stress treatment, the expression of cellular genes in Kui3 was destroyed, resulting in the
blockage of protein synthesis and processing, destruction of the corresponding enzyme sys-
tem, and a reduction in soluble protein in B77 under Cd stress conditions. It may be that the
number of enzymes involved in metabolic activities in the stress response in the seedlings
increased, producing a significant increase in the content of soluble protein (p < 0.05). The
difference between the treatments and the control was significant, which may be due to the
stress response of the maize seedlings to the low concentration of heavy metal stress.

Soluble sugars are considered to be one of the important osmotic regulators of plant
adaptation to adverse conditions, and the maize seedlings in this study showed that a
certain concentration of Cd stress could increase the soluble sugar content. However, above
a certain threshold, this was reflected as an inhibitory effect, and the soluble sugar content
of the plant body decreased due to Cd stress (Figure 7b).

Proline is an important osmoregulatory substance in plants, and the increase in proline
content in plants is an adaptive response to adversity stress. Higher Cd concentration
significantly increased the proline content, and the greater the increase in proline content,
the greater the tolerance to Cd stress, and the proline content was significantly increased
among treatments compared to the control (Figure 7c).

3.7. Cd Uptake and Transport in Different Maize Varieties

In order to study Cd uptake in inbred maize lines, Cd content in aboveground and
belowground parts of the seedlings was examined. Significant changes in Cd content were
observed under different Cd concentration stresses and varieties (p < 0.05; Figure 8a,b). With
increasing Cd stress, its concentration significantly increased in all maize lines, especially
in the roots of five inbred maize lines. Although all Cd concentrations increased Cd in the
maize seedlings, this increase was more pronounced when Cd concentrations were used at
dosages of 5 or 7 mg L−1 and all Cd levels were greater below ground than above ground
(Figure 8a,b). The overall Cd content of CML118 above ground was lower than that of
other varieties at all Cd concentrations. However, the accumulation of Mol7 below ground
was more stable under Cd stress, and the root content of all lines reached the highest value
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at 7 mg L−1 (Figure 8b). The Cd content of Kui3 was higher than that of other lines in both
the aboveground and the belowground parts under Cd treatment at 7 mg L−1.
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The transfer coefficient Indicates the ability of heavy metals to be transported and
distributed from roots to the aboveground parts. The higher the transport coefficient, the
stronger the ability of heavy metals to be transported from roots to the aboveground parts.
The overall transport coefficients of the maize seedlings were all <1 (Figure 8c). The Cd
transport coefficients of most of the test lines reached their maximum values at 3 mg L−l,
and all of them first increased and then decreased. Mo17 and B73 were the highest and
lowest transfer coefficients, respectively, with the transfer coefficients ranging from 0.33
to 0.83 for Mo17 and from 0.06 to 0.44 for B73, indicating that the Mol7 has the strongest
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ability to transfer Cd from the belowground part to the aboveground part. B73 has the
weakest Cd-transferring ability from below ground to above ground. The reason for the
stronger Cd accumulation capacity in the belowground part and the weaker capacity in the
aboveground part may be that there is less transfer from below ground to above ground.
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4. Discussion
4.1. Changes in Biomass under Cd Treatment

Cd stress affects plant growth and morphology [35,36] and causes different changes in
plant tissues, including inhibition of total root length growth [37], necrosis of stems and
leaves [38], and reduction in dry matter mass [39]. The root system has a certain plasticity
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that enables plants to survive in adverse environments, and it is an important organ for
absorbing and transporting nutrients. The length of the root system to a certain extent
determines the plant’s ability to absorb water, synthesize organic matter, and transport
inorganic salts. The root morphology of pepper decreased the RL, SA, and increased RD
under Cd stress [40]. In this experiment, it was also found that Cd stress affected the total
root length, average diameter, root surface area, and root volume of the root systems of the
five lines, and increased RD (Table 2; Figure 4). The total root length of CML118 decreased
the most under Cd stress treatment, indicating a higher degree of inhibition. When plants
are faced with adversity, metabolites are distributed unbalanced among the root tubes,
usually preferentially to the root system, leading to an increase in the root-crown ratio
of each species, which in turn favors a better uptake of water and nutrients by the root
system to supply aboveground growth. For example, Corylus heterophylla root–shoot
ratio increased with increasing concentration under adversity salt stress [41]. The root–
crown ratio of maize seedlings also increased with the increase of Cd concentration. It
should be that the root systems can adapt to unfavorable environments by changing their
shape and distribution under adversity [42]. At the same time, Cd concentrations had a
remarkable inhibitory effect on the fresh weight, dry weight, and shoot length of maize
plants [43]. This inhibition of plant growth by Cd has been observed in other plants, such
as tobacco [17] and cucumber [44]. Under these experimental conditions, the effects of
different Cd concentrations (1, 3, 5, and 7 mg L−1) on the fresh and dry weights of maize
seedling roots were significant (Table 1). The fresh and dry weights of the maize seedlings
showed a decreasing tendency, especially in the case of concentrations of 5 and 7 mg L−1,
where the weight was significantly reduced compared with to control. This may be the root
in order to prevent the entry of Cd2+, epidermal cell wall thickening intercellular space
reduction, and the production of lignin deposition. It is difficult to achieve lignification
of xylem nutrient elements and water with xylem and phloem [45]. There are not enough
nutrient elements and water in the aboveground part of the transport, causing growth to
stall and causing biomass reduction [46].

4.2. Cd Affects Relative Leaf Water Content and SPAD Values of Seedlings

Cd stress reduces the relative water content of foliage in maize inbred lines seedlings.
The relative water content of the leaf surface of the maize inbred lines seedlings showed
a decreasing trend with the increase in Cd concentration (Figure 3). When Cd enters the
plant and accumulates to a certain extent, it destroys chlorophyll synthesis and inhibits
photosynthesis. Nada et al reported that the chlorophyll content of apricot seedlings
decreased under Cd stress [17]. In this experiment, the SPAD values of inbred maize
seedlings also decreased with increasing Cd concentrations (Figure 5). Although the
difference was not significant compared with CK, photosynthesis directly affects the growth
of maize seedlings and can also indirectly affect the growth by inhibiting photosynthesis,
providing the material basis for growth.

4.3. Antioxidant Defense System Stress Response

Under normal conditions of production, the production and removal of free radicals
in plant cells are in a state of dynamic equilibrium. However, as Cd stress is prolonged
and its concentration increases, the balance of free radical metabolism in plants suffers
damage, resulting in the accumulation of a large number of free radicals. These further
damage the cell membrane system and disrupt the normal intracellular metabolism [17].
In plant bodies, each protective enzyme plays distinct roles: SOD mainly converts O2

− to
H2O2 and O2, while POD and CAT mainly convert H2O2 to non-toxic and harmless H2O
and O2. Some studies have claimed that under Cd stress, the activities of SOD, POD, and
CAT increased significantly [47–49]. Javed et al., who had new experimental conclusions,
pointed out that Cd stress significantly increased the activities of SOD, POD, and CAT,
while belowground shows a decreasing trend. [50]. The results of our experiment were
not quite the same as those of the abovementioned studies (Figure 6). SOD activity was
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generally higher than that of CK under Cd stress treatment, However, the SOD content
of Kui3 was lower than that of the control under the 1 and 3 mg L−1 treatments in our
results, which might be due to the differences in the intensity and duration of Cd stress
and crop species. CAT activity showed different trends among the varieties. POD activity
in the treatment groups of Kui3, CML118, and B73 in the lower part of the ground was
significantly higher under Cd stress, whereas Mo17 and B77 decreased after being subjected
to Cd stress. SOD activity had an overall upward trend under Cd stress, and the SOD
content of B73 decreased under the 1 and 3 mg L−1 treatments. CAT was lower than that
of the control under the Cd stress treatments. CAT content under treatment decreased,
possibly because Cd stress destroyed the variety’s own antioxidant enzyme system [51].
SOD will catalyze the generation of superoxide radicals O2 to generate H2O2. Although the
main function of CAT is as a scavenger of H2O2, its high concentration and more oxidative
H2O2 inhibited the activity of CAT. It was hypothesized that under a certain range of Cd
stress, seedlings would increase their resistance to Cd stress by increasing the activity
of antioxidant enzymes. However, when the Cd concentration exceeded the tolerance
range of the maize seedlings, the balance of the reactive oxygen species scavenging system
was affected, the cell structure was destroyed, and the activity of the peroxidase enzyme
was reduced [52,53].

4.4. Cd Treatment Triggers Oxidative Damage to Lipid Membranes

The MDA, as a product of lipid peroxidation, reflected the strength of the degree of
peroxidation of membrane lipids in the plant, and the higher the content of MDA [54],
the greater the degree of damage to the plant. In this experiment, the degree of lipid
peroxidation in the lipid membrane of maize seedlings from different inbred lines varies
with cadmium treatment. In the aboveground maize varieties Kui3 and B77, the MDA
content was significantly reduced under Cd stress, indicating that the peroxide damage to
plant tissues was reduced, promoting growth and development (Figure 6d). The trend of
MDA changes in the belowground part was also different (Figure 6h). The overall trend of
the treatments was increasing compared with CK. The MDA content of maize variety B77
changed less under Cd stress, indicating that the impact of Cd stress in maize variety B77
is smaller and more resistant. Kui3 had the largest increase in MDA, indicating that the
concentration of Cd stress increases and the degree of peroxidation of cell membrane lipids
is aggravated. Li et al. observed a significant increase in MDA content in maize seedlings
with the extension of Cd treatment time [55]. Strawberry plants showed a significant
increase in MDA production when treated with Cd applications. Moreover, in strawberry,
leaf had higher MDA content than root [56]. The experimental results were not consistent
with those of the predecessors. This may be due to differences in the intensity and duration
of Cd stress as well as crop species.

4.5. Changes in Soluble Protein Content

As the concentration of Cd stress increased, the metabolic activities of antioxidant
enzymes in the plant increased, resulting in higher protein synthesis. Hence, the soluble
protein content increased, which was beneficial in allowing the cells to carry out normal
physiological activities. Soluble proteins reflect the strength of metabolic activity within the
cell. Haque et al. investigated the beet plants’ ability to cope with Cd toxicity at the cellular
level. It was found that Cd stress resulted in a significant decrease in the soluble protein
content of sugar beets [57]. However, this is not the case in this study, although it might
be possible that the adaptive mechanisms for coping with Cd are genotype-dependent
in inbred maize. The increase in soluble protein content of B77 under cadmium stress
indicates that B77 was more metabolically active and responsive to the stress (Figure 7a).
Therefore, it exhibited higher tolerance to cadmium stress. In contrast, Kui3 displayed the
greatest decrease, indicating the weakest resistance. The mechanistic basis of Cd toxicity is
crucial for introducing any form of crop improvement initiative. Therefore, these results
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serve as valuable research for a better understanding of how inbred maize plants cannot
overcome this obstacle with Cd.

4.6. Regulation of Soluble Sugars under Cd Stress

The osmotic regulation of soluble sugars allows plants to have sufficient carbohydrate
reserves to support basal metabolism in unfavorable conditions. Under heavy metal stress,
the carbohydrate metabolism in seedlings is disturbed, and the change in soluble sugar
content in plants depends on the concentration of Cd and the plant species. In other words,
the low-concentration treatment might increase the soluble sugar in plants [51], while
Cd stress reduces the soluble sugar content under high-concentration conditions [52]. In
particular, the soluble sugar content of Kui3 increased the most under Cd treatment, making
it more sensitive to Cd stress (Figure 7b). To maintain normal growth and development,
Kui3 required more osmoregulatory substances. The decrease in soluble sugar content
might be related to the destruction of the photosynthetic system [58].

4.7. Cd Stress Induced High Accumulation of Proline

Plants accumulate various osmoprotective substances as an additional physiological
response [53]. The proteinogenic amino acid proline functions as anosmolyte, radical
scavenger, electron sink, stabilizer ofmacromolecules, and a cell wall component [59]. The
higher the proline content, the stronger the ability to withstand osmotic stress. The proline
content in Lactucasativa increased proportionally with an increase in Cd concentration [60].
Proline content was enhanced in maize seedlings under Cd stress. Seedlings regulate
osmotic balance and protect the integrity of their cell structure and function by increasing
proline content. With the increase in Cd concentration treatment, the proline content of
Mol7 increased significantly, showing a certain degree of Cd tolerance (Figure 7c). The
smallest change was Kui3. Cd stress affected the various organs of B77 with varying
degrees of damage. A 1–5 mg L−1 concentration of Cd stress promoted the accumulation
of proline in B77, while a 7 mg L−1 concentration of Cd stress had an inhibitory effect on
proline accumulation. This suggests that maize can maintain its metabolic balance through
osmoregulatory substances under a certain degree of Cd stress [54].

4.8. Cd Accumulation and Transport

By measurement of Cd content in the upper and lower parts of the ground of the
five lines revealed the accumulation and distribution of Cd in different parts of the maize
seedlings (Figure 8). Cd is usually accumulated in the roots, because this is the first organ
exposed to heavy metal and it is also translocated into the shoots. The Cd content in the
lower part of the ground was higher than that in the upper part of the ground [55,56].
This may be because the roots were the first organ that came into contact with Cd. Cd
is mainly enriched in roots, with only a small fraction transferred to the ground, and the
above-ground part of the plant is more sensitive to Cd, and even low concentrations of Cd
will also cause damage to it, and to avoid this damage, plants will retain Cd in the roots
through various mechanisms [61].

5. Conclusions

This work illustrates the physiological consequences, and the redox status of Cd-
exposed maize inbred seedings. The Cd stress treatments investigated in this study caused
significant peroxidative damage to maize seedlings, which formed an antioxidant enzyme
response system to scavenge ROS and reduce Cd toxicity by increasing the activities of
SOD, POD, and CAT. Cd stress may inhibit the growth indices of maize seedlings, such
as plant height, leaf area, and the relative water content of leaves, and it may also inhibit
photosynthesis and reduce the chlorophyll content of maize seedlings. As the stress level
increased, the chlorophyll content of the maize seedlings decreased. Cd treatment also
altered Cd accumulation among the five varieties, with the Cd content below ground being
higher than that above ground among all varieties. As a result, the root system tended
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to be one of the most severely affected organs. Cd stress also disrupted the expression
of cellular genes, leading to the blockage of protein synthesis and processing in the plant
body. Ultimately, this resulted in a decrease in the soluble protein content and a decrease
in the content of soluble sugars under Cd stress treatments, while proline increased in the
stressed seedlings in response to Cd stress. The results of this study showed that the toxic
effects of Cd stress on maize seedlings increased with increasing levels of Cd treatment,
but there were significant genotypic differences in the response of maize seedlings to Cd
toxicity. These findings can be used to gain a better understanding of inbred maize line
seedlings’ tolerance mechanisms in response to Cd stress and can aid in developing Cd-
toxicity resistant lines and the regulation of Cd toxicity, resulting in better inbred maize
genotypes for Cd-enriched soil.
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