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Lead-zinc mine resources has become an important support 
for the local economic development of Yunnan (Liu et al. 
2005). The development and smelting of non-ferrous metals 
have caused soil heavy metal pollution and water pollution, 
which has seriously endangered the health of residents and 
the safe production of farmland and crops around the min-
ing area (Estival et al. 2012). In recent years, a large number 
of studies have been carried out on the treatment of heavy 
metal pollution in mining areas, mainly focusing on the 
temporal and spatial distribution characteristics of differ-
ent forms of heavy metals (Bai et al. 2009), the enrichment 
characteristics of hyperaccumulators (Chen et al. 2005; Guo 
et al. 2008), soil heavy metal pollution evaluation (Chen et 
al. 2006). Some progress has been made in phytoremedia-
tion of heavy metal pollution and screening of hyperaccu-
mulators in mining areas (Li et al. 2019; Qing et al. 2013; 
Tan et al. 2016). However, the soil polluted by heavy metals 
will not only reduce the yield and quality of crops, but also 
endanger human health through the food chain. Therefore, 

1  Introduction

Lanping County, Yunnan Province, located in Southwest 
China, is rich in Lead-zinc deposit resources, ranking 
first in Asia and second in the world. The exploitation of 

This work was supported by special project of Basic Research 
in Yunnan Local Colleges and Universities (2017FH001-026, 
2018FH001-004), the National Natural Science Foundation of China 
(42167009, 31300349, International Joint Innovation Team for 
Yunnan Plateau Lakes and Great Lakes of North America which is 
sponsored by Yunnan Provincial Education Department (to XC), and 
Scientific and Technological Innovation team Project of Agricultural 
Resources Utilization of Kunming University. 

	
 Xiuli Hou
hxlyn@aliyun.com

Yongjian He
yjheyn@163.com

1	 College of Agronomy and Life Sciences, Kunming 
University, 650214 Kunming, China

Abstract
On base of the content of Pb in the soil under different land use patterns in Lanping Lead-zinc mining area, Yunnan in 
southwest China, the root morphology and leaf traits of maize in different concentration Pb (20, 40, 60, 80, 100, 150, 
200, 500, 1000, 2000, 3000 mg/L) were analyzed. The results showed that maize germination rate, germination vigor and 
growth index decreased with the increase of Pb concentration. The root length, surface area of maize increased by 0.21%–
81.58%, 8.99%–73.43%, 1.50%–77.37%, respectively, under 20–500 mg/L Pb concentration. However, these parameters 
under 1000–3000  mg/L Pb concentration decreased by 37.86%–553.54%, 44.99%–766.16%, 55.99%–92.81%, respec-
tively, and these lowest value appeared in 3000 mg/L Pb treatment. The root volume of maize increased by 4.57%–89.25% 
in 20–80 mg/L Pb concentration, and it decreased with the increase of Pb concentration when the Pb concentration was 
higher than 80 mg/L and decreased by 94.13% in 3000 mg/L Pb. The root surface area and length of 0.50–1.00 diameter 
class were higher than those of other diameter classes, and these value of maize under 500  mg/L Pb were higher than 
those of other concentrations. The length and perimeter of maize leaves with the highest value of 220.36 and 962.68 mm, 
respectively appeared in 60 mg/L Pb treatment. The leaf width and area of maize with the highest value of 15.68 mm and 
2448.31 mm2, respectively, appeared in 40 mg/L Pb treatment, which indicated that the leaf traits of maize were promoted 
by low concentration Pb and inhibited by high concentration Pb.
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the safe production of crops in the farmland around Lanping 
Lead-zinc mine has gradually become the focus of attention.

Plant roots and leaves are the key organs for plants to 
absorb and transport nutrients and water. Their morphol-
ogy and spatial distribution are important factors affect-
ing plant nutrient absorption of underground resources and 
aboveground biomass accumulation (De Costa et al. 2007). 
The morphological characteristics of roots were changed 
by heavy metal stress (Dai et al. 1988; Lynch 1995). Most 
of studies focused on the changes of root morphology of 
hyperaccumulators (Arabidopsis minor) and tolerant plant 
(Lolium perenne) under heavy metal stress (Chaplygin and 
Chernikova et al. 2021; Jiang et al. 2022). For example, 
the root length, surface area, and volume of Arabis alpine 
become less affected by heavy metals with the increase of 
root diameter class (Li et al. 2020), but less attention is paid 
to farmland crops. Maize is the main food crop in Jinding 
Town, Lanping County. The response mechanism of its 
roots and leaves to heavy metals can effectively evaluate 
the impact of heavy metals on farmland crops. The response 
of leaf traits and seed germination of maize to heavy metals 
plays an important role in plant survival and productivity, 
and have great correlation with the growth and development 
of plant aboveground organs and photosynthesis (Qi et al. 
2006; Dong et al. 2005). Based on the investigation of soil 
heavy metal pollution of different land use types in mining 
area, wasteland and farmland in Lanping lead zinc mining 
area, this project studies the response of maize root mor-
phology, leaf traits and seed germination to lead pollution 
stress.

2  Materials and methods

2.1  The situation of lead (Pb) pollution in Lanping 
county of Yunnan Province

The Jinding town, Lanping county of Yunnan Province, 
southwest of China, is one of the super-large Lead-zinc 
mining areas in the world. The climate type is temperate 
climate, which the annual average temperature is 10.4–11.8 
℃, the altitude is about 2380  m, and the annual average 
precipitation is 1088.43  mm. Jinding Lead-zinc mine in 
Lanping County was discovered and developed early, with 
large reserves, long development time and wide area, which 
caused great damage to the surrounding farmland ecosys-
tem, forest ecosystem and river ecosystem, and caused seri-
ous Pb pollution in soil. The Lanping Jinding Lead-zinc 
mine is located in the upper reaches of the Pijiang River, 
and the zinc smelter is located at the foot of the mountain in 
the mining area. There are many farmlands along the Piji-
ang River. In these land uses, 23 sampling sites were set 

up, and soil samples were collected by chessboard sampling 
method. These crops are mainly rice, maize, wheat and so 
on. The soil heavy metal Pb content of different land use 
types is shown in Table 1 (He et al. 2021).

2.2  Determination of seed germination, root and 
leaf traits of Maize

From the heavy metal lead (Pb) content of different land 
use types in the Jinding Lead-zinc mining area in Lanping 
county, Yunnan Province (Table 1), Pb content in the soil of 
farmland around the Pijiang River and the 30-year-old min-
ing area (with vegetation) showed the minimum and maxi-
mum values with 59.74 and 2564.72  mg/kg, respectively. 
Therefore, the maximum value of Pb stress concentration 
is set to 3000  mg/kg, and other concentration gradient of 
0, 20, 40, 60, 80, 100, 150, 200 mg/kg was set because the 
majority of land varies in range of 59.74–188.44 mg/kg to 
observe the influence of small changes in concentration of 
Pb on the germination of maize and growth of seedlings. 
So 12 concentration gradients (0, 20, 40, 60, 80, 100, 150, 

Table 1  The content of heavy metal Pb in the soil of different areas of 
Jinding mining area in Lanping county (Modified after He et al. 2021)
Land type Sampling point Pb content(mg/kg)
Mining area Fengzi Mountain 413.88 ± 327.46cde

Jiaya Mountain 680.60 ± 546.99c
Juecai Mountain 188.44 ± 129.54e
Agricultural wasteland 738.74 ± 700.47 cd
Waste dump 106.40 ± 60.67e

Wasteland 30 years of abandoned land 
with vegetation

2564.72 ± 1238.25a

30 years of abandoned land 
without vegetation

1781.26 ± 934.33b

Farmland 
around Piji-
ang River

Tidal flats planted with Saccha-
rum arundinaceum Retz

79.60 ± 8.61e

Tidal Flats Planted with Sedum 
plumbizincicola

310.69 ± 12.38e

Farmland planted with Sedum 
plumbizincicola

63.42 ± + 6.01e

Farmland planted with 
Ricinus communis L.+Sedum 
plumbizincicola

77.15 ± 7.06e

Farmland planted with corn 59.74 ± 15.38e
Farmland planted with 
sunflower

69.59 ± 12.21e

Farmland planted with Tagetes 
erecta L.

65.39 ± 7.75e

Farmland planted with oilseed 
rape

84.91 ± 8.44e

Farmland planted with Indian 
mustard

70.97 ± 17.51e

Around the 
smelter

Farmland planted with corn 421.18 ± 143.10cde
grassland 187.23 ± 28.63e
Farmland planted with Paeonia 
suffruticosa Andr

296.04 ± 80.34de
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200, 500, 1000, 2000, 3000 mg/L) of Pb were set up, and 
the concentration of Pb was 0 mg/L as control (CK) in this 
experiment. Qiandan 88, a maize variety, was selected to 
study the changes of seed germination index, root morphol-
ogy and leaf traits changes under different concentrations 
of Pb. Each treatment group were performed in triplicate in 
every concentration of Pb. Firstly, 10 maize seeds (Qiandan 
88) are sterilized (75% ethyl C2H5OH and 30% H2O2 solu-
tion is prepared in a volume ratio of 4:1, soaked for 30s 
and then washed with distilled water). Then, these seeds 
were transferred to the nutrition solution (Hogland’s) with 
PbNO3 pollution gradient of 0, 20, 40, 60, 80, 100, 150, 200, 

500, 1000, 2000, 3000 mg/L for water cultivation and each 
Pb treatment group was set with three parallel groups. The 
germination process of maize was monitored in the labora-
tory, and the germination number was counted every 24 h in 
period of 10 days to calculate the germination rate, germina-
tion vigor and other germination indexes (calculated by the 
followings).

(1)	 Germination rate = number of germinated seeds /total 
number of seeds×100%.

Fig. 1  Nutrient solution culture of maize in 3 days
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Pb concentration gradient treatments. The germination rate 
of seeds showed an S-shaped growth trend with time. In 
the low concentration of Pb treatment group (20, 40, 80, 
150 mg/L), the maize germination rate continued to increase 
with time, reaching the highest value on the 9th day, and 
the germination rate value ranged from 80% to 95%. In 
the high concentration treatment groups (200, 500, 2000, 
3000 mg/L), the germination rate of maize reached the high-
est value on the 6th day, and the lowest value of germination 
rate was 50%, and the germination rate gradually decreased 
with the increase of Pb pollution. In the Pb treatment con-
centration of 20, 40 mg/L, the maize germination rate was 
not significantly different from the control group, which 
indicated that the maize germination rate did not change 
significantly in the low concentration of Pb polluted envi-
ronment. In the high concentration of Pb treatment group, 
the germination rate of maize was significantly lower than 
that of the control group, especially in the Pb concentration 
treatment groups of 2000, 3000 mg/L, the germination rate 
was only about 50%, indicating that the high concentration 
of Pb significantly inhibited the germination of maize.

In the Pb concentration treatment group, the germination 
vigor and germination index were calculated on the 5th, 10th 
day respectively, as shown in Fig. 3. From the perspective 
of germination vigor and germination index, it can be found 
that the germination index of maize under Pb stress decreases 
with the increase of Pb concentration. In the Pb treatment 
group with a concentration of 20–500 mg/L, there was no 
significant difference, and the value range was 13.79–17.22. 
The maize germination index decreased significantly under 
1000–3000 mg/L concentration of Pb, which decreased by 
7.45, 9.43, and 9.76 respectively compared with the con-
trol, indicating that the high concentration of heavy metal 
Pb severely inhibited maize germination. Germination vigor 
is an indicator of seed germination quality, which can bet-
ter characterize the effect of heavy metal Pb on maize seed 
germination. The germination vigor of maize seeds showed 
a fluctuating and rising trend under the 0–200 mg/L concen-
tration of Pb, and the variation range was 60.00%–86.67%, 
and reached the maximum at 100, 200 mg/L concentration 
of Pb. Under the stress of 1000, 2000, 3000 mg/L concen-
tration of Pb, the germination vigor of maize gradually 
decreased, and the range of variation was 33.33%–53.33%, 
which indicated that the high concentration of Pb had the 
strongest inhibitory effect on maize seeds.

3.2  Inhibition effect on root system under lead 
stress

After the seed germinates, the root system directly contacts 
the heavy metal solution and will be the first to be poisoned. 
Therefore, the observation of the seedling root morphology 

(2)	 Germination index = ΣGt/Dt (Gt refers to the number of 
germination within Dt, Dt is the corresponding number 
of germination days).

(3)	 Germination vigor = number of seeds germinated during 
the peak period of germination/total number of seeds 
×100%.

The root length, diameter, projected area, surface area, diam-
eter class, leaf area, leaf length, and leaf width of maize were 
measured by Wanshen plant analysis system (LA-S) after 
20 days. Firstly, 3 plants of maize were randomly selected 
in each treatment group, the maize roots of 3 plant were 
cleaned by distilled water. The cleaned maize roots were 
soaked in a beaker containing distilled water for 30  min 
to make the root structure softly. Then, the root branches 
and hairs of the root tissue were expanded with tweezers 
to avoid the crisscross of the branches and root hairs and 
the water of these tissue were absorbed by absorbent paper. 
After that, the root branches and hairs of the root tissue were 
placed flat in the root fixation device. Finally, the root mor-
phology was scanned with Wanshen plant image analyzer. A 
series of root morphological parameters such as root length, 
root surface area, root volume, root diameter and root pro-
jected area were obtained by analyzing root images with 
Wanshen plant analysis system. Maize leaves were sampled 
from the end of leaf vein, and water and impurities on the 
surface leaf were wiped off with absorbent paper. Tweezers 
were used to spread out on the absorbent paper, press gen-
tly, and then spread in the scanner to obtain the image of 
leaf traits. A series of leaf traits parameters, such as length, 
width, area and perimeter, were obtained by Wanshen plant 
analysis system. SPSS software was used to analyze the 
data, ANOVA test method was used to analyze the differ-
ences of leaf and root indexes in different treatment groups.

In order to clarify the response of maize root and leaf 
train to Pb stress, we used the inhibition rate to evaluate the 
inhibition of metal heavy Pb on root morphology and leaf 
trait (calculated by the following formula).

(4)	 Inhibition rate= (value of treatment-CK)/value of 
treatment×100%.

3  Results and analysis

3.1  The effect of lead stress on seed germination

Pb is a non-essential element for plants, and different con-
centration Pb treatment groups have significant differences 
in the germination of maize seeds. The germination rate of 
maize seeds is shown in Fig. 2 under different heavy metal 
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groups, the root projected area, volume, surface area, and 
length decreased with the increase of the Pb concentration, 
and the lowest values were 0.82 cm2, 0.05 cm3, 2.55 cm2, 
and 11.38 cm respectively, which were only 7.76%, 5.87%, 
7.19%, 7.08% of the control group. This showed that the 
inhibition effect on root of maize appeared under the high 
concentration treatment and the inhibition degree of root 
elongation morphology was more seriously with the increase 
of Pb concentration. Compared with the control group, the 
average root diameter of maize among these Pb treatment 
groups decreased, and the minimum and maximum values 
of root diameter were 0.46 mm and the 0.79 mm, accounting 
for 53.22% and 91.55% of the control respectively (Fig. 4c).

The inhibitory rate of different concentrations of heavy 
metal Pb on maize roots is shown in the Figs. 4f and 5 that 
the length, projected area and surface area of the maize root 
was promoted in the 20–200 mg/L Pb concentration treat-
ment groups with the highest values of promotion rates 

can directly reflect the degree of heavy metal toxicity to 
the seeding. It can see from Fig.  3 that in the treatment 
groups with the Pb concentration of 20, 40, 60, 80, 100, 
150, 200 mg/L, the root projected area (Fig. 4a), root sur-
face area (Fig.  4d), and root length (Fig.  4e) are higher 
than that of other concentration treatment groups, and the 
highest values of these treatment groups were 19.94 cm2, 
62.80 cm2, and 291.75 cm respectively, which increased by 
46.99%, 43.63%, and 44.93% respectively compared with 
the control group. These results showed that the low con-
centration of Pb (< 200 mg/L) promoted the growth of the 
root projected area of maize; In the 20, 40, 60, and 80 mg/L 
Pb treatment groups, the root volume showed an increasing 
trend compared with the control group, the highest value 
was 1.55 cm3, which appeared in the 40  mg/L treatment 
group (Fig. 4b). It showed that the 40 mg/L concentration 
of Pb can promote the root elongation of seedlings. In the 
1000, 2000, and 3000 mg/L concentration of Pb treatment 

Fig. 2  Comparison of germination rate of maize seeds under the different Pb concentrations
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0.63 cm, respectively, which were significantly higher than 
those of the control group; With the increase of stress con-
centration (> 80  mg/L), the root system length showed a 
certain downward trend, and the minimum value of root 
system was 0.31 cm, which appeared in the 2000 mg/L Pb 
stress treatment group. Diameter class 1 ≤ d1 ≤ 1.5, the Pb 
stress concentration is 20, the root length of the 40 mg/L 
treatment group has no significant difference with the con-
trol, when the Pb concentration is 60 mg/L, the root length 
shows the maximum value of 0.41  cm, which is signifi-
cantly higher group; With the increase of Pb concentration 
(> 80 mg/L), the root system length decreased significantly. 
In the diameter class 1.5 ≤ d1 ≤ 2.0, 2.0 ≤ d1 ≤ 2.5, the Pb 
concentration (> 100 mg/L) treatment group, the root length 
was significantly lower than the control, and the root length 
value approached 0  cm. Diameter class 2.50 ≤ d1 ≤ 3.0, 
3.0 ≤ d1 ≤ 3.5, 3.50 ≤ d1 ≤ 4.0, 4.0 ≤ d1 ≤ 4.5, the root length 
decreases rapidly to 0 cm with the increase of Pb concentra-
tion, which indicates that heavy metal Pb stress has an effect 
on the length of thick roots it has obvious inhibitory effect. 
According to the Wanshen Root System Analysis Soft-
ware, the root system is divided into 3 grades of fine roots 
(0.05–0.25 mm), medium roots (0.25–0.50 mm) and thick 
roots (> 0.5 mm) according to the diameter. From the data in 
Table 2, it is found that no matter the concentration of heavy 
metal Pb2+ is high or low, the inhibitory intensity of heavy 
metal Pb on thick roots is higher than that of fine roots.

The root surface area is determined by the root length 
and root diameter, which reflects the combined area of the 
root system and the soil. It can be seen from Table 3 that 
there were certain differences in the root surface area of 

0.45, 0.47, and 0.44, respectively. But the 500–3000 mg/L 
Pb concentration significantly inhibited root length, pro-
jected area and surface area of maize root, and the inhibitory 
effect increased with the increase of Pb concentration. The 
highest inhibition rates of three parameters were 13.67%, 
12.07% and 13.26%, respectively. In the treatment groups 
with Pb concentration of 20, 40, 60 and 80 mg/L, Pb had a 
slight promoting effect on maize root volume, and the high-
est promoting rate value was 0.47. Under the concentrations 
of 100, 150, 200, 500, 1000, 2000 and 3000 mg/L of Pb, 
Pb significantly inhibited the root volume of maize, and the 
inhibition rate increased significantly with the higher Pb 
concentration. In the 3000 mg/L of Pb treatment group, the 
inhibition rate of root volume of maize reached the maxi-
mum with the value of 16.08%. In each Pb treatment group, 
Pb had a significant inhibitory effect on root diameter of 
maize.

The length of the root system mainly reflects the growth 
status of the plant root system and its colonization ability 
in the soil. It can be seen from Table 2 that there are differ-
ences in the root length of the same diameter class maize in 
different concentration Pb stress treatment groups, and there 
are also differences in the root length of different diameter 
classes at the same concentration of Pb. Diameter class 
0 ≤ d1 ≤ 0.50, the range of maize root length between differ-
ent concentration Pb treatment groups is 0.15–0.62 cm, and 
the root length of diameter class is mostly higher than that 
of the control, which shows that Pb stress has no obvious 
inhibitory effect on the length of fine roots. The diameter 
class 0.5 ≤ d1 ≤ 1.0, in the 40, 60, 80 mg/L Pb stress treat-
ment groups, the root length values were 0.64, 0.65, and 

Fig. 3  Seed vigor under the dif-
ferent Pb concentrations
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Fig. 4  Maize root system index under different Pb concentrations
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higher than that of the control group, and the highest value 
was 0.73 cm2 in the 500  mg/L concentration of Pb treat-
ment group. Under the 20 and 40 mg/L concentration of Pb 
treatment groups, the root surface area with the diameter 
class of 1 ≤ d1 ≤ 1.5 were 0.26, 0.24 cm2, respectively, which 
were significantly higher than those of the control group, 
and its values under the 60–2000 mg/L concentration of Pb 
treatment group decreased with the increase of Pb concen-
tration with the range of 0.02–0.16 cm2. The root surface 
area with the diameter class of 1.5 ≤ d1 ≤ 2.0 under the 40, 
60, 80  mg/L concentration of Pb was significantly higher 
than that of the control group, but its values under the 100, 
150, 200 mg/L concentration of Pb were significantly lower 

maize roots with different diameter class. The root surface 
area with the diameter class of 0 ≤ d1 ≤ 0.50 was different 
among the Pb treatment groups, and the root surface area 
of 40 and 60 mg/L concentration of Pb treatment group was 
significantly lower than that in the control group. When 
Pb concentration was > 80  mg/L, the root surface area 
increased with the increase of the Pb concentration and its 
values were between 0.17 and 0.38 cm2. The root surface 
area with the diameter class of 0.5 ≤ d1 ≤ 1.0 varied between 
0.45 and 0.73 cm2, and in the Pb concentration (> 40 mg/L) 
treatment group, except for the 2000 mg/L of Pb concentra-
tion treatment group, the root surface area increased with 
the increase of Pb concentration, which was significantly 

Fig. 5  Root structure of the maize 
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than the control group. When the Pb concentration was 500, 
1000, 2000 mg/L, the root surface area of maize increased. 
Under each Pb concentration groups, the root surface area 
with the diameter class of 2.0 ≤ d1 ≤ 2.5 was significantly 
lower than that in the control group. In each Pb treatment 
group, the root surface area with the diameter class of 
2.50 ≤ d1 ≤ 3.0, 3.0 ≤ d1 ≤ 3.5, 3.50 ≤ d1 ≤ 4.0, 4.0 ≤ d1 ≤ 4.5 
gradually decreased with the increase of diameter class.

3.3  The effect of Pb on maize leaf

Leaves are important organs for plants to resist stress envi-
ronments. Under the different Pb concentrations, the shape 
of maize leaves was shown in Table  4. In the treatment 
groups with Pb concentration of 20, 40, 60, 80 mg/L, the 
leaf lengths of maize with the values of 211.36, 217.42, 
220.36, and 205.69  mm respectively were significantly 
higher than the control group. In the 3000 mg/L concentra-
tion of Pb treatment group, the leaf length was the lowest 
with the value of 146.12 mm, indicating that the low con-
centration of Pb promoted leaf elongation to some extent, 
and the high concentration of Pb significantly inhibited the 
leaf elongation. The leaf area and leaf length showed similar 
changes, and the value was the lowest of 1501.46 mm2 in the 
3000 mg/L concentration of Pb treatment group. Compared 
with the control, the variation of maize leaf width in differ-
ent concentration of Pb treatment groups was not obvious. 
In the 40, 60 mg/L concentration of Pb treatment groups, the 
leaf perimeter values of maize were 945.48 and 962.68 mm, 
and it increased by 6.57% and 7.84% respectively, com-
pared with the control group. The leaf perimeter gradually 
decreased with the increase of Pb concentration, and maize 
at the 3000 mg/L concentration of Pb treatment groups had 
the lowest leaf perimeter with the value of 515.26 mm.

Inhibition rate of maize leaves the concentration of 
heavy metal Pb is shown in the Fig.  6: at the 20, 40, 60, 
and 80 mg/L concentration of Pb treatment groups, the leaf 
length of maize was promoted with the promotion rate of 
1.40%–7.91%. At the 100–3000 mg/L concentration of Pb 
treatment group, the leaf length inhibition rate gradually 
increased with the increase of the heavy metal Pb concen-
tration, and the highest inhibition rate reached the maximum 
with the value of 39.00% at the 3000 mg/L concentration 
of Pb. The low Pb concentration of 20, 40, and 60  mg/L 
promoted the increase of leaf circumference and leaf area 
of maize, but the high Pb concentration of 80–3000 mg/L 
gradually inhibited the leaf circumference and leaf area of 
maize. In the 3000 mg/L concentration of Pb, the inhibition 
rate of maize leaf area and perimeter were the most seri-
ous with the value of 51.28% and 72.19% respectively. The 
effect of Pb on maize leaf width showed the same trend as 
other parameters.
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2021). The germination rate, germination vigor and germi-
nation index of maize seeds decreased with the increase of 
Pb concentration. In the seed germination cycle, in the high 
Pb concentration treatment group, the seed germination rate 
reached the maximum on the 6th day of culture, and in the 
low Pb concentration treatment group, the seed germination 
rate reached the maximum on the 9th day of culture. This 
is similar to the seed germination results of Pogonatherum 
crinitum (Thunb.) Kunth (Hou et al. 2013), Solanum nigrum 
L. (Liu et al. 2012), Elsholtzia splendens Nakai ex F. Maek. 
(Zhang et al. 2010), Festucaelata Kengex E. Alexeev (Du 
and Yang et al. 2010), and Phyllostachys edulis (Carrière) 
J. Houz. (Chen 2016) under heavy metal stress. Generally 
speaking, the heavy metal Pb destroys the mineral nutrient 
balance in the plant, especially the Na+/K+ balance is bro-
ken, and a large amount of Pb ions accumulate in the plant 
(Hou et al. 2013). Pb2+ is an unnecessary element in plant 
growth. It can be accumulated in plants by root absorption, 

4  Discussion

Based on heavy metal Pb pollution in the soil of different 
types of land use in Jinding Lead-zinc mining area, which 
it exceeded GB15618–2018 “Soil Environmental Quality 
Agricultural Land Soil Pollution Risk Control Standard” 
(Table  1), the fluctuation ranges of soil Pb in farmlands 
is high, indicating that the farmland in Jinding Town may 
cause large fluctuation of Pb. According to the situation of 
Pb pollution soil of this area, the different Pb concentration 
gradients were designed to determine the changes of maize 
seed germination, root morphology and leaf traits. It was 
found that there were differences in the response of each 
parameter to heavy metal Pb toxicity. Seed germination rate 
is an important index to reflect heavy metal toxicity. Germi-
nation vigor and germination index characterize the effect of 
heavy metal stress on seed germination (Wei et al. 2021; Pu 
et al. 2021; Wen et al. 2022; Duan & Liu 2021; Tang et al. 

Fig. 6  Inhibition rate of differ-
ent Pb concentrations on maize 
leaves

 

Pb concentration (mg/L) Length (mm) Width (mm) Area (mm2) Perimeter (mm)
0 202.82 ± 2.90cde 15.35 ± 0.11abc 2271.21 ± 21.26c 887.23 ± 17.15b
20 211.36 ± 4.12bc 15.02 ± 0.22 cd 2296.78 ± 10.19c 898.63 ± 8.62b
40 217.42 ± 10.93ab 15.68 ± 0.13a 2448.31 ± 29.85a 945.48 ± 8.06a
60 220.36 ± 4.99a 14.70 ± 0.18de 2335.13 ± 10.49b 962.68 ± 5.49a
80 205.69 ± 1.58 cd 14.73 ± 0.41de 2132.91 ± 15.88e 856.47 ± 11.15c
100 200.76 ± 3.22def 14.56 ± 0.24e 2072.62 ± 16.48f 809.31 ± 5.89d
150 195.25 ± 4.96efg 15.20 ± 0.15bc 2165.18 ± 21.49e 795.97 ± 4.52de
200 193.54 ± 3.96 fg 15.60 ± 0.23a 2202.29 ± 13.32d 782.62 ± 16.03ef
500 189.06 ± 2.25gh 15.48 ± 0.14ab 2139.40 ± 44.44e 768.83 ± 9.55 fg
1000 180.95 ± 5.10 h 15.24 ± 0.09bc 1991.84 ± 8.72 g 753.37 ± 17.76 g
2000 152.33 ± 2.65i 15.12 ± 0.11bc 1654.83 ± 13.99 h 669.71 ± 12.16 h
3000 146.12 ± 5.62i 14.42 ± 0.15e 1501.46 ± 11.47i 515.26 ± 8.03i

Table 4  Maize leaf traits under 
the different Pb concentrations

 

1 3

Page 11 of 13     12 



Y. He et al.

5  Summary and conclusions

The high germination of seedlings and seed vigor determine 
the reproduction and survival of the population. The high 
germination of seedlings and seed vigor not only effect on 
the initial stage of life cycle of plant, but also the growth 
of other period. This study showed that the germination of 
seedlings and seed vigor in maize were obviously inhibited 
under the 1000, 2000, 3000 mg/L Pb concentration groups.

When the Pb concentration is lower than 100 mg/L, the 
length, diameter, surface area of maize root showed an 
increasing trend compared with the control. However, with 
the increase of the Pb concentration, the length, projected 
area, surface area and volume of the maize root system grad-
ually decreased and were significantly inhibited, indicating 
an obvious “low concentration Pb promotes root growth and 
high concentration Pb inhibits root growth”.

In the low-concentration Pb (< 80  mg/L) environment, 
the length of root in diameter class root (0 ≤ d ≤ 1.0) is higher 
than the control, and in diameter class root (2.50 ≤ d ≤ 4.50) 
it reduces with the increase of Pb concentration. We con-
cluded that high concentration Pb interferes with the plant’s 
ability to obtain nutrients by reducing the structure of roots 
to absorb, transport and store nutrients from the soil.

Leaf traits, including the length, area and circumference 
and so on, may reflect the adaptability of plant to environ-
mental stress. The low concentration of Pb (< 60 mg/L) in 
circumstance may promote the length, area and circumfer-
ence of maize leaves compared to the control. But the low-
est values of these parameters appeared in 3000 mg/L Pb 
concentration treatment group with the value of 146.12 mm, 
1501.46 mm2, and 515.26 mm, respectively. The effect of 
Pb on leaf traits is consistent with the change trend of root 
morphology.
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