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Abstract
In order to quantitatively describe the relative effect of the concentrations of heavy metals (i.e., Cd, Pb, Zn, and 

Ni) on the germination and seedling growth of plants, the seed germination tests were conducted using sunflower 
seeds treated with various heavy metals, and a mathematical model to estimate the seedling vigor index (SVI) is 
proposed. From the results of germination tests, a decrease in the seed germination percentage with an increase in 
the heavy metal concentration was observed, and the inhibitions of seedling growth were clearly detectable above 
certain critical concentrations (e.g., 50 mg-Cd/l, 50 mg-Ni/l, 100 mg-Zn/l, and 1,000 mg-Pb/l). According to both 
the IC50 and a1 values, the resulting order of phytotoxicity for the heavy metals on sunflower seed germination was 
Cd>Ni>Zn>Pb. The SVI estimation model developed in this study rigorously explained the relationship between 
the heavy metal concentration and the SVI values. Thus, SVI values for a certain plants can be, a priori, obtained, 
with the heavy metal concentrations in the aqueous phase without performing the germination tests. Although the 
coefficients of SVI estimation model changed from different species of plants, the empirical SVI estimation model 
derived from theoretical background can be utilized for other species of plants.

Keywords: Germination; Heavy metals; Mathematical model; 
Phytotoxicity; Seedling vigor index; Sunflower

Introduction
Phytoremediation is an emerging cost-effective and environmentally 

sound alternative to conventional remediation technologies through 
the efficient use of plants to remove or immobilize environmental 
contaminates in complex matrices (soil, water or sediments) [1-3]. 
Since phytoremediation involves growing plants in a contaminated 
matrix, various types of plants have been evaluated. For example, many 
fast-growing plants for their ability to tolerate and accumulate metals 
have been investigated, including rapeseed (Brassica napus L.), Indian 
mustard (B. juncea), tumbleweed (Salsola kali L.) and so on [4,5]. 
Among the various types of plants, sunflowers (Helianthus annuus L.) 
have been commonly used in numerous phytoremediation studies due 
to their high tolerance to heavy metals and their ability to use the seeds 
as raw materials for biodiesel production [6-8]. 

The phytoremediation of heavy metals and metalloids such as 
cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), 
nickel (Ni) and zinc (Zn) in various environment has been reported [9], 
and the phytotoxicity of various heavy metals on different plant species 
has been investigated [10,11]. Based on previous studies, the variation 
in phytotoxicity of various heavy metals is mainly attributed to the 
differences in both the inherent toxicity of the various trace metals and 
the tolerances among plant species [12].

In order to identify the appropriate plant seeds that can remove 
or immobilize heavy metals in different matrices, the phytotoxicity 
of heavy metals on plant seeds has been investigated by monitoring 
both the inhibition of seed germination and the retardation of plant 
growth [13,14]. As yet, the most widely used acute phytotoxicity tests 
are both seed germination test (a direct exposure method) and the root 
elongation test [15].

According to previous studies [16-19], the germination of seeds 
was found to be greatly affected by both the type and concentration 
of heavy metals [20], and the lengths of both root and shoot were 

reduced with an increase in the target heavy metal concentrations 
[21]. Since the effective concentrations of heavy metals for a certain 
degree of inhibition are different, variously-reduced seed germination 
rates and differently-inhibited growth of root and shoot with increasing 
concentrations have been observed.

Recently, the seedling vigor index (SVI) has been used as a 
phytotoxicity index to evaluate the effect of heavy metal on seedling 
growth [22,23]. Seedling vigor is a measure of the extent of damage 
that accumulates as viability declines, and the damage accumulates in 
seeds until the seeds are unable to germinate and eventually die [24]. 
Numerous studies have been done to investigate the effects of various 
species and concentrations of heavy metals on the early growth of 
seedlings. Nonetheless, no mathematical model to quantitatively 
describe the relative effect of the concentrations of heavy metals on 
germination and seedling growth of plants has been developed. 

In this study, a mathematical model to estimate SVI values 
is proposed to quantitatively describe the relative effect of the 
concentrations of heavy metals on the germination and seedling growth 
of plants. The specific objectives of this study were to compare the effects 
of heavy metals (i.e., Cd, Pb, Zn, and Ni) with different concentrations 
on seed germination of sunflower, and to develop a mathematical 
model to estimate the SVI values using the heavy metal concentrations.
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Materials and Methods
Germination tests in heavy metal solutions

Sunflower was selected as a hyperaccumulator plant in this study 
because sunflower can accumulate some heavy metals from the soil 
[25,26]. Sunflower seeds were obtained from a commercial market 
because the species and cultivar are frequently and widely cultivated 
in the Republic of Korea. Heavy metals [i.e., Cd (II), Ni (II), Pb (II), 
and Zn (II)] evaluated in this study were obtained from the salts 
of CdCl2·2H2O; NiCl2·6H2O; PbCl2; and ZnCl2, respectively, and 
purchased from Sigma-Aldrich Co., USA and DaeJung Chemicals & 
Metals Co. Ltd., Republic of Korea. 

Since this study focused on the effects of heavy metals on the 
early growth of sunflower seeds, no other elements were added to 
eliminate others effects when using the heavy metal solutions. The 
concentrations of the heavy metals used in this study were determined 
based on a previous study [27], reporting that the concentration ranges 
of Cd (II), Ni (II), Pb (II), and Zn (II) in which seeds can germinate 
are significantly different. Deionized water was selected as the control 
(pH=7.14) test. The heavy metal concentrations of the solutions was 
decided from previous studies and ranged up to 500 mg/l for Cd and 
Ni, 3,000 mg/l for Pb, and 900 mg/l for Zn, respectively. The average pH 
values of Cd, Ni, Pb, and Zn solution were 5.31 ± 0.19, 5.69 ± 0.09, 4.76 
± 0.23, and 6.58 ± 0.12, respectively.

The phytotoxicity of the target heavy metals were evaluated using 
the seed germination test described by the Environment Protection 
Agency (EPA, OPPTS 850.4200, 1996a). For each seed germination test, 
15 sunflower seeds were exposed to heavy metal solutions with different 
concentrations and placed in a multi spin shaker (VS-8480MX4, Vision 
Scientific Co., Ltd., Republic of Korea) under dark condition at 25 ± 
1°C. The detailed experimental methods are presented in Table 1. After 
seven days, the seed germination percentage and the lengths of both 
root and shoot were measured. All the values are presented as the 
average values ± standard deviation (SD) obtained from at least three 
replicates. The heavy metal concentrations in the sunflower tissues were 
not analyzed because the growth amounts of sunflower tissues were too 
small for analyses. 

The IBM SPSS statistics (Version 21.0) analysis program was 
used for the statistical analyses. The data were analyzed with one-way 
analysis of variance (ANOVA) to determine the effect of the treatments, 
and Duncan’s multiple range tests was applied to test the statistical 
significance of the differences in the averages of the treatments. 
Linear regression analysis was also performed among the heavy metal 

concentrations, seed germination percentages, and elongations of the 
roots and shoots. 

Model development

A germination test determines the maximum germination 
potential, or viability, of a seed and can be used to estimate the seed 
vigor, which is the extent of damage to a seed. Both mean root and 
shoot length were calculated after the seedling length was measured, 
and seed germination percentage is the percentage ratio of the number 
of germinated seeds to initial fifteen test seeds. The model presented 
here is based on the seedling vigor index [28] and calculated as follows:

Seedling vigor index (SVI)=[Mean root length (Lr)+Mean shoot 
length (Ls)] × Percentage of seed germination (GP)                 (1)

Where; GP is the seed germination percentage (%); Lr is the root 
length (L); Ls is the shoot length (L). 

When the heavy metal concentration increased to certain levels (i.e., 
1.008-9.968 μg-Cd/l, 4.968-9.936 μg-Pb/l and 19.89-159.05 μg-Zn/l), 
the growth of A. paniculata was enhanced, and no toxicity symptoms 
were observed [29]. However, above the critical levels of heavy metals, 
the linear correlation between the inhibitory rate of the root and shoot 
elongation versus tested heavy metal concentrations has been well 
described [30]. Based on these linear correlation between the inhibitory 
rate of the root and shoot elongation versus heavy metal concentrations 
above the certain critical levels, the germination percentage, root 
length, and shoot length can be expressed as follows:

GP=GP0-a1C                  (2)

Lr=Lr,0–a2C                     (3)

Ls=Ls,0–a3C                     (4)

Where, GP0 is the initial seed germination percentage (%), Lr,0 is the 
initial root length (L), Ls,o is the initial shoot length (L), C is the heavy 
metal concentration (M/L3), and a1, a2, and a3 are the fitting coefficients.

Equations (2), (3) and (4) can be combined in equation (1) giving 
the following:

SV1=(a2+a3)a1C
2-[(Lr,o+Ls,o)a1+(a2+a3)GP0]C+ (Lr,o+Ls,o)GP0               (5)

Equation (5) is the quadratic function theoretically derived in this 
study. Based on the nature of the quadratic function, for the range of 
heavy metal concentrations in this study, the necessary conditions for 
the model was established as follows:
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According to the nature of the quadratic function, the coefficient 
'(a2+a3)a1' should be positive, which means that the SVI value decreases 
as the concentration of the heavy metals increases. When the absolute 
value of '(a2+a3)a1' is higher, the SVI value decreases faster, and the 
phytotoxicity of the heavy metal is greater.

Results and Discussion
Effects of heavy metal concentrations on seed germination 
percentage

Germination started three days after the germination tests, and 
germination percentages of the sunflower seeds in both the control 
and heavy metal treatments were monitored seven days after the 
germination tests. The effects of Cd, Ni, Pb, and Zn in various aqueous 

Germination test

Test species Sunflower (Helianthus annuus L.)
Pretreatment 10% sodium hypochlorite solution for 10 min.
Temperature 25 ± 1℃
Light quality Dark

Test vessel Whatman No. 42 filter paper over 185 × 30 
mm (D × H) Culture dish 

Test solution/soil 20 ml/vessel
Specimens 15 seeds/vessel
Replicates 3
Water control and dilution water Deionized water
Test duration 7 days
Germination decision criteria Growth of 5 mm or more from primary root 

Table 1: Experimental design of the seed germination tests.
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concentrations on the germination percentage of sunflower seeds are 
presented in Table 2, and a decrease in the seed germination percentage 
with an increase in the heavy metal concentration was observed. Similar 
results have been reported in previous studies on Albizia lebbeck and 
Oryza sativa L. with Cd, Pb, and Hg in aqueous solutions [31,32]. 

The low concentrations of Cd (i.e., 50 mg/l), Ni (i.e., 50 and 100 

mg/l), and Zn (i.e., 50, 100 and 300 mg/l) evaluated in this study had no 
impact on the germination percentage compared to the control group. 
However, the sunflower seeds did not germinate at concentrations 
above 500 mg-Cd/l, 500 mg-Ni/l, 3,000 mg-Pb/l, and 900 mg-Zn/l. 
Similar to this study, the inhibition of germination of sunflower seeds 
at higher concentrations of Cd and Ni has been reported [33]. 

As summarized in Table 3, a linear regression between the heavy 
metal concentrations and germination percentages was obtained with 
R2 values greater than 0.86. Based on this linear regression, the IC50 
(half of the maximal inhibitory concentration) values of Cd, Ni, Pb, and 
Zn on sunflower seeds were estimated as 100.07 mg-Cd/l, 139.78 mg-
Ni/l, 1033.14 mg-Pb/l, and 376.03 mg-Zn/l, respectively. The coefficient 
a1 of GP for Cd, Ni, Pb, and Zn were also estimated as 0.146, 0.157, 
0.027, and 0.767, respectively. According to both the IC50 and a1 values, 
the resulting order of toxicity for the heavy metals on sunflower seed 
germination was Cd>Ni>Zn>Pb. 

Effects of heavy metal concentrations on seedling growth

Heavy metal treatments inhibited both seed germination and the 
elongation of the root and shoot. Figure 1 shows the effects of the Zn 
concentrations on the length of the roots and shoots of the sunflowers. 
Regression analysis between the root length and Zn concentrations, 
as well as the shoot length and Zn concentrations showed a robust 
linear correlation with R2>0.87. Similar results were also observed 
in the germination tests with the Cd, Pb, and Ni solutions (see Table 

Heavy metal Linear equation R2 IC50
* (mg/l)

Cd
GP = -0.1458C + 64.6902 0.9091

 102.21Lr = -0.0051C + 2.1161 0.4351
Ls = -0.0094C + 4.8945 0.9514

Ni
GP = -0.1570C + 71.9451 0.9249

 139.78Lr = -0.0057C + 2.4436 0.5807
Ls = -0.0090C + 4.4347 0.9819

Pb
GP = -0.0270C + 77.8947 0.9693

1033.14Lr = -0.0013C + 3.5482 0.9318
Ls = -0.0016C + 5.5148 0.7199

Zn
GP = -0.0767C + 78.8412 0.8683

 376.03Lr = -0.0046C + 3.5911 0.8737
Ls = -0.0051C + 4.6603 0.9083

*: Half of the maximal inhibitory concentration, which was estimated with the GP 
linear function.
Table 3: Correlations between heavy metal concentrations and germination 
percentage, root length, and shoot length (C: heavy metal concentrations in 
solutions).

Cd Ni Pb Zn
Dose
(mg/l)

Germination percentage
(%)

Dose
(mg/l)

Germination 
percentage (%)

Dose
(mg/l)

Germination percentage
(%)

Dose
(mg/l)

Germination percentage
(%)

0 75.56 ± 10.18*a** 0 75.56 ± 10.18a 0 75.56 ± 10.18a 0 75.56 ± 10.18a
50 57.78 ± 7.70ab 50 57.78 ± 16.78a 1,000 51.11 ± 20.37b 50 62.22 ± 7.70ab

100 48.89 ± 16.78bc 100 66.67 ± 13.33a 1,500 44.44 ± 7.70b 100 75.56 ± 10.18a
150 33.33 ± 11.55c 200 37.78 ± 3.85b 2,500 2.22 ± 3.85c 300 64.44 ± 7.70ab
300 11.11 ± 13.88d 300 13.33 ± 6.67c 3,000 0.00 ± 0.00c 500 53.33 ± 13.33b

500 0.00 ± 0.00d 500 0.00 ± 0.00c 900 0.00 ± 0.00c

*: Results are presented as the means ± SD. 
**: Means with different letters are significantly different from each other (P < 0.05) according to the Duncan test (n = 3).

Table 2: Effects of heavy metal concentrations on the seed germination of sunflower seeds.

Figure 1: Effects of the Zn concentrations on the sunflower seedling growth.
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3). As summarized in Tables 4 and 5, the lengths of both the root and 
shoot significantly decreased with the treatments of Cd, Ni, Pb, and Zn 
compared to the control group. Especially, the inhibitions were clearly 
detectable above certain critical concentrations (e.g., 50 mg-Cd/l, 50 
mg-Ni/l, 100 mg-Zn/l, and 1,000 mg-Pb/l). 

Because Cd is a highly toxic contaminant that affects many 
plant metabolic processes [34], treatments at 50 mg-Cd/l produced 
significant (P<0.05) effects on root growth compared to those at 50 
mg/l for Ni, Pb, and Zn. All root elongations in the Cd treatments 
at various concentrations were shorter than those in the Ni, Pb, and 
Zn treatments. Considering that sunflower roots can accumulate 
significant amounts of these heavy metals, shorter root elongations in 
the Cd treatments indicate that the sunflower roots accumulated Cd to 
a higher degree than the other heavy metals. These results are consistent 
with a previous study using sunflower seeds treated with Cd and Cu 
solutions [35]. 

Interestingly, the shoot lengths exposed to the 50 mg-Cd/l, 1,000 mg-
Pb/l, and 50 mg-Zn/l solutions exhibited a growth increase compared 
to those of the control by 16.32%, 15.57%, and 15.55%, respectively. 
This may be attributed to the metal hormesis, in which small doses of 
metal can increase the shoot growth [36]. Similar results have also been 
reported in previous studies using Dorycnium pentaphyllum, Medicago 
sativa L., and Salosla kali L. with Cd, Zn, Ni, and Pb [5,37,38]. 

Generally, the effects of heavy metals on seedling growth depend on 
the amount of toxic substance extracted from a given environment. As 
the concentrations of Cd, Pb, Zn, and Ni increased the seedling growth 
of sunflowers decreased. Similar tendencies have also been reported in 
other studies with A. lebbeck in Cd and Pb contaminated conditions 
[32]. For the phytotoxicity of heavy metals, root elongation was more 
sensitive than shoot elongation because the heavy metals show further 
accumulation in root than in shoot. For instance, Zn was mainly 
restricted to the radicle while Cd had an even distribution between the 
radicle and shoots [37]. 

Mathematical model

Using the inhibition of the germination percentage, root elongation, 
and shoot elongation as an index to describe the relationship between 
the heavy metal concentration and early seed growth has its limitations 
because the process of seed germination can be affected by various 
interactions of factors including temperature, water availability, oxygen, 
light, substrate, maturity of seed, and physiological age of seed [39]. 
Thus, the seedling vigor index (SVI) is required to compare the relative 
phytotoxicity in plants. 

The relationship of the heavy metal concentrations and the seedling 
vigor index of the sunflower seeds are shown in Figure 2. Compared to 
those of the control, the sunflower seedlings showed a low tolerance of 
Cd, Ni, Pb, and Zn in their corresponding treatments. The relationship 
among the coefficients of the linear equations for GP, Lr, and Ls 
presented in Table 3 satisfies equation 6, which denotes the necessary 
conditions for the mathematical model. 

The SVI estimation model developed in this study rigorously 
explained the relationship between the heavy metal concentration and 
the SVI values, as shown in Figure 2. Moreover, all R2 values in the 
SVI estimation model using the heavy metal concentrations are greater 
than 0.90, indicating that the SVI estimation model to describe heavy 
metal phytotoxicity on seedling growth is reasonable. Thus, the SVI 
estimation model developed in this study was proved to have a high 
level of precision in describing the phytotoxicity of Cd, Ni, Pb, and Zn 
on sunflower seedling growth. 

The coefficient (a2+a3)a1 of the SVI estimation model for Cd, Ni, 
Pb, and Zn were 0.0041, 0.0035, 2.8341e-005, and 0.0005, respectively. 
According to the nature of the quadratic function, the heavy metal 
inhibition on early sunflower seedling growth was on the order of 
Cd>Ni>Zn>Pb. Similarly, heavy metal phytotoxicity follows the 
following trend: Pb ≈ Hg>Cu>Cd ≈ As>≈ Ni ≈ Zn>Mn [12]. Although 
similar heavy metal phytotoxicity order was obtained in this study, the 

Cd Ni Pb Zn
Dose
(mg/l)

Root length
(cm)

Dose
(mg/l)

Root length
(cm)

Dose
(mg/l)

Root length
(cm)

Dose
(mg/l)

Root length
(cm)

0 4.03 ± 0.50*a** 0 4.03 ± 0.50a 0 4.03 ± 0.50a 0 4.03 ± 0.50a
50 0.75 ± 0.11b 50 1.28 ± 0.19b 1,000 1.71 ± 0.42b 50 4.03 ± 0.89a

100 0.92 ± 0.08b 100 1.18 ± 0.12b 1,500 1.37 ± 0.13b 100 2.61 ± 1.20b
150 0.86 ± 0.19b 200 0.94 ± 0.12bc 2,500 0.23 ± 0.40c 300 1.67 ± 0.31bc
300 0.54 ± 0.47b 300 0.63 ± 0.06c 3,000 0.00 ± 0.00c 500 0.77 ± 0.13cd

500 0.00 ± 0.00c 500 0.00 ± 0.00d 900 0.00 ± 0.00d

*: Results are presented as the means ± SD. 
**: Means with different letters are significantly different from each other (P < 0.05) according to the Duncan test (n = 3).

Table 4: Effects of heavy metal concentrations on the root length of sunflower seedlings.

Cd Ni Pb Zn
Dose
(mg/l)

Shoot length
(cm)

Dose
(mg/l)

Shoot length
(cm)

Dose
(mg/l)

Shoot length
(cm)

Dose
(mg/l)

Shoot length
(cm)

0 4.20 ± 0.56*a** 0 4.20 ± 0.56a 0 4.20 ± 0.56a 0 4.20 ± 0.56a
50 4.88 ± 0.38a 50 4.07 ± 0.59a 1,000 4.85 ± 0.95a 50 4.85 ± 0.65ab

100 4.12 ± 0.24a 100 3.85 ± 0.64a 1,500 4.65 ± 1.06a 100 3.70 ± 0.87b
150 3.64 ± 0.57ab 200 2.66 ± 0.28b 2,500 1.10 ± 1.91b 300 4.03 ± 0.43ab
300 2.13 ± 1.91b 300 1.43 ± 0.08c 3,000 0.00 ± 0.00b 500 1.78 ± 0.27c

500 0.00 ± 0.00c 500 0.00 ± 0.00d 900 0.00 ± 0.00d

*: Results are presented as the means ± SD. 
**: Means with different letters are significantly different from each other (P < 0.05) according to the Duncan test (n = 3).

Table 5: Effects of heavy metal concentrations on the shoot length of sunflower seedlings.
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slightly different results from this study were mainly attributed to the 
difference in the target plant species and the range of the heavy metal 
concentrations. 

The SVI estimation model developed in this study is readily available 
in predicting SVI values when the value of the heavy metal concentration is 
within concentration ranges that sunflowers can germinate (In this study, 
the Cd, Ni, Pb, and Zn concentration range is 0-500 mg/l, 0-500 mg/l, 
0-3,000 mg/L, and 0-900 mg/l, respectively). Thus, SVI values for a certain 
plants can be, a priori, obtained, with the heavy metal concentrations in 
the aqueous phase without performing the germination tests. Although 
the coefficients of SVI estimation model changed from different species 
of plants, the empirical SVI estimation model derived from theoretical 
background can be used for other species of plants.

Conclusions
The phytotoxicity of heavy metals on seed germination and 

seedling growth of the model species Helianthus annuus L. was 
evaluated. According to the results, Cd, Ni, Pb, and Zn treatments 
had significantly negative impacts on the germination percentage, 
seedling growth and seedling vigor index of sunflower seeds, compared 
to the control tests. Liner relationships can be drawn between the 
heavy metal concentrations and germination percentage and length 
of root and shoot within the range, and a quadratic function model 
between the heavy metal concentrations and the seedling vigor index 
was successfully derived. The SVI estimation model developed in this 
study rigorously explained the relationship between the heavy metal 
concentration and the SVI values. Thus, SVI values for a certain plants 
can be, a priori, obtained, with the heavy metal concentrations in the 

aqueous phase without performing the germination tests. The resulting 
order of phytotoxicity of heavy metals on sunflower seedling growth 
was Cd>Ni>Zn>Pb. Although the coefficients of SVI estimation model 
changed from different species of plants, the SVI estimation model 
can be used to explain the impact of heavy metals in soils on the 
germination and growth of hyperaccumulator plants. Future research is 
warranted to elucidate the universal usage of the SVI estimation model 
with various hyperaccumulator plants treated with heavy metals.
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