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Abstract A microcosm experiment with artificially con-
taminated soils was conducted in a greenhouse to evaluate
the effect of gibberellic acid 3 (GA3) on phytoremediation
efficiency of Solanum nigrum L. The GA3 was applied at
three different concentrations (10, 100, 1000 mg L_l) to S.
nigrum. Results indicated that GA3 can significantly
(p < 0.05) increase the biomass of S. nigrum by 56 % at
1000 mg L™". Concurrently, GA3 application increased Cd
concentrations in the shoot of S. nigrum by 16 %. The
combined effects resulted in an increase in the amount of
Cd extracted by a single plant by up to 124 %. Therefore, it
is possible to use GA3 to promote the Cd phytoremediation
efficiency of S. nigrum.
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In recent decades, human activities such as intensive
industrialization and urbanization, agricultural activities
and inadequate waste disposal have resulted in significant
soil contamination by heavy metals (Sun et al. 2009). In
China, soil heavy metal pollution has become a serious
problem which may block the process of building the
harmonious society desired by the Chinese government in
recent years. According to China’s National Soil Pollution
Survey Bulletin (NSBSP) issued jointly by the Ministry of
Environmental Protection and the Ministry of Land, the
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national total percentages of soil heavy metal pollution
exceeded 16.1 %, in which slight, mild, moderate, and
severe contamination of soils was, respectively, 11.2 %,
2.3 %, 1.5 %, and 1.1 %. Soil Cd and Pb pollution were
ranked at the 1st and Sth worst, with pollution percentages
being 7.0 % and 1.5 %, respectively (Sun et al. 2015). In
addition, China’s Ministry of Agriculture in 2002 showed
that of the heavy metals examined in brown rice, Pb had
the highest percentage (28.4 %) exceeding the recom-
mended safe level, followed by Cd (10.3 %) (Li et al.
2003). Therefore, with the continuing need to sustain and
even increase agricultural output it will be imperative to
clean up the heavy metals in contaminated soils to prevent
compromised agriculture production from entering the
human food supply.

According to the published literature, there are a number
of conventional methods that are being used to remove
heavy metals from the soils, including soil incineration,
in situ vitrification, soil washing, excavation and landfill,
soil flushing, solidification, and stabilization of electro-ki-
netic systems have been employed for such remediation
purposes (Sheoran et al. 2010; Shi et al. 2009; Zhang et al.
2015). However, physical and chemical remediation
methods tend to damage the soil environment and are
always high cost, and involve intensive labor and cause
irreversible changes in soil properties. Compared to phys-
ical and chemical methods, phytoremediation that uses
plants to remove or degrade contaminants from the soil, is
reported to be a cost-effective, efficient and environment-
friendly remediation method (Singh and Prasad 2011;
Vithanage et al. 2012). However, hyper-accumulating
plants, as the core of phytoremediation, often grow slowly
and have low biomass, resulting in a low phytoremediation
efficiency. Therefore, many methods, including agricul-
tural strategies and chemical agents have been examined
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for enhancing the phytoremediation efficiency (Brown
et al. 1995; Hammer and Keller 2003; Koopmans et al.
2008; Luo et al. 2006), through increasing the biomass by
agricultural management or stimulating accumulation by
use of chemical agents (e.g. EDTA).

Plant growth regulators, such as indole-3-acetic acid
(TAA) and gibberellins (GAs), are widely used in agriculture
research (Tassi et al. 2008). Gibberellins (GAs) are a type of
diterpenoid compound and act as a vegetable hormone that
activates cell division as well as cell enlargement processes
(Mahouachi et al. 2009). GAs are involved in every aspect of
plant growth and development, but their most observable
effect is the enhancement of stem growth, since GAs can
overcome apical dominance (Nishijima et al. 1994).

Among the heavy metals, Cd contamination is of partic-
ular concern in some parts of China. Pan and his coworkers
have found that about 10.0 % of all rice grown and sold in
China failed to meet the government standards for Cd (Gu
and Zhou 2002). Therefore, considerable research effort has
been expended on remediation studies for Cd. Solanum
nigrum L. has been found to be an effective hyper-accu-
mulator for use in Cd phytoremediation (Wei et al. 2005),
and the phytoremediation efficiency of S. nigrum can be
enhanced significantly with different agricultural manage-
ment strategies (Ji et al. 2011). In this study, we examine the
use of gibberellic acid 3 (GA3) on S. nigrum to determine
plant growth, its effect on Cd uptake, the overall impact of its
use in phytoremediation of Cd-contaminated soils.

Materials and Methods

This study is based on the same methods as published by Ji
et al. (2015). The original experimental soil was collected
from Shaanxi Province (Table 1). To conduct the

Table 1 Properties of the experimental soil from a greenhouse in
Shaanxi Province, China

Parameter Units Mean &+ SE (n = 6)
Sand %o 7.7

Silt % 66.3

Clay % 26

Soil texture Silty clay loam
pH 7.45 +0.2
Available P % 0.036 £+ 0.003
Total C % 1.7+ 03
Total N % 0.14 £+ 0.021
Cu mg kg™ 73 £ 3.6

Pb mg kg™ 465 £ 45

Zn mg kg™! 1716 £ 9

Cd mg kg™! 1.0 4+ 0.02

experiment, the Cd concentration of the original soil was
adjusted to 1.0 mg kgf1 with Cd(NO3), 6 months before
use. Locally obtained seeds of S. nigrum were sown uni-
formly in a seedling culture plate and propagated in a
greenhouse maintained at 40 %—60 % relative humidity, in
natural sunlight and a temperature regime of 21/15°C (day/
night), 1 month before the experiment was launched. The
soil water holding capacity (WHC) was kept at 80 %.
Twenty experimental pots with a diameter of 30 cm and a
depth of 20 cm were filled with 5 kg prepared soil. Three
seedlings with four to six mature leaves were transplanted
into each pot before being placed in a greenhouse covered
by a shading net. The greenhouse was protected from rain,
and the moisture of experimental soils was kept at 60 % of
the WHC.

Seven days after transplanting, GA3 treatment com-
menced. Five pots were used for a control (CK), and five were
used for each treatment as replicates of three GA3 solution
application concentrations (10, 100 and 1000 mg L™").
Twenty milliliters of aqueous solution of the different con-
centrations of GA3 were applied to the corresponding
experimental microcosms; the solutions were sprayed to the
surface of leaves using a hand-operated sprayer. Solutions
were applied every 7 days (a total of five times) during the
experiment. After 45 days, plants were harvested and pre-
pared for analyses.

Upon harvesting, bulk soil was carefully washed with
deionized water to make sure the integrity of root system,
then physiological parameters of the plants were measured.
Areas of mid-height leaves were measured by a leaf area
meter (LI-COR Company Portable leaf area meter LI-
3000C, Beijing Ecotek Technology Co., Ltd, Beijing,
China). Tap-root length and plant height were measured
using a flexible tape. Harvested plants were separated into
roots, stems and leaves. Each part was rinsed with tap
water to clean soil surface before carefully washed with
deionized water. Fresh samples were oven-dried at 105°C
for 30 min, then at 70°C until constant weight was
obtained.

Cd analysis was carried out in accordance with Ji et al.
(2011) using a Perkin Elmer model AA-400 spectropho-
tometer (Perkin Elmer Corporation, USA). The detection
limit for Cd was 0.020 mg kg~'. For quality control,
standard materials (GBW-08505) were purchased from the
China Standard Materials Research Center, Beijing, PR
China. Recovery rates of 95 % + 5 % were obtained using
standard methods described above.

Results were expressed as mean + SD, and statistical
significance of differences between groups was evaluated
by analysis of variance (ANOVA) and compared using
least significant difference (LSD) at p < 0.05. Pearson
correlation coefficients with 95 % confidence intervals
were calculated to examine relationships.
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Fig. 1 Physiological effects of GA3 on Solanum nigrum L. Different
letters on the top of bars indicate significant differences (p < 0.05).
The GA3-10, GA3-100, GA3-1000 indicate treatment with solution
application concentrations of 10, 100 and 1000 mg L', respectively,
while CK is the control

Results and Discussion

Phytoremediation efficiency is mainly dependent on the
harvestable biomass and the metal concentrations in the
aerial plant parts. In this study, effects of GA3 on phy-
toremediation efficiency of S. nigrum were determined by
measuring plant growth parameters and Cd uptake ability.
According to Fig. 1, different application rates of GA3 had
no significant effect on the plant root length or height. This
is in contrast to a study by Vengadesan et al. (2002) who
reported that 60 mg L' GA3 applied to Acacia sinuata
multiplied shoot elongation.

The GA3-1000 and GA3-100 treatments caused
enlargement of the leaf size by 56 % and 20 %, respec-
tively, compared to the CK. A significantly positive co-
relationship existed between GA3 application concentra-
tions and leaf size ( = 0.768, p < 0.01). This suggests
GA3 can improve leaf growth of S. nigrum. The GA3-
1000, GA3-100 and GA3-10 treatments increased the sin-
gle plant biomass by 56 %, 23 % and 14 %, respectively,
demonstrating a significantly positive co-relationship

(r* = 0.823, p < 0.05) between biomass and GA3 appli-
cation concentrations. Hadi et al. (2014) reported GA3
application to Parthenium hysterophorus significantly
increased plant growth and biomass in a Cd-contaminated
soil compared to control treatment. Due to the ability of
GA3 to promote cell division, plant shoot height and root
length were also significantly increased (p < 0.05).

Effects of GA3 on the accumulation of Cd by S. nigrum
are shown in Table 2. GA3 application did not affect Cd
concentrations in the plant root. For the GA3-1000, GA3-
100 and GA3-10 treatments, Cd concentrations in the stem
increased by 9 %, 17 % and 14 %, respectively, while Cd
concentrations in the leaf decreased by 61 %, 77 % and
81 %, respectively. There was a significant negative co-
relationship (> = 0.796, p < 0.05) between Cd concen-
trations in the leaf and the GA3 application concentrations.
This is similar to the study of Sun et al. (2013), in which
GA3 was applied to Tagetes patula for remediation of Cd,
where results indicated GA3 application decreased leaf Cd
concentrations by 16 %—40 %. Cd concentrations in the
overall shoot of S. nigrum were also dependent on different
GA3 application concentrations. GA3-10 and GA3-100
treatments significantly enhanced Cd concentrations in the
plant (p < 0.05), but the GA3-1000 treatment had no
measurable effect.

Compared to CK, Cd concentrations of shoots treated by
GA3-10 and GA3-100 increased by 12 % and 10 %,
respectively. These results were similar to those of Hadi
et al. (2010) who found when GA3 was applied to maize
for enhancing Pb accumulation, GA3 significantly
increased Pb uptake in roots and its translocation into stem
and leaves. In a more recent study by Sun et al. (2013),
GA3 was applied to T. patula for remediation of Cd, and
results indicated GA3 caused a decrease of Cd concentra-
tions in the plant tissue. Therefore, GA3 can only stimulate
Cd uptake of S. nigrum on the premise of a suitable appli-
cation concentration.

Table 2 shows that all three GA3 treatments can sig-
nificantly enhance the Cd extraction of S. nigrum. In this

Table 2 Influence of GA3

application on Cd uptake and Treatment CK GA3-10 GA3-100 GA3-1000
ac.:cumulation of Solanum Cd concentrations in different parts
nigrum L. Root 439+ 032° 475+ 026" 466+ 037 474 + 038°
Stem 6.78 £ 0.42° 774 +£0.53* 794 +£033° 741 4+ 031°
Leaf 9.05 + 0.68° 733 £051° 695+ 072° 554 + 0.36°
Shoot 7.01 + 030  7.69 £ 0.26°  7.84 £024°  7.22 + 0.26°
Cd extracted by a single plant (ug) 83.4 + 6.40°  104.7 &+ 8.62°  114.5 £ 8.06° 143.7 + 10.35¢

Data are mean £ SD (n = 5). One-way ANOVA were performed for each parameter. Different letters
within the same line indicate significant differences (p < 0.05) according to the LSD test. The GA3-10,
GA3-100, GA3-1000 represent solution application concentrations of 10, 100 and 1000 mg L™, respec-

tively. CK indicates control
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Fig. 2 Bioaccumulation factor (BF) and translocation factor and (TF)
values in Solanum nigrum L. under different treatments. GA3-10,
GA3-100, GA3-1000 represent solution application concentrations:
10, 100 and 1000 mg L™, respectively. CK indicates control

study, GA3-1000, GA3-100 and GA3-10, the amount of Cd
extracted by a single plant was increased by factors of
72 %, 37 % and 26 %, respectively. Hadi et al. (2010) also
reported the foliar spray of GA3 on maize significantly
increased the total Pb accumulation in the plant.

For phytoremediation, the bioconcentration factor (BF)
and translocation factor (TF) are important measures in
hyper-accumulating plants, as the removal of metals
requires phytoextraction from polluted soils to the aerial
parts of plants (Doty 2008). Generally, higher BF and TF
values indicate a possible higher phytoremediation effi-
ciency (McGrath and Zhao 2003). Figure 2 illustrates that
BFs and TFs were all higher than 1.0, indicating S. nigrum
can take up Cd and store it in aerial parts under current
experimental conditions. However, GA3 application had no
significant effect on the TFs and BFs of S. nigrum, so the
increase in phytoremediation efficiency was derived almost
entirely from the increase in biomass.

From this experimental study we have determined GA3
can be used to enhance the phytoremediation efficiency of
S. nigrum. Effects observed were mainly in regard to the
plant biomass, for which an increase of 56 % was observed
at the highest concentration used (1000 mg L™' GA3).
There were small increases in the Cd concentration of the
stem, but decreases in the Cd concentration of the leaf.
Overall, the amount of Cd extracted per plant was
increased by 25 % at an application rate of 10 mg L™,
37 % at 100 mg L™" and 72 % at 1000 mg L™". This study
provides justification for future work at a field scale in
which the optimum application rate and cost-benefit ratio
can be determined.

The study by Ji et al. (2015) in which the effect of IAA
in the phytoremediation efficiency of S. nigrum was
examined concluded that that plant hormone could increase
the concentration of Cd in the aerial parts of the plant. This
finding, combined with the data reported here suggests that

a combination of the two plant growth regulators might be
even more effective in enhancing the phytoremediation
efficiency of S. nigrum. Further work would be required to
verify this and determine optimum application rates.
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