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In this study, the siderophore-producing characteristics and conditions of Bacillus sp. PZ-1
were investigated and the enhancement of siderophores on Pb uptake and translocation in
Brassica juncea were determined. Results of single factor experiment showed that glucose, pH,
and Pb(NO3)2 could stimulate PZ-1 growth and siderophore production. The maximum
siderophore production of 90.52% siderophore units was obtained by response surface
methodology optimization at the glucose concentration of 21.84 g/l, pH 6.18, and Pb(NO3)2
concentration of 245.04 µmol/l. The type of siderophore was hydroxamate and its concentration
in the fermentation broth amounted to 32.24 µg/ml. Results of pot experiments indicated that
the siderophores enhanced B. juncea to assimilate more Pb from soil with the uptake ratio from
1.04 to 2.74, and to translocate more Pb from underground to overground with the TF values
from 1.21 to 1.48. The results revealed that Bacillus sp. PZ-1 could produce abundant
siderophores and might be potentially used to augment the phytoextraction of Pb from soil.
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Introduction
Siderophores, a group of low-molecular-weight compounds
(500-1,500 Da) with high affinity for ferric iron, have been
used by microbes or plants to solubilize iron from minerals
or organic compounds under iron starvation conditions.
Siderophores are also found to form stable complexes with
environmentally concerned metals, which endow bacteria
with heavy metal tolerance and capability in heavy
metal bioremediation [1]. All siderophores, regardless of
catecholate, carboxylate, or hydroxamate type, have up to
six oxygen or nitrogen electron donor atoms, which can
chelate metal cations such as Cu2+, Pb2+, Zn2+, Al3+, etc. [2, 3].
The bacteria in Bacillus genus are conspicuous for their
antibiotics, insecticides, and spores, but their siderophores
have not been thoroughly investigated. Recently, Bacillus
sp. with siderophore-producing activity has been reported
to provide iron nutrient, enhance bioremediation of heavy
metals, and promote plant growth [4]. Inoculation with
Bacillus sp. SC2b (a siderophore-producing bacterium)
increased the biomass of Sedum plumbizincicola and markedly
enhanced Cd and Zn accumulation in the roots and shoots
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[5]. Bacillus megaterium Bm4C, isolated from Ni-rich serpentine
soils, reduced the Ni toxicity by producing siderophores
[6]. It was demonstrated that Bacillus thuringiensis GDB-1
had the capacity to remove heavy metals from mine tailing
and increase the growth of Alnus firma [7].
Although siderophore production is mainly achieved
under iron deficiency, other factors such as carbon source,
nitrogen source, pH, and temperature are essential to the
synthesis of siderophores. Carbon source affects not only
cell growth but also siderophore production, as Bendale
et al. reported [8] the maximum siderophore production
could only be achieved with sucrose, whereas glycerol was
the favorite carbon source for the growth of B. megaterium
and siderophore production [9]. The effect of pH on
siderophore production is very crucial as well [9, 10], since
the pH value determines the solubility and availability of iron
for organism growth. Generally, a neutral pH is favorable
for most bacteria and fungi to produce the maximum
siderophores [11]. In addition to the environmental factors,
metal ions also have the capacity to affect siderophore
production. Dimkpa et al. [12] have reported that Cd
induced siderophore production in Streptomyces tendae F4.
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It was reported that Zn enhanced the siderophore production
whereas Cu, Pb, and Cd decreased it [13]. The stimulating
effect of heavy metals on siderophore production might be
assigned to their involvement in siderophore biosynthesis
or complexation with free siderophore [14].
Our previous research has reported that Bacillus sp. PZ-1
can be potentially used as biosorbents for heavy metal
removal, but how PZ-1 produces siderophores and how these
siderophores affect the growth and the metal acquisition
of plants are still unknown. In the present work, the
siderophore-producing characteristics and conditions were
investigated as a function of carbon source, pH, temperature,
and heavy metals by single factor experiment and response
surface methodology. Then, the roles of siderophores in
metal uptake and translocation in B. juncea were determined.

Materials and Methods
Bacterial Strain and Cultivation Condition
Bacillus strain PZ-1, previously isolated from a lead-zinc mine
in Heilongjiang, China as adsorbents to remove Pb(II), was used
in this study. This bacterium possesses high resistance to various
heavy metals and a capacity to produce siderophores [15]. To
screen for siderophore production, PZ-1 was inoculated in
modified sugar-aspartic acid (MSA) medium (20 g/l sucrose, 2 g/l
L-asparagine anhydrous, 1 g/l KH2PO4, and 1 g/l MgSO4·7H2O)
and incubated in a rotary shaker at 150 rpm and 28oC for 60 h. Iron
contamination due to glassware was avoided by soaking all
glassware in 10% nitric acid overnight and subsequently washing
with deionized water.

0.5 ml of culture supernatant was mixed with 0.5 ml of CAS assay
solution and equilibrated for 5 h in the dark at ambient temperature.
The absorbance was measured at 630 nm and zero absorbance was
achieved with a mixture of 0.5 ml of uninoculated broth and
0.5 ml of CAS reagent. The relative content of siderophore was
calculated with the following formula and expressed as percent
siderophore units (% SU):
Ar – As
%SU = ------------------ × 100
Ar
where Ar is the absorbance of the reference (culture supernatant
replaced by deionized water) and As is the absorbance of the
sample (culture supernatant) at 630 nm.
Optimization of Siderophore Production Conditions Using
Response Surface Methodology
With SPSS 19.0 software (SPSS Inc., USA) analysis, three main
factors, including sucrose (A, g/l), pH (B), and Pb(NO3)2 concentration
(C, μmol/l), which showed a significant influence on siderophore
production in single factor experiments, were selected for further
optimization using response surface methodology. Each factor
was coded at three values (1, 0, -1) on behalf of the minimum,
mean, and maximum level, respectively, and the ranges of the
factors in the experimental design are showed in Table 1. A threelevel-three-factor Box-Behnken design (Design Expert 8.0 software;
StateEase Inc., USA) of 17 experimental runs, including 5 at the
central point is listed in Table 2. The following Box-Behnken
design equation was used to analyze the correlation between the
dependent and independent factors.
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Selection of Siderophore-Producing Conditions Using Single
Factor Experiment
The physicochemical parameters (fermentation time, carbon
source, culture pH, fermentation temperature, and metal ion)
were evaluated for their effects on cell growth and siderophore
production in single factor experiment. The change of cell growth
and siderophore production with fermentation time was determined
at 0, 6, 12, 18, 24, 30, 36, 42, 48, 54, and 60 h. A concentration of
20.0 g/l glucose, lactose, galactose, maltose, xylose, and glycerol
substituted for sucrose as the carbon source in MSA medium. The
pH value was adjusted to 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0,
respectively. The fermentation temperature was set to 22oC to
40oC with an interval of 2oC, respectively. The effect of metal ion
was tested by supplementing MSA medium with FeCl3·6H2O,
Pb(NO3)2, CuSO4, CdSO4·8H2O, and ZnSO4·7H2O at a concentration
of 0, 5, 10, 20, 50, 100, 200, 400, and 800 μmol/l, respectively. All
the culture flasks were incubated in a rotary shaker at 28oC and
150 rpm, except those for the temperature experiment. Cell growth
was measured by a spectrophotometer at 600 nm [13]. Siderophore
production was determined by CAS shuttle assay [16]. Briefly,
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where Y is the predicted response (dependent variable) influenced
by independent variable X and X . β , β , β , and β are the
constant, linear, quadratic, and cross-product regression coefficients
of the model, respectively [10].
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Characterization and Quantification of Siderophores
The culture supernatant was subjected to siderophore type and
quantitative analyses. Hydroxamate-type was determined by the
method of Csaky [17]. Briefly, 0.5 ml of supernatant was mixed
with 0.5 ml of 6 mol/l H2SO4 and autoclaved at 121oC for 30 min,

Table 1. Experimental design of variables.
Factor

Actual levels of coded factors
-1

0

1

Glucose (A, g/l)

15.00

20.00

25.00

pH (B)

5.50

6.00

6.50

Pb(NO3)2
(C, µmol/l)

150.00

200.00

250.00
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Table 2. Box-Behnken design for siderophore production
(% SU).
% SU

Run

A

B

C

Experimental

Predicted

1

0

1

-1

78.63

77.88

2

1

0

1

87.94

87.02

3

0

-1

-1

72.09

71.38

4

0

-1

1

79.12

79.87

5

0

0

0

86.84

86.87

6

-1

-1

0

65.22

65.01

7

1

0

-1

76.68

77.23

8

0

0

0

86.89

86.87

9

-1

0

-1

66.38

67.30

10

0

0

0

86.75

86.87

11

1

-1

0

76.53

76.70

12

-1

0

1

76.18

75.64

13

0

0

0

86.93

86.87

14

1

1

0

82.52

82.73

15

0

0

0

86.95

86.87

16

1

1

0

73.28

73.11

17

0

1

1

86.79

87.50

and then the mixture was added into 1 ml of 1% (w/v) sulfanilic
acid in 30% (v/v) acetic acid and 0.5 ml of 1.3% (w/v) iodine for
5 min. Then, a solution of α-naphthylamine was added and the
appearance of a pink color indicated hydroxamate-type siderophore
was produced. Distilled water and hydroxylamine hydrochloride
were taken as negative and positive controls. Catecholate-type
was determined by Arnow’s test [18]. Briefly, 1 ml of HCl followed
by 1 ml of nitrite-molybdate were added to 1 ml of culture
supernatant, and the change of yellow color into orange red
indicated catecholate-type siderophore was produced. Distilled
water and catechol were taken as negative and positive controls.
For carboxylate-type, a spectrophotometric test [19] was performed.
Briefly, 1 ml of culture supernatant was mixed with 1 ml of
250 μmol/l CuSO4 and 2 ml of acetate buffer at pH 4.0, and the
appearance of a copper complex at 190-280 nm indicated the
presence of carboxylate-type siderophore.
Effects of Siderophores on Plant Growth and Pb Uptake in Pot
Experiments
To test the activity of siderophore on metal uptake and
translocation, a pot experiment was conducted in a greenhouse
located at the horticultural experiment station of Northeast
Agriculture University, China. Seeds of B. juncea were kindly
provided by Professor Jiang (College of Horticultural Science of
Northeast Agricultural University, China). The soil properties
were as follows: pH (1:1 (w/v) water) 6.85; organic matter 2.15%;
total nitrogen 2.52 g/kg; total phosphorus 1.83 g/kg; total kalium
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2.79 g/kg; available nitrogen 227.1 mg/kg; available phosphorus
190.5 mg/kg; available kalium 250.3 mg/kg; and lead 46.5 mg/kg.
Each polyethylene pot containing 2.0 kg of soils at different Pb
concentrations (0-400 mg/kg) was stored for 2 weeks to establish
the equilibrium between Pb pollutants and soils. Then, these pots
were divided into two groups; the control group was treated with
100 ml of sterilized water, and the experimental group was treated
with fermentation broth (FB group); each group was repeated in
triplicates. Seeds of B. juncea were first sterilized with 0.5%
sodium hypochlorite and then washed with sterilized water. Six
seeds were sowed into each pot and thinned to three per pot after
germination. Plants were watered to maintain the soil moisture
content at 60% of the water holding capacity during the growth
period. After growing for 60 days, all plants were harvested and
divided into root and shoot parts. The total Pb concentration in
the roots and shoots and the water-soluble Pb concentration in the
soil were measured using an atomic absorption spectrophotometer
(AA-6800; Shimadzu-GL, Japan) [15]. The uptake ratio of Pb
represented the ratio of Pb concentration in plants to Pb
concentration in soils and was calculated as
Uptake ratio = ( Cshoot + Croot ) ⁄ Csoil
where Cshoot, Croot, and Csoil represent heavy metal concentrations in
the plant shoots (mg/kg), roots (mg/kg), and soil (mg/kg),
respectively [20].
Pb translocation from the root to the shoot was measured by
calculating the translocation factor (TF) as follows:
TF = Cshoot ⁄ Croot
where Cshoot and Croot represent heavy metal concentrations in the
plant shoots (mg/kg) and roots (mg/kg), respectively.
A TF value > 1 indicates that it was effective for the plant to
translocate heavy metal from the roots to the shoots [21].
Statistical Analysis
Data were analyzed using SPSS 19.0 (SPSS Inc., USA) and
expressed as the mean ± standard error (SE). Statistical analysis
was carried out using one-way analysis of variance. The statistical
significance of the test was evaluated at the level of p < 0.05
regarded as reliability.

Results
Single Factor Experimental Analysis
Effect of fermentation time on siderophore production
and cell growth. As shown in Fig. 1, PZ-1 developed a
representative orange halo of siderophore on CAS agar
plate, and its growth and siderophore production varied
with fermentation time. The growth curve of PZ-1 was not
a typical bacterial growth curve, where the cells kept
growing at the first 48 h and entered the decline phase
thereafter. The trend of siderophore production was similar
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Fig. 1. Effect of time on siderophore production and cell
growth.
The orange halo means PZ-1 produces the siderophore. Error bars
represent standard deviations of three replicates.

to that of cell growth. It was found that the siderophores
could be detected after 6 h, and the maximal siderophore
production of 82.11% was achieved after a continuous
increase up to 48 h. Therefore, the following experiments
were all performed for a fermentation time of 48 h.
Effect of carbon source on siderophore production and
cell growth. The nature of the carbon source influences the
cell growth and siderophore production. Various organic
compounds were used to screen the optimal carbon source
for the siderophore production in this study. As shown in
Fig. 2, siderophore production varied with carbon source,
where the maximum siderophore production (80.68% SU)
was obtained with glucose as the carbon source, and glycerol
also induced a high siderophore production (72.71% SU),
whereas galactose, maltose, lactose, and xylose was 2.22%,
7.42%, 17.56%, and 45.85% lower than that of sucrose as the
carbon source, respectively. It was obvious that glucose
was most favorable and xylose was most unfavorable for
PZ-1 growth in comparison with the other carbon sources
(p < 0.05). The quick assimilation of glucose fostered bacterial
growth and thereby increased siderophore production.
Thus, glucose was selected as the optimal carbon source in
the following experiments.
Effect of culture pH on siderophore production and cell
growth. Fig. 3 displays the effect of pH on siderophore
production and PZ-1 growth. The optimum siderophore
production (86.85% SU) was obtained at pH 6.0, which was
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Fig. 2. Effect of carbon source on siderophore production and
cell growth.
Bars with the same letter are not significantly different (p ≥ 0.05).
Error bars represent standard deviations of three replicates.

significantly different from those obtained at other pH
values (p < 0.05). Whereas the minimum was observed at
pH 9.0, the yield of siderophore decreased slowly when pH
was raised from 6.0 to 7.5, and the consecutively increased
pH facilitated the decline of siderophore production. The
decrease in siderophore production at alkaline circumstance
might be ascribed to the solubilization of iron, and

Fig. 3. Effect of pH on siderophore production and cell
growth.
Error bars represent standard deviations of three replicates.
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subsequent increase of iron availability in the medium [22].
It was obvious that the growth of PZ-1 was also greatly
influenced by pH. Neutral condition was propitious to cell
growth, whereas acidic and alkaline conditions slowed it
down. Therefore, the pH value was set to 6.0 for optimal
siderophore production in the following experiments.
Effect of fermentation temperature on siderophore
production and cell growth. Fermentation temperature
affects the bacterial growth as well as the production of
metabolites. In our previous study, PZ-1 grew well at 22oC
to 38oC. As shown in Fig. 4, siderophore production and
cell growth varied with the change of temperature. It was
shown that the highest yield of siderophore (81.19% SU)
occurred at 30oC, and above this temperature siderophore
production was decreased. Although there was a slight
change in siderophore production, the yield of siderophore
obtained at 30oC was insignificantly different from that at
28oC (p = 0.409) or 32oC (p = 0.066), indicating that temperature
had little influence on siderophore production by PZ-1. The
effect on cell growth was similar to the trend of siderophore
production. The temperature of 30oC was also optimal for
PZ-1 growth, and either lower or higher temperature
suppressed the cell growth.
Effects of metal ions on siderophore production and
cell growth. The effects of metal ion (Fe3+, Pb2+, Cu2+, Cd2+,
Zn2+) supplementation on siderophore production are
shown in Fig. 5A. The effect of ferric iron on siderophore
production was assessed by adding different concentrations
(0, 5, 10, 20, 50, 100, 200, 400, and 800 µmol/l) of FeCl3 to the
culture broth. As shown in Fig. 5A, a significant reduction
in siderophore production was found as FeCl3 concentration

Fig. 4. Effect of temperature on siderophore production and
cell growth.
Error bars represent standard deviations of three replicates.

increased. The highest siderophore production was obtained
with no Fe3+ addition. When FeCl3 concentration increased
from 5 to 50 µmol/l, the amount of siderophore decreased
by 74.75%. FeCl3 at 100 µmol/l almost completely suppressed
siderophore production (0.65% SU). As for cell growth,
increased growth was observed as the FeCl3 concentration
increased from 0 to 10 µmol/l. When the concentration was
higher than 10 µmol/l, cell growth was slightly repressed
and PZ-1 hardly grew at 400 µmol/l of FeCl3.

Fig. 5. Effects of metal ions on siderophore and bacterial growth.
Bars with the same letter are not significantly different (p ≥ 0.05). Error bars represent standard deviations of three replicates.
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Metals other than iron can stimulate or inhibit siderophore
production in a number of bacteria. A significant change in
siderophore production was observed in the presence of
Pb, especially at a concentration of 200 µmol/l, where
the maximum siderophore production (84.23% SU) was
obtained as shown in Fig. 5A. Below 200 µmol/l, the yield
of siderophore increased with the ascending concentration
of Pb. Compared with no Pb addition, the siderophore
production was increased by 20.17% at 200 µmol/l of Pb,
but repressed at over 200 µmol/l and completely inhibited
at 800 µmol/l. The trend of cell growth was similar to that
of siderophore production. These results indicated that low
concentration of lead ions (below 200 µmol/l) could
enhance the siderophore production. The effect of Cu on
siderophore production showed an opposite trend. The
more amount of Cu was added, the less siderophore was
produced. When supplied with 800 µmol/l of Cu, the yield
of siderophore was only 12.08% SU, indicating a high
concentration of Cu inhibited the siderophore production.
The cell growth decreased with the increasing concentrations
of Cu as shown in Fig. 5B. As for Cd, an obvious inhibition
on siderophore production and cell growth was observed.
The cell growth was reduced by 76.31% at 400 µmol/l in
comparison with no Cd, and at 800 µmol/l, complete repression
occurred. As shown in Fig. 5A, a high concentration of Cd
was disadvantageous to the siderophore production,
where the relative amount of siderophores was only 1.52%
SU at concentration of 200 µmol/l, and it was completely
suppressed at 400 µmol/l. It was interesting to find that Zn
had a relatively invisible effect on siderophore production
in comparison with the other metals. With the concentration
increasing from 0 to 800 µmol/l, the yield of siderophore
reduced 35.72%, and similar result was observed in cell
growth as shown in Fig. 5B. These results indicated that the
effect of metals on siderophore production varied with
metal species and concentration, and Pb at 200 µmol/l was
more favorable for a high production of siderophore, and
was therefore chosen as the optimal condition for further
experiments.
Optimization of Siderophore-Producing Conditions by
Response Surface Methodology
Response surface methodology design was used to
determine the optimal experimental conditions by generating
a second-order polynomial model [10]. According to the
single factor experiment, glucose (A, g/l), pH (B), and
Pb(NO3)2 concentraion (C, µmol/l) were screened out to be
the key variables affecting the siderophore production. The
minimum and maximum values of the factors and
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regression analysis for siderophore production are listed in
Table 2, where the siderophore production in each experiment
ranged from 66.38% to 87.94% SU. Based on regression
analysis of the experimental data, a polynomial model
describing the interaction between the response variable
(siderophore production) and the three independent variables
was obtained as follows:
Y = 86.87 + 5.33 A + 3.53B + 4.53C - 0.52AB + 0.36AC +
0.28BC - 7.42A2 - 5.06B2 - 2.65C2
Analysis of variance is a collection of statistical models
used to analyze the differences among group means, and
the p-values are utilized to judge the significance of a
model and testify the relation of variables. In this study, a
very low p-value (p < 0.0001) and a high F-value (151.13)
were obtained, which indicated the significance of the
model. The coefficient of determination (R2) representing
the variability proportion of the data was 0.9949, which
indicated that only 0.51% of the total variations was not
explained by the fitted model. The value of the adjusted
determination coefficient (0.9883) also confirmed that the
model was greatly significant. Table 3 showed that
independent variables had significant linear and quadratic
effects on siderophore production, as the linear coefficients
(A, B, C) and quadratic term coefficients (A2, B2, C2) were
highly significant with small p-values (p < 0.0001), and C2
was also significant at the p = 0.05 level, whereas the other
coefficients had no significant effects on siderophore
production (p > 0.05).
In Fig. 6, response surface 3D plots and contour plots
show the interactive effects of glucose (A, g/l), pH (B), and
Pb(NO3)2 (C, µmol/l) on the siderophore production. The
effects of glucose and pH on siderophore production are
shown in Figs. 6A and 6B, where an evident increase was
seen in siderophore production with glucose concentration
increasing from 15.00 to 21.84 g/l, and a drop ocurred as it
exceeded 21.84 g/l. The siderophore production increased
when the pH was under 6.18 and reduced gently after the
pH ascended to 6.50 as shown in Fig. 6. It was also shown
that the yield of siderophore increased with the increasing
concentration of lead nitrate (150.00 to 245.04 µmol/l).
According to the results of single factor experiment and
RSM, the optimum conditions for siderophore production
were glucose of 21.84 g/l, pH value of 6.18, and Pb(NO3)2
concentration of 245.04 µmol/l with the maximum yield of
90.52% SU.
In order to validate the suitability of the model equation,
a verification experiment was carried out under the
predicted optimal conditions and practical siderophore
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Table 3. Analysis of variance of the quadratic model for siderophore production.
Sum of squares

Degrees of freedom

Mean square

F value

p-Value Prob > F

Model

Source

897.93

9

99.77

151.13

<0.0001

A (sucrose)

226.95

1

226.95

343.79

<0.0001

B (pH)

99.83

1

99.83

151.22

<0.0001

C (lead nitrate)

164.26

1

164.26

248.82

<0.0001

1.07

1

1.07

1.62

0.2434

AB
AC

0.53

1

0.53

0.81

0.3988

BC

0.32

1

0.32

0.48

0.5092

A2

232.04

1

232.04

351.49

<0.0001

B2

107.85

1

107.85

163.37

<0.0001

C

29.65

1

29.65

44.91

0.0003

Residual

4.62

7

0.66

Lack of fit

4.60

3

1.53

238.59

<0.0001

Pure error

0.026

4

6.420E-003

Cor total

902.55

16

2

production was up to 89.95% SU, which was close to the
predicted yield of 90.52% SU with a prediction accuracy of
99.37%. The accuracy proved the feasibility of RSM in the
optimization of the siderophore-producing conditions, and
the optimized conditions were favorable for siderophore
production.
Siderophore Type and Quantitive Determination
To further understand the characteristic of siderophores
in the fermentation broth, the type of siderophore was
determined. As shown in Fig. 7, a pink color appeared after
reaction in Csaky test, which validated these siderophores
were hydroxamate type. The other two types were not
detected. Such hydroxamate-type siderophores are known
to be generally produced by fungi and a few gram-positive
species belonging to genera such as Bacillus, Arthrobacter, and
Nocardia [23]. Based on a standard curve of hydroxylamine
hydrochloride, it was found that Bacillus sp. PZ-1 produced
32.24 µg/ml hydroxamate-type siderophores in the fermentation
broth.
Pb Uptake and Translocation
Plant biomass is important for phytoremediation in heavy
metal-contaminated soils. The biomass changed with the
increasing level of Pb either in the control or FB groups as
shown in Table 4, and the addition of fermentation broth
facilitated the plant growth, where the maximal increase
was 20.57% and 35.29% in the absence or presence of Pb,
respectively. The highest dry weight was obtained in the
FB group (2.34 g/plant), which was significantly different
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from that in the control group (1.81 g/plant) (p < 0.05).
The efficiency of phytoextraction relies not only on plant
biomass, but also on the metal concentration in plants. The
Pb content in the shoot, root, and soil changed with artificially
increased Pb concentration in the soil as shown in Fig. 8.
An increase of Pb content in the shoot was observed in the
FB group compared with that in the control group.
Enhancement of phytoextraction often increased the Pb
concentration in shoots [24]. The Pb uptake by shoots in the
control group increased from 21.63 to 111.61 mg/kg with
the Pb concentration increasing from 100 to 400 mg/kg. In
the FB group, Pb uptake in shoots also presented an
upward trend from 44.58 to 169.43 mg/kg. It was clearly
found that the fermentation broth increased the uptake of
Pb in shoots. The maximum accumulation in shoots was
found at 100 mg/kg of Pb in soil, which was 1.07 times
higher than that of the control group. As shown in Fig. 8, the
Pb content in roots rose from the minimum of 17.14 mg/kg
to the maximum of 103.57 mg/kg in the control group,
while it was from 31.42 mg/kg to 140.13 mg/kg after
adding the fermentation broth. We also observed that the
fermentation broth had a positive effect on Pb uptake by
roots, represented by the increase from 28.31% to 83.63% as
the concentration escalated from 100 to 400 mg/kg in
contrast to the control. With the increase of Pb in soil, the
water-extractable Pb content that remained in the soil was
increased from 12.47 to 264.54 mg/kg, and the uptake ratio
(the ratio of Pb concentration in plants to Pb concentration
in soils) was from 0.41 to 1.16. However, the Pb content in
the soil in the FB group was significantly reduced (11.15-
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Fig. 6. Surface plots and contour plots for the effects of three variables on siderophore production.
(A, B) Effects of glucose (A, g/l) and pH (B) on the siderophore production with lead nitrate (C, µmol/l) at zero level. (C, D) Effects of glucose (A,
g/l) and lead nitrate (C, µmol/l) on the siderophore production with pH (B) at zero level. (E, F) Effects of pH (B) and lead nitrate (C, µmol/l) on
the siderophore production with glucose (A, g/l) at zero level.

112.91 mg/kg) and the uptake ratio was 1.04 to 2.74, which
the highest increment of 2.4 times in comparison with the

control at 400 mg/kg of Pb in soil.
In addition to the uptake ratio, the translocation factor

August 2017 ⎪ Vol. 27 ⎪ No. 8

1508

Yu et al.

Table 4. Biomass, translocation factor, and uptake ratio in CK (control group) and FB (fermentation broth addition group).
Pb concentration
(mg/kg)
0

Biomass (dry weight/g plant)
CK

Translocation factor

FB

1.75 ± 0.006

a

a

2.11 ± 0.08

CK
b

2.34 ± 0.06

a

Uptake ratio

FB

0.95 ± 0.13

a

1.48 ± 0.11

a

1.43 ± 0.01

a

FB
e

0.22 ± 0.15e

d

1.04 ± 0.41d

0.09 ± 0.01

100

1.81 ± 0.01

200

1.66 ± 0.05b

2.13 ± 0.41b

1.23 ± 0.17a

1.30 ± 0.32b

0.62 ± 0.19c

1.29 ± 0.07c

300

1.53 ± 0.02

c

b

b

b

a

2.45 ± 0.31b

400

1.44 ± 0.01d

0.81 ± 0.24b

2.74 ± 0.52a

2.07 ± 0.11

1.89 ± 0.15c

1.27 ± 0.01

c

CK

1.12 ± 0.03

1.08 ± 0.12b

1.25 ± 0.26

1.21 ± 0.14b

0.40 ± 0.35

1.16 ± 0.06

Mean values are significantly different from each other (p < 0.05); all the values are the mean of three replicates ± SE.

Fig. 8. Pb concentration in the shoot, root, and soil in different
treatments at addition of Pb concentrations.

Fig. 7. Change of color in Csaky tests and the standard curve
of hydroxylamine hydrochloride.
A pink color indicates the existence of hydroxamate-type siderophores.
(A) Control, (B) fermentation broth, (C) hydroxylamine hydrochloride.

(TF) is another important parameter to access the enhancement
of siderophore on phytoextraction [25]. In Table 4, the TF
values in the control group were from 0.95 to 1.30, indicating
a commendable translocation rate of Pb from roots to
shoots, since a plant with TF > 1 is regarded as a hyperaccumulator for metal translocation [21]. The fermentation
broth contributed to more Pb accumulation in shoots than
in roots, and TF values correspondingly ranged from 1.21
to 1.48. It was indicated that fermentation broth with
siderophores potentially stimulated the Pb translocation
from underground to overground parts.

Discussion
Iron occurs in organisms as an extremely important
mineral for physiological and biochemical metabolism.
However, the concentration of free iron in the environment
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CK: control group. FB: fermentation broth addition group. Bars with
the same letter are not significantly different (p ≥ 0.05). Error bars
represent standard deviations of three replicates.

is usually lower than 10-7 mol due to the oxidization of
elemental Fe and ferrous iron to insoluble ferric iron under
aerobic conditions [26], which cannot meet the needs of
microorganism growth. During the long-term evolution,
microorganisms have developed special siderophores to
acquire iron. All siderophores are known to have a high
affinity for Fe+3 in contrast to Fe+2, which is important for
release of Fe+3 from the siderophore by reducing it to Fe+2
[27]. In the present study, siderophore produced by PZ-1
was greatly inhibited by Fe3+, and there was nearly no
siderophore produced at Fe3+ concentration of 100 µmol/l.
Siderophores are iron-specific compounds that are secreted
under low iron stress, so the high level of iron suppressed
the siderophore production and the small amount of
siderophores are enough to satisfy the microbial demands
of iron intake on this occasion [4]. Sayyed et al. [11] found
that the threshold level of Fe3+ that suppressed siderophore
production in gram-positive isolates was above 30 µmol/l.
It was reported that maximum hydroxamate siderophore
production was achieved by A. nidulans and P. chrysogenum
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at iron concentration of 80 µmol/l [28]. Yu et al. [29] found
that increasing the iron concentration above 5 mmol/l
resulted in a significant decrease in siderophore production
by Bacillus subtilis CAS15. Organisms showed differences
in the threshold values at which they stopped siderophore
secretion, and the requirement of iron is based on the type
of bacteria as well as the nutrients available to the
organisms. In this study, bacterial growth was improved as
the Fe3+ concentration increased from 0 to 10 µmol/l. The
result was similar to that of Rachid and Ahmed [30] that
the amount of siderophore decreased with the increase of
initial FeCl3 concentration, especially when its concentration
was higher than 10 µmol/l.
Depending on the species and concentration, metals
could stimulate or inhibit siderophore production and
cell growth. Of the metals that showed stimulation on
siderophore production, Pb has by far the highest affinity
for siderophores. As reported, Pb gradually enhanced
siderophore production as its levels increased in the
growth medium [31]. Our results suggested that with Pb
concentration increasing from 0 to 200 µmol/l, the cell
growth and siderophore production were stimulated. Cu was
found to stimulate pyoverdine production in Pseudomonas
aeruginosa and hydroxamate siderophore production in
Streptomyces sp. [12]. The stimulation might be attributed to
its direct participation in siderophore biosynthesis or
competition with Fe-siderophore complexes, resulting in
Fedeficiency and increase of siderophore synthesis [14]. In
our study, both cell growth and siderophore production
were suppressed by the increased Cu concentration. A link
between iron and copper uptake has been found in
cyanobacteria, whose siderophore is used as a carrier for
iron as well as a protector against copper [32]. In addition,
it has been shown that the periplasmic iron-binding protein
FutA2 might contribute to inward copper supply [33]. It
was also suggested that divalent cations such as Cd could
interact with thiols of the protein Fur, which interrupted
the repression of siderophore synthesis. In our paper, Cd
addition repressed the growth and yield of siderophore at
high concentration, where siderophore production could
not be detected even at 200 µmol/l. Sinha and Mukherjee
[34] observed that P. aeruginosa could increase its pyoverdine
excretion by Cd stimulation. Zn has a dual role on
siderophore production and cell growth. It was reported
that the supply of 125 µmol/l of Zn increased the cell
growth and siderophore production, but 250 µmol/l of Zn
decreased the cell growth [13], indicating that zinc ions
partially induced the production of siderophore [35].
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However, the increasing concentrations of Zn decreased
the yield of siderophore and inhibited the cell growth in
our paper. The increased production of siderophores by
PZ-1 in the presence of metals can be explained by the fact
that metal ions compete for siderophores with the trace
irons, necessitating the increased production of siderophores
to obtain equivalent levels of iron to circumvent or at least
alleviate metal-induced Fe deficiency [1]. According to this
characteristic, PZ-1 may be potentially used for bioremediation
of metal-contaminated soils.
The carbon source is an essential nutrient for microorganism
growth and greatly influences the siderophore production.
Siderophore production by B. megaterium was affected by
various carbon sources [9]. Glucose strongly influenced the
siderophore activity in P. fluorescens CHAO [36] and
improved the pyochelin and pyoverdine production in
fluorescent pseudomonads [37]. However, in Bendale’s
report [8], sucrose proved to be a better carbon source than
glucose. Thus, it is of great importance to choose a favorable
carbon source for an economical fermentation process. In
this study, glucose, sucrose, lactose, galactose, maltose,
xylose, and glycerol were selected as carbon sources.
Glucose is the most abundant free natural sugar and is
preferentially utilized by PZ-1 compared with the other free
carbon sources. Bacteria can rapidly decompose glucose to
provide a balanced carbon source for siderophore production.
The price and availability of glucose are also appropriate
for an economical fermentation process.
Siderophores are classified into carboxylates, catecholates,
and hydroxamates [38], where hydroxamate siderophores
are mainly produced by fungi [2] and common gram-positive
species belonging to the genera Bacillus, Arthrobacter, and
Nocardia [23]. All hydroxamate siderophores are more stable
than other kinds of siderophores. The binding constants of
hydroxamates with Fe3+ are in the range of 10−22 to 10−32 mol
and the strong binding between Fe3+ and siderophores
impedes their hydrolysis and enzymatic degradation in the
environment [39]. Moreover, hydroxamates contain the
functional group RICON(OH)RII as organic residues and
CO as a carbonyl group. They are amides where the
hydrogen (H) atom of the NH center has been replaced by
an OH [40]. Acidic pH may be conducive to the formation
of this structure. In addition, iron bioavailability in an
acidic pH environment (0.1 mol at pH 2.0) is higher than
that in a neutral one (10-18 mol at pH 7.0) [26]. Similarly,
there was a report that the optimum pH for hydroxamate
siderophore production was at or close to 4.5 [39]. It was
also demonstrated that Pseudomonas aeruginosa produced
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the optimum hydroxamate siderophore pyoverdine at pH
6.0 [22]. This result was consistent with ours, in that PZ-1
produced maximum hydroxamate-type siderophore at pH
6.0, and neutral pH was favorable for cell growth.
Bacillus is the most abundant genus in soil that is famous
for P solubilization and IAA, antibiotics, and siderophore
production [5]. Wu et al. [41] have studied that inoculation
of B. juncea with B. megaterium HKP-1 and Bacillus
mucilaginous HKK-1 facilitated the plant growth and the
phytoextraction efficiency of Pb. Indeed, two main bottlenecks
in phytoremediation are Pb availability in soil and Pb
translocation in the plant. Pb solubility can be increased by
siderophores through the formation of Pb2+ complexes [42].
Siderophores may also mobilize Pb2+ depending upon the
repulsion between the surface charge of soil minerals and
the same charge of the metal-siderophore [14]. In this
study, Bacillus sp. PZ-1, a heavy metal-resistant bacterium
isolated from a lead-zinc mine, was found to have a strong
capability to produce siderophores and adsorb Pb in aqueous
solutions. Researchers have found that bacteria with
siderophore-producing activity in the presence of toxic
metals may have potential capability in the uptake and
mobilization of heavy metals [43], and inoculation with
these functional bacteria in soil may increase the availability
of heavy metals in soil and uptake in plants [6]. In this
study, we found that fermentation broth of PZ-1 could
improve Pb uptake by B. juncea, which was consensus with
the result that Bacillus sp. SC2b with ability to produce
siderophore was effective in remediation of metal pollution
in soil [5]. The inoculation of fermentation broth increased
the uptake of Pb in shoots and roots by a maximum of
83.63% and 107.12%, respectively, in B. juncea at different
concentrations of Pb. Similarly, it was reported that the
fermentation broth of P. fluorescens enhanced the root and
shoot uptake of Zn by 3.05 and 2.69 times and Cd by 3.11
and 2.75 times in B. juncea [25].
Other than uptake in plants, the success of phytoextraction
depends mainly on the translocation factor, which
represents the potential of plants to translocate metals from
underground to overground parts [44]. In the FB group, the
TF was obviously increased by 5.70% to 55.79% compared
with the control, which indicated that siderophores assisted
plants to absorb more metals and transfer them to the
shoot. It was reported that TF varied with the metal species
and metal concentration [45]. In general, plants with heavy
metals have more cracks in the roots, which may be more
easily invaded. Nevertheless, siderophores can penetrate
into the root xylem and mobilize the Pb to vegetative parts
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[46]. This is the reason that the inoculation with fermentation
broth contributes to the translocation of Pb from roots to
shoots. A large amount of metals in the siderophoretreated plants indicate a potential for the use of microbial
siderophores as cheaper and more sustainable alternatives
to remediate heavy metal-contaminated soils.
Moreover, plant growth promotion plays a major role in
the extraction and removal of Pb since an increase in biomass
would result in an increment of Pb content in plants. The
biomass of B. juncea in our experiment increased at low
concentration of Pb (100 mg/kg) and decreased at higher
concentrations, which indicated the high level of Pb was
toxic to B. juncea. However, inoculation of fermentation
broth containing siderophores alleviated the toxicity of Pb
and increased the biomass. In addition, other metabolites
potentially produced by bacteria may also contribute to
plant biomass enhancement [47]. It is necessary to further
illuminate the mechanisms concerned with the translocation
and mobilization of Pb by the siderophores.
In conclusion, glucose, pH, and Pb(NO3)2 were found to
greatly stimulate the siderophore production and cell growth
of PZ-1. The maximum siderophore production (90.25%
SU) was obtained at a glucose concentration of 21.84 g/l,
pH 6.18, and Pb(NO3)2 concentration of 245.04 µmol/l.
Response surface methodology successfully optimized the
siderophore-producing conditions for PZ-1 with a prediction
accuracy of 99.37%. The F value of 151.13 and coefficient
determination (R2) of 0.9949 indicated the significance and
reliability of the developed model. PZ-1 could produce
32.24 µg/ml of hydroxamate-type siderophores in the
fermentation broth. In pot experiment with the fermentation
broth added, the uptake ratio increased from 1.04 to 2.74
with the highest increment of 2.4 times compared with the
control. Moreover, TF values were also correspondingly
increased in the range of 1.21 to 1.48. Based on the pot
experiment results, fermentation broth containing siderophores
enhanced B. juncea to assimilate Pb from soil, which indicated
that heavy metal-resistant bacteria with siderophoreproducing activity may be potentially used in the
phytoextration of heavy metals from polluted soil.
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