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Abstract. Most siderophore-producing bacteria could improve the plant growth. Here, the 
effect of heavy-metal on the growth, total siderophore and pyoverdine production of the Cd 
tolerance Pseudomonas aeruginosa ZGKD3 were investigated. The results showed that 
ZGKD3 exhibited tolerance to heavy metals, and the metal tolerance decreased in the order 
Mn2+＞Pb2+＞Ni2+＞Cu2+＞Zn2+＞Cd2+. The total siderophore and pyoverdine production of 
ZGKD3 induced by metals of Cd2+, Cu2+, Zn2+, Ni2+, Pb2+ and Mn2+ were different, the total 
siderophore and pyoverdine production reduced in the order Cd2+＞Pb2+＞Mn2+＞Ni2+＞Zn2+

＞Cu2+ and Zn2+＞Cd2+＞Mn2+＞Pb2+＞Ni2+＞Cu2+, respectively. These results suggested that 
ZGKD3 could grow in heavy-metal contaminated soil and had the potential of improving 
phytoremediation efficiency in Cd and Zn contaminated soils. 

1.  Introduction  
Soil contamination with heavy metals has become increasingly prominent with the rapid development 
of human industry and agriculture which causes great hazard to natural environment [1]. Heavy metal 
ions could be absorbed by plant root and then transport from roots to shoots and cause a considerable 
threat to human health through food chain due to its high toxicity [2]. Nowadays, in comparison with 
conventional methods such as physical separation, washing and stabilization, more attention has been 
paid to plant-microorganism combined bioremediation phytoremediation [3-4]. Various studies have 
reported that heavy-metal tolerant microbes can directly improve the efficiency of phytoremediation, 
the possible strategies including metal mobilization, metal chelation and oxidation/reduction reactions 
[5-7]. In particular, many metal resistant bacteria are capable of synthesize siderophores which 
provides benefits to plants [8-9]. Siderophores play an important role in phytoremediation due to its 
strong affinity for Fe3+, Cu2+, Zn2+, Ni2+and Cd2+. Siderophore-producing Pseudomonas aeruginosa 
increased the concentrations of Cr and Pb in maize by mobilizing Cd and Pb in soils [10]. Sharma 
reported that siderophore-producing P. aeruginosa GRP3 alleviated the chorotic symptoms and 
significantly enhanced chlorophyll content and biomass of Vigna radiate L [11]. Ni tolerant 
endophytic bacteria isolated from Alyssum bertolonii were capable of producing siderophores, 
enhanced the biomass and Ni accumulation of inoculated plants [12]. Similarly, Dimkpa found that 
siderophores produced by Streptomyces acidiscabies E13 alleviated oxidative stress induced by heavy 
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metal of cowpea [13]. A large amount of siderophore-priducing bacterial were screened and applied to 
improve phytoremediation efficiency, and it has been evidenced that siderophores produced by 
bacteria can protect microbes against the toxicity of heavy metals [14-15], whereas the mechanism of 
heavy-metal tolerance of siderophore-producing bacteria is still unknown. 

In the present study, P. aeruginosa ZGKD3 isolated from soil contaminated by gangue pile of coal 
area in our laboratory exhibited high tolerance to Cd2+, Cu2+, Zn2+, Ni2+, Pb2+ and Mn2+. The objectives 
of this study were to investigate the effect of different concentrations of multiple heavy metals on 
synthesis of siderophores of P. aeruginosa ZGKD3. Furthermore, determine the potential of ZGKD3 
in improving phytoremediation efficiency in heavy-metal contaminated soils and these results may 
provide a base for revealing the heavy metal tolerance mechanism of bacteria. 

2.  Materials and Methods 

2.1.  Bacteria and media.  
The heavy-metal resistant P. aeruginosa ZGKD3 were isolated from soil contaminated by gangue pile 
of coal area of Shanxi province in our laboratory. ZGKD3 were cultivated in broth medium which 
contained 3.0 g beef extract, 10.0 g peptone, and 5.0 g sodium chloride per liter with an initial 
pH of 7.2 and MSA (sugar-Asp) medium which contained  20.0 g sucrose, 2.0 g aspartic acid, 1.0 g 
K2HPO4 and 0.5 g MgSO4 per liter with an initial pH of 7.2 [16].  

2.2.  The growth of ZGKD3 under heavy-metal stress.  
The growth of P. aeruginosa ZGKD3 under different concentrations of heavy-metal stress was 
assayed in MSA. ZGKD3 were grown on nutrient broth medium for 16 h, 2 ml cells of ZGKD3 were 
inoculated into 100 ml Erlenmeyer flasks containing 50 mL of sterile MSA medium with CdCl2, 
CuCl2, ZnCl2, NiCl2, Pb(NO3)2 and MnCl2 (0, 200, 400 and 1000 µM), respectively, and incubated in 
an rotary shaker (150 rpm) at 37 °C for 24 h, the effect of heavy-metal on growth and the ability of 
alkaline production of ZGKD3 were investigated at 16 h. The biomass of bacterial cell was determined 
by a UV-Visible spectrophotometer, the absorbance was measured at 600 nm (OD600). All of the 
chemical reagent were analytical reagent. 

2.3. Quantitative analysis siderophore synthesis by ZGKD3 under heavy-metal stress.  
The effects of different concentrations of heavy-metal on siderophore synthesis of ZGKD3 were test. 
Bacterial samples were obtained from MSA medium contained CdCl2 (0, 200, 400, 1000 and 3000 
µM), CuCl2, ZnCl2, NiCl2, Pb(NO3)2 and MnCl2 (0, 200, 400 and 1000 µM), respectively. Detection 
of total siderophores and pyoverdine production by ZGKD3 were carried out, the total siderophore 
production was assayed by chromo azurol S (CAS) plate assay [17]. For quantification of siderophore 
and pyoverdine production were investigated at 12, 24 and 48 h by a UV-Visible spectrophotometer at 
the absorbance of 630 and 400 nm, respectively. 

2.4. Statistical analysis.  
All data were analyzed by SPSS 16.0 for significant differences (P＜0.05). Statistical analyses were 
performed by one-way ANOVA. 

3.  Results  

3.1.  The growth of ZGKD3 in MSA medium under heavy metal stress 
The effect of six heavy metals on growth of ZGKD3 was assayed. As shown in Figure 1, the 
concentrations of Cd2+, Cu2+, Zn2+, Ni2+, Pb2+ and Mn2+ (200, 400, 1000 μM) inhibited the growth of 
ZGKD3 and as a consequence of the increasing dose of heavy meal, the stronger inhibitive effects on 
growth of bacterial were observed, suggested that there is a significant negative correlation between 
the heavy-metal concentration and the growth of ZGKD3. Moreover, ZGKD3 could tolerate Ni2+, Pb2+ 
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and Mn2+ at the concentrations of 200, 400 and 1000 μM, and the growth of ZGKD3 was significantly 
inhibited by Cd2+, Zn2+ and Cu2+ at the concentration of 200 μM. The strongest inhibitory effect on the 
growth of ZGKD3 was observed at the high concentrations of Cd2+, the biomass (OD600) of ZGKD3 
dreased from 0.792 to 0.098 with the increasing dose of Cd2+. Thus, the effects of various heavy 
metals on growth of ZGKD3 were different.  

 

Figure 1. Effect of heavy metals on the growth of strain ZGKD3 in MSA medium contained heavy 
metals at the concentration of 0, 200, 400 and 1000 μM at 16 h 

3.2.  The total siderophore and pyoverdine production of ZGKD3 in MSA medium under heavy metal 
stress 
Siderophore production of ZGKD3 was confirmed by adding the culture supernatant into the holes on 
CAS agar plate and orange haloes were observed. Cd2+, Cu2+, Zn2+, Ni2+, Pb2+ and Mn2+ exhibited 
different effects on siderophore production of bacteria (Figure 2). The largest orange haloes was found 
in the Zn2+ group, next is Cd2+. Significant increase in the total siderophore and poverdine production 
of strain ZGKD3 was found, with the increase of 8-90％ for 200-1000 μM of Cd2+ and 35-242％ for 
200-1000 μM Zn2+. However, Cu2+ significantly inhibited the total siderophore and poverdine 
production of strain ZGKD3, and the reduction was range from 26-88％. In comparison with control, 
Ni2+, Pb2+ and Mn2+ had no markedly difference in total siderophore and poverdine production (Figure 
3 and 4), the total siderophore and pyoverdine production reduced in the order Cd2+＞Pb2+＞Mn2+＞

Ni2+＞Zn2+＞Cu2+ and Zn2+＞Cd2+＞Mn2+＞Pb2+＞Ni2+＞Cu2+, respectively. 

 
 

Figure 2. Pyoverdine production by ZGKD3 exposed to heavy metals at the concentrations of 200,  
400, 1000 and 3000 μM. The orange haloes on each plate are: A and B in No.1 row indicate negative 

control and positive control, respectively. The numbers from 1to 6 indicate Cu2+, Zn2+, Cd2+, Ni2+, 
Pb2+ and Mn2+, respectively. 
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Figure 3. Effects of heavy metals on pyoverdine production by strain ZGKD3 in MSA medium  
contained heavy metals at the concentration of 0, 200, 400 and 1000 μM. 

Figure 4. Effects of heavy metals on total siderophore production by strain ZGKD3 in MSA medium 
contained heavy metals at the concentration of 0, 200, 400 and 1000 μM.  

4.  Discussion 

4.1.  The heavy metals inhibited the growth of ZGKD3 
Various studies have evidenced that heavy metals could induce inhibitory effects on growth of bacteria. 
For instance, Zhang found that the biomass of Bacillus subtillus decreased by 96.1% at 0.2 mM of Cd 
[18]. Jiang reported that the growth of Bacillus subtillus was inhibited and decreased by 95% at the 
concentration of 0.25 mM Cd compared to control [19]. In this paper, a experiment was used to 
determine the growth of ZGKD3 in response to different concentrations of heavy metals. According to 
the growth curves, ZGKD3 present a great variance in tolerance towards different heavy metals. In 
this study, an increase in bacteria biomass of ZGKD3 was observed under Ni2+ stress of 200 and 400 
μM, the result was similar with the reports previously [20]. Thus, low concentration of heavy metal 
might promote the growth of bacteria, in the contrary, high concentrations of Ni inhibited the growth 
of ZGKD3. For the Cd2+, Cu2+, Zn2+, Pb2+ and Mn2+, all the concentrations of heavy metals exhibited 
inhibitory effect on bacteria. Therefore, the role of heavy metals on bacteria was dependent on their 
respective concentration and the kind of heavy metals, suggested that ZGKD3 had different tolerance 
to multiple heavy metals, ZGKD3 is more sensitive to Cd2+ than other matals and the metal tolerance 
of ZGKD3 decreased in the order Mn2+＞Pb2+＞Ni2+＞Cu2+＞Zn2+＞Cd2+.   
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4.2.  The heavy metals induced the siderophore production of ZGKD3 
In the present study, Cd2+ and Zn2+ were the heavy metal that showed the greater toxicity than that of 
other heavy metals. In this sense, most of bacteria couldn’t grow at high concentrations of heavy 
metals. Furthermore, bacteria could remove heavy metals from their growth environment with 
intracellular and surface accumulation of Cu, Zn, Pb and Cd [21]. A large number of bacteria can 
produce diffusible light-green pigment on a CAS agar plate, and the light-green pigment has been 
characterized previously to be siderophores [22]. Most of P. aeruginosa could produce siderophores, 
including pyoverdine and pyochelin. It has been suggested that Al, Cu, Mn, Ga and Ni could induce 
synthesis of siderophores [10]. Similarly, Sinha demonstrated that Cd-resistant strain KUCd1 induced 
siderophore production maximally at 1.75 mM of Cd concentration [23]. Dao found that the presence 
of 0.125-1 mM of Cd could stimulate pyoverdine production of P. aeruginosa strain PAO1 [24]. 
Dimlpa observed that Al, Cd, Cu and Ni induced three hydroxamate siderophores by Streptomyces sp. 
Strains [25]. Furthermore, it has been confirmed that siderophores produced by bacteria could chelate 
many heavy metals, such as Al, Cd, Zn, Cu and Pb, and it was different in chelate ability of bacteria 
for every heavy metal [26]. Some studies demonstrated that siderophore could increase or decrease the 
toxicity of heavy metals in bacteria. Pyochelin produced by P. aeruginosa increased the toxicity of 
vanadium to bacteria [27]. However, Braud found synthesis of siderophores decreased the toxicity of 
multiple heavy metals to P. aeruginosa [28]. According to our results, the effects of heavy metals on 
growth of ZGKD3 were different, the ability of producing siderophore of ZGKD3 varied with 
different heavy metals might be one of the reasons. The toxicity of heavy metals on bacteria dependent 
on the amount of heavy metal accumulation in bacteria cells. Hence, the more siderophore produced, 
the more heavy metals were absorbed by ZGKD3 through the chelation of siderophres for heavy 
metals, which found to be high toxic to bacteria. In the present study, Cd2+ and Zn2+ significantly 
induced the synthesis of pyoverdine, and remarkably inhibited the growth of ZGKD3, indicated that 
the absorption of ZGKD3 for Cd2+ and Zn2+ was more than that for other metals. Therefore, P. 
aeruginosa ZGKD3 might have the potential of improving the phytoextration efficiency in Cd and Zn 
contaminated soils. 

5.  Conclusions 
P. aeruginosa ZGKD3 exhibited different tolerance to multiple heavy metals. In comparison with Cd2+, 
Zn2+, Ni2+, Pb2+ and Mn2+, and the metal tolerance decreased in the order Mn2+＞Pb2+＞Ni2+＞Cu2+＞

Zn2+＞Cd2+. Moreover, Cd2+ and Zn2+ significantly stimulated the total siderophore and poverdine 
production of strain ZGKD3. Therefore, P. aeruginosa ZGKD3 can act as siderophore-producing 
bacteria and applied to microbe and plants combined remediation in Cd and Zn contaminated soils.   
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