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Abstract: The effect of pH values on the extracellular protein and polysaccharide secretions of Acidithiobacillus ferrooxidans was 

comparatively investigated in different phases of bacterial growth during chalcopyrite bioleaching. The results indicate that the 

extracellular protein is always more than the extracellular polysaccharide secreted by attached cells on the chalcopyrite, on the 

contrary, and is always less than the extracellular polysaccharide secreted by free cells in the solution at bacterial adaptive phase, 

logarithmic phase and stationary phase whenever pH value is at 1.0, 1.5, 2.0 or 2.5; free cells are mainly through the secretion of 

extracellular polysaccharide rather than the extracellular protein to fight against disadvantageous solution environment, such as high 

concentration of metal ions and unsuitable pH solution; both amounts of polysaccharide and protein secreted by attached cells are 

mainly positively related to the solution acidity rather than the total concentration of soluble metal ions. The experimental results 

imply that bacteria are mainly through secreting more extracellular polysaccharide to fight against disadvantageous environment and 

the extracellular protein perhaps plays an important role in oxidation−reduction reactions in the bioleaching system. 
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1 Introduction 
 

It is well known that bacteria can secret 

extracellular polymeric substances (EPSs), which consist 

of polysaccharides, proteins and lipids [1,2], and mediate 

the attachment of microorganisms to sulphide surfaces, 

gradually form a biofilm on the mineral surfaces during 

bioleaching [3−7]. The EPS plays an important role in 

the dissolution of sulfide minerals via an “EPS 

contact-leaching mechanism” [8]. But the EPS 

interface-action mechanism is sophisticated and has not 

been fully understood so far. 

Some works have indicated that the presence of 

EPS layer on the cell is an important factor for bacterial 

adhesion to sulfide minerals. A decrease of attachment of 

Acidithiobacillus ferrooxidans to minerals is produced 

by the deficiency of EPS, which can recover mostly 

when the EPS is re-added into the EPS-free cells. The 

extent of cell adhesion to chalcopyrite increases when 

EPS and Fe3+ are added, and decreases when Fe2+ is 

added, which imply that the electrostatic interaction 

plays a main role in initial adhesion between bacteria and 

minerals [9,10]. EPS properties are changed with mineral 

types and bacterial types. The attachment of four strains 

of Acidithiobacillus ferrooxidans to pyrite, chalcopyrite, 

galena, sphalerite or quartz was found to be mineral- 

selective, and the chemical analyses of EPS of 

Acidithiobacillus ferrooxidans, Acidithiobacillus 

thiooxidans and Leptospirillum ferrooxidans indicated 

neutral sugars, fatty acids and uronic acids [10,11]. EPS 

properties also changed with the bacterial cultures. In 

contrast to cells of Acidithiobacillus ferrooxidans grown 

on sulphur, cells grown on pyrite or iron (II) sulphate 

incorporate uronic acids and ferric ion in their      

EPS [10,12]. Compared with Fe3+ ions, Cu2+ ions can 

stimulate bacteria to secret more EPS, especially, EPS 

produced by Acidithiobacillus ferrooxidans rapidly 

increases when the concentration of Cu2+ ions is more 

than bacterial tolerable concentration [13]. The 

polysaccharide components in EPS layer are variable 

with leaching time during bioleaching chalcopyrite [14]. 

The pH value plays an important role in the 

bioleaching of sulphide minerals [15]. The effect of pH 
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value on the extracellular polysaccharide secreted by 

Acidithiobacillus ferrooxidans was investigated in 

different phases of bacterial growth during chalcopyrite 

bioleaching in our previous works [16]. It was found that 

extracellular polysaccharide secretion from the cells 

attached to chalcopyrite is more efficient than that from 

the free cells in the bioleaching solution whenever pH 

value is at 1.0, 1.5, 2.0 or 2.5. The extracellular 

polysaccharide secretion of the free cells at the 

logarithmic phase of bacterial growth is mainly related to 

the total concentration of soluble metal ions in       

the bioleaching solution. However, the extracellular 

polysaccharide secretion of the attached cells is mainly 

dependent on the pH value of the bacterial culture. 

The extracellular protein is one of key components 

of EPS, but EPS components and properties are basically 

characterized through analyzing the extracellular 

polysaccharides during bioleaching in previous EPS 

works mentioned above, there are a few researches about 

the change of extracellular protein in EPS during 

bioleaching. At the same time, bacteria maybe display 

different behaviors between secreting extracellular 

protein and secreting extracellular polysaccharide during 

chalcopyrite bioleaching. 

The aim of the current work was to examine the 

influence of controlled pH values on the extracellular 

protein secreted by Acidithiobacillus ferrooxidans 

(ATCC23270), and to study the difference between 

extracellular protein and polysaccharide secretions of 

Acidithiobacillus ferrooxidans under the conditions of 

different pH values during chalcopyrite bioleaching. 

 

2 Experimental 
 
2.1 Microorganisms and mass cultivation 

Acidithiobacillus ferrooxidans ATCC23270 were 

obtained from Key Laboratory of Biometallurgy of 

Ministry of Education, China. The microorganisms were 

cultivated and activated in a modified 9K medium with 

initial pH 2.0 at 30 °C in an orbital shaker. The mass 

bacteria were harvested by centrifugation at 12000g for 

20 min. The modified 9K medium consisted of the 

following compounds: 3.0 g/L (NH4)2SO4, 2.1 g/L 

Na2SO4, 0.5 g/L MgSO4·7H2O, 0.1 g/L KCl, 0.05 g/L 

K2HPO4, 0.01 g/L Ca(NO3)2 and 30 g/L FeSO4·7H2O. 

 

2.2 Mineral preparation and characteristics 

Chalcopyrite, a floatation concentrate was obtained 

from Mengzhi Bainiu Mine in Yunnan Province, China. 

The chalcopyrite was prepared and characterized as 

described in Ref. [16]. The chalcopyrite ore sample was 

crushed, sieved, and the size fraction of with size ≤75 μm 

was used in the experiments. The XRD analysis showed 

that the mineral sample mainly consisted of 61.7% 

CuFeS2, 29.7% (Zn0.825Fe0.175)S, 3.7% PbSO4, and 1.1% 

PbCuAsS3. The chemical element analysis showed that 

the mineral was composed of 21.46% Cu, 35.39% S, 

23.90% Fe, 8.40% Zn, 5.02% Pb, 0.08% Mg, 0.18% Ca, 

0.20% Al, 0.088% Mn, and 5.28% Sn. 

 

2.3 Bioleaching chalcopyrite under conditions of 

different controlled pH values 

The bioleaching experiments were carried out in 

500 mL Erlenmeyer flasks containing 300 mL modified 

9K media without FeSO4·7H2O, and 2% chalcopyrite 

added as energy sources as described in Ref. [16]. Before 

bioleaching, these flasks were set four initial pH 

gradients for 1.0, 1.5, 2.0 and 2.5, respectively. All the 

Erlenmeyer flasks and their media were sterilized in a 

pressure steam sterilizer at 121 °C for 20 min. Then, 

activated Acidithiobacillus ferrooxidans were inoculated 

into these flasks respectively at the density of about 

5×107 cell/mL. All the bioleaching experiments were 

carried out in an orbital shaker, shaking at 180 r/min and 

30 °C. In order to maintain its pH value constant in every 

flask during the bioleaching experiment, its pH value in 

every flask was carefully adjusted and controlled into its 

initial pH value by adding sulfuric acid (50%) or sodium 

hydroxide (2 mol/L) at eight o’clock and twenty o’clock 

every day, the total time of adjusting pH twice every day 

is about 1 h. The evaporated water was compensated 

with distilled water. The concentrations of Cu2+, total 

iron, pH, redox potential and cell density were analyzed 

at regular intervals. Each set of the experiments was 

carried out in triplicate. 

 

2.4 EPS extraction 

The EPS of Acidithiobacillus ferrooxidans was 

extracted at the adaptive phase, the logarithmic phase, 

the maximum cells density phase and the decline phase 

according to bacterial growth curves in bioleaching 

chalcopyrite, respectively. When cells grew up to a 

definite stage, ore residue was separated in natural after 

laying the flask aside 2 h quietly. The EPS of free 

microorganisms in the leached solution was    

extracted through sonication method associated with 

centrifugation [9]. The EPS of the attached 

microorganisms on the leached ore residue was extracted 

by repeated vortex and elution [14]. 

The leached solution was treated by centrifuging at 

10000g for 20 min to collect the free cells. Collected 

cells were washed and centrifuged two times using 

sterile iron-free 9K media with pH 2.0, and then these 

cells were re-suspended in 10 mL sterile iron-free 9K 

media, shaking at 30 °C for 1 h. The sample was put in 

ice bath, ultrasonicating in JY92−II ultrasonator for    

9 min (ultrasonic power of 80 W and work interval of 2 s) 

to strip the EPS from the free microorganisms, then 
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centrifuged with 12000g at 4 °C for 10 min (J-E Avanti 

centrifuge, Beckman Coulter Inc.). The extracted EPS 

samples of free cells were stored at −20 °C until  

analysis [1]. 

6 g ore sample, 1.5 g glass beads with a diameter of 

0.2 mm and 10 mL sterile water were shaken together on 

a vortexer (250 r/min) for 10 min. After this, the mixture 

was centrifuged at 3000g for 2 min to separate the ore 

residue. The ore residue was put back to continue vortex 

and elution until the microorganism in the supernatant 

cannot be seen from the microscope. Generally speaking, 

the procedure was repeated five times. The treated ore 

residue mentioned above was re-suspended in 10 mL 

sterile water, heated in water bath at 75 °C for 30 min to 

stripe the cells on the ore completely. After being cooled, 

it was centrifuged at 8000g for 5 min. All of the 

supernatants were collected into centrifuge tube, and 

then centrifuged with 12000g at 4 °C for 10 min to 

extract the EPS of the attached microorganisms. The EPS 

was also stored at −20 °C until analysis. 

 

2.5 Chemical analysis 

Cell numbers were estimated by microscopic 

enumeration. The total concentration of the proteins of 

EPS was determined using BCA Protein Assay Kit 

(Shanghai Tiangen Corporation, China) and using BSA 

as protein standard solution through measuring the 

absorbance at 562 nm by UV−9200 spectrophotometer. 

The total concentration of the polysaccharides of EPS 

was determined using phenol-sulfuric acid method 

through measuring the absorbance at 490 nm by 

UV−9200 spectrophotometer [17]. Total soluble iron and 

Cu2+ ions in bioleaching solution were determined by 

BSH9−D atomic absorption spectrometer. 2-keto-3- 

deoxyoctonate (KDO) is part of the cell membrane in 

gram negative bacteria, which can be used as a marker 

for bacterial membrane break, and the detection of DNA 

concentration could give more information about the 

break extent of all bacteria during EPS extraction. 

Contamination caused by damaging cells as possible was 

checked by analysis for 2-keto-3-deoxyoctonate   

(KDO) [18] and DNA in EPS sample [14]. 

 

3 Results and discussion 
 

3.1 Effect of pH value on bacterial protein secretions 

during chalcopyrite bioleaching 

Figure 1 shows the changes of the extracellular 

protein contents in EPSs secreted by free and attached 

bacteria with bacterial growth phases during chalcopyrite 

bioleaching under different conditions of controlled pH 

values. Obviously, whenever pH value is at 1.0, 1.5, 2.0 

 

 

Fig. 1 Effect of pH value on contents of extracellular proteins secreted by free and attached bacteria during chalcopyrite bioleaching 
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or 2.5, the protein content in EPS produced by attached 

cells is basically much more than that produced by free 

cells in the solution at bacterial adaptive phase, 

logarithmic phase and stationary phase. The free bacteria 

only produce small amount of extracellular protein. The 

extracellular protein contents per 1010 cells basically do 

not vary with bacterial growth phase at pH 1.0 and 2.5, 

but there is a maximal peak of extracellular protein 

content at logarithmic phase, pH 1.5 and 2.0,  

respectively. The extracellular protein content at 

logarithmic phase is about 0.2, 4.8, 0.7 and 0.08 mg per 

1010 cells at pH 1.0, 1.5, 2.0 and 2.5, respectively. As the 

total concentrations of the copper ions plus iron ions in 

the logarithmic growth phase on day 10 of bioleaching 

are 0.857, 1.095, 0.979 and 0.642 g/L at pH 1.0, 1.5, 2.0 

and 2.5, respectively, the extracellular protein content in 

EPS secreted by the free cells in the logarithmic growth 

phase is mainly related to the total concentration of 

soluble metal ions at pH 1.5, 2.0 and 2.5, except at pH 

1.0. For the attached cells, the amount of DNA extracted 

from the ore residue was less than 0.2 mg/g, and the 

KDO content in extracted EPS was in the range of 

0.03–0.08 mg/g. So, the low amounts of DNA and KDO 

in extracted EPS indicated the negligible contamination 

of intracellular substances in the collected EPS. The 

changes in extracellular protein contents per 1010 cells of 

attached cells at bacterial adaptive phase, logarithmic 

phase and stationary phase with controlled pH values 

show the pattern as the following order: pH 1.0 >     

pH 1.5 > pH 2.0 > pH 2.5, and the protein content per 

1010 cells basically decreases in proper order of bacterial 

adaptive phase, logarithmic phase, stationary phase and 

decline phase at 1.0 1.5 and 2.5, except at 2.0. There is 

an obviously maximal peak of extracellular protein at 

logarithmic phase and pH 2.0. The experimental results 

indicate that the extracellular protein secreted by 

attached cells is mainly positively related to the solution 

acidity. 

 

3.2 Difference between extracellular protein and 

polysaccharide secretions during chalcopyrite 

bioleaching at different pH values 

Figure 2 shows the differences between the 

extracellular protein and polysaccharide contents in EPSs 

secreted by free bacteria (solution bacteria) at different 

growth phases during chalcopyrite bioleaching under the 

conditions of different pH values. The extracellular 

protein content is basically less than the extracellular 

polysaccharide content secreted by free bacteria       

at bacterial adaptive phase, logarithmic phase and  

 

 
Fig. 2 Effect of pH value on extracellular protein and polysaccharide contents in EPSs secreted by free bacteria during chalcopyrite 

bioleaching 
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stationary phase, respectively. The changes of the 

bacterial extracellular protein and polysaccharide 

contents per 1010 cells with bacterial growth phase show 

similar change law at pH 1.5 and 2.0, except at pH 1.0 

and 2.5 which are unsuitable environments for bacterial 

growth. The change in bacterial extracellular 

polysaccharide contents per 1010 cells at logarithmic 

phase with pH value shows the pattern as pH 1.5 >   

pH 2.0 > pH 1.0> pH 2.5. As the total concentrations of 

the copper ions plus iron ions in the logarithmic growth 

phase on day 10 of bioleaching are 1.095, 0.979, 0.857, 

and 0.642 g/L at pH 1.5, 2.0, 1.0, and 2.5, respectively, 

the bacterial extracellular polysaccharide content per 1010 

cells secreted by the free cells at the logarithmic growth 

phase is positively related to the total concentration of 

metal ions in the bioleaching solution. The change in 

bacterial extracellular polysaccharide contents per 1010 

cells at adaptive phase with pH value shows the pattern 

as pH 1.0 > pH 2.5 ≈ pH 1.5 > pH 2.0. As this is just the 

order of the unsuitable pH environment, free cells are 

through secreting more extracellular polysaccharides to 

fight against disadvantageous pH solution environments 

at the adaptive phase. According to the discussion 

mentioned in Section 3.1, the extracellular protein 

content in EPS secreted by the free cells in the 

logarithmic growth phase is mainly related to not only 

the total concentration of metal ions but also the solution 

pH value in the bioleaching solution. At adaptive phase, 

bacterial extracellular protein contents per 1010 cells at 

pH 1.0, 1.5, 2.0 and 2.5 are very small, and the change in 

bacterial extracellular protein content per 1010 cells with 

pH value is also different from that in bacterial 

extracellular polysaccharide content per 1010 cells with 

pH value. So, the experimental results imply that free 

cells are mainly through the secretion of extracellular 

polysaccharide rather than the extracellular protein to 

fight against disadvantageous solution environment, such 

as high concentration of metal ions and unsuitable pH 

solution. 

Figure 3 shows the differences between the 

extracellular protein and polysaccharide contents in EPSs 

secreted by attached bacteria at different cell growth 

phases of bioleaching chalcopyrite under the conditions 

of different pH values. The polysaccharide and protein 

contents per 1010 cells in EPSs of attached cells in 

various growth phases all decrease with the increase in 

pH value as the following order: pH 1.0 > pH 1.5 >   

pH 2.0 > pH 2.5. The special phenomenon at pH 2.5 

perhaps results from the hydrolysis precipitation of Fe3+ 

ions on the surface of chalcopyrite, which hinders the 

 

 
Fig. 3 Effect of pH value on extracellular protein and polysaccharide contents in EPSs secreted by attached bacteria during 

chalcopyrite bioleaching 
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bacterial activity and bioleaching. The total 

concentrations of the copper ions plus iron ions in the 

logarithmic growth phase on day 10 of bioleaching are 

1.095, 0.979, 0.857 and 0.642 g/L at pH 1.5, 2.0, 1.0 and 

2.5, respectively.  So, both polysaccharide and protein 

secreted by attached cells are mainly positively related to 

the solution acidity rather than the total concentration of 

solution metal ions. This result also indicates that EPS 

biofilm only binds up a very small amount of metal ions, 

which is in agreement with our previous works [13]. 

Interestingly, it is found that the extracellular protein is 

always more than the extracellular polysaccharide 

secreted by attached cells at bacterial adaptive phase, 

logarithmic phase and stationary phase; on the contrary, 

the extracellular protein is always less than the 

extracellular polysaccharide secreted by free cells at 

bacterial  adaptive phase, logarithmic phase and 

stationary phase. KINZLER et al [12] thought that EPS 

can bind up more Fe3+ ions on the surface of sulfide 

mineral and it is helpful for bioleaching. But current 

experiments imply that extracellular protein perhaps 

plays a more important role in oxidation−reduction 

reactions in EPS biofilm. 
 
4 Conclusions 
 

1) The extracellular protein is always more than the 

extracellular polysaccharide secreted by attached cells on 

the chalcopyrite, on the contrary, is always less than the 

extracellular polysaccharide secreted by free cells in the 

solution at bacterial adaptive phase, logarithmic phase 

and stationary phase whenever is at 1.0, 1.5, 2.0 or 2.5. 

2) Free cells are mainly through the secretion of 

extracellular polysaccharide rather than the extracellular 

protein to fight against disadvantageous solution 

environment, such as high concentration of metal ions 

and unsuitable pH solution. 

3) Both polysaccharide and protein secreted by 

attached cells are mainly positively related to the 

solution acidity rather than the total concentration of 

soluble metal ions. 

4) The extracellular protein perhaps plays a more 

important role in oxidation−reduction reactions in EPS 

biofilm. 
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生物浸出黄铜矿中 pH 值对 

嗜酸氧化亚铁硫杆菌分泌胞外蛋白和胞外多糖的影响 
 

余肇璟 1,2，余润兰 1,2，刘阿娟 1,2，刘 晶 1,2，曾伟民 1,2，刘学端 1,2，邱冠周 1,2 

 

1. 中南大学 资源加工与生物工程学院，长沙 410083； 

2. 中南大学 生物冶金教育部重点实验室，长沙 410083 

 

摘  要：比较研究生物浸出黄铜矿中 pH 值对嗜酸氧化亚铁硫杆菌分泌胞外蛋白和胞外多糖的影响。实验结果表

明：当 pH 值为 1.0、1.5、2.0 和 2.5 时，在细菌生长的适应期、对数生长期和稳定期，矿物表面吸附菌分泌的胞

外蛋白量比胞外多糖量多，相反，浸出溶液中的悬浮细菌分泌的胞外蛋白量比胞外多糖量少；悬浮细菌主要通过

分泌胞外多糖而不是胞外蛋白来抵抗如高金属离子浓度和不适宜 pH 等不利生长溶液环境；吸附细菌分泌的胞外

多糖和胞外蛋白量主要正相关于溶液酸度而不是可溶性金属离子总浓度。这表明细菌主要是通过分泌更多胞外多

糖来对抗不利环境，而胞外蛋白可能在生物浸出系统的氧化−还原反应中起重要作用。 

关键词：胞外蛋白；嗜酸氧化亚铁硫杆菌；黄铜矿；生物浸出；pH 值 
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