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Abstract: Microorganisms, one of the key factors affecting the bioleaching process, change the components of 
extracellular polymeric substance (EPS) and community structure to survive in leaching environments. In this work, 
Fourier transform infrared (FTIR), X-ray powder diffraction (XRD) and 16S rDNA high-throughput sequence analyses 
were used to reveal the microbial changes in planktonic and sessile phases during bioleaching. The results showed the 
occupation of sessile cells decreased from 66.2% to (10±3)%. After bioleaching, the planktonic and sessile cells have 
similar EPS, but they are different from the original cells. Pyrite dissolution mainly occurs at the early and late stages 
with the decreasing of particle diameter, by 50% and 40%, respectively. The 16S rDNA gene based sequence analysis 
results in total of 1117420 Reads across the six samples, presented among 7 phyla, 9 classes, 17 orders, 23 families and 
31 genera. Genera Leptospirillum and Sulfobacillus are the main bacteria at the early and middle stages, and 
Leptospirillum is the main genus at the end of bioleaching. Aquabacterium and Acidovorax are special genera in sessile 
cells and Weissella is special in planktonic ones. 
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1 Introduction 
 
    Bioleaching can be widely applied in mining 
to win or concentrate precious metal, such as gold, 
from insoluble metal sulfides by biochemical 
oxidation [1]. During bioleaching process, 
microorganisms are characterized as 
physiologically and behaviorally integrated, highly 
structured microbial communities [2]. The cells 
undergo profound change significantly when they 
transfer from planktonic phase to part of the sessile 
phase. 

The researches on pyrite bioleaching can be 
separated into two parts: mineral part and microbial 

part. For the mineral part, they focused on metal 
recovery [3], changes of mineral phases and the 
chemical compounds of the mineral surfaces [4]. 
Among the sulfides, pyrite has attracted much 
attention due to its stable structure and high iron 
and sulfur contents [5]. As a result of oxidation, 
jarosite and oxy-hydroxides can be detected in the 
samples [6]. YANG et al [7] found that silver ions 
could inhibit passivation layer formation on the 
chalcopyrite surface. YANG et al [8] also found that 
additional jarosite could inhibit passivation layer 
formation on chalcopyrite surface. For the 
microbial part, they focused on extracellular 
polymeric substance (EPS), microbial diversity and 
oxidation pathway. For this part, most of them  
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believed that the microorganisms oxidized pyrite 
via thiosulphate [9], and EPS played an important 
role in sulfides dissolution [10]. 
    For the both parts, researchers share the same 
opinion that the microorganisms can be separated 
into two parts: planktonic and sessile cells. The 
cells attach to minerals and form biofilms which 
can accelerate the dissolution. LI et al [11] analyzed 
the constituents and chemical components changes 
of EPS collected from planktonic and sessile cells 
and the results showed that both the constituents 
and chemical components of EPS are different in 
plankton and sessile cells. It is necessary to study 
the bacteria behavior in pyrite bioleaching to learn 
the cooperation mechanism of mixed culture. 
 
2 Experimental 
 
2.1 Minerals and microorganisms 
    Pyrite used in this study was ground in a ball 
grinder for 10 min and more than 80% of the 
minerals were less than 74 μm in particle diameter. 
Atomic absorption spectrometry analysis showed 
that after nitrolysis the sample contained 45.02% Fe 
and 53.50% S. The main original genera in mixed 
culture were Acidiplasma, Ferroplasma, 
Leptospirillum and Sulfobacillus. 
 
2.2 Bioleaching 
    The bioleaching tests were carried out in a  
4.5 L bioleaching assay with 3 L mixed culture with 
pH=1.50±0.05. The co-culture containing 
(1.8±0.3)×108 cells/mL was kept in 9K medium 
with initial pH of 1.8 at 45 °C. The medium 
consisted of 3 g/L (NH4)2SO4, 0.5 g/L K2HPO4,  
0.5 g/L MgSO4·7H2O, 0.01 g/L Ca(NO3)2, 0.1 g/L 
KCl and 44.3 g/L FeSO4 and 10% inoculation of 
cell suspensions [12]. Solutions were collected at 
the beginning, middle and end of bioleaching, for 
FTIR microspectroscopy, X-ray powder diffraction 
(XRD), 16S high-throughput sequence and 
chemical concentration measurements. 
    For the purpose of analysis, the solutions and 
mineral powder were examined separately. Before 
analyzing, powder obtained from the solution was 
washed with deionized water and 1 mol/L HCl and 
then dried at 80 °C for  8 h before characterizing 
by XRD (Model Ultima IV) and laser particle size 
analyzer (Mastersizer 3000). Besides, at the end of 

each special leaching experiment, the 
microorganisms were filtered from leaching 
solution through filters and rinsed with PBS 
solution, and then dried to analysis. 
 
2.3 ATR FTIR spectroscopy 
    The chemical compositions were examined by 
attenuated total reflection Fourier transform 
infrared (ATR FTIR) spectroscopy using a Nicolet 
iS10 spectrometer (Thermo Fisher Scientific Crop., 
USA) with an average of 43 scans in the range of 
400−4000 cm−1. 
 
2.4 16S high-throughput sequence 
    The samples for sessile and planktonic cells 
were filtered through millipore filter units (0.22 μm 
pore size) and kept at −80 °C for 16S high- 
throughput sequence analysis. The microorganisms 
were analyzed by GENEWIZ Inc., Suzhou, China. 
V3 and V4 regions of prokaryotic 16S rDNA were 
selected for PCR-amplified (the primers were 
CCTACGGRRBGCAS-CAGKVRVGAAT and 
GGACTACNVGGGTWTCTAATCC) and paired- 
end sequenced on an Illumina MiSeq platform after 
quality inspection by Qubit2.0 Fluorometer 
(Invitrogen, Carlsbad, CA). 
 
3 Results 
 
3.1 Bioleaching characterization 
    Redox potential, pH values and the distribution 
of sessile and planktonic cell per milliliter during 
bio-oxidization by mixed culture of acidophil are 
presented in Figure 1. The original pH value and 
redox potential were controlled as 1.70±0.05 and 
(455±5) mV, respectively. 
    Figure 1(a) indicates that the oxidation−redox 
potential increased from (455±5) mV to (652±   
10) mV and pH value decreased from 1.70±0.05 to 
1.13±0.02. In Figure 1(b), at first the distribution 
content of sessile cells was 66.2% which was twice 
that of planktonic cells but 2 d later free cells 
occupied more than sessile ones. At the end of 
bioleaching, the planktonic cells occupied (90±3)%, 
which may result from the dissolution and weight 
decrement of pyrite. In bioleaching, sessile cells are 
much easier to get energy and share more 
responsibility for mineral dissolution. The chemical 
compounds of minerals are different before and 
after  bioleaching,  which wil l  influence the 
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Figure 1 Eh−pH (a) and cell distribution (b) during pyrite 
bioleaching 
 
composition and contents of EPS compounds. It is 
necessary to analyze the EPS compounds before 
and after bioleaching. 
 
3.2 Biofilm composition 
    The FTIR spectra of cells before and after 
bioleaching are shown in Figure 2. After 
bioleaching, the spectra showed similar 
transmittance, which indicates the similar EPS 
composition. FLEMMING [13] pointed out that 
polysaccharides, proteins, amphiphilic molecules 
and DNA are involved in the first step of 
colonization by planktonic cells to surfaces, and the 
function of EPS components is to promote  
adhesion. The assignments of peaks indicate that 
cell surface consists of extracellular 
polysaccharides, proteins, and nucleic acids [14, 15]. 
Suitable contents of soluble ferrous salts render the 
bacteria to attach to the solid energy source, such as 
sulfides for growth, which results in the synthesis of 
more proteinaceous substances for the purpose of 
facilitating adhesion [16−18]. Thus, different 

 

 
Figure 2 FTIR spectra of cells before bioleaching (a) and 
sessile (b) and planktonic (c) 
 
contents of EPS components should be responsible 
for different adhesion forces. 
    As shown in Figure 2, the most remarkable 
difference in the peak assignments is that after 
bioleaching the phosphodiesters in phospholipids 
(1279 and 1066 cm−1) are proved to be apparent on 
the surface of microorganisms, while 
polysaccharides (1160.95 cm−1) are were not as 
significant as that of phospholipids. GEHRKE et al 
[17] found that the difference of ratio of total 
polysaccharides to proteins strongly affects the 
attachment of microorganisms onto solid surface. 
DIAO et al [19] also proposed that distinct 
retraction patterns captured the sequential un- 
folding or detachment of multiple biopolymer 
chains or cell surface appendages (e.g. pili     
and flagella). This could explain why 
microorganisms adapt with pyrite (FeS2) are more 
hydrophobic  than that with ferrous ion [20]. 
Besides after bioleaching, the stretching vibration 
band of —NH2 (3406.24 cm−1) and antisymmetric 
stretching vibration band of —CH3 and —CH2 
(2924.30 cm−1) became weaker. 
    It is of significance that the EPS compounds of 
both sessile cells and planktonic cells are quite 
different from those of the original ones. Combined 
with the curves of redox potential and distribution 
of planktonic cells, it is obvious that the bioleaching 
process can be separated into three phases, namely, 
early stage (0−3 d), middle stage (3−6 d) and late 
stage (6−7 d). It is necessary to analyze the 
chemical constitution of pyrite during bioleaching. 
 
3.3 Mineral characterization 
    In bioleaching, minerals were oxidized by 
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microorganisms and dissolved into solution. In this 
work, 80% of pyrite dissolved in solution after 
bioleaching. The mineral phases detected by XRD 
and particle size analyses during bioleaching are 
shown in Figure 3. 
    As shown in Figure 3(a), the main phase is 
pyrite, but with the dissolution of pyrite, quartz can 
be detected. From Figure 3(b) and Table 1, it is 
significant that the content of iron(II) decreased 
from 45.0% to 39.8% and that of sulfur increased 
from 53.0% to 56.1%, indicating that the content of  
 

  
Figure 3 X-ray powder diffraction (a) and D10, D50 and 
D90 (b) in the early, middle and late stages during pyrite 
bioleaching (BB: mineral before bioleaching; ES: 
mineral in early stage; MS: mineral in middle stage; LS: 
mineral in late stage) 

Table 1 Contents of elemental Fe and S in pyrite during 
bioleaching 

Condition w(Fe)/% w(S)/% w(S)/w(Fe) x(S)/x(Fe) 

Original pyrite 45.00 53.00 1.18 2.07 

Early stage 39.76 53.30 1.34 2.35 

Middle stage 41.96 49.60 1.18 2.07 

Late stage 39.83 56.10 1.41 2.46 

 
nutrient substance changed little. From Figure 3(b), 
the diameter of pyrite particles decreased a little 
because of dissolution. D90, D50 and D10 of pyrite 
decreased by 54.26%, 74.06% and 61.29%, 
respectively. Half of the pyrite particle decreased by 
50% approximately during early stage because the 
mechanical activation promoted chemical reactions. 
From the early stage to the middle stage, the pyrite 
particle decreased by almost 10%, but both D50 and 
D90 decreased by (40±3)% from the middle to late 
stage. It means that the pyrite bio-dissolution 
resulted from late stages.  
    Pyrite dissolution is the result of biochemical 
reactions, and the microorganisms get energy from 
the oxidation of iron(II) and reduced sulfides. The 
mass fraction of Fe and S changed significantly, and 
the changing process of mineral composition can be 
written as FeS2.07→FeS2.35→FeS2.07→FeS2.46. From 
the changing process, it is easy to find that the 
dissolution extents of Fe and S were different 
during each bioleaching stage. This may be the 
result of difference in community structure of 
microorganisms. 
 
3.4 Microbial community structure 
    For the analysis of the microbial community 
structure, samples were analyzed and the indices of 
Reads, OTUs, Chao1 and the Shannon indices were 
calculated (Table 2). The number of OTUs 
(operational taxonomic unit) for each sample was 
43727 based on Reads. The microbial richness of 
the sessile cells was greater than that of the 
planktonic cells, as validated by the Chao1 and 
Shannon indices. 
    The 16S rDNA gene based sequence analysis 
resulted in total of 1117420 Reads across the six 
samples, presented among 7 phyla, 9 classes, 17 
orders, 23 families and 31 genera. The heat map 
used in this work to reflect the changes biodiversity 
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Table 2 Reads, OTUs, Chao1 and Shannon indices of 
cells collected at early stage, middle stage and late stage 
(SC=sessile cells and PC=planktonic cells) 

Sample Reads OTUs Chao1 Shannon 

PC at early stage 249020 43727 25 2.299 

SC at early stage 122512 43727 37 3.1 

PC at middle stage 221570 43727 26 1.019 

SC at middle stage 148296 43727 39.333 1.455 

PC at late stage 252314 43727 26.75 0.68 

SC at late stage 123708 43727 33.6 0.088 9 

 
is shown in Figure 4. Phyla Nitrospirae and 
Firmicutes are the dominant, followed by 
Proteobacteria, Bacteroidetes and Cyanobacteria. 
262362 OTUs were detected and 135485 OTUs and 
86032 OTUs belonged to Leptospirillum and 
Sulfobacillus, respectively. 
    For genus Leptospirillum, the amount of OTUs 
was 11722 at the beginning of bioleaching, and 
among them 86% belonged to sessile cells. At the 
middle stage, this amount increased to 40318, and 
59% belonged to sessile cells. At the end of 

bioleaching, this number increased to 83037, and 
52% was for sessile. For genus Sulfobacillus, the 
OTU amount increased from 39606 to 43779 and 
then decreased to 2388. The occupation of sessile 
cells increased from 34% to 38% and finally 
decreased to 0.4%. It is significant that for both 
planktonic and sessile cells, Leptospirillum 
accumulated but Sulfobacillus decreased throughout 
the bioleaching. During bioleaching, the 
biodiversity showed little change, and the only 
change was the ratio of these genera. 
    To reflect the difference of microbial diversity 
between planktonic and sessile cells, metastats 
variation analysis was used in this work. The result 
of the analysis for the useful microorganisms is 
shown in Table 3. The most remarkable difference 
is the genus Aquabacterium and Weissella. The 
abundant genera Leptospirillum and Sulfobacillus 
showed high similarity with the p values of 
0.870357 and 0.834071, respectively. The archaea 
Acidiplasma showed the highest similarity in this 
work. Leptospirillum, Sulfobacillus and 
Acidiplasma grew in polluted sites with high 

 

  
Figure 4 Heat map of cells collected at early stage, middle stage and late stage in gene level: 0−The original cells; 
1−Sessile cells at early stage; 2−Sessile cells at middle stage; 3−Sessile cells at late stage; 4−Plank-tonic cells at early 
stage; 5−Planktonic cells at middle stage; 6−Planktonic cells at late stage 
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Table 3 Metastats variation analysis results calculated by language R (SC=sessile cells and PC=planktonic cells) 
Taxon SC_mean SC_variance PC_mean PC_variance p_value 

Leptospirillum 0.592658876 0.147422321 0.440324422 0.193485813 0.870357 

Sulfobacillus 0.231589846 0.041370683 0.42434972 0.102794592 0.834071 

Aquabacterium 0.018735227 0.000782179 0 0 0.038929 

Bacillus 0.000166683 2.3338×10−8 0.020704141 0.001279782 0.467857143 

Weissella 0.000166683 8.335×10−8 0.01080209 0.000283385 0.181071 

Acidiplasma 0.001066903 9.43613×10−7 0.000566723 9.63526×10−7 1 

Acidovorax 0.00570057 9.57892×10−5 0 0 0.499165 

 
concentrations of toxic metal ions, such as tailings 
and acid mine drainage systems, and the main 
catalysts of bioleaching [19]. A similar high 
accumulation has been reported for eight 
transcriptional active acid mineral drainage taxa 
[20]. 
 
4 Conclusions 
 
    1) In pyrite bioleaching, redox potential 
increased from (455±5) mV to (652±10) mV, and 
pH value decreased from 1.70±0.05 to 1.13±0.02. 
The microorganisms can be separated into two parts: 
sessile cells and planktonic cells. At first, the sessile 
community occupied 66.2%, and with pyrite 
dissolution it decreased to (10±3)%. After 
bioleaching, the spectra showed similar 
transmittance, indicating similar EPS, but they are 
different from the original cells. The biomass 
contains more proteinaceous, phospholipids and 
polysaccharides after bioleaching. 
    2) Pyrite dissolution mainly occurs at the early 
and late stages with the decreasing of particle 
diameter of 50% and 40%, respectively. The 
chemical elements Fe and S share different 
dissolution extents as a result of microbial diversity. 
Genera Leptospirillum and Sulfobacillus are the 
main important bacteria at early and middle stages 
for both planktonic and sessile communities and 
Leptospirillum is the main genera at late stage. 
Aquabacterium and Acidovorax are special genera 
in sessile cells and Weissella is special in planktonic 
ones. 
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中文导读 
 

黄铁矿生物浸出过程中微生物的多样性变化 
 
摘要：微生物是影响生物浸出过程的主要因素之一，它通过改变胞外高分子物质(EPS)的组分和群落

结构来适应浸出环境。本文利用傅里叶变换红外光谱(FTIR)、X 射线粉末衍射(XRD)和 16S rDNA 高

通量序列分析，揭示了生物浸出过程中游离和吸附微生物群落的变化。结果表明，吸附微生物由 66.2%
下降到(10±3)%。生物浸出后的游离和吸附微生物具有相似的 EPS，但与原始状态不同。黄铁矿      
溶解主要发生在早期和晚期，随着粒度的减小，分别减少了 50%和 40%。基于 16S rDNA 基因的序    
列分析结果显示，6 个样品共有 1117420 个 Reads，分布在 7 个门、9 个纲、17 个目、23 个科、31 个

属。Leptospirillum 和 Sulfobacillus 是早期和中期的主要菌种，Leptospirillum 是后期的主要菌属。

Aquabacterium 和 Acidovorax 在吸附细胞中是特殊的属，而 Weissella 是游离细胞中独有的。 
 
关键词：黄铁矿溶解；吸附细胞；游离细胞；高通量测序；微生物多样性；生物浸出阶段 


