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Microbial communities from different subsystems in biological
heap leaching system play different roles in iron and sulfur
metabolisms
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Abstract The microbial communities are important for min-
erals decomposition in biological heap leaching system.
However, the differentiation and relationship of composition
and function of microbial communities between leaching heap
(LH) and leaching solution (LS) are still unclear. In this study,
16S rRNA gene sequencing was used to assess the microbial
communities from the two subsystems in ZiJinShan coppermine
(Fujian province, China). Results of PCoA and dissimilarity test
showed that microbial communities in LH samples were signif-
icantly different from those in LS samples. The dominant genera
of LH was Acidithiobacillus (57.2 ∼ 87.9 %), while
Leptospirillum (48.6 ∼ 73.7 %) was predominant in LS.
Environmental parameters (especially pH) were the major fac-
tors to influence the composition and structure of microbial com-
munity by analysis of Mantel tests. Results of functional test
showed that microbial communities in LH utilized sodium thio-
sulfate more quickly and utilized ferrous sulfate more slowly
than those in LS, which further indicated that the most sulfur-
oxidizing processes of bioleaching took place in LH and the
most iron-oxidizing processes were in LS. Further study found
that microbial communities in LH had stronger pyrite leaching
ability, and iron extraction efficiency was significantly positively
correlated with Acidithiobacillus (dominated in LH), which

suggested that higher abundance ratio of sulfur-oxidizing mi-
crobes might in favor of minerals decomposition. Finally, a con-
ceptual model was designed through the above results to better
exhibit the sulfur and iron metabolism in bioleaching systems.
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Conceptual model

Introduction

Biohydrometallurgy is gradually becoming a kind of technol-
ogy because of effectively utilizing low-grade resources to
expand copper or other resource reserves in the age of re-
sources lacking. Biological heap leaching is the most wide-
spread technology, for the advantages of low cost, environ-
mental friendliness, mild reaction, higher recovery, and ease
of use; however, long production cycle is the main obstacle for
its large-scale application (Ehrlich 2001). The first commer-
cial bio-heap leaching plant in China with a capacity of 10,
000 t Cu/a in the ZiJinShan Copper Mine (Fujian Province,
China) started operation by the end of 2005 (Liu et al. 2010).
Nowadays, 20,000 t Cu/year was output from 13,000,000 t
ZiJinShan Copper Mine. Bio-heap leaching system is mainly
composed of two subsystems, leaching heap (LH) and
leaching solution (LS). The LS is formed by collecting
leaching liquid from LH, and then the solution of LS could
be sprinkled to the LH again, forming a recycle.

The microbial communities were thought as one of the key
factors influencing the leaching efficiency (Qiu et al. 2008;
Yin et al. 2008). In order to enhance efficiencies of
bioleaching, the selection of high-efficient microorganisms
or microbial communities is the key point (JOHNSON
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2008). Several studies were focused on the isolation of high-
efficient strains and building mixed cultures (Liu et al. 2011;
Zhang et al. 2015). However, these measures appeared to be a
little blind and unpractical in industry bioleaching, because it
seems impossible to build appropriate microbial community
before understanding the composition and function in situ
microbial communities in bioleaching systems. Therefore, it
is important to put insight into the composition, structure, and
function of microbial communities in biological heap leaching
system and into the relationships between composition and
function of microbial communities in bioleaching system.
Previous studies have only focused on the composition of
microbial community in biological heap leaching systems.
Mendez-Garcia et al. reported that the primary biochemical
transformation involving iron occurring in solution was fer-
rous iron oxidation and the related microorganisms were
Acidithiobacillus ferrooxidans and Leptospirillum (Mendez-
Garcia et al. 2015). According to Hu et al., the dominant genus
of LS was Acidithiobacillus, but Acidiphilium was predomi-
nant in LH in Dexing (Jiangxi, China) biological heap
leaching system (Hu et al. 2015; Zhang et al. 2016).
However, few studies were involved in functions and its rela-
tionship with structure of communities in biological heap
leaching system.

There are two opposite views about the relationships be-
tween structure and ecosystem function of microbial commu-
nity. Griffiths et al. supported the view that enhanced species
diversity was beneficial to ecosystem functioning (Griffiths et
al. 2000). And according to Loranger et al., due to a greater
diversity of species, the main limiting nutrient, soil mineral
nitrogen, was utilized more completely, and plant productivity
increasedmore rapidly (Loranger et al. 2013). On the contrary,
other researchers supported the other view that the character-
istics of ecosystem depended more upon the particular func-
tional species than the number of total species (Sophie et al.
2007), that was, composition (species abundance) of microbi-
al community determined ecosystem function. Undoubtedly,
in order to enhance the efficiency of mineral’s leaching, it was
very important to know the relationship between the compo-
sition of microbial community and the function, but still few
studies were about it.

In this study, 16S rRNA gene high-throughput sequencing
and functional experiments were employed to investigate the
composition and real functions of microbial communities in
bioleaching system. Two important questions should be ad-
dressed: (i) What are the differentiations of composition,
structure, and function between microbial communities in
leaching heap and leaching solution? (ii) What are the rela-
tionships between composition and function of microbial
communities in biological leaching system? To answer these
questions, a total of 12 samples were obtained from leaching
heap and leaching solution in ZiJinShan copper mine (Fujian
province, China). Our results indicated that mineral

dissolution would be more efficient using the microbial com-
munities composed of higher abundance of sulfur-oxidizing
microbes at the initial stage in leaching heap, which is mean-
ingful in bioleaching industry.

Materials and methods

Site description, samples collection, and DNA extraction

The biological heap leaching system of the ZiJinShan copper
mine was located at 25。10′ 41″ ∼ 25。11′ 44″N and 116。24′
00″ ∼ 116。25′ 22″ E in the Fujian province, China. In this
study, a total of 12 samples were collected from leaching heap
(LH, 1.5 m deep) and leaching solution (LS) with 6 replicates
for each subsystem (Fig. S1). Each LH sample was approxi-
mately 5 kg and the volume of each LS sample was about
20 L.

The environmental parameters were detected as follows.
Inductively coupled plasma (ICP) was used to reveal the ele-
mental composition of each sample. The dissolved ferrous ion
and ferric ion were measured using ultraviolet spectrophotom-
etry with microplate reader (ELIASA) by atomic absorption
spectrophotometry (AAS), and the pH was measured using a
pH meter, but preprocessing was needed for LH samples to
detect these parameters. In the preprocessing, 2-g sample was
added into 5-mL ddH2O, then it could be measured after 15-
min shaking (using an oscillator) and 30-min standing.

LS samples were filtered through qualitative filer paper to
remove particles and large cells. Microorganisms were col-
lected with a 0.22-μm filter paper. Each LH sample was
washed by sterile dH2O (pH 2.0, volume 10 L), then micro-
organisms were washed from the ore surface to the solution.
Subsequently, they repeated the treatment of LS samples. The
collection was used for DNA extraction and later S and Fe
oxidation experiments. Total DNA was also extracted sepa-
rately from each experimental group using a TIANamp geno-
mic DNApurification kit (Tiangen Biotech, Co., Ltd., Beijing,
China). 0.8 % (w/v) agarose gel was used to visualize the
extracted DNA stained with ethidium bromide, while a
NanoDrop_ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, USA) was used to measure the
concentration of purified total genomic DNA.

DNA amplification, Illumina sequencing and data
processing for DNA samples

These processes were as same as our previous study (Xiao et
al. 2015; Yin et al. 2015). The V4 hypervariable region of the
16S rRNA gene was amplified using PCR primers 515F (5′-
GTGCCAGCMGCCGCGGTAA-3 ′) and 806R (5 ′-
GGACTACHVGGGTWTCTAAT-3 ′) combined with
Illumina adapter sequences, a pad and a linker of two bases,
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as well as barcodes on the reverse primers. The amplification
mix contained 12.5 μl PCR Mix (Vazyme Biotech, China),
1 μl of a 0.25 mM solution of forward/reverse primer, 1 μl of
template DNA, and ddH2O was added to reach a total volume
of 25 μl. Genomic DNA (20 ng) was added to the PCR mix.
Each sample was amplified under the following conditions:
94 °C for 5 min, 28 cycles of 94 °C for 45 s, 62 °C for 45 s,
and 72 °C for 1 min then 10 min at 72 °C. The purified PCR
amplicons were analyzed using Agarose Gel DNA
Purification Kit (Omega Bio, America). Sample libraries were
generated from purified PCR products. The Miseq 500 cycles
kit was used for 2 × 250 bp paired-ends sequencing on Miseq
machine (Illumina, America). Raw sequences with perfect
matches to barcodes were split to sample libraries and were
trimmed using Btrim with threshold of QC higher than 20
over five bp window size and the minimum length of
100 bp. The raw data of the high-throughput sequencing has
been submitted to the Sequence Read Archive (SRA) of
NCBI, and the project ID is SRP067716.

Functional tests of microbial communities in leaching
heap and leaching solution

Functions of microbial communities in leaching heap and
leaching solution mainly include sulfur and iron oxidation.
Sodium thiosulfate and FeSO4•7H2O oxidation rates were
measured to evaluate S and Fe and oxidation ability of micro-
bial communities in LH and LS, respectively. In addition,
pyrite oxidation rates were measured to evaluate mineral
leaching ability. Microorganisms were cultured in 250-mL
flasks containing 100 mL of sterile DSMZ or 9 K medium
with the same inoculation concentration (1 × 106 cells/mL)
and incubated at 30 °C on a rotary shaker (170 r/min).
Sodium thiosulfate (5 g/L) was added into medium DSMZ
to detect S oxidation, and the initial pH was 4.4.
FeSO4•7H2O (44.7 g/L) or pyrite (20 g/L) was added into
9 K to detect Fe oxidation, and the initial pH was 1.5. The
iron-free 9 K medium contained 3.0 g/L (NH4)2SO4, 0.5 g/L
MgSO4•7H2O, 0.5 g/L K2HPO4, 0.1 g/L KCl, and 0.01 g/L
Ca(NO3)2. The DSMZ medium contained 3.0 g/L
(NH4)2SO4, 3 g/L KH2PO4, 0.5 g/L MgSO4•7H2O, and
0.25 g/L CaCl2•2H2O. The pH value and concentration of
ferrous ions were measured every 24 h.

Data analysis

Data analyses were carried out using the R software (version
3.1.12), including functions from the vegan package (Dixon
2003). Microbial diversity was evaluated by Shannon diversi-
ty index Shannon 1948 and Pielous’s evenness index (Pielou
1977). Mantel tests were used to evaluate the relationships
between the microbial community structure and environmen-
tal parameters (Peres-Neto and Jackson 2001; Smith et al.

1997). Principal component analysis (PCA) was used to ana-
lyze the dissimilarity of physical and chemical characterize of
all samples (Wikström et al. 1999), and principal coordinates
analysis was used to analyze the genetic relationship of differ-
ent microbial community (Li et al. 2015).

To explore relationships among ability of sulfur oxidation,
iron oxidation, and pyrite decomposition and species
(Acidithiobacillus, Leptospirillum), regression analysis was
carried out using linear regression followed by ANOVA to
test for significance.

Results

Physical and chemical characteristics in two subsystems

All samples were characterized with low pH, high content of
Fe, S, and heavy metals (e.g., Cu, As, Mn, Zn, Pb). The pH
values of LH and LS were about 2.30 and 1.23, respectively.
The concentrations of ferric ions and ferrous ions in LS were
about 250 ppm (mg/L) and 40 ppm (mg/L), respectively, and
those in LH were about 500 ppm (mg/kg) and 20 ppm (mg/
kg), respectively. The total amounts of elemental concentra-
tions (except Zn, Cr, Cu, and Co) in LH were higher than
those in LS. The total amount of Cu was higher in LS. The
data were shown in Table S1. The parameters were analyzed
by PCA to determine the dissimilarity in geochemical compo-
sition among all samples. The results showed that samples
from LH were separated with LS samples (Fig. S2).

Overview of composition, structure, and diversity
of microbial communities

In order to explore changes of microbial community compo-
sition and structure in LH and LS in detail, 16S rRNA gene
amplicon sequencing was used. Rarefaction curves based on
the number of OTUs (97 % similarity) and sequencing reads
showed that the numbers of OTUs were almost saturated
(Fig. S3), and it was indicated that result of sequencing was
reliable in representing the real community. Generally, micro-
bial community composition was apparently different be-
tween LH and LS samples by dissimilarity test (ADONIS,
R2 = 0.886, p = 0.001) and PCoA (Fig. 1a). And Table 1
showed both Shannon diversity and Pielou evenness indices
were significantly (p < 0.001) lower in LH (1.454 ± 0.266,
0.282 ± 0.038) than those in LS (2.971 ± 0.366,
0.498 ± 0.054).

A total of 585 OTUs were detected in all samples; among
them, 30 unique OTUs were detected in LH samples and 278
unique OTUs in LS samples. Forty-three OTUs were detected
among all 12 samples, which accounted for about 99 % of all
reads in LH samples and only about 80 % in LS samples.
Among all reads, the number of those belonged to Bacteria
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was accounted for about 99.7 and 95.7 % in LH and LS sam-
ples, respectively, and to archaea was about 0.3 and 4.3 %. LH
samples were dominated by OTU_1 (Acidithiobacillus,
47.9 % ∼ 72.7 %), while OTU_2 (Leptospirillum,
30.3 ∼ 51.1 %) was the dominant taxonomic group in LS
samples (Fig. 1b).

At the phylum level, the microbial communities were
mainly composed of Proteobacteria (58.4 ∼ 88.3 %) and
Nitrospirae (10.3 ∼ 39.3 %) in LH samples (Fig. S4). On the
contrary, the proportion of Nitrospirae (48.6 ∼ 73.7 %) was
higher than Proteobacteria (8.3 ∼ 16.1 %) in LS samples, and
another dominant phylum in LS was Firmicutes
(8.7 ∼ 18.9 %), which was lower than 0.5 % in LH samples.
The proportions of other phyla, such as Actinobacteria,
Cyanobacteria/Chloroplast, and Euryarchaeota, were also
much lower in LH samples than those in LS samples. At the
genus level, Fig. 1c showed that LH samples were dominated
by Acidithiobacillus (57.2 ∼ 87.9 %) and Leptospirillum
(10.2 ∼ 39.3%). Different from LH samples, LS samples were
dominated by Leptospirillum (48.6 ∼ 73.7 %), Sulfobacillus
(8.4 ∼ 18.6 %), Acidithiobacillus (3.5 ∼ 4.1 %), and unclassi-
fied species (4 ∼ 11.5 %). Particularly, we compared the rela-
tive abundance of other predominant genera in LH and LS
samples and found that all genera were more abundant in LS.

Linkage of microbial communities and environmental
parameters

To explore how environmental condition affected the structure
of microbial communities in bioleaching system (LH and LS),
the whole environmental parameters (Table S1), e.g., pH,

Fe2+, Fe3+, S, were taken into consideration and Mantel test
was performed. The result showed that environment had a
significant correlation (r = 0.795, p = 0.001) with microbial
communities. To further determine the most key individual
environmental parameters affecting structure of the microbial
communities, Mantel test of all 12 samples were performed
with 15 individual environmental parameters. The analysis
showed that all parameters, except for Ca and Co, were sig-
nificantly (p < 0.05) correlated with the structure of microbial
communities (Table 2).

Mantel tests were conducted to explore the relationships be-
tween various phyla or genera and environmental parameters or
individuality further (Table S2 and Table S3). Significant
(p < 0.05) or marginally significant (p < 0.10) relationships be-
tween the whole environmental parameters and various phyla
were observed: Nitospirae (r = 0.635, p = 0.001),
Proteobacteria (r = 0.836, p = 0.002), Firmicutes (r = 0.523,
p = 0.005), OD1 (r = 0.466, p = 0.01), and Armatimonadetes
(r = 0.243, p = 0.061). The environmental parameters had sig-
nificant effects on several genera, including Acidithiobacillus
(r = 0.844, p = 0.001), Leptospirillum (r = 0.635, p = 0.001),
Acidiphilium (r = 0.591, p = 0.002), Sulfobacillus (r = 0.523,
p = 0.002), Arthrobacter (r = 0.251, p = 067), Armatimonas/
Armotimonadetes_gp1 (r = 0.243, p = 0.068), Advenella
(r = 0.220, p = 0.083), Ferruginibacter (r = 0.203, p = 0.086),
Rhodobacter (r = 0.209, p = 0.097), Sphingomonas (r = 0.165,
p = 0.099), and so on. Table S3 showed that the dominant genus,
Acidithiobacillus, had significant or marginally significant rela-
tionships with all environmental parameters in this study, while
Leptospirillum did except for Ca, Cu, and Co, and Sulfobacillus
did except for ferrous ions, Ca, Zn, Cr, Cu, andCo. The common

Fig. 1 Summary of microbial communities in leaching heap (LH) and
leaching solution (LS). a The ordination plots of all samples for the
community structure analyzed by principal coordinates analysis
(PCoA). b The percentages of dominant OTU of microbial

communities in LH and LS, the Ba^ and Bb^ indicated the significant
difference between the OTUs of microbial communities in LH and LS.
c Microbial communities structure in LH and LS at genus level

Table 1 The Chao values,
Shannon diversity index, and
Pielou evenness of microbial
communities in leaching heap
(LH) and acid mine drainage (LS)

Group Chao Shannon diversity index Pielou evenness
H J

LH 2331.2749 (72.75 %) 1.454 ± 0.266a 0.282 ± 0.038a

LS 3210.5658 (86.74 %) 2.971 ± 0.366b 0.498 ± 0.054b

The Ba^ and Bb^ indicate the significant difference between the samples in LH and LS
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genus in bioleaching system,Ferroplasma, was only significant-
ly correlated with pH, S, P, Fe, K, Pb, and As.

Function of microbial communities in leaching heap
and leaching solution

The results of Na2S2O3 and FeSO4•7H2O oxidation experi-
ments showed that pH in LH group decreased faster than that
in LS group, while the concentration of ferrous ions in LS
group decreased faster than that in LH group (Fig. 2), which
indicated that sulfur-oxidizing ability was stronger in LH sam-
ples and iron-oxidizing ability was stronger in LS.

In order to further understand the process, functional tests
of pyrite leaching were conducted. The results of pyrite
bioleaching experiment showed that pH was more quickly
decreased and the concentration of ferric ion was more quick-
ly increased in LH samples (Fig. 3), which suggested that
microbial communities in LH samples had stronger function
of mineral decomposition.

Relationship between species abundance and function
of microbial community

Results of linear regression analysis showed that the concen-
tration of H+ in solution was significantly and positively corre-
lated with Acidithiobacillus proportion of inoculums (on day 7
of sodium thiosulfate oxidizing process, Fig 4), and the con-
centration of Fe2+ with Leptospirillum proportion (on day 6 of
ferrous sulfate oxidizing process), which indicated that higher
proportion of Acidithiobacillus enhanced sulfur oxidation abil-
ity and higher proportion of Leptospirillum enhanced iron ox-
idation ability. Furthermore, result of linear regression analysis
showed that iron extraction efficiency was positively and sig-
nificantly correlated to Acidithiobacillus proportion of inocu-
lum (on day 15 of pyrite leaching process, Fig. 5), which sug-
gested that higher proportion of Acidithiobacillus could en-
hance pyrite leaching ability.

Discussion

The microbial communities are important for minerals’ de-
composition in biological heap leaching system, which in-
cludes two sub-systems, leaching heap, and leaching solution.
Due to the different environmental condition in these two
subsystems, the composition of microbial communities might
be different, finally leading to the difference in the function of
microbial communities (Hu et al. 2015).

Differentiation of composition and structure of microbial
community in leaching heap and leaching solution

The observed microbial diversity at previously studied
bioleaching systems includes organisms belonging primarily
to the domains Bacteria, Archaea, and, to a lesser extent,
Eukarya (predominantly fungi and algae) (Mendez-Garcia
et al. 2015). In this study, our aim was to get insight into the
compositions of Bacteria and Archaea in the systems. Results
of 16S rRNA gene sequencing showed that microbial

Table 2 Summary of
statistical analysis of the
influences of each
environmental parameter
on microbial community
structures by mantel test

Factors r value p value

whole 0.795 0.001

pH 0.923 0.002

Fe2 0.416 0.001

Fe3 0.703 0.002

S 0.685 0.002

P 0.93 0.002

Fe 0.894 0.001

Ca 0.104 0.124

Zn 0.357 0.013

Mn 0.754 0.002

K 0.768 0.004

Cr 0.176 0.002

Pb 0.857 0.006

Cu 0.25 0.013

Co 0.097 0.133

As 0.95 0.001

Fig. 2 Sulfur oxidation (a) and
iron oxidation (b) of microbial
communities in leaching heap
(LH) and leaching solution (LS).
Variations of pH values and
ferrous ions were on behalf of
sulfur oxidation and iron
oxidation, respectively
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communities in bioleaching systems consisted of Bacteria
(above 90 %) and Archaea. Bacteria in communities were
mainly composed of the phyla Proteobacteria, Nitrospirae,
Firmicutes, Actinobacteria, Cyanobacteria/Chloroplast, and
Bacteroidetes, and Archaea were composed of the phyla
Euryarchaeota and Crenarchaeota.

Proteobacteria are widely distributed in acidic ecosystems;
among the most common genera, Acidithiobacillus are acido-
philes (optimal pH value was 2–3) and exhibit mesophilic
growth (Williams and Kelly 2013). These bacteria are
chemolithotrophic and grow through oxidizing iron and sulfur
(including A. ferrooxidans, A. ferridurans, A. ferrivorans) or
just sulfur (including A. caldus, A. thiooxidans, and
A. albertensis). The results showed that the proportion of
Acidithiobacillus was higher in LH samples (57.2 ∼ 87.9 %)
than that in LS samples (3.5 ∼ 4.1 %). The reason was mainly
the pH value in LH (around 2.3) was more suitable for
Acidithiobacillus to grow (Williams and Kelly 2013); howev-
er, it was too low in LS (around 1.2) and growth of
Acidithiobacillus might be limited.

Within the phylum Nitrospirae, one of the most relevant gen-
era known to inhabit bioleaching systems is Leptospirillum (op-
timal pH value was 1–2), which is chemolithoautotrophs that
obtain energy from oxidation of iron (García-Moyano et al.
2007). Leptospirillum consisted of three groups, including
L. ferrooxidans (group I), L. ferriphillum (group II), and

L. ferrodiazotrophum (group III) (Goltsman et al. 2009). The
results showed that LS samples (48.6 ∼ 73.7 %) had higher
proportion of Leptospirillum than LH samples (10.2 ∼ 39.3 %).
Firstly, differentiation of the pH value in two subsystems was a
reason. The pH in LS was more suitable for Leptospirillum to
grow. Secondly, take process of minerals dissolution into consid-
eration, iron was dissolved out and mostly became ferrous ions.
And ferrous ions dissolved in leaching liquid and flowed into LS,
which supplied energy source for Leptospirillum to grow. In
addition, the higher concentration of ferric ions was another driv-
er to higher proportion of Leptospirillum in LS, because some
studies revealed that, to a certain extent, the concentration of
ferric ions was higher (below 1 g/L or 1000 ppm),
Leptospirillum grew better (Ouml et al. 2007).

Sulfobacillus (phylum Firmicutes) appear to thrive prefer-
entially in lower pH condition (optimal growth at pH around 1.5)
(Anderson et al. 2012). These bacteria are mainly mixotrophic,
which can grow autotrophically by oxidizing iron or sulfur or
heterotrophically on yeast extract. Our results showed that higher
proportion of Sulfobacilluswas in LS (8.4 ∼ 18.6 %) than that in
LH (below 0.2 %). The pH was also one factor, leading to
Sulfobacillus growing better in LS (pH was around 1.2). In ad-
dition, most organics from death bacteria and extracellular me-
tabolites flowed into LS and accumulated, which promoted mi-
croorganisms who can utilize organics to grow, e.g.,
Sulfobacillus and the other relatively predominant genera,

Fig. 3 Variations of pH (a) and
the concentration of ferric ions (b)
during pyrite bioleaching by
microbial communities in
leaching heap (LH) and leaching
solution (LS)

Fig. 4 Plot of linear regression
analysis showing the relationship
between the concentration of H+

and proportion of
Acidithiobacillus (a) and the
relationship between the
concentration of Fe2+ and
proportion of Leptospirillum (b)
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including GpIIa, Armatimonas/Armatimonadetes_gp1, and
Advenella (Anderson et al. 2012; Tamaki et al. 2011; Tom
et al. 2005; Troesch et al. 1990).

Archaea populating bioleaching systems generally belong
to the phylum Euryarchaeota, and two of the most abundance
genera of this phylum in bioleaching systems are Ferroplasma
(optimal pHwas 1.2 ∼ 1.7) and Thermogymnomonas (optimal
pH was around 3) (Yang et al. 2014). These two genera were
both heterotrophic. Our results showed that the proportion of
these two genera were both higher in LS. Lower pH and more
organics still might be the reasons.

Through above analyses, we put forward another specula-
tion that minerals were firstly oxidized by sulfur-oxidizing
microbes, leading to ferrous dissolved into leaching solution
(LS), and then were oxidized by iron-oxidizing microbes,
which was consistent with the results by previous studies in
our lab (Xiao et al. 2015). Our study revealed that sulfur-
oxidizing microbes were the dominant species in the initial
stage, while iron-oxidizing microbes were the dominant spe-
cies in the final stage during bioleaching process.

To sum up, more kinds of common microorganisms in
bioleaching systems adapted to habitat LS subsystems, lead-
ing to higher microbial diversity of LS samples than LH sam-
ples. However, H.R. Watling demonstrated that greater micro-
bial complexity was observed with moderate pH (Watling
et al. 2013). It could been seen, although pH was quite an
important parameters through this study and demonstration
in study by Kuang et al. (Kuang et al. 2013), other parameters
(e.g., P, ferric ions, As) were also important to influence the
microbial communities in biological heap leaching systems.

Abundance ratio of sulfur- and iron-oxidizing microbes
determine functions of microbial community

The composition and structure of microbial communities were
different in LH and LS. It was clear that composition of mi-
crobial communities was one of the key factors influencing
community function, including mineral decomposition in

bioleaching process, ultimately altering leaching efficiencies.
As we know, metals almost cannot dissolve out of the min-
erals until sulfur and iron of mineral were oxidized (Rodríguez
et al. 2003a) so that it could be determined that ability of sulfur
and iron oxidizing are important functions of microbial
communities.

Our study indicated that sulfur-oxidizing ability of microbial
communities was stronger in LH samples, and iron-oxidizing
ability was stronger in LS samples. The main reasons included
two aspects. On the one hand, although the kinetics of mineral
dissolution was complicated during bioleaching process, iron
and sulfur always were released from mineral together.
However, the detached iron was in the form of ferrous ions,
which can dissolve into water, while sulfur was always in the
form of element sulfur, which cannot dissolve into water and
most was attached on the mineral’s surface (Rodríguez et al.
2003a, b). Therefore, more ferrous ions flowed into LS and
more element sulfur remained in LH, and after a long period
of adaptation, it is speculated that microbial community in LH
should had stronger sulfur-oxidizing ability and weaker iron-
oxidizing ability than those in LS. On the other hand, results of
NCBI blast (nr/nt database) showed the taxa of the top 13
OTUs (Fig. 1b and Fig. S5), including OTU_1 belonging to
A. albertensis strain SO-2 or A. thiooxidans SO-1 (100 %),
OTU_5, and OTU_113 belonging to A. caldus SM_1 (97 %).
These three species were all sulfur-oxidizing microbes
(Mendez-Garcia et al. 2015; Vardanyan and Vardanyan
2014). To sum up, sulfur- and iron-oxidizing microbes (except
microbes oxidizing both sulfur and iron) of microbial commu-
nities were about 69 and 21 %, respectively, in LH and were
about 3 and 58 %, respectively, in LS. Therefore, sulfur-
oxidizing ability of microbial communities was stronger in
LH samples, and iron-oxidizing ability was stronger in LS
samples. In addition, if microbes attached on the mineral’s sur-
face during a long period, they should had stronger minerals
bioleaching ability than those separated from mineral. Our
study was also proved that microbial communities in LH had
stronger pyrite bioleaching ability than that in LS.

Many studies have researched the relationship between
species diversity and ecosystem function (Huttenhower et al.
2012; Johnson 1998). Two types were put forward to quantify
the form of the relationship (Johnson 1998). Type 1 represent-
ed that all species were important for function, while type 2
emphasized the importance of the functional species. In
bioleaching system, metals dissolved out after sulfur and iron
were utilized by sulfur- and iron-oxidizing microbes; thus, we
speculated that functions (including sulfur, iron, and mineral
oxidation) should be mainly determined by functional species
abundance. That was, the relationship between species diver-
sity and function in bioleaching system should be fit to type 2.
On the one hand, there should be no doubt that microbial
communities consisting of more sulfur-oxidizing have stron-
ger ability of sulfur oxidation, and consisting of more iron-

Fig. 5 Plot of linear regression analysis showing the relationship
between iron extraction efficiency and proportion of Acidithiobacillus
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oxidizing microbes have stronger ability of iron oxidation.
And it was also proved by linear regression analysis (Fig. 4)
showing that sulfur-oxidizing ability was significantly and
positively correlated with Acidithiobacillus (utilizing sulfur)
and iron-oxidizing ability with Leptospirillum (utilizing iron).
On the other hand, ability of pyrite bioleaching was signifi-
cantly and positively correlated with Acidithiobacillus
(utilizing sulfur, Fig. 5). It also suggested that higher abun-
dance of Acidithiobacillus (representing sulfur-oxidizing mi-
crobes) could enhance mineral bioleaching, which was criti-
cally beneficial to improve efficiency of bioleaching industry.

According to the above results and discussion, a conceptual
model was designed about differentiations and relationships
of environmental condition (pH), microbial community com-
position, iron, and sulfur oxidizing processes in leaching heap
and leaching solution of biological heap leaching system
(Fig. 6), which can then be used to deepen our understanding
of sulfur and iron metabolism in bioleaching systems. Bio-
heap leaching system is mainly composed of two subsystems,
leaching heap (LH) and leaching solution (LS), and the latter
is formed by leaching liquid from the former, then the latter is
sprinkled to the former, forming a cycle. The microbial com-
munity in LH, dominated by sulfur-oxidizing microbes,
played a key role in mineral decomposition and sulfur oxida-
tion, and the microbial community in LS, dominated by iron-
oxidizing microbes, played a key role in iron oxidation.
Therefore, it may be that microbial community of higher

sulfur-oxidizing abundance could enhance minerals’ decom-
position and metals extraction efficiency.

In conclusion, composition and function of microbial com-
munities between LH and LS were significantly different, and
species abundance might be the key factor to determine the
function of microbial communities.
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