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Introducing exogenous species to an indigenous microbial community is an effective way to reveal the
connections between metabolic processes, ecological function and microbial community structure.
Herein, three different functional consortia (ferrous oxidizers, sulfur oxidizers and ferrous/sulfur oxidizers)
were added to a natural leaching solution system derived from Zijin copper mine, China. The leaching
experiment showed that the copper extraction rate of the community invaded by a sulfur-oxidizing
consortium was 50.40% higher than that of the indigenous leachate at the endpoint of bioleaching. The
variations of ferrous content, total iron, pH and redox potential in leachates also provided evidence that
the community with exogenous sulfur oxidizers was more efficient. XRD analysis demonstrated that
a proper addition of the sulfur-oxidizing consortium could eliminate sulfur passivation, promote
production of chalcocite and enhance
consortium and a sulfur-oxidizing consortium greatly changed the community structure and microbial

leaching. Furthermore, an exogenous ferrous-oxidizing

succession and promoted the cell growth rate during the bioleaching process, while ferrous/sulfur
oxidizers showed no obvious effects on the indigenous community. Exogenous ferrous oxidizers, mainly
L. ferriphilum, and sulfur oxidizers, mainly A. thiooxidans, successfully established and colonized in the

indigenous community. However, only colonized A. thiooxidans, rather than L. ferriphilum, showed
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Accepted 2nd October 2018 advantageous enhancement in the dissolution of chalcopyrite. Results indicated that exogenous sulfur
oxidizer A. thiooxidans, which was scarce in the indigenous community, could easily colonize in the

DOI: 10.1039/c8ra070859 indigenous community, significantly change the community structure, sufficiently execute its function,
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Introduction

With the continuous consumption of high-grade minerals, the
demand for exploitation of low-grade ores has been increasingly
urgent. In recent decades, bioleaching has been considered as
a successful metallurgical technology to extract precious and
base metals from low-grade ores,' such as secondary copper
sulfides, pyritic gold ores or nickel-copper sulfide ores.>* Biol-
eaching systems constitute suitable habitats and niches for the
colonization of a diversity of microorganisms. To date, more
than 40 types of acidophilic species have been detected in
bioleaching systems.* Based on different functional perfor-
mances, bioleaching microorganisms can be assigned as
ferrous-oxidizing acidophiles (mainly Leptospirillum ferriphilum
and Ferroplasma thermophilum), sulfur-oxidizing acidophiles
(mainly Acidithiobacillus caldus and Acidithiobacillus thioox-
idans) and ferrous/sulfur-oxidizing acidophiles (mainly
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and greatly enhance copper dissolution.

Acidithiobacillus ferrooxidans and Sulfobacillus thermosulfidoox-
idans).® Ferrous-oxidizing acidophiles can dissolve sulfide ores
to produce ferric iron, which further attack minerals to generate
sulfur or polysulfide on the ore surface. Complementary to this,
sulfur-oxidizing acidophiles can consume elemental sulfur or
polysulfide to drive the bioleaching process.® Currently, many
researchers have turned their attention on microbial commu-
nities owing to the close relationships between functional
oxidizers, environmental factors and bioleaching perfor-
mances.”® Sulfur and iron oxidizers are often jointly used to
improve the bioleaching efficiency.”*

Due to the ever-changing physical and chemical parameters
in leachates, the types of microorganisms in different biol-
eaching systems or in different phases under the same biol-
eaching condition are always differential.®*"* Under two
subsystems in the Zijin Shan copper mine (Fujian province,
China), Acidithiobacillus was the dominant genus in the leach-
ing heap system, while Leptospirillum owned the competitive
advantage in the leaching solution system. In a successive
process of chalcopyrite bioleaching, At caldus, Sulfobacillus
acidophilus and F. thermophilum sequentially dominated the
system from the initial to the end phase.” The dynamic changes

This journal is © The Royal Society of Chemistry 2018
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in different microorganisms played different roles in chalco-
pyrite dissolution and their synergistic functions were tightly
related to the efficiency of chalcopyrite bioleaching.' However,
in a natural ecosystem, microbial invasion is an extremely
common scenario. As a dynamic and open environment, such
a bioleaching system could be more frequently affected by
exotic species. Alien or exotic species can in some cases change
the structure and functioning of an entire ecosystem.** Our
previous study has demonstrated that when an exogenous
strain At. thiooxidans A01 was introduced to a consortium of
pyrite bioleaching, the functional gene expression, structure
and function of the indigenous consortium changed, and 10.7%
increase in bioleaching rate was observed.” It has also been
reported that the introduction of F. thermophilum into the
defined microbial consortium (At. caldus and L. ferriphilum)
accelerated the dissolution of the mineral and caused signifi-
cant differences in the planktonic and attached population
dynamics.'® These examples provided more information for the
study of exogenous acidophiles on artificial microbial commu-
nities in a bioleaching system. However, to date, only a few
studies have reported the effects of exogenous acidophiles on
the community structure and function in an in situ copper mine
system. A study on an in situ copper mine system could be more
practical and applicable for understanding natural bioleaching
systems."”

In our previous study, the differences in microbial structure
and function between leaching heap (LH) and leaching solution
(LS) in Zijin Shan copper mine (Fujian province, China) were
investigated. Bioleaching experiment showed that microbial
communities in LH had stronger leaching ability, while mineral
extraction efficiency was significantly positively correlated with
sulfur-oxidizing microbes.”> Therefore, we suspected that
additional oxidizing microbes could enhance the bioleaching
efficiency of LS. To explore the effects of exogenous microor-
ganisms on chalcopyrite bioleaching, acidophiles with different
oxidative functions (ferrous oxidizers, sulfur oxidizers and
ferrous/sulfur oxidizers) were introduced into in situ microbial
communities of LS. Through observing the changes in envi-
ronmental properties and microbial communities, this study
can further reveal the mechanism of chalcopyrite bioleaching
upon coupling with exogenous functional oxidizers.

Materials and methods
Chalcopyrite samples

Chalcopyrite samples used in this study were obtained from
Guangxi, China. The ore samples were prepared by crushing,
hand-sorting to remove the gangue minerals, grinding and dry-
sieving to 0.037-0.074 mm (200-400 mesh grid, Tyler series).
After washing with 2 M HCI, distilled water and pure ethanol,
the ore samples were dried and placed in a 125 mL vacuum
desiccator at room temperature for further study. Chemical
analysis by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES, PS-6, Baird, USA) showed that the samples
contained Fe (28.70%), Cu (33.10%) and S (35.40%). X-ray
diffraction (XRD, D/Max 2500, Rigaku, Japan) pattern (Fig. 1)
showed that the main mineral phase was chalcopyrite.
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Microorganisms and culture media

Six typical acidophilic strains used in this study were provided
by the Key Lab of Biometallurgy of Ministry of Education,
Central South University. The strains include two ferrous-
oxidizers (L. ferriphilum DX2012 and F. thermophilum DX2012),
two sulfur-oxidizers (A. caldus DX2012 and A. thiooxidans
DX2012) and two ferrous/sulfur-oxidizers (4. ferrooxidans
DX2012 and S. thermosulfidooxidans DX2012). All strains were
cultured aerobically in sterile 9 K medium (autoclaved at 121 °C
for 20 min) comprising (NH,),S0, (3.0 g L™ "), K,HPO, (0.5 g
LY, KCI (0.1 g L™Y), Ca(NOs), (0.01 g L™Y), and MgSO,-7H,0
(0.5 g L™1). The energy sources were FeSO,4-7H,0 (44.7 g L™ 1) for
ferrous-oxidizers, S° (10 g L") for sulfur-oxidizers and FeSO,-
-7H,0 (22.4 g L") and S° (5 g L") for ferrous/sulfur-oxidizers.
In addition, 0.02% (w/v) yeast extract was added for S. thermo-
sulfidooxidans and 0.01% (w/v) yeast extract was added for F.
thermophilum. Detailed culture conditions of acidophiles were
referenced from a previous study.™

Preparation of indigenous leaching communities

Original leaching samples were collected from a leaching
solution (LS) of the Zijin Shan copper mine in Fujian province,
China. First, microorganisms from LS were collected by filtering
the solution with 0.22 pm-filter paper. Then, the microorgan-
isms were cultivated in 9K medium at pH 2.0 and 30 °C for three
successive generations with three different energy substrates: (i)
FeSO,-7H,0 (44.7 g L™); (ii) S° (10 g L™"); and (iii) FeSO,- 7H,0
(22.4 g L7") + 8° (5 g L") + yeast extract (0.2 g L™").*® Finally,
microbial cultures from different media were mixed in a flask.
The mixed cultures were inoculated into 500 mL-shake flasks
with 250 mL 9K medium and 2% chalcopyrite (w/v) for 30 days
for three successive generations. Then, the indigenous leaching
microbial communities were obtained by filtering, centrifuging
and washing mineral residues from the third leachate.

Bioleaching experiments

Bioleaching experiments were performed in 500 mL-shake
flasks, each containing 250 mL sterilized 9K medium and 2%
pulp density (w/v); the initial pH was adjusted to 2.0 by adding
18 M sulfuric acid. The initial cell density of indigenous
microorganisms was 1.0 x 10’ cells per mL for inoculated
systems. The cell density of each exogenous consortium was 1.0
x 108 cells per mL (e.g., 0.5 x 10® cells per mL for L. ferriphilum
and 0.5 x 10° cells per mL for F. thermophilum). These
consortiums were introduced to the indigenous leaching
systems prior to the log phase (at 6th day). Experimental
systems were classified into four series: indigenous community
(system A), indigenous community + ferrous-oxidizers of L.
ferriphilum and F. thermophilum (system B), indigenous
community + sulfur-oxidizers of A. caldus and A. thiooxidans
(system C) and indigenous community + ferrous/sulfur-
oxidizers of A. ferrooxidans and S. thermosulfidooxidans
(system D). Furthermore, one abiotic control was set up for each
system. Rotating speed and temperature of the rotary shaker
were set at 175 rpm and 30 °C, respectively. During the leaching
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Fig. 1 XRD analysis of the chalcopyrite sample.

process, evaporation loss was compensated by adding water of
pH = 2.0 and sampling loss was compensated by periodically
supplementing with sterile 9K medium to maintain the volume
of the system.

Analytical methods

Physicochemical parameters, such as pH, oxidation-redox
potential (ORP) and the concentration of dissolved metal ions
in bioleaching systems, were measured every three days. pH
value was measured by a digital pH meter (PHSJ-4A, Leici,
Shanghai, China). ORP was monitored by a Pt meter (213-01,
Leici, Shanghai, China) using an Ag/AgCl reference electrode.
The supernatant of each treatment was collected to detect cell
density and the concentrations of dissolved copper ions and
ferrous ions in solution. Cell density was measured using blood
cell counting chambers (XB-K-25, QiuJing, Shanghai, China).
Copper concentration was assayed based on the color reaction
with bis(cyclohexanone) oxalyldihydrazone.” Ferrous iron
concentration was analyzed using the 1,10-phenanthroline
spectrophotometry assay.>*

In the bioleaching process, 5 mL of bioleaching solution was
collected from each flask on the 0, 6, 12", 18 24 30 and
36" day for each system. Samples were centrifuged at 2000 x g
for 2 min to separate the supernatant from the bottom sedi-
ment, following which the supernatant was collected. Then, the
sedimented ore samples were re-suspended and shaken on
a vortexer by adding 5.0 mL of sterile basal media several times
until no cells could be detected under the microscope. Finally,

37042 | RSC Adv., 2018, 8, 37040-37049

the cells were collected by centrifuging the mixed supernatants
at 12 000 x g for 10 min. Subsequently, total DNA from each
sample was extracted with a TIANamp® Bacteria DNA kit
(Tiangen Biotech, Co. Ltd., Beijing, China) and analyzed by 1%
(w/v) agarose gel electrophoresis. Independent PCR reactions
were conducted to amplify the V4 hyper variable region of the
16S rDNA (~250 nucleotides) with the primer set 515F (5'-
GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-GGAC-
TACHVGGGTWTCTAAT-3').>* Sequencing was performed on the
Ilumina MiSeq platform (Illumina, San Diego, CA, USA) using
a 500 cycles kit (2 x 250 bp paired-ends) at the Key Laboratory of
Biometallurgy of Ministry of Education in Central South
University. Raw sequence data were processed on an in-house
galaxy pipeline developed by Prof. Zhou's lab (http://
zhoulab5.rccc.ou.edu/), similarly to our previous studies.??
Through quality trimming (using Btrim to remove sequencing
adaptors and low quality regions), merging and clustering
(using CD-HIT algorithm), the samples were rarefied to a depth
of 10 000 sequences per sample and clustered into 289 opera-
tional taxonomic units (OTUs) by a 97% identity cutoff using
UCLUST.” Taxonomic assignment was conducted through the
RDP Classifier** with a minimal 50% confidence estimate. Raw
data of the high-throughput sequencing used to characterize
community variations have been submitted to the Sequence
Read Archive (SRA) of NCBI, and the project ID is SRP 141342.

Furthermore, real-time quantification polymerase chain
reaction (RT-qPCR) was introduced to clarify the different
strains of Acidithiobacillus spp. and further reveal community
succession during the bioleaching process. RT-qPCR primers

This journal is © The Royal Society of Chemistry 2018
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for A. caldus, A. thiooxidans and A. ferrooxidans were designed by
Primer Premier 5.0 and synthesized by BioSune (BioSune Bio-
logical Engineering Technology & Services Co. Ltd., Shanghali,
China). Before RT-qPCR, conventional PCR was performed and
the products were diluted serially from 10* to 10'° copies per mL
and amplified by RT-qPCR to construct standard curves. The
detailed procedure for RT-qPCR was performed on an iCycler iQ
Real-time PCR detection system (Bio-Rad Laboratories Inc.,
Hercules, USA) as per the method described in a previous
study.’®

Data analysis

All graphs and charts were generated using Origin 9.0 or R v.
3.4.0. Statistical differences in experimental data were deter-
mined by a one-way analysis of variance (ANOVA), followed by
the Least Significant Difference (LSD) test in SPSS 22.0 (SPSS
Inc., Chicago, USA). Detrended correspondence analysis (DCA)
and heat maps were used to compare the different community
structures. DCA was performed in R v. 3.4.0 (ref. 25) with the
vegan package.*® Heat mapping was performed in the environ-
ment of statistical analysis of metagenomic profiles (STAMP).>

Results and discussion

Variation in main physicochemical parameters in different
leachates

As shown in Fig. 2, exogenous acidophiles had a great influence
on the variation in physicochemical parameters in indigenous
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leachate. The whole course in leachate could be divided into
three phases: strain-adaptive growing phase (SAG, 0-9th d),
rapidly increasing phase (RIC, 9-18th d) and stationary phase
(STA, 18-36th d). During the bioleaching process, ferrous
concentrations increased rapidly in the early stage for all four
treatments, and then decreased sharply until zero (Fig. 2a).
Compared with the abiotic control, system D first reached to its
peak ferrous concentration (549 + 24 mg L") at day 9, followed
by system B (602 =+ 24 mg L™ *) and system C (675 + 26 mg L™ ),
and system A was the last one reach its highest ferrous
concentration (603 + 21 mg L) at day 15. It has been reported
that a high content of introduced ferrous oxidizers could
enhance the iron metabolism during bioleaching and yield
more Fe from the mineral.’® However, the ferrous concentration
in system D decreased first, followed by systems B, C and A,
which indicated that the ferrous oxidative ability of system D
was much stronger than that of the other systems. Herein, the
stronger ferrous oxidative ability of ferrous/sulfur oxidizers (A.
ferrooxidans and S. thermosulfidooxidans) might be attributed to
the fact that the ferrous oxidative genes were stimulated and
sufficiently activated by long-term ferrous substrate domesti-
cation in our laboratory. Moreover, it is generally accepted that
iron metabolism could have been enhanced via the synergistic
effect with sulfur metabolism.?®*® Therefore, the ferrous-
oxidizing ability of ferrous/sulfur oxidizers could be more effi-
cient under the stimulation of their sulfur oxidation. Ferrous
oxidative ability has been related to several factors, such as
microbial types, cell growth rate and environmental parame-
ters, rather than a single variable.
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During the whole process, total iron concentration in abiotic
control slowly and gradually increased, but the variation in the
experimental treatments was high, particularly for system C
(Fig. 2b). Total iron concentration in the four experimental
systems increased rapidly from day 6, suggesting that the
dissolution of chalcopyrite was significantly accelerated with
the introduction of exogenous cells.*® Differences among the
four systems appeared from the RIC phase onwards. In this
period, total iron concentration increased rapidly to
a maximum value and then decreased. Remarkably, the
concentration of total iron in system C decreased at a much
faster rate than that in systems B, A and D from the 12 day.
Finally, the concentration of total iron in system C declined to
224 + 9mg L', while that in systems B, A and D declined to 433
+11mgL ', 451 £ 14 mg L' and 509 + 11 mg L', respec-
tively. In the leaching solution, a decrease in total iron was
mainly due to the transformation of Fe*" to jarosite. System C
holds more sulfur-oxidizing bacteria and produced more SO,>~,
which might drive the reaction between Fe** and SO,>".

pH of the abiotic control increased gradually with the
leaching process. However, in the four experimental leachates
with inoculated microorganisms, pH declined in general,
although with fluctuations (Fig. 2c). In the early stage, pH
slightly increased before the 6™ day, which might be caused by
the consumption of protons through the direct chalcopyrite bio-
oxidation during initial bioleaching. pH of systems B, C and D
appeared to rapidly decrease from the 6™ day, while the pH of
system A began to decrease rapidly from 9™ day, which might be
attributed to the addition of bacteria that accelerated the dis-
solving process of the mineral and produced more acid prod-
ucts. Among the introduced systems, C and D showed lower pH
than B because the exogenous cells in C and D exhibited
a sulfur-oxidizing function. This observation was in accordance
with the consideration that more active sulfur oxidizers can
produce more acid and cause a decrease in pH by enhancing the
oxidation of elemental sulfur or sulfide ores.*" In the STA phase,
the pH value maintained a modest downtrend and the value in
system C was always significantly lower than that in other
systems . At the endpoint of bioleaching, pH in systems A, B, C
and D dropped to 1.62, 1.58, 1.48 and 1.60, respectively.

Compared with the abiotic control, ORP of the four experi-
mental groups increased continuously and then reached
a plateau (about 660 mV) in the later stage of the bioleaching
process (Fig. 2d). The solution potential is a determinant of the
chalcopyrite biohydrometallurgy system.** The variation of ORP
in different leaching systems was closely related to the increase in
ratio of Fe**/Fe** during the process.*® Ferrous concentration of
system D decreased from 549 + 24 mg L~ ' to 8 mg L~ " from day 9
to day 12 and finally to 0 mg L™ " at day 24, during which ORP of
system D increased from 483 + 13 mV to 609 £+ 9 mV and finally
to 666 + 7 mV. Similarly, the variation of ORP in the other three
systems also showed a steadily inverse correlation with ferrous
concentration, but with changed times, exhibiting varying
degrees of latency: system B from day 12 to day 15, system C from
day 12 to day 18 and system A from day 15 to day 18. Many studies
have shown that the passivation of chalcopyrite occurred quickly
if the initial solution potential was too high.** Similarly, in the
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STA phase, ORP of the four treatments reached a stable value of
about 670 mV, which indicated that iron started to precipitate
and consequently inhibit copper dissolution.

Bioleaching efficiency of different leachates and XRD analysis
of bioleaching residues

As shown in Fig. 3, copper extraction by all the four treatments
continually increased during the entire leaching time. In the
SGA phase, there was no significant difference among the four
treatments. After exogenous consortia were introduced, chal-
copyrite in the introduced systems showed a faster dissolution
rate, particularly for system C. Over the course of bioleaching,
the differences between systems A, B and D diminished grad-
ually, while system C always maintained a higher dissolution
rate. In the latter stage, the extraction rate of copper ions
became slower owing to higher jarosite yield, which further
formed a passivation layer on the ore surface to block the
continuous copper extraction.”*?* After leaching for 36 days,
a maximum of 49.48% of copper was released from chalcopyrite
in system C, followed by system B (34.94%), system A (32.90%)
and system D (30.81%). These results indicated that the oxida-
tive dissolution of chalcopyrite was more extensive with exoge-
nous sulfur-oxidizing bacteria Acidithiobacillus. In our previous
studies, it has been demonstrated that the ability of pyrite
bioleaching was significantly and positively correlated with
Acidithiobacillus,”> which suggested that higher abundance of
Acidithiobacillus could enhanced mineral bioleaching, which is
in line with our results.

XRD analysis was performed to investigate the composition
of the ore residues after bioleaching for 15 and 30 days (Fig. 4).
At day 15, more distinct diffraction peaks of chalcopyrite were
detected in systems A and D, confirming that chalcopyrite was
leached faster in systems B and C. In addition, the peak
ascribed to elemental sulfur was observed in the XRD patterns
of residues of systems A, B and D, but no such peak appeared in
the XRD pattern of the residue of system C, which indicated that
most of the sulfur was consumed by the diverse sulfur-oxidizing
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Fig. 3 Differences in copper extraction efficiency in different systems
during the whole bioleaching process.
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bacteria in system C. At day 30, jarosite was observed in the
residues of all four systems, which was the main factor that
inhibited further copper dissolution. Moreover, fewer peaks of
elemental sulfur and chalcopyrite were detected in the XRD
pattern of the residue of system C, demonstrating its high
ability for mineral dissolution and sulfur oxidization. Interest-
ingly, an inconspicuous peak of chalcocite was also observed in
system C residue at day 30, implying the reduction of chalco-
pyrite. A two-step model of chalcopyrite reduction has been
proposed in the past.® This model suggested that chalcopyrite
could be reduced by ferrous ions in the presence of cupric ions
to form chalcocite at relatively low redox potentials. Then,
chalcocite, which was more amenable to leaching than chal-
copyrite, was oxidized to cupric ions and elemental sulfur by
ferric ions or oxygen. Combined with the redox potential vari-
ation, systems A and C seemed to be more liable to the reduc-
tion of chalcopyrite. However, no chalcocite was observed in
system A residue, which might be owing to small concentration
in the feed or fast oxidation by cupric ions.**

Microbial community succession in leachates

As important members of the bioleaching systems, the
dynamics of acidophilic microorganisms in a community were
closely related to the dissolution process of minerals. Therefore,
microbial community succession was investigated by 16S rDNA
sequencing and RT-qPCR. A total of 10 000 rarified 16S rRNA

This journal is © The Royal Society of Chemistry 2018

gene sequences were obtained and clustered into 289 opera-
tional taxonomic units (OTUSs) at a 97% similarity threshold. On
this basis, the effects of exogenous species on microbial struc-
ture and function and the relationships between microbial
structure and bioleaching performance were analyzed.
Detrended correspondence analysis (DCA) was performed to
portray the overall succession of microbial communities in
response to different exogenous oxidizing bacteria (Fig. 5a). At
the beginning, the distribution of communities at day 6 showed
noticeable deviation from the original communities (day 0) due
to intensified competition among the bacteria. After the exog-
enous consortia were introduced, the samples at different time
points in the same system clustered together neatly, but the
distance between the samples in system A and system D was less
pronounced. Compared with system B, the samples in system C
clustered more closely during the whole bioleaching process,
indicating a more stable community in system C. Furthermore,
cluster analysis was conducted for the 19 abundant OTUs
(relative abundance >1.0%) in leachates (Fig. 5b). The obtained
results also indicated that exogenous ferrous/sulfur oxidizers
did not cause significant changes to the microbial structure, but
the structures of microbial communities invaded by sulfur or
ferrous oxidizers were significantly different from that of the
indigenous leachate. It was noticeable that there exists unique
abundant OTUs in different systems; e.g., OTU_3 was more
abundant in system A and D, OTU_2 was more abundant in
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system B and OTU_212 was more abundant in system C. These
unique species might have contributed to the dissolution of
mineral by different mechanisms.

The succession of microbial community is shown in Fig. 6. On
the one hand, the cell growth rate showed significant differences
due to different exogenous species. During the SAG phase, minor
amounts of nutrient substrates were released from the ore for cell
growth.”” Therefore, cell growth rate was still weak. With the
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production of ferrous ions, elemental sulfur and other metabolic
intermediates (such as CuS, CuS,, polysulfide and extracellular
secretions),* bacteria with different functions were stimulated to
accelerate the bioleaching process; thus, microbial growth
increased significantly in the RIC phase. As expected, the intro-
duction of exogenous consortia accelerated the processes of cell
growth and mineral dissolution. System C maintained the
maximum cell number during the whole bioleaching process. At
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the endpoint of bioleaching, cell density of the four systems
reached 7.1 x 10%,7.9 x 10%, 8.2 x 10® and 7.6 x 10° cells per mL.
The cell density of system C was approximately 15% higher than
that in the indigenous community. These results indicated that
exogenous species, particularly sulfur-oxidizing species, had
stronger growth activity and produced a competitive advantage to
occupy their living niche.

On the other hand, the proportion of the microbial sequences
could be assigned to different taxonomic ranks with distinct
taxonomic resolution (Fig. 6). The introduction of exogenous
species caused drastic changes in the microbial composition.
During the first 6 days, the predominant genus in leachates
changed from Leptospirillum (72.63%) to A. caldus (85.33%).
Compared with the indigenous community, the microbial
compositions of systems B and C changed significantly after the
exogenous oxidizers were introduced. In system B, the proportion
of Leptospirillum increased rapidly and finally became the
dominant species. In contrast, a higher amount of sulfur
oxidizers (A. caldus and A. thiooxidans) and Sulfobacillus were
detected in system C. Different community succession for
systems B and C indicated that exogenous species performed
successful colonization in the indigenous leaching system.
During the STA phase, the amount of Leptospirillum began to
increase by different degrees in all the four treatments till the end
of the bioleaching process, which was consistent with the
previous studies which showed that L. ferriphilum had higher
tolerance to high ORP and low pH conditions.*® Moreover, due to
the accumulation of organics from microbial death and extra-
cellular metabolites with time, facultative chemolithoautotroph
Sulfobacillus became an important genus in the latter stage to
accelerate the consumption of organics and thus lessen the toxic
effect of organics on Acidithiobacillus and Leptospirillum.*®
Furthermore, the variation in community succession was also
related to copper recovery efficiency. Copper extraction was much
higher in system C, which might be related to its special
community. Similar to other systems, A. caldus played an
important role in sulfur oxidization. In addition to A. caldus,
exogenous A. thiooxidans performed its oxidizing function in
system C. Sulfur oxidizers diminished the accumulation of sulfur
on the surfaces of mineral particles and provided sulfuric acid for
proton attack and maintenance of low pH.*"** Before introducing
the sulfur consortium (A. caldus and A. thiooxidans), the leachate
was mainly composed of A. caldus. Therefore, it was difficult for
exogenous A. caldus to settle in the indigenous community
because of a high niche overlap and repulsive interaction. In
contrast, A. thiooxidans seemed to present stronger ability to
establish its presence in the indigenous community.

In summary, microbial community structure and composi-
tion were greatly altered by exogenous acidophiles. High
amounts of sulfur oxidizing bacteria, particularly A. thiooxidans,
could enhance the leaching efficiency.

Mechanism of different exogenous consortia on chalcopyrite
bioleaching

A mechanism model coupling community succession and main
biochemical reactions (eqn (1)-(10)) is proposed according to the

This journal is © The Royal Society of Chemistry 2018
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different effects of the exogenous consortia on the indigenous
leachate (Fig. 7). As shown in Fig. 7, the intensity of the colour
(aquamarine blue) filled in the leaching systems represented the
concentration of copper ions. In other words, darker the colour,
higher would be the copper ion concentration. In the SAG phase,
both the sulfur and iron metabolisms were still weak due to low
number of cells (L. ferriphilum and A. caldus) and chemical ions.
Due to limited substrates, competition among bacteria was
intensified. Thus, the structure of communities significantly
changed in the beginning (Fig. 5a). When microorganisms colo-
nized on the mineral surface, chalcopyrite was dissolved through
a direct mechanism, as shown in eqn (1), which was in line with
increasing trend of pH during the initial bioleaching process
(Fig. 2c). After a short adaptive phase, exogenous consortia with
different oxidizing ability were introduced to the indigenous
leachate. During the RIC phase, with the accumulation of ferric
ions (according to eqn (1)), chalcopyrite was dissolved rapidly by
the ferric ions (eqn (2)) and proton attack (eqn (3)). With the
production of more ferrous ions and elemental sulfur (Fig. 4), iron
and sulphur metabolisms were greatly enhanced in the presence of
oxidizing bacteria to produce more ferric ions (eqn (4)) and sulfuric
acid (eqn (6)), respectively. More detailed reaction processes for
iron and sulfur metabolisms are shown below.

Ferrous and ferric ions in bioleaching systems were the main
reactants of iron metabolism. It has been suggested that the
adsorption behavior of attached cells at the early stage is bene-
ficial to further concentrate ferric ions and attack the chalcopy-
rite, according to eqn (2).**** Subsequently, ferrous ions formed
from the former reactions (eqn (2) and (3)) were oxidized by iron
oxidizers to promote the dissolution of chalcopyrite.** Compared
with the indigenous leachate, increased ferrous concentration in
systems B, C and D indicated stronger iron reactions in exoge-
nous systems (Fig. 2a). This is because the exogenous bacteria
greatly increased the cell density and changed the community
composition. The mechanism model showed that in the RIC
phase, the iron oxidizers in systems A, C and D were mainly A.
ferrooxidans and S. thermosulfidooxidans and in system B, the iron
oxidizers were A. ferrooxidans and L. ferriphilum. During the STA
phase, S. thermosulfidooxidans and L. ferriphilum successively
performed an increasingly important role in all the four systems.
During this period, the yield of tawny jarosite precipitation was
greatly enhanced (Fig. 4) by the excess ferric ions (eqn (5)), which
inhibited further copper dissolution.

2CuFeS, + 17/20, + 2H* = 2Cu** + 2Fe** + 4S0,%~ + H,0(1)
CuFeS, + 4Fe** = Cu** + 5Fe** + 28° (2)

CuFeS, + O, + 4H" = Cu®* + Fe** + 28° + 2H,0 (3)
4Fe*" + O, + 4H' = 4Fe*" + 2H,0 (4)

M™* + 3Fe* + 280,27 + 6H,0 = MFe;(SO,),(OH)s + 6H" (5)

Sulfur metabolism was closely related to iron metabolism.
With the dissolution of chalcopyrite, according to eqn (2) and
(3), elemental sulfur was released, which covered the ore
surface. Moderate community structure was important to

RSC Adv., 2018, 8, 37040-37049 | 37047
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maintain a better balance between iron and sulfur metabo-
lism.** With the introduction of different oxidizing consortia,
the indigenous community could automatically adjust its
structure to a new balanced state and continue the oxidizing
function. The reduced inorganic sulfur compounds (RISCs)
could be effectively consumed by sulfur-oxidizing bacteria, such
as A. caldus and A. thiooxidans, according to eqn (6) and (7). The
model showed that the sulfur-oxidizing bacteria were more
abundant and diverse in system C, and the copper extraction
rate of system C was 50.40% higher than that of system A. Thus,
the exogenous A. thiooxidans established in the indigenous
community successfully enhanced the sulfur oxidizing func-
tion. Furthermore, XRD analysis showed an inconspicuous peak
of chalcocite in the pattern of system C, which indicated that
chalcopyrite was partly dissolved by cupric ions and ferrous ions
(eqn (8)). Chalcocite had better leaching features than chalco-
pyrite; thus, it was oxidized by ferric ions or oxygen to cupric
ions (eqn (9) and (10)) more easily.

28° + 2H,0 + 30, = 2S0,*~ + 4H" (6)
S0, + H,0 + 0, —» SO,* + H* 7)
CuFeS, + 3Cu®" + 3Fe** = 2Cu,S + 4Fe** (8)
Cu,S + 4Fe** = 2Cu** + 4Fe*t + §° (9)

Cu,S + O, + 4H" = 2Cu** + S° + 2H,0 (10)

With the synergistic effect of iron and sulfur metabolisms,
the copper ions were gradually dissolved, as according to eqn
(2), (3) and (9). By introducing different oxidizing consortia, the

37048 | RSC Adv., 2018, 8, 37040-37049

final copper concentrations in the four systems reached 2308 +
55, 2383 + 46, 3276 + 59 and 2040 + 50 mg L, respectively.
Compared with the indigenous system (32.90%), exogenous
sulfur oxidizers increased the copper extraction rate to 49.48%,
which indicated that exogenous sulfur oxidizers could establish
in the new environment and hold stronger leaching ability for
chalcopyrite than other exogenous cells.

Conclusions

The introduction of acidophilic consortia with different oxidizing
functions was performed prior to the rapid growth phase of an
indigenous community. Exogenous ferrous oxidizers and sulfur
oxidizers greatly changed the community structure and microbial
succession and promoted cell growth rate during the bioleaching
process, while ferrous/sulfur oxidizers showed no significant
effects on the indigenous community. Exogenous ferrous
oxidizers, particularly L. ferriphilum, and sulfur oxidizers, partic-
ularly A. thiooxidans, successfully established and colonized in
the indigenous community. However, only colonized A. thioox-
idans, rather than L. ferriphilum, showed the advantage of
enhancing the dissolution of chalcopyrite. At the end of biol-
eaching, the copper extraction rate of the system invaded by
sulfur oxidizers was 50.40% higher than that of the indigenous
leachate. These results indicated that exogenous sulfur oxidizer
A. thiooxidans, which was scarce in the indigenous community,
could colonize easily, execute its function sufficiently, and greatly
enhance copper dissolution.
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