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ABSTRACT

The growth of biological iron sulfide composites and their efficacy for changing the 
geochemical forms of copper in sediment have been investigated. The role of bacteria in 
copper removal was identified using copper concentrations in three forms extracted via 
three sequential extraction methods. Furthermore, bacterial community diversity was 
investigated between different treatments. Copper was transformed from the weak acidic 
extraction state to the reduction state and the oxidation state under the action of biological 
iron sulfide composites. The conversion rates of copper from the weak acidic extraction 
state to other states was up to 76.66% and the increasing rates of the reduction state was 
up to 177.85%. Higher dissolved oxygen does harm sulfate reducing bacteria and results 
in low removal efficiency of copper. It can be inferred that differences in the bacterial 
community structure resulted in differences between conversion rates and biological ef-
ficacy through the correlation between copper concentration and alpha diversity or beta 
diversity. Furthermore, bacterial 16S rRNA gene analysis showed that Proteobacteria, 
which sulfate reducing bacteria belong to, were predominant in the group with higher 
removal efficiency. The biological iron sulfide composites affected the removal efficiency 
of copper by increasing the sulfate reducing bacteria activity inside the sediments.

Palabras clave: bacterias reductoras de sulfato, BCR, comunidades bacterianas

RESUMEN

Se investigó el crecimiento de compuestos biológicos de sulfuro de hierro y su eficacia 
para cambiar las formas geoquímicas del cobre en sedimentos. El papel de las bacterias 
en la remoción del cobre se identificó utilizando concentraciones de este metal en tres 
formas obtenidas por métodos de extracción secuenciales. Asimismo, se investigó la 
diversidad de las comunidades bacterianas en los diferentes tratamientos. El cobre se 
transformó del estado de extracción ácido débil a los estados de oxidación y reducción 
bajo la acción de los compuestos biológicos de sulfuro de hierro. La tasa de conversión 
del hierro del estado ácido débil a los otros estados llegó al 77.66 % y las tasas de 
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incremento del estado de reducción llegaron hasta el 177.85 %. El oxígeno disuelto 
en concentraciones elevadas daña a las bacterias reductoras de sulfato reduciendo su 
eficiencia en la remoción del cobre. Por medio de la correlación entre las concentraciones 
de cobre y la diversidad alfa o beta se pudo inferir que las diferencias en la estructura 
de las comunidades bacterianas resultan en diferencias en las tasas de conversión y en 
la eficacia biológica. Aún más, el análisis genético del ARNr 16S bacteriano mostró 
que las Protobacteria, a las que las bacterias reductoras de sulfato pertenecen, fueron 
predominantes en el grupo con la eficacia de remoción más elevada. Los compuestos 
reductores de sulfuro de hierro afectan la eficacia de la remoción del cobre al incre-
mentar la actividad de las bacterias reductoras de sulfato dentro de los sedimentos.

INTRODUCTION

Heavy metal pollution has developed into a severe 
environmental problem. It has been estimated that ap-
proximately 19,300 km of streams and 72,000 hm2 of 
lakes and reservoirs have been damaged seriously by 
heavy metals (Johnson and Hallberg 2005, Rahman 
et al. 2017). The excessive and accidental emissions 
of heavy metals from metallurgy, mining, electroplat-
ing, and other industries would do harm to the human 
body and the environment. Heavy metals with various 
geochemical forms could be continuously accumulated 
and migrated which could cause permanent damage 
to the environment ultimately. Especially, intake of 
excessively large doses of copper may lead to muco-
sal irritation and corrosion, liver and kidney damage, 
even chronic copper poisoning, result in brain damage. 
Generally, applicable methods to remove heavy met-
als are chemical precipitation, the physical-chemical 
process, and biological treatment (San and Donmez 
2012, Samad et al. 2017). Although heavy metals are 
generally deposited in river sediments and the water 
quality is improved to meet drinking water standards 
by chemical precipitation and physical-chemical pro-
cess, the water is still at a great risk of being second-
ary polluted (Ong et al. 2005, Crini 2006, Ebrahimi 
et al. 2017). And the overall cost could not be lowed 
obviously, and regeneration could not be solved effec-
tively. Noteworthily, biological treatment can reduce 
the risk of recontamination effectively and is benefit 
for subsequent ecological restoration. In our study, 
microbiological methods were used to remove copper 
to reduce environmental damage. 

The BCR three-step sequential extraction method 
(formulated by the European Communities Bureau of 
Reference) listed four states of heavy metals corre-
sponding to their decreasing biological activity: weak 
acidic extraction state, reduction state, oxidation 
state, and residue (Wen et al. 2016, Arshadullah et al. 
2017, Afzal et al. 2018, Khan et al. 2018). Microor-
ganisms play an essential role in this transformative 

process though it is mainly via mineralization. There-
into, sulfate reducing bacteria (SRB) as a general term 
for all prokaryotes with the ability to reduce sulfate, 
are widely found in various ecological environment 
(Angermeyer et al. 2016, Pelikan et al. 2016). SRB 
are involved in various biochemical reactions in the 
natural environment, including organic degradation, 
metal ion reduction, and the biological treatment of 
chlorine compounds (Ucar et al. 2011, Abija and 
Nwankwoala 2018). The capacity of SRB to gener-
ate H2S which precipitates the metal as sulfides can 
help to prevent secondary pollution because of the 
non-water-soluble substances (Costa et al. 2007, Pol 
et al. 2001, Nawaz et al. 2018). Therefore, SRB have 
already become an effective method for biologically 
repairing various heavy metal contaminated waste-
waters (Hanna Jaworowska-Deptuch 2011, Ucar et 
al. 2011). A previous study proves SRB can gener-
ate nano-grade sulfur compounds in situ and form 
biological iron sulfide composites(BISC) that have 
outstanding treatment effect on Cu2+ removal. Yang et 
al. (2014) finds that the maximum removal efficiency 
of the composites for Cu2+ was to 77.12% after 16 
days of cultivation. The result of other studies was 
consistent with that result and showed there were 
about 77%-98% removal rate of Cu2+ in wastewater 
(Gao et al. 2017, Guerrini et al. 2018, Deptuch et 
al. 2011, Lu et al. 2018). On the other hand, SRB 
are anaerobic microbes and have different vertical 
distributions at different depths (Jiang et al. 2009, 
Kondo et al. 2012, He et al. 2015, Hausmann et al. 
2016, Mogensen et al. 2005, Gu and Zhang 2018). 
Therefore, it can be speculated that SRB are able to 
migrate heavy metal to the bottom from upper layer 
of the sediment which can reduce the possibility of 
secondary pollution of rivers and lakes. 

However, few researches have done research on 
sediment that are polluted by copper. The answers 
about how SRB change copper geochemistry form 
or remove the copper or how the composition of 
SRB changes in Cu2+ removal process is not clear. 
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Therefore, in this study, we designed a testing ap-
paratus to explore 1) the removal of Cu2+ in copper 
pollution sediment by BISC, 2) the changes of bacte-
rial community composition after adding biological 
iron sulfide composites in Cu2+ removal process.

MATERIALS AND METHODS

Conditions for biological iron sulfide composites
A strain of SRB was isolated from black smelly 

sediment and named SRB525. The composition of 
its growth liquid medium as the following (in g/L): 
KH2PO4, 0.5; NH4Cl, 1.0; CaCl2·2H2O, 0.1; NaCl, 
1.0; MgSO4·7H2O, 2.0; sodium lactate, 25.0; yeast 
extract, 5.0. Reducing-agent supplement consisted of 
15 g FeSO4·7H2O, 0.1 g of ascorbic acid and 0.1g of 
sodium thioglycolate was added into the culture me-
dium through a 0.22 μm sterile filter after sterilization 
at 121 ºC for 20 min. The final pH was adjusted to 8.0 
via 1 mol/L NaOH (Li et al. 1994, Xie et al. 2013).

BISC would be generated after 12days’ culture of 
SRB in anaerobic environment at 30 ºC in an anaerobic 
tank (BacBasic, ShelLab). At the bottom of the bottle, 
there was a layer of black precipitate with metallic lus-
ter, which were what we called biological iron sulfide 
composites. Typically, the sulfide concentration was 
used as the marker of biological iron sulfide compos-
ites. Here, the sulfide concentration was 1264.6 mg/L.

Experiment equipment design
The sediment used for experiment originated 

from the Fu Nan River, Cheng Du, Sichuan Province, 
China and had been aerated for a week to remove 
all organic matter from 237 g/L to 65 g/L) as well as 
sulfides. Then, the sediment was put on the bottom 
of a hardly flat tube. A rubber plug with air vent was 
installed at the top of the tube. The concentration 
of Cu2+ was added to 70 mg/kg (the background 
value was about 25-30 mg/kg), and biological iron 
sulfide composites with copper sulfide of the same 
molarity were added into half of the prepared types 
of experiment equipment. The experiment included 
two further types of equipment with aeration and 
the other two without aeration (referred as settled 
samples in this paper). Each equipment had three 
replicated experiments. Aeration aimed to change 
dissolved oxygen in the water to study whether 
oxygen would affect the copper removal efficiency 
of biological iron sulfide composites. Therefore, four 
different treatments were prepared to study the effect 
of BISC and DO. Each experimental setup was ster-
ilized except for biological iron sulfide composites. 

Two months later, one part of samples was stored at 
-20 ºC for the follow-up experiment, and the other 
part was immediately used for the next experiment.

Determination of copper concentration
Three repetitions in each equipment type was 

obtained from the lower-middle part of the hardly 
flat tube. The samples were dried and filtered with 
100 mesh sieve before copper concentration measure-
ment. Depending on the prevailing chemical and geo-
logical conditions, heavy metals can be partitioned 
into different chemical forms, which are associated 
with a variety of organic and inorganic phases. The 
copper concentration was measured via the BCR 
three-step sequential extraction method, which con-
tained a weak acidic extraction state, a reduction 
state, and an oxidation state (referred to as BCR1, 
BCR2, BCR3, respectively). Furthermore, the total 
copper concentration was measured via microwave 
digestion (referred to as the total). Copper extracted 
from the sediment was measured via graphite furnace 
atomic absorption (GFAAS, RayLeigh).

DNA extraction and MiSeq sequencing of 16S 
rRNA gene amplicons

DNA was extracted using the MO BIO Power Soil 
DNA Extraction kit (MO BIO Laboratories, Carlsbad, 
CA, USA). DNA concentration and quality were 
checked using a NanoDrop Spectrophotometer. The 
extracted DNA was diluted to 10 ng/μL and stored 
at –40 ºC for further use.

The universal primers 515F (5’-GTGCCA-
GCMGCCGCGGTAA-3’) and 909R (5’-CCC-
CGYCAATTCMTTTRAGT-3’) with 12 nt unique 
barcodes were used to amplify the V4 hypervariable 
region of the 16S rRNA gene for pyrosequencing 
using Miseq sequencer (Caporaso et al. 2012). The 
PCR mixture (25 ml) contained 1x PCR buffer, 
1.5 mmol/L MgCl2, each of the deoxynucleoside 
triphosphate at 0.4 mmol/L, each primer at 1.0 
mmol/L, 0.5 U of Ex Taq (TaKaRa, Dalian), and 
10 ng soil genomic DNA. The PCR amplification 
program included initial denaturation at 94 ºC for 
3 min, followed by 30 cycles of 94 ºC for 40 s, 56 ºC 
for 60 s, and 72 ºC for 60 s, and a final extension at 
72 ºC for 10 min. Two PCR reactions were conduc-
ted per sample and both were combined after PCR 
amplification. PCR products were subjected to elec-
trophoresis using 1.0% agarose gel. The band with a 
correct size was excised and purified using SanPrep 
DNA Gel Extraction Kit (Sangon Biotech, China, 
Cat# SK8132) and then quantified with Nanodrop. 
All samples were pooled together with equal molar 



Y. Liang et al.36

amount from each sample. The sequencing samples 
were prepared using TruSeq DNA kit according to 
manufacturer’s instructions. The purified library 
was diluted, denatured, re-diluted, mixed with PhiX 
(equal to 30% of final DNA amount) as described in 
the Illumina library preparation protocols, and then 
applied to an Illumina Miseq system for sequencing 
with the Reagent Kit v2 2×250 bp as described in the 
manufacturer’s instructions.

Pyrosequence data analysis
The sequence data were processed using QI-

IME Pipeline–Version 1.7.0 (http://qiime.org/). All 
sequence reads were trimmed and assigned to each 
sample based on their barcodes. Sequences with high 
quality (lengths > 150 bp, without ambiguous base ‘N’, 
and with average base quality score > 30) were used 
for downstream analysis. Sequences were clustered 
into operational taxonomic units (OTUs) according 
to a 97% identity threshold. The aligned ITS gene 
sequences were used for chimera check using the 
Uchime algorithm (Edgar et al. 2011). All the samples 
were randomly re-sampled to 11,478 reads. We calcu-
lated the alpha-diversity (phylogenetic distance whole 
tree, chao1 estimator of richness, observed species, and 
Shannon’s diversity index) and beta-diversity (PCoA, 
UniFrac) analyses. For these, the rarefaction curves 
were generated from the observed species. Taxonomy 
was assigned using the Ribosomal Database Project 
classifier (Wang et al. 2007).

RESULTS

The removal efficiency of Cu2+ by BISC
Water-soluble copper was got via the BCR three-

step sequential extraction method and microwave 
digestion (Table I). To obtain the differences between 
original samples and treated samples, the percentages 

of their composition at three states were compared 
(Fig. 1).

According to the principles of the BCR three-step 
sequential extraction method, samples that are easier 
to extract will be less stable, while samples that are 
more difficult to extract will be more stable. The ob-
tained order of stability from more to less stable was 
from BCR1 to BCR3. In the sediment, the form that 
can be absorbed by plant mainly has a weak acidic 
extraction state. As the state becomes more stable, the 
more difficult it also becomes to combine the heavy 
metal with the organism (Xian 1987). Therefore, it 
could be inferred that biological effective content in 
settled samples was lower than in aeration samples, 
which meant that it was less toxic for the organism. 
Compared to the control groups, the percentage of 
BCR1 in the test groups was lower than that in the 
control groups, while the percentage of BCR2 was 
higher than that in the control groups, and the percent-
age content of BCR3 did not change significantly. 
The conversion rates from BCR1 to other states of 
BA, BS, SA, SS were 50.78%, 68.37%, 59.79% 
and 76.66%, while the increasing rates of BCR2 
were 86.38%, 113.23%, 136.87% and 177.85%, re-
spectively. This suggested that after BISC addition, 
copper had been transformed from BCR1 to BCR2, 
the stability of copper had been increased, and the 
biological effectiveness in the system had overall 
decreased, indicating that SRB was beneficial for 
copper repair. SRB produced S2- during metabolic 
processes, and S2- could generate metal sulfide with 
copper, which belong to a reduction state and were 
very stable. Therefore, these were not easier to com-
bine with organisms, compared to copper chemical 
treatment, which significantly reduced the possibility 
of secondary pollution. The percentage of BCR1 in 
the aeration groups was higher than in the settled 
groups, and the percentage of BCR2 was lower than 
in the settled groups, suggesting that aeration did not 

TABLE I. CONCENTRATION OF COPPER IN DIFFERENT STATES OF SAMPLES (mg/kg)

Date Conc. BCR1 BCR2 BCR3 SUM Total

1d

BA  41.06 ± 0.30  7.59 ± 0.33  5.00 ± 0.22  53.65 ± 0.63  66.21 ± 0.23
BS  39.15 ± 0.60  9.71 ± 0.42  4.86 ± 0.21  56.72 ± 0.89  71.15 ± 0.66
SA  40.18 ± 0.20  8.62 ± 0.38  6.43 ± 0.28  55.23 ± 0.71  69.94 ± 0.81
SS  39.95 ± 0.36  9.34 ± 0.41  5.57 ± 0.24  54.86 ± 0.99  68.44 ± 0.68

60d

BA  20.21 ± 0.51  14.14 ± 0.57  20.87 ± 0.46  55.22 ± 0.34  64.01 ± 0.12
BS  12.38 ± 0.88  20.70 ± 0.40  21.78 ± 0.38  54.86 ± 0.16  67.77 ± 0.47
SA  16.16 ± 0.54  20.42 ± 0.21  17.72 ± 0.08  54.30 ± 0.67  61.72 ± 0.64
SS  9.32 ± 0.74  25.95 ± 0.62  20.00 ± 0.21  55.28 ± 0.67  70.35 ± 0.59
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aid BISC to deal with copper. This might be because 
aeration increased dissolved oxygen in the water, thus 
changing the stable flora relationship between SRB 
and other aerobic bacteria. This in turn resulted in a 
decline of SRB activity result in a decreased treat-
ment effect of copper (Jalali 2000).

The change of bacterial taxonomy composition 
after BISC addition

The extracted DNA of the test was taxised through 
RPD. The bacterial community diversity at the phy-
lum level was analyzed (Fig. 2).

Fig. 2 showed all samples were dominated by 
Proteobacteria, and the relative abundances of 
these were 51.24%, 59.16%, 73.87% and 84.51%, 
respectively. The next dominant bacteria were Fir-
micutes, and the relative abundances of these were 
13.98%, 20.57%, 10.89% and 9.86%, respectively. 
As we know, Proteobacteria is the biggest bacte-
rial phylum. Most SRB belong to Proteobacteria, 
while others belongs to Firmicutes. After addition 
of BISC, the relative abundance of Proteobacteria 
increased by about 20%. In the aeration condition, 
the relative abundance of Proteobacteria decreased 
by about 8%. It indicated that after adding BISC to 
the equipment, the relative abundances of Proteo-
bacteria and Firmicutes increased, meanwhile, the 

removal rates of copper also increased, so it could 
be inferred that BISC addition might increase the 
removal rates of copper by increasing the quantity 
of SRB. But aeration would do harm to SRB through 
increasing oxygen.

Since SRB were the main microorganisms in this 
study, we obtained the OTUs of SRB and analyzed 
their species. The OTUs that belong to were Desulfovi-
brio, Desulforhabdus, Desulfomonile, Desulfococcus, 
Desulfobacca, Desulfurispora, Desulfotomaculum 
and Desulfosporosinus. Desulfovibrio, Desulforhab-
dus, Desulfomonile, Desulfococcus  and Desulfobacca 
belong to Proteobacteria, while the others belong to 
Firmicutes. They have been reported to remove heavy 
metal from wastewater or polluted sediment (Cabrera 
et al. 2006, Fakhri Heravi et al. 2016).

The correlation among bacterial community di-
versity and copper concentration

As the result mentioned above, the detail that how 
the BISC effected the relationship between bacterial 
community diversity and the removal rates of copper 
was also studied.

Diversity indices analysis. 952 OTUs were ob-
tained from the 12 treated samples. The number of 
OTU for each sample is shown in Table 2. Based on 
the result of OTU, the alpha diversity was obtained 

Fig. 1. Percentage composition of three states extracted via the BCR three-step sequential extraction method of original samples and 
treated samples. A, B, C, D refers to BA, BS, SA, SS of original samples; E, F, G, H refers to BA, BS, SA, SS of treated samples. 
BA refers to the sample without BISC and with aeration; BS refers to the sample without BISC and without aeration; SA refers 
to the sample with BISC and with aeration; SS refers to the sample with BISC and without aeration
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via R. The alpha diversity is a result of the diver-
sity analysis of species in an environment with one 
sample. In the experiment, the Shannon index was 
used as a measure to discuss the alpha diversity of 
the microbial community.

The calculation formula for the Shannon index 
showed that the increasing number of species in the 
community represented an increasing complexity 
of the bacterial community: the larger the Shannon 
index is, the higher the complexity of the bacterial 
community is. Shannon indexes indicated that (1) 
aeration groups were higher than settled groups; (2) 
groups with BISC were higher than those without 
BISC (Fig. 3). This showed that aeration affected 
the alpha diversity. It could be inferred from Fig. 1 
and Fig.3 that although the bacterial community 
of aeration groups was more diverse, biological ef-
fectiveness of aeration groups did not decrease and 
consequently, aeration treatment was not beneficial to 
deal with copper via treatment of BISC. SRB belong 
to anaerobe microbiology and many studies have 
shown that the numbers of SRB in different depths 
varied in both sea and river sediments. Therefore, it 
could be inferred that oxygen might be one of the 
major factors that affected the vertical distribution 
of SRB.

Diversity indices calculated based on a cutoff of 
97 % similarity of 16S rRNA sequences of 11,478 reads 
per sample. For abbreviations, please see Fig. 1. Addi-
tionally, the Kendall tau coefficient was used to define 
correlation among the alpha diversity indexes and 
copper concentration. Table II showed BCR1 

and BCR2 both had correlation with alpha diversity, 
while BCR1 and alpha diversity were significant 
correlated and positive correlated.

Beta diversity index analysis
To investigate similarities and differences be-

tween different treatments, principal coordinate 
analysis (PCoA) was choosing to study OTUs. 
PCoA is a visualization method to study similarities 
and differences. This method is often used for the 
classification of a series of eigenvalues and eigen-
vectors and several main characteristic values are 
selected in the top. The principal coordinate of the 

Fig. 2. Relative abundance (% of total reads) of bacterial 16S rRNA genes at the phylum 
level. For abbreviations, please see Fig. 1

Fig. 3. Biological diversity index under different treatments via 
the Shannon index
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distance matrix can be found, which is measured by 
the beta diversity. In this test, the limited beta diver-
sity analysis was used.

Fig. 4 showed the differences of the bacterial com-
munity. If the data points were close to each other, 
they would have little differences. If they were far 
apart, they would have considerable differences. The 
spots in the same color/shape originated from one 
sample. Fig. 4 showed that different groups were not 
close to each other, and each circle represented the 
same treatment. Fig.4(A) and Fig.4(B) showed that 
aeration and addition of BISC were all factors that 
affected the beta diversity. Fig.4(C) showed that dif-
ferent treatments did not have the same beta diversity. 
Different bacterial community structure resulted in 
different conversion rates and biological efficacy.

In the same way, Pearson test was used to define 
the correlation among beta diversity and copper 
concentration. Table III showed BCR1 and BCR2 
both had correlation with alpha diversity, and they 
had the close correlation.

After obtaining both the tau coefficient and the 
p-value via R, it could be found that the correlation 

analysis of the CAP index for beta diversity and cop-
per concentration showed that BCR2 correlated with 
beta diversity of all treat, which prove the rationality 
of the study (Table IV).

DISCUSSION

In this study, the biological efficacy of different 
forms of copper and the bacterial diversity and com-
munity structure analysis have been reported. Firstly, 

Fig. 4. Beta diversity analysis of samples. A: blank and experimental test (BLANK and BISC); B: Aeration and settle; C: four different 
treatments (BA, BS, SA and SS)

TABLE II. CORRELATION ANALYSIS BETWEEN COPPER 
CONCENTRATION AND ALPHA DIVERSITY

Samples BCR1 BCR2 BCR3 SUM Total

P-value 0.0080** 0.0352* 0.5638 0.9913 0.6069
tau 0.2028 0.1525 –0.0135 –0.2007 –0.0228

*P<0.05; **P<0.01

TABLE III. CORRELATION ANALYSIS BETWEEN COP-
PER CONCENTRATION AND BETA DIVER-
SITY

Samples BCR1 BCR2 BCR3 SUM Total

P-value 0.025* 0.030* 0.489 0.936 0.386
r 0.3062 0.3088 –0.009 –0.2627 0.0263

*P<0.05

TABLE IV. CORRELATION ANALYSIS BETWEEN COP-
PER CONCENTRATION AND EXPERIMENTAL 
GROUPS

P-value BCR1 BCR2 BCR3

Treat1 0. 1478 0. 0229* 0. 0003**
Treat2 6.13E-11** 4.78E-05** 0. 3112
Treat3 0.0775 0. 0148* 0. 0002**

*P < 0.05; **P < 0.01. Treat1: Blank and experimental test; 
Treat2: Aeration and settle treatments; Treat3: Four different 
treatments.
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copper-tolerant SRB were screened and named biolog-
ical iron sulfide composites together with iron sulfide. 
Then, the article designed different treatments (aera-
tion and non-aeration, adding BISC or not) to study a) 
the transformation of the form of copper geochemistry, 
b) the correlation between bacterial community and 
copper concentration. The efficiency of BISC remedies 
copper was also obtained. Our results state a theoretical 
basis for BISC to remedy heavy metals.

Through the analysis of geochemical forms of 
copper based on samples, it could be found that the 
BCR1 (weak acidic extraction state) in non-aeration 
samples were lower than that in the aeration samples, 
indicating that copper of non-aeration samples had 
lower biological efficacy. Meanwhile, the conver-
sion rate of BCR1 and the increasing rate of BCR2 
were both the highest in the non-aeration samples 
among all BISC samples. Fan reported that under 
the recovery effect of SRB, Cd can transform from 
the exchangeable state to the state of Fe-Mn oxides 
(extracted via the five-step Tessier sequential extrac-
tion method), leading to the decrease of Cd toxicity 
and bioavailability (Fan et al. 2008). In general, 
under the anaerobic condition, SO4

2- was reduced to 
S2- as electron acceptor and the organism followed 
oxidative decomposition as electron donor under the 
action of SRB (White and Gadd 2000, Jong and Parry 
2003). At the onset of aeration, S2- was oxidized to 
SO4

2- and SO4
2- was reduced to S2- when a sufficient 

amount of O2 was generated. Furthermore, sulfide 
will not inhibit the growth of SRB. Novel research 
suggested that SRB could tolerate a certain amount 
of dissolved oxygen; however, a high amount of 
dissolved oxygen could inhibit or even poison SRB. 
The non-aeration device used for the design of the 
experiment was not strictly anaerobic, but adopted 
the means of ventilation; therefore, oxygen could 
be assumed as a microenvironment (Dolla et al. 
2006). The amount of dissolved oxygen increased 
after aeration, which might have inhibited the SRB 
metabolism. Consequently, it did not promote the 
transformation of geochemical forms of copper, rela-
tively reducing the reduction state and oxidation state 
compared to non-aeration samples (Gao et al. 2017, 
Si and Qiao 2017). At the same time, the form of 
BCR2 was manganese oxide, which greatly reduced 
biological efficacy and provided the guarantee for the 
safe treatment of copper after biological iron sulfide 
composites removing copper. Many articles reported 
that SRB had a vertical distribution in sediments of 
12-24 cm where bacterial abundances in general and 
SRB abundances in particular were both maximal; 
therefore, depth might also be the main reason that 

affects the heavy metal removal rate of SRB (Jiang 
et al. 2009, Varon-Lopez et al. 2014, Sun et al. 2016, 
de Oliveira et al. 2016).

16S rRNA gene analysis provided further informa-
tion about the variation of total bacterial communities 
during the process that copper was removed by bio-
logical iron sulfide composites. Most of the obtained 
16S rRNA gene sequences were represented. At the 
end of the experiment, the bottom of the test tube with 
BISC present was darker than the surface layer and the 
middle layer. This could be considered as a downward 
migration of SRB, which was consistent with the 
antioxy genicity of SRB. Alpha diversity index was 
used to reflect the bacterial diversity of the samples. A 
comparison among the Shannon indexes suggests that 
the aeration process was higher, and the diversity was 
more complex (Guerrini et al. 2018, Yanar et al. 2017). 
The reason was that aerobic microorganisms formed 
the dominant group, and aeration was beneficial for 
their growth. The Kendall test showed the significant 
correlation between BCR1 and alpha diversity, which 
can be inferred that aeration not only increased alpha 
diversity but also the toxicity of copper since BCR1 
does harm to human beings and environment.

The beta diversity among samples were also 
studied, and it suggested that the correlation among 
samples was poor, which meant that adding BISC 
and aeration would both affect the community struc-
ture of the sediment itself, resulting in differences 
between each other. At the same time, weak acidic 
extraction state and reduction state of copper were 
also obtained, which had an obvious correlation with 
beta diversity. In all samples, Proteobacteria were 
the dominant bacterial community. Of all sulfate 
reducers, the most abundant were Desulfurispora. 
The appropriate amount of dissolved oxygen could 
maintain the dominant bacteria of the SRB and 
maintain the balance between other anaerobic and 
aerobic bacterial groups. Many bacteria were syn-
ergistic and could degrade organisms more quickly 
and more efficiently; however, excessive dissolved 
oxygen destroyed the multi-flora balancing system 
and influenced the effect of organisms. Desulfovibrio 
had been used to treat acidic mine wastewater, heavy 
metal wastewater, and polluted sediment. At this 
point, SRB played an important role and not only 
SRB but also other microbes of the Proteobacteria 
might be involved in the removal of heavy metals due 
to the addition of BISC activating other indigenous 
SRB and other removing heavy metal microbiology. 
With the presence of nitrate, denitrifying bacteria 
compete with SRB for electron acceptor inhibiting 
sulfate reduction.
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Sulfate reduction is known as be an important 
process for the degradation of organic contaminants 
and it is a dominant anaerobic organic carbon trans-
formation process in anoxic environments (Jorgensen 
1982). In future studies, the relationship between the 
degradation of organic compounds and microbial 
growth as well as the relationship between the deg-
radation of organic compounds and the removal of 
heavy metals can be investigated.

In this study, the effect of BISC on removing 
copper sediment was verified, and much further 
by the impact on indigenous microorganisms after 
adding BISC, so that it can provide application 
guidance for the emergent treatment of sudden he-
avy metal pollution accidents. One deficiency was 
that only the the diversity of bacterial communities 
with BISC at a certain depth were compared, and 
the further study will specifically focus on the ver-
tical gradient distribution of BISC with different 
treatment methods. Currently, research on SRB has 
entered the stage of the functional gene, and many 
related functional genes have been reported to date; 
therefore, we can advance the research to the next 
step (Saad et al. 2017).
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