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Abstract Acidithiobacillus ferrooxidans is a Gram-nega-
tive, acidophilic, and chemolithotrophic bacterium that is
active in bioleaching. The leaching eYcacy is directly inXu-
enced by the biomass changes of this specie in bioleaching
microbial community. In order to perform a simple and
sensitive assay on A. ferrooxidans from mixed strains in
this process, a novel assay was developed based on sand-
wich hybridization assay with the aid of S1 nuclease treat-
ment and Xuorescent labeling. In the work, a designed
DNA probe complementary to the conservative region of
its 16S rRNA was synthesized, which showed high accu-
racy for distinguishing homologous species with the exclu-
sion of even-only two base pairs diVerence. The speciWcity
of this assay was veriWed in diVerent systems with mixed
strains, and the quantitative result was proved by compari-
son of microscopic cell counting. The detection sensitivity
was about 8 £ 102 cells/ml and the inter-assay coeYcient
of variation of three independent assays was from 3.8 to
7.7 %, respectively. In addition, the cycle of assay was
about 3–4 h when the cost estimated was less than $0.5 per
sample. This assay method might be applied for identifying
and monitoring any kind of bacterial strain from a mixed
microbial Xora in bioleaching or other areas.

Keywords Quantitative assay · Sandwich hybridization · 
16S rRNA · Acidithiobacillus ferrooxidans · Bioleaching

Introduction

It has become urgent to make full use of mineral resources
with the over-exploitation of high-grade ores in the past
few decades [5, 19]. Compared to the traditional smelting
method, bioleaching is considered a green metallurgical
technology with its characteristics of less operating costs,
lower investment in infrastructure, and higher recovery [7].
The commonly used microbial species in bioleaching pro-
cesses might involve Acidithiobacillus ferrooxidans, Lepto-
spirillum ferrooxidans, Acidithiobacillus thiooxidans, and
Acidithiobacillus caldus, etc. A. ferrooxidans is a Gram-
negative, acidophilic, and chemolithotrophic bacterium that
obtains energy from the oxidation of ferrous iron (Fe[II])
and reduced sulfur compounds [1, 9]. It is the Wrst reported
and model bacterium and the most broadly studied bacte-
rium in the bioleaching process, especially with the release
of the genome sequence [23]. More studies have revealed
that the success of industrial bioleaching is greatly inXu-
enced by the biomass changes of A. ferrooxidans in the
microbial community. Therefore, it is of great importance
to monitor and control its populations in diVerent stages for
improving leaching eYcacy [24]. However, a limited num-
ber of studies provide a qualitative and quantitative descrip-
tion of A. ferrooxidans populations in the complex
bioleaching systems.

In the present work, microscopic counting, colony cultiva-
tion, immunological and nucleic-acid based molecular tech-
niques are currently used for identiWcation or quantiWcation
of A. ferrooxidans [10, 25]. Microscopic counting could
quantify total cells but is helpless in identiWcation. It is diY-
cult to distinguish A. ferrooxidans from A. thiooxidans or
A. caldus in a bioleaching system with similar morphology [4].
With cultivation on solid media, 2–3 weeks of incubation
are needed for identiWcation of A. ferrooxidans, which is
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impossible to monitor bioleaching operations in time [17].
With immunological technology like ELISA, and despite its
simple operation procedure, few studies have yet reported
using this technology to detect A. ferrooxidans in bioleaching
because of its unsatisfying stability and accuracy [13].
Besides, species-speciWc antibody, a crucial material in this
technology, is generally expensive and hard to obtain [22].
IdentiWcation and quantiWcation of A. ferrooxidans could also
be rapidly and accurately performed by real-time PCR based
on the online Xuorescence detection of labeled ampliWcation.
Acidithiobacillus (66.78 %), Leptospirillum (28.29 %), Sulfo-
bacillus (3.29 %), and Ferrimicrobium (1.64 %) have been
observed by 16S rDNA clone libraries and real-time PCR in
a commercial non-aeration copper bioleaching heap [8].
However, this technique faces problems in high-eYciency
puriWcation and expense [3, 12].

The reasons mentioned above encourage the develop-
ment of a novel assay, which is characterized as 16S rRNA-
based sandwich hybridization assay for detecting a model
strain A. ferrooxidans in mixed strains system with high
sensitivity and reliability.

Materials and methods

Strains and cell lysis

Strains and homologies with A. ferrooxidans strain CUMT-1
are listed in Table 1. A. ferrooxidans strain CUMT-1 (A. fer-
rooxidans) and Leptospirillum ferrooxidans strain TLS-3
(L. ferrooxidans) were grown in 9 K media; Acidithiobacillus
thiooxidans strain ZJJN-3 (A. thiooxidans) and Acidithiobacil-
lus caldus strains ZJJN-6 (A. caldus) were grown in Starky-S
media [24]. Also, 10 % chalcopyrite was added for bioleach-
ing. Chalcopyrite was obtained from Tonglingshan (Anhui,

China). The mineral was ground and sieved through a
200-mesh grid, and the diameter of the particles was <75 �m.

Supernatant of samples was collected by centrifugation at
380 £ g for 2 min. Cells were harvested by centrifugation at
12,000 £ g for 10 min. The chosen method for cell lysation
was 10 ml lyses buVer (80 % formamide, 450 mM NaCl,
5 mM Na2EDTA, 1 mg/ml yeast tRNA, 1 % SDS, pH 6.4).
Samples were sonicated at 50 % duty cycle and 300-W out-
put for 4 min. The cell lysates were stored at –20 °C.

Design of DNA probes

The 16S rDNA sequence of A. ferrooxidans CUMT-1 was
blasted in GenBank (http://www.ncbi.nlm.nih.gov/.), and
special region diVerent with other bioleaching microorgan-
isms was identiWed. A segment of DNA (named probe
A.f-896) was designed complementary to the conservative
region (896–964) of 16S rRNA from A. ferrooxidans; cap-
ture probe (CP) was complementary to the 3� terminal region
of probe A.f-896; signal probe (SP) was complementary to
the 5� terminal region of probe A.f-896 (Table 2). These
probes were synthesized at Sangon Biotech (Shanghai, China).

Immobilization of capture probe

A total of 100 �l of 5 �g/l streptavidin (Takara, Japan) dis-
solved in carbonate buVer (0.05 mol/l, pH 9.6) was added
into a microwell and sealed with paraWlm. Each well was
washed three times with PBS-Tween 20 (0.01 M PBS,
0.5 % Tween 20, pH 7.2) and then 100 �l 0.1 % bovine
serum albumin dissolved in PBS (0.01 M, pH 7.2) was
added to each well. These wells were washed as above after
being incubated at 37 °C for 30 min. Next, 100 �l of 10 nM
biotin-labeled CP dissolved in PBS was added into each
well coated. Finally, these wells were washed as above

Table 1 Strains used in the 
present study

Species Strain Homologies with 
A. ferrooxidans/%

Collection site

A. ferrooxidans CUMT-1 100 Mining University of China, Jiangshu, China

A. thiooxidans ZJJN-3 98 Zhijinshan acid mine water, Fujian, China

A. caldus ZJJN-6 95 Zhijinshan acid mine water, Fujian, China

L. ferrooxidans TLS-3 81 Tonglingshan acid mine water, Anhui, China

Table 2 Probes for detecting A. ferrooxidans designed in the present study

Probe Sequence ModiWcation GC/% Length/bp

Capture probe 5�-ATCTCTGCAGAATTCCGGACATGTCAA-3� 5�-biotin 44.4 27

Signal probe 5�-TCGCGTTGCATCGAATTAAACCACAT-3� 3�-Xuorescein 40.7 27

Probe A.f-896 5�-TGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGGCTTGACA
TGTCCGGAATTCTGCAGAGAT-3�

None 46.3 69
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after being incubated at 37 °C for 30 min. The microwells
were stored at 4 °C until use.

Steps of 16S rRNA-based sandwich hybridization assay

A total of 45 of �l cell lysates, 5 �l of 100 nM probe
A.f-896 solution, and 50 �l of mineral oil were transferred
to a centrifuge tube and then heated at 94 °C for 15 min and
incubated at 30 °C for 1 h. Then, 50 �l of S1 nuclease
buVer (Sang Biotech, China; 60 units S1 nuclease in 1.4 M
NaCl, 22.5 mM ZnSO4, 250 mM CH3COONa, pH 4.5) was
added into each tube and incubated at 37 °C for 20 min.
After adding 200 �l of stop solution (62.5 mM NaOH,
30 mM EDTA and 0.5 M PBS, pH 7.2), the tubes were
heated to 94 °C for 15 min and then cooled to room temper-
ature (25 °C) for 5 min. An amount of 100 �l of the mixed
solution above and 100 �l of 10 nM SP dissolved in hybrid-
ization buVer (4£ SSC, 10 % formamide, 0.02 % SDS, pH
7.2) were added into each well coated with CP, which was
then covered with 50 �l of mineral oil. Finally, these wells
were washed as above after being incubated at 45 °C for
30 min.

We then added 100 �l of anti-Xuorescein–horse radish
peroxidase (Takara, Japan; 1:5,000 diluted in PBS, 0.1 %
bovine serum albumin) into each well for adsorption with
SP and the wells were incubated at 37 °C for 15 min and
washed as noted above. Finally, 100 �l of TMB solution
(0.1 M citric acid, 0.2 M Na2HPO4, 0.1 % H2O2, 0.01 %
TMB) was added into each well [13]. 50 �l of 2 M H2SO4

was added for stopping the color reaction after incubation
at 37 °C for 10 min. Then A450 nm/630 nm was measured.

Detection of A. ferrooxidans by 16S rRNA-based sandwich 
hybridization assay and microscopy

A. ferrooxidans, A. thiooxidans, L. ferrooxidans, and A.
caldus were employed for testing the speciWcity and sensi-
tivity of 16S rRNA-based sandwich hybridization assay
(Table 3). One-milliliter cultures of A. ferrooxidans, L. fer-
rooxidans, A. caldus, and A. thiooxidans at logarithmic
phase were removed from culture media, respectively.
Before microscopic counting, samples from bioleaching
system were centrifuged at 380 £ g for 2 min to get rid of
solid particles and impurities.

Results and discussion

Principle of 16S rRNA-based sandwich hybridization assay

It is the Wrst time that A. ferrooxidans in a bioleaching sys-
tem has been detected using this 16S rRNA-based sand-
wich hybridization assay. The schematic consisted of three

stages: nuclease error correction, immobilization of CP,
and signal transfer and detection (Fig. 1). In the stage of
nuclease error correction, the Wrst hybridization was pro-
cessed between probe A.f-896 and 16S rRNA in crude cell
lysates. The unstable 16S rRNA signal was converted to the
same amount of DNA signal. Unbound and imperfectly
matched probes A.f-896 were digested by S1 nuclease. In
the stage of immobilization of CP, CP was immobilized at
the bottom of the well by a stable non-covalent bond
between streptavidin and biotin. These two stages could be
processed simultaneously in the same condition and the
time consumption of the assay was signiWcantly reduced. In
the stage of signal transfer and detection, the second
hybridization was processed between probe A.f-896 and CP
when the third hybridization was processed between probe
A.f-896 and SP. Then polyclonal antibody-HRP against
Xuorescein was added for combining with 3� Xuorescein-
linked SP. Unbound probes or compounds in each stage
were washed away as described in the Materials and meth-
ods section. Finally, the Xuorescent signal intensity was
measured by a common microplate reader though color
reaction between the HRP and TMB system.

The hybridization speciWcity of probe A.f-896

Probe A.f-896 was blasted with relevant sequences of other
three common bioleaching bacteria as L. ferrooxidans,
A. thiooxidans, and A. caldus for testing its speciWcity. As
shown in Fig. 2, there were at least two base pairs of probe
A.f-896 diVerent with other three strains. The real diversity
between the chosen 69-base region and the relevant seg-
ments in three other bioleaching bacteria were as follows:
L. ferrooxidans 21.7 % (15 base pairs), A. thiooxidans
2.9 % (two base pairs) and A. caldus 2.9 % (two base
pairs). It was reported that oligonucleotide probe could

Table 3 Samples for comparison between 16S rRNA-based sandwich
hybridization assay and microscopic cell counting

DiVerent designed systems were divided into a single-strain system
(sample 1–4) and a mixed-strains system (sample 5–8). Sample 9 was
blank control without any cells. The numbers representing cells densi-
ties were counted three times in the single-strain system, respectively,
by microscopy

Sample A. ferrooxidans A. thiooxidans L. ferrooxidans A. caldus

1 5.2 £ 103 – – –

2 – 5.2 £ 103 – –

3 – – 5.2 £ 103 –

4 – – – 5.2 £ 103

5 5.2 £ 103 5.2 £ 103 5.2 £ 103 5.2 £ 103

6 – 5.2 £ 103 5.2 £ 103 5.2 £ 103

7 2.6 £ 103 2.6 £ 103 2.6 £ 103 2.6 £ 103

8 1.3 £ 104 1.3 £ 104 1.3 £ 104 1.3 £ 104

9 – – – –
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distinguish the similar sequences with the exclusion of
even only two base pairs diVerence by the high speciWcity
of nuclease error correction assay [16]. In addition, the
G + C % of probe A.f-896 was 46.3 % when those of CP
and SP were 44.4 and 40.7 %, respectively. It was sug-
gested that hybridization was processed easily when the
G + C % of the probe is 40–60 %, especially when the pro-
portion was nearly between the forward and reverse prim-
ers [14].

Optimal conditions for 16S rRNA-based sandwich 
hybridization assay

Some operating conditions were explored before detecting
samples. Optimal probe concentrations were tested for
reducing the cost of material. The results showed that sig-
nal strength increased in an S-shaped curve with the growth
of concentration (Fig. 3). As the concentration of probe CP
or SP increased from 1 to 10 nM, the signal rapidly intensi-
Wed. When the concentration was lower than 1 nM, the

detection signal was weak; when it was higher than 10 nM,
the absorbance changed little. This might be because the
folded structure was easy to be formed and some binding
sites might be prevented under too high concentration [2].
In summary, 10 nM was chosen as the work concentration
of CP and SP; 100 nM was determined as the work concen-
tration of probe A.f-896 to ensure probe A.f-896 molecules
exceed the amount of targeting sequences.

Optimal hybridization time was tested for reducing the
cycle of assay. During hybridization of probe A.f-896 with
16S rRNA, when the hybridization times were 10 min, 0.5,
1, 1.5, and 3 h, the hybridization eYciencies were 30.7,
41.3, 91.3, 97.3, and 83.3 %, respectively. Over 1 h of
hybridization time might be associated with degradation of
DNA probes and time consuming in future application in
future application [25]. Therefore, 1 h was chosen as the
hybridization time of probe A.f-896 with 16S rRNA in our
protocol. Additionally, 0.5 h was chosen as the hybridiza-
tion time in the second and third hybridization phases,
respectively (Fig. 4a).

Fig. 1 Schematic of 16S rRNA-
based sandwich hybridization 
assay

Fig. 2 Sequence of probe A.f-896 blasted with the target 16S rRNA region. The highlighted letters on a black background represent the mismatch
sites with the probe A.f-896. 1 A. thiooxidans, 2 L. ferrooxidans, 3 A. caldus, 4 probe A.f-896
123
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Temperature was reported to be able to inXuence the
eYciency of hybridization by changing the molecular
motion and secondary structure of the probes [22]. Tm was
related with the (G + C) content, probe length, ionic con-
centration, hybrid system and formamide content, and
other factors. Generally, Tm is 25 °C higher than the
hybridization temperature [14]. In our protocol, T =
81.5 °C + 16.6 £ lgM + 0.41 £ (G + C) % ¡ 500/n ¡ 0.61
(formamide %) ¡ 25 °C; M—molar concentration of Na+,
mol/l; n—length of the probe, mer. Based on the above for-
mula, 29, 46, and 45 °C were Wgured out as hybridization
temperatures of three hybridization phases, respectively,

which was basically consistent with the testing results 30,
45, and 45 °C (Fig. 4b).

Calibration curve of 16S rRNA-based sandwich 
hybridization assay

The calibration curve was established on the basis of the
above optimal conditions. The detection equation of the
best linear curve was ‘y = 0.376x¡0.111’, R2 = 0.997,
where x refers to cell density (E3 cells/ml), y refers to the
absorbance at 450 nm, referred at 630 nm. The coeY-
cient of correlation reached 0.997 and the inter-assay

Fig. 3 EVects of probe concen-
trations on 16S rRNA-based 
sandwich hybridization assay. 
a Capture probe (CP) concentra-
tions. b Signal probe (SP) con-
centrations. c Probe A.f-896 
concentrations with 10 nM CP 
and 10 nM SP

Fig. 4 EVects of time and temperature on 16S rRNA-based sandwich hybridization assay. a Time, the hybridization eYciency of 2 h was set as
100 %. b Temperature, the concentrations of probe A.f-896, CP and SP in all hybridization were 100, 10, and 10 nM, respectively
123
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coeYcient of variation was from 6.8 to 8.5 %, respectively.
The limit detection of 0.8 £ 103 cells/ml and the linear
range was 0.8 £ 103 to 2.4 £ 103 cells/ml. The density
of bacteria and archaea oxidizing metal sulWdes, especially
A. ferrooxidans in mine heaps, was generally high than
1.0 £ 105 cells/ml, which was higher than the linear
range [18, 26]. The problem could be solved by diluting
or concentrating on the basis of estimating cell density of
target sample when some bioleaching samples might be
out of the linear range.

Qualitative and quantitative detection by 16S rRNA-based 
sandwich hybridization assay

The speciWcity and sensitivity of 16S rRNA-based sand-
wich hybridization assay were tested in diVerent bioleach-
ing systems and are listed in Table 3. QualiWcation of
A. ferrooxidans by 16S rRNA-based sandwich hybridization
assay is shown in (Fig. 5a). In the single-strain system, the
absorbance of sample 1 consisting of A. ferrooxidans was
1.2, and it was far greater than the samples without target
cells. The absorbance of sample 2 consisted of A. thiooxi-
dans and was the greatest in samples without A. ferrooxi-
dans. It should be due to the most homologous of
A. thiooxidans with A. ferrooxidans compared to A. caldus and
L. ferrooxidans [19]. However, the inXuence could be
ignored compared to sample 1. In the mixed-strains sys-
tem, the absorbance of sample 5 dropped slightly from 1.2
to 1.1 compared to sample 1, which indicated a slight
decrease in accuracy of this assay in this mixed-strains
system. It is owing to that there was more interference
such as similar sequences or extracts from diVerent strains
slightly inXuence the accuracy of sandwich hybridization.
However, the maximum value of other samples without
target strain was only 0.16, and it was still far below the
absorbance of sample 5. The result proved that the speci-
Wcity of probe A.f-896 was accurate for distinguishing

sequences with the exclusion of even only two base pairs
diVerence. With diVerent cell densities of A. ferrooxidans,
the absorbances of sample 1 and 5 were 1.2 and 1.1,
respectively, when the cell density of A. ferrooxidans was
5.2 £ 103 cells/ml; the absorbance of sample 7 was 0.8
when cell density was 2.6 £ 103 cells/ml; the absorbance
of sample 8 was 1.53 accordingly when the cell density
was 1.3 £ 103 cells/ml. Samples with diVerent cell densities
were detected for testing the stability of this assay after being
diluted. The result proved that little interference increased
and this assay was still accurate after being diluted.

QuantiWcation of A. ferrooxidans by 16S rRNA-based
sandwich hybridization assay is shown in (Fig. 5b). With
16S rRNA-based sandwich hybridization assay, 5.1 £ 103

and 4.9 £ 103 cells/ml were respectively detected in sam-
ples 1 and 5; while 2.4 £ 103 and 1.25 £ 104 cells/ml were
detected in samples 7 and 8. They were all consistent with
the results of microscopic cell-counting, which were
5.2 £ 103, 2.6 £ 103, and 1.3 £ 103 cells/ml, respectively.
The inter-assay coeYcient of variation in three independent
assays was from 3.8 to 7.7 %, respectively. It also demon-
strated that other bioleaching microorganisms had no obvi-
ous interfering in quantiWcation of A. ferrooxidans in
bioleaching with mixed strains.

Compared to other techniques in identiWcation and quan-
tiWcation of A. ferrooxidans (Table 4), this assay could
detect A. ferrooxidans in the crude cell lysates without prior
puriWcation of 16S rRNA; it was accurate enough for dis-
tinguishing homologous species with the exclusion of only
two base pairs diVerence; the cycle of assay was about 3–
4 h and detection sensitivity was about 8.0 £ 102 cells/ml;
the total cost was less than $0.5 per sample without
employing expensive lysozyme, proteinase K, and RNA-
ase. Furthermore, there was little requirement of equipment
except for a common microplate reader.

Additionally, this method was developed for the rapid
detection of bioleaching bacteria in 9 K medium, and the

Fig. 5 a IdentiWcation of A. ferrooxidans by 16S rRNA-based sandwich hybridization assay. b The comparison between 16S rRNA-based sand-
wich hybridization assay and microscopic cell counting. Samples are described in Table 3
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medium would be improved for imitating more detailed
chemical environment in bioleaching when it might be
applied in the industrial sites in the future.

In summary, a novel assay based on sandwich hybridiza-
tion assay with the aid of S1 nuclease treatment and Xuores-
cent labeling was developed for identifying and quantifying
A. ferrooxidans eYciently in bioleaching system. The pro-
cedure and operating conditions are introduced in detail,
and the assay results are veriWed. As a simple and practical
technique, the novel assay might provide a practical proto-
col for identifying and monitoring any kind of bacteria
from a mixed microbial Xora.
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