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Abstract: The whole genome of strain Acidithiobacillus ferrooxidans ATCC 23270 was analyzed by bioinformatics and some
homolog genes of functional ones in magnetotactic bacteria were available. To obtain further knowledge of the magnetosomes
formation mechanisms of Acidithiobacillus ferrooxidans in response to different Fe sources and concentrations, temporal gene
expression profiles of mpsA, magA, mamB and thy were examined by using Real-time quantitative reverse transcription-PCR. The
microbial formation of magnetosomes and magnetotaxis was also studied under different Fe?* concentration. The results indicated
that ORF numbers of 1622, 0276, 1124 and 2572 of the ATCC 23270 were homologous with mpsA, thy, magA and mamB genes in
magnetotactic bacteria. The expression levels of mpsA, magA and mamB were directly related to ferrous concentration, and the
highest expression level at 150—200 mmol/L ferrous was gained. The number of magnetosomes in ATCC 23270 and the
magnetotaxis of cells were significantly related to the expression level of these three genes, suggesting that these genes were related
with the iron transport during the process of magnetosome formation in A. ferrooxidans.
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obtain further knowledge of the magnetosomes
formation mechanisms of A. ferrooxidans ATCC 23270,
temporal gene expression profiles in response to different
kinds of Fe ions and different ferrous concentrations
were examined by using reserved transcript PCR, and the

1 Introduction

The magnetosome formed by Dbiologically
controlled mineralization method could be an ideal kind

of bio-nano-magnetic material[1-3], because of its
specific properties such as superior crystalline, good
biocompatibility, uniform nano-size, non-agglomeration
and special magnetic characteristics[4]. The researchers
discovered that Acidithiobacillus ferrooxidans (A.
ferrooxidans) is able to synthesize intra-cellular
electron-dense magnetite[5], which makes it possible to
obtain bio-nano-magnetic particles by cultivating A.
ferrooxidans[6—7]. Actually, the research of A.
ferrooxidans was mainly focused on the bioleaching
process, and there is few report about the ability of
intracellular magnetosome formation in A. ferrooxidans.

In this work, the genes involved in the
biomineralization of magnetosome in magnetotactic
bacteria were investigated, and their homologous genes
in A. ferrooxidans strain ATCC 23270 were found. To

phenotypes were investigated by using semisolid-plate
magnetophoresis method and transmission electron
microscopy.

2 Experimental

2.1 Bioinformatics

Since the whole genome sequence of A.
ferrooxidans ATCC 23270 is available online (http://cmr.
tigr.org/ tigr-scripts/ CMR/ shared/ AllGeneList.cgi? sub
org val=gtf&feat type=ORF) and there are lots of
studies already about the genes and proteins involved in
magnetosome formation in magnetotactic bacteria[8—9],
the homologous genes and proteins were obtained by
using BLAST method (http://tigrblast.tigr.org/cmr-blast/),
and identities between homologous genes and other
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bioinformatics information were obtained online from
NCBI (http://www.ncbi.nlm.nih.gov).

2.2 Bacterial strains and growth conditions

A. ferrooxidans strain ATCC 23270 was bought
from American Type Culture Collection (ATCC). A.
ferrooxidans ATCC 23270 was grown at 30 C under
oxic conditions (170 r/min) in modified 9K[10—11] using
elemental sulfur as energy source. The number of cells
was counted directly in a hemocytometer on a GalenlII
Microscope. Unless otherwise stated, all experiments
were performed in triplicate. The semisolid-plate
magnetophoresis and ISP semisolid medium were
manipulated as described previously[12].

2.3 Different ion sources and ferrous concentration

shock

In different Fe source treatment experiments, when
the cells grow to logarithmic-phase, cells were collected
and shocked by FeSO47H,O and FeCl; (final
concentration of 20 mmol/L), respectively, with non-
shock cells as the control. The cells were treated for 1 h
at 30 C and 170 r/min. After 1 h, the cells treated by
different Fe sources were centrifuged for 10 min at
12 000 r/min and 4 C (Eppendorf, Wesbury, NY, USA).
The medium supernatant was removed instantly and the
cell pellets were immediately processed for RNA
extraction. In different ferrous concentration treatment,
other steps were the same as above except that cells were
shocked by FeSO47H,0 0.05 (benchmark), 2, 50, 100,
150, 200, 250, 300 and 400 mmol/L, respectively.

2.4 Total RNA extraction, purification, and cDNA

generation

TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
was used to extract total cellular RNA, which was then
treated with RNase-free DNase I (QIAGEN, Valencia,
CA, USA) to digest residual chromosomal DNA and
subsequently purified with a QTAGEN RNeasy Mini kit.
Total cellular RNA was quantified at OD,4p and ODsg
with  a NanoDrop ND—-1000 spectrophotometer

Table 1 Information of homologous genes

(NanoDrop Technologies, Wilmington, DE, USA). The
purified RNA from each sample was served as the
template to generate cDNA by using SuperScript™ Il and
random primer kit (Invitrogen, Carlsbad, CA, USA).

2.5 Primer pairs design

Primer pairs were designed by using Primer Premier
5 software and were synthesized by Shanghai Sangon
(China). All primer pairs of genes are summarized in
Table 1. The fragments were amplified by using the
following cycling conditions: 15 s denaturation at 95 C,
30 s annealing at 57 ‘C, and 30 s extension at 72 C,
along with an initial 5 min denaturation at 95 C and a
final extension reaction at 72 ‘C for 10 min The quality
of the amplified products was checked by 1.0% agarose
gel electrophoresis. Amplified DNA fragment was
considered correct if the gel contained a single product of
the expected size.

2.6 Real-time quantitative reverse transcription-PCR

(RT-PCR)

In different Fe source treatment experiments, the
products of genes were amplified by PCR with cDNA as
the template. In the negative control, the purified RNA
was used as the template. The reserved transcription PCR
results were checked by 1.0% agarose gel
electrophoresis.

In different ferrous concentration treatments, the
products of genes amplified by PCR with genomic DNA
as the template were used to construct the standard
curves. Each RT-PCR mixture (final volume 50 pL)
contained 25 pL of SYBR" Green Realtime PCR Master
Mix (Toyobo, QPK—201) of Taq DNA polymerase,
dNTP, MgCl,, and SYBR Green I dye, 2 pL of a 10
mmol/L solution of the sense/anti-sense primer, 10 pL of
cDNA template, and 11 pL of nuclease-free water. The
reactions were performed with 40 cycles of 30 s at 94 C,
15 s at 55 °C, and 30 s at 72 ‘C and monitored in an
iCycler iQ Real-time PCR detection system (Bio-Rad,
Hercules, CA, USA). These standard curves were derived
from PCR products representing each gene with genomic

Gene name ORF Conserved domain Gene commentary Function Identity/%
number
mpsA 1622 PRKO05724 Acetyl-CoA carboxylase, car.boxyl ' R?lat§d to cell membrane 48
transferase, alpha subunit invagination form MS membrane
thy 0276 cyeM Cysteine synthase B Iron Reductase 40
KefB, TrkA N and . . Proton-driving
magA 1124 TrkA Potassium-efflux system protein H'/Fe( 11 ) antiporter 32
mamB 2572 MMT1 Cation efflux family protein Related with iron transfer 29
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DNA as the template and used to convert threshold
crossings to logarithmic copy numbers. The expression
of each gene was determined from three replicates on a
single real-time PCR experiment. The expression ratio
was recorded as the fold difference in quantity of
real-time PCR product from samples grown at the
treatment control concentration. Relative
abundance of each gene vs a constitutively expressed
gene (16S rDNA) was determined.

VErsus

2.7 Transmission electron microscope analysis

After 24 h incubation, the cells treated by 0.05 and
200 mmol/L FeSO,4-7H,0 were collected at 12 000 r/min
for 15 min and the pellets were washed by distilled water
for three times. Then the cells were thin-sectioned (70
nm) and put onto cuprum grids, and the number of
magnetic particles under each treatment was investigated
under transmission electron microscope (JEM1230,
Japan, JEOL Co).

2.8 Magnetotaxis observation with different ferrous

concentration

Semisolid-plate magnetophoresis is as follows[12].
The collected cells grown on elemental sulfur were
treated by 0.05 and 200 mmol/L FeSO,7H,O for 8§ h,
respectively. Then both treatments were inoculated to the
middle of semisolid-plates (containing 0.05 and 200
mmol/L FeSO, 7H,0, respectively) and the plates were
incubated at 30 ‘C for several days. Permanent magnets
were put on one side of the plates to offer magnetic force,
and the plates without artificial magnetic field (only in
the geomagnetic field) were set up as the control.

3 Results and discussion

3.1 Bioinformatics analysis

The whole genome of A. ferrooxidans ATCC 23270
was analyzed. The results indicated that proteins of
ATCC 23270 encoded by 8 ORFs of 1622, 0276, 1124,
2572, 1403, 1439, 1143 and 2403 (the ORF numbers
accord to sequencing results on TIGR website) were
homologous with MpsA, Iron Reductase(Thy), MagA,
MamB, Bfr, MamE, MamK and MamH in magnetotactic
bacteria, respectively. And the four high identity proteins

Table 2 Primer pairs used for real-time PCR

(MpsA, Thy, MagA and MamB) were selected (Table 1)
to be the target genes in which the response to different
Fe sources and concentrations shock was tested. All
primer pairs for those genes are summarized in Table 2.

ULLRICH et al[13] analyzed the whole genome of
the  magnetotactic  bacteria  type  strain M.
gryphiswaldense MSR-1, and the results indicated that
130 kb region (genomic island) may contain all the genes
involved in magnetosomes formation, and in another
type strain of magnetotactic bacteria Magnetospirillum
sp. strain AMB-1, this kind of 98 kb genomic region was
found as well[14]. In this work, we found out some
genes related to magnetosomes formation, but we did not
find this kind of conserved genomic region in the whole
genome of A. ferrooxidans ATCC 23270, and the
homologous genes (mpsA, thy and magA) found in A.
ferrooxidans ATCC 23270 were not in the conserved
genomic island of the magnetotactic bacteria either.
According to these results, we suggested that ORF
numbers of 1622, 1124, 2572 and 2572 in A.
ferrooxidans ATCC 23270 were related to the formation
of magnetosomes in A. ferrooxidans, but the formation
mechanism of magnetosomes in A. ferrooxidans might
be different from that in magnetotactic bacteria.

3.2 Growth curves
The growth curve of Acidithiobacillus ferrooxidans
ATCC 23270 is shown in Fig.1. According to the growth
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Time/d
Fig.1 Growth curve of Acidithiobacillus ferrooxidans ATCC
23270

Primer sequence (5'-3')

Gene name Sense primer Anti-sense primer Size of product/bp
mpsA GGCTATTATCGGCGGTCTGGC GCTCCGGGCGTATCAATGAAC 201
thy TCGGAAAGCTGGAGGGGAACA GCACCGTAGGCACGCATCA 241
magA CATGCGCTCAGCCATTGTAC AACCTACCGTTACGCTCCAC 168
mamB ATCGTACCGACGCCATTTCCA CCCTTCACAGCCGAGAATCACTT 220
16S rDNA AATCCAAGAAGAAGCACCG CCACTGATGTTCCTCCAG 238
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curve, the 8th day after inoculation was selected to do the
different Fe ion source and concentration treatment.

3.3 Quality of total RNA

The total RNA ratio of ODyg to ODyg quantified by
the NanoDrop® ND—-1000 spectrophotometer (NanoDrop
Technologies) was about 1.95-2.05. The integrality of
total cellular RNA was checked by 1.0% agarose gel
electrophoresis, and imaged by BioSense SC—810 Gel
Documentation System (Shanghai Bio-Tech Co., Ltd,
China) (Fig.2).
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Fig.2 Electrophoresis of total RNA
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3.4 Expression of genes of A. ferrooxidans ATCC
23270 to different Fe sources and concentrations
shock
Firstly, the temporal gene expression profiles were

examined in cells subjected to 20 mmol/L FeCl; and

FeSO47H,0 shock. In different Fe source treatment,

there was significant difference in gene expression

(Fig.3). The results indicated that the expressions of

mpsA, magA and mamB were related to Fe*" but not to

Fe’" or elemental sulfur. And the expression of thy gene

was constant in either Fe*” or Fe’" shock and even Fe

starvation control. This result is consistent with the result
in magnetotactic bacteria[15].

Since the expressions of mpsA, magA and mamB
were related to Fe’', the responses of mpsA, magA and
mamB gene to different concentrations of Fe*" stress
were also analyzed. In contrast to steady-state or
single-concentration-point studies, concentration course
experiments are particularly valuable in providing insight
into the mechanism regulating a bacterial response to
stress and providing useful data for generating
computational models of stress response pathways.

200 bp

200 bp

Lane 1 2 3 4 M

(d)

Fig.3 RT-PCR analysis results of different Fe ion shock response of target genes (Lane 1—Iron starvation control; Lane 2—Fe**
shock; Lane 3—Fe?" shock; Lane 4—Negative control; Lane M—100 bp marker): (a) mpsA; (b) magA; (c) mamB; (d) thy
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Fig.4 shows the relative expression of mpsA, magA
and mamB gene under different concentrations of Fe*'
stress. In iron-deficient and iron-excessive conditions,
the expressions of genes were decreased. The results
indicated that these genes get the highest expression at
150—200 mmol/L concentration of Fe** shock.

Fold change

3 4 5 6 7
Ferrous concentration level

2.0

Fold change

1 2 3 4 5 6 7 8
Ferrous concentration level

Fold change

2 3 4 5 6 7
Ferrous concentration level

Fig.4 Expression ratio of genes of A. ferrooxidans ATCC
23270 to Fe*" shock at different concentrations (Ferrous
concentration levels 1, 2, 3, 4, 5, 6, 7 and 8 indicating
FeSO,47H,0 concentrations of 0.05, 2, 50, 100, 150, 200, 250,
300 and 400 mmol/L, respectively): (a) mpsA; (b) magA; (c)
mamB

3.5 Transmission electron microscope observation

Transmission electron microscope (TEM) images
(Fig.5) showed the numbers of magnetosomes in
different ferrous concentration treated A. ferrooxidans
ATCC 23270 cells. Under both ferrous concentrations
(0.05 and 200 mmol/L), A. ferrooxidans ATCC 23270
could synthesize intracellular electron-dense
magnetosomes (indicated by arrows). Under the
condition of higher ferrous concentration number (200
mmol/L), the magnotosome was much more than that
under the lower ferrous concentration (0.05 mmol/L),
which suggested that the ferrous concentration could
directly affect the number of magnetosomes synthesized
in the A. ferrooxidans ATCC 23270 cells.

Fig.5 TEM images showing magnetosomes from cells of
different concentrations of Fe?" shock (Arrows indicate
magnetosomes): (a) 200 mmol/L Fe*" shock; (b) 0.05 mmol/L
Fe*" shock

3.6 Magnetotaxis observation

During the process of cultivation under the field of a
permanent magnet, the sensitivities of the cells to
magnetic field were also observed. The semisolid-plate
magnetophoresis results (Fig.6) indicated that cells treated
by 0.05 and 200 mmol/L ferrous were able to orient and
migrate to the magnet in artificial magnetic field but
could not orientedly swim under the geomagnetic field.



1384 LIU Wen-bin, et al/Trans. Nonferrous Met. Soc. China 18(2008)

S|N

.SN

Fig.6 Semisolid-plate magnetophoresis results: (a, b) 0.05 and 200 mmol/L FeSO,4 7H,0 plates in artificial magnetic field; (c, d) 0.05

and 200 mmol/L FeSO,4-7H,0 plates in geomagnetic field

These phenomena were due to the fact that
magnetosomes in A. ferrooxidans ATCC 23270 were not
arranged by lines so that the cells could not orient under
weak magnetic field. And there were significant different
movement ranges between 200 mmol/L and 0.05 mmol/L
ferrous treatments. The trend of cells swimming along
magnetic field lines was enhanced by increasing the
concentration of Fe?". According to the results above,
cells treated by 200 mmol/L ferrous contained more
magnetosomes than those treated by 0.05 mmol/L. It
could be concluded that the number of intracellular
magnetosomes could directly affect the ability of the
orienting movement, and the magnetosomes in A.
ferrooxidans ATCC 23270 made it possible for the cells
to migrate along with artificial magnetic force.

4 Conclusions

1) Four high identity homologous genes MmpsA,
magA, thy and mamB involved in magnetosomes
formation of magnetotactic bacteria were found in A.
ferrooxidans ATCC 23270.

2) The expression levels of mpsA, magA and mamB
were related to the concentration of Fe*'. In the

iron-deficient and iron-excessive conditions, the
expression of genes was decreased. At 150-200 mmol/L
concentration of Fe®', these genes reach the highest
expression.

3) The number of intracellular magnetosomes and
the magnetotaxis trend were studied under different
ferrous concentration treatment, and the results indicated
that the less the ferrous, the less the magnetosomes were
synthesized and the weaker the magnetotaxis trend was.

4) The results indicated that when mpsA, magA and
mamB were in lower expression levels, the cells
synthesized less magnetosomes, suggesting that these
genes were related with the iron transport during the
process of magnetosome formation in A. ferrooxidans
and the expression level of these genes would directly
influence the number of intracellular magnetosomes.
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