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Abstract

Nonmagnetic mutants of Magnetospirillum magneticum AMB-1 were
recovered following mini-Tn5 transposon mutagenesis. Transconjugants
with kanamycin resistance were obtained at a frequency of 2.7 × 10–7 per
recipient. Of 3327 transconjugants, 62 were defective for bacterial magnetic
particle (BMP) synthesis. The frequency of independent transposition events
for nonmagnetic mutants was about 1.4% in transconjugants. Further analy-
sis of DNA sequences flanking transposon by inverted polymerase chain
reaction allowed isolation of at least 10 genes or DNA sequences involved in
BMP synthesis in M. magneticum AMB-1.

Index Entries: Transposon mutagenesis; mini-Tn5; Magnetospirillum
magneticum AMB-1; inverse polymerase chain reaction; bacterial magnetic
particles; sequence analysis.

Introduction

Magnetic bacteria are a diverse group of Gram-negative prokaryotes
and synthesize membrane-bound intracellular particles of either magne-
tite (Fe3O4) or greigite (Fe3S4) that are aligned in chains of 10–30 along the
length of the cell. Formation of bacterial magnetic particles (BMPs) is
achieved by a biomineralization process regulated at the genetic level.
Accumulation of iron and the deposition of specific particle sizes occur
within membrane vesicles at specific locations in the cell (1). Studies on
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BMP synthesis usually use Magnetospirillum magnetotacticum MS-1 (2) and
M. magneticum AMB-1 (3) as model systems. Little is known about the
biosynthetic ability and molecular genetics of BMP formation in these bac-
teria. M. magneticum AMB-1 is the only strain with an established transfor-
mation system that can form colonies on laboratory medium. This feature
facilitated the genetic analysis of BMP synthesis in M. magneticum AMB-1 (4).

Transposon Tn5 is one of the best-studied and most versatile trans-
posons (5,6). Tn5 exhibits a relatively high transposition frequency and is
stably inserted into the genome (7). Mini-Tn5 derivatives have proven to be
extremely useful tools in bacterial genetics for mutagenesis or insertion of
cloned DNA into the chromosome of Gram-negative bacteria (8–10). These
derivatives consist of an antibiotic-resistance marker flanked by 19-bp
inverted repeats of Tn5 that are essential for transposition (11). The
transposase gene is located outside the inverted repeats on the vector.
Therefore, insertions produced by mini-Tn5 are generally more stable
because of the absence of transposase-mediated secondary transpositions
(8). Characterization, cloning, and sequencing of transposon-inserted genes
require the isolation of flanking DNA sequences. This is generally achieved
by cloning DNA fragments containing the transposon or by inverse poly-
merase chain reaction (IPCR) (12). The magA gene encoding an iron-trans-
porter protein located on BMP membrane and involved in BMP synthesis
was isolated from M. magneticum AMB-1 by Tn5 transposon mutagenesis (13).

In the present study, we isolated numerous M. magneticum AMB-1
mutants that are defective in BMP synthesis by mini-Tn5-mediated
mutagenesis and analyzed the DNA sequences interrupted with mini-Tn5.

Materials and Methods

Bacterial Strains, Culture Conditions, and Plasmids

Escherichia coli S17-1 λ pir (11) harboring plasmid pUTmini-Tn5Km1
(5,9) was grown on Luria Bertani (LB) broth (5.0 g/L of tryptone, 10 g/L of
NaCl, 5.0 g/L of yeast extract) containing ampicillin (50 µg/mL) and
kanamycin (25 µg/mL) at 37°C. E. coli DH5α was grown in LB at 37°C.
M. magneticum AMB-1 (ATCC 700264) was cultured anaerobically with
magnetic spirillum growth medium (MSGM) (2) at 25°C. Transconjugants
of AMB-1 with mini-Tn5 transposon were anaerobically cultured with
MSGM supplemented with kanamycin (5 µg/mL). The pGEM-T Easy vec-
tor (Promega, Madison, WI) was used for cloning of IPCR products.

Transposon Mutagenesis of M. magneticum AMB-1

Transposon mini-Tn5Km1 (pUT-miniTn5Km1) was transferred from
E. coli S17-1 λ pir into AMB-1 by conjugation. The donor, E. coli S17-1 λ pir,
was grown in LB medium containing ampicillin and kanamycin. AMB-1
cells responsive for magnetic field were magnetically collected and used
for cultivation. AMB-1 and E. coli S17-1 λ pir cells in logarithmic phase
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(approx 1 × 108 cells/mL) were centrifuged, washed three times with
0.85% NaCl, and resuspended in MSGM at a concentration of about
1011 cells/mL. Fifty microliters of the donor and recipient were mixed in
varying ratios of E. coli to AMB-1 (1:1, 1:10, and 10:1) and placed on a sterile
nitrocellulose filter on MSGM agar, and mating was performed aerobically
for 6 h at 25°C. The filters were then transferred into 300 µL of MSGM in a
microcentrifuge tube and vortexed. One hundred microliters of each
cell suspension was plated on MSGM agar supplemented with kanamycin
(5 µg/mL) and incubated for 10–14 d anaerobically. Nonmagnetic mutants
were defined by microscopic observation under magnetic fields.

Southern Hybridization Analysis

Isolation of genomic DNA from nonmagnetic mutants of AMB-1
was performed as described by Wilson (14). The genomic DNA digested
with PstI or EcoRI was used for Southern hybridization analysis using
1.7-kb DNA fragments containing the kanamycin resistance gene from
plasmid pUTmini-Tn5Km1 labeled as a probe with a digoxigenin (DIG)
chemiluminescence kit (Boehringer Mannheim GmbH Biochemica). Hybrid-
ization was performed using a DIG DNA Detection Kit (Boehringer
Mannheim).

IPCR Amplification and DNA Sequencing

Figure 1 shows the strategy for IPCR. IPCR was performed against
DNA sequences flanking mini-Tn5 in genomic DNA isolated from non-
magnetic mutants. The genomic DNA digested with EcoRV or BstXI and
ApaI was circularized and used as templates for IPCR. Amplification was
performed using primers designed from the mini-Tn5 sequence near the
insertion sequence: primer 1, 5'-ACACTGATGAATGTTCCGTTG-3';
primer 2, 5'-ACCTGCAGGCATGCAAGCTTC-3'. A GeneAmp PCR Sys-
tem 2400 (Perkin-Elmer) was used to amplify DNA by denaturation at 95°C
for 2 min, primer annealing at 60°C for 1 min, and primer extension at 72°C
for 1 min for 30 cycles and 10 min for the last cycle.

The IPCR products were purified by gel electrophoresis and cloned
using pGEM-T Easy vector. Recombinant plasmids were extracted from
E. coli DH5α by standard methods (15) and used for DNA sequencing
utilizing an automatic DNA sequencer, DSQ-2000L (Shimadzu, Japan).
LASERGENE (DNASTAR, Madison, WI) was used for analysis of DNA
homology and for detection of transposon insertion sites in the genome.

Results and Discussion

Isolation of Transposon Mutants Defective in BMP Synthesis

The highest transconjugation frequency was 2.7 × 10–7 when a 10:1 ratio
of E. coli and AMB-1 was employed (Table 1). AMB-1 with BMPs form
brown-black colonies. A total of 3327 transconjugants were screened, of
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which 62 colonies were white and thus defective for BMP synthesis.
All nonmagnetic mutants grew well in MSGM supplemented with kana-
mycin under anaerobic conditions, similar to the AMB-1. Because sponta-
neous mutants with kanamycin resistance did not occur on MSGM plates
supplemented with kanamycin, AMB-1 mutants defective in BMP synthe-
sis were owing presumably to the transposon insertion into the genome.

Southern Hybridization Analyses of Nonmagnetic Mutants by IPCR
Thirty-four among 62 nonmagnetic mutants were arbitrarily selected

for further analysis. Southern hybridization analysis of nonmagnetic
mutants revealed the presence of the transposon in genomic DNA. Further-
more, 26 nonmagnetic mutants were derived from independent transposi-
tion events (11 of 34 nonmagnetic mutants are shown in Fig. 2). The
frequency of transposition events for nonmagnetic mutants was about 1.9%
in total transconjugants (62 nonmagnetic mutants of 3327 transconjugants),
and 76% of nonmagnetic mutants analyzed were independent mutants
(26 of 34 nonmagnetic mutants). Assuming that AMB-1 has a typical genome
size of ~4000 genes like E. coli, these data suggest that as many as 60 genes
may be involved in BMP synthesis. Biosynthesis of BMPs in AMB-1 is a
complex system involving many genes. Jiang et al. (10) speculated that
200 genes in Rhodospirillum centenum (assuming ~4000 genes in the genome)
might be involved in swarm cell response to light because the frequency of
transposition events was 5% of the screened 23,000 mutants.

IPCR Amplification of DNA Fragments Flanking Transposon
and Their Sequence Analysis
DNA fragments flanking the mini-Tn5 transposon were amplified by

IPCR using primers designed from mini-Tn5 sequence. Single bands of
1.3–4.7 kb were amplified from 14 nonmagnetic mutants. Sequence analysis
of IPCR products from these nonmagnetic mutants showed that 10 mutants
were derived from independent transposition events. This suggested that
at least 10 genes or DNA sequences are required for BMP synthesis in AMB-1.

Table 1
Frequency of Transconjugation
of Transposon mini-Tn5Km1

from E. coli to M. magneticum AMB-1

   Mating cell ratio
of E. coli and AMB-1 Frequencya

  1:10 2.3 × 10–8

  1:1 4.6 × 10–8

10:1 2.7 × 10–7

aFrequency of transconjugation is calcu-
lated per recipient. Values are the mean of
10 experiments.
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Table 2 shows the results of homology searches on the IPCR products from
these 10 mutants. The amino acid sequence derived from the DNA sequence
flanking the inserted mini-Tn5 in mutant 9 had 51% identity with cyto-
chrome C–type SHP in R. sphaeroides, which functions as an oxygen-bind-
ing heme protein during autooxidation (16).

Further studies are currently being conducted to clarify the role of
these genes. Complementation analysis using wild-type genome will help
further the understanding of BMP synthesis in M. magneticum AMB-1. Elu-
cidation of the remaining mutants will also give more information about
the genes involved in BMP synthesis.
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Fig. 2. Southern hybridization analysis of transconjugants using kanamycin-resis-
tant gene as a probe. (A) Genomic DNA digested with EcoRI, and (B) PstI. Lanes 1–11,
nonmagnetic mutant genomes no. 1–11; lane 12, wild-type AMB-1 genome (negative
control); lane M, 1-kb DNA ladder; lane P, pUTmini-Tn5Km1 digested with EcoRI and
PstI (positive control).
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