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Summary. Freshwater magnetotactic cocci within Alphaproteobacteria are of ecological interest due to their ubiquitous
distribution in aquatic environments as well as their potential roles in iron cycling and the bulk magnetism of sediment. To
effectively investigate the diversity and distribution of these cocci, specific primers (FMTCf and FMTCr) were developed.
Their specificity, applicability, and effectiveness were then evaluated theoretically and empirically. [Int Microbiol 2009;
12(4):237-242]
Keywords: magnetotactic bacteria · freshwater alphaproteobacterial magnetotactic cocci · specific primers ·16S rRNA gene

Introduction
Magnetotactic bacteria (MTB) are able to synthesize membrane-bound [2], nano-sized, and single-domain magnetite or
greigite magnetosomes. These particles allow MTB to sense
the Earth’s magnetic field and to locate the oxic-anoxic interface in chemically stratified environments [1,5,9,24]. MTB
are broadly distributed throughout freshwater and marine
environments and have been considered to play major roles
in iron cycling [9,18,26], and in the bulk magnetism of sediments [22,23,29]. They most commonly include magnetotactic cocci, which are positioned within Alphaproteobacteria
[8,10,11,15–17,20,21,25,30–32,35]. Despite the fact that
magnetotactic cocci have been studied for more than three
decades, their diversity and distribution are not yet fully
understood due to difficulties in their culture. So far, only
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two strains of marine alphaproteobacterial magnetotactic
cocci have been successfully grown [14,19], whereas axenic
culture of the freshwater variety has not been reported.
Therefore, cultivation-independent methods are crucial for
investigating the diversity and microbial ecology of freshwater alphaproteobacterial magnetotactic cocci [3]. Classical
investigations of these freshwater MTB (and other MTB)
exploit their magnetotactic behavior, e.g., through the use of
magnetic “capillary racetracks” [37] or magnetic “MTB
traps” [13,15], to collect sufficient amounts of MTB, and
include the isolation of their 16S rRNA genes through the
use of bacterial universal primers. Magnetic approaches are
powerful tools for the determination of MTB diversity, and
have been successfully used in numerous studies [10,11,13,
15,16,25,27,28,36]. Although magnetic enrichment is a
directed and fast approach, its efficiency is highly dependent
on the swimming ability of MTB, the magnetic field
strength, the swimming distance, and MTB chemotaxis, all
of which can result in a biased understanding of the diversity of MTB [17]. Furthermore, in some natural environments,
MTB concentrations are too low to allow magnetic enrichment of these bacteria. Instead, environmental samples usually need to be incubated in the laboratory for a certain period
of time, during which the MTB community may change [11]
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such that the detected diversity does not reflect the true diversity of MTB in nature.
The use of specific primers allows direct amplification of
the partial 16S rRNA genes of freshwater alphaproteobacterial magnetotactic cocci from environmental metagenomic
DNA without magnetic enrichment. Theoretically, this
approach partly overcomes magnetic enrichment limitations
and provides very useful, albeit indirect information about
MTB communities [17]. However, to our knowledge, only
one set of specific primers (MCF and MCR) for freshwater
alphaproteobacterial magnetotactic cocci has been reported
[35]. These primers amplify a very short fragment (266 bp)
and fail to target newly detected freshwater alphaproteobacterial magnetotactic cocci. The goal of the present study was
to design new specific primers that would be more effective
in amplifying sequences from freshwater alphaproteobacterial magnetotactic cocci.

Materials and methods
Primers design. After sequences whose sampling site could not be
determined were removed, 19 different 16S rRNA gene sequences longer
than 1200 bp were identified as corresponding to freshwater alphaproteobacterial magnetotactic cocci (Table 1). These sequences were compared, and
specific primers were designed using the Primrose v2.17 program [4]
together with visual inspection and manual correction. The specificities of
primers FMTCf and FMTCr were theoretically evaluated using the PROBE_
MATCH program of the Ribosomal Database Project II (RDP-II, Release 10,
Update 11) with default parameters [7].
Extraction of metagenomic DNA from freshwater sediments. Surface sediments (5–10 cm depth) were collected from Lake Miyun
(40° 27′ 46.02″ N, 116° 56′ 5.82″ E) and Lake Kunming (39° 59′ 38.52″ N,
116° 15′ 49.14″ E) in Beijing, China. The presence of magnetotactic cocci in
Lake Miyun [15,17] and Lake Kunming was confirmed by light and transmission electron microscopy (Fig. 1). Genomic DNA was extracted from 0.5 g (wet
weight) of each sediment using the UltraClean Soil DNA isolation kit (MoBio
Laboratories, Carlsbad, CA) according to the manufacturer’s instructions.

Table 1. In silico analysis of specific primers compared to published 16S rRNA gene sequences of freshwater alphaproteobacterial magnetotactic cocci
larger than 1200 bp
In silico test of primera
Sequence name

GenBank accession number

Sequence length (bp)

MCF + MCRb

FMTCf + FMTCrc

Reference

CS103

X61605

1495

+

+

[31]

CS308

X61607

1494

+

+

[31]

CS92

X81182

1498

–

+

[30]

CS81

X81184

1497

–

+

[30]

Magnetic coccus

X80996

1496

+

+

[30]

TB12

X81183

1493

+

+

[30]

TB24

X81185

1494

–

–

[30]

CF2

AJ863135

1427

+

+

[10]

MYG-4

EF370484

1462

+

+

[17]

MYG-5

EF370485

1462

+

+

[17]

MYG-22

EF370486

1462

+

+

[17]

MYG-38

EF370487

1462

+

+

[17]

YDC-1a

FJ667777

1464

–

–

[16]

YDC-1b

FJ667778

1464

–

–

[16]

Clone 7 (OTU B)

EU780674

1466

–

+

[15]

Clone 10 (OTU F)

EU780675

1462

–

+

[15]

Clone 17 (OTU A)

EU780677

1462

+

+

[15]

Clone 29 (OTU G)

EU780680

1464

–

–

[15]

Clone 37 (OTU H)

EU780681

1466

–

+

[15]

a

In silico test of primer set: + indicates matches to the sequence in target regions; – indicates mismatches to the sequence in target regions.
Primers designed according to reference [35].
c
Primers designed in this study.
b
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Fig. 1. (A) Light and (B–E) transmission electron microscopy micrographs of magnetotactic cocci from Lake Kunming (Beijing).

PCR amplification using specific primers. To test the applicability of the method and determine the optimal PCR conditions for primers
FMTCf and FMTCr, the previously published 16S rRNA gene of uncultured
freshwater Magnetococcus sp. clone 17 (OTU A) [15] was used as a template. PCR was carried out in a final volume of 20 μl using 0.2 mM of each
of the four dNTPs, 2 mM MaCl2, 1.25 U Taq DNA polymerase (Ex Taq,
TaKaRa Bio, Shiga, Japan) with 1× Taq buffer, 8 pmol of each primer, and
0.5 μl template DNA. The reactions were run in a T-Gradient thermocycler
(Whatman-Biometra, Göttingen, Germany) under the following conditions:
5 min of initial denaturation at 95°C followed by 30 cycles of 30 s at 94°C,
30 s at 40–60°C, and 1 min at 72°C, with a final extension at 72°C for 10 min.
In addition, environmental metagenomic DNA from Lake Miyun and Lake
Kunming was used to examine the robustness of the specific primers.
Cycling conditions included an initial 5-min denaturation step at 95°C, 30
cycles of 30 s at 94°C, 30 s at 50°C, 1 min at 72°C, and a final 10-min extension at 72°C. All amplification products were analyzed by gel electrophoresis in an agarose gel (0.8%, w/v) stained with ethidium bromide.
DNA cloning, sequencing and phylogenetic analyses. The
PCR products of metagenomic DNA were cloned using a commercially
available TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA). Ligation
and transformation were carried out according to the manufacturer’s instructions. The transformed cells were plated onto Luria-Bertani agar plates containing ampicillin. The 29 randomly selected clones were sequenced using
an ABI 3730 genetic analyzer (Beijing Genomics Institute, China), and the
resulting sequences checked for chimera formation with the CHECK_
CHIMERA software of the RDP-II [7] and the Bellerophon server [12]. The
cloned sequences were then compared with existing 16S rRNA genes using
GenBank and RDP II, and the 16S rRNA gene sequences aligned using
CLUSTAL W [34] (with the following parameters: gap opening penalty =
15; gap extension penalty = 6.66). A phylogenetic tree was subsequently
constructed with MEGA v4.0 using the neighbor-joining method (bootstrap
phylogeny test: 100 replicates, seed = 64238) [33].

Nucleotide sequence accession numbers. The sequences retrieved
in this study were deposited in GenBank under accession numbers
GQ338449 to GQ338468.

Results and Discussion
The broad phylogenetic diversity of MTB makes it extremely difficult to design a universal primer set to exclusively
amplify all targets. We therefore focused on the most ubiquitous freshwater alphaproteobacterial magnetotactic cocci that
formed a coherent phylogenetic lineage [3,32]. A set of specific primers, FMTCf and FMTCr, spanning a region of
about 864 bp, was designed. The forward primer, FMTCf (5′TAAAGCCCTTTYAGTGGGAA-3′), corresponded to positions 431–450 of Escherichia coli, and the reverse primer,
FMTCr (5′-ACTKCAATCYGAACTGAGACGAGY-3′), to
positions 1360–1383 of E. coli. The primer FMTCf was a
modification of the primer MCF [35], with the C at position
12 replaced by a Y, so that more sequences could be targeted.
A theoretical evaluation of primers FMTCf and FMTCr with
the program PROBE_MATCH revealed that FMTCf
matched with 47 hits, 44 (93.6%) of which belonged to
alphaproteobacterial magnetotactic cocci; while the rest
were clustered in the Gammaproteobacteria. FMTCr
matched with 58 hits, 36 (62.1%) of which were from
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Fig. 2. (A) PCR amplification at increasing annealing temperatures using primers FMTCf and FMTCr. The template used in these reactions was the 16S
rRNA gene of uncultured freshwater Magnetococcus sp. clone 17 (OTU A, EU780677). Lane M, size marker; lane 1, annealing temperature of 40°C; lane
2, 40.6°C; lane 3, 41.9°C; lane 4, 44°C; lane 5, 46.4°C; lane 6, 48.7°C; lane 7, 51.3°C; lane 8, 53.6°C; lane 9, 56°C; lane 10, 58.1°C; lane 11, 59.4°C; and
lane 12, 60°C. (B) Gel electrophoresis of PCR products from environmental metagenomic DNA with primers FMTCf and FMTCr. Lane M, size marker;
lane 1, Lake Kunming (Beijing); lane 2, Lake Miyun (Beijing); and lane 3, PCR negative control.

sified Bacteria (3 sequences). Although each primer could
potentially bind to bacteria other than MTB, the combined
use of the two primers exclusively targeted freshwater
alphaproteobacterial magnetotactic cocci.

Int. Microbiol.

alphaproteobacterial magnetotactic cocci; the others
belonged to non-MTB and were affiliated with the phyla
Firmicutes (7 sequences), Acidobacteria (2 sequences),
Bacteroidetes (5 sequences), BRC (1 sequence), and unclas-

FRESHWATER MAGNETOTACTIC COCCI

When the cloned 16S rRNA gene of the freshwater
alphaproteobacterial magnetotactic coccus OTU A [15] was
used as template, single bands of the expected size (864 bp)
were successfully amplified at annealing temperatures of
40–60°C (Fig. 2A), suggesting that the specificities of
primers FMTCf and FMTCr were not affected within this
temperature range. However, the concentrations of the PCR
products declined below 48.7°C (lane 6 in Fig. 1A) and
above 59.4°C (lane 11 in Fig. 2A), providing empirical
annealing limits for these primers. Therefore, in subsequent
experiments, the annealing temperature for primers FMTCf
and FMTCr was 50°C.
The robustness of primers FMTCf and FMTCr was
experimentally examined using environmental metagenomic
DNA extracted from surface sediments of two freshwater
lakes, Lake Miyun and Lake Kunming, in Beijing. Although
distinct, nonspecific faint bands of various sizes were noted,
PCR products generating bands of 864 bp were obtained
from both of the tested sediment samples (Fig. 2B). That the
development of primers FMTCf and FMTCr had been successful was further confirmed by the fact that all retrieved
sequences were affiliated with Alphaproteobacteria and
revealed >95% identity with the sequences of published
freshwater alphaproteobacterial magnetotactic cocci (Fig. 3).
The overall similarities of the resulting sequences ranged
from 90 to 100%, indicating that primers FMTCf and FMTCr
were able to amplify a broad spectrum of freshwater
alphaproteobacterial magnetotactic cocci (Fig. 3). However,
four out of 19 published sequences of freshwater alphaproteobacterial magnetotactic cocci were not fully complementary to primers FMTCf and FMTCr (Table 1), perhaps due to
the relatively low similarities of these sequences to those of
the other freshwater magnetotactic cocci [15,16,30]. Nevertheless, compared to the previously designed specific primers
MCF and MCR [35], the new primers FMTCf and FMTCr
extend the current set of MTB group-specific primers [6,35]
by amplifying a longer product (about 864 bp) and a greater
number of sequences from freshwater alphaproteobacterial
magnetotactic cocci (Table 1). These new primers therefore
provide a viable method to detect these bacteria. A combination of the specific primers FMTCf and FMTCr with other
approaches, e.g., classical magnetic enrichment methods,
transmission electron microscopy, and fluorescence in situ
hybridization, will improve our understanding of the diversity, distribution, and ecological role of freshwater alphaproteobacterial magnetotactic cocci.

INT. MICROBIOL. Vol.12, 2009

241

Acknowledgements. We thank Bi Li, Xiangyu Zhao, Caicai Liu,
Xinlin Ji, Jinhua Li and Changqian Cao for help in field sampling. This work
was supported by the CAS/SAFEA International Partnership Program for
Creative Research Teams, CAS project and NSFC grant (40821091).

References
1.
2.

3.

4.

5.
6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

16.

Abreu F, Silva KT, Martins JL, Lins U (2006) Cell viability in magnetotactic multicellular prokaryotes. Int Microbiol 9:267-272
Abreu F, Silva KT, Farina M, Keim CN, Lins U (2008) Greigite magnetosome membrane ultrastructure in ‘Candidatus Magnetoglobus multicellularis’. Int Microbiol 11:75-80
Amann R, Peplies J, Schüler D (2006) Diversity and taxonomy of magnetotactic bacteria. In: Schüler D (ed) Magnetoreception and magnetosomes in bacteria. Springer, Berlin, Germany, pp 25-36
Ashelford KE, Weightman AJ, Fry JC (2002) PRIMROSE: a computer
program for generating and estimating the phylogenetic range of 16S
rRNA oligonucleotide probes and primers in conjunction with the RDPII database. Nucleic Acids Res 30:3481-3489
Bazylinski DA, Frankel RB (2004) Magnetosome formation in prokaryotes. Nat Rev Microbiol 2:217-230
Burgess JG, Kawaguchi R, Sakaguchi T, Thornhill RH, Matsunaga T
(1993) Evolutionary relationships among Magnetospirillum strains
inferred from phylogenetic analysis of 16S rDNA sequences. J Bacteriol
175:6689-6694
Cole JR, Chai B, Marsh TL, Farris RJ, et al. (2003) The Ribosomal
Database Project (RDP-II): previewing a new autoaligner that allows
regular updates and the new prokaryotic taxonomy. Nucleic Acids Res
31:442-443
Cox BL, Popa R, Bazylinski DA, Lanoil B (2002) Organization and elemental analysis of P-, S-, and Fe-rich inclusions in a population of freshwater magnetococci. Geomicrobiol J 19:387-406
Faivre D, Schüler D (2008) Magnetotactic bacteria and magnetosomes.
Chem Rev 108:4875-4898
Flies CB, Jonkers HM, de Beer D, Bosselmann K, Bottcher ME,
Schüler D (2005) Diversity and vertical distribution of magnetotactic
bacteria along chemical gradients in freshwater microcosms. FEMS
Microbiol Ecol 52:185-195
Flies CB, Peplies J, Schüler D (2005) Combined approach for characterization of uncultivated magnetotactic bacteria from various aquatic
environments. Appl Environ Microbiol 71:2723-2731
Huber T, Faulkner G, Hugenholtz P (2004) Bellerophon: a program to
detect chimeric sequences in multiple sequence alignments. Bioinformatics 20:2317-2319
Jogler C, Lin W, Meyerdierks A, Kube, et al. (2009) Towards cloning
the magnetotactic metagenome: identification of magnetosome island
gene clusters in uncultivated magnetotactic bacteria from different
aquatic sediments. Appl Environ Microbiol 75:3972-3979
Lefèvre CT, Bernadac A, Yu-Zhang K, Pradel N, Wu L (2009) Isolation
and characterization of a magnetotactic bacterial culture from the
Mediterranean Sea. Environ Microbiol 11:1646-1657
Lin W, Li J, Schüler D, Jogler C, Pan Y (2009) Diversity analysis of
magnetotactic bacteria in Lake Miyun, northern China, by restriction
fragment length polymorphism. Syst Appl Microbiol 32:342-350
Lin W, Pan Y (2009) Uncultivated magnetotactic cocci from Yuandadu
park in Beijing, China. Appl Environ Microbiol 75:4046-4052

← Fig. 3. Bootstrapped neighbor-joining phylogenetic tree showing the relationships of the16S rRNA genes of freshwater alphaproteobacterial magnetotactic cocci retrieved in this study (shaded sequences) and their close relatives. The percentages of bootstrap replicates are indicated at the nodes.

242

INT. MICROBIOL. Vol. 12, 2009

17. Lin W, Tian L, Li J, Pan Y (2008) Does capillary racetrack-based enrichment reflect the diversity of uncultivated magnetotactic cocci in environmental samples? FEMS Microbiol Lett 279:202-206
18. Martins JL, Silveira TS, Silva KT, Lins U (2009) Salinity dependence
of the distribution of multicellular magnetotactic prokaryotes in a hypersaline lagoon. Int Microbiol 12:193-201
19. Meldrum FC, Mann S, Heywood BR, Frankel RB, Bazylinski DA
(1993) Electron microscopy study of magnetosomes in a cultured coccoid magnetotactic bacterium. Proc R Soc Lond B 251:231-236
20. Moench TT, Konetzka WA (1978) A novel method for the isolation and
study of a magnetotactic bacterium. Arch Microbiol 119:203-212
21. Pan HM, Zhu KL, Song T, et al. (2008) Characterization of a homogeneous taxonomic group of marine magnetotactic cocci within a
low tide zone in the China Sea. Environ Microbiol 10:1158-1164
22. Pan Y, Lin W, Tian L, Zhu R, Petersen N (2009) Combined approaches
for characterization of an uncultivated magnetotactic coccus from the
Lake Miyun near Beijing. Geomicrobiol J 26:313-320
23. Pan Y, Petersen N, Davila AF, Zhang, et al. (2005) The detection of bacterial magnetite in recent sediments of Lake Chiemsee (southern
Germany). Earth Planet Sci Lett 232:109-123
24. Popa R, Fang W, Nealson KH, Souza-Egipsy V, Berquó TS, Banerjee SK,
Penn LR (2009) Effect of oxidative stress on the growth of magnetic particles in Magnetospirillum magneticum. Int Microbiol 12:49-57
25. Simmons SL, Bazylinski DA, Edwards KJ (2007) Population dynamics
of marine magnetotactic bacteria in a meromictic salt pond described
with qPCR. Environ Microbiol 9:2162-2174
26. Simmons SL, Edwards KJ (2006) Geobiology of magnetotactic bacteria. Springer, Berlin, Germany
27. Simmons SL, Edwards KJ (2007) Unexpected diversity in populations of the many-celled magnetotactic prokaryote. Environ Microbiol 9:206-215
28. Simmons SL, Sievert SM, Frankel RB, Bazylinski DA, Edwards KJ
(2004) Spatiotemporal distribution of marine magnetotactic bacteria in
a seasonally stratified coastal salt pond. Appl Environ Microbiol 70:
6230-6239

LIN, PAN

29. Snowball I, Zillen L, Sandgren P (2002) Bacterial magnetite in Swedish
varved lake-sediments: a potential bio-marker of environmental change.
Quat Int 88:13-19
30. Spring S, Amann R, Ludwig W, Schleifer KH, Schüler D, Poralla K,
Petersen N (1994) Phylogenetic analysis of uncultured magnetotactic
bacteria from the alpha-subclass of Proteobacteria. Syst Appl Microbiol
17:501-508
31. Spring S, Amann R, Ludwig W, Schleifer KH, Petersen N (1992)
Phylogenetic diversity and identification of nonculturable magnetotactic bacteria. Syst Appl Microbiol 15:116-122
32. Spring S, Lins U, Amann R, Schleifer KH, Ferreira LCS, Esquivel
DMS, Farina M (1998) Phylogenetic affiliation and ultrastructure of
uncultured magnetic bacteria with unusually large magnetosomes. Arch
Microbiol 169: 136-147
33. Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular evolutionary genetics analysis (MEGA) software version 4.0. Molecular
Biol Evol 24:1596-1599
34. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: Improving
the sensitivity of progressive multiple sequence alignment through
sequence weighting, positions-specific gap penalties and weight matrix
choice. Nucleic Acids Res 22:4673-4680
35. Thornhill RH, Burgess JG, Matsunaga T (1995) PCR for direct detection
of indigenous uncultured magnetic cocci in sediment and phylogenetic
analysis of amplified 16S ribosomal DNA. Appl Environ Microbiol 61:
95-500
36. Wenter R, Wanner G, Schüler D, Overmann J (2009) Ultrastructure, tactic behaviour and potential for sulfate reduction of a novel multicellular
magnetotactic prokaryote from North Sea sediments. Environ Microbiol
11:1493-1505
37. Wolfe RS, Thauer RK, Pfennig N (1987) A ‘capillary racetrack’ method
for isolation of magnetotactic bacteria. FEMS Microbiol Ecol 45:31-35

