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KEYWORDS Abstract After completing its sequence/annotation in 2005, Magnetospirillum magneticum AMB-1
Component; had become one of the most important magnetotactic genomes used to facilitate analysis of the
Magnetosome; magnetosome formation process. In this paper we investigate the genome contents of AMB-1
Nano-particles; and other magnetotactic bacteria to demonstrate the size of mobile genome and number of con-
Genomic island served genes in M. magneticum AMB-1. The preliminary analysis presented here shows the mosaic

structure of these genomes. 100 genomic islands were identified in AMB-1 by IslandPick. Moreover,
the size of AMB-1 magnetosome island (MAI), previously known to be 100 kb, was re-estimated to
be in the size range of 110 kb. Thus more genes were included to be part of this GI. The investiga-
tion included the use of comparative approaches to elucidate conserved protein coding sequences.
13 CDS were identified to be conserved among three magnetotactic genomes. One CDS (amb3135)
was conserved in five magnetotactic genomes. The amino acid sequence for this CDS (amb3135)
was used to draw a phylogenetic tree among magnetotactic bacteria. The phylogeny based on
amb3135 is in concordance with previous studies indicating a close relationship between strain
AMB-1 and other Magnetospirillum species.

© 2014 Production and hosting by Elsevier B.V. on behalf of University of Bahrain.

1. Introduction

Magnetotactic bacteria (MTB) have become one of the most

* Corresponding author. Tel.: +973 17437419. important bacterial agents used in different applications
E-mail address: abinthani@uob.edu.bh (A.B. Thani). covering industry and medicine. They are involved in the for-
Peer review under responsibility of University of Bahrain. mation of magnetic nano-particles such as magnetite (Fe304)
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or greigite (Fe;S,), (intracellular structures known as magneto-
somes). These are responsible for the MTB’s ability to orient
along the magnetic field lines. Though, still the ability of these
microorganisms to form magnetosomes is not fully understood
(Arakaki et al., 2008). Different studies implemented that a
cluster of genes forming large DNA fragments encode for
proteins that control the synthesis of these magnetosomes
(Griinberg et al., 2001; Schubbe et al., 2003; Matsunaga
et al., 2005). These large DNA clusters are usually acquired
into the bacterial chromosome from another bacteria living
in the same habitat (Richter et al., 2007). Such foreign DNA
fragments show some DNA signatures of the donor strain
e.g., its GC contents. These large DNA segments are called
genomic islands (Gls) and are usually inserted downstream
of tRNA genes. Up to date two GIs were identified in two dif-
ferent magnetotactic bacteria Magnetospirillum gryphiswal-
dense and Magnetospirillum magneticum AMB-1 (Schubbe
et al., 2003; Matsunaga et al., 2005; Ullrich et al., 2005). Both
are considered o-proteobacteria. Because the two GIs identi-
fied in these two strains contain genes encoding magnetosome
formation proteins, therefore, they were named magnetosome
island (MAI) (Ullrich et al., 2005). In this study we are
investigating the GI contents of M. magneticum AMB-1 using
devised online application ““IslandPick” developed by Langille
and Brinkman (2009). The aim of this study is to evaluate the
content and size of the mobile genome in M. magneticum
AMB-1. Our investigation should provide better understand-
ing for the mechanisms applied by AMB-1 in magnetosome
formation.

2. Databases and in silico analysis tools

IslandPick from IslandViewer was used in this study to reassess
the GI contents in M. magneticumm AMB-1. IslandPick default
parameters were applied except for the maximum distance
(MD) changed to 0.48. Therefore, distantly related genomes
Rhodospirillum rubrum ATCC 11170 (MD 0.471) and Rhodo-
spirillum centenum SW (MD 0.475) could be included in the anal-
ysis. mGenomeSubtractor (default parameters: Matrix
BLOSUMG62 and H-value > 0.64 applied) an online application
was used to verify the conserved protein coding sequences (CDS)
among completely sequenced magnetotactic bacteria (Shao
etal.,2010). Both ClustalX2 by Larkin et al. (2007) and tree-view
by Page (2001) were used to draw phylogenetic tree between M.
magneticum AMB-1 (NC_007626) and four other magnetotactic
bacteria: M. gryphiswaldense MSR-1 (CU459003), Magneto-
spirillum  magnetotacticun  MS-1  (NZ_AAAP00000000),
Magnetococcus sp. MC-1 (NC_008576), and Desulfovibrio
magneticus RS-1 (NC_012796).

3. Results and discussion

3.1. Investigating the GI contents of M. magneticum AM B-1

Currently there are three online methods provided by Island-
Viewer for GI investigations: IslandPick, SIGI-HMM, and
IslandPath-DIMOB.

In contrary to the other two, IslandPick provides the option
of selecting the comparison genomes instead of applying the
whole set of default genomes (Langille and Brinkman, 2009).
Therefore, we used IslandPick in this study to reduce the

number of compared genomes to only two non-MTB
strains with some relatedness to M. magneticun AMB-1: R.
rubrum ATCC 11170 (NC_007643) and R. centenum SW
(NC_011420) (Richter et al., 2007). Using these two non-MTB
strains should verify the differences between MTB and their
distantly related relatives. This would enable proper investiga-
tion for the proposed genes involved in magnetosome
formation and are unique to AMB-1.

100 GIs were identified by IslandPick, 21 of these were in
the size range of 27-74 kb. The MALI previously identified as
the 100 kb island in AMB-1 Matsunaga et al. (2005) was
identified by IslandPick as 74 kb island and was the largest
GI found by IslandPick (Table I and Fig. I).

Table 1 shows that the total size of the mobile elements
present in the genome of AMB-1 is about 1998 kb. Compared
to other bacterial genomes the amount of unique DNA
(proposed to be essential for magnetosome formation) in
AMB-1 is considered high (about 40% of the AMB-1 genome
— AMB-1 chromosome size is 5 Mb). For example, four E. coli
strains had a unique DNA size between 65 and 1183 kb
Ochman and Jones (2000).

The presence of high number of mobile elements in the
chromosome of AMB-1 indicates a robust and highly dynamic
genome acquiring foreign DNA fragments. This speculation is
enforced by the findings of Hou (1999) and Williams (2002); in
their studies they found that GIs are usually associated with
island—encoded integrases capable of self excision/insertion
by recognition of short sequences typically flanking the bound-
aries of these Gls. The dynamic mechanism applied by the
mosaic DNA structure for AMB-1 could overcome stress
conditions imposed by their environment. For example,

Table 1 21 GIs in the size range of 27-74 kb identified by
IslandPick method in strain M. magneticum AMB-1%.
No. Start End Size (kb)°

1 64656 112973 48,317 (48)
2 116144 171326 55,182 (55)
3 403906 439081 35,175 (35)
4 492378 522384 30,006 (30)
5 987523 1061658 74,135 (74)°
6 1075584 1143180 67,596 (68)
7 1352548 1394957 42,409 (42)
8 1523909 1553799 29,890 (30)
9 1627216 1657770 30,554 (31)
10 1749453 1778090 28,637 (29)
11 1832297 1892486 60,189 (60)
12 1894691 1924393 29,702 (30)
13 2025274 2054484 29,210 (29)
14 2065014 2106668 41,654 (42)
15 2152512 2179581 27,069 (27)
16 2203373 2258854 55,481 (55)
17 3125031 3158087 33,056 (33)
18 3160859 3211078 50,219 (50)
19 3399857 3436053 36,196 (36)
20 3714652 3752680 38,028 (38)
21 4120182 4160540 40,358 (40)
Total 1998698 (2 Mb)¢

% Numbers are written in bp.

® Numbers between two brackets are in kb.

¢ IslandPick predicted the size of MAI to be 74 kb.

4 Total size of Gls present in the genome of AMB-1 is calculated
in Mb.
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Figure 1  Circular representation of the AMB-1 genome and its
associated Gls predicted by IslandPick. GIs are represented by
green shaded areas (Image produced by the IslandPick
application).

Richter et al. (2007) found that the function of additional
genes outside the MALI is essential to coordinate both the mag-
netosome formation and the physiology of magnetotaxis,
therefore, enabling the microbe to overcome the high iron
environment.

3.2. Estimating the size of the MAI in AMB-1

This is the first report to propose a new size for the previously
identified 100 kb MAI. The coordinates of the 100 kb MAI
were 997403-1097027 (Matsunaga et al., 2005).

Both the 100 kb and 74 kb sizes of the MAI have different
distal termini that are mapped to 9881 and 35370 bp distal
extensions. The distal extension of 9881 bp identified by
IslandPick maps to: diguanylate cyclase with hemerythrin-like
metal-binding, transposases and putative integrase/recombi-
nase proteins (Table 2). Presence of a metal-binding protein,
transposases and integrase genes would suggest that this
DNA fragment 9881 bp is part of the 100 kb MAI.

On the other hand, blastn search for the other distal
extension 35370 bp missed by IslandPick corresponds to: parts
of the M. gryphiswaldense/magnetosome island, magnetic
particle proteins and the MamAB gene-one of the genes
involved in magnetosome formation (Richter et al., 2007).
Even that IslandPick did not recognize this DNA fragment
as part of the MAI, the blastn result shows that this is still con-
sidered part of the MAI. Summing the whole DNA fragments
all together would make the MAI size to be in the size range of
110 kb with the following new coordinates 987523-1097027
(Fig. 2).

IslandPick uses a comparative genomic approach to predict
the presence of Gls (Langille and Brinkman, 2009). Default
parameters of the software apply the whole microbial genome
set present in the database. However, users can select from the
set of microbial genomes, more closely related strains for their
comparative runs. One drawback of such approaches is that
some strains with few closely related strains in the database
e.g., AMB-1 would return IslandPick with large number of
“false” predictions and limit the software ability to detect

Table 2 Blastx results for the 9881 bp DNA fragment (distal extension).

NCBI accession No.

Product

Blastx results

Blastx hits of GI specific sequence

Sequence

length (a.a)

483

YP_003168004

Diguanylate cyclase with hemerythrin-like

metal-binding domain

Transposase

Bit score = 305 e-value = 9e¢80 ID = 153/35 (51%)

Candidatus Accumulibacter phosphatis

clade IIA str

ZP 02186527

YP_420395

Bit score = 321 e-value = 5¢-95 ID = 156/197 (80%)
Bit score = 352 e-value = 7¢941 D = 182/23 (82%)
Bit score = 565 e-value = 2el61 ID = 285/25 (100%)
Bit score = 208 e-value = 7e-54 ID = 106/110 (97%)
Bit score = 785 e-value = 0.0 ID = 389/390 (99%)
Bit score = 297e-value = 2e-77ID = 146/146 (100%)

Magnetospirillum magneticum AMB-1

Alpha proteobacterium

416
256
285

YP_420289

Putative integrase/recombinase protein

Integrase

YP_420355

Magnetospirillum magneticum AMB-1
Magnetospirillum magneticum AMB-1
Magnetospirillum magneticum AMB-1
Magnetospirillum magneticum AMB-1

YP_420290

Nucleoid DNA binding protein

Putative transposase

110

390

YP_420292

Hypothetical protein amb0929

174
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Figure 2 Distal extensions of the MAI in AMB-1.

Table 3 Conserved protein coding sequences obtained by mGenomeSubtractor/mpiBLASTP in three magnetotactic bacteria.

No Synonym Length (aa) Gene Product

1 amb0034 49 - Hypothetical protein

2 amb0203 552 groEL Chaperonin GroEL

3 amb1077 290 - GDP-D-mannose dehydratase

4 amb3109 131 - 30S ribosomal protein S11

S amb3120 122 - Ribosomal protein L14

6 amb3131 102 rpsj 30S ribosomal protein S10

7 amb3132 396 - Elongation factor Tu

8 amb3135 123 rpsL 30S ribosomal protein S12

9 amb3148 396 - Elongation factor Tu

10 amb3206 546 — ATP-dependent Zn protease

11 amb4139 474 - FOF1 ATP Synthase subunit beta
12 amb4440 642 dnaK Chaperone DnaK

13 amb4553 418 rho Transcription termination factor Rho

the “correct” boundaries of these Gls (Langille and Brinkman,
2009).

3.3. Estimating the number of conserved protein coding
sequences among completely sequenced magnetotactic bacterial
genomes using mGenomeSubtractor

mGenomeSubtractor uses mpiBLAST-based procedure to
generate a list of conserved protein coding sequences by
comparing closely related genomes (Shao et al., 2010). Thus,
the online application is able to perform a subtractive hybrid-
ization among the user-selected genomes. We used mGenome-
Subtractor to generate a list of conserved protein coding
sequences. The application was compared using mpiBLASTp
search between AMB-1 genome and two other completely
sequenced magnetotactic genomes: Magnetococcus sp. MC-1
and D. magneticus RS-1.

The results obtained are shown in Table 3. 13 different CDS
were obtained as the conserved part among the three magneto-
tactic bacteria. The DNA sequences of these 13 conserved
CDS were extracted and used in blastx search to verify if these
sequences were also conserved among in-progress magnetotac-
tic genomes.

The blastx results are not shown but one CDS (amb3135,
the 30S ribosomal protein S12) of the 13 conserved proteins
had high similarity hits to two more in-progress magnetotactic

genomes: M. gryphiswaldense MSR-1 (e-value 3e-64, ID 119/
123, 97%) and M. magnetotacticum MS-1 (e-value 9e-65, ID
121/123, 99%).

3.4. Classifying the 13 CDS into MTB and non-MTB

To classify the identified 13 CDS into MTB specific and
non-MTB proteins, the mGenomeSubtractor mpiBLASTp
search was repeated for the MTB genomes (AMB-1, MC-1
and RS-1) and a fourth genome: R. rubrum ATCC 11170
(NC_007643). R. rubrum is a non-MTB close relative to the
Magnetospirillum strains (Richter et al., 2007). R. rubrum
was used as control to identify MTB specific proteins among
the 13 CDS.

All 13 CDS were identified as non-MTB proteins (12 CDS
were represented in the genome of R. rubrum) except for
amb0034. The DNA sequence for amb0034 was used in
NCBI-blastn to find if it is part of the MAI in the three
MTB genomes (AMB-1, MC-1, and RS-1). The results
retrieved for amb0034 blastn indicated that it is located outside
the MAI (Table 4).

The obtained results suggest that amb0034 is MTB-associ-
ated gene and it could be postulated that the genomes of
magnetotactic bacteria had once evolved from the same
habitat. However, further investigations are required to
elucidate possible functions for the amb0034 protein.
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Table 4 Location of the amb0034 in the three MTB genomes.

Genome Orthologous genes Gene locus (bp) MALI location (bp)* MALI size (kb)*
AMB-1 amb0034 38999-39148 997403-1097027 100

MC-1 Mmcl-0763 944923-945072 2.80-2.93 Mb® 102

RS-1 DMR-44360 5029207-5029356 4605425-4677646 71

# The MALI locations and sizes were obtained from Matsunaga et al. (2005), Scubbe et al. (2009) and Nakazawa et al. (2009) respectively.

® Authors had only indicated the coordinates in Mb.

9g | Magnetospirillum magneticum AMB-1 (NC_007626)
97

Magnetospirillum gryphiswaldense MSR-1 (CU459003)

Magnetospirillum magnetotacticum MS-1 (NZ_AAAP00000000)

Desulfovibrio magneticus RS-1 (NC_012796)

||
0.02

Magnetococcus marinus MC-1 (NC_008576)

Figure 3  Phylogenetic tree of the 30S ribosomal protein S12 orthologous proteins. The evolutionary history was inferred using the
Neighbor-Joining method. The optimal tree with the sum of branch length = 0.27141455 is shown. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Poisson correction method, and are in the units of the number of amino acid substitutions per site. The
analysis involved 5 amino acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 123

positions in the final dataset.

As suggested by previous studies (Richter et al., 2007;
Rioux et al., 2010) the number of strain specific genes obtained
by mpiBLASTp for MC-1 and RS-1 (data not shown) indi-
cates that both genomes are remote in the sense of their mech-
anism of magnetosome formation (magnetotaxis) compared to
other strains such as M. magnetotacticum MS-1 and M. gryphi-
swaldense MSR-1. The cut-off used by mGenomeSubtractor to
identify the 13 CDS was e-value 0.01. This cut-off is less strin-
gent compared to those implemented by Richter et al. (2007)
> 1e-50. We applied the auto cut-off of mGenomeSubtractor
to obtain the maximum number of genes related to the mag-
netosome formation.

3.5. Drawing a phylogenetic relationship between the
magnetotactic bacteria

Heterogeneity was previously observed among magnetotactic
bacteria and that they represent different phylogenetic groups
(Arakaki et al., 2008; Lefevre and Bazylinski, 2013). However,
we have analyzed the phylogenetic relationship among a few
magnetotactic bacteria based on the conserved 30S ribosomal
protein S12 to verify the possible evolutionary pathways for
the magnetotactic trait.

The amino acid sequence of the amb3135 30S ribosomal
protein S12 shown to be conserved among the five different
magnetotactic bacteria was obtained from the 5 bacterial gen-
omes: M. magneticum AMB-1, M. gryphiswaldense MSR-1,
M. magnetotacticum MS-1, Magnetococcus sp. MC-1 and
D. magneticus RS-1.

Because the protein sequence of amb3135 was conserved in
five magnetotactic genomes, it was used to draw a phylogenetic
tree using the ClustIX2 Larkin et al. (2007) and tree-view Page
(2001) software. The preview of the phylogenetic tree indicates

that AMB-1 is more closely related to MS-1 and MSR-1 than
it is to RS-1 and MC-1 (Fig. 3). Moreover, both RS-1 and
MC-1 are clustered together indicating that they too represent
a smaller subgroup within the magnetotactic bacteria.

Our phylogenetic results are in concordance with similar
phylogenetic studies done by other groups Richter et al.
(2007). However, our study was the first and unique in using
novel approaches such as mGenomeSubtractor to deduce the
conserved CDS before using them in drawing phylogenetic
trees.

4. Conclusion and future work

We investigated the heterogeneity of the magnetotactic
chromosomes and the highly mosaic structure of the AMB-1
genome. This heterogeneity has limited the selection of possi-
ble genomes used in comparative approaches to elucidate func-
tional genes in the magnetosome formation. To overcome such
limitations we would investigate the contents of the 100
AMB-1 GlIs obtained by the IslandPick individually using
GeneSpring software and COG database to predict possible
functions for the different obtained Gls.

In summary, the bioinformatic approaches applied in this
paper elucidate a new genome size for the MAI in AMB-1.
Moreover, our investigation revealed 13 CDS conserved in
three magnetotactic genomes. One of these CDS termed
amb3135 encodes for the 30S ribosomal protein S12 which is
conserved in different bacterial strains. Therefore, the amino
acid sequence for the amb3135 was used to illustrate the phy-
logenic relatedness among magnetotatic bacteria. The
obtained phylogeny indicated a close relationship between
strain AMB-1 and two more magnetotactic bacteria (RS-1
and MC-1).



A.B. Thani et al.

References

Arakaki, A., Nakazawa, H., Nemoto, M., Mori, T., Matsunaga, T.,
2008. Formation of magnetite by bacteria and its application. J. R.
Soc. Interface 5, 977-999.

Griinberg, K., Wawer, C., Tebo, B.M., Schiiler, D., 2001. A large gene
cluster encoding several magnetosome proteins is conserved in
different species of magnetotactic bacteria. Appl. Environ. Micro-
biol. 67, 4573-4582.

Hou, Y.M., 1999. Transfer RNAs and pathogenicity islands. Trends
Biochem. Sci. 24, 295-298.

Langille, M., Brinkman, F., 2009. IslandViewer: an integrated inter-
face for computational identification and visualization of genomic
islands. Bioinformatics 25, 664—665.

Larkin, M., Blackshields, G., Brown, N., Chenna, R., McGettigan, P.,
McWilliam, H., Valentin, F., Wallace, 1., Wilm, A., Lopez, R.,
Thompson, J., Gibson, T., Higgins, D., 2007. Clustal W and
Clustal X version 2.0. Bioinformatics 23, 2947-2948.

Lefevre, C.T., Bazylinski, D.A., 2013. Ecology, diversity, and evolution
of magnetotactic bacteria. Microbiol. Mol. Biol. Rev. 77, 497-526.

Matsunaga, T., Okamura, Y., Fukuda, Y., Wahyudi, A., Murase, Y.,
Takeyama, H., 2005. Complete genome sequence of the facultative
anaerobic magnetotactic bacterium Magnetospirillum sp. strain
AMB-1. DNA Res. 12, 157-166.

Nakazawa, H., Arakaki, A., Narita-Yamada, S., Yashiro, 1., Jinno,
K., Aoki, N., Tsuruyama, A., Okamura, Y., Tanikawa, S., Fujta,
N., Takeyama, H., Matsunaga, T., 2009. Whole genome sequence
of Desulfovibrio magneticus strain RS-1 revealed common gene
clusters in magnetotactic bacteria. Gen. Res. 19, 1801-1808.

Ochman, H., Jones, 1.B., 2000. Evolutionary dynamics of full genome
content in Escherichia coli. EMBO J. 19, 6637-6643.

Page, D., 2001. Treeview, Version 1.6.6. Available from <http://
taxonomy.zoology.gla.ac.uk/rod/rod.html > .

Richter, M., Kube, M., Bazylinski, D., Lombardot, T., Glockner, F.,
Reinhardt, R., Schuler, D., 2007. Comparative genome analysis of
four magnetotactic bacteria reveals a complex set of group specific
genes implicated in magnetosome biomineralization and function.
J. Bacteriol. 189, 4899-4910.

Rioux, J., Philippe, N., Pereira, S., Pignol, D., Wu, L., Ginet, N., 2010.
A second actin-like MamK protein in Magnetospirillum magneti-
cum AMB-1 encoded outside the genomic magnetosome island.
PLoS One 5, €9151.

Schubbe, S., Kube, M., Scheffel, A., Wawer, C., Heyen, U.,
Meyerdierks, A., Madkour, M., Mayer, F., Reinhardt, R., Schuler,
D., 2003. Characterization of a spontaneous nonmagnetic mutant
of  Magnetospirillum gryphiswaldense reveals a large deletion
comprising a putative magnetosome island. J. Bacteriol. 185,
5779-5790.

Scubbe, S., Williams, T., Xie, G., Kiss, H., Brettin, T., Martinez, D.,
Ross, C., Schuler, D., Cox, B., Nealson, K., Bazylinski, D., 2009.
Complete genome sequence of the chemolithoautotrophic marine
Magnetotactic coccus strain MC-1. Appl. Environ. Microbiol. 75,
4835-4852.

Shao, Y., He, X., Harrison, E., Tai, C., Ou, H., Rajakumar, K., Deng,
Z., 2010. MGenomeSubtractor: a web-based tool for parallel in
silico subtractive hybridization analysis of multiple bacterial
genomes. Nucleic Acids Res., 1-7.

Ullrich, S., Kube, M., Schubbe, S., Reinhardt, R., Schuler, D., 2005. A
hypervariable 130 kb genomic region of Magnetospirillum gryphi-
swaldense comprises a magnetosome island, which undergoes
frequent rearrangements during stationary growth. J. Bacteriol.
187, 7176-7184.

Williams, K.P., 2002. Integration sites for genetic elements in
prokaryotic tRNA and tmRNA genes: sublocation preference of
integrase subfamilies. Nucleic Acids Res. 30, 866-875.



