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Abstract. The genomic DNA of three strains of marine magnetotactic bacteria, including two faculta-
tively anaerobic vibrios, strains MV-1 and MV-2, and the microaerophilic coccus, strain MC-1, was
analyzed by pulsed-field gel electrophoresis (PFGE). Digestion of the genomic DNA of strain MV-1 by
the restriction endonucleasAsrll, BarHI, Hindlll, Nhd, Sal, Sfi, Sgf, SgrAl, and Xba resulted in a

large number of fragments below 400 kb that were difficult to resolve by PFGE. Digestion of MV-1 DNA
with Notl andRsil resulted in no fragments. Treatment of genomic DNA of strains MV-1 and MV-2 with
Pad, Pmd, and Spé yielded a manageable number of fragments (ca. 20) that were relatively easily
resolved with PFGE, whil®ad and Spé were effective for strain MC-1. There was no evidence for the
presence of plasmids and linear chromosomes in any of the strains, and strains MV-1 and MV-2 appear to
contain a single, circular chromosome. Genome sizes of strains MV-1, MV-2, and MC-1 were estimated to
be between 3.6 and 3.9 Mb (meanSD; 3.7= 0.2), 3.3 and 3.7 Mb (3.6 0.2), and 4.3 and 4.7 Mb

(4.5 = 0.3), respectively. The restriction fragment patterns of the vibrioid strains MV-1 and MV-2 were
extremely similar, suggesting that the strains are closely related.

Magnetotactic bacteria are a morphologically and metamost of the magnetotactic bacterial strains in pure
bolically diverse group of Gram-negative prokaryotesculture. Thus, little is known about how these organisms
that passively align and actively swim along the Earth’ssynthesize magnetosomes at the molecular level. While
geomagnetic field lines [5, 12]. This feature, termedwe are taking several approaches to understanding how
magnetotaxis [11], results from the presence of uniquenagnetotactic bacteria form magnetosomes, we believe
intracellular structures called magnetosomes [1] that argome valuable genetic information could be obtained by
membrane-bound crystals of magnetite (B [20] or  determining the genome size and organization of differ-
greigite (FgS,) [24]. Although most magnetotactic bacte- ent magnetotactic bacterial strains.
ria produce species- or strain-specific crystal morpholo-  The purpose of this study was to estimate the
gies of only one mineral [2], some species contain bothgenomic size and organization of strains of magnetotactic
minerals [6, 8]. The apparent function of magnetotaxis ishacteria by PFGE. The development of this technique has
to aid chemotactic cells to more efficiently locate andmade it possible to separate large DNA fragments [34]
maintain an optimal position in vertical chemical gradi- whose molecular weights can be determined and used to
ents (e.g., a preferred oxygen concentration) common igstimate genome sizes. During the past decade, PFGE has
many aquatic habitats [21]. been used in many molecular techniques, including
The described magnetotactic bacterial strains argacterial strain typing and identification, genome map-
obligate microaerophiles [3, 20], obligate anaerobes [32]ping, electrophoretic karyotyping, isolation of large pieces
or facultatively anaerobic microaerophiles [5, 25] and arepf DNA, and separation of different topological forms of
difficult to cultivate. Because of their fastidiousness, pNA [26]. The results presented here are the first
effective genetic systems have not been established fofescriptions of magnetotactic bacterial genomes and
represent the initial steps in the construction of physical
Correspondence td.A. Bazylinski maps of the genomes of magnetotactic bacteria.
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Materials and Methods washed five times with * wash buffer (20 na Tris-HCI, pH 8.0, 50

. . . . mm EDTA, pH 8.0), each wash fdl h at 25°C withgentle agitation,
Organisms and growth conditions.The marine magnetotactic bacte- fgjiowed by two additional washes in Odwash buffer. Plugs were
rial strains used in this study included two vibrioid-to-helical organ- siored at 4°C in 0. wash buffer. When required, chromosomal DNA

isms, designated MV-1 and MV-2, and one marine coccoid strainygas linearized by causing randomly occurring breaks in the DNA as
designated MC-1. Strain MV-1 was isolated from a salt marsh pool inpreviously described [18].

Neponset River Estuary (Boston, Mass., USA) [5], and strains MV-2

and MC-1 were isolated from the Pettaquamscutt Estuary (Narragansefestriction enzyme digestion.Individual plugs contained~0.3 pg
Bay, R.l., USA) [27, 28]. genomic DNA and were incubated in<lrestriction enzyme buffer at

Cells of strain MV-1 were grown anaerobically under 1 atm of 25°C for 30 min. The buffer was then replaced with 250 pl of fresh
nitrous oxide (NO) as the terminal electron acceptor, in a diluted Puffer and the appropriate amount of restriction endonuclease. Enzyme
artificial sea water [7] containing (per liter): 0.2 ml 0.2% aqueous concentrations and digestion conditions were according to the manufac-
resazurin; 5.0 ml modified Wolfe’s mineral elixir [21]; 0.5 g sodium {Urer's suggestions (New England Biolabs, Beverly, Mass., USA). After
succinate - 66D; 0.5 g CasAmino Acids (Difco Laboratories, Detroit, ncubation, plugs were washed witbx wash buffer for 30 min at 25°C
Mich., USA); 0.2 g sodium acetate - 38 0.25 g NHCI; 2.4 ml 0.8m and allowed to equilibrate in 0}5‘TBE (45 m Tris, 45 mv boric acid,
NaHCQy; 1.5 ml 0.5m KHPO, buffer, pH 7.1; 0.5 ml vitamin solution 1 ™ EDTA, pH 8.0) for 15 min. One-third of each plug was then
[21]; 2.0 ml of neutralized 0.4 cysteine HCI - HO; and 2.5 ml 0.0} loaded into a we[l of a 1.0% Pulsed-Field Certified Agarose (Bio-Rad)
ferric quinate solution [12]. The mineral elixir, resazurin, sodium 9€!and sealed with warm agarose.
succinate, CasAmino acids, sodium acetate, andiere added to  Ejectrophoresis conditions. Electrophoresis was performed with the
the seawater, and the pH was adjusted to 7.0. The medium was theSHEF-DR 111 System (Bio-Rad). Most gels were run at 14°C, 6 VV/cm,
sparged with M at approximately 100 ml mirt for about 45 min and  ith a 120° reorientation angle with 0STBE buffer. Both the buffer
then with pure NO at the same flow rate for another 45 min and ang the gel were cooled to 14°C prior to the start of each run. Switch
autoclaved. After the growth medium had cooled to room temperaturetimes and gel run times varied according to the size of fragments being
the KHPQ buffer, NaHCQ, vitamin, cysteine, and ferric quinate resolved [10]. For the resolution of DNA fragments up to 2 Mb, gels
solutions were added in order by syringe from sterile anaerobic stockyere run for 24 h with a switch time of 90120 s. Fragments from 300 to
solutions. All solutions were under 1 atm Bixcept the NaHC@which 800 kb were resolved in gels run for 22 h and switch times of 50-90 s.
was under 1 atm C&and the cysteine solution, which was prepared Mid-sized fragments ranging from 50 to 300 kb were separated in gels
fresh, filter-sterilized, and injected directly into the medium without run for 22 h with a 5-40 (occasionally 5-20) s switch time. Smaller
gassing. The final pH was approximately 7.1, and the growth mediumfragments €50 kb) were separated on gels run for 16 h with a 1-5 s
was inoculated after it turned from pink to colorless. switch time.

Strain MV-2 was grown in the same medium, except the sodium
succinate concentration was increased to 1.0 g per liter and theiz€ determination of DNA fragments and estimation of genome

CasAmino Acids were omitted. Cells of strain MC-1 were grown in the Size: Following electrophoresis, gels were stained with 0.1 g pl
artificial seawater described above containing (per liter): 0.2 ml of 0.29,ethidium bromide for 10 min and destained in distilled water for 30 min.

aqueous resazurin; 5.0 ml modified Wolfe’'s mineral elixir; 2.5 g G€ls were photographed with a Gel Doc 1000 System (Bio-Rad). The
N&S,0; - 5H,0; 1.26 g NaHC@, 1.0 g NHCI; 1.5 ml 0.5m KHPO, sizes of fragments generated from restriction digestions were calculated

buffer, pH 7.1; 0.5 ml vitamin solution; 2.0 ml 0.14 neutralized with standard curves created by plotting the logarithm of the fragment
cystei‘ne Hal |’JO and 2.5 ml 0.01m f’erric quinate solution. Al molecular weight in kilobases versus distance traveled in mm from the

ingredients were added to the seawater except the vitamin, cysteine, arW)e”S' Saccharomyces cerevisig®IN295 chromosomes, lambda DNA

ferric quinate solutions, and the pH was adjusted to 7.0. The mediunfoncatemers, aﬁd an 8- 10 48-kb DNA siz_e standard (all from Bio-Rad)
was then sparged with 7.5% GOn 92.5% N for 45 min at were used as size markers. Molecular weights of all fragments produced

approximately 100 ml mint and autoclaved. The vitamin, cysteine, and by Pad, Pmd, andSpé digestions of genomic DNA of all three strains

ferric quinate solutions were added as described in the previOugvere calculated from an average of three to five pulsed-field gels. The
gotal molecular weight of the genomes of each organism was deter-

mined by adding the sizes of the fragments produced by each restriction
ﬁndonuclease.

paragraph. After the growth medium became colorless, the bottle wa
inoculated, and sterile pure,Qvas injected into the bottle without
shaking to a headspace concentration of 1%. As cells increased i
number and consumed(additional sterile @was added to the culture

in increments of 1-2% (vol/vol) of the headspace.

Results

Preparation of genomic DNA. Approximately 2 X 10° cells, as

determined by direct cell counts using a Petroff-Hausser bacterialdentification of effective restriction endonucleases.
counting chamber, were used for each ml of agar plugs. Cells weré[he overall G+ C mol % of the genomic DNA of the
harvested by centrifugation at 10,09th a microcentrifuge for3minat  three strains of magnetotactic bacteria studied is within
25°C, then resuspended in 0.5 mi cell suspension buffer (10 M o 5nge of 52579 (D.A. Bazylinski, unpublished data)
Tris-HCI, pH 7.2, 20 nu NaCl, 50 nm EDTA, pH 8.0). An equal . - .

amount of 1.5% InCert Agarose (FMC Bioproducts, Rockland, Me., relat'vely close to that oEscherichia CO||[29]' There-
USA) was added to the suspension at 50°C. This mixture wasfore, restriction endonucleases that would cleave strain
transferred to plug molds (Bio-Rad; Hercules, Calif., USA) and allowed MV-1 genomic DNA into a reasonable number of frag-
to solidify at 4°C. After removal from the mold, plugs were incubated in ments were first chosen based on the fo”owing criteria:
lysozyme solution (10 m Tris-HCI, pH 7.2, 50 nu NaCl, 0.2% sodium those that were used previously to map tBe coli
deoxycholate, 0.5% sodium lauryl sarcosine, and 1 mig- tgsozyme) .

for 2 h at 37°C. Plugs were then treated overnight with proteinase KChromc'Some [16’ 22, 30, 31, 35]_' those that recognlzed
solution (100 mw EDTA, pH 8.0, 0.2% sodium deoxycholate, 1.0% 8-bp sequences, and those that included sequences such

sodium lauryl sarcosine, 1 mg ml proteinase K) at 50°C and then as CTAG, that have been reported to be rare in prokary-



A.J. Dean and D.A. Bazylinski: Genome Analysis of Marine Magnetotactic Bacteria 221

1 23 456 7 8 1 2 3 4
kb 1 kb kb kb
565 _ 565
_ 485.0
485.0 450 450
339.5 —| e 365 339.5 — 365
& o 285 285
- - 225 ] 225
194.0 =, = 194.0
- —
- o
-
= ke
485 - 485
A B

Fig. 1. PFGE of genomic DNA from magnetotactic bacterial strains MV-1, MV-2, and MC-1. (A) vibrioid strains, MV-1 and MV-2; lanes 1 and 8,
DNA size standards with molecular weights in kb; lanes 2 and 3, MV-1 and MV-2 DNA, respectively, digestéRbaditlanes 4 and 5, MV-1 and

MV-2 DNA, respectively, digested witRmd; lanes 6 and 7, MV-1 and MV-2 DNA, respectively, digested v@te. (B) coccoid strain, MC-1; lanes

1 and 4, DNA size standards; lanes 2 and 3, MC-1 DNA digested Rath and Spe, respectively. The electrophoresis conditions used here were
optimized for mid-sized fragments ranging froab0 to~300 kb.

otes [26]. Digestion withAvrll, BanHlI, Hindlll, Nhd, obtained byPad digestion of MV-1 DNA, six virtually
Sal, Sfi, Sgt, SgrAl, and Xbd resulted in a very large identically sized fragments were produced from MV-2
number of fragments below 400 kb, that were difficult, if DNA. Unique fragments were observed at approximately
not impossible, to resolve by PFGE. Digestion whtbtl 375, 124, and 110 kb for strain MV-1, and approximately
andRsill resulted in no fragments. The intron-encoded 379, 123, and 92 kb for strain MV-2. Of the 23 fragments
endonuclease Geud was also tested, but the resulting produced byPmd digestion of MV-1 DNA, 17 similarly
DNA fragment patterns were inconsistent and deemedized fragments were found in MV-2. Unique fragments
unreliable for genome size estimation. Restriction endowere seen at approximately 650, 431, 195, 177, 154, and
nucleases that generated a manageable number of fray36 kb for MV-1 and at approximately 578, 426, 187,
ments that were relatively easily resolvable by PFGEL50, and 133 kb for MV-2. Of the 17 fragments produced
were Pad (TTAAT 'TAA), Pmd (GTTT'AAAC), and by Spe digestion of MV-1 DNA, 12 were also found in
Spe (A’'CTAGT). The same three enzymes were used tdMV-2 DNA. Unique fragments for MV-1 were found at
analyze the MV-2 genome, whilBad and Spe were 200, 167, 128, 98, and 94 kb, and for MV-2 at approxi-
effective and used for MC-1 genome analysis. Figure 1Amately 147, 129, 96, and 89 kb. Addition of the fragments
depicts a typical example of a pulsed-field gel showingresulting from MV-1 DNA treatment witfPad, Pmd,
resolution of mid-sized fragments produced by the digesandSpé resulted in genome size estimations of 3.7, 3.6,
tion of genomic DNA of the vibrioid strains witPad, and 3.9 Mb, respectively, giving an average of 3.D.2
Pmd, and Spe. Figure 1B depicts similarly sized frag- Mb (Table 1). Treatment with the same three enzymes on
ments produced by digestion of MC-1 genomic DNA MV-2 genomic DNA resulted in genome size estimations
with Pad andSpd. of 3.7, 3.3, and 3.7 Mb, respectively, resulting in an

Analysis of MV-1 and MV-2 genomes.The restriction average genome size of 3:60.2 Mb (Table 1).

fragment patterns of the genomic DNA of strains MV-1 Genome analysis of MC-1Digestion of MC-1 genomic
and MV-2 are shown in Table 1. Of the nine fragmentsDNA with the restriction endonucleas®ad and Spé
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Table 1. DNA restriction fragments (kb) generateddad, Pmd, Table 2. DNA restriction fragments (kb) generateddad and Spé
andSpé digestions of genomic DNA and estimated genome sizes digestions of genomic DNA and estimated genome size of strain MC-1
of strains MV-1 and MV-2. Fragment sizes unique to each

strain are in bold MC-1
Pad Pme Spé Fragment Pad Spé
Fragment MV-1 MV-2  MV-1  MV-2  MV-1  MV-2 A 774 862
B 588 838
A 1129 1129 650 1114 1114 C 469 652
B 675 667 578 609 609 D 422 551
c 497 493 431 327 327 E 405 535
D 403 393 426 323 323 F 366 491
E 379 264 267 251 254 G 314 312
F 375 227 230 200 H 248 167
G 312 309 195 186 186 | 155 141
H 124 187 167 J 129 131
[ 123 177 147 K 119 43
J 110 170 173 147 144 L 76 20
K 92 170 173 129 M 83
L 64 65 154 128 N 72
M 150 100 103 O 56
N 146 145 98 Total 4275 4743
0 133 96
P 136 94
Q 120 117 89 ' o _ .
R 115 111 86 86 in the lanes containing undigested genomic DNA of the
S 95 95 37 37 strains MV-1 and MV-2 under these conditions. No other
E gg 32 gi gi bands were observed in the 1.6 to 5.7 Mb size range in
v 76 20 these gels. These faint bands probably represent circular
W 74 68 genomic DNA that had been linearized during prepara-
X 60 58 tion of the DNA plugs. Bands were never observed for
Y 51 50 strain MC-1 under any conditions during PFGE of
iA :g 34; unrestricted genomic DNA. Deliberate attempts at linear-
BB 19 20 izing circular chromosomal genomic DNA, as previously

Total 3690 3651 3589 3303 3919 3695 described [18], to make the bands of chromosomal DNA
more intense were not successful for any of the strains,
nor did they result in the observation of bands during
resulted in 15 and 12 fragments, respectively, and restricE)FGE of unrest_rlcted genomic I_DNAfrom strain MC'l_'
. . Uncut, undigested genomic DNA from all strains
tion fragment patterns very different from those of MV-1 . . .

. . was electrophoresed alongside that treated with a restric-
or MV-2 with the same endonucleases (Table 2, Fig. 1),. . .

tion endonuclease under every PFGE DNA size resolving

Addition of the DNA fragments resulting from the " )

) . . condition. There was no evidence of extrachromosomal
digestion byPad and Spe¢ shows the genome size of | . ith lecul iaht of
strain MC-1 to be 4.3 and 4.7 Mb, respectively resultingD'\IA €g. p ‘T"Sm'ds) with a molecular weight of be-

: ) ! ' tween, we estimate, about 5.7 Mb and about 1 kb in any

in an average genome size of 4-30.3 Mb (Table 2). of the strains. Figure 2A depicts both unrestricted and
Chromosomal organization.Unrestricted genomic DNA  Spé-treated genomic DNA from all three strains with
from all strains did not migrate into the gel from the wells resolution of fragments in the 300 kb to 2 Mb size range
in which it was loaded during PFGE under typical and shows the absence of distinct bands in lanes contain-
conditions (Fig. 2A). The presence of linear chromo-ing undigested genomic DNA. Fragments near the bot-
somal DNA was tested for by electrophoresis of unre-tom of the gel (bracketed area) in Fig. 2A were more
stricted DNA at 2 V/cm in 0.8% agarose irxITAE with easily resolved in the gel shown in Fig. 2B, which depicts
an included angle of 106° and a 30-min switch time forunrestricted an&pé-treated genomic DNA in the 50- to

72 h. Under these conditions, linear fragments of DNA300-kb size range, and again, distinct bands of DNA are
ranging from 1.6 Mb to 5.7 Mb, molecular weight absentinlanes containing untreated genomic DNAin this
markers of the yeasichizosaccharomyces pombeuld  size range. In this gel, the bands observed above 365 kb in
be easily resolved. Faint, indistinct bands of high molecudanes containing untreated and restriction endonuclease-
lar weight DNA were observed at approximately 3.5 Mb treated genomic DNA and molecular weight markers
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Fig. 2. PFGE of untreated arpd-treated genomic DNA from magnetotactic bacterial strains MV-1, MV-2 and MC-1. (A) Gel in which PFGE
conditions were optimized for the resolution of DNA fragments ranging up to 2 Mb. Lanes: 1 and 2, untreategdanelated genomic DNA,
respectively, from strain MV-1; 3 and 4, untreated &pa#-treated genomic DNA, respectively, from strain MV-2; 5 and 6, untreatecbpeereated

genomic DNA, respectively, from strain MC-1; lane 7, DNA size standard with molecular weights in kb. (B) Gel in which PFGE conditions were
optimized for the resolution of DNA fragments ranging frers0 to~300 kb, those which were not easily resolved in gel A. Lanes 1 and 8, DNA size
standards; lanes 2—7 contain untreated &pédHtreated genomic DNA, respectively, from strain MV-1 (lanes 2 and 3), strain MV-2 (lanes 4 and 5),

and strain MC-1 (lanes 6 and 7). Bracketed area in gel A represents bracketed area in gel B based on DNA fragments present in the bracketed
areas. The intensely staining band in lanes containing unrestricted genomic DNA in B, just above the 365-kb marker, is probably an accumulation of
sheared or randomly broken genomic DNA fragments larger than 365 kb that migrate to this area on the gel (see text). The similar band in the
other lanes contains unresolvable DNA fragments larger than 365 kb along with any large pieces of sheared or broken DNA. Note that this band is
absentin A.

probably represent an accumulation of sheared or rarlar and not linear chromosomes. Linear DNA, even large
domly broken genomic DNA fragments above 365 kbmolecules, will migrate into an agarose gel during PFGE,
that migrated to this area on the gel. These bands were nanlike large circular molecules, which remain trapped in
seen in the lanes containing untreated genomic DNA irthe well [13, 14, 18]. No distinct bands were observed
the gel shown in Fig. 2A, where fragments of this sizeduring PFGE on unrestricted genomic DNA from any of
would be more easily resolved. Likewise, gels showingthe strains, indicating the absence of linear DNA. Very
resolution of smaller fragments ranging in size from 8 tolarge circular DNA molecules can become randomly
100 kb also did not reveal the presence of distinct band$inearized during preparation of the genomic DNA and
in lanes containing untreated genomic DNA in this sizeenter the gel [13, 18, 23]. This observation has revealed
range (data not shown). the presence of multiple chromosomes or large replicons
in certain organisms [18, 23]. We observed very faint
high molecular weight bands in lanes containing unre-
stricted genomic DNA from strains MV-1 and MV-2,
The use of PFGE in this study has revealed somerobably resulting from linearization of the genomic
significant and valuable information on the genomic DNAduring cell lysis. Attempts at linearizing the chromo-
organization and genome size of some magnetotactisome under alkaline lysis conditions did not improve the
bacteria. First, our results indicate that the magnetotactiappearance of the bands. Since these bands migrated at
bacterial strains, MV-1, MV-2, and MC-1, contain circu- approximately 3.5 Mb for strains MV-1 and MV-2,

Discussion
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similar to the genome sizes estimated from addition ofstrains using the same restriction endonucleases are

restriction fragments for these strains, it seems likely thasimilar but not identical, again indicating that a relatively

the vibrioid strains contain a single circular chromosomeclose genetic relationship exists between the strains.

This result is interesting in that results from a recent studyGiven this observation, the fact that genome sizes vary

[23] show that a great deal of diversity regarding genomegreatly within strains of the same species, even as much

size and organization exists in thesubgroup of the class as 1 Mb in certain isolates &scherichia col{9], and the

Proteobacteria the subgroup that includes virtually all remarkable similarity in their phenotypic traits (e.g.,

the magnetite-producing magnetotactic bacteria includmodes of metabolism; D.A. Bazylinski, unpublished

ing strains MV-1, MV-2, and MC-1 [8, 17]. Members of data), it seems likely that MV-1 and MV-2 represent

thea-subgroup of théroteobacterianot only show great  different strains of the same species. Strain MC-1, on the

differences in genome size, but many possess megabaggther hand, shows no evidence of genetic relatedness to

sized replicons, linear chromosomes, and multiple chrothe vibrioid strains on the basis of PFGE of genomic

mosomes [23]. The fact that bands were not detecte®NA, as might be expected.

during PFGE of unrestricted genomic DNA from strain

MC-1 suggests that this strain also contains circulam\CKNOWLEDGMENTS

chromosomal DNA, although we are unable to concludée thank B.L. Dubbels, F.C. Minion, and T.G. Lessie for helpful

that there is a singular chromosome. discussions and suggestions; G.J. Phillips for the same and the use of the
Typical PFGE conditions as used in this study wouldPFGE system; and C. Dunn for help in preparing plugs and gels. This

Iikely reveal any extrachromosomal DNA, such as p|as_work was supported py Office of qual Research grant N0O0014-91-J-

mids, during PFGE of unrestricted genomic DNA [23]. 1290 and National Science Foundation grant CHE-9714101.

We did not find any evidence of extrachomosomal DNA . .

in the form of discrete bands of DNA in any of the strains theratur_e Cited

. . X 1. Balkwill DL, Maratea D, Blakemore RP (1980) Ultrastructure of a

in PFGE gels of unrestricted genomic DNA under any  magnetotactic spirillum. J Bacteriol 141:1399-1408

condition used to resolve different sizes of DNA frag- 2. Bazylinski DA (1995) Structure and function of the bacterial

ments. We were also unable to recover any plasmid DNA, magnetosome. ASM News 61:337-343

using various well-established methods [33]. Because the3- Bazylinski DA, Blakemore RP (1983) Denitrification and assimila-

. . . . tory nitrate reduction inAquaspirillum magnetotacticumAppl
trait of magnetosome synthesis is found in many dispar- ¢ . i 611181124

ate groups of bacteria [4], the possibility of the genes for 4. Bazylinski DA, Moskowitz BM (1997) Microbial biomineraliza-

magnetosome synthesis being located on a plasmid must tion of magnetic iron minerals: microbiology, magnetism and

be seriously considered. To date, plasmids have never environmental significance. Rev Mineral 35:181-223 _

been observed or recovered from any magnetotactic> B22Ylinski DA, Frankel RB, Jannasch HW (1988) Anaerobic
. . magnetite production by a marine magnetotactic bacterium. Nature

bacterial strain. However, our results do not completely 55,015 519

eliminate the possibility that strains MV-1, MV-2, and 6. Bazylinski DA, Heywood BR, Mann S, Frankel RB (1993)6¢

MC-1 carry plasmids that cannot, for some reason, be and FgS,in a bacterium. Nature 366:218

visualized by PFGE. 7. Bazylinski DA, Garratt-Reed AJ, Frankel RB (1994) Electron

- P microscopic studies of magnetosomes in magnetotactic bacteria.
Bacterial genomes range in size from 600 I_<b to 9.5 Microsc Res Tech 27:389-401
Mb [15]. The genome sizes of the magnetotactic strainsg Bazylinski DA, Frankel RB, Heywood BR, Mann S, King JW,
used in this study are 3.7, 3.6, and 4.5 Mb for strains  Donaghay PL, Hanson AK (1995) Controlled biomineralization of
MV-1, MV-2, and MC-1 respectively. According to the magnetite (FgO,) and greigite (Fg5,) in a magnetotactic bacte-
classification of Cole and Saint Girons [15], these mag-  um-Appl Environ Microbiol 61:3232-3239 _
netotactic bacterial strains would fall into their Group 3, o Bergthorsson U, Ochman H (1995) Heterogeneity of genome sizes

A . . among natural isolates &scherichia coli J Bacteriol 177:5784—
prokaryotes that have intermediate-sized genomes rang- s57gg9
ing from 3 to 4.5 Mb. 10. Birren B, Lai E (1993) Pulsed field gel electrophoresis: a practical
Although strains MV-1 and MV-2 were isolated from guide. New York: Academic Press Inc.
different sources, phylogenetic analyses of strains MV-111- Blakemore RP (1975) Magnetotactic bacteria. Science 190:377—
-2 show that the small subunit rRNA sequences, , >~

and MV-2 S ow tha : . . . ,q - S12. Blakemore RP, Maratea D, Wolfe RS (1979) Isolation and pure
of the strains are essentially identical [17], indicating @  cyiture of a freshwater magnetotactic spirillum in chemically
close evolutionary and genetic relatedness between the defined medium. J Bacteriol 140:720-729
strains. However, Fox et al. [19] have determined thatl3. Cheng HP, Lessie TL (1994) Multiple replicons constituting the
identity of 16S rRNA sequences is not necessar"y a ggz(z)me ofPseudomonas cepacib/616. J Bacteriol 176:4034—
sufficient criterion .tO _guaramee species Identlty' We ShO\{\ﬁ4. Chu G (1989) Pulsed field electrophoresis in contour-clamped
here that the restriction fragment patterns of the genomic  homogeneous electric fields for the resolution of DNA by size or

DNA and the genome size estimation of the two vibrioid  topology. Electrophoresis 10:290—-295



A.J. Dean and D.A. Bazylinski: Genome Analysis of Marine Magnetotactic Bacteria

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cole ST, Saint Girons | (1994) Bacterial genomics. FEMS Micro- 26.
biol Rev 14:139-160

Daniels D (1990) The complet@vrll restriction map of the
Escherichia coligenome and comparisons of several laboratory 27.
strains. Nucleic Acids Res 18:2649-2651

Delong E, Frankel RB, Bazylinski DA (1993) Multiple evolution-
ary origins of magnetotaxis in bacteria. Science 259:803-806
Devereux R, Willis SG, Hines ME (1997) Genome sizes of
Desulfovibrio desulfurican®esulfovibrio vulgariandDesulfobul-

bus propionicusestimated by pulsed-field gel electrophoresis of
linearized chromosomal DNA. Curr Microbiol 34:337-339

Fox GE, Wisotzkey JD, Jurtshuk Jr P (1992) How close is close:
16S rRNA sequence identity may not be sufficient to guarantee
species identity. Int J Syst Bacteriol 42:166—170 30
Frankel RB, Blakemore RP, Wolfe RS (1979) Magnetite in
freshwater magnetotactic bacteria. Science 203:1355-1356
Frankel RB, Bazylinski DA, Johnson MS, Taylor BL (1997)
Magneto-aerotaxis in marine coccoid bacteria. Biophys J 73:994-
1000

Heath JD, Perkins JD, Sharma B, Weinstock GM (1998}
genomic cleavage map &scherichia colK-12 strain MG1655. J
Bacteriol 174:558-567

Jumas-Bilak E, Michaux-Charachon S, Bourg G, Ramuz M,

28.

Allardet-Servent A (1998) Unconventional genomic organization in 33.

the alpha subgroup of theroteobacteria J Bacteriol 180:2749—
2755

Mann S, Sparks NHC, Frankel RB, Bazylinski DA, Jannasch HW 34.

(1990) Biomineralisation of ferrimagnetic greigite ¢Bg) and iron
pyrite (Fe$) in a magnetotactic bacterium. Nature 343:258-260

Matsunaga T, Tsujimura N (1993) Respiratory inhibitors of a 35.

magnetic bacteriurMagnetospirillumsp AMB-1 capable of grow-
ing aerobically. Appl Microbiol Biotechnol 39:368-371

225

McClelland M, Jones R, Patel Y, Nelson M (1987) Restriction
endonucleases for pulsed field mapping of bacterial genomes.
Nucleic Acids Res 15:5985-6005

Meldrum FC, Mann S, Heywood BR, Frankel RB, Bazylinski DA
(1993a) Electron microscopy study of magnetosomes in a cultured
coccoid magnetotactic bacterium. Proc R Soc Lond B 251:231-236
Meldrum FC, Mann S, Heywood BR, Frankel RB, Bazylinski DA
(1993b) Electron microscopy study of magnetosomes in two
cultured vibrioid magnetotactic bacteria. Proc R Soc Lond B
251:237-242

29. Orskov F (1984) GenusHscherichialn: Krieg NR, Holt JG (eds)

Bergey’s manual of systematic bacteriology, vol. 1. Baltimore, MD:
Williams & Wilkins, pp 420-423

. Perkins JD, Heath JD, Sharma BR, Weinstock GM (19512)

genomic cleavage map @scherichia coliK-12 strain MG1655.
Nucleic Acids Res 20:1129-1137

31. Perkins JD, Heath JD, Sharma BR, Weinstock GM (199} and

BInl genomic cleavage maps dEscherichia coliK-12 strain
MG1655 and comparative analysis of other strains. J Mol Biol
232:419-445

32. Sakaguchi T, Burgess JG, Matsunaga T (1993) Magnetite formation

by a sulfate-reducing bacterium. Nature 365:47—-49

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual, 2nd edn. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press

Schwartz DC, Cantor CR (1984) Separation of yeast chromosome-
sized DNAs by pulsed field gradient gel electrophoresis. Cell
37:67-75

Smith CL, Econome JG, Schutt A, Klco S, Cantor CR (1987) A
physical map of theEscherichia coliK12 genome. Science
236:1448-1453



