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Mature spores of the marine Bacillus sp. strain SG-1 bind and oxidize manganese(II), thereby becoming
encrusted with a manganese(IV) oxide. Both the function and mechanism of this oxidation are unknown,
although evidence suggests that spore coat proteins are involved. To further study this phenomenon, methods
of genetic analysis were developed for SG-1. By a modified protoplast transformation procedure, SG-1 was

transformed (-100 transformants per ,ug of DNA) with several different plasmids of gram-positive origin.
Transposon Tn917, delivered on the temperature-sensitive plasmid pLTV1, was used to generate mutants of
SG-1. Conditions were established that allowed 98% plasmid loss and insertions to be recovered at a frequency
of 10-3. Each mutant was found to be the result of a single insertion event. Restriction analysis of 27 mutants
that do not oxidize manganese but still sporulate localized 17 of the insertions within two regions of the
chromosome (termed Mnx regions), and a physical map of these regions was generated. Analysis of 18
transposon integrants in which manganese oxidation was unaffected revealed random transposon integration,
with none of their insertions mapping within the Mnx regions. The Mnx regions were cloned from wild-type
SG-1, and the largest region, carried on the lactococcal plasmid pGK13, was used to complement in trans one
of the nonoxidizing mutants. These results demonstrate that the Mnx regions encode factors that are required
for the oxidation of manganese, and this represents the first report identifying genes involved in bacterial
manganese oxidation.

The biogeochemical cycling of manganese is recognized as
an environmentally important process not only because man-
ganese is an essential nutrient for all organisms but also
because the oxidation and reduction of manganese are inti-
mately coupled with the cycling of other essential elements.
Field studies conducted over the past decade have firmly
established that microbes play an important role in the natural
cycling of manganese (15, 36). A diverse array of bacteria,
fungi, and algae have been shown to catalyze the oxidation of
manganese (18, 33). These organisms convert soluble manga-
nese(II) to manganese(III) or manganese(IV), which generally
precipitates around the cells as a brownish-black oxide or
oxy-hydroxide. In some cases, the oxidation is known to be an
indirect result of a rise in pH or Eh generated by the cell, while
in other cases some component of the cell, either protein or
polysaccharide, has been implicated in mediating the oxidation
directly (35, 36).
The Bacillus sp. strain SG-1 was isolated from a marine

sediment in a manganese enrichment culture (34). Dormant,
mature spores of the organism catalyze the oxidation of
manganese (22, 38). Kinetic studies of manganese oxidation
(22) and examination of the spores by transmission electron
microscopy (44) suggest that a component of the spore surface
is binding and subsequently oxidizing the manganese. Isolated
spore coats retain full oxidizing activity (13), and inhibitor
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studies suggest that a protein is catalyzing the oxidation (38).
From these studies, we can infer that a spore coat or exospo-
rium protein is responsible for the oxidation, but we have been
unable to isolate the oxidizing factor from the spores in
sufficient quantities for analysis. It is not yet known what
portion of the overall oxidation of manganese occurring in
natural environments can be attributed to the activities of
spores such as those produced by SG-1, but bacterial spores
covered with manganese oxide have been observed in natural
samples (17, 44), and we have been able to readily isolate
manganese-oxidizing, spore-forming bacteria from marine sed-
iments.

Spores from a variety of Bacillus species, including Bacillus
subtilis, have been seen to gradually accumulate manganese
oxide (18, 44, 47), but the precipitation of manganese by SG-1
spores is considerably more rapid than in most other cases. B.
subtilis produces a spore coat protein (CotA) that imparts a
brown color to sporulating colonies (14, 25, 40). This pigment
is likely associated with manganese because it becomes darker
as more manganese is provided in the medium (25). However,
by testing with Leukoberbelin blue, a manganese oxide-specific
dye (31), we have found that the pigment is not manganese
oxide.
Many Bacillus species (1, 10, 16, 23) require elevated levels

of manganese for sporulation. Furthermore, manganese, like
other metal ions, is accumulated during mineralization of the
spore coat (27, 32) and has been seen in some cases to enhance
the heat resistance of bacterial endospores (1, 32). It is not
known whether these phenomena are in any way related to
manganese oxidation by spores of SG-1 or whether manganese
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference

Bacillus sp. strain SG-1
Wild type Laboratory collection (34)
LTM1 to LTM27 Tn917 manganese oxidation (Mnx') mutants This study

E. coli
HB101 hsdS20 (rB-mB ) recA13 ara-14 proA2 lacYl galK2 rpsL20 (Smr) 5

xyl-5 mtl-l supE44 F- X-
XL1-Blue recAl end4l gyrA96 thi-J hsdRl7 supE44 reLAl lac [F' proAB Stratagene (7)

lacqZAM15 TnlO (Tc')]

Plasmids
pIL253 Emr, gram-positive broad-host-range, structurally stable plasmid 42
pLTV1 Tn9O7 delivery vehicle [on transposon portion, Emr, promoterless P. Youngman (8)

lacZ, ColEl replicon with Apr, on replicon portion, Tcr,
pE194(Ts) replicon]

pBR322 Apr, E. coli cloning vector 4
pSE380 Apr, E. coli cloning vector with super-linker region Invitrogen Co. (6)
pGK13 Emr Cmr, broad-host-range cloning vector (a derivative of the 28

lactococcal plasmid pWV01)

Recombinant plasmids
pLVM7E, 14E, 17E, 24E, Plasmids formed by self-ligating EcoRI-digested chromosomal DNA This study

and 26E from SG1LTM7, 14, 17, 24, and 26, respectively, and transforming
E. coli for Apr

pBRM17N 8.6-kb NdeI, Mnx fragment from SG-1 cloned into pBR322 This study
pBRM26N 5.1-kb NdeI, Mnx fragment cloned into pBR322 This study
pSEM17N 8.6-kb NdeI, Mnx fragment cloned into pSE380 This study
pGKM17N 8.6-kb NdeI, Mnx fragment cloned into pGK13 This study
a Mnx is the term applied to the phenotype of manganese oxidation distinct from the process of sporulation.

oxidation is linked to some other sporulation process. It has
been suggested that because vegetative cells of SG-1 are able
to reduce manganese oxide, presumably during anaerobic
respiration (12), the accumulation of manganese oxide could*
perhaps be of some advantage upon germination of the spores
(13, 44).
The goal of the present study was to develop genetic

techniques with SG-1 in order to identify genes involved in
manganese oxidation. Here, we report the development of a
plasmid transformation system, transposon mutagenesis with
Tn917 (delivered on pLTV1 [8]), and the identification and
analysis of chromosomal loci involved in the oxidation of
manganese.

MATERUILS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used or generated during this study are listed in Table
1. pLTV1 (8) carries a version of the Streptococcus faecalis
transposon Tn917. The plasmid is highly temperature sensitive
for replication (replication is normally blocked at temperatures
higher than 370C). Thus, the plasmid can be lost from cultures
by growth at a relatively low temperature so that chromosomal
insertions can be recovered. Tn917-LTV1 contains both a
promoterless copy of the lacZ gene (oriented to create tran-
scriptional fusions to the genes into which the transposon
inserts) and a ColEl replicon to facilitate cloning of genes
flanking the insert.
Media and culture conditions. Agar (1.5% [wt/vol]; Bacto

agar; Difco Laboratories]) was added for solid media unless
otherwise noted. The sporulation medium for SG-1 is a
modified K medium (38) containing 2.0 mg of peptone (Difco)
per ml and 0.5 mg of yeast extract (Difco) per ml in artificial
seawater (0.3 M NaCl, 0.05 M MgSO4, 0.01 M CaCl2, 0.01 M

KCI) with both 20 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid [pH 7.7]) and 100 ,uM MnCl2 (filter
sterilized) added after autoclaving. KR medium is a soft-agar
regeneration medium used to plate protoplasts of SG-1 after
protoplast transformation. KR medium is identical to K me-
dium, except that to aid in stabilization of protoplasts during
regeneration, it contains 0.8% (wt/vol) agar, 20 mM MgCl2,
and 0.01% (wtlvol) filter-sterilized bovine serum albumin
(Sigma). The latter two components were added after auto-
claving. R medium, used to grow SG-1 during transposon
mutagenesis and for preparation of plasmid and chromosomal
DNA, is similar but contains 10 mg of peptone per ml and 5 mg
of yeast extract per ml, and manganese is omitted. SG-1 was
grown at 30°C unless otherwise specified. For selection of
plasmids carried by SG-1, erythromycin was used at 1 p.g/ml
and chloramphenicol was used at 10 ,ug/ml. Tetracycline was
used at a relatively high concentration (60 ,ug/ml) to compen-
sate for the high levels of magnesium (an antagonist of
tetracycline) present in seawater in growth media. During
transposon mutagenesis and for culture of transposon mutants,
erythromycin was used at a concentration of 0.15 ,ug/ml, a
concentration that is still selective against wild-type SG-1.
5-Bromo-4-chloro-3-indolyl-,3-o-galactopyranoside for SG-1
was used in K agar medium at a concentration of 80 ,ug/ml.
Escherichia coli was grown in Luria-Bertani medium (39) with
ampicillin added at 50 jig/ml or erythromycin added at 100
ug/ml as appropriate. Restriction endonucleases and DNA-
modification enzymes were used according to the manufactur-
er's specifications.

Isolation of plasmid DNA. Plasmid DNA was isolated from
E. coli by alkaline lysis (39). Plasmids were isolated from
Bacillus species (B. subtilis and Bacillus sp. strain SG-1) by a
modified alkaline lysis procedure (29) with the following
changes. Cultures were washed once with ice-cold TE buffer
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(10 mM Tris-HCl, 1 mM EDTA [pH 7.6]) prior to lysis, and
the cells were incubated in TES lysis buffer (50 mM Tris-HCl,
5 mM EDTA, 50 mM NaCl [pH 8.0]) on ice for 30 min,
followed by incubation for 15 min at 37°C. In addition, the
incubation time on ice in the neutralization solution (3 M
potassium acetate, pH adjusted to 4.8 with glacial acetic acid)
was extended to 45 min. Plasmids could also be isolated from
small-scale (5-ml) cultures of Bacillus cells with the Magic
Minipreps DNA Purification System (Promega Corporation)
modified in the following manner. The entire 5 ml was
harvested by centrifugation (12,000 x g) at 4°C, washed with 1
ml of ice-cold TE buffer, and resuspended in 200 RI of
Promega's Cell Resuspension Solution (50 mM Tris-HCl, 10
mM EDTA, 100 ,ug of RNase A per ml [pH 7.5]) supple-
mented with approximately 0.5 mg of lysozyme. The remainder
of the procedure was followed according to the manufacturer's
instructions.

Transformation of SG-1. A method for transforming SG-1
with plasmid DNA was developed by altering the protoplast
transformation procedure used for B. subtilis (9). Modifica-
tions made to the procedure during its development are
described in Results. The method is given here in its final form.
All glassware used throughout the procedure was washed
copiously with deionized water prior to sterilization to remove
any traces of detergent that might cause lysis of the protoplasts.
The buffer used throughout the majority of the procedure was
(1/2S)MAK, which is an equal volume mixture of two solu-
tions, (i) NS1 (nutrients plus seawater: 8.0 mg of peptone per
ml, 2.0 mg of yeast extract per ml, 40 mM HEPES [pH 7.7], 200
,uM MnCl2 in 2 x artificial seawater) and (ii) 2 x (1/2S)MA
(0.5 M sucrose, 0.04 M MgCl2, 0.04 M malic acid [pH adjusted
to 6.5 with NaOH]). Some experiments were performed in
which (1/2S)MAK was replaced by a non-seawater-based
buffer, SMA -, which is an equal volume mixture of Ni (NS1
with deionized water used in place of seawater) and 2 x SMA
(1.0 M sucrose, 0.04 M MgCl2, 0.04 M malic acid [pH 6.5]).
A culture of SG-1 was grown at 30°C with vigorous shaking

in K medium to late log phase. This culture was used to
inoculate 1/100 a 50-ml culture of K medium grown at 30°C to
an optical density at 660 nm of approximately 0.4 (4.4 x 108
cells per ml). Cells were harvested by centrifugation in a
Sorvall HB-4 rotor (4,500 x g at 4°C for 15 min). Protoplasts
of SG-1 were generated by gently resuspending the culture in
5 ml of (1/2S)MAK buffer (described above) containing 0.5 mg
of lysozyme per ml and incubating the suspension at room
temperature for approximately 45 min (until -90% of the cells
had protoplasted as observed microscopically). Protoplasts
were centrifuged at 2,600 x g for 15 min at 4°C, washed one
time without resuspension with 5 ml of (1/2S)MAK, recentri-
fuged, and resuspended in 5 ml of (1/2S)MAK. For transfor-
mation, 0.5 ml of washed protoplast suspension was added to
1 to 6 ,g of plasmid DNA (purified by CsCl-gradient centrif-
ugation) in TE buffer or water. To this mixture was added 1.5
ml of filter-sterilized 40% (wt/vol) polyethylene glycol (PEG
[molecular weight, 1,000]) in 1 x SMA buffer (see preceding
paragraph). The suspension was mixed lightly and incubated
for 2 min before dilution with 5 ml of (1/2S)MAK. The
transformation mixture was pelleted at 2,600 x g at 4°C for 20
min and was resuspended in 1 ml of (1/2S)MAK. This suspen-
sion was incubated for 3 h at 30°C with shaking at - 100 rpm to
allow recovery and expression of antibiotic resistance. Dilu-
tions in (1/2S)MAK were spread on KR medium (see Media
and culture conditions) or KR containing selective levels of the
appropriate antibiotic and incubated in loosely closed bags at
30°C. The samples could also be concentrated prior to plating
by centrifugation for 7 min at 7,200 x g at 4°C in a microcen-

trifuge. Although colonies arose on KR after overnight incu-
bation and appeared on plates containing antibiotic after 2
days, plates were not scored for transformation frequency until
after approximately 5 days of growth.

Generation of nonoxidizing transposon mutants of SG-1.
The Tn917 portion of pLTV1 carries erythromycin resistance
(Emr), while the replicon portion bears tetracycline resistance
(Tcr). pLTV1 was transformed into SG-1, selecting for Emr,
and several of the transformants were stored in frozen culture
with 10% (vol/vol) glycerol. An effort was made to minimize
the chances of a single early insertional event dominating
cultures by inoculating high-temperature cultures with several
separate 30°C cultures. Just prior to a transposon mutagenesis
experiment, one of the transformants was raised from frozen
stock on R agar containing tetracycline (60 ,ug/ml) and eryth-
romycin (0.15 ,ug/ml). After overnight growth at 30°C, a single
colony each was used to inoculate four 5-ml cultures grown at
30°C in R medium containing tetracycline (60 ,g/ml) and
erythromycin (0.15 ,g/ml) to an optical density at 660 nm of
approximately 0.4. Each of these was used to inoculate (1/800)
roughly a quarter each of 95 different 45°C cultures in R
medium containing only erythromycin (0.15 ,ug/ml). These
cultures were grown to stationary phase and then were plated
onto K (sporulation) medium containing erythromycin (0.15
ug/ml) to screen for nonoxidizing mutants. Nonoxidizing mu-
tants were identified as those colonies which did not turn
brown after sporulation. Each of the 95 independent 45°C
cultures was termed a transposon library. Emr colonies were
patched onto tetracycline-containing plates to screen for loss
of pLTV1 from integrants. Transposition frequency was deter-
mined as follows in a manner similar to that previously
reported (8). A 30°C mid-log-phase culture (grown as de-
scribed above) was plated directly on K medium containing
erythromycin (0.15 jig/ml) at 45 and at 30°C. The transposition
frequency was calculated as the titer of Emr, Tcs colony-
forming units at 45°C divided by the titer of Emr colonies at
300C.

Southern hybridization analysis of transposon mutants.
Chromosomal DNA from SG-1 and its mutants was isolated
either by a standard method for B. subtilis (11), which used
phenol-chloroform extractions to purify DNA, or by the lysis
method described by Young and Wilson (49) (omitting sodium
dodecyl sulfate [SDS]) followed by purification of the DNA
with CsCl-gradient centrifugation.
The areas surrounding the transposon inserts were restric-

tion mapped by probing digests of chromosomal DNA with
oligonucleotides made to the ends of Tn917-LTV1: lacZ end,
Tn917(186), 5'-GATGTCACCGTCAAGTTAAATGTAC-3';
Tn917 end, Tn917(5192), 5'-GGGAGCATATCACT'T'TCT
TGGAG-3'. The location of these probes on Tn917-LTV1 in
relation to the restriction enzymes used is shown in Fig. 1. The
oligonucleotides were end labeled with T4 polynucleotide
kinase (U.S. Biochemicals) and [-y-32P]ATP, and Southern
hybridizations were performed at 60°C either with dried gels or
with gels that had been transferred to nylon membranes
(Hybond-N; Amersham Corporation) by standard protocols
(39). The nonoxidizing mutant SG1LTM2, as it was originally
isolated after initial transposon mutagenesis, although Tcs, was
found in early Southern hybridization experiments to be
carrying a truncated form of pLTV1 and was therefore cured
of this plasmid by two rounds of growth at 43°C on R medium
without antibiotics before being analyzed.

Isolation of regions surrounding transposon inserts. Taking
advantage of the ColEl replicon on Tn917-LTV1 (Fig. 1), the
regions flanking the lacZ proximal end of transposon inserts
from five of the nonoxidizing mutants were cloned as described
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AccI
BclI

NdeI

Tn917 (186)

FIG. 1. Diagram representative of a Tn917-LTV1 (8)4
insertion. The locations of probes used in Southern
analysis are shown with respect to the restriction enzyme
BclI, and NdeI). Also shown are the ColEl replicon
cloning site (MCS) used to clone the left flanking region I
the transposon mutants. Only the AccI, BclI, and NdeI si
the ends of the transposon are indicated; other sites ma
Abbreviations: cat, chloramphenicol acetyltransferase gei
tamase gene; erm, Tn917 ribosomal methyltransferase gei
B, BamHI; Sp, SphI.

by Camilli et al. (8). Genomic DNA from SGlLI
24, and 26 was digested with EcoRI (which cuts onc
multiple cloning site adjacent to the ColEl replic(
products were self-ligated (T4 DNA ligase; Bethes(
Laboratories) in 120-,lI ligation mixtures at a DNA
tion of 8.3 ug/ml. The ligations were ethanol preci
resuspended in water. The entirety of each
electroporated into E. coli HB101 (Invitrogen
Porator device, with E. coli prepared and electri
recommended by the manufacturer), and transfoi
selected by their resistance to ampicillin (Apr [enc
bla gene on Tn91 7-LTV1]). The resulting pla
designated pLVM7E, 14E, 17E, 24E, and 26E. T(
NdeI fragments carrying these genes without tra
serts, the small EcoRI-SalI fragment from two of t
plasmids (pLVM17E and 26E), the portion of t]
carrying chromosomal loci, was isolated from a 1
point agarose gel and labeled with [ce-32P]dCTP
priming (Random Primed DNA Labeling Kit;
Mannheim Biochemicals). These fragments were t
probe colonies of E. coli HB101 carrying an NdE
wild-type SG-1 genomic DNA in pBR322 (NdeI f
total genomic SG-1 DNA cloned into the unique
pBR322) by standard protocols (39). The construc
by probing with pLVM17E and pLVM26E were
pBRM17N and pBRM26N, respectively.

Complementation of a nonoxidizing mutant. I
pGK13 (28) was used to deliver wild-type genes int
nonoxidizing mutants for complementation anal'
has been shown to replicate in a wide variety of
gram negative and gram positive, and therefore E. (

used as an intermediate in constructing recombir
plasmids. This was necessary because of the low
tion efficiency of SG-1 and the need to use large
plasmid DNA to transform SG-1. pBRM17N was d
NdeI and blunt ended with the Klenow fragmer
DNA polymerase (39), and the 8.6-kb fragme
purified from low-melting-point agarose with GEL
tre Technologies). Because pGK13 does not carry E

NdeI or blunt-ended site, the region was first cloi
super-linker region of pSE380 (Invitrogen Corpc
then was cleaved with restriction enzymes with sit
side of the insert that are compatible to the desired
in pGK13. The blunt-ended 8.6-kb fragment was

StuI-digested, phosphatase-treated (shrimp alk

AccI phatase; U.S. Biochemical Corporation) pSE380. The ligation
BclI mixture was transformed into HB101 made competent for

Il DNA uptake by calcium chloride treatment (39), selecting for
Il_ Apr. The resulting plasmid was isolated, digested with XbaI

and SpeI, and ligated with NheI-digested, phosphatase-treated
pGK13. The recombinant pGK13 plasmid was transformed
into E. coli (Epicurian coli Supercompetent XL1-Blue; Strat-
agene) and selected with erythromycin at 100 ,ug/ml. The

Tn917 (5192) resulting plasmid DNA was then isolated and transformed into
SG1LTM22, selected with chloramphenicol, and screened for

.hromosomao its ability to restore manganese oxidation.hybridization
s used (AccI,
and multiple RESULTS
from many of
ites closest to Protoplast transformation of SG-1. Trials involving the
y be present. development of a transformation system in SG-1 were per-
ne; bla, l-lac- formed with the plasmid pIL253 (42). pIL253 is a high-copy-
ne; E, EcoRI; number derivative of the streptococcal plasmid pAMf1 that

has been shown to be stably maintained in a number of
gram-positive hosts (26). Because SG-1 did not appear to be
naturally competent for DNA uptake and several attempts to

rM7, 14, 17, electroporate SG-1 with plasmid DNA were unsuccessful,
ne within the protoplast transformation was employed as a method to mo-
)n), and the bilize plasmids into SG-1. Protoplasting involves the digestion
da Research of the cell wall in an isotonic medium. Because SG-1 is a
t concentra- marine bacterium that will not grow without seawater salts in
ipitated and the medium, the buffers and regeneration medium used during
igation was protoplast transformation of B. subtilis (9) were modified to
Corporation mimic the components of the seawater-based K medium
oporated as usually used to culture SG-1. The initial transformation was
rmants were performed essentially as outlined in Materials and Methods,
oded by the except that lysozyme was used at a concentration of 2 mg/ml
ismids were and PEG with a molecular weight of 6,000 was used. Trans-
D isolate the formants were selected by their Emr (encoded by pIL253), and
Lnsposon in- transformation was confirmed by purification of the plasmid
the resulting from a random selection of transformants. Analysis of isolates
he plasmids showed that each carried an intact copy of the plasmid with the
low-melting- expected restriction enzyme fragment patterns (Fig. 2). A
by random transformation efficiency of 44 transformants per jig of DNA
Boehringer was obtained with only 0.02% of the number of cells in the
then used to original culture appearing as colonies on regeneration plates
eI library of without antibiotic (percentage of regeneration). Further exper-
.ragments of iments established that both digestion with lysozyme and the
NdeI site of presence of PEG were required for efficient transformation of
ts recovered SG-1 (Table 2).
designated Numerous attempts to optimize the transformation proce-

dure met with little success. In initial experiments, it was
[he plasmid assumed that because SG-1 is a marine bacterium, it would be
to one of the necessary to include seawater salts in media used during
ysis. pGK13 protoplasting. To test this assumption, the original protoplas-
hosts, both ting buffer was altered to match more closely that which is used

coli could be for B. subtilis, a 0.5 M sucrose-20 mM MgCl2 buffer containing
nant pGK13 2 x Penassay broth (9). When a 0.5 M sucrose-20 mM MgCl2
transforma- buffer containing 2 x K medium nutrients without seawater
amounts of was used as the protoplasting buffer (SMA- [see Materials
ligested with and Methods]), the survival and transformation efficiency
it of E. coli dropped severalfold compared to the values obtained when the
nnt was gel seawater-based buffer (1/2S)MAK was used. The results were
ase (Epicen- a very low level of regeneration (0.00005%) and essentially no
a convenient transformation (three transformants per ,ug of DNA). Isola-
ned into the tion of pIL253 from SG-1 and reintroduction gave no higher
)ration) and level of transformation than that isolated from its original host,
tes on either B. subtilis 642. A relatively small increase in transformation
cloning site efficiency (from 44 to 221 transformants per ,ug of DNA) could
ligated with be achieved when the lysozyme concentration during proto-
-aline phos- plasting was lowered from 2 mg/ml to 0.5 mg/ml. Whether PEG
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1 2 3 4 5 6

2.8
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0.9

FIG. 2. HhaI restriction fragment pattern of pIL253 isolated from
SG-1 transformants after electrophoresis through a 0.8% agarose gel.
Lanes: 1, pIL253 from B. subtilis 642; 2, plasmid preparation from
wild-type SG-1; 3 to 6, plasmid DNA from four randomly selected Emr
isolates of SG-1 after transformation with pIL253. The sizes (in
kilobases) of the fragments are indicated (arrows).

was used at a molecular weight of 1,000, 6,000, or 8,000 made
no difference in the transformation efficiency. If the expression
period after transformation was omitted, then a slightly lower
level of regeneration was seen and no transformation was
achieved. When a culture containing 1.2 x 1010 cells per ml
(100%) was protoplasted in (1/2S)MAK, the number of pro-
toplasts seen under the light microscope was 5.4 x 10'/ml
(45%), while after plating on KR medium the number of total
colonies was 2.3 x 107/ml (0.3%). This suggests that the low
level of survival and the correspondingly low level of transfor-
mation were not primarily due to problems in stability of the
protoplasts during their formation but rather were due to
problems associated with regeneration.

Nevertheless, by the method given in Materials and Meth-
ods, a modest level of transformation was routinely achieved,
with usual transformation efficiencies ranging from 30 to 430
transformants per jLg of DNA. The percentage of cells surviv-
ing the procedure was always very low, often with less than
0.1% of the original cells appearing as colonies on regenera-
tion plates. No deletions or rearrangements have ever been
seen in pIL253 (Fig. 2) or any of the other plasmids isolated
from SG-1 as determined by agarose gel electrophoresis.
Transposon mutagenesis of SG-1. Because pLTV1 is tem-

perature sensitive for replication, the plasmid is eliminated

TABLE 2. Conditions required for protoplast transformation
of SG-1a

Treatment Regeneration Transformation efficiency
t(%)b (no. of transformants/p.gLysozyme PEG pIL253 t '°J of DNA)

- + + 10 0
+ - + NDC 3.4
+ + - 0.05 0.17
+ + + 0.003-0.03 96-430

a Data are a compilation of results from several experiments in which
protoplasting was carried out in (1/2S)MAK with or without 1 mg of lysozyme
per ml and transformation was performed in the presence or absence of 40%
PEG 1000 in 1 x SMA.

b Calculated as the percentage of total CFU present in the sample relative to
the number of cells present in the original culture.

c ND, not determined.

from mutagenic libraries by outgrowth at elevated tempera-
tures. It was necessary to use a temperature of 45°C (the
maximum growth temperature for SG-1) to block replication
of pLTV1 in SG-1. Growth at temperatures lower than 45°C
(42°C) resulted in less plasmid loss (-50% plasmid loss). We
also found it necessary to use only low levels of erythromycin
(the selection on Tn917) to obtain efficient plasmid loss. For
example, if 1 ,ug of erythromycin per ml was used (instead of
0.15 ,ug/ml) during the high-temperature outgrowth and sub-
sequent mutant isolation, then 100% of the isolates retained
the Tcr phenotype carried on the replicon portion of pLTV1,
indicating the continued presence of the plasmid. Presumably
the higher level of erythromycin was selecting for maintenance
of the plasmid. On the other hand, if no antibiotic was used,
then the plasmid was lost from the culture, but no transposition
occurred. This is probably due to the fact that erythromycin
must be present at some level to induce transposition of Tn917
(46). The loss of pLTV1 from SG-1 cultures at 45°C in 0.15 ,ug
of erythromycin per ml was 98%, and the transposition fre-
quency of Tn917-LTV1 in SG-1 averaged -1 x 10-3.
From 95 transposon libraries, 27 nonoxidizing yet still

sporulating mutants (usually termed nonoxidizing, or Mnx for
Mn oxidation) were isolated, each from a different library.
These were designated SG1LTM1 to SG1LTM27. The non-
oxidizing mutants could easily be identified after sporulation as
those which remained white rather than the characteristic
brown of manganese oxide. Colonies which did not oxidize
simply because they did not sporulate appeared transparent
and were not chosen for study. Sporulation by the nonoxidizing
mutants was confirmed by the detection of phase-bright endo-
spores with light microscopy. Nonoxidizing mutants arose at a
frequency of 0.35% of all transposon mutants.

Restriction mapping of transposon inserts. The locations of
transposon insertions in the mutants were mapped by Southern
blot analyses (Fig. 3 and Tables 3 and 4). Chromosomal DNA
from transposon mutants was probed with oligonucleotides
homologous to the ends of the transposon. The DNA was
digested with enzymes with sites at both ends of Tn917-LTV1,
creating hybridizing fragments that were linked to flanking
regions of genomic DNA (Fig. 1). The restriction enzymes
used were BclI, AccI, and NdeI, which cleave the transposon
1.6, 0.3, and 3.2 kb from the lacZ end and 0.7, 0.2, and 2.2 kb
from the Tn917 end, respectively. Such probing resulted in two
hybridizing fragments (Fig. 3), indicating the presence of a
single insertion of the transposon in each mutant. The sum of
the sizes of the two fragments minus the portion attributable to
the ends of the transposon gave the size of the restriction
fragment in which the transposon resided (Table 3). Probing
with only one of the oligonucleotides highlighted one of the
flanking regions and thus allowed us to orient the transposon
within each restriction fragment.

Using such analyses, we found that many of the 27 Mnx
mutants under study had insertions within the same-size
restriction fragments (Table 3). Seventeen had inserts which
clustered within two loci; 13 were located in an 8.6-kb NdeI
region within 3 kb of each other, and another 4 were located in
a 5-kb NdeI region within 500 bp of each other (designated
Mnx regions; Fig. 4). The remaining 10 mutants did not map to
these regions, nor did they map close to each other. It is
possible that transposon insertions were clustered in these
regions because they were hot spots for transposon insertion,
had nothing to do with manganese oxidation, and the loss of
oxidation was caused by spontaneous mutation. However, it is
unlikely that all of the nonoxidizing mutants were the result of
spontaneous mutations, given the high frequency of nonoxidiz-
ing mutants obtained during transposon mutagenesis. To rule
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FIG. 3. Representative autoradiogram from Southern hybridiza-

tion analyses of transposon mutants. DNA was digested, subjected to
electrophoresis through a 0.8% agarose gel, and probed with 32p_
labeled oligonucleotides homologous to sequences at each end of the
transposon. Chromosomal DNA from SG-1 and nonoxidizing mutants
was digested with AccI that cuts the transposon internally (relative to
the oligonucleotides) at both ends (Fig. 1). pLTV1, cleaved with PstI
and Sall (such that each end of the transposon on the plasmid is on a
different fragment), is shown as a positive control. Size markers (in
kilobases) are given for reference. The lowest bands (-0.56 kb) in
SG1LTMS and 25 did not hybridize well but represent positive signals.
The highest band in SG1LTM8 is the result of a partial digest.

out the possibility that the clustered regions represented a hot
spot phenomenon, 18 mutants which still oxidize manganese
were isolated from the same libraries as the nonoxidizing
mutants and were subjected to restriction analysis as described
above. None of these oxidizing mutants mapped to the same
areas as any of the Mnx mutants and, in fact, within these
mutants the transposon seemed to have inserted randomly
(Table 4).

All of the integrants analyzed above (both oxidizing and
nonoxidizing) were tested for ,3-galactosidase activity by plat-
ing on 5-bromo-4-chloro-3-indolyl- 3-D-galactopyranoside. Wild-

TABLE 3. Sizes of restriction fragments disrupted by transposon
insertion in manganese oxidation mutantsa

Fragment size (kb) of":
Strain

NdeI AccI BclI

SG1LTM7 8.5 9.9 3.2
SGlLTM1O 8.5 10.6 3.2
SGlLTM13 8.3 10.3 3.2
SGlLTM15 8.5 9.8 3.2
SGlLTM16 8.1 10.1 2.9
SGILTM17 8.3 9.9 1.7
SGlLTM20 8.6 9.7 1.5
SG1LTM22 8.6 9.8 1.5
SG1LTM23 8.0 9.6 1.5
SG1LTM2 9.1 10.3 1.6
SG1LTM8 8.5 10.0 1.1
SGlLTM9 8.5 10.0 1.0
SGlLTM14 8.4 9.8 1.1
SGlLTM18 5.1 -17.6c 0.42
SGlLTM19 5.1 .18.1 0.39
SG1LTM24 5.1 .17.6 0.39
SG1LTM26 5.1 .17.6 0.37
SG1LTM4 11.8 8.0 1.6
SG1LTM3 7.9 3.8 2.1
SGILTM11 7.1 4.2 5.5
SG1LTM1 6.6 16.8 2.7
SG1LTM5 6.3 2.8 0.51
SGILTM12 4.6 5.4 2.8
SGlLTM25 4.5 1.4 1.9
SGlLTM21 4.1 20.9 9.1
SG1LTM6 1.7 15.2 16.1
SG1LTM27 1.3 8.2 3.9

a Data are the result of Southern hybridization analyses of chromosomal DNA
probed with Tn917 as described in the text.

b Similarly sized fragments are boxed.
c In samples with a "2" symbol, the larger of the two hybridizing fragments in

each case was located at the top of the digest, therefore it was impossible to
determine an absolute fragment size.

type SG-1 had no detectable level of 3-galactosidase activity.
Five of the 18 oxidizing mutants showed lacZ activity. Of the 27
nonoxidizing mutants, 5 were positive. All of the mutants with
insertions in the Mnx regions were lacZ negative, except
SG1LTM2, which was lacZ positive and which was oriented in
the opposite direction (Fig. 4).
Complementation of a nonoxidizing mutant. To help con-

firm that the Mnx regions are indeed involved in manganese
oxidation, we complemented the oxidizing defect in one of
these mutants (Fig. 5). The 8.6-kb NdeI region was chosen for
this purpose because it was a large fragment, extending for
some distance on both sides of the cluster of transposon
inserts, and was therefore likely to contain any control ele-
ments for the region. Because pIL253 confers Emr and the
transposon mutants were selected on the basis of their Emr,
pIL253 was not used for cloning into the transposon mutants.
Transformation of SG-1 with several possible cloning vectors
bearing Cmr markers was attempted. These included pBS19
(19), pMTL500C (43), pHV1431 (26), and pHPS9 (21). How-
ever, with all of these plasmids, while antibiotic-resistant
colonies appeared on regeneration plates, for an unknown
reason putative transformants would not maintain their anti-
biotic resistance upon transfer. It was found, though, that the
lactococcal plasmid pGK13 (28) could be transferred to SG-1,
selecting for Cmr. A very low transformation efficiency (around
10 transformants per ,ug of DNA) was obtained, but the
plasmid appeared to be stably maintained. The recombinant
pGK13 plasmid carrying the 8.6-kb NdeI Mnx fragment
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TABLE 4. Sizes of restriction fragments disrupted by transposon
insertion in mutants which oxidize manganesea

Strainb
Fragment size (kb) of:

Strainb
NdeI AccI BclI

86-6 16.5 2.4 10.0
86-3 11.9 2.5 1.8
70-8 11.8 3.0 NDC
70-4 10.0 1.7 10.2
86-7 6.4 1.3 8.6
58-2 5.3 4.9 2.4
58-1 5.1 7.6 1.7
70-2 5.0 1.4 5.0
58-4 4.9 3.0 2.7
70-7 4.6 3.6 0.44
58-6 4.5 7.6 1.8
58-8 4.3 5.5 4.3
70-3 4.3 5.5 2.7
58-5 4.0 1.5 1.1
58-7 3.7 4.7 5.2
70-5 3.6 4.0 2.1
86-5 3.6 23.1 13.6
70-6 ND ND 3.6

Data are the result of Southern hybridization analyses of chromosomal DNA
probed with Tn917 as described in the text.

b Oxidizing mutants beginning with 58 came from the same transposon library
as SG1LTM8, those beginning with 70 came from the same transposon library as
SGlLTM15, and those beginning with 86 came from the same transposon library
as SG1LTM22.
'ND, not determined.

(pGKM17N) was constructed in E. coli, isolated, and trans-
formed into the nonoxidizing mutant SG1LTM22, selecting for
Cmr. Tn917-LTV1 also carries a Cmr marker, making trans-
poson mutants resistant to 3 pg of chloramphenicol per ml, but
we found that a higher level of chloramphenicol (10 ,ug/ml) was
selective for those carrying the plasmid. Cmr transformants
were isolated, and colonies began to oxidize stably once the
protoplasts had fully regenerated and had begun sporulating
(Fig. 5). The plasmid was reisolated from several of the
complemented transformants and subjected to restriction anal-
ysis. All plasmid isolates carried the proper insert with no
deletions or rearrangements (data not shown).

DISCUSSION

Previous examination of Bacillus sp. strain SG-1 spores by
transmission electron microscopy and ruthenium red staining
has revealed that oxidized manganese accumulates on a lami-
nated, polyanionic outer layer, characterized by ridges, that
represents either an outer spore coat or exosporium (44).
Preliminary results of SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) of whole-spore extracts followed by staining for
manganese oxidation activity have revealed a factor with high
molecular weight that has manganese oxidation activity (45);
however, further study has been hampered by the variable
recovery of activity in gels. To facilitate the study of the
mechanism of oxidation by the marine Bacillus sp. strain SG-1,
we developed methods for the genetic manipulation of the
organism, including procedures for plasmid transformation
and transposon mutagenesis. Random mutagenesis of SG-1

0 50

I I I

w z

7,10,13,15 16 2 23 8,9,14
20,22 17

pLVM7E I I

pLVM17E

pLVM14E

z

pLVM26E

pLVM24E

a
--

X 3 m 8

18,19

4 0-

FIG. 4. Restriction maps of SG-1 chromosomal regions showing where many of the Tn917 insertions corresponding with a non-manganese-
oxidizing phenotype clustered (Mnx regions). Sites of Tn917 insertions are indicated by the open triangles along with the number assigned to the
respective mutant in each case. The transcriptional orientation of the transposon-encoded lacZ gene is designated by the arrow beneath each
transposon insertion. Fragments that have been cloned from these regions with the ColEl replicon in the transposon are shown below the region
along with the name given the newly generated plasmid in each case. pLVM17E and pLVM26E were used as probes to isolate the 8.6- and the
5-kb NdeI regions, respectively, from wild-type SG-1 (indicated by the black bars). The 8.6-kb NdeI region was then used to complement
SG1LTM22. The EcoRI site outside the 8.6-kb NdeI fragment is in parentheses because other EcoRI sites may exist outside the cloned regions.
Only the restriction sites relevant to this report are shown.

1-

g4 I.- I I
-.I

IA
ci

IA

1.0 - kb

J. BACTERIOL.



GENETIC ANALYSIS OF MANGANESE OXIDATION 7601

FIG. 5. Complementation of a manganese oxidation mutant of
SG-1. Colonies are shown after sporulation at 30°C on K medium
supplemented with chloramphenicol. (A) Wild-type SG-1 (carrying
pGK13). (B) One of the nonoxidizing transposon mutants, SG1LTM22
(pGK13). (C) The complemented mutant, SGlLTM22(pGKM17N).

with Tn917 allowed generation of nonoxidizing (Mnx) mu-

tants, mapping of which revealed two regions of the chromo-
some (-3.5 kb) that are involved in the oxidation of manga-
nese.

Protoplast transformation has proven to be a useful method
of gene transfer in gram-positive bacteria (24). Transformation
efficiencies vary greatly depending on the species, with re-

ported values for Bacillus spp. ranging from, for example, 5 x
102 transformants per ,ug of DNA in Bacillus licheniformis and
Bacillus amyloliquefaciens (20) to 4 x 107 transformants per
,ug of DNA in B. subtilis (9). The protoplast transformation
procedure described here allowed transformation of SG-1 at
an efficiency of around 100 transformants per jig of plasmid
DNA. As has been noted for protoplast transformation of
other species, digestion of the cell wall with lysozyme, the
presence of PEG, and an incubation period prior to plating to
allow expression of antibiotic resistance were all required for
successful transformation. We tested to see whether perhaps
some active restriction-modification barrier was preventing
efficient transformation of SG-1. Transformation of pIL253
derived from SG-1 gave the same efficiency of transformation
as that isolated from B. subtilis, suggesting that the plasmid had
not been modified in SG-1 and restriction was not responsible
for the low transformation efficiency. We have not tried curing
previously transformed SG-1 of its plasmid and retransforming
that strain to see whether it might have obtained some defect
in a restriction system. Because the major bottleneck in
optimization of the procedure appears to lie in the regenera-
tion, future experiments to optimize transformation efficien-
cies may concentrate on improving regeneration, perhaps by
including osmoprotectants or cell wall material in the medium.
To our knowledge, this is the first report in which transfor-

mation of a marine gram-positive bacterium has been de-
scribed. To obtain a significant level of transformation and
regeneration of SG-1 protoplasts required the use of a seawa-
ter buffer. Therefore, although not tested, this technique might
be useful in the transformation of other marine gram-positive
bacteria, many of which are known to produce useful natural
products (2).

We succeeded in generating transposon mutants of SG-1
with Tn917-LTV1, each of the mutations being a result of a
single transposition event. To be a useful tool for mutagenesis,
a transposon must insert randomly throughout the genome. A
commonly used method for determining the randomness of
insertion of a transposon in any particular organism is to
measure the frequency at which various auxotrophic mutations
can be isolated. This method could not be applied to SG-1
because a defined minimal medium for growth of this organism
has not yet been developed. However, on the basis of the
results of probing the transposon mutants which still oxidize
manganese, the transposon appeared to be inserting randomly
in the chromosome.
A fairly high frequency of nonoxidizing mutations (0.35%)

was observed during mutagenesis experiments. This could be
explained in one of two ways. Either a relatively large amount
of DNA is devoted to manganese oxidation in SG-1, or the
regions involved in the oxidation contain sequences that are
hot spots for transposon insertion. A result similar to the latter
was seen during initial testing of Tn917-LTV3 (a construct
similar to Tn917-LTV1) in Listeria monocytogenes (8). Camilli
et al. found that although Tn917-LTV3 inserts fairly randomly
throughout the chromosome, it inserts into some sites, includ-
ing the hemolysin gene (hlyA), more frequently than into
others.
The majority of Tn917 insertions generating a nonoxidizing

phenotype in SG-1 clustered within two regions of the chro-
mosome. None of the insertions in mutants that still oxidize
manganese mapped to these regions. This strongly suggested
that these areas are somehow involved in manganese oxida-
tion. Further evidence for this was supplied by complementa-
tion of one of the nonoxidizing mutants from one of the
regions. Within the Mnx regions, there are several instances in
which different mutants carry transposon insertions in identical
sites despite the fact that the mutants were isolated from
different transposon libraries. This suggests that there are local
hot spots for insertion of the transposon within these regions.
Transposons have been seen in some instances to have speci-
ficity for certain sequences. For instance, Tn3, the family to
which Tn917 belongs (37), has been shown to have a tendency
to insert into A-T-rich regions of the chromosome (41).

Southern hybridizations with probes specific to either end of
the transposon not only allowed the size of the restriction
fragment into which the transposon had inserted to be deter-
mined but also allowed the determination of the position and
orientation of the transposon within each restriction fragment.
For an unknown reason, the majority of inserts within a given
Mnx region were oriented in the same direction (Fig. 4). This
suggests that, in these regions, there may have been some
selection for or against a particular orientation or that some
specificity on the part of the transposase tended to cause the
transposon in these regions to insert in a certain direction.
Perhaps this phenomenon is related to the direction of tran-
scription within these regions. This sort of orientational spec-
ificity has been seen for Tn5 insertions in actively transcribed
regions (3). However, Camilli et al. (8), using the Tn9J7-LTV3
construct, found that within the hlyA gene, a strongly expressed
gene, four of the eight inserts were oriented in one direction
and four were oriented in the other. Of the mutants in the two
Mnx regions, all except SG1LTM2 were lacZ negative. There-
fore, it seems that within the Mnx regions, in most cases, the
transposon-encoded lacZ gene was oriented in the wrong
direction to create transcriptional fusions to these genes.
Although we have demonstrated that the Mnx loci are

somehow involved in manganese oxidation, it is possible that
these genes do not encode the oxidizing factors themselves but
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perhaps encode something indirectly related to the process.
The nonoxidizing mutants form phase-bright spores with no
obvious phenotypic differences from wild-type spores other
than their inability to oxidize manganese. It is therefore likely
that these loci encode factors that are closely linked to the
oxidation process. Analysis of the mutants is currently being
carried out to identify what these regions encode and what role
they play in the oxidation of manganese by SG-1. Sequence
analysis of these regions will reveal the number of genes
involved, their organization, and whether they seem to encode
primary products of hydrophobic nature as one would expect
from spore coat or exosporium proteins (30, 48).
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