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Four marine bacteria, Alferomonas sp. strains A27, A28, A29, and A30, that lyse the diatom Skelefonema
costatum NIES-324 were isolated from coastal seawater samples. They were also able to lyse the diatoms Thalas-
siosira sp. and Eucampia zodiacs and the raphidophycean flagellate Chattonella antiqua. Cryptic indigenous
plasmids, designated pAS28 and pAS29, were detected in Alteromonas sp. strains A28 and A29, respectively.
These plasmids appeared to be similar based on size and restriction site analysis. A shuttle vector that rep-
licates in Escherichia coli and Alteromonas sp. strain A28 was constructed by fusing pAS28 and E. coli vector
pCRIIc. The 16-kbp chimeric plasmid, designated pASS1, had the ability to transform strain A28 at a fre-
quency of 10° transformants per g of DNA. Deletion analysis of pASS1 showed that the 4.7-kb EcoRI-HindIII
region of pAS28 was essential for plasmid maintenance in strain A28. This EcoRI-HindIII fragment contained
an open reading frame which appeared to encode a 708-amino-acid protein.

Harmful algal blooms cause severe damage to aquacultured
fishes and shellfishes (7) and are also responsible for killing
other marine organisms (17). The complex interactions among
algae within blooms have been discussed by previous workers
(8, 11). Bacterial species which are capable of lysing harmful
algae have been found in coastal environments where harmful
algal blooms have often occurred (3, 5-7, 9, 12). These include
Alteromonas sp. (7), Flavobacterium sp. (3), Cytophaga sp. (5, 6,
9, 12), and Saprospira sp. (12). Although the mechanism of
algal bloom outbreaks is not clearly understood, the alga-lytic
activities of bacteria may be a useful factor for controlling
excess growth of marine algae in nature (1, 7).

Algal lysis by bacteria may be brought about by the produc-
tion of extracellular products (3, 7) or cell-to-cell contact
mechanisms (5, 6, 9, 12). However, virtually nothing is known
about the mechanisms of algal cell lysis at the molecular level.
To investigate the molecular mechanism, it is necessary to
develop a plasmid transformation system for marine bacteria
that are able to lyse algae. In this paper, we describe the
isolation of cryptic indigenous plasmids from Alteromonas sp.
strains which are able to lyse the diatom Skeletonema costatum.
We also present the construction of an Escherichia coli-Altero-
monas shuttle vector made by fusing the cryptic plasmid with
an E. coli vector.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in the
present study are shown in Table 1. Alteromonas sp. strains were grown at 28°C
with shaking in ASWM medium, which was a modified SWM-III medium (2)
supplemented with 0.1% Casitone (Difco) and 0.05% yeast extract (Difco). LBN
medium contained 1% peptone (Difco), 0.5% yeast extract, and 2.4% NaCl.
LBN medium was used for the preparation of Alteromonas cells for electropo-
ration. E. coli MV1184 was grown at 37°C with shaking in 2X YT medium (13).
Whenever necessary, ampicillin and kanamycin were added at final concentra-
tions of 100 and 200 wg/ml, respectively.
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Algal cultures. The marine algae employed in this study were Thalassiosira sp.,
Ditylum brightwelli, and Gymnodinium mikimotoi G303-AX2 from the Nansei
National Fisheries Research Institute, Hiroshima, Japan; S. costatum NIES-324
and Chattonella antiqua NIES-1 from the National Institute for Environmental
Studies, Tsukuba, Japan; and Eucampia zodiacs from the Ariake Sea Research
Institute, Fukuoka, Japan (Table 1). Clonal axenic cultures were routinely main-
tained on modified SWM-III medium made with filtered seawater as the base.
The seawater used was filtered through a 0.45-pum-pore-size Nuclepore filter and
stored at 4°C in darkness. The modified SWM-III medium was autoclaved to
prevent contamination with bacterial spores and small bacteria. Cultures were
grown at 15°C for diatoms and 25°C for C. antiqua and G. mikimotoi with
illumination at 35 microeinsteins/m?/s under a 12-h light-12-h dark regimen.
Modified SWM-III agar and modified SWM-III soft agar contained 1.5 and 0.8%
agar (Difco), respectively. ASWM agar plates were prepared by adding 1.5%
agar to ASWM medium.

Isolation of alga-lytic bacteria. Alga-lytic bacteria were isolated by the soft-
agar overlayer technique (15). Coastal seawater samples were obtained with
sterilized glass bottles from the Ariake Sea, Fukuoka, Japan. Axenic cultures of
S. costatum NIES-324 were grown in modified SWM-III medium for 1 week, and
1 ml of the S. costatum culture was mixed with a 0.1-ml seawater sample and 2.5
ml of molten modified SWM-III soft agar (equilibrated to 47°C). The mixture
was immediately poured onto a modified SWM-III agar plate. After the agar had
solidified, the plates were incubated at 15°C with illumination at 35 microein-
steins/m?/s under a 12-h light-12-h dark regimen. Bacterial colonies which pro-
duced clear zones on lawns of S. costatum were picked, purified, and maintained
on ASWM agar plates.

Mixed algal-bacterial cultures. A log-phase culture of S. costatum NIES-324
was diluted with modified SWM-III medium to a final density of 2 X 10 cells per
ml. Alteromonas clones in the logarithmic phase of growth were added to the
S. costatum NIES-324 culture to a final density of 10* cells per ml, and the mixed
culture was further incubated at 15°C with illumination at 35 microeinsteins/m?/s
under a 12-h light-12-h dark regimen for 3 weeks. Enumeration of S. costatum
NIES-324 cells was accomplished with a differential interference microscope
(OPTIPHOT-2 X2F-NTF-21; Nikon Co., Tokyo, Japan). Bacteria were counted
with an epifluorescence microscope (OPTIPHOT-2 X2F-EFD2; Nikon) after
4’ 6-diamidino-2-phenylindole (DAPI) staining.

Isolation of plasmid DNA from Alteromonas sp. Plasmid extractions were
performed essentially by the alkaline lysis method (13). When plasmid samples
were turbid, proteinase K was added to the samples to a final concentration of 50
pg/ml and the mixtures were incubated for 30 min at 37°C. After incubation with
proteinase K, plasmid DNA was extracted with phenol-chloroform and then
precipitated with ethanol. Plasmid DNAs were electrophoresed in 1% agarose
gels and detected by ethidium bromide staining.

DNA manipulation and sequencing. Standard procedures were used for prep-
aration of plasmid DNA from E. coli strains, restriction enzyme digestions,
ligations, transformations, agarose gel electrophoresis, and Southern hybridiza-
tion (13). The nucleotide sequence of both strands was determined by the
dideoxynucleotide sequencing method with single-stranded DNA (14, 18). A
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TABLE 1. Organisms and plasmids used in this study
Strain or plasmid Relevant description® Reference or source®
Algae
Skeletonema costatum NIES-324 Diatom NIES
Eucampia zodiacs Diatom ASRI
Thalassiosira sp. Diatom NNFRI
Ditylum brightwelli Diatom NNFRI
Chattonella antiqua NIES-1 Raphidophycean flagellate NIES
Gymnodinium mikimotoi G303-AX2 Dinoflagellate NNFRI
Bacteria
Alteromonas sp. strain A27 Alga-lytic marine bacterium This study
Alteromonas sp. strain A28 Alga-lytic marine bacterium; pAS28 This study
Alteromonas sp. strain A29 Alga-lytic marine bacterium; pAS29 This study
Alteromonas sp. strain A30 Alga-lytic marine bacterium This study
Escherichia coli MV1184 ara A(lac-proAB) rpsL thi ($80 lacZAM15) A(sr-recA)306::Tnl10 14
Tet" F'(traD36 proAB™ lacI? lacZAM15)
Plasmids
pAS28 Indigenous plasmid in A28 This study
pCRIIc Cloning vector; ColE1 ori Ap" Km" Invitrogen

“ Ap", ampicillin resistance; Km", kanamycin resistance; Tet", tetracycline resistance.
> Abbreviations: NIES, National Institute for Environmental Studies, Tsukuba, Japan; NNFRI, Nansei National Fisheries Research Institute, Hiroshima, Japan;
p p

ASRI, Ariake Sea Research Institute, Fukuoka, Japan.

DNA sequence similarity search of the GenBank database was done with the
FASTA program (10).

Electroporation. Alteromonas cells were transformed by electroporation. Cells
grown overnight in LBN medium were inoculated into fresh LBN medium (a 1%
inoculum), and after 4 h of incubation, cells were harvested by centrifugation
(10,000 X g, 5 min, 4°C). Pelleted cells were resuspended in ice-cold HS buffer
containing 7 mM HEPES and 252 mM sucrose (pH 7.0), washed three times with
the same buffer, and resuspended in 0.1 volume of HS buffer. Electroporation
was performed with an Electro Cell Manipulator 600 (BTX Inc., San Diego,
Calif.) at a capacitance of 50 pF and a voltage of 1.3 kV. After electroporation,
cells were allowed to grow in LBN medium overnight and spread on LBN agar
plates supplemented with 200 pg of kanamycin per ml to obtain transformants.

Nucleotide seq e accessi ber. The nucleotide sequence of the 4.7-kb
EcoRI-HindIII region of pAS28 has been deposited in the GSDB, DDBJ, EMBL,
and NCBI nucleotide sequence databases under accession no. AB009311.

RESULTS

Isolation and characterization of alga-lytic bacteria. S. cos-
tatum is the marine diatom which occasionally produces unde-
sirable blooms in nearshore waters (9). Marine bacteria which
cause lysis of unialgal cultures of S. costatum were isolated
from seawater samples collected from the Ariake Sea of Japan.
The lytic activity of marine bacteria was determined by plaque
formation on the soft-agar overlayer technique. Four bacterial
isolates were able to form plaques of algal lysis on S. costatum
NIES-324 lawns. Typical plaques of marine bacteria appeared
on the lawns of S. costatum NIES-324 cells after 1 week. When
plaques formed, isolated and discrete bacterial colonies ap-
peared among the algal overlay. All of the bacteria isolated
were gram-negative, short rods, motile, polarly flagellated, and
DNase positive. They also oxidatively produced organic acids
from glucose but did not produce diffusible pigments. On the
basis of biochemical and morphological tests, the four isolates
were tentatively identified as belonging to the genus Alteromo-
nas and designated A27, A28, A29, and A30.

Mixed cultures. S. costatum NIES-324 demonstrated typical
batch culture kinetics in modified SWM-III medium (Fig. 1).
Rapid lysis of S. costatum NIES-324 occurred in the presence
of Alteromonas sp. strain A28 cells (Fig. 1). When S. costatum
NIES-324 and A28 were grown together, the algal population
rapidly declined around 13 days after the start of cultivation. In
contrast, bacteria were able to grow in the mixed culture and

the bacterial population increased to up to 7 X 107 cells per ml
within 16 days after the start of cultivation. Alteromonas sp.
strains showed a broad host range of antialgal activity when
tested for mixed cultures with several marine planktonic algae
in modified SWM-III medium. Alteromonas isolates lysed the
diatoms Thalassiosira sp. and E. zodiacs and the raphido-
phycean flagellate C. antiqua. The diatom D. brightwelli and the
dinoflagellate G. mikimotoi were not lysed by Alteromonas sp.
strains (data not shown).

Isolation and characterization of Alteromonas cryptic plas-
mids. Cryptic indigenous plasmids of 12.5 kb were detected in
A28 and A29 cells after alkaline lysis DNA extraction and
agarose electrophoresis (Fig. 2). The plasmid in A28, desig-
nated pAS28, was purified and digested with various restriction
enzymes to determine a physical map (Fig. 3A). pAS28 had
unique Bg/II, EcoRI, and EcoRV restriction sites, two Pvull
sites, and nine HindIII sites. However, no BamHI, Sall, or
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FIG. 1. Influence of Alteromonas sp. strain A28 on the growth of S. costatum.
S. costatum was grown in modified SWM-III medium either in the presence of
A28 (#) or in the absence of A28 (@). In the algal-bacterial mixed culture,
bacterial cells (O) were added to the S. costatum culture 4 days after the start of
cultivation, as indicated by the arrow.
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FIG. 2. Agarose gel electrophoresis of EcoRI-digested plasmid DNAs iso-
lated from Alteromonas spp. and E. coli strains. Lanes: A, A28; B, A29; C, A28
(pASS1); D, E. coli MV1184(pASS1); E, A28(pASS3.4); F, E. coli MV1184
(pASS3.4); G, A28(pASS3.42); H, E. coli MV1184(pASS3.42); M, HindIII-di-
gested phage lambda DNA.

Xbal restriction site was detected. The physical map of the
plasmid in A29 was also determined, and it was found to be
identical to that of pAS28.

Construction of a shuttle vector. Since growth of the four
Alteromonas sp. strains was inhibited by kanamycin, we used a
kanamycin resistance determinant for direct selection of Al-
teromonas transformants. E. coli plasmid pCRIlIc, which carries
a kanamycin resistance gene and an ampicillin resistance gene,
was digested with EcoRI and ligated with EcoRI-digested
PAS28 to construct pASS1 (Fig. 3B). Competent cells of E. coli
MV1184 were transformed with pASS1. Plasmids were pre-
pared from the ampicillin-resistant E. coli transformants and
again used to transform A28 cells by electroporation. Kana-
mycin-resistant transformants of A28 were obtained at a
frequency of 2 X 10°ug of DNA. To confirm that the Al-
teromonas transformants harbored pASS1, plasmid DNA was
extracted from several kanamycin-resistant colonies and ana-
lyzed by agarose gel electrophoresis. pASS1 was detected in all
of the kanamycin-resistant transformants (Fig. 2). Interest-
ingly, pASS1 prepared from Alteromonas transformants could
transform A28 at a higher frequency (10”/ug of DNA) than
that prepared from E. coli transformants. pASS1 was also
introduced into A27, A29, and A30. In all strains, kanamycin-
resistant transformants were obtained at frequencies similar to
that of A28.

Derivatives of pASS1. To determine which region is essential
for plasmid maintenance in Alteromonas cells, various hybrid
plasmids were constructed in E. coli MV1184. pAS28 was par-
tially digested with HindIII and ligated with HindIII-digested
pCRIIc to make pASS3.1, pASS3.2, pASS3.3, and pASS3.4
(Fig. 3B). The hybrid plasmids isolated from MV1184 were
then used to transform A28. When pASC3.4 was introduced
into A28, kanamycin-resistant transformants were obtained at
frequencies of about 10° cells per pg of DNA. However, no
transformants were obtained with pASS3.1, pASS3.2, and
pASS3.3. To further determine the region necessary for plas-
mid maintenance, pASS3.42 and pASS4 were constructed by
subcloning the 4.7-kb EcoRI-HindIII fragment and the 3.3-kb
Pyul fragment of pAS28 into pCRIlc, respectively. A28 trans-
formants were obtained with pASS3.42 but not with pASS4
(Fig. 3B). These results indicate that the 4.7-kb EcoRI-HindIII
fragment of pAS28 is essential for plasmid maintenance in
A28.

DNA sequence analysis. To further analyze the region es-
sential for plasmid maintenance, the 4.7-kb EcoRI-HindIII
region of pAS28 was sequenced (data not shown). Nucleotide
sequence analysis revealed the presence of one open reading

GENETIC SYSTEM FOR AN ALGA-LYTIC BACTERIUM 2063

frame (orfI). orfl is preceded by a potential ribosome-binding
site (16), and it was predicted that orfI encodes a polypeptide
comprising 708 amino acid residues with a molecular mass of
80,613 Da. Computer analysis of the predicted product of orf]
revealed that it is a hydrophilic and basic protein (pl 8.6).
Although the Orfl protein translation was screened for simi-
larity to known protein sequences in the SWISSPROT and
PIR databases, no homologous protein was identified. Two
A+T-rich regions were found in the upstream region of the
orfl gene.

DISCUSSION

Alteromonas sp. strain A28 was isolated from a coastal sea-
water sample and was able to lyse various algae, including the
diatoms S. costatum, Thalassiosira sp., and E. zodiacs and the
raphidophycean flagellate C. antiqua. This bacterial ability to
lyse algal cells is potentially useful for controlling outbreaks of
harmful algal blooms, and therefore, it is important to under-
stand the mechanism by which algae are lysed at the molecular
level. Although alga-lytic bacteria have been reported previ-
ously (3, 5-7, 9, 12), virtually nothing is known about the
molecular mechanism underlying the lysis of algae. This is
partly because no efficient cloning system was available for
alga-lytic bacteria.

In this study, indigenous plasmid pAS28 was isolated from
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FIG. 3. (A) Restriction map of pAS28. (B) Restriction map of pAS28 sub-
clones. pAS28, pASS1, pASS3.1, pASS3.2, pASS3.3, pASS3.4, and pASS3.42 are
shown as linearized at the unique EcoRI site. pASS4 is also shown as linearized
at the EcoRI site in the pCRIIc sequence. The location and orientation of orfI
are indicated by the horizontal arrow below the restriction map of pAS28. The
two small, open boxes below the restriction map of pAS28 show the locations of
AT-rich regions. The abilities of recombinant plasmids to transform Alteromonas
sp. strain A28 are indicated on the right. For pAS28 subclones, thin bars indicate
pCRIIc DNA and thick bars represent DNA fragments subcloned from pAS28.
Restriction sites: B, Bg/Il; E, EcoRI; EV, EcoRV; H, HindIII; P, Pvull.
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Alteromonas sp. strain A28. Chimeric plasmid pASS3.42, which
was constructed by cloning the 4.7-kb EcoRI-HindIII fragment
of pAS28 into E. coli plasmid vector pCRIIc, can be used as an
E. coli-Alteromonas shuttle vector. pASS3.42 carries ampicillin
and kanamycin resistance determinants and contains unique
EcoRI, Notl, Xhol, Xbal, Nsil, Clal, EcoRV, Pstl, and Sacl
restriction sites. Insertions can potentially be made into the
EcoRI, Xhol, Xbal, Notl, and Nsil sites without disrupting
plasmid maintenance or resistance functions. pASS3.42 can be
transformed into Alteromonas sp. strain A28 by electropora-
tion. The cloning system presented here will be used to inves-
tigate the molecular mechanism of the alga-lytic activity of
Alteromonas sp. strain A28.

The efficiency with which chimeric plasmids transformed
A28 was dependent upon the source of plasmid DNA. For ex-
ample, when chimeric plasmid pASS1, which was constructed
by fusing pAS28 and pCRIlc, was prepared from Alteromonas
cells, it transformed A28 at a frequency of 10’/ug of DNA.
When A28 was transformed with pASS1 purified from an
E. coli host, the transformation frequency decreased nearly
10-fold. pASS1 isolated from strain A28 was not digested with
Mbol, which recognizes the unmethylated sequence GATC.
However, it was digested with Dpnl, which recognizes the
methylated sequence GATC (data not shown). These results
suggest the presence of adenine methylation at the sequence
GATC in strain A28. However, the adenine methylation is not
likely to contribute to the restriction barrier of A28, because
preparation of pASS1 from E. coli JM110, which carries the
dam and dem mutations (19), did not improve the transforma-
tion efficiency. Whatever system is reponsible for this phenom-
enon remains to be investigated. The restriction barrier is
unlikely to reduce the utility of the E. coli-Alteromonas shut-
tle vector. One microgram of pASS1 DNA purified from E. coli
could produce one million Alteromonas transformants.

DNA sequence analysis of the 4.7-kb EcoRI-HindIII region
of pAS28, which is essential for plasmid maintenance in Al-
teromonas sp. strain A28, indicated the presence of two A+T-
rich regions and one open reading frame (orfl). Computer
analysis predicted that the orfl gene encodes a hydrophilic and
basic protein with a molecular mass of 81 kDa. Regardless of
plasmid size, plasmid-borne information required for replica-
tion is often contained within a segment that is 3 kb or less in
size (4). With the exception of ColEl-type plasmids, most of
the characterized plasmids encode a specific replication (Rep)
protein which is necessary for their replication. The Rep pro-
tein recognizes and binds to specific sequences at the replica-
tion origin and causes structural changes in an adjacent A+T-
rich region (4). Although the predicted product of orfI showed
no significant homology to any known Rep proteins, deletion
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of orfl prevented A28 replication in Alteromonas sp. A28, sug-
gesting that its product possesses a replication (rep) function.
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